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Abstract

Background: Optimal chemotherapy and the role for hematopoietic stem cell transplantation 

(HSCT) to treat mixed phenotype acute leukemia’s (MPAL) remain uncertain. A major limitation 

in interpreting available data is MPAL’s rarity and the use of definitions other than the current 

widely accepted criteria: the World Health Organization 2016 (WHO2016) classification.

Methods: To assess the relative efficacy of chemotherapy type to treat pediatric MPAL, the 

Children’s Oncology Group (COG) Acute Leukemia of Ambiguous Lineage Task Force 

assembled a retrospective cohort of centrally-reviewed WHO2016 MPAL cases selected from 

banking studies for acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML). 

Patients were not treated on COG trials; treatment and outcome data were captured separately. We 

then integrated our findings with the available, mixed literature to develop a prospective trial in 

pediatric MPAL.

Results: Central review confirmed 54 of 70 cases fulfilled WHO2016 criteria for MPAL. ALL 

induction regimens achieved remission in 72% (28/39) of cases versus 69% (9/13) for AML 

regimens. Five-year event-free and overall survival (EFS/OS) for the entire cohort were 72±8% 

and 77±7%. EFS and OS were 75±13% and 84±11% for those receiving ALL chemotherapy alone 

without HSCT (n=21).

Conclusion: The results of the COG MPAL cohort and literature review suggest ALL 

chemotherapy without HSCT may be preferred initial therapy. We propose here a prospective trial 

within the COG to investigate this approach; AML chemotherapy and/or HSCT will be reserved 

for those with treatment failure assessed by minimal residual disease. Embedded biology studies 

will provide further insight into MPAL genomics.

Precis:

ALL-directed chemotherapy without hematopoietic stem cell transplantation may be sufficient 

therapy for most children with WHO2016-defined MPAL. The proposed prospective trial will 

investigate this approach and explore MPAL genomics and correlative biology.
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INTRODUCTION

Mixed phenotype acute leukemia (MPAL) is uncommon, comprising 1–5% of newly 

diagnosed acute leukemia.1 MPAL exhibits a complex phenotype with concurrent 

representation of multiple leukemia lineages either as distinct populations of cells or as a 

single population expressing different features.2 In the absence of prospective clinical trials 

for MPAL, defining optimal therapy remains the most pressing knowledge gap. 

Chemotherapy approaches therefore vary and include treatment for acute lymphoblastic 

leukemia (ALL), acute myeloid leukemia (AML), or “hybrid” regimens blending elements 

of both.3 Likewise, there is great variation in the use and recommendations for 

hematopoietic stem cell transplantation (HSCT) in first complete remission (CR1).4–7

Past reports in MPAL suggest that contemporary ALL treatment regimens may be sufficient 

to cure many, if not most, pediatric patients with MPAL.3–6, 8–14 However, the majority of 

these case series lacked central review and, despite age-associated differences in survival, 

included only aggregate pediatric and adult data.1, 315 The most robust pediatric-only MPAL 

data stem from the iBFM AMBI2012 study.14 However, many of the analyses included 

MPAL diagnosed according to either the World Health Organization (WHO) or European 

Group for Immunological Characterization of Acute Leukemias (EGIL) classification 

systems. Within AMBI2012 and other cohorts, the varying classifications for MPAL, and 

even updated versions of the same classification, demarcate different populations and 

influence survival estimates.1, 214, 16–18 To best understand treatment effects within a 

uniformly-defined MPAL population, we therefore assembled a cohort strictly defined only 

by the most recent WHO classification (WHO2016).19

There is a critical need to move from retrospective studies to prospective trials for pediatric 

MPAL. The Children’s Oncology Group (COG) Acute Leukemia of Ambiguous Lineage 

(ALAL) Task Force was created in 2012 as a multi-disciplinary collaboration compromised 

of oncologists, pathologists, and transplant physicians to review treatment outcomes and 

develop a clinical trial framework. The Task Force developed the consensus investigational 

plan described below to serve as the basis for the COG’s planned prospective clinical trial in 

pediatric MPAL.

METHODS

Study Population

The cohort was assembled from children, adolescents, and young adults (1 to 30 years) 

diagnosed by their institutions with MPAL who enrolled between 2005 and 2018 on the 

consecutive COG ALL classification studies AALL03B1 (NCT00482352) or AALL08B1 

(NCT01142427), both of which were open to MPAL. Patients who enrolled on the AML 

trial AAML0531 (NCT00372593) between 2006 and 2010 and were identified as MPAL by 
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central review at time of diagnosis were also eligible for inclusion. Patients were not eligible 

for treatment on COG therapeutic trials and were treated according to provider discretion 

and institutional best care. All cases were reviewed centrally by two authors, B.L.W. 

(AALL03B1/ AALL08B1) and S.B.K. (AAML0531), using the diagnostic flow cytometry 

results and the WHO2016 criteria. Cases in which the diagnostic workup was insufficient to 

establish the diagnosis of WHO2016-defined MPAL underwent additional 

immunophenotyping using cryopreserved specimens (T.B.A., C.G.M.). Cases were 

classified according to MPAL phenotype (B/Myeloid, T/Myeloid, B/T/Myeloid, B/T) and 

blast clonality (Biphenotypic [Bi-P, one population] or bi/trilineal [Bi-L, two or more 

populations]). Cytogenetic findings were centrally reviewed and classified as adverse risk, 

favorable risk, or neutral using ALL and AML criteria from the source studies.20–22 All 

COG studies were approved by the respective Institutional Review Boards and informed 

consent was obtained and documented prior to participant enrollment. Leukemia cells 

obtained from pre-treatment bone marrow aspirates and/or peripheral blood at time of trial 

enrollment were cryopreserved and banked centrally with consent provided for future 

research.

Statistical Analysis and Study Endpoints

Patient and diagnosis data were obtained from AALL03B1, AALL08B1 or AAML0531. A 

supplemental MPAL case report form captured additional information for this study. 

Treatment was classified as ALL, AML, or hybrid according to reported regimen. If only 

chemotherapy agents were described, ALL induction therapy was defined by use of steroid, 

vincristine, asparaginase, ± anthracycline, ± cyclophosphamide. AML induction therapy was 

defined by incorporation of an anthracycline and cytarabine. Hybrid therapy included 

combinations of all of the above. HSCT was classified according to donor type as a matched 

related donor, mismatched related donor, or matched unrelated donor. Cord blood transplants 

were not separately identified. Endpoints for analysis included morphologic complete 

remission rate at the end of induction (EOI CR), treatment-related mortality (TRM), event-

free, and overall survival (EFS, OS). CR was defined as <5% blasts in the marrow without 

extramedullary disease as was the standard at the time for both ALL and AML. EFS was 

defined as the time from study enrollment to first event (relapse or remission death) or last 

contact. OS was the time from study enrollment to death or last contact. EFS and OS were 

estimated using the Kaplan-Meier method with standard errors of Peto et.al.23, 24 The log-

rank test was used to compare survival curves. Cox proportional hazards regression was used 

to analyze the impact of starting therapy and HSCT on outcomes. Comparison of 

proportions between groups used the Fisher’s Exact test. All statistical tests were two-sided 

with significance set at a p-value <0.05. All analyses were performed using SAS software 

version 9.4. Graphics were generated with R Version 3.0.1.

RESULTS

Central Review

From the COG study databases, we identified 65 patients diagnosed by institutions as MPAL 

from 2005–2016 and with sufficient data for central review. An additional five cases initially 

identified by sites as lineage-specific acute leukemia (AML n=2, ALL n=3) were 
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subsequently identified by central review to be MPAL. Following the entirety of the review 

process, only 54 of 70 (77%) cases were confirmed as WH02016-defined MPAL 

(CONSORT, Supplemental Figure 1). Even for patients diagnosed subsequent to publication 

of the narrower WHO2008 definition in 2009 (n=54), routine institutional flow cytometry 

remained insufficient to establish a diagnosis of MPAL in approximately 15% of patients.

Description of cohort

The majority of the cohort was less than ten years old at diagnosis and did not express 

adverse features for acute leukemia (Table 1). CNS involvement was present at diagnosis in 

a quarter of the cohort which is greater than expected for ALL but similar to that in AML 

populations. A small percentage fulfilled the WHO2016 subcategories of MPAL with 

KMT2A-R (4/54, 7.4%) or MPAL with t(9;22) (2/54, 3.7%). There were no significant 

differences between MPAL patients beginning with an ALL (72%, n=39/54) versus AML 

(24%, n=13/54) induction regimen. Treatment became markedly heterogeneous following 

induction (Table 2). Only two patients received a “hybrid” induction (Table 2) and both 

proceeded to HSCT. Both patients with t(9;22) MPAL were treated with tyrosine-kinase 

inhibitors. Patients receiving an ALL induction and continuing with ALL therapy (±HSCT) 

constituted the largest single treatment group in the cohort (25/54, 46.3%); all other therapy 

combinations each constituted <10% of the cohort. Sixteen patients underwent HSCT in 1st 

CR; five received a graft from a matched related donor and eleven from a matched unrelated 

donor or mismatched related donor. The median follow-up time for surviving patients in the 

cohort was 5.7 years (range 0.24–11.99 years).

Treatment Outcomes

Rates of morphologic EOI CR were similar for patients who received an ALL induction 

(71.8%, 28/39) as compared to AML (69.2%, 9/13) (p=1.00); both patients with a hybrid 

induction achieved CR (Table 3). Patients with MPAL expressing T-lineage (T/Myeloid, 

B/T) had a trend toward a lower CR rate than B/Myeloid (61.9% [13/21] versus 78.8% 

[26/33], p=0.074). No demographic or treatment variables present at diagnosis were 

associated with EOI CR.

Five-year EFS and OS rates for the entire cohort were 72±8% and 77±7%, respectively. For 

patients starting treatment with an ALL chemotherapy regimen (n=39), EFS and OS were 

73±10% and 78±9%; for those beginning with AML therapy (n=13), EFS and OS were 

62±14% and 69±14% (EFS p=0.626, OS p= 0.548) (Figure 1). TRM was uncommon and 

not significantly different between these two groups (ALL, n=2/39 [5%] versus AML, 

n=1/13 [8%], p=0.731). A subset of patients successfully proceeded to HSCT in CR1 per 

provider discretion. Five-year EFS rates for HSCT in CR1 (n=16) compared to no HSCT 

(n=38) were 80±12% versus 68±10 (p=0.225) and five-year OS rates were 80±12% versus 

75±9% (p=0.721), respectively (Figure 2). Multivariable analysis including initial therapy 

(ALL versus AML) and HSCT (yes/no), showed no significant association with EFS or OS 

(Supplemental Table 1). EOI CR was associated with significantly greater OS but not EFS 

(Supplemental Figure 2). Neither MPAL phenotype nor clonality was associated with 

differences in EFS or OS (Figure 3, Supplemental Figure 3). For patients treated with ALL 
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chemotherapy alone without HSCT in CR1 (n=21), EFS and OS rates were 75±13% and 

84±11% (Supplemental Figure 4).

DISCUSSION

Due to the rarity of pediatric MPAL, reports limited to children and adolescents are sparse.
4, 8–10, 13 Similar to the AMBI2012 registry,14 the strength of the cohort presented here is the 

use of central review of immunophenotyping, supplemented as necessary with additional 

characterization from residual banked samples. This ensured all cases met the WHO2016 

definition without potential “contamination” by non-MPAL leukemia (i.e. ALL or AML). In 

the resulting cohort of strictly defined WHO2016 MPAL, irrespective of treatment approach, 

children achieved a 5-year OS of ~70% or greater. Survival for children with MPAL 

continues to exceed that of adults, where less than half are expected to survive.1, 3, 15 

Although a selected cohort, this series demonstrated durable remissions are possible for a 

subset of MPAL receiving ALL chemotherapy without HSCT consolidation. The initial 

favorable response to ALL induction therapy observed in most patients supports the chemo-

sensitivity of many, albeit not all, MPAL to lymphoid-directed therapy.

While adding therapy and outcome data to the limited literature for a pediatric, verified 

MPAL cohort using the newest WHO2016 definition is significant, we have reached the 

limit of treatment insights possible from retrospective studies alone. The COG will therefore 

prospectively study uniform, contemporary ALL therapy for pediatric patients with 

WHO2016-defined MPAL as a stratum on the frontline high-risk ALL trial AALL1732. 

Review of this retrospective COG cohort and associated published data served as the 

foundation for the following consensus investigative framework to answer key questions for 

MPAL therapy.

What are the diagnostic considerations for trial eligibility in MPAL?

The primary options for MPAL classification remain the WHO and EGIL criteria; these two 

systems result in overlapping but distinct populations.16, 18, 25 The EGIL system is 

considered easier to apply in a standardized fashion as the WHO 2008 and 2016 

classifications incorporate the concept of subjective “strength” of antigen positivity 

(negative, low, strong) to delineate lineage specificity.19, 25 Inherent variability within this 

approach is evident from the rate of review failure in the COG cohort as well as in recent 

MPAL reports.11, 12, 18 However, the WHO definition is widely accepted internationally and 

its reliance on strongly-expressed antigens specific to lineage differentiation is considered 

most likely to delineate a “true” MPAL population.25 In consideration for trial eligibility, the 

Task Force therefore supported implementing a strict interpretation of the WHO MPAL 

classification albeit with mandatory integrated central review. Prospective trials in MPAL 

should aim to capture comprehensive data at diagnosis for morphology, immunophenotype, 

and immunohistochemistry to enable continued refinement of the WHO criteria.

Understanding the phenotypic heterogeneity of MPAL in the context of underlying biology 

will advance disease classification and potentially refine therapy selection. Recent studies 

exploring the biology of MPAL demonstrated overlap with lineage-specific leukemia, such 

as T/Myeloid MPAL with ETP, B/Myeloid with ZNF384-driven B-ALL, and a high 
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prevalence of “ALL-like” epigenetic signatures.26, 27 The COG will prospectively explore 

MPAL genomics and immunophenotyping in the context of uniform ALL therapy as a step 

toward the overarching goal for biology-directed MPAL classification and treatment.

What is the optimal chemotherapy approach to pediatric MPAL?

The COG MPAL cohort described here, the iBFM AMBI2012 registry study,14 and the few 

pediatric case series for MPAL3, 9–11 all suggest beginning with ALL therapy results in 

similar or greater OS than AML regimens. A recent meta-analysis of MPAL patients also 

reported a survival benefit for starting with ALL therapy, although patient-level data 

revealed equivalent OS with AML therapy.1 To avoid the acute and long-term morbidity 

associated with AML treatment, the Task Force therefore recommended selecting ALL-

directed chemotherapy regimens as starting therapy within the context of a clinical trial for 

de novo pediatric MPAL. The overlapping biology of many MPALs with ALL as described 

above also suggests potential sensitivity to ALL therapy.26 The MPAL stratum on the COG 

frontline ALL trial AALL1732 will test this strategy using COG “high risk” ALL therapy 

from time of diagnosis for all MPAL patients irrespective of phenotype or blast populations. 

This notably differs from the iBFM consortium proposal to restrict ALL therapy to the 

subset of MPAL with favorable outcomes from the AMBI2012 registry.14 Once a regimen 

backbone and expected EFS/OS are established, holistic examination of available 

international data will potentially support future collaborative trials to refine therapy 

selection and/or risk stratification.

What is the role for HSCT in the treatment of MPAL?

Several adult MPAL cohorts support a potential benefit for HSCT in first CR with poor 

survival from chemotherapy alone.5,8,28,29 HSCT in first remission for adult MPAL patients 

is therefore recommended.7 In contrast, multiple pediatric studies suggest no benefit for 

HSCT in CR1, particularly in those with favorable features.4,8,9,13 In our study, no clear 

benefit was evident for OS from HSCT in CR1. A subset of patients with early favorable 

responses to an ALL induction who continued with ALL chemotherapy without HSCT in 

CR1 achieved a 5-year OS of >80%. However, for patients with refractory disease where 

chemotherapy alone is insufficient, HSCT may be beneficial. In the AMBI2012 registry, 

there was similarly no significant benefit for HSCT in CR1 overall, but a trend for improved 

EFS from HSCT was present in those with EOI MRD ≥5%.14 Patients proceeding to HSCT 

should be at least in morphologic CR prior to HSCT.28 Recent data suggest irradiation-based 

myeloablative HSCT conditioning regimens likely offer a survival advantage over other 

preparatory regimens and should be considered where age-appropriate.29 Contrary to 

recommendations for adult MPAL, the Task Force therefore recommends reserving HSCT 

consolidation only for patients poorly responsive to ALL therapy who achieve at least a 

morphologic CR prior to HSCT. Future studies are required to assess the impact of pre-

HSCT MRD on post-transplant survival.

What is the role for MRD to identify early treatment failure?

In our series, approximately one in four patients was eventually failed by ALL therapy. 

MRD offers potential to identify these patients early in their course. Interpretation of MRD 

is complicated by MPAL’s variable phenotype and potential sub-clonal emergence from 
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selection pressure in the context of ALL therapy. Both the AMBI2012 registry and a 

separate multi-institution pediatric series utilized a central review process14, 30 and 

demonstrated excellent OS of ~90% in patients with pediatric MPAL treated with ALL 

therapy and achieving MRD <0.01% prior to the end of consolidation (EOC). In the 

AMBI2012 registry, EOI MRD ≥5% was also associated with a particularly poor 5-year EFS 

of <50%.14 The Task Force therefore recommended that only patients with EOI MRD <5% 

and EOC MRD <0.01% continue with ALL therapy; survival for patients meeting these 

criteria will be monitored carefully to assess adequacy of ALL chemotherapy alone. Patients 

who exceed these thresholds may benefit from early intensification of therapy with AML 

chemotherapy and/or HSCT consolidation at the discretion of the treating provider. Survival 

for those with MPAL, KMT2A-R or MPAL, t(9;22) require additional scrutiny in future 

trials to better integrate MPAL biology and MRD stratification. The Task Force also 

acknowledged the possibility, that akin to T-ALL or ETP,31, 32 patients with T/Myeloid or 

B/T MPAL with EOI MRD ≥5% may yet respond to ALL therapy. Data for this small subset 

was too sparse to justify an exception on the clinical trial to continue with ALL therapy and 

requires further study. Thus, the COG trial will treat all MPAL uniformly with ALL therapy 

and incorporate MRD to identify treatment failure.

Conclusion

Addressing the knowledge gap for pediatric MPAL therapy will require prospective clinical 

trials. The upcoming COG high-risk ALL trial AALL1732 will implement the above 

investigative framework to provide MRD-stratified, uniform ALL therapy without HSCT 

consolidation to a strictly-diagnosed de novo MPAL cohort. Incorporation of embedded 

studies for immunophenotyping, genomics, and correlative biology will improve 

classification and lead to innovative treatment strategies. The consensus investigative plan 

and proposed trial will establish a treatment baseline to support rational, stepwise 

investigation into new approaches for diagnosis and/or therapy to improve outcomes for 

children with this orphan disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Association of starting therapy regimen and survival.
(A) Five-year EFS rates for starting therapy with an ALL compared to an AML regimen 

were 73±10% versus 62±14% (p=0.626); (B) five-year OS rates were 78±9% versus 

69±14% (p=0.548).
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Figure 2: Association of hematopoietic stem cell transplantation and survival.
(A) Five-year EFS rates for patients receiving HSCT in CR1 compared to no HSCT were 

80±12% versus 68±10% (p=0.225); (B) five-year OS rates were 80±12% versus 75±9% 

(p=0.721).
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Figure 3: Association of MPAL phenotype and survival.
(A) Five-year EFS rates for B/Myeloid compared to T/Myeloid MPAL were 73±10% versus 

68±15% (p=0.860); five-year OS rates were 75±9% versus 80±12% (p=0.922).
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Table 1:

Presenting features and initial therapy

Characteristics of Cohort
Total Cohort

Initial Therapy
†

p-value
†

ALL AML

N % N % N %

Overall 54 100 39 75.0 13 25.0 0.0003

Age

 <10 years 35 64.8 26 66.7 7 53.8 0.510

 ≥10 years 19 35.2 13 33.3 6 46.2

Sex

 Female 26 48.1 21 53.8 4 30.8 0.205

 Male 28 51.9 18 46.2 9 69.2

Presenting WBC

 <100×103 /uL 37 68.5 29 74.4 7 53.8 0.362

 ≥100×103 /uL 8 14.8 5 12.8 3 23.1

 Unknown 9 16.7 5 12.8 3 23.1

CNS involvement at diagnosis

 CNS negative 30 55.6 23 59.0 6 46.1 0.748

 CNS positive
‡ 14 25.9 10 25.6 4 30.8

 Unknown 10 18.5 6 15.4 3 23.1

Cytogenetic abnormalities

 Neutral 36 66.7 26 66.7 8 61.5 0.087

 Favorable
§ 5 9.2 5 12.8 0 0.0

 Unfavorable
§ 9 16.7 7 17.9 2 15.4

 Not tested 4 7.4 1 2.6 3 23.1

MPAL Phenotype

 B/Myeloid 33 61.1 26 66.7 7 53.8 0.517

 T/Myeloid 19 35.2 11 28.2 6 46.2

 B/T/Myeloid 0 0.0 0 0.0 0 0.0

 B/T 2 3.7 2 5.1 0 0.0

MPAL Lineage

 Bi-Phenotypic 25 46.3 19 48.7 6 46.2 0.441

 Bi- or Tri-Lineal 25 46.3 18 46.2 5 38.5

 Indeterminate 4 7.4 2 5.1 2 15.4

†
Does not include sparse data for hybrid induction (n=2/54, 3.7%). Fisher’s exact test.

‡
Blasts present on cerebrospinal fluid cytospin or clinical involvement (e.g. cranial nerve findings).

§
Favorable (Trisomies 4&10 n=4, chromosomes >50, n=1), Unfavorable (KMT2A gene rearrangement n=4, BCR-ABL n=2, intrachromosomal 

amplification of chromosome 21 n=0, chromosomes <44 and/or DNA index <0.81 n=3, recurrent AML genetic findings n=0).
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Table 2:

Heterogeneity of frontline therapy for pediatric MPAL

Induction 
Therapy Post-induction Therapy, n (%)

†

ALL only ALL
+HSCT

AML only AML
+HSCT

Hybrid only Hybrid 
+HSCT

HSCT only Missing
§§ Total

ALL 21 (38.9) 4 (7.4) 0 (0.0) 2 (3.7) 4 (7.4) 0 (0.0) 3 (5.6) 5 (9.3) 39 (72.2)

AML 2 (3.7) 0 (0.0) 4 (7.4) 3 (5.6) 0 (0.0) 0 (0.0) 2 (3.7) 2 (3.7) 13 (24.1)

Hybrid
‡ 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2 (3.7) 0 (0.0) 0 (0.0) 2 (3.7)

Total 23 (42.6) 4 (7.4) 4 (7.4) 5 (9.3) 4 (7.4) 2 (3.7) 5 (9.3) 7 (13.0) 54 (100)

†
percent of total cohort.

‡
Hybrid= components of AML + ALL therapy (n=2).

Regimen #1= prednisone, thioguanine, cytarabine, daunorubicin, vincristine, asparaginase); Regimen #2= cytarabine, daunorubicin, etoposide, 
prednisone, vincristine, asparaginase, ifosfamide, etoposide);

§
Missing= no data available.
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Table 3:

Complete remission rates at end of induction by starting therapy and MPAL phenotype

Characteristic

CR No CR

p-value
†

N %
† N %

†

Starting therapy

ALL 28 71.8 11 28.2 1.000

AML 9 69.2 4 30.8

Hybrid 2 100.0 0 0.0

MPAL Phenotype
‡

B/Myeloid 26 78.8 7 21.2 0.074

T/Myeloid 13 68.4 6 31.6

B/T 0 0.0 2 100.0

†
Fisher’s exact test. % each characteristic.

‡
No patients in the cohort were B/T/Myeloid.

CR= complete remission (leukemia blasts <5% in the bone marrow without extramedullary disease).
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