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We determined the prognostic relevance
of CD25 (IL-2 receptor-�) expression in
657 patients (< 60 years) with de novo
acute myeloid leukemia (AML) treated in
the Eastern Cooperative Oncology Group
trial, E1900. We identified CD25POS myelo-
blasts in 87 patients (13%), of whom 92%
had intermediate-risk cytogenetics. CD25
expression correlated with expression of
stem cell antigen CD123. In multivariate
analysis, controlled for prognostic base-
line characteristics and daunorubicin
dose, CD25POS patients had inferior com-

plete remission rates (P � .0005) and over-
all survival (P < .0001) compared with
CD25NEG cases. In a subset of 396 patients,
we integrated CD25 expression with so-
matic mutation status to determine whether
CD25 impacted outcome independent of
prognostic mutations. CD25 was positively
correlated with internal tandem duplications
in FLT3 (FLT3-ITD), DNMT3A, and NPM1
mutations. The adverse prognostic impact
of FLT3-ITDPOS AML was restricted to
CD25POS patients. CD25 expression im-
proved AML prognostication independent

of integrated, cytogenetic and mutational
data, such that it reallocated 11% of
patients with intermediate-risk disease to
the unfavorable-risk group. Gene expres-
sion analysis revealed that CD25POS status
correlated with the expression of previously
reported leukemia stem cell signatures. We
conclude that CD25POS status provides prog-
nostic relevance in AML independent of
known biomarkers and is correlated with
stem cell gene-expression signatures asso-
ciated with adverse outcome inAML. (Blood.
2012;120(11):2297-2306)

Introduction

Increasingly, recurrent genetic aberrations govern the prognostica-
tion of the acute leukemias, including the large group of patients
who present with acute myeloid leukemia (AML) without apparent
cytogenetic abnormalities. A steadily growing catalog of molecular
lesions has led to the development of outcome-based classification
systems that incorporate information on perturbed pathogenetic
pathways and inform us about potential therapeutic targets.1-4 In the
context of this evolving molecular risk assessment, antigen-
expression profiles have been identified as surrogates for certain
leukemic genotypes. Furthermore, a few single antigens per se
have been found to be predictive of clinical response. In most
cases, however, the prognostic power of antigens has not been
disassociated from underlying genetic determinants.

The prognostic impact of antigens, such as CD1a and CD13, in
T-lineage acute lymphoblastic leukemia (ALL)5 has been linked to
molecular subgroups with the activation of specific transcription
factors and with unique gene expression signatures, reflecting
distinct stages of maturation.6 In acute promyelocytic leukemia
(APL), expression of the T cell–affiliated antigen, CD2, in associa-
tion with S-isoform PML/RAR�,7 confers inferior prognosis.8

CD2POSS-isoformPOS APL is distinguishable from other isoforms on the

basis of gene-expression profiling (GEP)9 and has been posited to be
derived from an immature leukemia stem cell (LSC).10

Surface expression of CD34, the sialomucin expressed univer-
sally by hematopoietic stem and progenitor cells,11 has been found
to be a negative prognosticator in elderly patients with AML when
present in � 10% of blasts, together with an elevated white blood
cell (WBC) count, elevated lactate dehydrogenase, and advanced
age.12 In an effort to assign patients � 60 years of age with AML to
optimum postremission treatment, the same investigators13 found
that the percentage of CD34POS blasts was significantly lower in
patients with cytogenetically defined favorable-risk than with
intermediate- or unfavorable-risk AML. In other studies, CD34
surface-marker expression correlated with the expression of BAALC
and ERG, biomarkers with established prognostic relevance.
Rockova et al found that high transcript levels of CD34 and ERG
predicted independently for inferior overall survival (OS) in patients
ages � 60 years with cytogenetically intermediate-risk AML.14

In a similar cohort of patients, Langer et al defined a close
association between high BAALC expression and overexpression
of genes involved in multidrug resistance or encoding stem cell
markers CD34 and CD133.15 In contrast, low BAALC expressors
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in older patients with AML with a normal karyotype showed a
down-regulation of genes expressed in less-differentiated precursor
cells (including CD34),16 supporting the concept that BAALC is a
marker of early hematopoietic progenitor cells. These data suggest
a bystander role of the CD34 antigen, reflecting LSC features
characterized by high BAALC and ERG expression, rather than an
independent role in defining a biologically and prognostically
relevant AML subset. In addition, the observation that NPM1-
mutated (NPM1MUT) LSC are found both in CD34POS and CD34NEG

fractions17 suggests that reduced CD34 expression does not define
the relatively favorable prognosis of NPM1MUT AML.18 These data
raise the question whether CD34 per se has relevance to prognosis
in AML without linkage to gene expression patterns.

By contrast, we have observed that expression of CD25, the
�-chain of the interleukin-2 receptor (IL-2RA), in BCR/ABLPOS

B-lineage ALL is associated with adverse outcomes independent of
established risk factors.19,20 Notably, rare patients with
CD25NEGBCR/ABLPOS disease experienced an OS similar to that
of BCR/ABLNEG B-lineage ALL, suggesting that CD25 has prog-
nostic relevance independent of the presence or absence of
BCR/ABL.

On the basis of our experience with CD25 in ALL, here we
investigated whether CD25 affects outcome in de novo AML.
Previously published data from small retrospective studies have
suggested an unfavorable impact of CD25.21-23 In the largest group
studied to date,22 CD25 was an independent adverse factor for the
achievement of complete remission (CR), OS, and relapse-free
survival in 65 patients with AML who were � 60 years of age
treated on protocols from the Hemato-Oncologie voor Volwas-
senen Nederland (HOVON) or Haemato Oncology Foundation for
Adults in The Netherlands. CD25 expression was positively
associated with the presence of internal tandem duplications in
FLT3 (FLT3-ITD),22,23 a known adverse prognostic factor in
AML,24 suggesting that CD25 might function as a surrogate marker
for FLT3-ITD. In addition, the increased expression of CD34 in
patients with CD25POS AML22 suggested the adverse effect of
CD25 on outcome parameters might merely reflect a high degree of
primitive differentiation of CD25POS blasts, consistent with bio-
logic studies showing that CD25 is highly expressed by
chemotherapy-resistant, cell-cycle quiescent LSC.25

We recently reported the analysis of somatically acquired gene
mutations in a large phase 3 AML trial, E1900, which allowed us to
develop and validate an integrated risk classification for patients
� 60 years of age in which we used cytogenetic and targeted
mutational analysis to improve prognostication in AML.26 Here,
we investigated the prognostic impact of CD25 in the same
E1900 cohort to assess whether this antigen independently contrib-
utes to outcome in AML in the context of integrated mutational and
cytogenetic analyses. In addition, we asked whether GEP would
identify a specific gene cluster for CD25POS AML.

Methods

Patient samples

Diagnostic bone marrow and/or peripheral blood samples from 657 de novo
patients with AML who were � 60 years of age enrolled in the phase
3 Eastern Cooperative Oncology Group (ECOG) trial, E1900, were
collected by the ECOG Leukemia Translational Studies Laboratory.27

Morphology and cytogenetics were evaluated centrally. “Normal karyotype
AML” was defined by � 20 normal bone marrow metaphases; negative
interphase FISH for aberrations of chromosomes 5, 7, 8, and split MLL; and

negative FISH and PCR for leukemia transcripts AML1/ETO, PML/RAR�,
BCR/ABL, and CBF�/MYH11. Intermediate-risk AML included patients
with a normal or indeterminate karyotype. Favorable and unfavorable
cytogenetic risk groups were defined as reported.28 The integrated risk
classification26 was used as the final classifier for outcome analysis. All
patients provided written informed consent according to the Declaration of
Helsinki for these studies, which were approved by the investigators’
institutional review boards.

Flow cytometric determination of CD25 and other stem cell
antigen expression

Expression of CD25, CD34, CD133, CD123, CD122, CD132, and
P-glycoprotein (MRK-16; Kamiya, Seattle, WA) on gated leukemic myelo-
blasts was assessed in 4-color flow cytometry with the use of a FACSCali-
bur flow cytometer with CellQuest software (Becton Dickinson).29 Expres-
sion of all but CD133 and CD123 is reported as percentage of antibody-
binding leukemic myeloblasts. For CD133 and CD123, mean fluorescence
intensity (MFI) of specific antibody staining divided by the MFI of the
isotype control was used (MFI ratio). The presence of a distinct CD25POS

myeloblast population (range, 19%-99%) defined CD25 positivity
(CD25POS). Undifferentiated, CD65(s)

LOW,30 and CD11bPOS AML were charac-
terized as previously reported.31

Mutational analyses and GEP

Mutational data for 18 genes have been reported previously and were
included in this analysis.32 Gene expression data were obtained with the
Roche-NimbleGen 60mer microarrays (Design name: 2006-10-
26_Human_60mer_1in2; design ID � 4806).33 Raw data were processed
using the RMA algorithm found in the oligo package (version 1.8.3) in
BioConductor.34 Data have been deposited to NCBI’s Gene Expression
Omnibus and are accessible through GEO Series accession no. GSE24505
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc�GSE24505).

Statistical analysis

Patient baseline characteristics were compared by the use of the Fisher
exact test if they were categorical and Wilcoxon rank sum tests if they were
continuous. Early death rate was defined as death within 28 days of starting
induction therapy. OS was defined as time from randomization to death
from any cause. OS probabilities were estimated by use of the Kaplan-
Meier method, and statistical significance of associations was assessed with
the log-rank test. Univariate models for OS included CD25 status and
treatment arms. Multivariate models were further controlled for age, sex,
presenting WBC count, cytogenetic risk, ECOG performance status,
platelets, percentage of bone marrow and peripheral blood blasts, hemoglo-
bin, and history of secondary AML. A classification tree with 10-fold
cross-validation was used to explore the mutation profiles that are likely
to have CD25 expression. All P values were based on 2-sided
tests. Significance tests evaluating the associations between CD25 status,
and mutations were adjusted for multiplicity using Resampling
(http://www.resample.com/).

Antigen expression data are described by use of descriptive statistics of
observed values, such as medians and 25th and 75th quartiles (interquartile
range [IQR]) of the data. The percentages of antigen expressing blast cells
or density of expression (for CD133 and CD123) were considered
continuous variables and compared with the nonparametric Wilcoxon rank
sum test.

Supervised analysis of gene expression microarrays was performed
using a moderated t test followed by Benjamini-Hochberg adjustment for
multiple testing. Differentially expressed genes were chosen at a fold-
change � 2 and adjusted P � .05.

For gene set enrichment analysis, previously reported LSC signa-
tures34,35 were downloaded and used as gene sets to perform gene set
enrichment analysis.36 GSEA Version 2.7 (http://www.broadinstitute.org/
gsea/index.jsp) was used to examine the association between the CD25
gene expression profiles and the LSC signatures. Gene sets with � 10 or
� 500 genes were excluded, and significantly enriched gene sets after
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1000 permutations at a FDR of � 0.25 are reported. All statistical analyses
were performed using R 2.14 (http://www.r-project.org).

Results

Associations of CD25 expression with baseline characteristics
and response in the entire E1900 cohort

Among eligible patients enrolled in E1900, 87 (13%) had CD25POS

blasts (median, 59%; IQR, 43%-90%). Regarding myeloid matura-
tion stage, the incidence of undifferentiated (P � .52) and differen-
tiated AML (P � .23) did not differ by CD25 expression. CD11bPOS

AML was more common in CD25POS patients (29% vs 16.6% of
immunophenotypes, respectively, P � .012). Patients with CD25POS

AML presented with variable morphology, including minimally
differentiated (10%), without maturation (33%), with maturation
(34%), or myelomonocytic (20%) by World Health Organization
criteria.37 Expression of CD34 (CD25NEG: median, 95%; IQR,
2.99; CD25POS: median, 49%; IQR, 21.99; P � .89), CD133 (CD25NEG:
median MFI ratio, 4.5; IQR 1.4, 10.9; CD25POS: median MFI ratio,
5.2; IQR 1.5, 12.9; P � .53), or P-glycoprotein (median, 26%; IQR
10.3, 58.8; CD25POS: median, 24%; IQR 12, 48; P � .89) was not
significantly correlated with CD25. However, the intensity of staining (a
reflection of antigen density) for CD123, IL-3R�, was greater in
CD25POS (median MFI ratio, 85; IQR, 50 127) than CD25NEG blasts
(median MFI ratio, 27.5; IQR 13, 48.5; P � .0001). CD25POS leukemic
myeloblasts lacked expression of the IL-2R� (CD122), although they
weakly expressed the IL-2R� chain (CD132).

CD25POS patients did not differ in age from CD25NEG patients
but presented with greater WBC counts (P � .0001) and greater
percentages of circulating blasts (P � .001; supplemental Table
1, available on the Blood Web site; see the Supplemental Materials
link at the top of the online article). The distribution of cytogenetic
risk classes was significantly different between the 2 cohorts
(P � .0001) in that the majority of CD25POS patients presented
with intermediate-risk cytogenetics (92%).

Forty-four percent of CD25POS patients received 45 mg/m2/d
standard-dose daunorubicin (SDD), and 51% received 90 mg/m2/d
high-dose daunorubicin (HDD) during induction therapy (P � .25).
Irrespective of the dose of daunorubicin (P � .27), the CR rate was
lower in CD25POS patients (overall: 47.1%; SDD, 36.7%; HDD,
60.5%) than in CD25NEG patients (overall: 67.4%; SDD, 62.5%;
HDD, 72.1%) in univariate (P � .0005) and multivariate analyses
(P � .0005). The early death rate was greater in CD25POS (6.9%)
than CD25NEG patients (2.6%, P � .04). CD25POS patients receiv-
ing SDD had a greater early death rate than CD25NEG patients
(10.2% vs 1.4%, P � .003) in univariate logistic models, but this

was not the case with patients receiving HDD (2.6% vs 3.8%,
P � .72).

At 4.5 years’ median follow-up, in patients who were still living
CD25 positivity was associated with worse OS in univariate
(hazard ratio 2.31, 95% confidence interval 1.80-2.96, P � .0001)
and multivariate analyses (hazard ratio 2.74, 95% confidence
interval 2.06-3.63, P � .0001; supplemental Figure 1) when we
controlled for prognostic baseline characteristics and the dose of
daunorubicin. There was no correlation between the percentage of
CD25POS blasts and OS (P � .24). Eleven CD25POS patients
underwent protocol-defined autologous stem cell transplantation
(SCT). These patients had a median OS of 0.9 years compared with
142 CD25NEG transplantation cases in whom median survival has
not yet been reached (P � .001).

Frequency of mutational alterations in CD25POS AML and
risk-altering effect of CD25 expression in previously defined
risk groups

We have previously reported data from detailed mutational profil-
ing in a subset of 396 E1900 patients; this subgroup was
comparable with the entire E1900 cohort with respect to baseline
characteristics, including cytogenetic risk groups.26 Table 1 summa-
rizes the baseline demographics and clinical characteristics of this
cohort with detailed mutational analysis by CD25 status. WBC
count (P � .03) and distribution of cytogenetic risk classes
(P � .001) differed significantly between CD25NEG and CD25POS

patients, as seen in the entire cohort (supplemental Table 1).
Among patients with detailed mutational profiling data, 75 (19%)
were CD25POS. As seen in the entire E1900 patient population,
CD25 expression also affected adversely OS in this subgroup
(P � .001; Figure 1). The cohort with mutation data included 1 patient
with core-binding factor leukemia (favorable-risk); 4 patients with
unfavorable cytogenetics (including deletion 5q, and 7q, in 1 patient
each, and 2 with complex karyotypes); and 6 patients with
unsuccessful karyotyping. The remaining 64 patients had
intermediate-risk cytogenetics (85%), including 54 with normal
karyotype (72%). Importantly, CD25 expression was strongly
associated with adverse outcome in these cytogenetically
intermediate-risk patients (P � .001; supplemental Figure 2).

Somatic mutations were present in 94.7% of CD25POS patients
(supplemental Figure 3). CD25 expression correlated with the
presence of FLT3-ITD (FLT3-ITDPOS; 76%, P � .001), DNMT3A
(DNMT3AMUT; 44%, P � .001) and NPM1 (NPM1MUT; 46%,
P � .001) mutations, and with partial tandem duplications of the
MLL gene (MLL-PTDPOS; 11%, P � .016, with adjustment for
multiple comparisons). CD25 expression was negatively associated
with core-binding factor leukemias, IDH or CEBPA mutations, and

Table 1. Baseline demographic and clinical characteristics by CD25 expression in the 396 patients with detailed mutational analysis

CD25NEG (n � 316) CD25POS (n � 80) P

Age, y 47 (18-60) 46 (18-60) .39

WBC, 1000/mm3 18.5 (0.6-212.8) 24.8 (1.0-181.0) .03

Hemoglobin, g/dL 9.2 (5-30) 9.2 (5-11.7) .51

Peripheral blasts, % 45 (0-98) 52.5 (0-92) .55

Platelets, 1000/mm3 51 (0.7-650) 48 (1.4-261) .54

Marrow blast 68 (3-100) 65 (8-99) .61

Female sex, no. patients, % 146 (46) 43 (54) .26

Cytogenetics favorable, no. patients, % 67 (23) 4 (5) � .001

Cytogenetics intermediate, no. patients, % 171 (58) 63 (85)

Cytogenetics unfavorable, no. patients, % 59 (20) 7 (10)

All values are median (range) unless otherwise noted.
AML indicates acute myeloid leukemia; and WBC, white blood cell count.
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with MLL translocations (defined as split MLL by FISH; Table 2).
All FLT3-ITDPOS patients without a FLT3 wild-type (FLT3WT)
allele were in the CD25POS group (P � .001). For CD25POS cases,
82% of DNMT3A mutations occurred in codon R882. There was no
correlation of CD25 with WT1 (12%), RUNX1 (9.3%), or TET2
(8%) mutations. Mutations in other genes were detected in � 4 patients.

After classification via the use of integrated genetic profiling,26

we found that all but 1 CD25POS patient with invalid cytogenetics
could be risk classified because they presented with unfavorable-
risk mutational genotypes, is, FLT3-ITDPOSDNMT3AMUT in 4 and
FLT3-ITDPOSMLL-PTDPOS in 1. Of the resulting 74 CD25POS

patients with detailed mutational data and assigned risk (combining
cytogenetics and mutational profiling), only 1 patient had favorable-
risk AML (1%), whereas 39% of CD25POS patients had intermediate-
risk disease and 60% had unfavorable-risk disease. This risk
distribution differed significantly (P � .001) from that found in
CD25NEG patients, which could be classified relatively equally into
favorable-risk (33%), intermediate-risk (37%), and unfavorable-
risk (31%) subgroups.

Next, we integrated CD25 status with outcome in genetically
defined intermediate- and unfavorable-risk subgroups (Figure 2).
CD25 expression was associated with adverse outcome both in
patients with integrated intermediate risk (P � .001; Figure 2A)
and unfavorable risk (P � .038; Figure 2B). A comparison of OS
by CD25 in favorable (low), intermediate, and unfavorable (high)
risk (Figure 2C) showed that OS in CD25NEG unfavorable-risk,
CD25POS intermediate-risk, and CD25POS unfavorable-risk patients
was not significantly different (P � .091). These 3 groups mark a
patient cohort with particularly poor prognosis, and their OS is
significantly worse than that of CD25NEG favorable-risk patients
(P � .001) as well as CD25NEG intermediate-risk patients
(P � .001).

Cytogenetic and mutational risk classification remains impor-
tant prognostically because CD25NEG favorable-risk patients did
significantly better than CD25NEG intermediate-risk patients
(P � .013). We then investigated how CD25 expression further
improves the integrated prognostic risk classification that we have
previously published26 for this cohort of E1900 patients with

detailed mutational data. Figure 3A shows our previously pub-
lished risk-stratification algorithm,26 which we have now updated
for CD25 expression. CD25 positivity had no effect on the
stratification of favorable-risk patients because of the rare inci-
dence of CD25 expression in favorable-risk patients. By contrast,
11% of patients with intermediate risk, by combined cytogenetic
and mutational risk classification, were reclassified as unfavorable
risk on the basis of their CD25 expression. The corresponding
survival curves are presented in Figure 3B. Patients with integrated
favorable risk who were CD25NEG (n � 91) had a 3-year survival
of 65%; patients with integrated intermediate risk and who were
CD25NEG (n � 108) had a 3-year survival of 50% (increased from
42%); unfavorable-risk patients (with integrated cytogenetic and/or
mutational unfavorable-risk or CD25POS; n � 197) had a 3-year
survival of 14%.

Effect of CD25 expression in FLT3-ITDPOS AML

Given the high concordance between CD25 expression and the
presence of the FLT3-ITD allele, we investigated the prognostic
relevance of CD25 in the presence and absence of FLT3-ITD
mutations. Using a cross-validated classification-tree, we estimated
that the likelihood of an AML case expressing CD25 was extremely
low (5.6% of 248 patients) for FLT3WT patients, moderate (32% of
96 patients) for FLT3-ITDPOSDNMT3AWT patients, and high (58%
of 52 patients) for FLT3-ITDPOSDNMT3AMUT patients (P � .001).

Table 2. Frequencies and distribution of genetic abnormalities by
CD25 expression in the subgroup with E1900 patients with
mutational analysis

Mutations
CD25NEG

(n � 321), no. (%)
CD25POS

(n � 75), no. (%) P

DNMT3A 55 (18) 33 (44) � .001

DNMT3A R882 36 (12) 27 (36) � .001

DNMT3A other 21 (7) 6 (8) .801

IDH1 or IDH2 51 (16) 5 (7) .043

TET2 28 (9) 5 (7) .695

FLT3-ITD 63 (20) 57 (76) � .001

FLT3-TKD mutated 23 (7) 4 (5) .79

NPM1 83 (26) 35 (46) .001

PHF6 7 (2) 2 (3) .688

KIT 22 (7) 1 (1) .096

CEBPa 32 (10) 2 (3) .040

WT1 21 (7) 9 (12) .149

KRAS 6 (2) 2 (3) .654

NRAS 37 (12) 3 (4) .055

TP53 6 (2) 2 (3) .654

PTEN 4 (2) 2 (3) .326

RUNX1 13 (4) 7 (9) .090

CBF 42 (13) 1 (1) .002

del(5q) 11 (3) 1 (1) .476

EVI1pos* 7 (2) 1 (1) 1.000

MLL-PTD 11 (3) 8 (11) .016

Split MLL* 25 (8) 0 (0) .007

del(7q) of monosomy 7† 8 (3) 3 (1) 1.000

Trisomy 8† 13 (4) 6 (8) .227

Complex karyotype‡ 29 (9) 2 (3) .091

CBF indicates core-binding-factor leukemias (carrying transcripts AML1/ETO or
CBF�/MYH11) that were detected by OCR and FISH; ITD, internal tandem duplica-
tion; PTD, partial tandem duplication; TKD, tyrosine kinase domain.

EVI1 and chromosome translocation resulting into a split of the MLL gene (split
MLL) were assessed by FISH.

del(7q)/monosomy 7 and trisomy 8 were assessed by standard cytogenetics or
FISH.

‡Complex karyotypes were defined as � 3 clonal cytogenetic aberrations.

Figure 1. Kaplan-Meier estimates of OS by CD25 expression in the patient
cohort with detailed mutational data (n � 396). CD25NEG (CD25�) patients are
depicted in the solid curve (n � 321), whereas CD25POS (CD25�) patients are
depicted as a dashed curve (n � 75).
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Regardless, however, we found that CD25 was prognostically
relevant both in FLT3-ITDPOSDNMT3AWT and FLT3-
ITDPOSDNMT3AMUT patients (P � .001 in both groups).

CD25POSFLT3-ITDPOS patients had shorter OS (median OS
10 months, 3-year survival 4%) than CD25NEGFLT3-ITDPOS pa-
tients (median OS 25 months, 3-year survival 42%; Figure
4, P � .001), irrespective of cytogenetic risk. Notably, OS in
CD25NEGFLT3-ITDPOS patients did not significantly differ from OS
in CD25NEGFLT3WT patients (median OS 23 months, 3-year sur-
vival 43%; P � .25; Figure 5). In addition, within the subset of
patients with cytogenetically defined intermediate-risk disease,
CD25POSFLT3-ITDPOS patients had significantly worse OS than
CD25NEGFLT3-ITDPOS patients (P � .001), whereas OS in
CD25NEGFLT3-ITDPOS and CD25NEGFLT3WT patients was not
significantly different (P � .58).

We noted that 20 of 74 CD25POS patients (27%) were FLT3-
ITDPOS and concurrently carried mutations both in NPM1 and
DNMT3A. In comparison, only 12 of 321 (4%) CD25NEG patients
(P � .001) had this complex genotype. CD25POS patients with
mutations in these 3 genes had poorer OS than CD25POS patients
not carrying these mutations (P � .001). In contrast, OS in
CD25NEG FLT3-ITDPOSDNMT3AMUTNPM1MUT patients did not
differ from that in other CD25NEG patients (P � .623).

Prognostic effect of CD25 in relation to daunorubicin dose
intensification

Our previous analysis had demonstrated that dose-intensified
daunorubicin induction selectively improved outcome in E1900
patients with DNMT3A mutation, NPM1 mutation, or split MLL
abnormalities (by FISH).26 Among the 396 patients with mutational
analysis, 195 were treated with SDD and 201 with HDD. CD25NEG

patients treated with SDD (n � 157) had a 3-year survival of 41%
and median OS of 19 months; when treated with HDD (n � 164),
their 3-year survival was 45% with a median OS of 26 months
(P � .077). CD25POS patients treated with SDD (n � 38) had a
3-year survival of 0% and OS of 9 months, compared with 8% and
12 months when treated with HDD (n � 37; P � .002).

When we considered the effects of daunorubicin dose with
respect to CD25 expression on outcome in the context of somatic
mutations, we found that outcome in CD25NEG patients without
DNMT3A mutation, NPM1 mutation, or split MLL abnormality by
FISH was comparable with HDD (median OS 24 months, 3-year
survival 40%) and SSD (median OS 25 months, 3-year survival
45%; P � .931; supplemental Figure 4A). However, HDD signifi-
cantly improved OS in CD25NEG patients with at least 1 mutation in
DNMT3A or NPM1 or with split MLL abnormality (median OS not

Figure 2. Kaplan-Meier estimates of OS according to integrated-risk status, based on cytogenetic and mutational classification, in CD25POS versus CD25NEG

patients. Data are shown for the OS of patients with intermediate risk (A; CD25NEG n � 108, CD25POS n � 30) or (B) with unfavorable (high) risk (CD25NEG n � 97, CD25POS

n � 43). (C) The composite shows that OS in CD25POS intermediate risk (IR) patients was not significantly different from that in CD25POS or CD25NEG high-risk (HR) patients
(P � .091). Solid lines depict CD25NEG patients, and dashed lines depict CD25POS patients. Only 1 CD25POS patient was low risk (LR).
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yet reached, 3-year survival 54%) compared with SDD (median OS
17 months, 3-year survival 36%; P � .006; supplemental Figure
4B). These observations confirmed those seen in the entire E1900
cohort.26 Within the subset of CD25POS patients, HDD treatment
resulted in improved survival (median OS 17 months, 3-year
survival 0%) over SDD (median OS 8 months, 3-year survival 0%),
particularly in cases without DNMT3A or NPM1 mutation or split
MLL abnormality (P � .002; supplemental Figure 4C). There was
a trend toward improved outcome with HDD in CD25POS patients
with DNMT3A or NPM1 mutations (none of the split MLL cases
was CD25POS; median OS 10 months, 3-year survival 13%)
compared with SDD (median OS 9 months, 3-year survival 0%;
P � .067, supplemental Figure 4D).

Gene expression signature in CD25POS AML

GEP analysis was available for 323 patients, of which 61 were
CD25POS and 262 were CD25NEG. These 61 CD25POS patients with
GEP data did not differ significantly in median age (41 vs
48 years); sex (60% female vs 59%); the incidence of favorable
(2% in both groups), intermediate (79% vs 69%) or unfavorable
cytogenetics (6% in both groups); or incidence of FLT3-ITDPOS

cases (69% vs 64%) from all CD25POS E1900 cases, respectively.
Direct comparison of the gene expression profiles of these 2 groups
revealed a 77-gene signature that distinguished between the subsets
(Figure 6A; supplemental Table 2). Notably, this signature did not
include genes in the IL-2 signaling pathway other than CD25
(IL-2RA) itself. By contrast, gene set enrichment analysis revealed

Figure 3. Effect of CD25 cell-surface marker expres-
sion on the integrated (combined cytogenetic and
mutational) risk classification of AML. (A) Effect of
CD25 on our previously published risk allocation that was
determined by mutational profiling and redefined a sub-
stantial proportion of patients who by cytogenetic analy-
sis (left) carried intermediate risk to favorable risk or
unfavorable risk categories (middle).26 When we incorpo-
rated CD25 expression into the integrated (combined
cytogenetic and mutational status) risk stratification algo-
rithm, an additional 11% of intermediate-risk patients
were reallocated to the unfavorable-risk class. The
favorable-risk group was unaffected by CD25 because of
the rare occurrence of CD25 in favorable-risk patients. In
each risk category, the percentage of patients in that
cohort and their 3 years’ OS are given. (B) Kaplan-Meier
estimates of OS for the final risk groups, stratified by
integrated risk (cytogenetic and mutational) and CD25
expression status.
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that the CD25POS gene expression signature was significantly
enriched in genes for leukemia stem cell profiles reported to be
associated with increased engraftment potential in mice and with
unfavorable clinical outcome (false discovery rate � 0.0001
and � 0.006, respectively; Figure 6B).34,35 We next defined a
71-gene expression signature in the 51 CD25POS patients with
intermediate-risk cytogenetics. Although there was significant
overlap between the 2 signatures (42 genes, P � .0001), including
the up-regulation of HOX genes, there were also a set of unique
genes that were differentially expressed in CD25POS patients with
intermediate-risk cytogenetics. These unique genes included IL-3R
(CD123) and ERG, which were up-regulated in intermediate-risk
CD25POS patients.

Discussion

Using a large cohort of AML patients � 60 years of age who were
treated on a single ECOG trial, we confirm data from smaller,
retrospective studies21-23 and demonstrate that CD25 antigen expres-
sion is associated with adverse outcome in AML. In addition, we
reveal that CD25 expression adds independent adverse prognostic
relevance to the integrated cytogenetic-mutational risk classifica-
tion26 in patients with genetically defined intermediate-risk or
unfavorable-risk disease.

CD25POS myeloblasts were found predominantly in cytogeneti-
cally intermediate-risk AML (92%), mostly with normal karyotype.
In accordance with previous observations,22,23 we found a high
frequency of FLT3-ITDPOS cases in CD25POS AML (76% of cases),
but we failed to confirm an association of CD25 expression with
the putative stem cell markers CD34, CD133, or P-glycoprotein. In
addition, CD25POS cases failed to demonstrate immunophenotypic
features of undifferentiated (CD65NEG) AML more frequently than
CD25NEG cases. Interestingly, CD11bPOS AML, a phenotype associ-
ated with shortened survival, at least in elderly patients,31 was more
common in CD25POS disease. Unexpectedly, we found a significant
association of CD25 with expression of CD123, the IL-3R�, a
marker shown to be expressed in LSC.11

We observed that CD25 expression was associated with a
reduced response to induction chemotherapy, irrespective of the
dose of daunorubicin. The adverse effect on CR rate of CD25
expression is in contrast to other poor risk markers, including
FLT3-ITDPOS 24 or DNMT3AMUT 38,39 cases, which are associated
with an increased risk of relapse but not with a reduced CR rate in
patients with AML.

CD25 expression was uncommon in patients with cytogeneti-
cally or mutationally defined favorable-risk disease (1% inci-
dence). Although only 5% of CD25POS patients presented with
unfavorable cytogenetics, 54.7% of CD25POS cases had intermediate-
risk cytogenetics and mutationally defined unfavorable-risk dis-
ease. These data demonstrate CD25POS patients with intermediate-
risk cytogenetics have a greater likelihood of harboring unfavorable-
risk mutations compared with CD25NEG cytogenetically
intermediate-risk patients. It is important to emphasize, however,
that CD25 expression was associated with adverse outcome in both
genetically defined intermediate- and unfavorable-risk disease,
providing clear evidence that CD25 independently impacts out-
come in the majority of patients with AML.

We previously demonstrated with integrated (combined cytoge-
netic and mutational) profiling that 35% of E1900 patients with
detailed mutational analysis have an intermediate risk of relapse
compared with 63% on the basis of cytogenetic risk alone.26 The
incorporation of CD25 status into this risk classification reduced
the proportion of intermediate-risk patients further to 24% by
reallocating 11% of intermediate-risk patients into the unfavorable-
risk category, whereas the fraction of favorable patients remained
the same. The remaining CD25NEG intermediate-risk patients had a
3-year OS of 50% compared with 42% in the integrated
intermediate-risk group (Figure 3A). Taken together, these data
show that CD25 identifies a subgroup of AML patients with
cytogenetically and mutationally intermediate risk who have
unfavorable outcomes and should be considered for stem cell
transplantation and for novel investigative therapies. Subsequent
studies are needed to validate this observation and to determine
whether CD25 expression has additive prognostic value in other
AML subsets, including older patients.

Figure 5. Kaplan-Meier estimates of OS by FLT3 mutation status in CD25NEG

patients. Data are shown for overall survival in CD25NEG patients with FLT3 wild type
(dashed line, n � 258) compared with CD25NEG patients positive for FLT3-ITD (solid
line, n � 63).

Figure 4. Kaplan-Meier estimates of OS for FLT3-ITD�positive patients in all
integrated risk groups by CD25 status. Data are shown for FLT3-ITD–positive/
CD25NEG (CD25�; solid line, n � 63) vs FLT3-ITD�positive/CD25POS patients
(CD25�; dashed line, n � 57).
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The most significant effect of CD25 on outcome was seen in the
FLT3-ITDPOS category. FLT3-ITDPOS E1900 patients lacking a
FLT3 wild-type allele, a genotype conferring particularly poor progno-
sis,40 were exclusively CD25POS. Importantly, CD25NEGFLT3-ITDPOS

patients fared equally well as CD25NEGFLT3WT patients (Figure 5),
suggesting that lack of CD25 expression outweighs the well-known
adverse prognostic effect of the FLT3-ITD mutation. This finding
suggests that CD25 status should be considered an important
covariate in the selection of patients for therapeutic trials with
FLT3-kinase inhibitors.

Previous studies in the E1900 cohort demonstrated an overall
benefit for dose-intensified daunorubicin induction in the entire
E1900 cohort and particularly in patients with DNMT3A mutation,
NPM1 mutation, or MLL involving translocations.26,27 However,
our current data suggest that HDD at induction may provide
incremental benefit to all CD25POS patients, irrespective of underly-
ing mutations, whereas benefit from HDD in CD25NEG patients
may be limited to patients with DNMT3A mutation, NPM1
mutation, or MLL involving translocations.

Although HDD followed by autologous SCT conferred excel-
lent prognosis in intermediate-risk E1900 patients,41 SCT did not
benefit the subset of CD25POS patients who were treated with
transplantation compared with CD25NEG patients. Additional stud-
ies are needed to validate this observation and to determine the role
of SCT in CD25POS patients.

Although we demonstrate that CD25 surface expression has
independent prognostic relevance in AML, the biologic basis for
this observation has not been elucidated. We did not detect
expression of the high-affinity IL-2R (IL-2R� � � � � chains) on
the surface of CD25POS blasts. The lack of a functional IL2R and

the absence of an IL-2 signaling signature in CD25POS AML argue
against a role for the IL-2 signaling pathway in the pathogenesis of
CD25POS AML or in impacting outcome in CD25POS AML. Terwijn
et al reported that minimal residual disease levels after induction
chemotherapy were significantly greater in CD25POS than CD25NEG

AML.22 Similarly, the presence of a high frequency of LSCs at
diagnosis has been correlated with high levels of minimal residual
disease after chemotherapy.42

We hypothesize that CD25 expression in AML serves as a
surrogate for the presence of chemoresistant LSCs. Consistent with
this notion, the molecular signature of CD25POS myeloblasts
included the expression of genes previously described in LSC
signatures.34,35 Human LSCs have been shown to migrate to an
endosteal region rich in osteoblasts after xenotransplantation into
immunocompromised mice.43 Localization to this endosteal niche
was associated with resistance to chemotherapeutic agents.43

Interestingly, CD25POS human LSCs were highly enriched in the
endosteal niche, were predominantly in the G0 phase of the cell
cycle, and displayed low Ki67 staining consistent with increased
quiescence.25 Hence, CD25POS AML cells appear to represent a
quiescent, chemotherapy-resistant population of LSCs residing
preferentially in a privileged compartment within the bone marrow.

It is possible that signals from this microenvironment might be
involved in up-regulation of IL-2RA in these cells. When GEP
analysis was performed in CD25POS intermediate-risk patients, we
observed increased expression of IL-3R (CD123) and of ERG in
this subgroup. High-density expression of CD123 on leukemic
CD25POS myeloblasts is of biologic and therapeutic interest,
particularly in view of previous biologic studies showing that
CD123 expression is a typical feature of LSCs in AML but not of

Figure 6. GEP of CD25POS AML in all integrated risk
groups. (A) 2-dimensional hierarchical clustering of differ-
entially expressed genes between CD25POS (blue) and
CD25NEG (red) AML cases. Each column represents a
patient, and each row represents a gene. (B) Gene set
enrichment analysis using previously reported leukemia
stem cell signatures as gene sets showing significant
enrichment of the 2 reported signatures in CD25 expres-
sion profiles.
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normal stem cells.11 The finding of ERG up-regulation raises the
intriguing question as to whether CD25 positivity in normal
karyotype/intermediate-risk AML may serve as a surrogate marker
for ERG gene expression; the relative impact of CD25 and ERG on
outcome in AML will require studies in large, intermediate-risk
AML cohorts.

Taken together, our data demonstrate an independent, clinically
relevant role for CD25 expression in AML and provide an
algorithm to use CD25 surface expression as an additional bio-
marker to improve prognostication in AML. Although the role of
CD25 expression in AML pathogenesis, chemoresistance, and
self-renewal requires further investigation, we believe our data
provide a rationale for incorporating CD25 assessment into current
prognostic schema in AML.
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