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The distinction between chronic eosinophilic leukemia, not otherwise specified and idiopathic hypereosinophilic
syndrome largely relies on clonality assessment. Prior to the advent of next-generation sequencing, clonality
was usually determined by cytogenetic analysis. We applied targeted next-generation sequencing panels
designed for myeloid neoplasms to bone marrow specimens from a cohort of idiopathic hypereosinophilic
syndrome patients (n= 51), and assessed the significance of mutations in conjunction with clinicopathological
features. The findings were further compared with those of 17 chronic eosinophilic leukemia, not otherwise
specified patients defined by their abnormal cytogenetics and/or increased blasts. Mutations were detected in
14/51 idiopathic hypereosinophilic syndrome patients (idiopathic hypereosinophilic syndrome/next-generation
sequencing-positive) (28%), involving single gene in 7 and ≥ 2 in 7 patients. The more frequently mutated genes
included ASXL1 (43%), TET2 (36%), EZH2 (29%), SETBP1 (22%), CBL (14%), and NOTCH1 (14%). Idiopathic
hypereosinophilic syndrome/next-generation sequencing-positive patients showed a number of clinical features
and bone marrow findings resembling chronic eosinophilic leukemia, not otherwise specified. Chronic
eosinophilic leukemia, not otherwise specified patients showed a disease-specific survival of 14.4 months,
markedly inferior to idiopathic hypereosinophilic syndrome/next-generation sequencing-negative (Po0.001), but
not significantly different from idiopathic hypereosinophilic syndrome/next-generation sequencing-positive
(P= 0.117). These data suggest that targeted next-generation sequencing helps to establish clonality in a subset
of patients with hypereosinophilia that would otherwise be classified as idiopathic hypereosinophilic syndrome.
In conjunction with other diagnostic features, mutation data can be used to establish a diagnosis of chronic
eosinophilic leukemia, not otherwise specified in patients presenting with hypereosinophilia.
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Introduction

Hypereosinophilia is defined as persistent and
marked eosinophilia greater than 1.5 × 109/l. The
diagnostic work-up of patients presenting with
hypereosinophilia is challenging and requires
resource-intensive testing. Primary eosinophilia(s)
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associated with translocation of platelet-derived
growth factor receptor alpha (PDGFRA) and
PDGFRbeta (PDGFRB), or fibroblast growth factor
receptor 1 (FGFR1) have been recognized as geneti-
cally defined entities in the 2008 World Health
Organization classification scheme of myeloid
neoplasms.1 Chronic eosinophilic leukemia, not other-
wise specified2 is a clonal hematological malignancy,
currently classified within the group of myeloproli-
ferative neoplasms without the presence of PDGFRA,
PDGFRB, or FGFR1 abnormalities. Idiopathic hyper-
eosinophilic syndrome, on the other hand, is defined
by the presence of persistent, unexplained hypereosi-
nophilia with associated organ damage without a
known underlying cause and a lack of identifiable
genetic abnormalities. Chronic eosinophilic leukemia,
not otherwise specified and idiopathic hypereosino-
philic syndrome are diagnoses of exclusion, which not
only require exclusion of a known reactive process,
genetically defined eosinophilic neoplasms, but also
hypereosinophilia associated with a known myeloid
neoplasm. The latter includes acute myeloid leuke-
mia, myelodysplastic syndrome (MDS), systemic
mastocytosis, chronic myeloid leukemia, other types
of classical myeloproliferative neoplasm (essential
thrombocythemia, polycythemia vera, and primary
myelofibrosis), and chronic myelomonocytic leuke-
mia; also excluded are cases of hypereosinophilia
associated with a clonal abnormal T-cell population,
so-called ‘lymphocytic variant’ hypereosinophilic
syndrome.

Chronic eosinophilic leukemia, not otherwise
specified is distinguished from idiopathic hypereo-
sinophilic syndrome by the demonstration of clon-
ality or increased blasts according to the 2008 World
Health Organization Classification criteria. Until
recently, clonality in clinical practice has been
largely assessed by conventional karyotyping and
molecular testing for the well-defined mutations
associated with myeloproliferative neoplasm, such
as KIT and JAK2 V617F. Hypereosinophilia in which
reactive causes have been excluded, but lack of a
definite cytogenetic/genetic abnormality, are cur-
rently lumped together under an umbrella term of
idiopathic hypereosinophilic syndrome. As a result,
idiopathic hypereosinophilic syndrome has become
a heterogeneous entity with variable clinical beha-
vior in affected patients.3,4

In recent years, next-generation sequencing has
helped to identify mutations in a large proportion of
cases of myeloid neoplasms. In myeloproliferative
neoplasms, discoveries include CALR mutations in
JAK2 V617-negative classic myeloproliferative
neoplasms,5,6 as well as a number of recurrent
mutations that correlate with the clinical features,
prognosis, and treatment responses.7–9 Mutational
analysis in general can help to differentiate a clonal
hematopoietic neoplasm from a reactive process in
diagnostically challenging cases. However, this
approach has been complicated by reports of
frequent somatic mutations in healthy populations

of older individuals.10–12 The aim of this multicenter
study was to molecularly characterize the cases of
idiopathic hypereosinophilic syndrome, and com-
pare them with chronic eosinophilic leukemia, not
otherwise specified, as defined by the current World
Health Organization criteria. Specifically, we sought
to determine whether mutation data would provide
clinically meaningful information in these two
entities.

Materials and methods

Patients

We searched the pathology archives at seven
institutions in the United States: MD Anderson
Cancer Center, Stanford University Medical Center,
Cleveland Clinic, Massachusetts General Hospital,
Weill Cornell Medical College, the Hospital of the
University of Pennsylvania, and the University of
New Mexico for cases of persistent hypereosinophi-
lia between 2005 and 2014. All included cases had to
meet the minimal 2008 World Health Organization
Classification requirements for persistent hypereosi-
nophilia (≥1.5 × 109/l). Chronic eosinophilic leuke-
mia, not otherwise specified was characterized either
by an increase in blasts (≥5%) in the bone marrow or
blood (≥2%) and/or a clonal cytogenetic abnorm-
ality, after excluding other myeloid neoplasms
that might be associated with eosinophilia (acute
leukemias, chronic myeloid leukemia, other defined
myeloproliferative neoplasm subtypes, MDS,
chronic myelomonocytic leukemia, systemic masto-
cytosis, or cases with recurrent PDGFRA/B or FGFR1
rearrangements). Idiopathic hypereosinophilic syn-
drome was defined as persistent hypereosinophilia
with end-organ damage, with no clear causes for a
primary or secondary cause of hypereosinophilia.
The definition of 'end-organ damage' was according
to the proposals by the working group on eosinophil
disorders and syndromes.13 Cases of so-called
lymphocytic/T-cell variant hypereosinophilic
syndrome,3 which showed aberrant T cells immu-
nophenotypically by flow cytometry, were excluded.
Clinical information was retrieved from the electro-
nic medical records. This study was approved by the
Institutional Review Boards of all participating
institutions.

Cytogenetics, Fluorescence in situ Hybridization, and
Molecular Testing

Conventional cytogenetic analysis was performed on
G-banded metaphase cells prepared from unstimu-
lated bone marrow aspirate cultures using standard
techniques. Twenty metaphases were analyzed and
the results were reported using the International
System for Human Cytogenetic Nomenclature. Fluor-
escence in situ hybridization and/or molecular
genetic methods for detecting BCR-ABL1, PDGFRA,
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PDGFRB, or FGFR1 were performed at respective
institutions as part of the routine clinical work-up.

Bone Marrow Morphologic and Histologic Assessment

The evaluated histological criteria were agreed by all
participants prior to case collection to ensure
consistency in morphological assessment. The bone
marrow aspirate smears and core biopsy either
obtained at the time of diagnosis or the first bone
marrow procedure ever performed with paired
peripheral blood smears were reviewed by at least
one observer at each institution. Bone marrow
fibrosis was assessed by reticulin and trichrome
stains and graded according to the European bone
marrow Fibrosis Network criteria.14 Megakaryocyte
morphology was recorded as predominantly MDS-
like (small with hypolobated nuclei or abnormally
lobated nuclei), predominantly myeloproliferative
neoplasm-like (large and hypersegmented megakar-
yocytes, often with clustering), mixed myelodysplas-
tic and myeloproliferative neoplasm-like, or within
normal limits. CD2 and CD25, either by flow
cytometry or by immunohistochemistry or both,
were assessed in cases with increased mast cells.
Cases that met the diagnostic criteria of systemic
mastocytosis were excluded. A differential count
based on at least 200 cells (or all available cells if
o200 present) was performed, and ring sideroblasts
were assessed on Prussian blue or Perls-stained bone
marrow aspirate smears. For eosinophil morphology,
abnormal features included abnormal granulation
(hypogranulation or uneven granulation), cytoplas-
mic vacuoles, and abnormal nuclear lobation (mono-
lobated or multinucleated). Normal eosinophils have
bilobed nuclei and evenly distributed eosinophilic
granules. Mild nuclear hypersegmentation and
mild hyper, hypo, or uneven granulation of eosino-
phils were not considered to be abnormal because
these changes can be associated with eosino-
phil activation15 or in patients treated with
hydroxyurea.16 Cases in which the submitter was
uncertain of the diagnosis and/or specific histologic
features were reviewed together using a multi-headed
microscope by six of the authors (SW, AO, DA, RH,
EH, and AB). All histological review was blinded to
next-generation sequencing testing results.

Targeted Next-Generation Sequencing

We performed targeted next-generation sequencing
on DNA samples extracted from frozen unfractio-
nated bone marrow cells collected at the time of
diagnosis. In a subset of cases, DNA was extracted
from unstained and unfixed bone marrow aspirate
smears. Sequences were performed with using a
next-generation sequencing-based custom-designed
assay using the Illumina MiSeq platform. The
entire coding sequences of 45 genes, including
ABL1, ASXL1, BCOR, BRAF, CALR, CBL, CEBPA,

DNMT3A, ETV6, EZH2, FAM5C, FLT3-ITD, FLT3-
TKD, GATA1, GATA2, HNRNPK, IDH1, IDH2,
IKZF1, JAK1, JAK2, KDM6A, KIT, KRAS, MPL,
NFE2, NOTCH1, NPM1, NRAS, PHF6, PTPN11,
RAD21, RUNX1, SEPBP1, SF3B1, SH2B3, SMC1A,
SMC3, STAG2, SUZ12, TET2, TP53, U2AF1, WT1,
and ZRSR2, were performed specifically for this
study. A few cases were performed with a 28-gene
panel sequencing the entire coding regions, or a 53-
gene hot-spot sequencing panel at local hospitals as
part of the clinical work-up. The 28-gene8 panel
included ABL1, ASXL1, BRAF, DNMT3A, EGFR,
EZH2, FLT3, GATA1, GATA2, HRAS, IDH1, IDH2,
KIT, KRAS, MDM2, IKZF2, JAK2, KMT2A, MPL,
MYD88, NOTCH1, NPM1, NRAS, PTPN11, RUNX1,
TET2, TP53, and WT1, with CALR, FLT3, and
CEBPA tested separately by Sanger sequencing. The
53-gene panel17 included ASXL1, BCOR, BCORL1,
BRAF, BRINP3, CALR, CBL, CEBPA, CSF3R, DNMT1,
DNMT3A, EED, ETV6, EZH2, FLT3, GATA1, GATA2,
HNRNPK, IDH1, IDH2, JAK2, JAK3, KDM6A, KIT,
KMT2A, KRAS, LUC7L2, MPL, NOTCH1, NPM1,
NRAS, NSD1, PHF6, PRPF40B, PTPN11, RAD21,
RUNX1, SETBP1, SF1, SF3A1, SF3B1, SMC1A,
SMC3, SRSF2, STAG2, SUZ12, TET1, TET2, TP53,
U2AF1, U2AF2, WT1, and ZRSR2. Variant calling
was performed with Illumina MiSeq Reporter Soft-
ware 1.3.17. using human genome build 19 (hg 19) as
a reference. We added this to method.

Statistical Analyses

For continuous variables, data are reported as
median and range. For nominal variables, data are
reported as the number of patients unless otherwise
specified. Disease-specific survival was calculated
from the day of diagnosis to the last follow-up or
death attributed to chronic eosinophilic leukemia,
not otherwise specified/idiopathic hypereosinophi-
lic syndrome. Patients who received hematopoietic
stem cell transplant were censored at the time of the
procedure. Distribution of disease-specific survival
was estimated by Kaplan–Meier curves. Fisher’s
exact and Chi-square tests were used for categorical
comparisons. All P values are two-tailed and were
considered significant when o0.05. No adjustments
for multiplicity were made.

Results

Patients and Mutational Studies

From an initial collection of patients with hypereosi-
nophilia, we reviewed the clinical presentation,
laboratory data and bone marrow findings and
identified 125 cases meeting the diagnostic criteria
for idiopathic hypereosinophilic syndrome or chronic
eosinophilic leukemia, not otherwise specified.
PDGFRA/B or FGFR1 rearrangements were confirmed
to be negative by cytogenetics/fluorescence in situ
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hybridization and/or molecular genetic methods in all
cases. Clonal cytogenetic abnormalities were detected
in 16 patients. Of those, four patients had a complex
karyotype, one had two karyotypic abnormalities,
nine had a single abnormality, and one was identified
by fluorescence in situ hybridization to have del(9p)
abnormality (Supplementary Table 1). A total of 57
patients with material available were tested by next-
generation sequencing, including 6 chronic eosino-
philic leukemia, not otherwise specified patients
(5 patients with cytogenetic abnormalities and 1
patient with a normal karyotype but increased blasts)
and 51 idiopathic hypereosinophilic syndrome. Of
those, 46 patients had DNA samples extracted from
fresh or frozen cells, 11 from bone marrow aspirate
smears (n=11), and 9 patients had both. The latter
nine cases showed excellent test concordance between
the two types of archived samples. The 45-gene panel
(sequencing 490% gene coding regions) was con-
ducted on 44 patient samples, 28-gene panel (sequen-
cing entire coding regions) on 9, and 50-gene panel on
4. Among the nine samples tested by the 28-gene
panel, CSF3R mutation was additionally tested by
Sanger sequencing in two patients.

Pathologic mutations (allele burden ≥5%) were
detected in 3/6 (50%) chronic eosinophilic leuke-
mia, not otherwise specified patients, and 14/51
(28%) idiopathic hypereosinophilic syndrome
patients (Table 1). Of the 14 idiopathic hypereosino-
philic syndrome patients with mutations, 7 (50%)
had one mutation, 5 (36%) had two mutations and 2
(14%) had three or more mutations (14%). Involved
genes, in an order of decreasing frequency, were:
ASXL1 (6/14, 43%), TET2 (5/14, 36%), EZH2 (4/14,
29%), SETBP1 (2/9, 22%), CBL (2/14, 14%),
NOTCH1 (2/14, 14%), and 1 (7%) each of DNMT3A,
NRAS, JAK2 exon 13, and GATA2. The allele
frequency is shown in Supplementary Table 1.
Mutations that characterize classic myeloprolifera-
tive neoplasms, including JAK2 V617F (0/51), MPL
(0/51), and CALR (0/45), were all negative. KIT
mutations were also not detected in any of the cases
(0/51). Of the two chronic eosinophilic leukemia, not
otherwise specified patients with an abnormal
karyotype, the patient with a complex karyotype
showed a TP53 mutation and another patient with
interstitial deletion of 5q had a GATA2 mutation.
The other chronic eosinophilic leukemia, not other-
wise specified patient who had a normal karyotype
but increased blasts showed multiple mutations,
including ASXL1, CSF3R, SETBP1, U2AF1, EZH2,
and ETV6. The detailed information of nucleotide
alterations and resultant amino acid changes are
shown in Supplementary Table 2.

Clinical Features of Patients with a Normal Karyotype
but Positive for Mutations

According to the current World Health Organization
classification criteria, patients with clonal cytogenetic

abnormalities and/or increased blasts in bone mar-
row or peripheral blood were grouped together as
chronic eosinophilic leukemia, not otherwise speci-
fied (n=17). The remaining 51 patients who
would otherwise be classified as idiopathic hyper-
eosinophilic syndrome were further grouped by the
presence (idiopathic hypereosinophilic syndrome/
next-generation sequencing-positive) (n=14) or absence
of mutations (idiopathic hypereosinophilic syndrome/
next-generation sequencing-negative) (n=37).

The median age of idiopathic hypereosino-
philic syndrome/next-generation sequencing-positive
patients were 63.8 years (24.3–89.0), older than
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-negative patients (41.0 years,
Po0.001) but comparable with chronic eosinophilic
leukemia, not otherwise specified patients (66.4 years,
P=0.660). Although WBC, eosinophil percentage,
and absolute eosinophil count showed no
differences among the three groups of patients,
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-positive patients, like chronic eosi-
nophilic leukemia, not otherwise specified patients,
more frequently presented with anemia (P=0.048)
than idiopathic hypereosinophilic syndrome/next-
generation sequencing-negative patients. The platelet
counts, if compared as continuous variables, showed
no statistical significance among three groups of
patients; however; when platelets were categorized
as thrombocytosis (≥450×109/l), normal (140–
450×109/l), and thrombocytopenia (o140×109/l),
an abnormal platelet count was more frequently
observed in chronic eosinophilic leukemia, not
otherwise specified (P=0.009); borderline in idio-
pathic hypereosinophilic syndrome/next-generation
sequencing-positive patients (P=0.081), compared
with idiopathic hypereosinophilic syndrome/next-
generation sequencing-negative. Of note, chronic
eosinophilic leukemia, not otherwise specified
patients appeared to show predominantly thrombo-
cytopenia, whereas idiopathic hypereosinophilic syn-
drome/next-generation sequencing-positive patients
showed either thrombocytosis (n=4) or thrombocyto-
penia (n=3).

Regarding clinical features, compared with idio-
pathic hypereosinophilic syndrome/next-generation
sequencing-negative, chronic eosinophilic leukemia,
not otherwise specified patients presented with
more constitutional symptoms (weight loss, night
sweats, and progressive weakness) or cytopenia(s)-
related symptoms (infection or anemia-associated
symptoms); but less eosinophil-mediated symptoms
such as allergy/skin lesions, edema, rheumatoid
symptoms, or hypersensitivity. Chronic eosinophilic
leukemia, not otherwise specified patients
frequently had a high lactate dehydrogenase
(P=0.005), and borderline more frequent organome-
galy (P=0.066). The clinical characteristics of
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-positive patients varied between
chronic eosinophilic leukemia, not otherwise
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specified and idiopathic hypereosinophilic syndrome/
next-generation sequencing-negative (Tables 1 and 2).
As a group, similar to idiopathic hypereosino-
philic syndrome/next-generation sequencing-negative
patients, idiopathic hypereosinophilic syndrome/next-
generation sequencing-positive patients showed more
frequent eosinophilic activation-related symptoms, less
organomegaly, or elevated lactate dehydrogenase than
chronic eosinophilic leukemia, not otherwise specified;
on the other hand, like chronic eosinophilic leukemia,
not otherwise specified, idiopathic hypereosino-
philic syndrome/next-generation sequencing-positive
patients were older, with more frequent anemia,
and showed a trend for more frequent constitu-
tional or cytopenia-related symptoms, contrasting to
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-negative.

Bone Marrow Morphologic and Histological Findings

Essentially all chronic eosinophilic leukemia, not
otherwise specified patients showed an age-adjusted
bone marrow hypercellularity (Figure 1a), and 11/17
(65%) patients had a bone marrow cellularity ≥ 90%,
significantly higher than idiopathic hypereosinophi-
lic syndrome/next-generation sequencing-negative
patients (Po0.001) as well as idiopathic hypereosi-
nophilic syndrome/next-generation sequencing-
positive (P=0.024) patients (Table 2). Bone marrow
blasts ≥ 5% were seen in three chronic eosinophilic
leukemia, not otherwise specified patients. Increased
bone marrow eosinophils (median 20%, range
5–91%) and increased myeloid:erythroid ratio (4.8,
range 1.3–16) (normal range 2:1–4:1) on the other
hand, were similarly observed in all three groups of
patients. Regarding megakaryocyte morphology,
typical myeloproliferative neoplasm-type megakar-
yocytes were very uncommon, being seen in only
one chronic eosinophilic leukemia, not otherwise
specified patient, whereas MDS-like megakaryocytes
(Figure 1a) or a mixed MDS and myeloproliferative
neoplasm-like megakaryocyte morphology were
frequently observed in chronic eosinophilic leuke-
mia, not otherwise specified, compared with
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-negative patients (Po0.001). Sig-
nificant dyserythropoiesis (Figure 1b) and
dysgranulopoiesis or both were seen in 6/17 chronic
eosinophilic leukemia, not otherwise specified
patients (P=0.003), significantly more frequent than
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-negative patients. Similar to chronic
eosinophilic leukemia, not otherwise specified,
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-positive patients also showed more
frequent abnormal megakaryocytes (P=0.009) as
well as dysgranulopoiesis and/or dyserythropoiesis
(P=0.017). Overall, very few patients in the group of
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-negative showed abnormalT
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Table 2 The clinical laboratory and pathological features of patients with idiopathic Hypereosinophilic Syndrome (HES) with or without mutations, comparing with Chronic
Eosinophilic Leukemia, Not Otherwise Specified (CEL-NOS)

HES/NGS
+(n=14)

HES/NGS-
(n=37)

CEL-NOS
(n=17)

CEL-NOS vs
HES/NGS-

HES/NGS+
vs HES/NGS-

HES/NGS+
vs CEL-NOS

Age (years) 63.8 (24.3–89.0) 41.0 (16.4–81.4) 66.4 (28.0–89.5) o0.001 o0.001 0.660
Gender (male/female) 7/7 22/15 11/5 0.758 0.752 0.457

Laboratory findings
White blood cells (×109/l) 24.4 (9.3–165.5) 12.0 (5.3–193.2) 25.6 (5.4–98.2) 0.784 0.723 0.884
Eosinophils (%) 36 (10–87) 34 (12–92) 31 (11–82) 0.669 0.454 0.367
Eosinophil count (×109/l) 7.6 (1.5–120.8) 3.5 (1.5–177.7) 8.7 (1.6–30.2) 0.670 0.725 0.369
Hemoglobin (g/dl) 11.6 (6–14.6) 13.5 (6.6–15.6) 11.7 (7.1–15.1) 0.033 0.048 0.972
Platelets (×109/l) 278 (101–952) 345 (80–1744) 137 (29–1171) aNot significant
(≤140, ≥450, 140–450) 3/4/7 3/4/26 9/1/6 0.009 0.081 0.713
LDH (elevated) 5/14 11/27 9/12 0.005 0.730 0.025

Clinical presentations
Constitutional/cytopenia-related 4/14 3/37 8/16 0.001 0.078 0.284
Allergy/hypersensitivity; rheumatoid symptoms 6/14 25/37 3/16 0.002 0.123 0.236
bTissue eosinophilic infiltrate 9/13 24/37 3/16 0.005 1.0 0.139
Organomegaly 1/13 6/37 6/14 0.066 0.660 0.077

Bone marrow findings
Cellularity (cases ≥90%) 70 (30–95)

(3/14)
60 (30–100)

(6/37)
90 (50–100)

(11/17)
o0.001 0.388 0.024

Blasts (%) 1 (0–2) 1 (1–3) 2 (0–16) 0.003 0.367 0.018
Megakaryocytes (MDS/mixed/MPN/WNL) 5/1/0/8 2/1/0/34 8/3/1/4 o0.001 0.009 0.135
Dysgranulopoiesis/Dyserythropoiesis/or both/WNL 1/2/1/10 0/0/1/36 2/2/2/11 0.003 0.017 1.0
Abnormal eosinophils 6/13 7/36 10/17 0.010 0.078 0.713

Progression (AML or accelerated phase)/Died of disease 0/3 0/3 3/9 See survival comparison

Abbreviations: MDS, myelodysplastic syndromes; MPN, myeloproliferative neoplasm; NGS, next-generation sequencing; WNL, within normal limits.
aNot significant when compared as continuous variables.
bConfirmed by biopsy or suggested by image study.
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megakaryocytes, dyserythropoiesis, and dysgranulo-
poiesis. Eosinophil morphology was assessed both
on bone marrow aspirate smears and peripheral
blood smears. Abnormal eosinophil granulation and
abnormal nuclear lobation (multilobation, hypoloba-
tion, abnormal nuclear branching, but not consider-
ing mild hypersegmentation, Figure 1b) were seen in
all three groups of patients, but were significantly
more frequent in chronic eosinophilic leukemia,
not otherwise specified (P=0.010) and also showed
a trend for a higher frequency in idiopathic hyper-
eosinophilic syndrome/next-generation sequencing-
positive (P=0.078) compared with idiopathic hyper-
eosinophilic syndrome/next-generation sequencing-
negative patients. MF-1 fibrosis was observed in
28% and MF2/MF3 fibrosis in 10% of all patients,
showing no statistical significance among the three
groups. A slight increase in mast cells, mostly in an
interstitial pattern, was observed in five patients of
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-positive, two of idiopathic hyper-
eosinophilic syndrome/next-generation sequencing-
negative, and one chronic eosinophilic leukemia, not
otherwise specified (not significant). Notably, none
of these cases showed KIT mutation or immunophe-
notypic aberrancies in mast cells, and none met the
criteria for systemic mastocytosis.

Treatment and Clinical Outcomes

The treatment was non-uniform and included var-
ious agents that were often used sequentially over
the course of disease for all three groups of patients.
These included hydroxyurea (for cytoreduction),
corticosteroids with or without interferon, cyclo-
sporine, methotrexate, and alemtuzumab. Tyrosine
kinase inhibitors, mostly imatinib and occasionally
dasatinib, were used in 28/66 (42%) patients.
Hypomethylating agents, single agent chemotherapy,

and high-dose chemotherapy were also used in some
patients when disease showed progression or was
refractory to other treatment modalities. Four
patients received hematopoietic stem cell transplant
(Supplementary Table 2). Compared with chronic
eosinophilic leukemia, not otherwise specified,
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-negative patients were treated more
often with corticosteroids (28/37 vs 7/16, P=0.056)
and fewer patients were treated with cytoreduction
(8/37 vs 8/15, P=0.045) at initial treatment; and
fewer patients required a hypomethylating agent or
chemotherapy in the course of disease (P=0.021).
The treatment modalities administered to idio-
pathic hypereosinophilic syndrome/next-generation
sequencing-positive patients were essentially the
same as those given to chronic eosinophilic leuke-
mia, not otherwise specified patients, but showed a
trend for more hydroxyurea (P=0.083) and hypo-
methylating agent/chemotherapy (P=0.058) than
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-positive patients (Supplementary
Table 3). Other treatment modalities were not
significantly different among the three groups,
including the use of tyrosine kinase inhibitor.

The median follow-up time, including dead
and living patients, was 24.9 months (range
0.6–405.3 months). In the chronic eosinophilic
leukemia, not otherwise specified group, two
patients progressed to acute myeloid leukemia and
one progressed with increased bone marrow
blasts from 4% to 17%. None of the patients with
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-positive or idiopathic hypereosino-
philic syndrome/next-generation sequencing-negative
showed progression to acute myeloid leukemia.
During the follow-up, three patients died of unrelated
causes, including colon cancer, diffuse large B-cell
lymphoma, and accidental death; therefore, the out-
come was compared with disease-specific survival.

Figure 1 Histological abnormalities frequently observed in chronic eosinophilic leukemia, not otherwise specified and with mutations.
(a) Bone marrow hypercellularity with small hypolobated megakaryocytes (arrows) (hemotoxylin and eosin, original magnification, × 500);
(b) Numerous eosinophils with abnormal granulation and abnormal nuclear segmentation and dyserythropoiesis (arrow) (Wright-Giemsa,
original magnification, × 1000).
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The median disease-specific survival of chronic
eosinophilic leukemia, not otherwise specified
patients was 14.4 months (range 1.0–120.1 months),
whereas it was not reached for idiopathic hypereosi-
nophilic syndrome/next-generation sequencing-
negative or idiopathic hypereosinophilic syndrome/
next-generation sequencing-positive patients. By
Kaplan–Meier log rank test, the disease-specific
survival of chronic eosinophilic leukemia, not other-
wise specified patients was significantly inferior to
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-negative (Po0.001), but not signifi-
cantly different from idiopathic hypereosino-
philic syndrome/next-generation sequencing-positive
patients (P=0.117). The disease-specific survival of
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-positive was shorter than idiopathic
hypereosinophilic syndrome/next-generation
sequencing-negative patients, but this did not reach
statistical significance (P=0.105) (Figure 2).

Discussion

Using targeted sequencing panels designed for
myeloid neoplasms, we found somatic mutations in
28% of patients with a diagnosis and classification of
idiopathic hypereosinophilic syndrome according to
current World Health Organization criteria that
excluded lymphocyte variant hypereosinophilic
syndrome and hypereosinophilic syndrome asso-
ciated with recurrent genetic abnormalities. Muta-
tions frequently affected genes involving DNA
methylation and chromatin modification. Idiopathic
hypereosinophilic syndrome patients with proven
mutations, as a group, showed a number of clinical,
laboratory, and bone marrow features resembling
chronic eosinophilic leukemia, not otherwise
specified.

The next-generation sequencing panels we used in
this study included the most frequently found
mutated genes in myeloid neoplasms, including
genes encoding signaling molecules, transcription
factors, epigenetic regulators, and splicing factors.
Using these panels, we found that, except for one
case that showed a JAK2 exon 13 mutation, muta-
tions of classic myeloproliferative neoplasms such as
JAK2 V617F, MPL, and CALR, were not present in
our idiopathic hypereosinophilic syndrome/chronic
eosinophilic leukemia, not otherwise specified
patients. KIT mutations, including KIT 816 V and
KIT M541L, were not found either. KIT M541L
mutations were recently reported in four of five
chronic eosinophilic leukemia, not otherwise speci-
fied patients who did not have PDGFRA/B lesions
but responded to tyrosine kinase inhibitor
treatment.18 Schwaab and colleagues19 reported
KIT 816 V mutations in 3% (14 patients) and JAK2
V617F mutations in 4% (17 patients) of patients who
presented with hypereosinophilia of unknown sig-
nificance. Notably, with the mutation information

and upon review of the slides, the authors reclassi-
fied the cases with KIT D816V as systemic mastocy-
tosis with eosinophilia (systemic mastocytosis-eo)
and cases with JAK2 V617F mutation as myelopro-
liferative neoplasm with eosinophilia (myeloproli-
ferative neoplasm-eo). In our study, the bone marrow
slides and most peripheral blood smears were
reviewed by experienced hematopathologists in
conjunction with clinical, laboratory, and radio-
graphic data, prior to the mutation study. We had a
small subset of patients showing a mild increase in
mast cells in an interstitial pattern in bone marrow;
however, none of them met the current diagnostic
criteria for systemic mastocytosis. The most frequent
mutations found in our idiopathic hypereosinophilic
syndrome patients were ASXL1, TET2, and EZH2,
genes involved in DNA methylation and chromatin
modification.20,21 SETBP1 and CSF3R, tested in a
subset of our idiopathic hypereosinophilic syndrome
and chronic eosinophilic leukemia, not otherwise
specified cases, were also found to be mutated in
some patients. SETBP1 has been found frequently
mutated in chronic neutrophilic leukemia,22 atypical
chronic myeloid leukemia, myelodysplastic/myelo-
proliferative neoplasm-unclassifiable, and chronic
myelomonocytic leukemia,23 whereas CSF3R muta-
tion is highly prevalent in chronic neutrophilic
leukemia but appears to be less common in atypical
chronic myeloid leukemia.24,25 These two genes will
be of great interest to investigate further, because the
clinical and pathological features of chronic eosino-
philic leukemia, not otherwise specified in our study
closely resembled non-classic myeloproliferative
neoplasm or MDS/myeloproliferative neoplasm
overlap disease. Recently, Anderson and
colleagues26 isolated eosinophils and performed
whole genome sequencing in five patients with
idiopathic hypereosinophilic syndrome. Somatic
missense mutations were found in three patients,

Figure 2 Patients with chronic eosinophilic leukemia, not other-
wise specified showed a median disease-specific survival of
14.4 months (1.0–120.1 months), significantly inferior to patients
with idiopathic hypereosinophilic syndrome with no identifiable
mutations (median disease-specific survival: not reached, 0.6–
405.3 months, Po0.001), but not statistically different from
idiopathic hypereosinophilic syndrome patients with mutations
(not reached, 1.0–223.9 months, P=0.117).
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including spliceosome gene PUF60 and the
cadherin gene CDH17. These genes were not
included in our panel and their prevalence and
significance in idiopathic hypereosinophilic syn-
drome require further investigation. They further
showed that reactive eosinophilia samples could be
differentiated from known and suspected clonal
eosinophilias based on 285 differentially methylated
CpG sites corresponding to 128 differentially
methylated genes.

The second question we tried to address is
whether finding mutations is sufficient to diagnose
a case as a clonal myeloid neoplasm that is distinctly
different from other idiopathic hypereosinophilic
syndrome. We first compared the clinical features
and pathology findings of chronic eosinophilic
leukemia, not otherwise specified with idiopathic
hypereosinophilic syndrome with no identifiable
mutations. Chronic eosinophilic leukemia, not other-
wise specified patients were older and showed
significantly more frequent constitutional symptoms,
more anemia and thrombocytopenia, and symptoms
related to cytopenia(s), frequent organomegaly, ele-
vated lactate dehydrogenase; but less allergy, skin
urticarial/rash, edema, asthma, myalgia/arthralgia,
or eosinophil-mediated organ injury. These clinical
features more closely resemble those of an aggressive
myeloid neoplasm and were different from the
clinical features seen in most of the idiopathic
hypereosinophilic syndrome in our series. In our
study, chronic eosinophilic leukemia, not otherwise
specified patients had a median disease-specific
survival of 14.4 months, and three cases progressed
to acute myeloid leukemia or accelerated phase. Our
findings are similar to those reported by Helbig and
colleagues27 and suggest that chronic eosinophilic
leukemia, not otherwise specified is a clinically
aggressive disease, often resistant to therapy, with a
relatively high rate of acute myeloid leukemia
transformation and a short survival. In contrast,
idiopathic hypereosinophilic syndrome patients
with no identifiable mutations presented with
hypereosinophilia at a much younger age than
chronic eosinophilic leukemia, not otherwise speci-
fied, and had more frequent symptoms associated
with eosinophil activation, such as dermatological,
pulmonary, gastrointestinal, and rheumatologic
manifestations, as has been reported by others.4,28

Compared with the contrasting clinical features of
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-negative vs chronic eosinophilic
leukemia, not otherwise specified, the clinical
manifestations of idiopathic hypereosinophilic syn-
drome/next-generation sequencing-positive as a
group were more heterogeneous, but showed some
similarities to chronic eosinophilic leukemia, not
otherwise specified. The disease-specific survival of
chronic eosinophilic leukemia, not otherwise speci-
fied patients was significantly shorter than that of
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-negative patients (Po0.001), but

was not statistically different from idiopathic hyper-
eosinophilic syndrome/next-generation sequencing-
positive patients (P=0.117). Although this may be
due to the relatively small number of patients with
mutations that limited the statistical power, several
other explanations are also plausible. The next-
generation sequencing assays used in this study
targeted genes that are known to be mutated with
relatively high frequency in myeloid neoplasms;
although with good gene coverage, some relevant
genes were either not included, such as above-
mentioned PUF60 and CDH17,26 or only tested in a
subset of patients, such as SETBP1 and CSF3R. We
may have found mutations in idiopathic hypereosi-
nophilic syndrome/next-generation sequencing-
negative patients if whole genome sequencing or a
more extensive next-generation sequencing panel
had been performed. On the other hand, somatic
mutations in genes associated with myeloid neo-
plasms (such as DNMT3A, TET2, JAK2, ASXL1,
TP53, GNAS, PPM1D, BCORL1, and SF3B1) have
been frequently found in aging healthy
individuals.10–12,29 MDS-associated somatic muta-
tions and clonal hematopoiesis have been recently
reported in near half of patients with aplastic
anemia,30 as well as in patients with idiopathic
cytopenias of undetermined significance.29,31 In the
latter, variant allele fractions were comparable with
MDS. Although individuals with acquired somatic
mutations may have increased risk for development
of a myeloid neoplasm such as MDS or acute
myeloid leukemia,32 the complex dynamics
of clonal hematopoiesis are highly variable and are
not necessarily predictable.33 In our cohort, idio-
pathic hypereosinophilic syndrome/next-generation
sequencing-positive patients were significantly older
than patients without mutations, and it is possible
that some mutations, especially the ones with single
mutation and a low allele frequency, were age-
related. Certain specific mutations, mutations of high
allele frequency, or a higher number of mutations
may be more pathogenetically relevant. The small
number of idiopathic hypereosinophilic syndrome
cases with mutations in our study, however, pre-
cluded a meaningful comparison of individual
mutations. On a further note, although an abnormal
karyotype is highly associated with a neoplastic
process, it has been recognized that not all clonal
cytogenetic abnormities have equivalent diagnostic
importance. Del(20q),34 +8, and +1535 have been
recognized as clonal karyotypic abnormalities of
uncertain significance in the absence of other
diagnostic criteria for a myeloid neoplasm.36
Furthermore, by definition, cases with increased
blasts, even in the absence of clonal cytogenetic
abnormalities, were assigned to the chronic eosino-
philic leukemia, not otherwise specified group,
excluding these cases with aggressive features from
the idiopathic hypereosinophilic syndrome group.

The morphological features of chronic eosinophi-
lic leukemia, not otherwise specified and idiopathic
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hypereosinophilic syndrome are not well studied,
likely owing to the rarity of these entities and
unreliable features in distinguishing neoplastic vs
reactive eosinophils.37–40 The World Health Organi-
zation description of chronic eosinophilic leukemia,
not otherwise specified2 was based on a few early
studies,37,38 and it is uncertain whether those early
described cases included cases of PDGFRA/B,
FGFR1, systemic mastocytosis-eo, or other myeloid
neoplasms associated with hypereosinophilia. In our
cohort, we found that abnormal megakaryocytes
were seen in more than half of the chronic
eosinophilic leukemia, not otherwise specified
patients, showing frequent MDS-like or a mixture
of MDS and myeloproliferative neoplasm-like fea-
tures, whereas classic myeloproliferative neoplasm-
like megakaryocytes were infrequent. Dysgranulo-
poiesis and dyserythropoiesis were also observed in
a subset of our chronic eosinophilic leukemia, not
otherwise specified cases. Reviewing the literature,
although most of studies on CEL and idiopathic
hypereosinophilic syndrome do not provide in detail
histological descriptions, Weide et al41 and Kuk
et al42 did describe multilineage dysplasia in their
case report of chronic eosinophilic leukemia, not
otherwise specified. Regarding the eosinophil mor-
phology, we found frequent abnormalities in chronic
eosinophilic leukemia, not otherwise specified and
these were seen less frequently in idiopathic hyper-
eosinophilic syndrome without mutations. Although
the bone marrow and peripheral blood features of
idiopathic hypereosinophilic syndrome/next-genera-
tion sequencing-positive patients were variable,
they overall more closely resembled chronic eosino-
philic leukemia, not otherwise specified than idio-
pathic hypereosinophilic syndrome/next-generation
sequencing-negative. These findings indicate that
molecular genetic events potentially important for
leukemogenesis likely correlate with morphologic
abnormalities; incorporating morphological assess-
ment in the interpretation of molecular genetic data
may help further identification of a true neoplasm
from non-neoplastic hypereosinophilia.

In summary, we show in this study that myeloid
neoplasm-related somatic mutations are present in a
subset of eosinophilic proliferations that are cur-
rently classified as idiopathic hypereosinophilic
syndrome. Mutations characteristics of classic mye-
loproliferative neoplasm, such as JAK2 V617F, MPL,
and CALR, are infrequent. Rather, mutations are
frequently found in genes involving DNA methyla-
tion and chromatin modification. Whereas idio-
pathic hypereosinophilic syndrome with no
identifiable mutations has clinicopathological fea-
tures that are distinct from chronic eosinophilic
leukemia, not otherwise specified, idiopathic hyper-
eosinophilic syndrome with mutations closely
resembles chronic eosinophilic leukemia, not other-
wise specified. Our findings indicate that cases of
with mutations known to be associated with myeloid
neoplasms should appropriately be classified as

chronic eosinophilic leukemia, not otherwise speci-
fied. However, with the caveat of the high prevalence
of mutations in aging populations, the detection of
mutations needs to be interpreted in the context of
other clinical and pathological findings when estab-
lishing a diagnosis of clonal hypereosinophilia.
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