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Abstract

Objective/Background: Idiopathic myelofibrosis (IM) is a clonal hematological malignancy orig-
inating from pluripotent hematopoietic stem cells (HSC). HSC are very rare potent cells that
reside in the bone marrow (BM) and at a lower level in peripheral blood (PB). Previous studies
showed that IM PB CD34+ cells contain not only BM repopulating cells belonging to the malignant
clone but also residual normal HSC.
Methods: In the current study, we separated the subpopulations of IM PB CD34+ cells using IL-
3Ra/CD123 labeling and further characterized them by genetic and functional analyses.
Results: Wedifferentiated IM PB CD34+ cells into three subpopulations (IL-3Rahigh, IL-3Ralow, and
IL-3Ranegative). IL-3Rahigh CD34+ cell subgroup represents a small population in IM PB CD34+ cells
whichwas not seen in normal G-CSFmobilized CD34+ cells. IM IL-3Rahigh CD34+ cells contained sig-
nificant higher percentage of cells bearing marker chromosome detected by fluorescence in situ
hybridization (FISH) analysis. In the absence of growth factors, IM IL-3Rahigh CD34+ cells exhibited
abnormal colony forming ability and carried greater percentage of JAK2V617Fmutant allele com-
pared with IL-3Ralow and IL-3Ranegative CD34+ cells.
Conclusion: These data indicate that IL-3Rahigh CD34+ cells from IM enriched for the malignant
progenitor cells and IL-3Ra/CD123 may be a potential biomarker and therapeutic target for IM.
Our findings will be further validated in future studies with a larger sample size and serial trans-
plant in murine models.
� 2019 King Faisal Specialist Hospital & Research Centre. Published by Elsevier Ltd. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
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Introduction

Idiopathic myelofibrosis (IM) is a clonal hematological malig-
nancy which originates at the level of the pluripotent
hematopoietic stem cell (HSC) [1–4] HSC are multipotent
cells which are capable of self renewal that reside in the
bone marrow (BM) and at lower levels in peripheral blood
(PB) [5]. The HSC defect results in a profound hyperplasia
of morphologically abnormal megakaryocytes (MKs) and clo-
nal populations of monocytes, which have been shown to
locally release fibrogenic growth factors, leading to BM
fibrosis [6–10]. Mobilized PB CD34+ cells provide a source
of stem cells for use as grafts for transplantation. Barosi
et al. [11] have demonstrated that the PB of IM patients
contained 360 times greater numbers of CD34+ cells than
normal controls. IM represents a unique situation in which
the numbers of PB CD34+ cells are frequently increased in
the absence of extrinsic stimuli. Previous studies showed
that IM PB CD34+ stem cells contain not only BM repopulat-
ing cells belonging to a malignant clone but also residual
normal HSC [12,13]. The malignant phenotype in IM likely
results from a combination of genetic abnormalities leading
to dysregulation of critical genes that contribute to cell pro-
liferation, differentiation, and cell death [14].

Molecular markers for IM progenitor cells have long been
searched for, but little progress has been made although
recently recurrent chromosomal abnormalities have been
documented in 30% of cases. A single point mutation
(V617) has been identified in JAK2, a cytoplasmic tyrosine
kinase, enables constitutive tyrosine kinase activity without
the need for ligand binding to hematopoietic receptors. The
number of V617F JAK2 copies likely contributes to the phe-
notypic heterogeneity of the JAK2V617F positive myelopro-
liferative disorders (MPD) [15–17]. This mutation has been
observed in 50% of patients with IM, making it unlikely that
it accounts entirely for the origin of IM [17]. Studies had
been performed for the characterization of IM PB CD34+ pro-
genitor cells using various molecular markers [12–14]. How-
ever, a suitable phenotypic marker for IM tumor progenitor
cells has yet to be identified. Interleukin 3 (IL-3) plays an
important role in the promotion of hematopoietic progeni-
tor cell survival, proliferation, and differentiation [18–
23]. IL-3 receptor is composed of an a- and b-subunit
[18,19]. IL-3Ra, also known as CD123, has been found to
be widely expressed in cells belonging to a variety of hema-
tological malignancies [23–28]. Human acute myeloid leu-
kemia (AML) stem cells express elevated levels of IL-3Ra/
CD123 and it serves as a unique marker for AML stem cells
[26–29]. Elevated expression of IL-3Ra in AML is associated
with enhanced blast proliferation, increased cellularity, and
a poor prognosis [27]. Therefore, IL-3Ra/CD123 has diagnos-
tic, prognostic as well as therapeutic value in AML [30,31].
Ouyang et al. [32] showed that CD34+ myeloblasts in myelo-
proliferative neoplasms (MPN) have frequently increased
CD123 expression level. In addition, IL-3Ra/CD123 is also
highly expressed in blastic plasmacytoid dendritic cell neo-
plasm (1 of the immunohistochemical criteria in BPDCN) and
minimally expressed on normal cells, suggesting it is an
appropriate target for therapy [33,34].

In this study, we are the first to characterize IM tumor pro-
genitor cells by using IL-3Ra/CD123 as a phenotypic marker.
We have been able to separate IM PB CD34+ cells into three
subgroups according to the differential expression of IL-
3Ra: IL-3Rahigh, IL-3Ralow, and IL-3Ranegative. We found that
there was a near 40-fold increase in the average percentage
of IL-3Rahigh CD34+ cells over total CD34+ cells in IM patients
as compared with that in G-CSFmobilized normal volunteers.
We utilized four IM patients with chromosome abnormalities
and evaluated the percentages of chromosome abnormalities
in each IL-3Ra subpopulation by FISH analysis. We found that
there was a significant increase in the percentage of cells
containing marker chromosomes in IL-3Rahigh CD34+ cells
compared with IL-3Ralow and IL-3Ranegative CD34+ cells. In
vitro colony forming assays in the presence of six growth fac-
tors demonstrated that three subpopulations of IM PB CD34+

cells were capable of forming hematopoietic colonies
in vitro. However, in the absence of growth factors, IL-
3Ralow and IL-3Ranegative cells formed significantly reduced
or no colonies in vitro whereas IL-3Rahigh cells retained the
similar colony forming ability as seen in the presence of
growth factors. Finally, we evaluated the JAK2V617F allele
status of colonies cloned from IM PB CD34+ cells of IL-
3Rahigh, IL-3Ralow, and IL-3Ranegative subpopulations, we
found that colonies cloned from IL-3Rahigh CD34+ cells exhibit
increased percentage of JAK2V617F mutant allele which
result an increased tumor burden.

We have characterized a small subpopulation of IM PB
CD34+ cells highly expressed the IL-3Ra/CD123 which was
not observed in normal G-CSF mobilized PB CD34+ cells, this
small subgroup of IL-3Rahigh CD34+ cells may be enriched for
the IM progenitor cells.
Materials and methods

Reagents

Human recombinant granulocyte colony-stimulating factor
(G-CSF), IL-3, IL-6, stem cell factor (SCF), erythropoietin
(EPO), and thrombopoietin (TPO) were kindly provided by
Amgen Biologicals (Thousand Oaks, CA, USA). Purified
recombinant forms of fluorescein isothiocyanate (FITC)-
conjugated antihuman CD34+ antibody and phycoerythrin
(PE)-conjugated antihuman IL-3Ra antibody were purchased
from BD Biosciences (Franklin Lakes, NJ, USA).

Patients and healthy control individuals

All human tissue samples were obtained after informed con-
sent following the guidelines of the Institutional Review
Board of Jining Medical University, Jining, China. PB sam-
ples were obtained from: (a) healthy donors mobilized
receiving G-CSF at 5 lg/kg/d subcutaneously; and (b)
patients with IM who meet the World Health Organization
(WHO) diagnostic criteria for IM. Patients receiving cyto-
toxic agents at the time of study or patients having evidence
of transformation to acute leukemia were excluded.

Purification of human PB CD34+ cells

The PB samples were layered onto Ficoll-Hypaque
(1.077 g/mL; Amersham Biosciences, Piscataway, NJ,
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USA), and low-density mononuclear cells (MNCs) were sepa-
rated after density centrifugation. A CD34+ cell population
was isolated using a Magnetic Activated Cell Sorting CD34+

Isolation Kit (Miltenyi Biotec, Auburn, CA, USA) according
to the manufacturer’s instructions. The purity of the
CD34+ cell population was analyzed using a FACSCaliber flow
cytometer (Becton Dickinson, Mountain View, CA, USA). Cell
fractions showing a CD34+ cell purity of �90% will be used
for subsequent experiments.

Phenotypic analysis of IM PB CD34+ cells and cell
sorting selection

We performed the phenotypic analysis and sorted the PB
CD34+ cells using anti-CD34+ and anti-IL-3Ra antibodies. PB
CD34+ cells (1–5 million) were used for cell sorting. Separate
aliquots of isolated PB CD34+ were double stained with FITC-
conjugated anti-CD34+ and PE-conjugated anti-IL-3Ra (Bec-
ton Dickinson, San Jose, CA, USA) antibodies. The percentage
of CD34+ cells expressing IL-3Rawas determined by flow cyto-
metric analysis. Cell viability analysis of PB CD34+ cells was
performed using propidium iodide (PI) staining. Cell popula-
tions expressing different levels of IL-3Ra (IL-3Rahigh, IL-
3Ralow, IL-3Ranegative) were collected by means of a high-
speed cell sorter (Dako, Carpinteria, CA, USA). Sorted cells
with different expression levels of IL-3Ra were used for sub-
sequent experiments. In each cell group, 500 cells were used
for colony assays. In case the patient has a known marker
chromosomal abnormality, glass slides with 1 � 103 cells
were prepared by cytospin and were used for FISH analysis.

Chromosome abnormality detected by FISH analysis

CD34+ cells from four patients with marker cytogenetic
abnormalities (monosomy 7, isochromosome 17, and 13q
deletion) were studied in an identical fashion. Cytospin
preparations of CD34+ cell subpopulations of IL-3Rahigh, IL-
3Ralow, and IL-3Ranegative were stained with chromosome
enumeration probes (CEP) (VYSIS, Abbott, Laboratories,
Des Plaines, IL, USA) for monosomy 7, isochromosome 17,
and 13q deletion, respectively, using interphase FISH analy-
sis according to the standard methods. An attempt was
made to analyze at least 100 metaphases. The description
of karyotypes followed the recommendations of the Interna-
tional System for Human Cytogenetic Nomenclature and was
performed by pathologists at Jining Medical University.

Functional analysis of CD34+ cells by colony forming
assay

CD34+ cell subpopulations were plated at a concentration of
500 cells/mL in semisolid medium. One milliliter of culture
mixture containing 500 CD34+ cells, 0.9% methylcellulose,
30% fetal bovine serum (FBS), 1% bovine serum albumin
(BSA), 0.05 mM 2-mercaptoethanol (2-ME; StemCell Tech-
nologies, Vancouver, BC, Canada) and with or without a cyto-
kine cocktail containing SCF (100 ng/mL), IL-3 (100 ng/mL),
IL-6 (100 ng/mL), G-CSF (20 ng/mL), EPO (4 U/mL), and
TPO (100 ng/mL) (all from Amgen) were placed in 35-mm
nontissue culture dishes and incubated at 37 �C in 5% CO2.
All cultures were performed in triplicate and various colony
types enumerated using an inverted microscope at Days
12–14 of culture, according to previously described criteria.

JAK2V617F mutation in colonies analyzed by
nested allele-specific Polymerase Chain Reaction
(PCR)

Individual hematopoietic colonies were randomly plucked
from the semisolid media and genomic DNA (gDNA) was iso-
lated by using the Extract-N-AmpTM Blood PCR Kits (Sigma
St. Louis, MO, USA). The JAK2V617F mutation was detected
by using nested allele-specific PCR as previous described.
Briefly, a 521 bp DNA fragment containing the V617F muta-
tion site was amplified from the gDNA using forward primer
P1 50-GATCTCCATATTCAGGCTTACACA-3C and reverse pri-
mer P1r 50-TATTGTTTCCTTTTTCACAAGA-30. PCR was car-
ried out by 35 cycles consisting of 30 s at 90 �C, 30 s at
60 �C, and 30 s at 72 �C. A sample of 0.5 lL PCR products
were further amplified by nested and allele-specific PCR
using an outer primer set of P2 50-CCTCAGAACGTT
GATGGCA-30, P2r 50-ATTGCTTTCCTTTTTCACAAGA-30 for
amplifying a 453-base pair (bp) DNA fragment and two inner
primers of Pnf 50-AGCATTTGGTTTAAATTATGGAGTATATG-30,
Pmr 50-GTTTTACTTACTCTCGTCTCCACAAAA-30 for detecting
the wild type (229 bp) and mutant type (279 bp) sequences
respectively. Second round PCR cycle was carried out by 35
cycles of 90 �C for 30 s, 59 �C for 25 s, and 72 �C for 25 s.
Colonies classified as homozygous for JAK2V617F mutant
contained only the 279 bp band and homozygous wild type
contained only the 229 bp band, whereas heterozygous
colonies were identified based upon the presence of both
the 279 bp and 229 bp bands.
Results

Phenotypic characterization of IM PB CD34+ cells by
Fluorescence Assisted Cell Sorting (FACS) analysis
using IL-3Ra

Using IL-3Ra/CD123 as a phenotypic marker, we were able to
separate IM PB CD34+ cells into three subpopulations: IL-
3Rahigh, IL-3Ralow, and IL-3Ranegative. Fig. 1 shows a represen-
tative dot plot of flow cytometric analysis of IL-3Ra expres-
sion on PB CD34+ cells from (A) a G-CSF mobilized volunteer
and (B) a patientwith IM. Themajority of the CD34+ cells from
both G-CSF mobilized controls and patients with IM express
IL-3Ra at low level. There were �4% of the IM PB CD34+ cells
which express IL-3Ra at high level, by contrast, only 0.1% of
the normal G-CSF mobilized PB CD34+ cells express IL-3Ra
athigh level (p < .01, IMvs.G-CSFmobilizedcontrol, Table 1).
The significant increase of cell number in IL-3Rahigh CD34+

cells in patientswith IM indicates that IL-3Ra could be a useful
phenotypic marker for IM CD34+ cells.

IM PB IL-3Rahigh CD34+ cells contain higher
percentage of marker chromosome abnormalities

Because the percentage of IM PB IL-3Rahigh CD34+ cells was
much higher than that in normal G-CSF mobilized PB CD34+

cells we therefore hypothesized that the IM PB IL-3Rahigh



Fig. 1 Flow cytometric analysis of IL-3Ra expression on PB CD34+ cells from G-CSF mobilized volunteers and patients with IM.
Representative dot plots of IL-3Ra labeling in cells from (A) a G-CSF mobilized volunteer; (B) a patient with IM are shown. Note. G-
CSF = granulocyte colony-stimulating factor; IM = idiopathic myelofibrosis.

Table 1 Percentage distributions of CD34+ cells from G-CSF mobilized volunteers and patients with IM in IL-3Rahigh, IL-3Ralow,
and IL-3Ranegative subpopulations.

CD34+ cells IL3Rahigh, % IL3Ralow, % IL3Ranegative, %

G-CSF mobilized velunteers (G-Mob) (n = 4) 0.1 ± 0.1 81.1 ± 10.2 18.2 ± 6.4
IM (n = 7) 3.9 ± 2.1* 62.6 ± 8.3 33.5 ± 7.1

Note. G-CSF = granulocyte colony-stimulating factor; IM = idiopathic myelofibrosis.
* p < .05 versus G-CSF mobilized volunteers.

Fig. 2 Percentages of chromosome abnormalities in three
populations of CD34+ enriched cells from IM PB: IL-3Rahigh, IL-
3Ralow, and IL-3Ranegative cells. There was a significant increase
in the percentage of cells containing marker chromosome
abnormalities in IL-3Rahigh CD34+ cells as compared with IL-
3Ralow and IL-3Ranegative CD34+ cells (57% vs 24% and 17%). N = 4,
p < .05 vs IL-3Ralow and IL-3Ranegative cells. Note. IM = idiopathic
myelofibrosis; PB = peripheral blood.
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CD34+ cells may be enriched for the malignant progenitor
cell. We then selected four patients with IM (IM2, IM13,
IM40, and IM44) with marker chromosome abnormalities
detectable by FISH (2 patients with monosomy 7, 1 with
isochromosome 17, and 1 with 13q deletion). We did the
selection of IL-3Rahigh, IL-3Ralow, and IL-3Ranegative CD34+

cell subpopulations using cell sorting and the percentages
of chromosome abnormalities in each subpopulation were
evaluated by FISH analysis. The average percentage of cells
containing marker chromosome from four patients with IM
are shown in Fig. 2, and the detail marker chromosome
abnormalities for each patient with IM in IL-3Rahigh, IL-
3Ralow, and IL-3Ranegative subpopulations are listed in
Table 2. There was a significant increase in the average per-
centage of cells containing marker chromosome abnormali-
ties in IL-3Rahigh CD34+ cells compared with IL-3Ralow and IL-
3Ranegative CD34+ cells (51 ± 8% vs. 24 ± 9%, and 16 ± 9%,
p < .05). Actual value varied in these four patients, three
out of four patients had greater different value between
cell groups, one patient had less difference. These results
strongly suggest that IM PB IL-3Rahigh CD34+ cells maybe
enriched for malignant progenitor cells.

IM PB IL-3Rahigh CD34+ cells exhibit abnormal colony
forming ability

The next question we asked was if this small group of IM PB
IL-3Rahigh CD34+ cells has increase in vitro cloning effi-
ciency. We performed the colony-forming assays under
two different conditions: with and without growth factors.
In the presence of six growth factors, cells from all three
CD34+ cell subpopulations formed hematopoietic colonies



Table 2 Percentage of marker chromosome abnormalitiesa in patients with IM in IL-3Rahigh, IL-3Ralow and IL-3Ranegative

subpopulations.

Patients IL3Rahigh IL3Ralow IL3Ranegative

IM1 47 3 0
IM2 61 21 9
IM3 64 48 43
IM4 31 25 10
Mean 51a 24 16

Note. IM = idiopathic myelofibrosis.
a Chromosome abnormalities include monosomy 7, isochromosome 17, 20q-.
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in vitro with the highest efficiency occurring in the IL-3Ralow

subpopulation (Fig. 3A). However, in the absence of growth
factors, cells in IL-3Ranegative and IL-3Ralow groups formed
significantly reduced or no colony; cells in IL-3Rahigh

retained this colony forming ability (Fig. 3B), indicating that
the colony forming ability of IL-3Rahigh CD34+ cells is rela-
tively independent of the addition of exogenous growth
factors.

IM PB IL-3Rahigh CD34+ cells have increased
JAK2V617F mutation frequency

The JAK2V617F allele status of granulocytes isolated from
patients with IM was determined. Three patients (IM17,
IM35, and IM41 with JAK2V617F mutation levels in granulo-
cytes at 70%, 10%, and 5% respectively) were used for the
colony JAK2V617F status analysis. JAK2V617F allele status
in colonies cloned from three subpopulations of IL-3Rahigh,
IL-3Ralow, and IL-3Ranegative of IM PB CD34+ cells was deter-
mined by nested allele-specific PCR.

In IM35 and IM41, colonies from three subpopulations
contained mutant homozygote, heterozygote, and wild type
status for JAK2V617F in the presence of growth factors
(Fig. 4A), whereas in the absence of growth factors, colo-
nies from three subpopulations only contained mutant
homozygote and heterozygote but not wild type for
Fig. 3 Colony forming abilities of IL-3Rahigh, IL-3Ralow and IL-3Ra
factors, cells from all three CD34+ cell subpopulations were capab
efficiency occurring in the IL-3Ralow group; (B) by contrast, in the
groups formed significant reduced or no colony; whereas cells in IL-
vs IL-3Ralow and IL-3Ranegative cells. Note. IM = idiopathic myelofibr
JAK2V617F (Fig. 4B), suggesting that colony forming ability
of colonies burden JAK2V617F mutant allele are relatively
independent of the addition of exogenous growth factors
whereas colonies with JAK2 wild type allele are relatively
dependent of exogenous growth factors. In the presence
of growth factors, colonies from IL-3Rahigh and IL-3Ralow

CD34+ cells have higher percentage of JAK2V617F mutant
homozygote and heterozygote allele (Table 3), whereas in
the absence of growth factors, colonies from IL-3Rahigh

CD34+ cells have significant higher percentage of JAK2V617F
mutant homozygote allele compared with colonies from IL-
3Ralow and IL-3Ranegative CD34+ cells (Table 2). These data
suggest that colonies from IL-3Rahigh CD34+ cells exhibit
increased percentage of JAK2V617F mutant allele especially
in the absence of growth factors. In IM17, colonies from all
three subpopulations of cells were heterozygote for
JAK2V617F, suggesting that JAK2V617F mutation allele var-
ied in patients with IM and it does not account entirely for
the origin of IM.

Discussion

IM, one of the Philadelphia chromosome (Ph) negative MPD,
is a clonal HSC disorder of unknown etiology [1–4]. A grow-
ing set of molecular and genetic markers, some possibly
contributing to disease development, some more likely
negative cells of IM PB CD34+ cells. (A) In the presence of growth
le of forming hematopoietic colonies in vitro with the highest
absence of growth factors, cells in IL-3Ralow and IL-3Ranegative

3Rahigh group retained this colony forming ability. N = 4, p < .05
osis; PB = peripheral blood.



(A) 

(B) 

Fig. 4 JAK2V617F allele status in colonies cloned from three populations of IL-3Rahigh, IL-3Ralow, and IL-3Ranegative of IM PB CD34+

cells. (A) In IM35 and IM41, colonies from three subpopulations contained mutant homozygote, heterozygote, and wild type status
for JAK2V617F in the presence of growth factors; (B) in the absence of growth factors, colonies from three subpopulations only
contained mutant homozygote and heterozygote but not wild type for JAK2V617F, suggesting that colony forming ability of colonies
burden JAK2V617F mutant allele are relatively independent of the addition of exogenous growth factors whereas colonies with JAK2
wild type allele are relatively dependent of exogenous growth factors. Note. BP = base pair; BFU-E = burst-forming unit-erythroid;
CFU-GM = colony-forming unit-granulocyte-macrophage; CFU-Mix = colony-forming unit-multipotent progenitormixed colonies;
IM = idiopathic myelofibrosis; PB = peripheral blood.

Table 3 Colony formation and JAK2V617F status in IL-3Rahigh, IL-3Ralow, and IL-3Ranegative subpopulations of CD34+ cells from
patients with IM.a

With growth factors Without growth factors

CD34+ cells IL3-Ra High IL3-Ra Low IL3-Ra Negative IL3-Ra High IL3-Ra Low IL3-Ra Negative

Colony no. 23 15 21 15 13 0
JAK2
wild type, %

30 33 67 0 0 0

JAK2V617F
heterozygote, %

61 60 29 60 100 0

JAK2V617F
Homozygote, %

9 7 5 40 0 0

Note. IM = idiopathic myelofibrosis.
a In the presence of growth factors, colonies from IL-3Rahigh and IL-3Ralow CD34+ cells contained significant higher percentages of

JAK2V617F mutant homozygote and heterozygote compared with IL-3Ranegative CD34+ cells. In the absence of growth factors, a sig-
nificant increased percentage of JAK2V617F mutant homozygous colonies were observed in IL-3Rahigh CD34+ cell population compared
with IL-3Ralow and IL-3Ranegative CD34+ cells.
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epiphenomena, have been characterized in these patients
over the past few years [14]. Compiling and synthesizing
the increasing knowledge on the genetic changes observed
in patients with IM will allow us to generate testable
hypotheses on the molecular etiology of disease develop-
ment [14].

IL-3 plays an important role in the promotion of
hematopoietic progenitor cell survival, proliferation, and
differentiation [18–23]. The IL-3Ra/CD123 was shown to
be necessary for the activation of STAT5, this region was
also found to mediate transcriptional activation of c-fos,
c-jun, and c-Raf [18,35–39]. In the presence of IL-3,
heterodimerization of a- and b-subunit activates receptor
and receptor associated JAK2 kinase and phosphorylates
the b-subunit cytoplasmic tail, which is sufficient for IL-3
induced mitogenesis [20,21]. IL-3Ra has been found to be
widely expressed in hematological malignancies [24–29].
Studies from Jordan et al. [25] and others had demonstrated
that human AML stem cells expressed elevated levels of IL-
3Ra, >99% of CD34+ cells from primary AML peripheral blood
expressed IL-3Ra, by contrast, only 12% of CD34+ cells from
normal BM expressed IL-3Ra, indicating that IL-3Ra is a
unique marker for AML stem cells [24–29]. Testa et al.
[27] also showed that deregulated expression of IL-3Ra in
AML may contribute to the proliferative advantage of the
leukemic blasts and hence, to a poor prognosis. Riccioni
et al. [26] further characterized AML stem cells using IL-
3Ra as a phenotypic marker. They divided AML stem cells
into three subgroups: IL-3Rahigh, IL-3Ramiddle, and IL-
3Ralow, and found that AML IL-3Rahigh cell population repre-
sents a subgroup of cells with a peculiar immunophenotype
mainly consisting in the elevated expression of CD34 and
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several receptor membrane tyrosine kinases, such as c-kit
and Flt3, indicating the AML IL-3Rahigh cells are blocked at
an early stage of differentiation and express at elevated
levels several growth factor receptors [26]. However, it
has not yet been documented if IL-3Ra is a phenotypic mar-
ker for IM stem cells. In this study, we have characterized an
IL-3Rahigh cell population from IM PB CD34+ cells which is not
seen in G-CSF mobilized normal volunteers, implying that IL-
3Ra could be a useful phenotypic marker IM PB CD34+ cells
and that IL-3Rahigh CD34+ cells may be enriched for the
malignant clone.

The malignant phenotype in IM likely results from a com-
bination of genetic abnormalities leading to dysregulation
of critical genes that contribute to cell proliferation, differ-
entiation, and cell death [14]. Baxter et al. studied the
chromosome abnormalities (including trisomy 1q, 13q dele-
tion, 20q deletion, and trisomy 8) in 51 patients with IM,
they found that 21 patients had an abnormal clone, whereas
30 patients had a normal karyotype. Although the series of
patients studied displayed chromosomal aberrations that
are frequently observed in IM, they also found some new
abnormalities (balanced translocations and polyploidy) that
are rarely observed in IM [40]. In this report, we studied four
IM patients with chromosome abnormalities (including
monosomy 7, isochromosome 17, and 13q deletion) and ana-
lyzed the chromosome abnormalities in three subpopula-
tions of CD34+ cells by FISH analysis. We found a
significant increase in the averaged percentage of cells con-
taining marker chromosome abnormalities in IL-3Rahigh

CD34+ cell group as compared with IL-3Ralow and IL-
3Ranegative CD34+ cells, indicating that IL-3Rahigh CD34+ cells
in IM may be enriched for the malignant progenitor cells.
Although three out of four patients had greater different
value between cell groups, one patient had less difference
between cell groups, suggesting that marker chromosome
abnormalities may not account for the entire origin of IM.

IM is characterized by the constitutive mobilization of
CD34+ cells. We have previously reported that IM PB CD34+

cells had a reduced cloning efficiency and a lower frequency
of cobblestone areas compared with normal G-CSF-
mobilized PB CD34+ cells [13]. Because MPD hematopoietic
progenitor cells have been shown to be able to form colo-
nies even in the absence of growth factors [16], implying
that stem cells derived from malignant clones from MPD
may have abnormal colony forming ability, we therefore
performed the colony-forming assays under two different
conditions: with and without growth factors. Cells from all
three subpopulations of IM PB CD34+ cells form colonies in
the presence of six growth factors although the colony
forming abilities vary, the depletion of growth factors
caused significant decrease or loss of colony forming ability
of cells in IL-3Ralow and IL-3Ranegative groups. Surprisingly,
cells in IL-3Rahigh group still maintained similar colony form-
ing ability as seen in the presence of growth factors.
Because cells which formed colonies in the absence of
growth factors may derive from malignant clones, suggest-
ing that IM PB IL-3Rahigh CD34+ cells may include a higher
percentage of tumor progenitor cells, and the abnormal col-
ony forming ability of IM PB IL-3Rahigh CD34+ cells may result
from the increase of autocrine function.

JAK2V617F and MPLW515K/L are recently discovered
somatic activating mutations that confer increased sensitiv-
ity of hematopoietic cells to cytokines [40–43]. The
JAK2V617F mutation has been documented in 50% of
patients with IM [18]. JAK2V617F is a subtle mutation that
induces a limited gain of function in JAK2. There is evidence
that its activation requires the presence of cytokine recep-
tors to induce signaling [15,41,42]. The JAK2V617F mutation
has become the biological marker and has spurred the
development of a specific therapy to neutralize its effects.
The number of V617F JAK2 copies likely contributes to the
phenotypic heterogeneity of the JAK2V617F positive MPD
[15]. The discovery of JAK2V617F mutation is leading to
rapid advancements in understanding the pathophysiology
and in treatment of the diseases. We further characterized
the IL-3Rahigh CD34+ cells by evaluating the JAK2V617F
allele status in colonies cloned from IM PB CD34+ cells three
subpopulations of IL-3Rahigh, IL-3Ralow, and IL-3Ranegative. In
two out of three patients, colonies from all three subpopu-
lations contained mutant homozygote, heterozygote, or
wild type status for JAK2V617F in the presence of growth
factors. Colonies from three subpopulations only show
mutant homozygote or heterozygote but not wild type for
JAK2V617F status in the absence of growth factors, suggest-
ing that colony forming ability of colonies burden
JAK2V617F mutant allele are relatively independent of the
addition of exogenous growth factors. Colonies with JAK2
wild type allele are relatively dependent of exogenous
growth factors. Moreover, in the absence of growth factors,
colonies from IL-3Rahigh CD34+ cells had a significantly
higher percentage of mutant homozygote type compared
with colonies from IL-3Ralow and IL-3Ranegative CD34+ cells,
whereas in the presence of growth factors, colonies from
IL-3Rahigh and IL-3Ralow CD34+ cells had a higher percentage
of mutant homozygote and heterozygote. These data sug-
gest that colonies cloned from IL-3Rahigh CD34+ cells had
an increased percentage of JAK2V617F mutant allele and
may have increased tumor burden. In one patient with
higher JAK2V617F mutant allele in granulocytes, colonies
cloned from all three cell subgroups were all JAK2V617F
heterozygous, suggesting that JAK2V617F mutation allele
varied in patients with IM and it does not account entirely
for the origin of IM.

Currently there are five potential clinical trials targeting
IL-3Ra/CD123 for BPDCN therapies. SL-401 is one of the
novel biologic targeted therapies directed to CD123.
SL-401 is a recombinant protein consisting of human IL-3
(the natural ligand of IL-3Ra/CD123) fused to a truncated
diphtheria toxin (DT). The IL-3 domain of SL-401 directs
the cytotoxic DT to cells expressing CD123 (its natural
receptor). Upon internalization, SL-401 inhibits protein syn-
thesis and induces apoptosis of the target cells [44–46].
These results demonstrate preclinical proof of principle of
high anti-BPDCN activity by targeting IL-3Ra/CD123 and
warrant further clinical testing of this approach in human
clinical trials in IM/PMF.

In conclusion, we have characterized a small subpopula-
tion of IM PB CD34+ cells highly expressed the IL-3Ra/CD123
which was not observed in normal G-CSF mobilized PB CD34+

cells. This small subgroup of IL-3Rahigh CD34+ cells have an
increased percentage of chromosome abnormalities, abnor-
mal colony-forming ability, and increased JAK2V617F
mutant allele burden, and may be enriched for the IM tumor
progenitor cells. Additional phenotypic markers for IM
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tumor progenitor cells will be clarified and can be used by
combination with IL-3Ra/CD123 for further characterization
of IM/PMF tumor progenitor cells. We will further validate
our findings with a larger sample size in the future study
and establish the stemness properties of IL-3Rahigh CD34+
cells by serial transplant in murine models.
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