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ABSTRACT

Introduction: Angiogenesis and vasculogenesis contribute to the
development of cancer.

The aim of the present study was to determine the levels of vas-
cular endothelial growth factor-A (VEGF-A) and stromal cell-
derived factor-1a (SDF-1a) and the count of endothelial progenitor
cells (EPCs) in patients with essential thrombocythemia (ET).
Materials and methods: The study included a group of 62
patients diagnosed with ET and 25 healthy volunteers. Vascular
endothelial growth factor-A and SDF-1a levels were determined
by enzyme-linked immunosorbent assays (ELISAs). Endothelial
progenitor cells were evaluated by flow cytometry.

Results: The study showed significantly higher levels of both
VEGF-A and SDF-1a in ET patients compared to controls (Me =
65.22 pg/mL vs Me = 25.34 pg/mL; Me = 2351.17 pg/mL vs Me =
1742.50 pg/mL, respectively). However, we could not demonstrate
a different count of EPCs in ET patients compared to healthy

INTRODUCTION

Myeloproliferative neoplasms (MPNs) are a group of clonal
hematopoietic stem cell disorders. They are characterized
by abnormal proliferation and growth of erythroid, mega-
karyocytic, or granulocytic cells [1]. In 2008, the World Health
Organization (WHO) identified four classic types of MPNs:
chronic myelogenous leukemia (CML), polycythemia vera (PV),
essential thrombocythemia (ET), and primary myelofibrosis
(PMF). Approximately 95% of adults with CML have leukemia
cells with the Philadelphia (Ph) chromosome. For this reason,
CML is described as Ph-positive, whereas ET, PV, and PMF are
described as Ph-negative [2, 3, 4].

Essential thrombocythemia is an MPN resulting from the
clonal transformation of the bone marrow stem cell leading
to the proliferation of the megakaryocytic cell line [5, 6]. The
reason for increased platelet production by megakaryocytes
in ET remains unclear. However, autonomic platelet produc-
tion, increased sensitivity to cytokines (e.g., interleukin-3),
reduced action of platelet inhibitory factors (e.g., transform-
ing growth factor beta), and severe damage to the bone mar-
row microenvironment may play a role in this mechanism [7].
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controls. Furthermore, in 40 ET patients with JAK2 V617F muta-
tion (65%), only VEGF-A levels were significantly higher com-
pared to JAK2 V617F negative patients (Me = 72.00 pg/mL vs
Me =53.38 pg/mL). SDF-1a levels were significantly elevated
in patients over 60 years of age (Me = 2635.00 pg/mL vs Me =
2395.02 pg/mL). We found positive correlations between VEGF-
A and SDF-1a and between VEGF-A and EPCs.

Conclusions: Clinical features such as age over 60 years and
Janus 2 kinase (JAK2) mutation may increase angiogenesis in
patients with essential thrombocythemia. Despite a positive
correlation between VEGF-A and EPCs, the present study sug-
gests weak cooperation between proangiogenic factors and
vasculogenesis.

Keywords: essential thrombocythemia; vasculogenesis; endothe-
lial progenitor cells; vascular endothelial growth factor; stromal
cell-derived factor-1a.

Most patients with ET have mutations in one of three genes:
Janus 2 kinase (JAK2), thrombopoietin gene (MPL), or calreticulin
(CALR). The Janus 2 kinase mutation, which occurs in approx-
imately 50-60% of patients, can permanently activate the
thrombopoietin receptor, leading to the overproduction of
megakaryocytes. Thrombopoietin gene mutations are associ-
ated with approximately 3-5% of ET cases. Somatic mutations
in the CALR gene are detected in peripheral blood in approxi-
mately 25% of JAK2/MPL-unmutated ET cases [8].

At the time of ET diagnosis, most patients have no clinical
signs or symptoms. Approximately 50% of patients are diag-
nosed during periodic health assessments or screening tests
for a variety of conditions. Other patients present with micro-
circulatory problems such as paresthesias, headaches, dizzi-
ness, blurred vision and painful erythema of the extremities,
skin ulcers, and convulsions; 9-22% of patients suffer from
large vessel thrombosis, which is the most common compli-
cation at the time of diagnosis. Arterial thrombosis can cause
stroke or acute coronary syndromes, and venous thrombosis
can lead to the development of Budd-Chiari disease or portal
vein thrombosis [9, 10].
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Angiogenesis, defined as the growth of new blood vessels
from pre-existing ones, is a physiological and complex process
controlled by the net balance between different biomolecules.
The major stimulator of angiogenesis is vascular endothelial
growth factor-A (VEGF-A), which promotes endothelial cell pro-
liferation and migration, especially under hypoxic conditions.
VEGF-A interacts with several receptor tyrosine kinases, includ-
ing VEGF receptor 1 (VEGFR-1) and VEGF receptor 2 (VEGFR-2),
which are expressed on endothelial cells, bone marrow-derived
cells, and cancer cells. In addition, various cytokines or growth
factors can upregulate VEGF expression. Local or systemic
chemical signals coordinate the functions of endothelial and
smooth muscle cells to repair damaged blood vessels. Physi-
ological angiogenesis processes are critical during embryonic
development, wound healing, and secondary vessel formation
to improve organ perfusion. In contrast, aberrantly acceler-
ated angiogenesis is associated with various pathological con-
ditions such as cancer progression, atherosclerosis, diabetes,
autoimmune diseases, psoriasis, and many others [11, 12, 13, 14].

Vasculogenesis is defined as the differentiation of angio-
blasts into endothelial cells and the formation of a new vas-
cular network in both the fetal and postnatal periods [15, 16].
According to recent studies, postnatal vasculogenesis involves
endothelial progenitor cells (EPCs) with high proliferative
capacity [17]. Cytokines such as VEGF-A, granulocyte-mac-
rophage colony-stimulating factor (GM-CSF), granulocyte
colony-stimulating factor (G-CSF), and stromal cell-derived
factor-1a (SDF-1a) are involved in the recruitment of bone mar-
row EPCs. Interestingly, SDF-1is a chemotactic cytokine that
promotes both VEGF-mediated tumor angiogenesis and EPCs-
mediated vasculogenesis [18, 19, 20].

The aim of this study was to evaluate angiogenesis and
vasculogenesis in ET patients based on the levels of selected
angiogenic cytokines (VEGF-A and SDF-1a) and the number of
EPCs in relation to thrombosis risk factors. To our knowledge,
a detailed evaluation of these parameters in ET patients has
not been reported.

MATERIALS AND METHODS

The study group consisted of 62 patients (F/M 38/24) aged
21-86 years (mean age: 63 10 years) with a confirmed diag-
nosis of ET based on the 2008 WHO criteria and exclusion of
other malignant and non-malignant diseases manifested by
thrombocythemia. All patients underwent detailed evalua-
tion, including bone marrow biopsy and cytogenetic analysis,
necessary for the diagnosis of ET and differential diagnosis
with other myeloproliferative neoplasms.

Patients with essential thrombocythemia were newly diag-
nosed and not previously treated with cytoreductive drugs.
All patients were recruited from the Department of Hema-
tology and Malignant Diseases of the Hematopoietic System,
University Hospital No. 2 in Bydgoszcz, Poland. Other exclu-
sion criteria were: newly diagnosed thrombotic complications,
New York Heart Association (NYHA) functional class III-1V,
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diabetes, and pregnancy. Of the 62 patients in the study group,
40 had the JAK2 V617F mutation (65%). A history of thrombosis
such as myocardial infarction, cerebral ischemia, and pulmo-
nary embolism was reported in 10 ET patients (16%); 52 of the
patients had no history of thromboembolism (84%); 35 of the
62 patients were over 60 years of age (56.45%).

The control group consisted of 25 healthy volunteers (17
women and 8 men) between 30-65 years of age (mean age: 50
+12 years). The control group consisted of healthy individu-
als who underwent medical examinations at the Occupational
Medicine Clinic.

The research was approved by the Bioethics Committee
No. KB 396/2010.

Samples

Blood samples were collected in the morning between 7:00 and
9:00 am, after the subject had been seated for at least 30 min.
Blood was collected by venipuncture into two tubes (Vacu-
tainer® system, Becton Dickinson, Plymouth, UK) containing
anticoagulant: 1) dipotassium ethylenediaminetetraacetic acid
(K2EDTA), 2) sodium citrate (3.2%).

Complete blood count and endothelial progenitor cell counts
were determined in whole blood samples (K2EDTA tubes).
Tubes containing sodium citrate were centrifuged at 3000 x g
for 15 min. The resulting plasma was pipetted into Eppendorf
tubes. The material was stored at -80°C until analysis, but
no longer than 6 months. VEGF-A and SDF-1a concentrations
were determined in the citrate plasma.

Immunoenzymeatic methods

The following tests were performed using enzyme-linked
immunosorbent assay (ELISA) methods: concentration of
VEGF-A (R&D Systems Inc., Minneapolis, MN, USA) and SDF-1a
(Human CXCL12/SDF-1 alpha, R&D Systems Inc., Minneapolis,
MN, USA). All measurements were performed according to the
manufacturer’s instructions.

Flow cytometry

Quantification of circulating EPCs from peripheral blood was
performed using a fluorescence-activated cell sorting (FACS)
Calibur flow cytometer (Becton Dickinson, San Diego, CA, USA)
with monoclonal antibodies against EPC-specific antigens.
For enumeration of circulating EPCs, fluorescein isothio-
cyanate (FITC)-conjugated anti-CD31, peridinine-chlorophyll
protein-cyanine (PerCP-Cys. 5)-conjugated anti-CD45, allo-
phycocyanin (APC)-conjugated anti-CD34 antibody (BD Bio-
sciences, Pharmingen, San Diego, CA, USA), and phycoerythrin
(PE)-conjugated anti-CD133 antibody (Miltenyi Biotec, Ber-
gisch Gladbach, Germany) were used. EPCs were identified
by immunophenotype: CD45 (-); CD133 (+); CD31 (+); CD34 (+).
A minimum of 100,000 events were measured in each sample.
Total cell counts were calculated using TruCount tubes (BD
Biosciences, San Jose, CA, USA) containing a calibrated num-
ber of fluorescent beads, and lyse-no-wash procedures were
used in the present study to improve sensitivity. The absolute
number of EPCs (cells/uL) was calculated as follows: number
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of EPCs measured/number of fluorescent beads counted x
number of beads/uL. The data obtained were analyzed using
CellQuest software (Becton Dickinson).

Statistics

Statistical analysis was performed using Statistica 13.3 software
(StatSoft, USA). The sample size was estimated using the power anal-
ysis module (power: 0.80 (or 80%), alpha level of 0.05). The normal-
ity of the variables was tested using the Kolmogorov-Smirnov test.

The results of the normality test in the study group were as
follows EPCs: d = 0.22846, p < 0.01; VEGF-A: d = 0.36320, p < 0.01;
SDF-1a: K-S d = 0.15432, p < 0.15. The Kolmogorov-Smirnov test
indicated that the data were not normally distributed. Therefore,
the non-parametric Mann-Whitney U test was used for all com-
parisons. Data are presented as median and interquartile range.
Correlation coefficients were determined by Spearman’s test.
A probability (p < 0.05) was considered statistically significant.

RESULTS

As shown in Table 1, significantly higher (p < 0.0001) levels
of VEGF-A and significantly higher (p < 0.0001) levels of SDF-1a
were found in patients with essential thrombocythemia com-
pared to the control group. The number of EPCs was not sig-
nificantly different between ET patients and controls.

Furthermore, a significantly higher (p < 0.0001) WBC count
and a significantly higher (p < 0.0001) PLT count were found
in ET patients compared to healthy subjects.

Statistical analysis showed a positive correlation between
EPC count and VEGF-A (r = 0.3078, p = 0.0174) as well as VEGF-
A concentration and SDF-1a (r = 0.2558, p = 0.0476). There were
also positive correlations between VEGF-A and red blood cell
count (r = 0.2639, p = 0.0235) and VEGF-A and HCT (r = 0.2618,
p = 0.0342). There were also significant relationships between
SDF-10 and RBCs (R = 0.3083, p = 0.0225), SDF-1c and HGB (R =
0.3034, p = 0.03371), and SDF-1ac and HCT (R = 0.3050, p = 0.0303).

Furthermore, we evaluated parameters of angiogenesis
and vasculogenesis in relation to traditional thrombotic risk
factors such as the presence of JAK2V617F mutation, age over
60 years, and history of thrombosis.

VEGF-A levels were significantly higher in the group of ET
patients with the JAK2 V617F mutation than in ET patients with-
out this mutation (Tab. 2). However, there was no difference in
SDF-1a and EPC counts between ET patients with and without
the JAK2 V617F mutation.

Among the selected parameters, only SDF-1a concentrations
were significantly increased in ET patients above 60 years of
age (Tab. 3).

As shown in Table 4, there were no significant differences
in all selected parameters in ET patients with and without
a history of thrombosis.

TABLE 1. Parameters of angiogenesis and vasculogenesis and complete blood count in patients with essential thrombocythemia (ET) and in the control group

Group
Parameter i 522) Min Q1 Me Q3 Max p
Control (n = 25)
9.78 47.11 65.22 98.99 1390.82
VEGF-A (pg/mL) <0.0001
control 7.22 19.60 25.34 27.12 27.64
ET 466.48 1947.00 2351.17 2587.29 4567.70
SDF-1a (pg/mL) <0.0001
control 1261.18 1611.03 1742.50 1907.99 2231.48
ET 0.00 0.20 0.70 2.14 9.87
EPCs (cells/pL) 0.3155
control 0.00 0.31 0.51 1.02 1.53
ET 8.40 13.40 14.35 15.10 16.40
HGB (g/dL) 0.1626
control 12.10 13.00 13.80 14.60 16.20
ET 26.20 40.10 42.30 46.00 50.10
HCT (%) 0.8997
control 36.00 40.60 44.20 46.40 47.80
ET 2.74 4.64 4.92 5.39 5.97
RBCs (T/L) 0.3728
control 4.01 4.86 5.21 5.42 5.61
ET 4.08 8.07 9.78 12.07 16.25
WBCs (G/L) <0.0001
control 4.03 4.76 5.80 7.25 10.00
ET 416.00 706.00 873.00 1092.00 2165.00
PLTs (G/L) <0.0001
control 156.00 223.00 256.00 287.00 345.00

EPCs - endothelial progenitor cells; SDF-1a - stromal cell-derived factor-1a; VEGF-A - vascular endothelial growth factor A; HGB - hemoglobin; HCT - hematocrit;

RBCs - red blood cells, WBCs — white blood cells; PLTs - platelets

Significant values are denoted by bold p-values; p-values were determined by the Mann-Whitney U test.
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TABLE 2. Assessment of VEGF-A, SDF-1a, and EPCs in ET patients depending on the presence of the JAK2 V617F mutation

JAK2V617F
Parameter positive (n = 40) Min Q1 Me Q3 Max p
negative (n = 22)
positive 16.94 48.84 72.00 104.07 1390.82
VEGF-A (pg/mL) ; 0.0353
negative 9.78 17.54 53.38 75.66 602.70
positive 561.30 1964.54 2437.51 2650.50 4567.70
SDF-1a (pg/mL) - 0.1109
negative 466.48 1816.20 2123.65 2387.04 4103.98
positive 0.00 0.20 0.81 2.84 9.87
EPCs (cells/pL) X 0.0713
negative 0.00 0.20 0.46 0.92 2.95
EPCs - endothelial progenitor cells; SDF-1a - stromal cell-derived factor-1a; VEGF-A - vascular endothelial growth factor A
Significant values are denoted by bold p-values; p-values were determined by the Mann-Whitney U test.
TABLE 3. Assessment of VEGF-A, SDF-1a, and EPCs in ET patients depending on age
> 60 years of
Parameter age Min Q1 Me Q3 Max
yes (n = 35) p
no (n =27)
yes 10.71 42.63 62.98 88.81 1390.82
VEGF-A (pg/mL) 0.9585
no 9.78 47.11 63.56 88.26 220.86
yes 808.40 2097.77 2489.20 2666.00 4567.70
SDF-1a (pg/mL) 0.0399
no 466.48 1373.80 2272.70 2462.90 2736.20
yes 0.00 0.20 0.61 1.94 6.62
EPCs (cells/pL) 0.7316
no 0.00 0.10 0.71 2.85 9.87
EPCs - endothelial progenitor cells; SDF-1a - stromal cell-derived factor-1a; VEGF-A - vascular endothelial growth factor A
Significant p-values are in bold; p-values were determined by the Mann-Whitney U test.
TABLE 4. Assessment of VEGF-A, SDF-1a, and EPCs in ET patients depending on the past history of thrombosis
History of
thrombosis .
Parameter yes (n = 10) Min Q1 Me Q3 Max p
no (n=52)
yes 28.77 41.57 62.98 194.96 616.91
VEGF-A (pg/m) 0.8587
no 9.78 46.90 64.21 93.90 1390.82
yes 466.48 1174.10 2635.00 2751.50 2970.10
SDF-1a (pg/mL) 0.4851
no 561.30 1964.54 2395.02 2599.55 4567.70
yes 0.00 0.20 1.46 2.14 2.44
EPCs (cells/pL) 0.7483
no 0.00 0.20 0.65 2.83 9.87

EPCs - endothelial progenitor cells; SDF-1a - stromal cell-derived factor-1a; VEGF-A - vascular endothelial growth factor A
Significant values are denoted by bold p-values; p-values were determined by the Mann-Whitney U test.

DISCUSSION

The present study showed higher levels of VEGF-A and SDF-1q,
as well as higher counts of WBCs and PLTs in patients with ET
than in the control group. However, there was no difference in
the count of EPCs between ET patients and controls.
Vascular endothelial growth factor-A is the most prominent
angiogenic stimulator. It is a selective mitogen for endothelial
cells, but also an important factor conditioning their survival
and inhibiting apoptosis [21, 22]. It is also known that VEGF-
A has a significant impact on postnatal vasculogenesis via the
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recruitment of bone marrow-derived EPCs. Thus, VEGF-A con-
tributes to the formation of new vessels after ischemia [23, 24,
25]. An analysis of the available literature shows that elevated
levels of VEGF-A occur in the blood of patients with hemato-
logic malignancies. Gadomska et al. observed elevated VEGF-
Alevels in patients with BCR-ABL negative myeloproliferative
neoplasms, which according to the author may indicate the
intensity of neoangiogenesis in the bone marrow [26]. Chen etal.
found elevated serum VEGF-A levels in patients with CML [27].
Raimondo et al. found elevated VEGF-A in the blood of patients
with primary myelofibrosis [28]. In addition, Trelinski et al. and
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Alonci et al. demonstrated increased VEGF-A levels in the blood
of patients with ET and PV [29, 30]. A review of the available
literature indicates that high levels of VEGF-A in patients with
various types of myeloproliferative neoplasms are responsible
for the intensification of the angiogenesis process.

In the present study, we found elevated levels of SDF-1a in
ET patients compared to controls as well as in the subgroup
of ET patients over 60 years of age. SDF-1a is a homeostatic
chemokine involved in fetal angiogenesis [31]. It is expressed
in many organs including lungs, liver, skin and bone marrow.
It is responsible for the recruitment of endothelial cells from
the bone marrow to sites of vasculogenesis. High levels of
SDF1a are synthesized as a result of tissue damage and local
hypoxia [32]. Hattori et al. showed that SDF-1a causes the mobi-
lization of hematopoietic cells, such as progenitor and precursor
cells [33]. Bae et al. observed the stimulatory effect of SDF-1a
on the migration, survival, proliferation, and differentiation
of stem cells [34]. Yu et al. demonstrated the cooperation of
VEGF-A and SDF-1a in the process of angiogenesis in a mouse
model of hind limb ischemia. VEGF stimulated the proliferation
of EPCs, and SDF-1q, as a chemoattractant, blocked their apop-
tosis and increased the number of EPCs at the hypoxic site [35].

In the present study, there was no statistically significant
increase in the EPC count in ET patients. Alonci et al. found
a slightly increased EPC count in patients with MPN compared
to the control group, but the difference was not statistically
significant [30].

Stem cell-derived endothelial progenitor cells are essen-
tial for the initiation of vasculogenesis because of their ability
to self-renew, form colonies, and transform into functional cells.
Asahara noted the presence of progenitor cells in the circula-
tion and showed that they are also involved in the formation
of new vessels in the postnatal period [17]. The essence of post-
natal vasculogenesis is the migration of endothelial progeni-
tor cells from the bone marrow to colonize and differentiate
at sites of vascular injury [36].

The current study showed that there was a positive correla-
tion between the number of EPCs and VEGF-A concentration (r
=0.3078, p < 0.05) as well as a statistically significant positive
correlation between VEGF-A and SDF-1a concentration in ET
patients (r = 0.2558, p < 0.05). However, the positive correla-
tion between VEGF-A and the number of EPCs does not seem
to be sufficient evidence for a strong relationship between
angiogenesis and vasculogenesis. This moderate correlation
does not lead to increased EPCs in ET patients.

In the present work, an increased number of WBCs and PLTs
was observed in patients with ET. Similar results were obtained
by Buxhofer-Ausch et al. in patients with ET. According to the
authors, increased platelets and leukocytes are involved in
thrombotic complications in the course of ET [37]. Falanga et al.
found that excessive activation of platelets and leukocytes can
lead to the formation of platelet-leukocyte aggregates, which
significantly contribute to the formation of thrombotic events
in patients with ET [38,39].

The JAK2V617F mutation, discovered in 2005, is a somatic
mutation of the tyrosine kinase gene that plays a key role in
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cellular signaling. The mutation leads to an increase in the
enzymatic activity of JAK2 kinase and makes cells sensitive
to cytokines. This leads to uncontrolled cell proliferation in
myeloproliferative neoplasms, including ET [40]. Almost half
of ET cases and according to other data as many as 60-70% of
patients are carriers of the JAK2V617F mutation [41]. In the pre-
sent study, we found significantly higher VEGF-A levels in ET
patients with JAK2V617F mutation compared to patients without
this mutation. VEGF-A is the major stimulator of angiogenesis
in myeloproliferative neoplasms. Tissue hypoxia is known to be
a potent stimulus that activates various genes, including the
VEGF gene. The relationship between the JAK2V617F mutation
and increased VEGF-A levels has been well described by Med-
inger et al [42] and Medinger and Passweg [43].

In addition, hypoxia is one of the factors that regulate eryth-
ropoietin gene expression. In the present study, we found many
moderate but significant correlations between both VEGF-
A and SDF-1a and erythrocyte count, and HCT and HGB levels.
Gadomska et al. also observed a significantly higher number
of RBCs in ET patients with the JAK2V617F mutation [44]. The
present study suggests that a subtle increase in erythropoiesis
is observed in patients with essential thrombocythemia. This
situation is very similar to vasculogenesis in fetal life, when
hemangioblasts differentiate into angioblasts (blood vessel
precursors) and blood stem cells. Therefore, the improvement
of blood supply results from the formation of new vessels as
well as the increase in the number of erythrocytes - oxygen
carriers.

Limitations of the study

Several limitations of this study must be acknowledged. First,
due to the limited sample size (limited subgroup analyses)
and single-center design, our findings should be considered
hypothesis-generating and require verification in larger stud-
ies. The study group was younger than the control group (p =
0.039). Second, the mechanisms of interaction between VEGF-
A, SDF-1, and EPCs are still under investigation. More detailed
analysis including pro- and anti-angiogenic factors as well as
investigation of detailed mechanisms underlying our findings
should be considered for future studies.

CONCLUSIONS

Clinical features such as age over 60 years and JAK2 mutation
may increase angiogenesis in patients with essential thrombo-
cythemia. Despite a positive correlation between VEGF-A and
EPCs, the present study suggests weak cooperation between
proangiogenic factors and vasculogenesis.
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