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Thrombosis is the main cause of morbidity and mortality in patients
with JAK2V617F myeloproliferative neoplasms. Recent studies have
reported the presence of JAK2V617F in endothelial cells of some

patients with myeloproliferative neoplasms. We investigated the role of
endothelial cells that express JAK2V617F in thrombus formation using an 
in vitromodel of human endothelial cells overexpressing JAK2V617F and an
in vivo model of mice with endothelial-specific JAK2V617F expression.
Interestingly, these mice displayed a higher propensity for thrombus.
When deciphering the mechanisms by which JAK2V617F-expressing
endothelial cells promote thrombosis, we observed that they have a pro-
adhesive phenotype associated with increased endothelial P-selectin
exposure, secondary to degranulation of Weibel-Palade bodies. We
demonstrated that P-selectin blockade was sufficient to reduce the
increased propensity of thrombosis. Moreover, treatment with hydroxy-
urea also reduced thrombosis and decreased the pathological interaction
between leukocytes and JAK2V617F-expressing endothelial cells through
direct reduction of endothelial P-selectin expression. Taken together, our
data provide evidence that JAK2V617F-expressing endothelial cells promote
thrombosis through induction of endothelial P-selectin expression,
which can be reversed by hydroxyurea. Our findings increase our under-
standing of thrombosis in patients with myeloproliferative neoplasms, at
least those with JAK2V617F-positive endothelial cells, and highlight a new
role for hydroxyurea. This novel finding provides the proof of concept
that an acquired genetic mutation can affect the pro-thrombotic nature
of endothelial cells, suggesting that other mutations in endothelial cells
could be causal in thrombotic disorders of unknown cause, which
account for 50% of recurrent venous thromboses. 
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ABSTRACT

Introduction 

Myeloproliferative neoplasms (MPN) are acquired clonal hematopoietic stem cell
disorders, characterized by an increase in one or more myeloid lineages. The
Philadelphia chromosome-negative MPN include polycythemia vera with an excess
of red blood cells, essential thrombocythemia with an increase of platelets, and pri-
mary myelofibrosis.1 More than 90% of patients with polycythemia vera and half
of those with essential thrombocythemia and primary myelofibrosis carry a muta-
tion in the Janus kinase 2 (JAK2) gene, i.e. JAK2V617F.2-5 JAK2 is a tyrosine kinase that
initiates intracellular signaling of various type 1 cytokine receptors, such as erythro-
poietin and thrombopoietin receptors.6 The  JAK2V617F mutation is responsible for
constitutive activation of JAK2 kinase, resulting in subsequent activation of its
downstream signaling pathways, ultimately leading to overproduction of myeloid
cells. 
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Arterial and venous thromboses are the main causes of
morbidity in Philadelphia chromosome-negative MPN
with reported incidences ranging from 12-39% in poly-
cythemia vera and 11-25% in essential
thrombocythemia.7 The pathogenesis of thrombosis in
patients with MPN is complex and still largely elusive.8 A
variety of blood cells have been reported to participate in
the pathophysiology of thrombosis in these neoplasms: (i)
platelets isolated from MPN patients show signs of
enhanced in vivo activation;9 (ii) leukocytes are activated
and hyperleukocytosis is an independent risk factor for
thrombosis;9-11 and (iii) red blood cells from patients with
polycythemia vera display increased adhesion to the
endothelium.12 However, there is evidence that  JAK2V617F
can be present not only in blood cells but also in endothe-
lial cells (EC) from  JAK2V617F-positive MPN patients.13-15
Under physiological conditions, the endothelium main-

tains a hemostatic balance between pro-thrombotic and
anti-thrombotic factors. When stimulated by extrinsic fac-
tors such as inflammatory cytokines, hypoxia or antiphos-
pholipid antibodies, EC become activated and promote
thrombosis.16 Whether EC can become pro-thrombotic
due to intrinsic modifications such as genetic mutations,
has not yet been demonstrated. 
In the current study, we tested whether vascular EC

expression of  JAK2V617F is sufficient to promote a pro-
thrombotic state. Specifically, we investigated the hemo-
static properties of  JAK2V617F-expressing EC (hereafter,
simply  JAK2V617F EC) and these cells’ role in thrombus for-
mation using human EC overexpressing human  JAK2V617F,
and mice with EC-specific JAK2V617F expression.  

Methods

In vitro static adhesion of normal blood cells on
endothelial cells
Blood from healthy volunteers was collected into test-tubes

containing EDTA after informed consent had been obtained.
Mononuclear cells and neutrophils were isolated by Pancoll densi-
ty gradient or neutrophil separation medium (Polymorphprep,
Fresenius Kabi) and marked with CellTracker Orange. Cells (105)
were plated over confluent human umbilical vein endothelial cells
(HUVEC) for 1 h at 37°C. After removal of non-adherent cells, the
adherent cells were visualized using a fluorescence microscope
(AxioObserver, Zeiss), and images were analyzed by ZEN imaging
software (Zeiss). Experiments were performed using three to six
wells per condition with 12 images taken in each well. The
method of quantification has been described elsewhere15,17 Where
noted, we added 10 mg/mL P-selectin blocking antibody (AK4
clone, BioLegend) 30 min before plating blood cells on HUVEC.

In vitro neutrophil adhesion on human umbilical vein
endothelial cells under flow conditions
Channels (Vena8 Endothelial + Cellix) were coated with human

fibronectin (100 ng/mL) before infusing 3x106/mL HUVEC.18 After
2 h at 37°C, cells were exposed for 48 h to two-period flow (Kima
Pump, Cellix) with  alternating perfusion for 3 min (at 
600 mL/min) and resting for 20 min (no flow). After 48 h, a conflu-
ent monolayer had developed. Neutrophils (3x106/mL) were
infused with a 10 mL/min venous flux and imaged using a Zeiss
microscope, 20X in phase contrast, for 5 min. Channels were
washed with medium and images of every channel were record-
ed. Neutrophil quantification was performed blindly and the neu-
trophil velocity was studied with FIJI (Image J). 

In vivo leukocyte adhesion to mesenteric venules
Pdgfb-iCreERT2;JAK2V617F/WT mice and Pdgfb-iCreERT2;JAK2V617F/WT

mice were used 15-20 days after tamoxifen injection. Mice were
injected, intraperitoneally, with 250 ng tumor necrosis factor-alpha
(TNF-α) and, 4h later, anesthetized with ketamine/xylazine.
Leukocytes were stained with 3.6 mg/kg Rhodamine 6G (Sigma-
Aldrich). For each mouse, five mesenteric venules of 150 to 250
µm diameter were observed for 90 sec within 30 min after the sur-
gical procedure, using a fluorescent microscope (AXIO Zoom.V16,
Zeiss). Where noted, 25 mg of P-selectin blocking antibody (RB40
clone, BD Biosciences) or isotype control (A110-1 clone, BD
Biosciences) were injected 5 min before starting the analysis. 

Mouse model of thrombosis
To induce platelet activation, the mice were given an intraperi-

toneal injection of 75 µg/kg collagen (Nycomed Pharma) and 30
mg/kg epinephrine (Helena Laboratories) 3 min before euthana-
sia.19,20 To increase inflammation, 250 ng TNF-α (RD Systems)
were injected 4 h before the animals were sacrificed. After
euthanasia, intracardiac puncture was performed and phosphate-
buffered saline was perfused for 3 min, followed by 10% formalin
for another 3 min. Where noted, 25 mg P-selectin blocking anti-
body were injected 4 h prior to euthanasia.

Statistics
Results are expressed as the mean ± standard error of mean

(SEM). Statistical significance was calculated using the Student 
t test or Mann-Whitney statistical test to compare differences
between two groups. For multiple groups, we used one-way
analysis of variance (ANOVA) followed by the Tukey post-hoc test
or two-way ANOVA followed by the Sidak post-hoc test.
GraphPad Prism 6 software was used. A P value <0.05 was con-
sidered statistically significant.

Animals
Animal experiments were performed in accordance with the

guidelines provided by the Institutional Animal Care and Use
Committee at Inserm (Agreement number C45-234-6).

Results 

Pdgfb-iCreERT2;JAK2V617F/WT mice are a reliable model to
investigate JAK2V617F endothelial cell properties
To analyze the specific role of JAK2V617F EC in thrombus

formation, we crossed Pdgfb-iCreERT2 mice with condi-
tional flexed JAK2 (JAK2V617F) mice,21 to allow heterozy-
gous expression of JAK2V617F in EC after tamoxifen admin-
istration. Since oral tamoxifen administration has been
shown to result in recombination activity in megakary-
ocytes within 2 days,22 all experiments were performed
and analyzed 15-20 days after tamoxifen injection, to
allow time for recombined megakaryocytes to mature and
be cleared. We first analyzed the efficiency of recombina-
tion using Pdgfb-iCreERT2;mT/mGmice, and observed that
all vessels in the mesentery and retina were positive for
green fluorescent protein (GFP) (Online Supplementary
Figure S1A-C). To confirm EC JAK2V617F expression in
Pdgfb-iCreERT2;JAK2V617F/WTmice, we sorted CD31-positive
cells from the kidney and observed a 50% ratio of
JAK2V617F:total JAK2 in accordance with a heterozygous
expression of JAK2V617F in all EC (data not shown). In sorted
CD31-positive lung EC, western blot analysis demonstrat-
ed an increased level of phosphorylation of the down-
stream effector AKT in line with increased activation of
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the JAK pathway (Online Supplementary Figure S1D,E).
Because myeloproliferative syndromes have been
described in EC-specific mouse models,23,24 we ensured
that our experimental conditions did not lead to abnormal
hematopoiesis. We did not observe any difference in
blood cell counts in Pdgfb-iCreERT2;JAK2V617F/WT mice, sug-
gesting that the hematopoietic system was not significant-

ly altered (Online Supplementary Table S1). To definitively
exclude hematopoietic expression of JAK2V617F in Pdgfb-
iCreERT2;JAK2V617F/WT mice, we crossed Pdgfb-
iCreERT2;JAK2V617F/WT mice with mT/mG mice to generate
Pdgfb-iCreERT2;JAK2V617F/WT;mT/mG mice permitting co-
expression of JAK2V617F and GFP in cells after Cre-mediated
excision (Online Supplementary Figure S1F). Flow cytome-
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Figure 1. The presence of JAK2V617F in endothelial cells promotes thrombus formation. (A) In Pdgfb-iCreERT2;JAK2V617F/WT mice, thrombus formation occurs sponta-
neously and is increased after weak platelet activation by low-dose collagen plus epinephrine, or injection of tumor necrosis factor (TNF)-alpha. (B) Carstairs staining
of pulmonary thrombi in control mice (left) and Pdgfb-iCreERT2;JAK2V617F/WT mice (right) injected with TNF-alpha. Black arrows indicate thrombi. The clear arrow head
indicates fibrin deposition. Scale bar: 500 mm. (C) Representative image of a thrombus formed by neutrophils (green) and platelets (yellow) in Pdgfb-
iCreERT2;JAK2V617F/WT mice. Scale bar in the left image: 50 mM. Scale bar in the right image: 10 mM. Results are expressed as mean value ± SEM. Statistical signifi-
cance was determined by the Mann-Whitney test. *P<0.05; **P<0.01.

A

B

C

Collagen/
Epinephrine

Spontaneous TNF-alpha



try analysis did not reveal any GFP expression in granulo-
cytes, platelets or red blood cells in Pdgfb-
iCreERT2;JAK2V617F/WT;mT/mG mice 20 days after tamoxifen
administration (Online Supplementary Figure S1F), confirm-
ing that Cre recombination under the Pdgfb promoter is
highly restricted to EC 15-20 days after tamoxifen admin-
istration. 

The expression of JAK2V617F by endothelial cells leads to
increased thrombus formation
To investigate whether Pdgfb-iCreERT2;JAK2V617F/WT

mice displayed a greater propensity to thrombosis, we
examined pulmonary thrombus formation using experi-
mental conditions that allowed assessment of EC
involvement, without exposure of the sub-endothelium:
(i) spontaneous thrombosis under basal conditions, (ii) a
model of mild thrombosis with administration of low
doses of collagen together with epinephrine to induce

weak activation of platelets and vasoconstriction and
better demonstrate an intrinsic pro-thrombotic pheno-
type of JAK2V617F EC, and (iii) a weak inflammatory trigger
of thrombosis with injection of a low dose of TNF-α (250
ng/mouse). A dose of 500 ng TNF-α is commonly used to
trigger inflammation25-27 but we chose the lower dose to
reveal a potential hypersensitivity to inflammation. To
quantify thrombi, we performed Carstairs staining
which allows visualization of platelets, red blood cells,
and fibrin.28 Small, spontaneously formed thrombi were
observed in the lungs of Pdgfb-iCreERT2;JAK2V617F/WT mice,
but not in littermate JAK2V617F/WT control mice (Figure 1A).
In both models of mild induction of thrombosis, we
observed a significant increase in thrombus formation in
Pdgfb-iCreERT2;JAK2V617F/WT mice compared with that in
controls (Figure 1A-C). Together, these results demon-
strate that JAK2V617F EC have a pro-thrombotic pheno-
type.
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Figure 2. JAK2V617F-expressing endothelial cells have normal anticoagulant activity. (A,B) There was no statistical difference in either (A) the rate or (B) the extent of
tissue factor (TF) -triggered thrombin generation at the surface of endothelial cells which were or were not activated with tissue necrosis factor (TNF)-alpha (n=3 for
all conditions). (C-E) There was no statistical difference in (C) the rate of thrombin-triggered protein C activation at the surface of endothelial cells (n=3 for all con-
ditions), (D) the production of nitrite or (E) the production of 6-keto prostaglandin F1a (n=3 for all conditions). Results are expressed as mean value ± SEM from
three experiments. Statistical significance was determined by the Mann-Whitney test.
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JAK2V617F endothelial cells have normal anticoagulant
activity
Next, we sought to decipher the mechanisms by which

JAK2V617F expression in EC leads to a pro-thrombotic phe-
notype. To assess whether the expression of JAK2V617F by
EC decreased these cells’ anticoagulant properties or even
triggered pro-coagulant properties, we measured throm-
bin generation at the surface of HUVEC transduced with
lentivirus encoding for either human JAK2V617F or wildtype
JAK2 (JAK2WT), or with an empty lentivirus as a control.
Our data show that HUVEC were efficiently transduced

as: (i) 95% of JAK2V617F or JAK2WT HUVEC were GFP-posi-
tive as assessed by flow cytometry (Online Supplementary
Figure S2A) and (ii) the mRNA JAK2V617F mutational burden
was 99.5% in JAK2V617F HUVEC (Online Supplementary
Figure S2B). Western blot analysis revealed induced pro-
tein expression of JAK2 in JAK2V617F- and JAK2WT-trans-
duced cells. The introduction of JAK2V617F led to increased
phosphorylation of JAK2, STAT3 and AKT, in agreement
with hyperactivation of the JAK/STAT pathway (Online
Supplementary Figure S2C). Under resting conditions,
measurement of thrombin generation at the surface of
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Figure 3. JAK2V617F-expressing endothelial cells have a pro-adhesive phenotype in vitro and in vivo. (A,B) Under static conditions (A) normal mononuclear cells and
(B) neutrophils adhere more to human umbilical vein endothelial cells (HUVEC) expressing JAK2V617F than to JAK2WT HUVEC. HUVEC transduced with lentiviruses con-
taining green fluorescent protein alone were used as negative controls. Statistical significance determined by one-way analysis of variance and the post-hoc Tukey
test. Results are expressed as mean value ± SEM from three experiments. (C,D) Under flow conditions (C) adhesion of neutrophils is increased in the presence of
JAK2V617F HUVEC and (D) neutrophil velocity is reduced. Each dot represents one cell. Statistical significance was determined by the Student t-test. Results are
expressed as mean value ± SEM from three experiments. (E) Representative images of adhesion of neutrophils on JAK2WT and JAK2V617F HUVEC under flow conditions.
(F) Representative images of leukocyte adhesion in mesenteric venules of control and Pdgfb-iCreERT2;JAK2V617F/WT mice treated with tumor necrosis factor (TNF). (G)
Leukocyte rolling and (H) adhesion  are increased in mesenteric venules of Pdgfb-iCreERT2;JAK2V617F/WT mice treated with TNF. Results are expressed as mean value
± SEM. Statistical significance was determined by the Mann-Whitney test. *P<0.05; ***P<0.001. ****P<0.0001.
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control, JAK2WT-or JAK2V617F-lentivirus infected HUVEC did
not reveal any significant differences in the kinetics or
extent of thrombin generation. These results indicate that
there is not a significant gain of pro-coagulant activity in
response to JAK2WT- or JAK2V617F-induced HUVEC expres-
sion (Figure 2A,B). We next hypothesized that JAK2V617F
HUVEC might acquire a procoagulant phenotype due to
exposure to circulating inflammatory stimuli. We thus
repeated the experiments after overnight activation with
10 ng/mL TNF-α, but did not observe any difference
(Figure 2A,B). We also measured the rate of thrombin-trig-
gered protein C activation and did not observe any differ-
ence between the cells (Figure 2C). Finally, we quantified
the production of nitrite and prostaglandin (6-keto-
prostaglandin 1-α) and did not find any difference
between JAK2WT and JAK2V617F HUVEC which were or
were not stimulated by TNF-α (Figure 2D,E). To assess
whether JAK2V617F EC increase hemostatic potential in vivo,
we used whole blood thromboelastometry in 
Pdgfb-iCreERT2;JAK2V617F/WT mice. No difference was
observed in clotting time, clot formation time, 10-minute
amplitude or alpha angle after stimulation of the extrinsic
pathway (Online Supplementary Figure S3). 

JAK2V617F endothelial cells have a pro-adhesive 
phenotype in vitro and in vivo
Exposing EC to inflammatory stimuli leads to expres-

sion of adhesion molecules that allow rolling and adhe-
sion of leukocytes, a phenomenon that is thought to par-
ticipate in the pathogenesis of thrombosis. Using JAK2V617F-
transduced HUVEC, we observed an increase in static
adhesion of normal mononuclear cells (Figure 3A) and nor-
mal polymorphonuclear neutrophils isolated from healthy
subjects (Figure 3B), as previously reported with JAK2V617F
EC from patients. Under flow conditions, we also
observed that more normal polymorphonuclear neu-
trophils rolled and stably adhered to JAK2V617F HUVEC
than to JAK2WT HUVEC (Figure 3C-E). To assess whether
this pro-adhesive phenotype was also present in vivo, we
injected Pdgfb-iCreERT2;JAK2V617F/WTmice with rhodamine
to track leukocytes. Using intravital microscopy, we
observed mesenteric venules and quantified leukocyte
adhesion and rolling. We observed that both leukocyte
rolling and adhesion were significantly increased in Pdgfb-
iCreERT2;JAK2V617F/WTmice previously exposed to low-dose
TNF-α (Figure 3F-H).
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Figure 4. P-selectin expression is increased in JAK2V617F-expressing
endothelial cells. (A) There was no modification of cell surface expres-
sion of the adhesion molecules, ICAM-1, VCAM-1, and E-selectin on
JAK2V617F human umbilical vein endothelial cells (HUVEC). Statistical
significance was determined by the Student t-test. Results are
expressed as mean value ± SEM from three experiments. (B)
Representative images of P-selectin staining (green) in carotid
endothelial cells. Nuclei are stained with DAPI (blue) and VE-cadherin
(red). Scale bar: 50 mm. (C) Cell surface expression of mouse 
P-selectin is increased in carotid endothelial cells from Pdgfb-
iCreERT2;JAK2V617F/WT mice whether or not they received tumor necrosis
factor (TNF)-alpha. Each dot represents one image (4 images per
mouse). Results are expressed as mean value ± SEM. Statistical sig-
nificance was determined by the Mann-Whitney test. **P<0.01. (D)
The ratio between soluble P-selectin concentration and platelet count
is significantly increased in Pdgfb-iCreERT2;JAK2V617F/WT mice. Results
are expressed as mean value ± SEM. Statistical significance was
determined by the Mann-Whitney test. *P<0.05.
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P-selectin expression is increased in JAK2V617F

endothelial cells
The adhesion of leukocytes to EC is mediated by cell

adhesion molecules and selectins.29 Flow cytometry analy-
sis demonstrated that JAK2V617F HUVEC expressed intercel-
lular adhesion molecule (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1) and E-selectin at the same level as
JAK2WT HUVEC, whether or not they were previously
activated with TNF-α (Figure 4A and Online Supplementary
Figure S4). Immunostaining of non-permeabilized carotid
arteries from Pdgfb-iCreERT2;JAK2V617F/WT mice showed an
increased exposure of P-selectin at the EC surface in vivo,
independently of prior administration of TNF-α (Figure
4B,C). Conversely we observed increased levels of soluble
P-selectin in the plasma of Pdgfb-iCreERT2;JAK2V617F/WTmice
(Online Supplementary Figure S5A). As most soluble 
P-selectin is of platelet origin, we ruled out an increase of
soluble P-selectin due to increased platelet count (Figure
4D). Finally, we excluded increased platelet activation in
Pdgfb-iCreERT2;JAK2V617F/WT mice by quantifying soluble
platelet factor 4 (Online Supplementary Figure S5B).
Collectively, our results support the notion of increased
membrane-attached and plasma soluble P-selectin of
endothelial origin without an increase in EC expression of
ICAM-1, VCAM-1 or E-selectin. 

Endothelial expression and release of Von Willebrand
factor is increased in JAK2V617F endothelial cells in vitro
and in vivo
P-selectin is stored within EC in exocytotic organelles

called Weibel-Palade bodies together with von Willebrand
factor (vWF). Exocytosis of Weibel-Palade bodies leads to
cell surface expression of vWF and P-selectin. Since we
had observed an increase in endothelial P-selectin expres-
sion, we next investigated whether vWF was also
increased. In vitro, using immunostaining on non-perme-
abilized HUVEC, we observed increased vWF expression
at the surface of JAK2V617F HUVEC, spontaneously and
after overnight activation with 10 ng/mL TNF-α (Figure
5A). Furthermore, quantification of vWF in the condi-
tioned media revealed higher amounts of vWF released by
JAK2V617F HUVEC (Figure 5B), a difference that was even
greater when the cells had been treated with TNF-α.
These results were confirmed in vivo with higher levels of
vWF antigen in Pdgfb-iCreERT2;JAK2V617F/WT mice than in
control mice (Figure 5C). There was no difference in the
distribution of vWF multimers between Pdgfb-
iCreERT2;JAK2V617F/WT mice and control animals. These data
demonstrate that endothelial JAK2V617F increased the levels
of vWF protein and the release of soluble vWF, in associa-
tion with increased P-selectin expression at the cell sur-
face, as a consequence of increased degranulation of
Weibel-Palade bodies. 

Increased P-selectin exposure is involved in the 
pro-adhesive and pro-thrombotic phenotype of JAK2V617F

endothelial cells
To investigate a potential causal link between increased

P-selectin expression at the EC surface and the pro-adhe-
sive phenotype of JAK2V617F EC, we reproduced the same
experiments as previously described, but in the presence
of a P-selectin blocking antibody. Our in vitro approach
with JAK2V617F HUVEC showed a complete reversion of
the hyper-adhesive properties of JAK2V617F HUVEC when
these cells had been exposed for 30 min to the P-selectin

blocking antibody (Figure 6A,B). Quantification of leuko-
cytes in Pdgfb-iCreERT2;JAK2V617F/WT mice treated with
TNF-α and the P-selectin blocking antibody revealed a
complete inhibition of leukocyte rolling in control mice,
which was expected given the well-established role of 
P-selectin in leukocyte rolling (Figure 6C). In mutant mice,
administration of P-selectin blocking antibody completely
reversed the pathologically increased leukocyte adhesion
(Figure 6C,D). To examine whether increased P-selectin
was also responsible for thrombus formation, we used the
model of low-dose TNF-α-induced lung thrombus forma-
tion (as shown in Figure 1). We observed that pre-treat-
ment of the mice with the P-selectin blocking antibody
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Figure 5. von Willebrand factor expression is increased in JAK2V617F-expressing
endothelial cells. (A) Cell surface expression of von Willebrand factor (vWF) (red)
is higher in JAK2V617F human umbilical vein endothelial cells (HUVEC) (right) than
in JAK2WT HUVEC (left). Nuclei are stained by DAPI (blue). Scale bar: 20 mm. (B)
JAK2V617F HUVEC secrete more vWF than JAK2WT HUVEC in the absence or pres-
ence of tumor necrosis factor (TNF)-alpha. Statistical significance was deter-
mined by Mann-Whitney test. Results are mean value ± SEM from three experi-
ments. (C) Plasma level of vWF antigen (Ag) is increased in Pdgfb-
iCreERT2;JAK2V617F/WT mice. Results are expressed as mean value ± SEM.
Statistical significance was determined by the Student t-test. *P<0.05;
***P<0.001.
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completely abrogated thrombus formation in Pdgfb-
iCreERT2;JAK2V617F/WT mice, but had no effect in control
mice (Figure 6E). These results demonstrate that the pro-
thrombotic phenotype of JAK2V617F EC is primarily the con-
sequence of increased adhesive properties, due to overex-
pression of membrane P-selectin. 

Treatment with hydroxyurea abrogates tumor 
necrosis factor-induced thrombosis in 
Pdgfb-iCreERT2;JAK2V617F/WT mice through 
decreased P-selectin expression
Hydroxyurea is an anti-metabolite frequently used in

MPN to reduce the occurrence of thrombosis. Its anti-
thrombotic effect is reported to occur via the reduction of
blood cell counts. Hydroxyurea is also used in sickle cell
disease to reduce vaso-occlusive crises, and its beneficial
effect is in part mediated by a direct effect on EC, with a

reduction in leukocyte adhesion.30 We hypothesized that
hydroxyurea might be capable of reducing the pro-throm-
botic effect of JAK2V617F EC. To test this, we treated Pdgfb-
iCreERT2;JAK2V617F/WT and control mice with hydroxyurea
for 10 days, injected a low dose of TNF-α and quantified
thrombus formation in the lungs after 4 h. We observed a
significant inhibition of thrombus formation in 
Pdgfb-iCreERT2;JAK2V617F/WT mice (Figure 7A). We then
investigated whether hydroxyurea had modified the
adhesiveness of the EC. We observed a reduction in leuko-
cyte rolling and adhesion in mesenteric venules 4 h after
TNF-α administration in Pdgfb-iCreERT2;JAK2V617F/WTmice
treated with hydroxyurea (Figure 7B,C). To further deter-
mine whether this was due to a direct effect on EC, we
treated JAK2V617F HUVEC with 100 mM hydroxyurea for 24
h, washed them and analyzed neutrophil adhesion in vitro.
Interestingly, there was a significant reduction of neu-
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Figure 6.  Increased endothelial P-selectin expression is responsi-
ble for the pro-adhesive phenotype of JAK2V617F-expressing
endothelial cells. (A,B) Under static conditions, increased adhesion
of (A) normal mononuclear cells and (B) neutrophils on JAK2V617F

human umbilical vein endothelial cells is reversed in the presence
of a P-selectin blocking antibody (Ab). Results are mean value ±
SEM from three experiments. In Pdgfb-iCreERT2;JAK2V617F/WT mice,
increased (C) rolling and (D) adhesion of leukocytes is abolished in
the presence of a P-selectin blocking antibody. (E) Increased
thrombus formation in Pdgfb-iCreERT2;JAK2V617F/WT mice is abrogat-
ed in the presence of a P-selectin blocking antibody. Results are
expressed as mean value ± SEM. Statistical significance was deter-
mined by two-way analysis of variance and a Sidak post-hoc test.
*P<0.05; **P<0.01; ****P<0.0001.
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trophil adhesion on JAK2V617F HUVEC pretreated with
hydroxyurea (Figure 7D). Having previously demonstrat-
ed that the pro-adhesive phenotype of JAK2V617F EC was
mediated by P-selectin, we examined whether the protec-
tive effect of hydroxyurea acted through reduction of
endothelial P-selectin. As we had previously shown that
soluble P-selectin was a reflection of endothelial P-selectin
in Pdgfb-iCreERT2;JAK2V617F/WT mice, we measured levels of
soluble P-selectin after treatment with hydroxyurea. We
observed that the P-selectin:platelet ratio was significantly
lower in hydroxyurea-treated Pdgfb-iCreERT2;JAK2V617F/WT
mice than in untreated mice (Figure 7E). In these same
mice, we used immunostaining to quantify P-selectin
expression at the surface of carotid EC. We observed a sig-

nificant decrease of endothelial membrane P-selectin
expression, confirming a direct effect of hydroxyurea on
JAK2V617F EC (Figure 7F). This effect is in part secondary to
JAK/STAT pathway inhibition, as hydroxyurea adminis-
tration reduces the level of STAT3 phosphorylation in
JAK2V617F HUVEC (Online Supplementary Figure S6). Finally,
we observed decreased vWF concentrations in the super-
natant of JAK2V617F HUVEC treated with hydroxyurea,
indicating a reduced release of Weibel Palade bodies
(Figure 7G). Collectively, in vitro and in vivo results
demonstrate that hydroxyurea has a direct effect on
JAK2V617F EC, decreasing endothelial P-selectin release and
surface expression, thus decreasing the pro-thrombotic
phenotype of the EC.
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Figure 7. Treatment with hydroxyurea decreases the pro-thrombotic and pro-adhesive phenotype of JAK2V617F-expressing endothelial cells in vitro and in vivo via
inhibiting P-selectin and von Willebrand factor expression. (A) Treatment with hydroxyurea for 15 days decreases tumor necrosis factor-induced thrombosis in the
lungs of Pdgfb-iCreERT2;JAK2V617F/WT mice. Treatment with hydroxyurea decreases (B) rolling and (C) adhesion of leukocytes on mesenteric venules in 
Pdgfb-iCreERT2;JAK2V617F/WT mice treated with tumor necrosis factor. Results are expressed as mean value ± SEM. Statistical significance was determined by the
Mann-Whitney test. *P<0.05, ***P<0.001. (D) Pre-treatment of JAK2V617F HUVEC with hydroxurea (HU) decreases static adhesion of neutrophils. Results are
expressed as mean value ± SEM. Statistical significance determined by two-way ANOVA analysis of variance and the Sidak post-hoc test. (E) Treatment with hydrox-
yurea for 15 days led to a decrease of the ratio of soluble P-selectin:number of platelets in plasma of Pdgfb-iCreERT2;JAK2V617F/WT mice treated with tumor necrosis
factor. (F) Hydroxyurea decreases the expression of P-selectin at the surface of carotid JAK2V617F endothelial cells. Each dot represents one image with four images
per mouse (n=4). (G) Treatment of JAK2V617F HUVEC with hydroxyurea decreases secretion of von Willebrand factor (vWF). Results are expressed as mean value ±
SEM. Statistical significance was determined by the Mann-Whitney test. *P<0.05.
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Discussion 

Despite significant advances in deciphering the molec-
ular mechanisms responsible for the occurrence and
transformation of MPN, the mechanisms that lead to
thrombosis, the main cause of morbidity and mortality,
remain largely elusive. Recent identification of the
JAK2V617F mutation in EC of patients with MPN13-15 opened
new perspectives in the pathogenesis of thrombosis in
MPN. Here we demonstrate that JAK2V617F-positive EC
promote spontaneous thrombosis under basal conditions
and have an increased thrombotic response to weak
inflammatory stimuli. We describe that the mechanism
that leads to thrombosis involves endothelial P-selectin
release and cell surface exposure and subsequent leuko-
cyte rolling and adhesion. We also describe that treat-
ment with hydroxy-urea decreases P-selectin endothelial
expression and thrombus formation in mice expressing
JAK2V617F only in EC. 
We used a mouse model that allows expression of

JAK2V617F only in EC to ensure that the phenotype observed
in these mice was solely due to the presence of JAK2V617F
EC. We are aware that there are differences between our
model and patients with MPN, who often have JAK2V617F -
positive blood cells together with some JAK2V617F EC.
Moreover, not all patients have JAK2V617F EC and, for those
that do, it is currently not known where they are located.
Our mouse model is not, therefore, representative of the
human situation and is not meant to be a model of MPN;
however, it does allow precise characterization of the
properties of JAK2V617F EC. 
The link between P-selectin expression and thrombosis

has been described previously, and in most cases P-
selectin originates from platelets.28,31,32 The mechanism of 
P-selectin-mediated thrombosis involves neutrophil acti-
vation, either through tissue factor expression and activa-
tion of the extrinsic coagulation pathway,28 or through
priming for neutrophil extracellular trap formation,33 a
process that is now well-recognized to participate in
thrombus formation.34 An increase in endothelial 
P-selectin and subsequent thrombosis were seen in
response to venous flow reduction and local hypoxia.28
Here, we show for the first time that EC can have consti-
tutively increased expression of P-selectin, even without
any hypoxic or inflammatory stimuli. Further studies are
now required to decipher the specific intracellular mecha-
nism responsible for increased P-selectin expression in
JAK2V617F-expressing EC. One possible mechanism could
be increased STAT3 phosphorylation, as STAT3 activation
has been shown to upregulate expression of P-selectin in
EC35 (Online Supplementary Figure S7). 
Given that MPN are acquired hematologic malignan-

cies, the description of pro-thrombotic JAK2V617F EC raises
the question of their origin. JAK2V617F EC have been found
in microdissected vessels13,14 and after culture of circulat-
ing endothelial progenitors, both in colony-forming unit -
endothelial cell (CFU-EC)15,36-38 and endothelial colony-
forming cells (E-CFC).15,38 The finding that JAK2V617F CFU-
EC are present in all MPN patients was not surprising
given that CFU-EC are of hematopoietic origin. However,
E-CFC are not of hematopoietic origin and the presence
of JAK2V617F EC thus suggests the existence of a progenitor
cell of hematopoietic and endothelial lineages. Such cells
certainly exist in the embryo but their existence in adults
is a matter of debate. In the case of microdissection exper-

iments,13,14 it is possible that the JAK2V617F EC that have
been microdissected derive from CFU-EC.39 The presence
of JAK2V617F EC of real endothelial origin in MPN is prob-
ably rare, but the presence of JAK2V617F EC of hematopoi-
etic origin is common. Demonstrating that JAK2V617F EC
have a pro-thrombotic phenotype is thus particularly rel-
evant to our understanding of the pathogenesis of throm-
bosis in MPN. 
Our study has important therapeutic implications. We

demonstrate that treatment with hydroxyurea inhibits
the pathological hyper-adhesive phenotype of JAK2V617F

EC. The results presented here challenge current thinking,
according to which the anti-thrombotic effect of
hydroxy-urea in MPN is only mediated by lowering the
blood cell count. However, a direct effect of hydroxyurea
on EC has been reported40,41 and is thought to occur via
stimulation of the nitric oxide-cyclic GMP pathway in
EC, and reduction of leukocyte rolling.30 Moreover, in
patients with sickle cell disease, treatment with hydrox-
yurea efficiently decreases the frequency of vaso-occlu-
sive crises.42 These findings suggest that hydroxyurea
should be considered for patients with MPN and a history
of thrombosis. This is often the case, as hydroxyurea is
the first-line therapy in high-risk patients. However, in
young patients, hydroxy-urea is usually avoided because
of its potential leukemic effect, even if large, retrospective
studies have not confirmed this effect.43-45 The antithrom-
botic and leukemic effects of hydroxyurea should thus be
addressed in a prospective cohort of young MPN patients
with thrombosis.
Another therapeutic implication of our work comes

from the demonstration that increased endothelial 
P-selectin favors thrombosis in MPN, as was shown in
sickle cell disease.46 Very recently, a clinical trial demon-
strated that treatment with an anti-P-selectin antibody,
crizanlizumab, efficiently prevented pain crises in patients
with sickle cell disease.47 It is thus tempting to speculate
that such treatment could have therapeutic benefits in
MPN patients at high risk of thrombosis, who need to
receive anticoagulant treatment for a MPN-related throm-
bosis (such as splanchnic thrombosis). 
Our description of the pro-thrombotic profile of

JAK2V617F EC may appear to contradict with the results of
Etheridge et al.48 These authors used Tie2-Cre/FF1 mice,
which allow constitutive expression of human JAK2V617F in
blood and EC. These mice were irradiated then transplant-
ed with the bone marrow of wild-type mice to generate
mice in which only the EC express JAK2V617F. Etheridge et
al. reported a hemorrhagic diathesis due to acquired von
Willebrand disease. There are several possible reasons for
the apparently contradictory results. Studies have shown
the importance of the JAK2V617F :JAK2WT ratio for the MPN
phenotype49 and Etheridge et al. used transplanted mice
with a human JAK2V617F :mouse JAK2WT ratio of 1:5 in EC,
whereas we used a tamoxifen-inducible mouse model
that allows heterozygous expression of mouse
JAK2V617F/JAK2WT specifically in EC. Another major differ-
ence lies in the models of thrombosis, as Etheridge et al.
used models in which the endothelial layer is disrupted
whereas we chose three models in which the endothelial
barrier is maintained intact. Of note, Etheridge et al.
reported an overall increase in the content of vWF in EC,
which is in accordance with our results.
Altogether, we believe that our work is clinically rele-

vant for three reasons; (i) it suggests that specific biomark-
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ers of EC activation should be intensively investigated to
determine which MPN patients are at high thrombotic
risk; (ii) it opens the way to new therapeutic options in
MPN, such as hydroxyurea in patients at high risk of
thrombosis or with raised levels of markers of endothelial
activation, as well as anti-P-selectin antibody instead of or
in addition to the standard of care to prevent thrombosis
in high-risk MPN patients; and (iii) it provides the proof of
concept that an acquired genetic mutation can alter the
phenotype of EC, as shown for the pro-thrombotic phe-
notype acquired upon expression of the JAK2 mutation.
This suggests that other activating mutations in EC could
be causal in thrombotic disorders of unknown cause,
which account for 50% of recurrent venous thromboses.
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