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Abstract

Background: Vascular activation is characterized by increased proinflammatory, pro thrombotic,
and proadhesive signaling. Several chronic and acute conditions, including Bcr-abl-negative
myeloproliferative neoplasms (MPNSs), graft-vs-host disease, and COVID-19 have been noted to
have increased activation of the janus kinase (JAK)-signal transducer and downstream activator of
transcription (STAT) pathways. Two notable inhibitors of the JAK-STAT pathway are ruxolitinib
(JAK1/2 inhibitor) and fedratinib (JAK2 inhibitor), which are currently used to treat MPN patients.
However, in some conditions, it has been noted that JAK inhibitors can increase the risk of
thromboembolic complications.

Objectives: We sought to define the anti-inflammatory and antithrombotic effects of JAK-STAT
inhibitors in vascular endothelial cells.

Methods: We assessed endothelial activation in the presence or absence of ruxolitinib or
fedratinib by using immunoblots, immunofluorescence, gRT-PCR, and function coagulation
assays. Finally, we used endothelialized microfluidics perfused with blood from normal and
JAK2V6LTF+ individuals to evaluate whether ruxolitinib and fedratinib changed cell adhesion.

Results: We found that both ruxolitinib and fedratinib reduced endothelial cell phospho-STAT1
and STAT3 signaling and attenuated nuclear phospho-NK-«xB and phospho-c-Jun localization.
JAK-STAT inhibition also limited secretion of proadhesive and procoagulant P-selectin and von
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Willebrand factor and proinflammatory IL-6. Likewise, we found that JAK-STAT inhibition
reduced endothelial tissue factor and urokinase plasminogen activator expression and activity.

Conclusions: By using endothelialized microfluidics perfused with whole blood samples, we
demonstrated that endothelial treatment with JAK-STAT inhibitors prevented rolling of both
healthy control and JAK2V617F MPN leukocytes. Together, these findings demonstrate that JAK-
STAT inhibitors reduce the upregulation of critical prothrombotic pathways and prevent increased
leukocyte-endothelial adhesion.
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1| INTRODUCTION

The janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathway
plays critical roles in orchestrating proinflammatory signaling pathways [1]. Binding

of a ligand, such as erythropoietin or tumor necrosis factor (TNF), to a type 1 or I

cytokine receptor [1] leads to a distinct JAK phosphorylation cascade that activates STATS
[1]. However, in pathologic states, such as Bc/-ab/-negative myeloproliferative neoplasms
(MPNs), a JAK2V6IF point mutation permits ligand-independent JAK-STAT signaling,
which in hematopoietic cells leads to an excess production of white blood cells, red blood
cells, and platelets. Phenotypically, the JAK2Y617F mutation manifests as polycythemia vera
(PV), essential thrombocythemia (ET), or myelofibrosis (MF). Strikingly, individuals with a
JAK2VELTF mutation have a 6-fold increase in thrombosis risk [2,3]. Collectively, these data
suggest that dysfunctional JAK-STAT signaling in MPNs contributes to increased vascular
activation and thrombosis risk.

Vascular endothelial cell activation is a hallmark of various pathologies, including MPNs,
sickle cell disease [4], and COVID-19 [5-12]. Markers of vascular activation include
increased secretion of von Willebrand factor (VWF) and P-selectin from preformed
granules within Weibel-Palade bodies, increased procoagulant tissue factor expression, and
expression of proadhesive markers, such as vascular cell activation marker (VCAM-1)

and intracellular adhesion molecule 1 (ICAM-1) [13]. Physiologically, vascular endothelial
activation serves to recruit leukocytes and platelets and facilitate hemostasis, immune
regulation, and angiogenesis. Interestingly, both /n vitro and in vivo studies suggest that

the endothelium in JAK2Y617F MPNs contributes to the thrombotic risk through increased
expression of VWF and P-selectin [14,15]. Furthermore, downstream of the JAK2V617F+
mutation, STAT3 activation is known to increase endothelial cell (EC) expression of cell
adhesion molecules [16,17]. Collectively, these data suggest that JAK-STAT signaling in
ECs increases thrombotic risk by driving procoagulant and proadhesive protein expressions.
Moreover, these data suggest that the inhibition of JAK-STAT signaling may reduce vascular
activation.

Ruxolitinib, a JAK1/JAK2 kinase inhibitor, was the first approved agent for use in patients
with JAK2V61F PV or MF who are refractory to, or intolerant of, hydroxyurea [18].
Fedratinib, a more selective JAK2 inhibitor, is currently the only other JAK inhibitor
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approved for the front-line use in MF [19]. In PV, ruxolitinib alleviates constitutional
symptoms, lowers hematocrit, and reduces spleen size and cell number [20,21]. However,
there is only limited clinical data on the reduction of thrombotic events [21,22].
Furthermore, there is postmarketing analysis that ruxolitinib may increase the pulmonary
embolism rates [23]. Fedratinib, approved in 2019 but in use since 2008, has no thrombotic
event data reported. Beyond ruxolitinib and fedratinib, there are other JAK inhibitors either
approved or undergoing phase 1-3 trials for use for various pathologic conditions, including
MPNSs, graft-vs-host disease, pancreatic cancer, rheumatoid arthritis, and COVID-19 [24-
27]. However, many of these JAK-STAT inhibitors contain black-box warnings regarding
increased thrombosis risk [23,28-30]. Therefore, evaluation to determine whether JAK-
STAT inhibitors contribute to increased thrombotic risk is warranted.

Herein, we sought to determine whether JAK-STAT inhibitors reduce prothrombotic and
inflammatory signaling in endothelial cells. By using TNF-a stimulation, we found that
treatment with either ruxolitinib or fedratinib reduced phospho-STAT1 and 3 and that
fedratinib attenuated nuclear c-Jun activation. In functional assays, ruxolitinib or fedratinib
reduced secretion of P-selectin and VWF and soluble interleukin 6 (sIL-6) and tissue

factor from endothelial cells. In addition, ruxolitinib or fedratinib reduced expression and
activity of tissue factor and urokinase plasminogen activator. Finally, in endothelialized
microfluidics, we demonstrated that treatment of endothelium with JAK-STAT inhibitors
prevented leukocyte rolling in whole blood from healthy individuals and individuals with the
prothrombotic JAK2V61TF mutation. Altogether, we demonstrate that JAK-STAT inhibitors,
alone or in the presence of inflammatory cytokines, do not increase prothrombotic VWF and
P-selectin or tissue factor and decrease proadhesive leukocyte interactions.

2| MATERIALS AND METHODS

2.1| Chemicals and reagents

Ruxolitinib (CAS 941678-49-5, Cat#11609) and fedratinib (TG101348) were purchased
from Cayman Chemical, dissolved in DMSO, and stored as 5 pl stock aliquots: 20 mM
ruxolitinib at —20 °C and 10 mM fedratinib at -80 °C. Recombinant human TNF-a

was obtained from R&D Systems (#210-TA). Nuclear extracts were prepared by using

the kit from Cayman Chemical (#10009277) following the manufacturer’s guidelines.
Protein was quantified by using the Pierce BCA Protein Assay Kit (ThermoScientific
Cat#23225). Human factor X (#HCX-0050) and human factor VIla (HCVIIA-0031) were
purchased from Haematologic Technologies. Chromogenic substrate for the determination of
factor Xa activity (Chromogenix S-2765, Diapharma) was reconstituted per manufacturer’s
instructions and stored at 4 °C. The urokinase type plasminogen activator human
chromogenic activity assay kit was purchased from Abcam (Cat#ab8915) and used
following the manufacturer’s protocol. HEPES buffered saline [HBS] (20 mM HEPES, pH
7.4, 150 mM NaCl) was used for tissue factor assay with the addition of 3% w/v bovine
serum albumin (Fraction V; Fischer). CaCI2 (10 mM, final concentration) was added. For
quenching the reactions, EDTA (10 mM final concentration) was added.
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2.2 | Antibodies

The following antibodies were used for immunoblots: P-STAT1 Tyr701) (58D6) Rabbit
mADb Cat#9167); STAT1 (D4Y6Z) Rabbit mAb #1499; P-Stat3 (Y705) (D3A7) Rabbit mAb
#9145, STAT3 (79D7) Rabbit mAb#4904, P-cJun63 (Ser63)(54B3) Rabbit mAb #2361,

and c-Jun (60A8) Rabbit mAb#9165; P-NF-kB p65 (Ser536) (93H1) Rabbit mAb #3033;
NF-kB (D14E12) XP Rabbit mAb #8242; GAPDH (D4C6R) Mouse mAb #97166, P-p44/42
MAPK (T202Y204) (20G11) (P-Erk1/2) Rabbit mAb#4376; p44/42 MAPK (Erk1/2) Rabbit
mAb #9102; P-Akt (Serd73) (D9E) XP Rabbit mAb #4060; Akt (pan)(C67E7) Rabbit

mADb #4691; and P-p38MAPK(Thr180/Tyr182) (D3F9)XP Rabbit mAb #4511, all from Cell
Signaling Technology.

The following antibodies were used for immunofluorsence: P-selectin (R&D Systems
#AF737), VWF (VWF, Cedarlane #CL20176A-R), and VE-cadherin (R&D Systems
#AF1002).

2.3| Endothelial cell culture

Primary human umbilical vein endothelial cells (HUVEC) were isolated as previously
described [31]. For static cultures, cells were grown until 95% confluent and then changed to
0.1%-1.0% FBS media. All cells were between passages 2 and 5 for experiments.

2.4| Human blood samples

Blood samples were obtained in sodium citrate vacutainers from healthy adult volunteers
and MPN patients after obtaining informed consent and according to the protocols approved
by the University of Minnesota’s Institutional Review Board in accordance with the
Declaration of Helsinki.

2.5| Confocal microscopy

HUVEC grown in 0.1% FBS media were incubated with ruxolitinib (0.4 uM) or fedratinib
(1 uM) JDB for 30 minutes followed by the addition of 10 ng/mL TNF-a (R&D

Systems) JDB. After 4 hours, cells were fixed with 4% paraformaldehyde and stained with
primary antibodies. Primary antibodies were identified with the appropriate fluorescent-
labeled secondary antibodies (Jackson Immunoresearch). Nuclei were counterstained with
4’ 6-diamidino-2-phenylindole (DAPI; Invitrogen). Cells were visualized, and images
acquired by using a FluoView FVV1000 BX2 upright confocal microscope (Olympus) with
UPlanSApo 20X/0.80 and UPlanApo N 60X/1.42 objectives with zoom (Z) 2 as indicated.
Images were processed with FluoView (Olympus) and Adobe Photoshop software.

2.6 | Immunoblots

HUVEC grown in 1% FBS media were incubated with ruxolitinib (0.4 pM) or fedratinib (1
uM) JDB for 30 minutes followed by the addition of 10 ng/mL TNF-a (R&D Systems) JDB.
After 4 hours, the total protein extract or nuclear extract was collected. Protein concentration
values were obtained with the BCA kit (Pierce). Lysates were run on 10% Mini-PROTEAN
TGX Precast Protein Gels, 12-well, 20 pl (Cat#4561035), with 6-20 mg protein/lane,
transferred to polyvinylidene difluoride (PVVDF) membrane and stained for total protein
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by using fluorescent AzureRed Protein Stain (Azure Biosystems, Cat#AC2124). After
blocking with Odyssey blocking buffer (Li-Cor), immunoblots of protein or nuclear extract
subfractions were probed with primary antibodies to P-NF-kB p65, NF-kBp65, P-STAT1,
STAT1, P-STAT3, STAT 3, P-cJun63, and c-Jun and loading control mouse GAPDH (Cell
Signaling Technology), diluted 1:1000. Primary antibodies were detected with appropriate
secondary antibodies from AzureSpectra conjugated to fluorescent or near-infrared ranges
and visualized by using an Azure ¢600 imager (Azure, Biosciences). Experiments were
performed at least 3 times. Images were quantified by using FIJI software (NIH).

2.7| Conditioned media assessment

HUVEC were cultured in 24-well plates with incubation in 1% HUVEC media with
ruxolitinib (0.4 uM) or fedratinib (1 uM) JDB for 30 minutes followed by the addition

of 10 ng/mL TNF-a (R&D Systems) for 4 hours. Conditioned media were collected and
spun at 1500 xgat 4 °C for 15 minutes and stored at —20 °C. P-selectin, tissue factor,

IL-6, and sVCAM-1 were measured by using the multiplex cytokine array (Thrombosis mix
and match panel; BioLegend). VWF antigen was measured by using human VWF antigen
ELISA kit (Molecular Innovations).

2.8| RNA analysis

RNA was extracted by using the RNeasy kit (Qiagen), followed by cDNA generation
according to the manufacturer’s protocol (Bio-Rad). Custom Endothelial Coagulation

RNA array (Bio-Rad PrimePCR) was used to assess gene expression, with each reaction
containing 30 ng of cDNA, lyophilized primers, and SSoAdvanced SYBR Green QPCR
master mix. The PCR conditions included activating the DNA polymerase at 95 °C for 10
minutes, followed by 40 cycles of 3 step PCR (95 °C for 10 seconds, 60 °C for 30 seconds).
Melt curves for each primer set were run and verified.

Cycle threshold (C¥ values from samples of each gene and the internal control (RPLPO)
were obtained, and the relative quantification for each gene was calculated by using the
AACtmethod [20].

2.9 | Coagulation assays

For tissue factor (TF) generation, treated HUVECSs were cultured for 30 minutes in the
presence of anti-TF antibody (BD Biosciences) or isotype 1gG control (BD Biosciences)
along with recombinant factor VIla (100 pM, final concentration), factor X (135 nM, final
concentration Enzyme Research Laboratories), and 5 mM calcium in HBS-BSA buffer.
After 30 minutes, the sample was quenched with EDTA, and chromogenic Xa generation
was conducted by using 0.5 mM Chromagenix FXa and reading absorbance at 450 nm every
30 seconds on a plate reader (Molecular Technologies).

For uPA activity, HUVECs grown in 24-well plates were incubated in 1% FBS media with
ruxolitinib (0.4 uM) or fedratinib (1 uM) JDB for 30 minutes followed by the addition of 10
ng/mL TNF-a (R&D Systems) JDB for 4 hours. Conditioned media were collected and spun
at 1500 xgat 4 °C for 15 minutes and stored at —80 °C. Conditioned media were assessed
for uPA activity over 4 hours at 37 °C following the manufacturer’s direction (Abcam).
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Microfluidics devices

2.10.1| Fabrication—A single-layer microfluidic device was fabricated as a platform
to study leukocyte and platelet velocity. The device design included one long resistor with

8 straight sections, with one inlet port and one outlet port. The device consisted of a
polymethyl siloxane (PDMS) microchannel layer (405 144 um [Length] x 1000 um [Width]
x 50 pm [Height]) bonded to a glass substrate. The PDMS layer of the device was fabricated
by using a soft photolithography mask designed using AutoCAD (Autodesk). A master
mold was created by coating a negative photoresist onto a silicon substrate followed by

UV light exposure and removal of excess material. The master mold was used to generate
the PDMS-based channel layer. The PDMS layer and glass substrate were coated in O2
plasma for 2 minutes and then bonded together followed by the evaporation of excess water
molecules through incubation for 1 hour on a hot plate set to 110 °C.

2.10.2| HUVEC culture in devices—Microfluidic devices were coated with 2%
gelatin solution for 3 minutes at room temperature. ECs (passages 2-5) were trypsinized
and resuspended in EGM-2 cell culture medium supplemented with a EGM-2 SingleQuots
growth kit (Lonza) at a density of 1.0 x 108 cells/pL. ECs were then pipetted into the inlet
port of the device until all channels were evenly covered. Devices were incubated at 37 °C,
5% CO2 for 30 minutes to allow for cell adherence. In addition, 3-mL syringes (BD) were
filled with EGM-2 and connected to 0.020 inch ID plastic tubing (Tygon). The plastic tubing
was connected to the inlet port of the device, and the syringe was secured in a syringe pump
(kd Scientific). The syringe pump was set to a flow rate of 50 pL/hour for 24 hours, and
devices were place at 37 °C, 5% CO2. After 24 hours, 3-mL syringes were switched out for
60-mL syringes, and the flow rate was changed to 2 mL/h for the next 48 hours. After 48
hours, the devices were ready for subsequent treatment.

2.10.3| Treatment of devices—Before flowing blood through, endothelialized devices
were treated by adding 10 ng/mL TNFa, 0.4 uM ruxolitinib, 1 uM fedratinib, JDB or
combination treatment (Rux+TNF or Fed+TNF) into EGM-2 media followed by incubation
for 4 hours at 37 °C, 5% CO2 with a flow rate of 2 mL/h (15 dyne/cm?). Each device
corresponded to one treatment condition.

2.10.4| Fluorescence imaging—On the day of the experiment, blood samples were
obtained and labeled with calcein live stain (BioLegend) to tag leukocytes and platelets, 15
minutes before running the sample. Labeling of cells was confirmed by using blood smear
before loading the sample into the microfluidic device. The labeled sample was loaded into
a 1 mL syringe (BD) and set into a syringe pump running at a flow rate of 150 uL/h (1
dynes/cm?). Endothelialized microfluidic devices were disconnected from the syringe pumps
containing EGM-2 and reconnected to the 1 mL syringe containing patient blood on a
microscope stage. As blood flowed through the devices, 10-second videos were captured of
at least 2 nonoverlapping regions of interest (ROI)s along the 8 long, straight sections of
the microchannels by using a fluorescent microscope (Zeiss) at 10x magnification. Camera
speed was set to 6.4 frames per second, with an average of 64 frames per video. Video was
recorded for 15 minutes per device, resulting in 12—20 videos captured per device.
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2.10.5| Image analysis—Images were processed by using FI1JI (National Institutes of
Health). A FLJI plugin, TrackMate [32], was used to quantify the velocity of cells passing
through the ROIs described above. This camera speed excludes single platelet behavior, and
events were thresholded to include tracks with between 50 and 200 spots. The mean velocity
of each “track” corresponding to one cell was recorded for all of the tracks in each video
captured. For each condition, the average velocity was calculated from around 6 of the total
number of videos captured. The SD was calculated for each treatment condition.

2.10.6 | Statistics—Descriptive statistics are presented as mean = SE. Normality
assessments were conducted for all comparisons. Analysis for each experiment is included
in the legends, with multiple comparisons analyzed by using ANOVA with the Holm-Sidak
method or Kruskal-Wallis with the Dunn’s test for multiple comparisons using GraphPad
Prism (v 9). Statistical significance was defined by a p value less than .05.

3| RESULTS

3.1| Ruxolitinib and fedratinib reduce TNF-a mediated endothelial cell kinase signaling

To identify the concentration of ruxolitinib or fedratinib sufficient to inhibit JAK-STAT
signaling, we stimulated endothelial cells with TNF-a to activate STATS in the presence or
absence of ruxolitinib or fedratinib and then quantified STAT1 and STAT3 phosphorylation
by western blots (Figure 1A). At 4 hours, compared with TNF-a alone, treatment with
either 0.4 UM ruxolitinib or 1 pM fedratinib significantly reduced STAT1 (Figure 1B) and
STAT3 signaling (Figure 1C) at similar levels. At 24 hours, compared with untreated cells,
there was some persistent elevation of phospho-STAT1, which ruxolitinib and fedratinib
reduced. For STAT3, compared with untreated cells, TNF-a alone continued to increase
phospho-STAT3, with a significant reduction by ruxolitinib and mild reduction by fedratinib
(Supplementary Figure S1). Next, to assess critical proinflammatory signaling pathways
after 4-hour stimulation with TNF-a., we probed for effects on proinflammatory NF-xB
phospho-p65, c-Jun (Figure 1A), phospho-ERK, phospho-Akt, and phospho-p38 MAPK
(Supplementary Figure S2). Compared with untreated endothelial cells, neither ruxolitinib
nor fedratinib alone increased c-Jun (Figure 1D) or NF-xB phospho-p65 (Figure 1E). By
contrast, TNF-a significantly increased both c-Jun (Figure 1D) and NF-xB phospho-p65
(Figure 1E). When added to TNF-a., ruxolitnib had minimal to no effect on reducing

c-Jun (Figure 1D) or NF-xB phospho-p65 (Figure 1E). Interestingly, fedratinib, a more
selective JAK?2 inhibitor, demonstrated a modest, nonsignificant reduction in ¢c-Jun and
NF-xB phospho-p65 nuclear localization. There was no effect on phospho-ERK, phospho-
p38MAPK, or phospho-Akt (Supplementary Figure S2). Combined, these data demonstrate
that ruxolitinib and fedratinib block proinflammatory signaling through STAT1 and STAT3
and that fedratinib may attenuate c-Jun and NF-xB phospho-p65 nuclear localization.

3.2 | Ruxolitinib and fedratinib reduce TNF-a mediated endothelial P-selectin and VWF
surface expression and reduce of proinflammatory and thrombotic marker expression

Endothelial activation leads to release of preformed Weibel-Palade bodies containing
prothrombotic VWF and proadhesive P-selectin. To evaluate whether treatment with JAK-
STAT inhibitors reduces surface expression of VWF and P-selectin as a surrogate for
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Weibel-Palade body release, we performed confocal imaging of HUVEC in the presence of
ruxolitinib or fedratinib £ TNF-a to assess cell-associated P-selectin and VWF. Compared
with untreated cells or cells treated with ruxolitnib or fedratinib alone, cells treated with
TNF-a exhibited an increase in P-selectin release and VWF surface expression (Figure

2A, B). Compared with TNF-a alone, cells treated with TNF-a + ruxolitinib or fedratinib
displayed reduced surface expression of P-selectin and VWF (Figure 2A, B). To verify these
findings, we performed P-selectin and VWF ELISAs on conditioned medium from HUVEC
treated with ruxolitinib and fedratinib £ TNF-a.. Compared with untreated HUVEC, neither
ruxolitnib nor fedratinib alone increased P-selectin or VWF release. Addition of TNF-a
significantly increased both P-selectin and VWEF levels (Figure 2C, D). Compared with
TNF-a alone, addition ofeither ruxolitnib or fedratinib with TNF-a reduced P-selectin
secretion (Figure 2C). Similarly, compared with TNF-a alone, addition of ruxolitinib to
TNF-a reduced VWEF secretion (Figure 2D), with fedratinib cotreatment exhibiting a modest
VWEF reduction. Collectively, these data demonstrate that both ruxolitnib and fedratinib
reduce surface expression of P-selectin and VWF from TNF-a stimulated endothelial cells.

Besides P-selectin and VWF, endothelial cell activation is also known to stimulate increased
expression of proinflammatory and thrombotic mediators, such as interleukin 6 (IL-6)

and TF. Therefore, we next assessed the release of these proinflammatory and thrombotic
markers. First, by using cytokine arrays, we performed the analysis of conditioned medium
from endothelial cells for proinflammatory 1L-6 and TF. Compared with untreated cells,
treatment with either ruxolitnib or fedratinib alone did not increase conditioned medium
levels of soluble IL-6 (sIL-6) or TF (Figure 2E, F). Consistent with endothelial activation,
TNF-a treatment significantly increased sIL-6 and TF levels. Compared with TNF-a
alone, ruxolitinib cotreatment did not reduce sIL-6 release; however, fedratinib cotreatment
exhibited a significant reduction in sIL-6 levels (Figure 2E). Compared with TNF-a alone,
TNF-a cotreatment with either ruxolitinib or fedratinib resulted in significant reduction in
TF release (Figure 2F). Overall, these data demonstrate that both ruxolitinib and fedratinib
reduce proinflammatory and prothrombotic TNF-a-mediated endothelial activation.

3.3 | Ruxolitinib and fedratinib reduce TNF-a mediated upregulation of tissue factor and
urokinase genes

Because JAK-STAT inhibition reduced TNF-a-mediated endothelial activation with
decreased soluble TF, we evaluated whether treatment with ruxolitinib or fedratinib would
reduce transcription of the downstream procoagulant TF gene (Factor 3, £3). Compared with
untreated HUVEC cells, TNF-a resulted in significant upregulation of F3mRNA (Figure
3A). Treatment with ruxolinitib or fedratinib alone had no effect on £F3mRNA expression.
However, in combination with TNF-a,, both ruxolitinib and fedratinib significantly reduced
F3mRNA upregulation (Figure 3A). In addition, by using microscopy, we observed that
compared with TNF-a alone, surface TF expression was decreased by either ruxolitinib or
fedratinib cotreatment (Supplementary Figure S3).

Urokinase, a serine protease critical in modulating fibrinolysis, expression is known to
be downstream of JAK-STAT signaling [33]. Therefore, we also assessed expression of
urokinase MRNA (PLAU). Compared with untreated endothelial cells, TNF-a treatment
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significantly upregulated PLAU mRNA (Figure 3B). The addition of either ruxolitinib or
fedratinib with TNF-a significantly decreased PLAU mRNA (Figure 3B). Of note, there was
no significant downregulation of proadhesive VCAM-1 mRNA, which uses PKC signaling
and NF-xB, for transcription (Supplementary Figure S4). In addition, consistent with the
potential decrease in release of preformed Weibel-Palade bodies, neither ruxolitinib nor
fedratinib decreased the VWF mRNA levels (Supplementary Figure S4). Collectively, these
data suggest that the inhibition of endothelial JAK-STAT signaling reduces the transcription
of procoagulopathic TF and fibrinolytic urokinase.

3.4 | Ruxolitinib and fedratinib reduces TNF-a mediated tissue factor and urokinase

activity

As we observed a decrease in TF and urokinase gene expression, we next sought

to determine whether JAK-STAT inhibition decreases EC TF and urokinase activation.
Therefore, we performed surface TF activity and urokinase activity assays. Treatment with
vehicle (DMSO), ruxolitinib, or fedratinib did not increase surface TF activity (Figure

3C). Compared with untreated endothelial cells, TNF-a treated endothelial cells exhibited
significantly higher TF activity (Figure 3C). Addition of ruxolitinib or fedratinib to TNF-a
suppressed endothelial TF activity (Figure 3C). Notably, the assessment of other JAK-STAT
inhibitors, such as solcitinib (JAK2), momelotinib (JAK1/2), and tofacitinib (JAK3), also
demonstrate a similar pattern with reduced TNF-a stimulated TF activity (Supplementary
Figure S5). Collectively, these data suggest that JAK-STAT inhibitors reduce EC TF protein
and activity.

Urokinase is secreted by endothelial cells to catalyze the activation of plasminogen to
plasmin; therefore, we measured the urokinase activity in conditioned medium from
endothelial cells treated with or without JAK-STAT inhibitors. Compared with untreated
cells, neither ruxolitinib nor fedratinib alone increased urokinase activity (Figure 3D).
Compared with untreated endothelial cells, TNF-a treated endothelial cells exhibited
significantly higher urokinase activity. Addition of either ruxolitnib or fedratinib to TNF-a
suppressed urokinase activity (Figure 3D). The decrease in urokinase activity was not owing
to the increased PAI-1 levels (Supplementary Figure S6). Collectively, these data suggest
that JAK-STAT inhibitors prevent inflammation-mediated increase in TF and urokinase
activity in endothelial cells.

3.5| Ruxolitinib and fedratinib reduce TNF-a mediated leukocyte—endothelial interactions

Leukocyte and platelet adhesion and rolling on the cell surface requires expression of
P-selectin [34,35]. Because we observed decreased TNF-a-mediated release of P-selectin
and VWEF after ruxolinitib and fedratinib cotreatment, we sought to explore whether

the treatment of activated endothelial cells with either ruxolitinib or fedratinib prevents
leukocyte rolling. We established an endotheliazed microfluidics model workflow (Figure
4A). These endothelialized devices were first treated with ruxolinib or fedratinib alone or
in combination with TNF-a.. We then evaluated the rolling of calcein-labeled whole blood
from healthy controls and individuals with JAK2Y617F mutation (Figure 4B, C; Table 1,
Supplementary Videos S1-12). Compared with untreated endothelial cells, endothelium
treated with either ruxolinib or fedratinib alone did not change the healthy control whole
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blood cell velocity. Consistent with endothelial activation, TNF-a treatment significantly
reduced healthy control whole blood cell velocity (Figure 4B). Compared with TNF-a
alone, TNF-a cotreatment of endothelium with ruxolinitb or fedratinib increased healthy
control cell velocities. Collectively, these data suggest that ruxolitinib and fedratinib reduce
proadhesive interactions between activated endothelium and leukocytes.

At present, ruxlitinib and fedratinib are clinically used to treat individuals with MPN,
namely PV (ruxolitinib) and MF (ruxolitinib and fedratinib). In transfection models, Guy
et al. demonstrated that compared with endothelial cells expressing JAKVT, JAK2VE1TF.
expressing endothelial cells have increased P-selectin and VWF [15]. However, in in vitro
models, leukocyte rolling was only increased when JAK2V61F mice were treated with
TNF-a. In addition, although JAK2V617F endothelial cells have been detected in MPN
patients, the location and distribution of mutation within the vasculature is unknown.
Recent work suggests that even in individuals who have experienced thrombosis, endothelial
JAK2VELTF expression may not be consistently present [36]. Therefore, to isolate the
effects of ruxolitinib and fedratinib on interactions between JAK2V617F |eukocytes and
activated endothelium, we collected whole blood from individuals diagnosed with MPN
(PV, ET, or MF) who have a JAK2V617F mutation followed by assessment in our TNF-

a endothelialized models. Consistent with myeloproliferative diagnosis, compared with
healthy control donors, individuals with JAK2Y617F mutation had significantly higher
hematocrit and platelet counts (Table 1).

When comparing cell velocity between control donors and JAK2Y617F individuals, there
were no significant differences in cell velocity. Compared with untreated endothelial cells,
endothelium treated with either ruxolinib or fedratinib did not change JAK2Y617F blood cell
velocity. Treatment of endothelium with TNF-a significantly reduced JAK2V617F plood cell
velocity (Figure 4C). Compared with TNF-a alone, addition of ruxolitinib or fedratinib to
TNF-a-treated endothelium increased JAK2V617F cell velocity (Figure 4C).

Collectively, these data suggest that in the vasculature, JAK-STAT inhibitors mitigate the
proadhesive phenotype and reduce rolling of proadhesive JAK2V617F Jeukocytes.

4| DISCUSSION

JAK-STAT inhibitors, originally designed to treat JAK2V817F-mutated MPN, are
increasingly being used to treat other proinflammatory conditions, such as graft-vs-host
disease [27], pancreatic cancer [37], rheumatoid arthritis [30,38,39], and COVID-19 [24].
However, post-marketing and clinical data suggest that many JAK-STAT inhibtors may
increase thrombosis risk [23,29,30,40]. Therefore, we sought to define whether JAK-STAT
inhibitors reduce vascular inflammation. Using TNF-a stimulation to activate endothelial
cells, we demonstrate that treatment with ruxolitinib or fedratinib reduces proinflammatory
signaling, specifically, reducing proadhesive P-selectin and VWF and proinflammatory IL-6
cytokine secretion.

Likewise, JAK-STAT inhibition reduced endothelial expression and activity of procoagulant
TF and urokinase plasminogen activator. Finally, by using endothelialized microfluidics,
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we found that treatment of the endothelium with JAK-STAT inhibitors prevented TNF-a
mediated leukocyte rolling in both healthy controls and JAK2Y617F individuals.

JAK-STAT inhibitors were initially designed to target JAK2 to reduce the effects of the
JAK2VELTF mutation, which leads to constitutive JAK2 activation [24]. Because thrombosis
is a major driver of MPN-related mortality, the possibility that ruxolitinib and other JAK-
STAT inhibitors increase vascular dysfunction has been an urgent concern. Thus far, several
meta-analyses of MPN studies have yet to establish whether ruxolitinib prevents thrombosis
[21,22]. Furthermore, because fedratinib is used only in myelofibrosis patients, for whom
thrombosis is not the most urgent concern, there are minimal data regarding fedratinib and
thrombosis.

Besides JAK2, the JAK-signaling family contains the following 3 other proteins with a
similar ATP-binding pocket: JAK1, JAK3, and TYK2. Many approved or investigational
JAK-STAT inhibitors exhibit variable avidity and affinity for other JAK isoforms or other
kinases; for example, ruxolitinib exhibits JAK1 and JAK2 inhibition, whereas fedratinib
inhibits JAK2 and FIt3 and RET. This is notable, as in the setting of MPN, which is

a prothrombotic condition, the possibility that JAK inhibitors may increase thrombotic
risk is not trivial, given that several other FDA-approved JAK-STAT inhibtors carry black-
box warnings related to prothrombotic potential. For example, tofacitinib, an oral JAK

3 inhibitor, is approved for proinflammatory conditions, such as rheumatoid arthritis. In
the RA population, compared with TNF-a inhibitors, tofacitinib use was associated with
increased adverse cardiovascular outcomes, including thrombosis [23,30,41]. However,
several factors, including JAK isoform avidity, chronicity of inflammation, and other co-
morbidities, including diabetes and hypertension, may influence the pro- and antithrombotic
balance. In addition, regarding JAK2V617F+ malignancies, work published by Brkic et

al. demonstrates that JAK2Y617F+ malignancies use other signaling pathways, such as
phospho-ERK, to evade/escape JAK-STAT inhibition [42]. Collectively, these data suggest
that proinflammatory/thrombotic signaling pathways beyond JAK-STAT signaling may
contribute to increased prothrombotic cell adhesion.

Beyond the vasculature, mechanistically, another recent /7 vivo study, using a JAK2V617F
mouse model, demonstrated that ruxolitinib had an antithrombotic effect through reduction
in neutrophil extracellular traps (NETS) [43]. Likewise, a limited flow cytometry pilot study
comparing prothrombotic markers in JAK2V617F+ patient samples before and after starting
ruxolitinib found that monocyte TF expression and monocyte number were reduced after
starting ruxolitinib [40]. The reduction in TF is notable because a larger study comparing
JAK2VELTF+ natients with thrombosis history with those without found that in subjects with
thrombosis history, granulocyte tissue expression was upregulated 13-fold [44]. Similarly,
compared with healthy controls, individuals with JAK2V617F+ pv/ or ET were found to
have increased neutrophil TF activity [45]. In addition, in MPN patients with a history of
thrombosis, there was an observed increase in tissue factor-bearing platelet microvesicles
[46,47].

In our study, only the endothelium, not leukocytes or platelets, was treated with JAK-
STAT inhibitors. Therefore, it is notable that we also observed reduced endothelial TF
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expression and activity with JAK-STAT inhibition. Furthermore, the effect on surface TF
activity was noted not only in endothelial cells treated with ruxolitinib and fedratinib but
also in the endothelial cells treated with other JAK-STAT inhibitors, including tofacitinib
(Supplementary Figure S5), which is consistent with previously published work using

a broader tissue-specific platform [48]. Collectively, these data suggest that within the
vasculature, JAK-STAT inhibitors do not increase endothelial TF activation.

We chose to evaluate our findings by using endothelialized microfluidics because there

are >10 different JAK2V617F+ MPN mouse models reported in the literature [49-51]; each
JAK2VELTF+ MPN model exhibits varying PV/ET or MF phenotypes depending on allelic
expression and location of transgene expression [50-52]. For example, mice with inducible
EC JAKZVBL7F+ transgenic expression also have an ET-like phenotype, but exhibit an
acquired VWF-like bleeding diathesis [6]. Of note, Wolach et al. used bone marrow chimera
mice lacking endothelial JAK2V617F expression to demonstrate thrombosis. Likewise, in

a tamoxifen-inducible cre (Pdgfb-iCreERT2,JAK2V6L7F/WTy endothelial restricted model,
TNF-a was required to induce pulmonary thrombi [15]. To address the limitations in MPN
mouse models, we sought to create a model under flow by which endothelial activation is
secondary to drug exposure because most murine thrombosis models use surgical techniques
that create direct endothelial damage through either surgical ligation or electric injury
[53,54]. Therefore, adoption of an endothelialized microfluidics model permits for more
stringent experimental parameter control. By using our model, we found that treatment with
JAK-STAT inhibitors alone does not increase adhesion of either healthy or JAK2V617F+
leukocytes. Furthermore, in the presence of proinflammatory stimuli, such as TNF-a, JAK-
STAT inhibition reduced leukocyte rolling. Collectively, our data, by using normal and MPN
whole blood, suggest that JAK-STAT inhibitors do not increase endothelial proadhesive
interactions.

In PV patients with previous splanchnic thrombosis, at least 3 studies demonstrate
endothelial JAK2V617F expression [55-57]. Several other studies have also derived
JAK2VELTF endothelial cells from stem cells [14] or used lentiviral constructs to transduce
JAK2VBLTF expression in vitro [15]. Likewise, there are several reports of isolating
endothelial colony forming cells from JAK2V617F individuals [58-60]. Collectively, these
studies demonstrate that JAK2Y617F endothelial cells likely contribute to the prothrombotic
mileu in MPN. However, it is notable that a recent publication found that endothelial colony
forming cells from JAK2V617F individuals may not uniformly exhibit JAK2V617F expression
[36]. This suggests that transgenic JAK2Y617F mice with 100% endothelial expression of
JAK2VELTF may not be physiologic.

In addition, we sought to determine whether JAK-STAT inhibitors themselves increased
prothrombotic/adhesive behavior. Therefore, we chose to evaluate JAK2Y617F Jeukocyte—
endothelial interactions by using TNF-a endothelial cells in our fluidics models instead

of JAK2V61TF endothelial cells. Overall, there have been more than 79 different cytokines
found to have aberrant levels in JAK2V617F MPNs; therefore, our work does not capture the
effects of other prothrombotic stimuli, such as IL-1p or interferon. However, because it has
previously been used in previous experiments with JAK2Y617F endothelial cells, we selected
TNF-a to stimulate our endothelial cells [15]. Furthermore, we chose our concentration and
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time points based on similar /n vitro studies and preliminary studies evaluating signaling
(Supplementary Figure S1) [15]. Overall, our model agrees with both /n vitro and in vivo
studies that note significant differences in leukocyte rolling and adhesion on JAK2V617F+
endothelial cells only affer TNF-a stimulation [14,15]. Moving forward, both /n vitro and
in vivo studies evaluating the role of other stimulants, such as IL-1f, may be useful in
JAK2VELTF+ MPN. Overall, combined with the literature, our model and data suggest that
increased endothelial expression of procoagulant and proadhesive proteins, such as VWF
or P-selectin, may contribute to increased JAK2Y617F procoagulant behavior and that JAK-
STAT inhibition reduces endothelial expression of these critical proteins [61,62].

Because the use of JAK-STAT inhibitors in not confined to just MPN patients, our
microfluidics studies evaluated blood from both healthy controls and MPN patients with
the JAK2V61TF mutation. Consistent with MPN diagnosis, individuals with the JAK2V617F
mutation had higher hematocrit and platelet counts than healthy controls. However, because
of the camera speed limitations, our studies do not fully capture platelet-dependent
adhesion events. We anticipate future studies by using platelet-specific markers to address
this important translational question. Furthermore, our current devices require a fixed
pressure, which limits the ability to ascertain the contribution of hematocrit or viscosity

on the proadhesive and thrombotic milieu. We anticipate future work to incorporate
variable pressure into our microfluidics model. Finally, our studies excluded MPN patients
on systemic anticoagulation, which is a population at the highest risk for recurrent
thromboembolic events. However, despite these limitations, our studies provide valuable
context regarding endothelial-leukocyte interactions after JAK-STAT inhibition at the level
of the vasculature; this is important because we provide data suggesting that JAK-STAT
inhibitors alone do not increase or contribute to vascular activation.

5] CONCLUSION

JAK-STAT inhibitors, originally designed to treat individuals with JAK2V61'F mutation,
are now in consideration for us in various proinflammatory conditions. We demonstrate
that inhibition of JAK-STAT signaling pathways reduces TNF-a.-mediated activation of
endothelial cells by reducing proinflammatory STAT signaling. We found that JAK-STAT
inhibition reduced secretion of proadhesive P-selectin and VWF and IL-6.

Furthermore, JAK-STAT inhibition reduced endothelial TF activity. Importantly, by using
endothelialized microfluidics perfused with whole blood from healthy controls or MPN
patients with JAK2V617F mutations, we found that ruxolitinib or fedratinib reduced
proadhesive cell interactions. Collectively, this work demonstrates that the JAK-STAT
pathway contributes to vascular activation and that JAK-STAT inhibitors reduce critical
proadhesive and prothrombotic markers.
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Essentials

. Several janus kinase (JAK)-signal transducer and activator of transcription
(STAT) inhibitors are known to increase thrombosis risk.

. It is unknown whether JAK-STAT inhibitors increase vascular activation.

. JAK-STAT inhibition with ruxolitinib and fedratinib reduced proadhesive,
proinflammatory, and procoagulant activation.

. JAK-STAT inhibitor prevents rolling and adhesion of normal and JAK2V617F+
blood on activated endothelium.
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Ruxolitinib and fedratinib inhibit TNF-a-mediated STAT1 and STAT3 with attenuation of

c-Jun and NF-xB. A. Representative western blots of nuclear lysates from human umbilical
vein endothelial cells (HUVEC) treated with 0.4 uM ruxolitinib or 1 uM fedratinib JDB for
30 minutes followed by addition of 10 ng/mL TNF-a for 4 hours. Nuclear extracts collected
and separated on 10% Tris-Hcl gel, transferred to PVDF membrane, and followed by total

protein stain and immunoprobes against phospho-antibodies. Membranes were stripped and
re-probed for unphosphorylated forms. B. Densitometry values from 5 different westerns
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blots probed for phospho-STAT1 normalized to total STAT1. C. Densitometry values from
5 different western blots for phospho-STAT3 normalized to total STAT3. D. Densitometry
values for 5 different westerns blots probed for phospho-C-JUN normalized to total protein
values. E. Densitometry values for 5 different western blots probed for phospho-p65 NF-xB
to total protein. Error bars represent mean £SE of means. p values from analysis of variance
testing with appropriate post-hoc multiple comparison testing. ns, not significant. * p < .05,
** p< .01, *** p<.001.

J Thromb Haemost. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beckman et al. Page 22

Untreated DMSO RUX TNF + RUX TNF + FED

Dyv.. ....
Dns .. ....

C * D 2
154 * %k k% * *
I 40- ok okok ok ok
c “ —
= 3104 & 30+
- —~
° E <3
o O Ww = 204
o)
T2 s 22 | e *
0 H 0 T M T T T T T
b °.»°

F O & X
& \xfoo Q.°+ ((0 /\Q QQ «Q D7 2 ;\@ ;\é‘

e 9 &
+ NlPX )
& S <@ o“ &«
HUVEC Treatment

%

HUVEC Treatment

* *
2000- % * 8+ 10
1 g &
= 1500- i 2 6-
E B = -
£ 1000- » L 4]
. S oo,
3 L. A
% 500 enp o 2
w
ags AR AANEN
2
o— 5 & '_ 0 T T T T T T T
> >
& ‘xﬁo & @ S & & & &o S @ & & &
\@0 < F &L 'édb < F &
S >« S S«
HUVEC Treatment HUVEC Treatment

FIGURE 2.
Ruxolitinib and fedratinib decrease TNF-a mediated release of P-selectin and VWF and

reduce secretion of IL-6 and tissue factor. HUVEC were treated with 0.4 UM ruxolitinib or
1 uM fedratinib JDB for 30 minutes followed by addition of 10 ng/mL TNF-a for 4 hours.
Conditioned media was collected for ELISA. Cells were fixed and stained for the following
analyses. (A) Confocal microscopy demonstrating release of P-selectin from endothelial
cells. Unpermeablized HUVEC were stained for P-selectin (green) and VE-cadherin (red)
and nuclei counterstained with DAPI. (B) Confocal microscopy demonstrating surface
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expression of VWF. Unpermeablized HUVEC were stained for VWF (red) and nuclei
counterstained with DAPI. (C) ELISA assay for soluble P-selectin (sP-selectin). (D) ELISA
assay for sVWF antigen. (E) Cytokine array results for sIL-6. (F) Cytokine arrays results
for tissue factor. Each dot represents an individual replicate from a total of 3 separate
experiments, with 7= 2 to 3 replicates per experiment. For sP-selectin, VWEF, and sIL-6,
several replicates had undetectable levels. Error bars represent mean =SE of means. pvalues
from analysis of variance testing with appropriate post-hoc multiple comparison testing. ns,
not significant. * p< .05, ** p< .01, *** p< .001, **** p<.0001.
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FIGURE 3.
Ruxaolitinib and fedratinib decrease TNF-a mediated tissue factor and urokinase mRNA

upregulation and decrease tissue factor and urokinase activity. HUVEC were treated with
0.4 uM ruxolitinib or 1 uM fedratinib JDB for 30 minutes followed by addition of 10
ng/mL TNF-a for 4 hours. (A) Tissue factor (Factor 3, F3) mRNA levels were normalized
to control. (B) Plasminogen activator urokinase (PLAU) mRNA levels were normalized
to control. For activity assays, HUVEC were treated with 0.4 puM ruxolitinib or 1 uM
fedratinib for 30 minutes followed by addition of 10 ng/mL TNF-a for 4 hours JDB.
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(C). Measurement of tissue factor (TF)-dependent Xa generation was performed using
Chromagenix Xa solution as described in methods. Results are normalized to untreated cells.
(D). For urokinase activity, conditioned media were collected followed by urokinase activity
measurement (Abcam). For all graphs, each dot represents an individual replicate from 7= 2
to3 separate experiments. Error bars represent mean £SE of means. p values from analysis of
variance testing with appropriate post-hoc multiple comparison testing. ns, not significant. *
p<.05 ** p< .01, *** p<.001, **** p<.0001.
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FIGURE 4.

Treatment of endothelium with ruxolitinib or fedratinib prevents TNF-a mediated cell
velocity reduction at venous shear rate. A. Experimental schematic for endotheliazed devices
and approach to evaluate effects on endothelial activation. HUVEC were cultured under
flow for 3 days at 15 dynes/cm?2. Endothelialized devices were then treated with + 10
ng/mL TNF-a and/or + 0.4 pM ruxolitinib or 1 uM fedratinib for 4 hours. Whole blood
from donors was collected in sodium citrated and labeled with calcein. Whole blood was
then perfused over endothelial cells for 15 minutes at 1 dynes/cm?2. Image created in
BioRender.com B. Cell velocity of calcein+ cells obtained from control blood donors (7

= 7 donors with 1= 3 to 7 replicates per conditions. C. Cell velocity of calcein+ cells
obtained from JAK2V817F+ (1= 9 donors with 7= 3 to 9 replicates per condition, red)
blood donors. All data +SE of means. pvalues from one-way repeated measure ANOVA
with Holm-Sidak’s multiple comparisons test. * p< .05, ** p< .01, *** p<.001, **** p<
.0001.
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