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The pathogenic mechanisms of pulmonary arterial hypertension (PAH) remain unclear, but involve dysfunctional
endothelial cells (ECs), dysregulated immunity and inflammation in the lung. We hypothesize that a developmental
process called endothelial to haematopoietic transition (EHT) contributes to the pathogenesis of pulmonary hyper-
tension (PH). We sought to determine the role of EHT in mouse models of PH, to characterize specific cell types
involved in this process, and to identify potential therapeutic targets to prevent disease progression.

When transgenic mice with fluorescence protein ZsGreen-labelled ECs were treated with Sugen/hypoxia (Su/Hx)
combination to induce PH, the percentage of ZsGreen+ haematopoietic cells in the peripheral blood, primarily of
myeloid lineage, significantly increased. This occurrence coincided with the depletion of bone marrow (BM)
ZsGreen+ c-kit+ CDA45- endothelial progenitor cells (EPCs), which could be detected accumulating in the lung
upon PH-induction. Quantitative RT-PCR based gene array analysis showed that key transcription factors driving
haematopoiesis were expressed in these EPCs. When transplanted into lethally irradiated recipient mice, the BM-
derived EPCs exhibited long-term engraftment and haematopoietic differentiation capability, indicating these EPCs
are haemogenic in nature. Specific inhibition of the critical haematopoietic transcription factor Runx1 blocked the
EHT process in vivo, prevented egress of the BM EPCs and ultimately attenuated PH progression in Su/Hx- as well
as in monocrotaline-induced PH in mice. Thus, myeloid-skewed EHT promotes the development of PH and inhibi-
tion of this process prevents disease progression in mouse models of PH. Furthermore, high levels of Runx1
expression were found in circulating CD34+ CD133+ EPCs isolated from peripheral blood of patients with PH,
supporting the clinical relevance of our proposed mechanism of EHT.

EHT contributes to the pathogenesis of PAH. The transcription factor Runx1 may be a novel therapeutic target for
the treatment of PAH.

Endothelial to haematopoietic transition e Endothelial progenitor cells e Transcription factor Runx1
e Haematopoiesis ® Pulmonary arterial hypertension

1. Introduction

Pulmonary arterial hypertension (PAH) is a severe and frequently fatal
disease that is caused by narrowing of the distal pulmonary vascular cir-
culation leading to elevated pulmonary arterial pressure, right heart fail-
ure and death. Although pulmonary vascular tone is increased, most of
the increase in pulmonary vascular resistance is caused by remodelling of
the distal pulmonary vasculature. This remodelling includes endothelial

dysfunction, smooth muscle cell hyperplasia and hypertrophy, as well as
adventitial fibroblast proliferation, myofibroblast differentiation, and
extracellular matrix deposition.1’2 The mechanisms responsible for these
myriad changes are not well understood, but include endothelial apopto-
sis and the emergence of hyper-proliferative, apoptosis resistant endo-
thelial cells (ECs) that display a metabolic switch to predominantly
glycolytic pathways.> Atypical abundances of functionally distinct ECs
have been extensively reported to precede muscularization of distal
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pulmonary arterioles leading to increased vascular resistance.’
Concomitant inflammation marked by the presence of mononuclear cell
infiltrates in the perivascular areas around affected vessels is another
common feature of PAH.*

The source of these defective ECs and the mechanisms responsible
for their transition to a hyper-proliferative phenotype are unclear.
However, a growing line of evidence suggests that bone marrow (BM)-
derived endothelial progenitor cells (EPCs) may contribute. The precise
definition of EPC continues to evolve, but in general EPC refers to a hae-
matopoietic/endothelial precursor cell (haemangioblast), that is capable
of differentiating into both haematopoietic cells and ECs,> In postnatal
life to adulthood, these haemangioblasts are readily identifiable in the BM
in a small subpopulation of CD34+ haematopoietic stem cells (HSCs)
that also demonstrate selective expression of CD133. Recent studies
have shown that CD344 CD133+ progenitors are increased in the
plasma, BM and lungs of PAH patients compared with controls and that
plasma levels of these cells correlate with severity of PAH. Farha et al.
recently reported that CD344 133+ cells from PAH patients have
greater proliferative capacity than circulating progenitors of healthy con-
trols. They also showed that non-affected family members of patients
with familial PAH displayed elevated circulating concentrations of
CD34+ CD133+ cells, which were comparable with their affected rela-
tives with PAH. Non-affected family members also had significant
increase in marrow fibrosis compared with healthy unrelated controls.
The investigators hypothesized that a subclinical myeloproliferative
process is intrinsic to PAH, and that these myeloid abnormalities pro-
mote the pathologic vascular remodelling in the lung.” This hypothesis is
further supported in a follow-up study in which mice transplanted with
BM-derived CD133+ progenitor cells from patients with PAH devel-
oped pulmonary hypertension (PH).8 Furthermore, marked infiltration
of c-kit4+ haematopoietic progenitor cells, especially in the perivascular
compartment of remodelled arteries of idiopathic PAH patients has
been reported9 and therapeutic targeting of c-kit4 cells prevents
hypoxia-induced PAH in mice.

In adult mammals, including humans, blood cells arise from muilti-
lineage HSCs in the BM and thymus.11 However, during embryonic
development, haematopoiesis begins in the yolk sac from an endothe-
lium with haemogenic properties, known as the haemogenic endothe-
lium, first identified in the 1900s based on microscopic observations of
developing embryos.n’14 Later, Murray et al"® referred to the same cells
as ‘haemangioblasts’ suggesting both endothelial and blood cells develop
from them. Studies with murine embryos confirm findings in the haeman-
gioblasts as a common precursor for endothelial and haematopoietic
cells." It is now believed that HSCs responsible for the generation of all
blood cell types can arise from the haemogenic endothelium,"”'® a
hypothesis that is supported by recent time-lapse imaging experiments
that visualized the transition of endothelium into blood in real-time, both
in vitro'” and infex vivo.**** The process of ECs taking on a haemato-
poietic fate has been termed endothelial-to-haematopoietic transition
(EHT), and is regulated by a specific set of transcription factors, such as
Fli1, ScUTal1, Lmo2, Runx1, GATA1, GATA2*?* Whether haemo-
genic ECs exist in adulthood and generate HSCs is currently unknown.
Embryonic lineage-tracing studies, which label haemogenic ECs before
definitive haematopoiesis and follow their progenies through adulthood,
demonstrate that, although embryonic HSCs remain functional in adult-
hood, they do not account for all haematopoietic cells generated
postnatally.18

In this study, we hypothesize that BM-derived EPCs acquire a haema-
topoietic phenotype via EHT which then lead to the vascular pathology

in experimental PH. We demonstrate that during PH development in
mice, EPCs mobilize from BM into the circulation, and these EPCs have
haematopoietic properties and can be found in the remodelled pulmo-
nary vasculature. Inhibition of EHT by blocking Runx1, one of the key
transcription factors responsible for EHT, prevented disease progression
in both Sugen/hypoxia (Su/Hx)- and monocrotaline (MCT)-induced PH
mouse models. Furthermore, we found high levels of Runx1 expression
in circulating CD34+ CD133+ EPCs isolated from peripheral blood of
PH patients, supporting the clinical relevance of our proposed mecha-
nism of EHT.

2. Methods

2.1 Mouse strains and procedures

Mice with endothelial specific expression of Cre recombinase (VE-cad-
herin-cre?’), Rosa26-ZsGreen reporter mice, CD45.1 mice and C57BL/
6 ] mice were purchased from The Jackson Laboratory (Bar Harbor,
ME). Mice were 6- to 10-weeks old when used for experiments.
Genotyping was carried out with primers and conditions as recom-
mended by The Jackson Laboratory. For euthanasia, the mice were sacri-
ficed via CO, asphyxia followed by cervical dislocation. All animal
experiments were approved by the Rhode Island Hospital (RIH) IACUC,
and were performed conform the NIH guidelines (Guide for the care
and use of laboratory animals).

2.2 Su/Hx-induced and MCT-induced PH
mouse models

Although debate over validity of different PH mouse models is still
ongoing, we chose Su/Hx-induced and MCT-induced PH mouse models
for this study.”®=° The Su/Hx-PH protocol consisted of 3 weekly s.c.
injections of the Sugen VEGF receptor-2 inhibitor SU5416 (Tocris) at
20 mg/kg in 100 il DMSO or vehicle alone.' During the 3-week SU5416
treatment, mice were exposed to hypoxia (8.5% O,) or normoxia (Nx)
for 3 weeks. For the MCT-induced PH mouse model, cohorts of mice
received weekly subcutaneous injections of MCT (60 mg/kg, Sigma)
resuspended in 100 pl of saline or 100 pl of saline only (vehicle) for
4 weeks. Mice were sacrificed 1week after the last MCT injection.
Development of PH was determined by measurement of right ventricular
systolic pressure (RVSP), right ventricular (RV) hypertrophy (i.e. Fulton’s
index) and pulmonary vascular remodelling (i.e. vessel muscularization
and wall thickness index). To measure RVSP, mice were anaesthetized via
intra-peritoneal injection with ketamine (100 mg/kg) and xylazine (10 mg/
kg). RVSP was measured through a trans-thoracic route with a Millar
catheter transducer PVR-1030 (ADInstruments Inc., Colorado Springs,
CO) and data were collected and analysed using the LabChart software
v8.1.3 (ADInstruments). The mice were then sacrificed via cervical dislo-
cation and each perfused with 10% formalin solution. Tissues were dis-
sected and lungs were paraffin embedded, sectioned and stained with
haematoxylin & eosin (H&E). Images of H&E stained lung tissues were
taken by using a Nikon Eclipse E800 microscope (Nikon Instruments Inc.,
Melville, NY) equipped with a camera and SPOT Advanced 4.7 software
(Diagnostic Instruments Inc., Sterling Heights, MI). Pulmonary arteriole
wall thickness index indicates pulmonary vascular remodelling and was
calculated as follows: Wall thickness index = [area(ext)-area(int)]/area(-
ext), where area(ext) represents the external and area(int) represents
the internal area of each vessel of less than 100 pm in diameter. The NIH
Image] programme was used to assess vessel areas. The Fulton’s index
indicates RV hypertrophy and was calculated as follows: RV weight/[left
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ventricular (LV) + septum (S) weight]. In order to demonstrate muscula-
rization of distal pulmonary arteriole vessel wall, immunostaining was per-
formed using a rabbit polyclonal antibody against o-smooth muscle actin
(a-SMA) (1: 100, ab5694, Abcam, Cambridge, MA). Slides were then incu-
bated with the EnVision+ Dual Link System-HRP solution (Agilent
Technologies, Santa Clara, CA) containing anti-rabbit immunoglobulins
conjugated to peroxidase-labelled polymer. Following chromogenic
development, the slides were counterstained with haematoxylin. Images
of a-SMA staining were then taken. Quantification of vessel musculariza-
tion was determined by the ratio of muscularized vessels/total number of
vessels with diameter <50 pm.

2.3 Lineage tracing in Su/Hx-induced PH
mouse model

VE-cadherin-cre mice were crossbred with Rosa26-ZsGreen mice to
generate VE-cadherin-cre; ZsGreen double transgenic mice. In order to
determine the haematopoietic phenotype of the double transgenic mice
in the PH model, VE-cadherin-cre; ZsGreen mice were subjected to Su/
Hx treatment and 50 pl of peripheral blood samples were collected
weekly by retro-orbital bleeding from each mouse. For anaesthesia dur-
ing retro-orbital blood sampling, the mice were anaesthetized via intra-
peritoneal injection with ketamine (100 mg/kg) and xylazine (10 mg/kg).
BM cells were obtained by spinning femurs and tibias with a table centri-
fuge. After red blood cell lysis using ACK lysing buffer (Thermo Fisher
Scientific, Waltham, MA), following antibodies were added to determine
haematopoietic cell lineage: APC-CD45 (pan haematopoietic cells), PE-
Gr-1 (myeloid cells), APC-Cy7-B220 (B-cells), and PerCP-Cy5.5-CD3e
(T-cells). Dead cells were excluded by DAPI staining. These fluorophore
labelled anti-mouse antibodies were purchased from BD Biosciences
(San Jose, CA), eBioscience (Thermo Fisher Scientific, Waltham, MA) or
Biolegend (San Diego, CA). Fluorescence-activated cell sorting (FACS)
analyses were performed on a BD LSR Il flow cytometer (BD
Biosciences) and flow cytometry data were analysed using Flow]o soft-
ware version 7.6.5 (FlowJo, LLC, Ashland, OR).

2.4 Immunofluorescence confocal imaging
Frozen sections of Nx and Su/Hx lungs of the VE-cadherin-cre; ZsGreen
mice were stained with a goat anti-mouse c-kit antibody (AF1356, R&D
Systems, Minneapolis, MN) at 15 pig/ml at 4 °C overnight and horse anti-
goat DyLight 594 (DI-3094, Vector Laboratories, Burlingame, CA) at
10 pg/ml. Slides were mounted with VECTASHIELD mounting medium
with DAPI (H-1200, Vector Laboratories). Fluorescence images were
taken with Nikon C1si confocal microscope and analysed with the EZ-
C1 software Ver3.90 (Nikon).

2.5 Gene expression analysis of ZsGreen-+
c-kit+ CD45— EPCs

To determine gene expression pattern of the ZsGreen+ c-kit4+ CD45-
EPCs, we purchased the mouse haematopoiesis RT? Profiler PCR Array
(Qiagen, Germantown, MD), which allows simultaneous analysis of
84 key genes involved in maintenance, self-renewal and differentiation.
The ZsGreen+- cells were FACS sorted by using a BD Influx after stain-
ing mouse BM cells with the following antibodies (Biolegend): APC anti-
mouse CDA45 antibody and Brilliant Violet 421 anti-mouse CD117 (c-kit)
antibody. For comparison, we also isolated the haematopoietic stem and
progenitor Lineage- Sca-1+4 c-kit+ (LSK) cells by using the BD Influx
after staining mouse BM cells with the following antibodies (Biolegend):
Brilliant Violet 421 anti-mouse lineage cocktail, Alexa Fluor 488 anti-

mouse Ly-6 A/E (Sca-1) antibody and APC anti-mouse CD117 (c-kit)
antibody. Next, total RNA was prepared from the freshly isolated cells
immediately after sorting. Each cDNA was synthesized and mixed
with RT2 SYBR Green gPCR mastermix (Qiagen), and then divided equal
volumes to each well of 96-well format array plate. Real time PCR was
performed using CFX 96 Real Time System (Bio-Rad, Hercules, CA).
The Ct values for all wells were exported to a Microsoft Excel spread-
sheet for use with the PCR Array Data Analysis software [www.
SABiosciences.com/pcrarraydataanalysis.php (25 August 2017, date last
accessed)] according to the manufacturer’s instruction. Gene expression
level relative to that of the housekeeping gene GAPDH was calculated.
A heat map was also generated by fold change that represents relative
MRNA expression for ZsGreen+ c-kit+ CD45- EPCs compared with
the LSK cells.

2.6 Transplantation of ZsGreen+ c-kit+
CD45—- EPCs

For in vivo transplantation, 6- to 8-weeks old CD45.14+ mice were
used as transplant recipients to distinguish donor-derived CD45.2+ hae-
matopoietic cells from endogenous CD45.1+ haematopoietic cells.
Isolated BM-derived ZsGreen+ c-kit+ CD45- EPCs (3 x 10° cells)
combined with 3 x 10°> CD45.1+ mouse BM cells were injected into
lethally irradiated (twice 5 Gy 3 h apart) CD45.1+ recipient mice. After
4, 8,12, and 16 weeks, peripheral blood samples (50 pul) from each recipi-
ent mouse were collected. Haematopoietic cell lineage FACS analysis
was performed using the following antibodies (Biolegend): PE-CD45.1
(recipient haematopoietic cells), APC-CD45.2 (donor haematopoietic
cells), PE-Cy7-Gr-1 (myeloid cells), APC-Cy7-B220 (B cells), and PE-
Cy5-CD3e (T cells).

2.7 Runx1 inhibition in vivo

One week after Su/Hx-PH induction in C57BL/6 | mice or in the VE-
cadherin-cre; ZsGreen mice, specific CBFf-Runx1 inhibitor Ro5-3335%?
(EMD Millipore, Billerica, MA) was administered s.c. every other day at
50 mg/kg. Alleviation of PH was evaluated in inhibitor treated mice com-
pared with vehicle injected control mice. The numbers of ZsGreen+
CDA45+ cells in the peripheral blood of the VE-cadherin-cre; ZsGreen
mice were analysed to determine whether Runx1 inhibition prevents
potential EHT and PH progression. The numbers of ZsGreen+ c-kit+
CDA45- EPCs in the BM of the double transgenic mice were also meas-
ured by using flow cytometry to determine whether Ro5-3335 interven-
tion inhibits their egression.

2.8 Isolation of circulating CD34+ CD133+
EPCs from PH patients

Peripheral blood samples (12 ml each) were collected from healthy con-
trols and from patients with PH who were undergoing right heart cathe-
terization at the RIH Pulmonary Hypertension Center as part of their
routine clinical evaluation. PH and PAH were defined according to con-
sensus criteria using standard haemodynamic definitions.>*=* All blood
samples were obtained with local ethics committee approval (RIH IRB
257464, 021911, and 215915) and informed written consent. The inves-
tigation conformed to the principles outlined in the Declaration of
Helsinki. We have established a flow cytometry protocol to sort CD45-
CD14- CD34+ CD133+ EPCs from peripheral blood of patients and
healthy controls. After red blood cell lysis, cells were stained with the
following antibodies (Miltenyi, Auburn, CA) to deplete haematopoietic
cells and enrich EPCs: CD45-Brilliant Violet 421, CD14-Brilliant Violet
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421, CD34-Alexa Fluor 488, CD133-APC and VEGFR2-PE. DAPI was
used to exclude dead cells. Human CD34+ CD133+ EPCs were col-
lected by using a BD Influx cell sorter (BD Biosciences).

2.9 Quantitative RT-PCR of Runx1

expression

Total RNA was purified from patient and healthy control EPCs by using
RNeasy Mini kit (Qiagen). First-strand cDNA was synthesized by using
Super Script Il kit (Invitrogen, Carlsbad, CA) from 1pg total RNA
according to the manufacturer's instructions. The sense and antisense
primers (Integrated DNA Technologies, Coralville, IA) were as follows;
human Runx1 (5—ACC ACT CCA CTG CCT TTA AC—3' and 5—
GAG AGT CGA CTG GAA AGT TCT G—3'); human GAPDH (5—
GTC AAC GGATTT GGT CGT ATT G—3' and 5—TGG AAG ATG
GTG ATG GGA TTT—3'). For quantitative analysis of gene expression,
real-time PCR was performed by using SYBR Green | Master Mix on a
CFX 96 Real-Time PCR Detection System (Bio-Rad). GAPDH expres-
sion was assessed as an internal reference for quantification. Relative
gene expression level was expressed by the fold increase over internal
control samples. Every real-time PCR was performed in triplicates.

2.10 Statistical analysis

Data are shown as the mean values £ S.E.M. The significance of differ-
ence was calculated with unpaired two-tailed Student’s t-test or one-
way ANOVA when comparing more than two groups by using
GraphPad Prism version 6.03 (GraphPad Software, Inc, La Jolla, CA).
P values < 0.05 were considered to be statistically significant.

3. Results

3.1 Assessment of the Su/Hx-induced PH
mouse model

We used wild-type C57BL/6 | mice to establish the Su/Hx-PH mouse
model by injecting a VEGFR2 inhibitor SU5416 once weekly during
3 weeks of hypoxia (8.5% O,) (Figure 1A). After 3 weeks, Su/Hx treated
mice developed significantly elevated RVSP [18.70 £1.14 mmHg for Nx
control group, 18.83 £ 0.88 mmHg for Sugen/normoxia (Su/Nx) control
group and 25.65 + 2.86 mmHg for Su/Hx-PH group] (Figure 1B). Su/Hx
treated mice also had RV hypertrophy as indicated by a significant
increase in the Fulton’s index (RV/LV + S) compared with Nx and Su/
Nx mice (Figure 1C). Upon immunostaining of o-SMA in the lung sec-
tions, significantly increased muscularization of distal pulmonary arteriole
(<50 pm in diameter) vessel wall was also determined in the Su/Hx-
treated mice compared with Nx and Su/Nx mice (Figure 1D-F,
see Supplementary material online, Figure STA and B). In addition,
morphometric analysis of pulmonary arterioles suggested that Su/Hx
treated mice had significant pulmonary vascular remodelling compared
with Nx controls (see Supplementary material online, Figure STC-E).
Thus, Su/Hx-induced PH model produced appreciable PH pathology in
mice.

3.2 Lineage tracing of cells with endothelial

origin during PH development

In order to track potential in vivo transformation of ECs during PH induc-
tion, we generated VE-cadherin-cre; ZsGreen double transgenic mice, in
which all ECs and EPCs were permanently labelled with the fluorescence
protein ZsGreen. As shown in the frozen lung sections of the double

transgenic mice, both large vessels and small capillaries were labelled
green while epithelial bronchiolar airways, as internal negative controls,
were not labelled green (Figure 2A, see Supplementary material online,
Figure S2A and B). In addition to the lung, genetic labelling of vascular ECs
in the heart and femur was also apparent when compared with respec-
tive tissue in the parental Rosa26-ZsGreen mice (see Supplementary
material online, Figure S2C—F). Immunostaining of von Willebrand factor
(VWF) was also performed in lung sections of the VE-cadherin-cre;
ZsGreen double transgenic mice, which exhibited similar staining pattern
as previously published.35 Confocal fluorescence microscopy image of
pulmonary arterioles showed that the vessel lumen lining ECs were co-
stained with ZsGreen and VWF (see Supplementary material online,
Figure S3). These VE-cadherin-cre; ZsGreen double transgenic mice
were then subjected to Su/Hx treatment to induce PH, and 50l of
peripheral blood samples were taken weekly (Figure 2B). It is worth not-
ing that the VE-cadherin promoter is active in a small fraction of the hae-
mangioblasts during embryonic development.”” Our analysis suggests
that approximately 20-30% of peripheral blood cells of the double trans-
genic mice are already labelled by ZsGreen (Nx WO in Figure 2C and D).
However, the percentage of ZsGreen+ cells with haematopoietic
features as defined by expression of CD45+ increased significantly in
peripheral blood after 1 week of Su/Hx treatment. More strikingly, more
than 80% of the newly differentiated ZsGreen+ CD454- haematopoietic
cells in the peripheral blood were Gr-1+ myeloid cells which was signifi-
cantly higher than in Nx mice (Figure 2C-E). After 2 weeks of Su/Hx
treatment, while the percentage of ZsGreen+ CD45+ cells in the
peripheral blood remained significantly higher than that in the Nx mice,
myeloid cell, B cell and T cell composition among the ZsGreen+
CD45+ cells in the peripheral blood was comparable to that of the Nx
mice (Figure 2C-E). After 3weeks of Su/Hx treatment, the levels of
ZsGreen+ CDA45+ cells, myeloid cells, B cells and T cells in the
peripheral blood all returned to those of Nx mice (Figure 2C-E).
These results suggest that cells of endothelial origin have transformed
into haematopoietic cells with myeloid propensity during PH
development.

3.3 Egression of EPCs from the BM and
their detection in the lung of PH mice

In comparison with the parental Rosa26-ZsGreen mice (Figure 3A and
see Supplementary material online, Figure S2E), in vivo labelling of BM
cells with endothelial origin in the double transgenic mice is shown in
Figure 3B and see Supplementary material online, Figure S2F. The per-
centage of ZsGreen+ CD45+ cells in the BM remained constant
during the 3 weeks of Su/Hx treatment, which were comparable to
that of Nx mice (Figure 3C and D). Next, based on the postulation
that ZsGreen+, i.e. activation of VE-cadherin promoter, represents
endothelial origin, c-kit+ labels progenitor cells and CD45- indicates
non-haematopoieticf"“‘37 we used the combination ZsGreen+
c-kit+ CD45- to identify putative EPCs in the mouse BM. Intriguingly,
the percentage of ZsGreen+ c-kit+ CD45- EPCs decreased dramati-
cally in a time-dependent manner following Su/Hx treatment (Figure
3E). Furthermore, by using immunofluorescence staining and confocal
microscopy we could identify a significant number of both ZsGreen+
c-kit+ cells and ZsGreen- c-kit+ cells (indicated by arrows and arrow
heads, respectively, in Figure 4A and see Supplementary material
online, Figure S4A) in the Su/Hx mouse lungs, whereas no c-kit+
cells were detected in the Nx mouse lungs (Figure 4B and see
Supplementary material online, Figure S4B).
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Figure | Su/Hx-induced PH model in mice. (A) Schematic of the experimental design using a combination of SU5416 and hypoxia treatment to induce
PH in C57BL/6) mice. RVSP was measured and tissues were collected after 3 weeks of Su/Hx treatment. (B) Significantly elevated RVSP developed in Su/Hx
mice (n = 15) compared with normoxia controls (Nx, n = 18). Sugen/normoxia control mice (Su/Nx, n = 10) were also included which had similar RVSP as
the Nix mice. (C) Fulton’s index (RV/LV+ S) was calculated to indicate the development of RV hypertrophy in Su/Hx mice (n = 10). Nx (n = 10) and Su/Nx
(n = 15) control groups were also included and had similar Fulton’s Index. Vessel wall muscularization of distal pulmonary arteriole (<50 pm in diameter) in
Nx mice (n = 10), Su/Nx mice (n = 6) and Su/Hx mice (n = 6) was quantified based on immunostaining of a-SMA (D). Representative immunostaining images
show increased expression of a-SMA (brown colour) in the distal pulmonary arteriole vessel walls of Su/Hx mice (F) compared with Nx controls
(E). Original magnification 400 . Data in (B-D) are mean + S.E.M. *P < 0.05, ****P < 0.0001, ordinary one-way ANOVA with multiple comparisons.

3.4 BM cells depleted of EPCs are unable to

transfer PH pathology to recipient mice

A recent study suggests that BM cells may play a key role in PH patho-
genesis and that the transplanted BM cells from Bmpr2 mutant mice
were able to drive the lung phenotype in a myeloablative transplant
model.*® We sought to test if BM cells from Su/Hx mice were able to

cause PH pathology in transplant recipient mice. Total BM cells from Su/
Hx treated mice were transplanted into lethally irradiated mice. RV
hypertrophy of the recipient mice was assessed 4 weeks post-transplan-
tation. The results showed that BM cells depleted of EPCs were unable
to transfer PH pathology to recipient mice (see Supplementary material
online, Figure S5).
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Figure 2 Myeloid skewed EHT during PH development. (A) Confocal fluorescence microscopy image of a frozen lung section of the VE-cadherin-cre;
ZsGreen double transgenic mice (original magnification 400x). Green, fluorescence protein ZsGreen labelling of cells of endothelial origin; Blue, DAPI
counterstaining of nuclei. Br, Bronchiole; V, Vessel. (B) Schematic of lineage tracing experimental design using VE-cadherin-cre; ZsGreen double transgenic
mice in the Su/Hx-induced PH model. Mouse blood samples (50 pl) were collected at indicated time points and mouse BM was harvested at the end of the
experiments. (C-E) The percentage of ZsGreen+ CD454- haematopoietic cells, ZsGreen+ CD45+ cell-derived Gr-1+ myeloid cells, ZsGreen+ CD45+
cell-derived B220-+ B cells and ZsGreen+ CD45+ cell-derived CD3+ T cells in the peripheral blood of the double transgenic mice are shown before Su/
Hx treatment (Nx WO0), 1 week after Su/Hx treatment (Su/Hx W1), 2 weeks after Su/Hx treatment (Su/Hx W2) and 3 weeks after Su/Hx treatment (Su/Hx
W3). (C) Representative flow cytometry analysis plots are shown. (D) The percentage of ZsGreen+ CD45+ haematopoietic cells in mouse peripheral
blood after 1 week (Su/Hx W1, n = 28) and 2 weeks (Su/Hx W2, n = 20) of Su/Hx treatment increased significantly compared with before Su/Hx treatment
(Nx WO, n = 20). The percentage of ZsGreen+ CD45+ cells normalized after 3 weeks of Su/Hx treatment (Su/Hx W3, n = 16). (E) Significant myelopoiesis
could be detected in mice 1-week post-Su/Hx treatment (Su/Hx 1 W, n = 36) compared with Nx WO (n = 36). The blood cell composition normalized after
2 weeks (Su/Hx W2, n = 20) and 3 weeks (Su/Hx W3, n = 16) of Su/Hx treatment. Data in (D) and (E) are mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001,

unpaired two-tailed t-test.
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Figure 3 Su/Hx treatment of mice promotes egress of ZsGreen+- progenitor cells from BM. Confocal fluorescence microscopy image of a frozen femoral
section from the Rosa26-ZsGreen reporter mice (A), and from the VE-cadherin-cre; ZsGreen double transgenic mice (B). Original magnification 400,
Green: fluorescence protein ZsGreen labelling of cells of endothelial origin; Blue: DAPI counterstaining of nuclei. Su/Hx treatment of the double transgenic
mice promotes egress of ZsGreen+ c-kit+ CD45- progenitor cells from BM. (C) Representative flow cytometry analysis plots of BM cells at Nx WO, Su/Hx
W1, Su/Hx W2, and Su/Hx W3 are shown. (D) The percentage of ZsGreen+ CD45+ haematopoietic cells in the BM remained unchanged. (E) The
percentage of ZsGreen+ c-kit+ CD45- progenitor cells in the BM decreased in a time dependent manner. For both (D) and (E): Nx WO, n = 8; Su/Hx W1,
n = 3; Su/Hx W2, n =4 and Su/Hx W3, n = 15. Data in (D) and (E) are mean £ SEM. *P < 0.05, ***P < 0.001, unpaired two-tailed t-test.

3.5 The putative EPCs from BM are
haemogenic with myeloid propensity

By using a BD Influx cell sorter, we isolated from mouse BM the
ZsGreen+ c-kit+ CD45- EPCs for haematopoietic gene expression
analysis (Figure 5A). The results were then compared with gene expres-
sion profile of the BM-derived LSK population which is enriched with
HSCs™ (Figure 5B). We found that all critical transcription factors for

haematopoiesis were expressed by the ZsGreen+ c-kit+ CD45- cells,
including Cbfb, GATA1, GATA2, Lmo2, Runx1, and Scl/Tal1*® (Figure
50). In addition to the transcription factors, key regulators and markers
of haematopoiesis such as Nos2 and Vav1 were also expressed in the
ZsGreen+ EPCs (Figure 5C and see Supplementary material online,
Table S1). Notably, several genes involved in myeloid-erythroid lineage
differentiation (Ahsp, GATA1 and Trim10) were expressed at a higher
level in the ZsGreen+ EPCs than in the LSK cells, whereas most other
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Figure 4 Emergence of EPCs in the lung of Su/Hx-treated mice. (A) Confocal immunofluorescence image of c-kit-+ cells (magenta red) in a Su/Hx mouse
lung. Frozen sections of Su/Hx lungs were stained with a goat anti-mouse c-kit antibody and horse anti-goat DyLight 594. Arrows: ZsGreen+ c-kit+ cells;
arrow heads: ZsGreen- c-kit+ cells.. (B) No c-kit+ cells were detected in a Nx lung following the same immunofluorescence staining and confocal imaging.
Orriginal magnification 800 x; Magenta red, Immunostaining of c-kit; Green, fluorescence protein ZsGreen labelling of cells of endothelial origin; Blue, DAPI
counterstaining of nuclei. The experiments were performed three times and the images shown are representative.

genes were expressed on a comparable level between the two cells
(Figure 5D). Next, we transplanted the ZsGreen+ c-kit+ CD45- EPCs
into lethally irradiated mice. In syngeneic BM transplantation, C57BL/6 |
mice with CD45.1 marker are often used as recipients and injected with
haematopoietic stem and progenitor cells from congenic mice with
CD45.2 marker. In this context, the donor or recipient cells can be easily
identified by their allotypes of the leukocyte common antigen CDA45.
Donor-derived CD45.24 haematopoietic cells were detected in the
CD45.1 recipient mice 8 and 16 weeks post-transplantation (Figure 5E).
Since the ratio of donor cell to CD45.1 radio-protective cell was 1: 100
(3 x 10> to 3 x 10°), the maximal chimerism of donor-derived CD45.2
blood cells in the recipient would be 1%. Combined, these results
strongly suggest that endothelium-derived progenitor cells from BM
have the capability to undergo myeloid skewed haematopoiesis in vivo.

3.6 Runx1 inhibition blocks EHT in vivo and

prevents egression of the EPCs fromm BM

Although transcription factors Fli1, Scl/Tal1, and Lmo2 are critical for
earlier embryonic processes involved in endothelium specification from
mesoderm, GATA2 is required for HSC generation and survival.'®%641
One transcription factor that has been a particularly useful marker of
this developmental event in multiple species is Runx1, which is required
for the EHT but not thereafter.>** A recent high-throughput screening
study revealed that a chemical compound Ro5-3335 was able to inter-
rupt Runx1 binding to its heterodimeric partner CBF B, suppress Runx1-
dependent haematopoiesis and inhibit leukemia in a mouse model.** We
tested whether Ro5-3335 (50 mg/kg) or vehicle control could block
Runx1-dependent EHT in the VE-cadherin-cre; ZsGreen double trans-
genic mice in Su/Hx-PH model (Figure 6A). One week into Su/Hx treat-
ment, the percentage of ZsGreen+ CD45+ cells in the peripheral
blood increased significantly (Figure 6B and C). However, when the mice
were treated with Ro5-3335 every other day, the accumulation of the
ZsGreen+ CDA45+ cells in the peripheral blood diminished after 2 as
well as 3 weeks of Su/Hx treatment (Figure 6B and C). Furthermore, the
administration of Ro5-3335 significantly prevented egression of the

ZsGreen+ c-kit+ CD45- EPCs from BM. After 3 weeks of Su/Hx treat-
ment, the percentage of the ZsGreen+- c-kit4- CD45- EPCs in the BM of
Su/Hx/Ro5 mice was significantly higher than that in Su/Hx mice, and had
no difference compared with Nx mice (Figure 6D and E).

3.7 Runx1 inhibition prevents Su/Hx-
induced PH in mice

To determine if Ro5-3335 inhibition of EHT resulted in amelioration of
pulmonary hypertensive changes, we examined whether targeting
Runx1 in vivo could prevent PH progression in mice (Figure 7A). After
3weeks of Su/Hx treatment, RVSP and RV hypertrophy were signifi-
cantly lower in mice treated with Ro5-3335 (Su/Hx/Ro5) than in mice
without Ro5-3335 treatment (Su/Hx), and had no difference compared
with Nx mice (Figure 7B and C). Immunostaining of a-SMA showed aug-
mented muscularization in the distal pulmonary arteriole vessel walls of
Su/Hx mice compared with Nx control mice and Ro5-3335 treated
mice (Figure 7D-G, see Supplementary material online, Figure S6A-C).
Morphometric analysis of pulmonary vessels also indicted that treatment
with Ro5-3335 prevented pulmonary vascular remodelling. Pulmonary
arteriole wall thickness index increased significantly in Su/Hx mice com-
pared with Nx control mice and Ro5-3335 treated mice (see
Supplementary material online, Figure S6D-G). These results suggest that
specific Runx1 inhibition in vivo can prevent Su/Hx-induced PH in mice.

3.8 Runx1 inhibition alleviates MCT-
induced PH in mice

In order to test if EHT may also contribute to the development of PH in
other animal models of the disease, we applied Runx1 inhibitor Ro5-3335
in the MCT-induced PH mouse model (see Supplementary material online,
Figure S7A). MCT treated mice developed significantly elevated RVSP, RV
hypertrophy and vascular remodelling. Although injection of the Runx1
inhibitor Ro5-3335 did not reverse RVSP (see Supplementary material
online, Figure S7B), the treatment reduced RV hypertrophy (see
Supplementary material online, Figure S7C) as well as distal pulmonary ves-
sel muscularization (see Supplementary material online, Figure S7D-G) in
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Figure 5 BM-derived ZsGreen+ c-kit4+ CD45- progenitor cells are haemogenic. (A) FACS sorting strategy to isolate BM-derived ZsGreen+- c-kit4 CD45-
EPCs from the VE-cadherin-cre; ZsGreen double transgenic mice (n = 15). Sorted cells were immediately used for haematopoietic gene expression analysis on
a RT? Profiler PCR Array or for transplantation into lethally irradiated CD45.1 recipient mice (n = 15). The ratio between ZsGreen+ c-kit+ CD45- donor cells
from CD45.2 mice (3 x 10°) to radio-protective total BM cells from CD45.1 mice (3 x 10%) was 1: 100 so that the maximal donor chimerism in the recipient
mice would be 1%. (B) FACS sorting strategy to isolate BM-derived haematopoietic stem and progenitor enriched LSK cells from same age C57BL/6] mice
(n = 15). Isolated LSK cells were immediately used for haematopoietic gene expression analysis on a RT? Profiler PCR Array. (C) Relative expression of key hae-
matopoietic genes including transcription factors and markers by the ZsGreen+ c-kit+ CD45- putative haemogenic EPCs (ZsG, blue bars) and by the haemato-
poietic stem and progenitor enriched LSK cells (LSK, red bars). (D) Heat map of quantitative RT-PCR based gene array comparing 84 haematopoietic gene
expression levels of the ZsG cells with the LSK cells. Red indicates up-regulation and green indicates down-regulation of the genes. Black suggests no significant
changes in gene expression level. Grey indicates either undetectable or very low level of gene expression in both ZsG and LSK cells, and therefore no reasonable
comparison can be made for those genes. Those genes that had most dramatic difference between these two cells are tabulated on the right of the heat map.
The data shown in (C) and (D) are mean values of three experiments (n = 15 mice for ZsG cell isolation and n = 15 for LSK cellisolation). (E) Long-term engraft-
ment and reconstitution capability of the BM-derived ZsGreen+- c-kit4+ CD45- progenitor cells. Representative FACS analyses of chimerism in peripheral blood
of the CDA45.1 recipient mice are shown to indicate donor-derived CD45.2+ cells at 8 weeks (n = 14) and 16 weeks (n = 13) but not at 2 weeks (n = 4) or
4 weeks (n = 13) post-transplantation (Tx). Quantitative summary of all recipients are also shown on the right. Data in (C) and (E) are mean + SEM.
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Figure 6 Specific Runx1 inhibition blocks EHT and prevents egress of the haemogenic progenitors from BM. (A) Schematic of the experimental design
using specific Runx1 inhibitor Ro5-3335 in the Su/Hx-induced PH model with VE-cadherin-cre; ZsGreen double transgenic mice. Mouse blood samples
(50 pt) were collected at indicated time points and mouse BM was harvested at the end of the experiment. Representative FACS plots (B) and summary anal-
ysis (C) showing the percentage of ZsGreen+ CD45+ haematopoietic cells before Su/Hx treatment (Nx WO, n = 13), 1 week after Su/Hx treatment
(Su/Hx W1, n = 15), 2 weeks after Su/Hx and 1 week after Ro5-3335 treatment (Su/Hx/Ro5 W2, n = 15), and 3 weeks after Su/Hx and 2 weeks after Ro5-
3335 treatment (Su/Hx/Ro5 W3, n = 15). Data in (C) are mean + S.E.M. n.s., not significant; *P < 0.05, unpaired two-tailed t-test. Representative FACS plots
(D) and summary analysis (E) showing the percentage of ZsGreen+ c-kit+ CD45- progenitor cells in the BM with or without Ro5-3335 treatment in the
Su/Hx-induced PH mice. Nx WO (n = 8): before Su/Hx treatment; Su/Hx W3 (n = 15): 3weeks after Su/Hx treatment without Ro5-3335 treatment; Su/
Hx/Ro5 W3 (n = 16): 3 weeks after Su/Hx and 2 weeks after Ro5-3335 treatment. Data in (E) are mean + S.E.M. n.s., not significant; *P < 0.05, ***P < .001,

ordinary one-way ANOVA with multiple comparisons.
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Figure 7 Specific Runx1 inhibition prevents the development of Su/Hx-induced PH in mice. (A) Schematic of the experimental design using specific Runx1
inhibitor Ro5-3335 in the Su/Hx-induced PH model with C57BL/6) mice. RVSP was measured and tissues were collected at the end of the experiment.
(B) Runx1 inhibition prevented RVSP increase in mice treated with Su/Hx and Ro5-3335 (Su/Hx/Ro5, n = 10) compared with Su/Hx mice (n = 9). Nx
(n =13) and Nx/Ro5 (n = 9) control mice were also included. (C) Fulton’s index (RV/LV+- S) was calculated to indicate the development of RV hypertrophy
in Su/Hx mice (n = 20) and the absence of RV hypertrophy in Nx (n = 15), Nx/Ro5 (n = 10), and Su/Hx/Ro5 (n = 13) mice. (D, E, F and G) Vessel wall muscu-
larization of distal pulmonary arteriole (<50 um in diameter) in Nx mice (n = 12), Nx/Ro5 mice (n = 10), Su/Hx mice (n = 10) and Su/Hx/Ro5 mice (n = 10)
was quantified based on immunostaining of a-SMA (D). Representative immunostaining images show increased expression of a-SMA (brown color) in
the distal pulmonary arteriole vessel walls of Su/Hx mice (F) compared with Nx controls (E) and Su/Hx/Ro5 mice (G). Original magnification 400x. Data in
(B-D) are mean = S.E.M. n.s., not significant; ***P < 0.001, ****P < 0.0001, ordinary one-way ANOVA with multiple comparisons.

MCT+ Ro5-3335 group. These results suggest that specific Runx1 inhibi-
tion in vivo can also alleviate MCT-induced PH in mice.

3.9 High level expression of Runx1 in
circulating EPCs isolated from PH patients

To further establish clinical relevance of our studies, we isolated CD34+
CD133+ EPCs from peripheral blood of patients diagnosed with PH.

Patient characteristics, PH-subtype, haemodynamics (either at baseline
or during follow-up catheterization) and concurrent PAH treatments at
the time of study enrollment and blood draw are included in see
Supplementary material online, Table S2. Based on our flow cytometry
analysis, these EPCs constitute about 0.01-0.05% of total peripheral
blood cells and they were collected by using a BD Influx cell sorter.
Given the small sample volume (12ml peripheral blood from each
patient), no CD34+4 CD133+ VEGFR2+ cells were detected, as the
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triple markers have also been used to identify human circulating EPCs *3
(see Supplementary material online, Figure S8A—E). Next, we performed
quantitative RT-PCR to show that Runx1, the critical haematopoietic
transcription factor required for EHT, was highly expressed in the circu-
lating EPCs of PH patients (see Supplementary material online, Figure
S8F). These data demonstrate that Runx1 expression is increased in
EPCs from patients with PH and support our hypothesis that EHT may
play a role in human disease.

4. Discussion

Current therapies for PAH produce modest improvements in pulmo-
nary vascular resistance and functional capacity and are effective at delay-
ing the time to clinical worsening, but none of the interventions are
etiology-based. Further advances in treatments will require therapies
that inhibit and reverse the underlying causes of the disease. Here, we
sought to determine if inflammatory cells that have been implicated in
induction of pulmonary vascular remodelling in PAH derive in part from
EHT and if blocking EHT could prevent disease progression.

Although no currently available model recapitulates all the features of
human PAH, we used the combination of VEGF receptor-2 antagonist
SU5416 and hypoxia to induce PH in mice. This model causes a more
profound and sustained PH phenotype than with hypoxia alone, and
allows the use of genetically modified mice to delineate potential patho-
genic mechanisms. In consideration of our hypothesis of EHT, the use of
VEGFR-2 blocker is attractive because it could facilitate the generation
of many hyper-proliferative and apoptosis-resistant ECs and EPCs that
would serve as the source of EHT. Ciuclan et al. observed occluded pul-
monary arterioles in mice immediately after 3 weeks of Su/Hx but did
not quantify these lesions.”’ However, no angio-obliterative lesions
were found in our Su/Hx-mice, which is in agreement with recent
reports by other investigators.”>** In this study, 3 weeks of treatment
with Su/Hx resulted in the development of appreciable PH pathology in
mice as evidenced by a significant increase of RVSP as well as a >50%
increase in pulmonary vascular muscularization and RV free wall mass.

During the development of PH in Su/Hx treated mice, we found a sig-
nificant increase in circulating haematopoietic cells of endothelial origin
as evidenced by the percentage increase in ZsGreen+ CD45+ cells in
peripheral blood. At the same time we found no change in the percent-
age of the ZsGreen+ CD45+ haematopoietic cells in the BM, but did
observe a marked reduction in the amount of ZsGreen+ c-kit4 CD45-
EPCs in the BM. The appearance of these cells in distal pulmonary vessels
suggests a mobilization of the EPCs from BM into the lung. Despite the
exponential rise in EPC research, the phenotypic classification of EPCs
remains elusive.>” In this study, the ZsGreen+ c-kit+ CD45- cells FACS
sorted from BM expressed in addition to VE-cadherin (CD144) and c-kit
(CD117) also the EC markers CD34 and PECAM (CD31) but not hae-
matopoietic marker CD45 or monocyte/macrophage marker CD14 as
indicated by the gene array analysis. As such, these cells definitely have
endothelial markers but lack markers of blood cells. Concomitantly, they
express a number of key haematopoietic transcription factors and are
capable of reconstituting lethally irradiated recipient mice. The fact that
these ZsGreen+ c-kit4 CD45- CD14- cells are haemogenic endothelial
in nature and are capable of differentiating into haematopoietic cell line-
ages strongly suggests that the de novo production of ZsGreen+
CDA45+ haematopoietic cells in PH mice is a bona fide EHT. Next, we
found that BM cells from Su/Hx mice depleted of EPCs were unable to
cause PH in transplant recipient mice, which supports the notion that

BM-derived EPCs play a critical role in the pathogenesis of Su/Hx-PH in
mice. In a separate study, we showed that BM-derived EPCs from MCT-
PH mice could induce PH in healthy mice, but BM cells depleted of EPCs
could not.*® Further investigation in which transplantation of peripheral
blood-derived ZsGreen+ CD45+ cells from Su/Hx-PH mice is war-
ranted to directly demonstrate if these cells can cause PH in transplant
recipients.

We further showed that inhibition of EHT by administration of a spe-
cific Runx1 inhibitor Ro5-3335 prevented the rise in ZsGreen+ CD45+
haematopoietic cells in peripheral blood and the fall in ZsGreen+ ckit+
CD45- EPCs in BM during Su/Hx-induced PH. Despite Su/Hx treatment,
Runx1 inhibition blocked the egress of endothelial-derived EPCs from
BM, prevented the increase of RVSP, pulmonary vascular remodelling as
well as the development of RV hypertrophy. The molecular mechanisms
with which Runx1 inhibition prevents the egression of EPCs from the
BM remains unclear, but it is possible that downstream signals in the
EPCs required for their mobilization (e.g. expression of cytokine recep-
tors) become absent or reduced. Further experiments are needed to
compare gene expression profiles in pulmonary versus BM-derived
ZsGreen+ c-kit+ CD45- EPCs. In addition, we also used another mouse
model of PH to demonstrate efficacy of the Runx1 inhibitor Ro5-3335.
The MCT-induced PH model in mice has been well-established and was
used in our previous studies.>® *¢ Runx1 inhibition in this model of PH
prevented RV hypertrophy and pulmonary vascular remodelling but not
the increase of RVSP. We speculate that the timing and duration of the
Runx1 inhibitor intervention may need further optimization to obtain
best outcome. It is also possible that in addition to EHT other disease
mechanisms are also important in the MCT-induced PH mouse model.
Combined, these findings indicate that EHT-derived haematopoietic cells
play a critical role in the development of disease in experimental PH.

The VE-cadherin-cre; ZsGreen double transgenic mice showed inher-
ently a 20-30% penetration in the haematopoietic lineage. This means
that the VE-cadherin promoter was activated in a number of blood cells
derived from haemogenic ECs during embryonic development, making it
difficult to distinguish haematopoietic cells derived from EHT associated
with experimental PH. We reason that the percentage increase in
ZsGreen+ CDA45+ cells is the result of de novo haematopoietic differ-
entiation via EHT rather than proliferation of existing ZsGreen+
CDA45+ cells, since ZsGreen- CD45+ cells would have proliferated in
the same rate as well. Nevertheless, we cannot exclude the possibility
that ZsGreen+ CD45+ and ZsGreen- CD45+ cells may behave differ-
ently. To overcome this limitation and to enhance endothelial specificity
in lineage tracing, further experiments using inducible VE-cadherin-
creERT2; ZsGreen mice in Su/Hx-PH model are ongoing in our
laboratory.

Inflammation has recently been implicated as an integral factor during
HSC emergence from haemogenic endothelium.*’ In the lung, injury to
the endothelium by environmental factors is thought to be one of the
precipitating events in PAH. At the onset of PAH, neutrophils or other
inflammatory signals may traverse into BM to invoke haemogenic EPCs
and initiate EHT. Previous studies have suggested that HIF-1a-induced
factors such as erythropoietin, hepatocyte growth factor, SCF or VEGF
are released by pulmonary vascular ECs to stimulate mobilization of BM-
derived EPCs.*® These stimuli may activate EHT which in turn produces
pro-angiogenic myeloid cells that home to the lung, causing perivascular
inflammation and remodelling. At the molecular level, Lancrin et al. dem-
onstrated that the transcription factor Scl/Tal1 is indispensable for the
establishment of the haemogenic endothelium population,*” whereas
the core binding factor Runx1 is critical for generation of definitive


https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvx161#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvx161#supplementary-data

1572

O.D. Liang et al.

haematopoietic cells from haemogenic endothelium.*® The regulatory
regions of haematopoietic genes are known to be bound by Runx1, as
well as a transcription factor complex composed of Scl/Tall, Lmo2,
GATA1, and GATA2, all of which have been implicated in EHT.'¢4=0
All of these transcription factors were found to be highly expressed by
the ZsGreen+ c-kit+ CD45- EPCs isolated from mouse BM. The
expression of c-kit is another distinguishing feature of haemogenic rela-
tive to non-haemogenic ECs.>

Failure to resolve infllmmation and altered immune processes are
thought to underlie the development of PAH> Lung inflammation pre-
cedes vascular remodelling in experimental PH suggesting that altered
immunity is a cause rather than a consequence of vascular disease.”
Increasing data indicate that inflammatory and immune mechanisms con-
tribute to pulmonary vascular disease and this may be reflected in mobili-
zation of cells from the BM. Thus, cells such as lymphocytes, monocytes,
macrophages, and dendritic cells accumulate in pulmonary vascular
lesions and raised levels of inflammatory mediators occur in the lungs
and circulation of PAH |3a1tients.8'38‘53 Recent studies suggested that pul-
monary tertiary lymphoid tissues could be directing local immune phe-
nomena.>**® It is plausible that EHT may contribute to the ectopic
lymphoid follicles in the lung. Reduced BMPR2 expression, a common
feature of PAH, induces GM-CSF translation®® which may potentially
exacerbate myeloid skewed EHT.

Based on our current findings, reducing the number of EPCs in the cir-
culation and blocking EHT of these cells could provide a potential strat-
egy to alleviate PAH. Since differentiation of blood cells from the
haemogenic endothelium is critically dependent on Runx1 expression,
and Runx1 is likely to become dispensable beyond the haemogenic
endothelium stage, this combination would make Runx1 a desirable tar-
get for treating pulmonary vascular disease in patients without affecting
other physiological processes. Indeed, we could show that Runx1 is
highly expressed in the circulating EPCs of PH patients, which provides
important evidence that our proposed mechanism of EHT in animal
models of PH may also be valid in human disease. This signal was signifi-
cant despite the inclusion of several patients with PH from left heart dis-
ease (combined pre- and post-capillary PH and pure pulmonary venous
hypertension); evidence of EHT may be even more apparent in a popula-
tion of untreated ‘pure’ PAH patients. Isolation of EPCs from a larger
cohort of only PAH patients (four of the patients in the current sample)
should be performed to confirm our findings. Further clinically relevant
experiments are warranted to test the Runx1 inhibitor in Su/Hx/Nx-
model in rats that develop severe PH accompanied by occlusive pulmo-
nary arterial neointimal and plexiform lesions.”

In summary, data from this study suggest that during the development
of PH, BM-derived EPCs mobilize into the circulation and eventually the
pulmonary vasculature where they play a critical role through the proc-
ess of a myeloid skewed EHT. Blocking this process by specific inhibition
of Runx1, one of the key transcription factors responsible for EHT, not
only prevents the mobilization of EPCs but prevents disease progression
in mice with Su/Hx- and MCT-induced PH. Finally, EPCs isolated from
the blood of patients with PH have increased expression of Runx1.
Together, these findings suggest that EHT plays an important role in the
pathogenesis of PAH and that the haematopoietic transcription factor
Runx1 may be a novel therapeutic target to treat PAH.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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