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Pericytes in the Pulmonary Blood Vessel Remodeling

Abstract:

Objective: Excessive accumulation of resident cells within the pulmonary vascular wall represents
the hallmark feature of the remodeling occurring in pulmonary arterial hypertension (PAH).
Furthermore, we have previously demonstrated that pulmonary arterioles are excessively covered
by pericytes in PAH, but this process is not fully understood. The aim of our study was to investigate
the dynamic contribution of pericytes in PAH vascular remodeling.

Approach and Results: In this study, we performed in situ, in vivo and in vitro experiments. We
isolated primary cultures of human pericytes from controls and PAH lung specimens then performed
functional studies (cell migration, proliferation and differentiation). In addition, to follow up pericyte
number and fate, a genetic fate mapping approach was used with a NG2CreER™:mT/mG
transgenic mice in a model of pulmonary arteriole muscularization occurring during chronic hypoxia.
We identified phenotypic and functional abnormalities of PAH pericytes in vitro, as they overexpress
CXCR?7 and TGFBRII and, thereby, display a higher capacity to migrate, proliferate and differentiate
into smooth muscle-like cells than controls. In an in vivo model of chronic hypoxia, we found an
early increase in pericyte number in a CXCL12-dependent manner whereas later, from day 7,
activation of the canonical TGF-@3 signaling pathway induces pericytes to differentiate into smooth
muscle-like cells.

Conclusions: Our findings reveal a pivotal role of pulmonary pericytes in PAH and identify CXCR7
and TGFBRII as two intrinsic abnormalities in these resident progenitor vascular cells that foster the
onset and maintenance of PAH structural changes in blood lung vessels.

Keywords: pulmonary hypertension, vascular remodeling, mesenchymal stem cells, pericyte, mural
cells, lineage tracing

HIGHLIGHTS

¢ We identify phenotypic and functional abnormalities of pulmonary pericytes in idiopathic PAH with
pathogenetic significance.

e We show that pulmonary pericytes from idiopathic PAH patients overexpress CXCR-7 and
TGFBRII, underlying their excessive proliferation/migration capacities and myogenic potentials,
respectively.

e We provide multiple lines of evidence showing that pericytes dynamically contribute to the
pulmonary vascular remodelling induced by chronic hypoxia.

¢ In chronic hypoxia, CXCL12/CXCR4/CXCR7 axis is required for pericyte accumulation in lungs
and TGFB/TGFBRII axis plays a central role in their differentiation into contractile cells.
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INTRODUCTION

Inappropriate and sustained remodeling of blood lung vessels causes significant hemodynamic
changes and is a major contributor to morbidity, disability and mortality in patients with pulmonary
arterial hypertension (PAH) '. Treatment options are limited, and in severe cases, chronic right heart
failure and premature death arise. Excessive accumulation of resident cells within the blood vessel
wall represents hallmark feature of the blood vessel remodeling in PAH, but the underlying cell
biological processes are not well defined 2.

Pericytes (PCs) are found around pre-capillary arteries, capillaries, and post-capillary venules 3.
They occupy a strategic position at the interface between circulating blood and interstitial space,
and at close proximity to endothelial (ECs) and smooth muscle cells (SMCs). PCs are central
regulators of vascular development, stabilization, maturation, and remodeling, modulating: 1) EC
growth, proliferation, differentiation and migration; 2) SMC contraction and capillary blood flow; 3)
immune cell functions *®. PCs also possess a multi-lineage differentiation potential. Importantly, we
have recently reported excessive PC coverage in pulmonary arterioles in experimental and human
PAH (a 2- to 3-fold increase), a phenomenon that contributes to vascular remodeling as a source of
SMC-like cells ’. However, the underlying mechanisms are still not elucidated. In particular, we do
not know whether pulmonary PCs are phenotypically and functionally altered in PAH, and which
dynamic role PCs play in pulmonary vascular remodeling.

In the current study, we identify that pulmonary PCs derived from patients with idiopathic PAH
(iPAH) are phenotypically and functionally altered and delineate mechanisms underlying their
expansion and dynamic contribution to the accumulation of contractile cells in blood vessel walls.
Our findings indicate that PC-specific up-regulations of CXC chemokine receptor (CXCR)-7 and
transforming growth factor (TGF)-$ receptor RIl in PAH patients are critical for their excessive
proliferation/ migration capacities and myogenic potentials, respectively. We also provide evidence
that the neural glial antigen (NG)2-lineage expands in lungs of mice chronically exposed to hypoxia,
a phenomenon abolished with CXC chemokine ligand (CXCL)-12 neutralization, and gives rise to a-
SMA positive cells that muscularize distal arterioles in vivo.

METHODS

The data that support the findings of this study are available from the corresponding author upon
reasonable request. The detailed description of the reagents and resources can be found in the
Table S1.

Experimental Model and Subject Details:

Animals: All animal work was in accordance with the animal ethics committee at University Paris-
Sud, Le Plessis-Robinson, France (n°01176.01). Mice were housed in a pathogen-free barrier
facility, under 14-hour light / 10-hour dark cycle and temperature-controlled environment with
standard diet and water ad libitum. B6.Cg-Tg(Cspg4-cre/Esr1*)BAkik/J (also known as
NG2CreER™) and Gt(ROSA)26Sor™#AcTBtdTomato-EGFR)Luo/ J (g]s0 known as mT/mG) mice were
purchased from The Jackson Laboratory. NG2CreER™ and mT/mG mice were crossed to generate
NG2CreER™:mT/mG mice. Both male and female adult mice (8-week-old mice) were used. Since
no statistically significant sex-related differences were observed, individual data from males and
female were pooled together. All animals were maintained on a C57BL/6J background. All animals
were not involved in any previous procedure.

Isolation, and culture of primary Human lung pericytes: All experimental studies using human
samples comply with the Declaration of Helsinki and were approved by the local ethics committee
(Comité de Protection des Personnes [CPP] lle-de-France VII). All patients gave informed consent
before the study. Detailed demographic and clinical characteristics are shown in Supplemental
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Table S2. Primary Human lung PCs were isolated from human lung specimens using an anti-3G5
antibody and anti-lgM magnetic beads on lung tissue fragment digested by collagenase type | ’.
Pulmonary PCs were cultured in Pericyte Medium (#1201 containing supplements; ScienCell,
Carlsbad, CA) (complete medium) and are strongly positive for NG2 and PDGF receptor-f3 and
negative for a-SMA, calponin and SMMHC. Cells were routinely tested for mycoplasma and used at
early passages < 4.

Animal procedure

Tamoxifen was resuspended in corn oil at 10 mg/mL and NG2CreER™:mT/mG adult mice were
intraperitoneally injected with 1 mg for 5 consecutive days (induction). Seven days post tamoxifen
treatment, mice were chronically exposed to hypoxia (10% FiO2) or maintained in room air (21%
FiO,). Chalcone 4 was resuspended in a solution of sodium carboxymethyl cellulose (CMC) and a
group of NG2CreER™;mT/mG adult mice injected with tamoxifen was intraperitoneally injected with
vehicle or chalcone 4 at a dose of 100mg/kg/day. At the end of these protocols, pulmonary
hemodynamic parameters were measured blindly in unventilated anesthetized mice as previously
described "'°. Briefly, RVSP and heart rate were determined in unventilated mice under isoflurane
anesthesia (1.5-2.5%, 2L O./min.) using a closed chest technique, by introducing a catheter (1.4 F
catheter, Millar Instruments Inc, Houston, TX) into the jugular vein and directing it to the right
ventricle. After all the hemodynamic assessments were completed, blood was collected by direct
cardiac puncture and sacrificed by exsanguinations. The heart and lungs were then removed en
bloc and right ventricular hypertrophy (RVH) was determined by the Fulton index measurement
(right ventricle/left ventricle plus septum RV/LV+S). The pulmonary circulation was flushed with 5mL
of buffered saline at 37°C, and then the left lung was prepared for histological analyses and the right
lung was quickly harvested, immediately snap-frozen in liquid nitrogen and kept at -80°C.

Immunofluorescent staining and microscopy

Mouse lungs were fixed in 4% paraformaldehyde (PFA) for 10 min and then inflated by intratracheal
administration of 2% low melting point agarose (Sigma-Aldrich) and incubated for 30 min at 4°C in
ice-cold PBS. Then, agarose-filled lungs were immersed in a fixing solution (4:1 methanol:DMSO) at
4°C overnight, washed and stored in 100% methanol. The left lung lobe was isolated and sliced at a
thickness of 150 uym using a tissue slicer (LEICA VT1200S, Nanterre, France). Lung slices were
blocked overnight with 5% bovine serum albumin in 0.5% triton X-100/PBS and then incubated with
specific antibodies (1:50 MECA-32, 1:200 GFP, and 1:200 a-SMA) in 0.3% triton X-100/PBS for 3
days at 4°C, followed by corresponding secondary fluorescent-labeled antibodies overnight at 4°C
(1:400; Thermo Fisher Scientific, Saint-Aubin, France). Immunofluorescent staining for 3G5 (1:50),
a-SMA (1:200), CXCR?7 (1:200), and TGF-BRII (1:200) were performed in lung paraffin sections as
previously described " %", Briefly, lung sections (5um of thickness) were deparaffinized and
incubated with the antigen retrieval buffer. Then, sections were saturated with blocking buffer and
incubated overnight with specific antibodies, followed by addition of the corresponding secondary
fluorescent-labelled antibodies (Thermo Fisher Scientific, Saint-Aubin, France). Nuclei were labelled
using DAPI (Thermo Fisher Scientific). Mounting was performed using ProLong Gold antifade
reagent (Thermo Fisher Scientific). All images were taken using a LSM700 confocal microscope
(Zeiss, Marly-le-Roi, France).

Flow cytometry analysis and FACS

Lung tissues were gently minced with scissors and digested with collagnease | (0.2%) and dispase
(0.4%) in DMEM for 30 minutes in shaking water bath at 37°C. Digested tissue was then filtered
through a 70 um filter and spin at 500 g at 4°C for 5 min. Flow cytometric analysis and sorting were
performed using MACSQuant® Analyzer 10 Flow Cytometer (Miltenyi Biotec) and FlowJo software
program (Tree Star, Inc). BD Cytofix/Cytoperm™ solution was used for the simultaneous fixation
and permeabilization of cells prior to intracellular a-SMA staining. Cell debris and erythrocytes were
excluded from the analysis based on scatter signals, and Hoechst fluorescence.
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Cell migration

Cell migration was assessed using the in vitro wound-healing assay with the Ibidi Culture-Insert
(Ibidi, Nanterre, France). Briefly, confluent monolayers were scratch wounded, and then incubated
with 10% FCS for 8, 12 and 24 hours. Images were taken using a Zeiss Primo Vert inverted
microscope (Zeiss, Marly-le-Roi, France). Cell migration was also assessed using a modified
Boyden chamber chemotaxis system as described previously " "', Briefly, cells were seeded and
allowed to migrate at 37°C for 6 hrs in presence of FCS, CXCL12, AMD3100, chalcone 4, or VUF
11207 at the indicated concentrations. Images were taken using KERN OBL-137 microscope (Kern,
Balingen, Germany).

Cell proliferation

Cell proliferation was measured by bromodeoxyuridine (BrdU) incorporation using the Delfia Cell
proliferation kit (PerkinElmer, Waltham, MA, USA) and a time-resolved fluorometer EnVision
Multilabel Reader (PerkinElmer, Waltham, MA, USA) as previously described " ', Briefly, cells
were grown to 60% to 70% confluence at 37°C and exposed 24 hours to FCS, CXCL12, AMD3100,
chalcone 4, or VUF 11207 at the indicated concentrations.

Cell differentiation

The potential of PCs to differentiate into contractile cells was assessed by following expression of
the contractile proteins SM22, calponin and a-SMA, and the expression of collagen type | (Col1A)
under serum deprivation (spontaneous differentiation) or after TGF-f3 exposure (10ng/mL) during
48h. For serum deprivation, the Pericyte Medium (#1201-b from ScienCell without supplements)
supplemented with 0.3% of fetal bovine serum (FBS) was used.

RNA isolation and RT-qPCR

Total RNA was isolated from frozen lung using TRIZOL® protocol (Invitrogen, Carlsbad, CA), and
RNeasy mini kit (Qiagen, Valencia, CA). Total RNA (2ug) was reverse-transcribed using Superscript
Il (Invitrogen, Carlsbad, CA) per manufacturer’s instructions. RT-gPCR was performed on Step One
Plus Real Time PCR machine (Applied Biosystems). Gene expression levels were quantified using
pre-verified Assays-on-Demand TagMan primer/probe sets (Applied Biosystems, Foster City, CA).
The expression level of each gene was normalized to 18S ribosomal RNA using the comparative
delta-CT method.

Western blot

Cells/tissues were homogenized and sonicated in RIPA buffer containing protease and
phosphatase inhibitors and 30 ug of protein was used to detect SM22 (1:200), calponin (1:200), a-
SMA (1:200), Col1A (1:500), GFP (1:1000), NG2 (1:500), CXCR4 (1:200), CXCR7 (1:200), p-
smad2/3 (1:200), TGFBRII (1:200), TGFBRI (1:200), GAPDH (1:5,000), and B-actin (1:50,000).

Image processing and quantification

All images were composed, edited and modifications applied to the whole image using ZEN LSM
(Carl Zeiss) and Imaged (NIH) software. To measure the degree of co-localization in confocal
images, co-localization coefficients were determined according to the method described by Manders
etal. '

Statistical Analyses

All results are presented as mean + standard error of the mean (SEM). Statistical calculations were
performed with GraphPad Prism 7 (GraphPad Software, Inc). The unpaired Student t test was used
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after testing for normality and equal variance (Shapiro-Wilk test) to compare 2 groups. One-way
ANOVA Tukey post hoc test were used to compare multiple groups if the data followed a normal
distribution, otherwise nonparametric Kruskal-Wallis post hoc tests were used. Sample size is
indicated in the figure legends. Results with p values of less than 0.05 were considered statistically
significant.

RESULTS

Pulmonary PCs are phenotypically and functionally altered in Human PAH

To determine whether human pulmonary PCs from patients with idiopathic PAH exhibit an abnormal
phenotype, primary PCs cultures were generated from lung specimens and used at early passages

(= 4) to evaluate their characteristics in terms of proliferation, migration and capacity to differentiate

into contractile cells.

First, we isolated and characterized the 3G5 positive cells. Cultured PCs from control patients were
strongly positive for NG2 and platelet-derived growth factor receptor (PDGFR)-f, two well-known
PC markers, mildly positive for SM22 and negative for a-SMA, calponin, and smooth muscle myosin
heavy chain (SMMHC) (Figure 1A-B). To better characterize primary human PC cultures, we used
RT-gPCR and found absence of characteristic smooth muscle (Figure 1C), fibroblast (Figure 1D),
and endothelial markers (Figure S1). In addition, they express several genes that are
characteristics of multipotent cells such as CD73, CD90, c-kit, nestin, PEG3, RGS5 (Figure 1E).
They also express high levels of S100 calcium-binding A4 (S100A4) (Figure 1D). Importantly, this
extensive characterization has not revealed any differences between control and iPAH PCs.

We next endeavored to examine the cellular phenotype of pulmonary PCs derived from control and
iPAH patients using in vitro functional studies. In the “scratch” wound closure assay, migration of
iPAH PCs was more rapid by approximately 2- to 3-fold compared with control PCs (Figure 2A).
Similarly, migration rates were increased for iPAH PCs placed on Boyden chambers as compared to
controls cells (Figure 2B). We next extended these results using the bromodeoxyuridine (BrdU)
incorporation assay to analyze and compare the proliferative capacity of control and iPAH PCs. The
results showed that cultured PCs from iPAH patients proliferate 2 to 4 times faster than control PCs
(Figure 2C). Finally, we examined expressions of different contractile proteins and compared their
capacity to acquire a contractile phenotype under serum deprivation. No significant differences were
observed between control and iPAH PCs in the complete medium, however iPAH PCs exhibited a
higher myogenic potential than control PCs when they were serum deprivated as reflected by the
significant increases in SM22 and calponin, and the trend of increase in a-SMA. In contrast, no
difference was observed in col1A protein levels (Figure 2D). These results suggest the presence of
intrinsic abnormalities in iPAH PCs that influence their cell behavior even when they are extracted
from their pathological environment.

PCs dynamically contribute to the blood vessel remodeling in hypoxia-induced distal
pulmonary arteriole muscularization

To elucidate how PCs contribute to the remodeling of blood lung vessels, and if they give rise to a-
SMA positive cells to muscularize distal arterioles in vivo, we created the NG2CreER™:mT/mG
mouse line for the tracking of their lineage and fate during the pulmonary arteriole muscularization
occurring with chronic hypoxia (Figure 3A and S2). Under physiological conditions, PCs are widely
distributed through both lungs and different morphological features can be distinguished depending
of their localization (Figure 3B). In precapillary vessels with a diameter > 70um, PCs have a
number of extensions and tend to wrap around the vessel. In the lung parenchyma, PCs are more
elongated and display a multi-branched network, which is less prominent when they are localized on
blood vessels.
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Hypoxic exposure of NG2CreER™:mT/mG mice injected with tamoxifen induced a rapid
accumulation of green fluorescent protein (GFP) positive cells in mouse lungs, with a 3- and 5-fold
increase after 2 and 4 days of hypoxia, respectively (Figure 3C). These findings suggest a rapid
recruitment of PCs at these early time points following hypoxic exposure. To evaluate whether
pulmonary PC acquire a contractile phenotype during the blood vessel remodeling in these mouse
lungs, lung sections were stained with a-SMA and quantified. The direct cell lineage tracing
revealed a 8.5-, 8.1-, and 8.6-fold increase of a-SMA positive PCs after 7, 14, and 21 days of
hypoxia, indicating that PCs give rise to a-SMA positive cells to muscularize distal pulmonary
arterioles in mice chronically exposed to hypoxia (Figure 3C). Quantification of double positive cells
for GFP and a-SMA in mouse lungs by fluorescence-activated cell sorting (FACS) showed a
significant increase in the percentage of GFP" cells (by 3.2-, 2.5-, 5.5-fold at Day-7, 14, and 21,
respectively) and double positive a-SMA™ GFP” cells (by 2.1-, 1.7-, 3.3-fold at Day-7, 14, and 21,
respectively) in mice chronically exposed to hypoxia when compared to control mice (Figure 3D and
$3). Although less pronounced, we also noticed increase in numbers of GFP positive cells and
changes in their morphology around larger blood vessels (> 70um) (Figure S4).

As further validation, we fate mapped PCs during the sustained remodeling of blood lung vessels
occurring with the combination of SU5416 (Sugen) and chronic hypoxia (SuHx) (Figure 4A and
S$2B). In this second mouse model, administration of SU5416 associated to chronic hypoxia is
known to cause blood vessel rarefaction with pronounced accumulation of resident cells as well as
components of the extracellular matrix within the blood vessel wall, which contribute to exaggerated
PH in mice '®. Consistent with our previous observations obtained in the chronic hypoxia mouse
model, fate tracing also reveals that pulmonary PCs give rise to contractile cells in the SuHx mice
(Figure 4B-C).

CXCL12 is required for the PC accumulation in lungs following hypoxic exposure

Several studies suggest a central role for CXCL12 as a key signal to promote the migration of stem
and progenitor cells to repair and regenerate damaged tissues, including in the blood vessel
remodeling occurring in PAH "8 In line with these notions, we found that the expression of
CXCL12 was increased within the first 2 days of hypoxia exposure (Figure 5A), and remained
elevated in mice studied on day 21 after exposure to hypoxia in presence or absence of SU5416
(Figure 5A and S2C). To determine the role of CXCL12 in PC accumulation observed in lungs
following hypoxic exposure, we fate mapped PCs during hypoxia in randomized tamoxifen-injected
NG2CreER™:mT/mG mice treated with either vehicle or CXCL12 neutraligands chalcone 4 that
prevent binding of CXCL12 to the receptors CXCR4 and CXCR7 ' ?° (Figure 5B).
Immunofluorescence staining using lung vibratome sections indicated a reduction in numbers of
GFP positive cells by 53.5% and 44% in mouse lungs of chalcone 4-treated mice exposed to 2 or 4
days of hypoxia compared to vehicle-treated mice, respectively (Figure 5C). Quantification of GFP
positive cells in mouse lungs by FACS showed a reduction in GFP™ cell numbers in mice treated
with chalcone 4 when compared to vehicle-treated mice (Figure 5D and S3). Consistently, the
increase in GFP and NG2 protein levels was reduced in lungs of tamoxifen-injected
NG2CreER™:mT/mG mice treated with chalcone 4 compared to vehicle-treated mice (Figure 5E).
Together these results show that the chemokine CXCL12 is required for the early recruitment of
PCs during the structural changes in blood lung vessels occurring with chronic hypoxia.

Up-regulation of CXCR7 underlies the excessive PC proliferation and migration in PAH

To determine whether we could attribute the excessive proliferation/ migration capacities of PAH
PCs to abnormality in the CXCL12 signaling, we exposed cultured PCs derived from healthy
subjects and PAH patients to increasing doses of recombinant CXCL12. Quantification of their
proliferative and migratory potentials showed that PAH PCs respond excessively to CXCL12
compared to control PCs (Figure 6A-B). Quantification of CXCR4 and CXCRY?7 protein levels, the
two receptors for the chemokine CXCL12, showed that pulmonary PAH PCs exhibit up-regulation of
the CXCR7 compared to control PCs (Figure 6C). Consistent with this observation, confocal
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microscopic analyses and double labeling with CXCR?7 (red) and the PC marker 3G5 (white) in lung
specimens from patients with iPAH and control subjects (see Table S1) showed strong staining for
CXCRY? in paraffin-embedded lungs of patients with iPAH when compared with control subjects
(Figure 6D). Remarkably, CXCL12 neutralization with chalcone 4 attenuated the excessive
proliferation/ migration capacities of PAH PCs (Figure 6E-F). In contrast, the conventional CXCR4
blockade with AMD3100 attenuated only the excessive PC migration, suggesting a role for CXCR7
in both PC proliferation and migration (Figure 6E-F). Consistent with this notion, the potent CXCR7
receptor agonist VUF 11207 (5 nM) increased the number of PAH PCs migrated through a
polycarbonate membrane during six hours in response to 1% FCS (Figure 6G). Consistently, an
increase in the rate of cell proliferation of control PCs exposed to 5 nM of VUF 11207 was also
observed (Figure 6H). The overall results demonstrate that up-regulation of CXCR?7 is required for
the observed excessive PC proliferation and migration in PAH PCs. In addition, no effect of CXCL12
on the differentiation of PCs was noted (Figure S6).

Up-regulation of TGFBRIIl increased the PC ability to respond to TGFB in PAH

Previous studies highlighted the importance of TGF-f signaling in PC differentiation , which
prompted us to examine whether the ability of pulmonary PCs to respond to TGF- is altered or not
in PAH cells. Exposure of control and PAH PCs to 10 ng/mL of recombinant TGF-f3 for 48h resulted
in a 2-fold increase in protein levels of a-SMA and SM22 in PAH PCs compared to control PCs
(Figure 7A). Phosphorylation of Smad2/3 was then analyzed by immunoblotting. Our results
indicated that PAH PCs had approximately 2-fold to 3-fold higher induction of Smad2/3
phosphorylation in response to 10 ng/mL of recombinant TGF-$ when compared to control PCs
(Figure 7B). To determine whether this exaggerated response to TGF-f3 observed in PAH PCs was
dependent on the receptor expressed, we next determined and compared the protein levels of
TGFBRI and TGFBRII in control and PAH PCs. Quantification of the ratio of TGFBRII:GAPDH
revealed a 2-fold-increase in the TGFBRII protein levels in PAH PCs compared to control PCs
(Figure 7C). Consistently, confocal microscopic analyses and double labeling with TGFBRII (red)
and the PC marker 3G5 (green) in lung specimens from patients with iPAH and control subjects
showed strong staining for TGFBRII in pulmonary PCs in PAH when compared with control subjects
(Figure 7D). No changes in TGFBRI protein levels were noted between control and PAH PCs.
These observations obtained in human lung specimens were replicated in tamoxifen-injected
NG2CreER™:mT/mG mice, with an significant increase in the expression of TGFBRII in lungs of
mice chronically exposed to hypoxia or in lungs of mice subjected to SU5416 and hypoxia (Figure
S7). These results indicate that pulmonary PCs are more prone to respond to TGF-$ in PAH and
therefore have greater myogenic potentials compared to healthy subjects.

3,7, 21

DISCUSSION

Pulmonary blood vessel remodeling is a dynamic process that occurs in response to alveolar
hypoxia due to chronic lung diseases, prolonged exposure to high altitude or long-standing changes
in hemodynamic conditions; however, it is also a well recognized complication of several pulmonary
and cardiovascular diseases '. Thus, understanding the contribution of the different cell types
involved in this process is central for the development of new therapeutic strategies to cure these
cardiopulmonary vascular diseases and regenerate pulmonary blood vessels. In this context, PCs
have recently gained new attention as central components of the pulmonary vessel wall, with
important metabolic, signaling, and mechanical roles for blood vessel homeostasis and remodeling,
but also because of their close interactions with the other resident pulmonary vascular cells and in
particular with the endothelium. We have already reported that PCs accumulate either in the media
or adventitia layers of remodeled pulmonary vessels in patients with idiopathic PAH, a phenomenon
that is uniform and independent of vessel diameter, the presence of BMPR2 mutations and of the
degree and form of blood vessel remodeling ’. Moreover, chronic exposure to hypoxia induces
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blood vessel remodeling, a process that can be even more pronounced with a prior SU5416
administration " %2223 |t is also known that CXCL12 and TGF- signaling are central pathways in
pericyte-endothelial cell crosstalk and regulation * 771821 |n the current study, our objectives were
to precise whether or not pulmonary PCs present intrinsic abnormalities in PAH and delineate
mechanisms underlying their expansion and contribution in the onset and progression of the
pulmonary blood vessel remodeling.

PCs differ in origin, morphology, and function, depending on the organ and vascular bed studied. In
lungs of tamoxifen injected NG2CreER™:mT/mG mice, they are irregularly distributed through the
lung parenchyma and exhibit long cytoplasmic processes, a characteristic supporting their strong
capacity to establish contact with numerous cells and thus integrate signals along the length of the
blood vessel. However, PCs located on the precapillary vessels (> 70um) lose these extensions and
tend to wrap around the vessel. On precapillary vessels, PCs are more frequently a-SMA-positive
relative to PCs located in the parenchymal lung tissue (Figure 2B and S4). Even if their expressions
are not exclusive to this cell-type, pulmonary PCs are known to express the cell surface 3G5
ganglioside antigen, the chondroitin sulfate proteoglycan NG2, and PDGF receptor-B " 2+%°, To test
if pulmonary PCs are phenotypically and functionally altered in PAH, control and PAH PCs were
isolated using an anti-3G5 antibody and anti-IgM magnetic beads and studied at very early
passages (< 4). These primary human cultures were > 95% pure and expressed typical PC markers
such as CD73, CD90, CD105, c-kit, nestin, RGS5, S100 calcium-binding A4 (S100A4), and
vimentin. We also find that cultured PAH PCs have greater migration and proliferation potentials
than control PCs. Our results are consistent with the fact that a small proportion of PCs (~5 to 10%)
are positive for proliferating cell nuclear antigen (PCNA) in lungs of PAH patients ’. In addition, PCs
purified from lungs of patients with idiopathic PAH display greater myogenic potentials than control
PCs when they are serum deprivated. Together, these results argue the existence of intrinsic
abnormalities in PAH PCs that influence their cell behavior even when they are extracted from their
pathological environment. Consistent with this notion, a recent transcriptome analysis of lung PCs
revealed up-regulation in Fzd7 and cdc42, two members involved in the Wnt/ planar cell polarity
pathway that is responsible for coordinating complex cell movements during tissue morphogenesis
24 This notion is also supported by the fact that Wnt5a and endothelium-PC interactions are
progressively lost in distal vessels in PAH %°.

We have provided multiple lines of evidence showing a dynamic role of PCs in the pulmonary blood
vessel remodeling in vivo. In the present fate-mapping study performed with tamoxifen injected
NG2CreER™:mT/mG mice chronically exposed to hypoxia, we find an early expansion of NG2*
cells in mouse lungs that can serve locally as a potential source of aSMA™ cells to muscularize distal
pulmonary arterioles. Even if the resident PA-SMCs represent the main cellular sources during the
pulmonary vascular remodeling associated to PAH?2, pulmonary PCs orchestrate multiple critical
functions that can also indirectly contribute to this process, especially through their connections with
the endothelium. As suggested by previous works 222330 we cannot also exclude the contribution
of other perivascular progenitors and the presence of several subpopulations of pulmonary PCs.
This notion may explain some inconsistencies or contradictory findings in the literature 22527,
Herein we identified a central role of CXCL12 in PC accumulation within the pulmonary vascular
wall. We demonstrate that daily treatments of tamoxifen injected NG2CreER™;mT/mG mice with
CXCL12 neutraligand chalcone 4 started 2 days before exposure to hypoxia can partially prevent
the early increase in pulmonary NG2* cells when compared with vehicle treated mice. Our results
are consistent with the fact that CXCL12 neutralization or inhibition with the conventional CXCR4
blockade with AMD3100 is beneficial against the pulmonary blood vessel remodeling in preclinical
model of pulmonary hypertension, including the SU5416 combined with hypoxia (SuHx) rat model '®
¥ In lungs of patients with idiopathic PAH a stronger immunoreactivity for CXCL12, CXCR4 and
CXCR?7 has been reported '®32%_ |n the present study, we find that PCs overexpress CXCR7 in
lungs from patients with iPAH, a phenomenon that contribute to their pro-proliferative and pro-
migratory phenotype. This altered phenotype can facilitate their accumulation around pulmonary
blood vessels in PAH through the recruitment of PCs from lost pulmonary blood vessels. Further
experiments using transgenic animals are needed to delineate mechanisms underlying these
CXCRY up-regulation observed in PAH and to precise the role of CXC12/CXCR4/CXCR?7



Pericytes in the Pulmonary Blood Vessel Remodeling

chemotactic axis in the homing and retention of different bone marrow—derived or tissue-resident
progenitor cells that could potentially give rise to PCs.

The PDGF and TGF-f signaling systems are two additional central molecular regulators in PC
biology. Genetic ablations of PDGF-B or PDGF-Rf in mice is also known to cause severe reduction
or even total loss of PCs, and subsequently results in excessive dilation of blood vessels, which
causes edema formation and embryonic lethality ***'. We have previously demonstrated that TGF-
B, that is over-activated in lungs of PAH patients, is a strong inducer of PC differentiation into
smooth muscle-like cells in vitro ’. Consistent with these findings, we analyzed the ability of PAH
PCs to respond to TGF and they elicited a greater induction of Smad2/3 phosphorylation, a-SMA
and SM22 than control PCs. Analysis of relative protein levels of TGF receptors revealed that this
greater myogenic potential was partly explained by the TGFBRII up-regulation. Interestingly, mice
knockout (KO) for TGFBRII die during early embryogenesis with profound defects in vasculature
and PC/smooth muscle cell induction and differentiation 2. Consistent with this notion, inhibition of
TGF-B signaling **** or disruption of its signaling by expression of an inducible dominant negative
mutation of the TGFBRII *° attenuate the pulmonary blood vessel remodeling and pulmonary
hypertension in rodents. These observations suggest that the beneficial effect of TGF- inhibition on
pulmonary vascular remodeling in experimental PH models could be partly explained by a reduction in
pericyte accumulation around pulmonary vessels. Since conditional deletion of Tgfbr2 in
hematopoietic cells interferes with the differentiation of myeloid progenitors into PCs in the
embryonic skin *, it would be interesting to know whether myeloid progenitors overexpress or not
TGFBRII in PAH. Finally, it is known that other pathways including the signaling through the Rho
GTPase pathway or Notch3 are central for PC behaviors and thus may also contribute to the
processes of microvascular stabilization, maturation, and contractility during PAH development #7 4%,

Based on our lineage tracing and functional studies, we have provided definitive evidence that
pulmonary PCs are mobilized under certain conditions to muscularize distal pulmonary blood
vessels (Figure 7). The demonstration that pulmonary PCs are altered in patients with idiopathic
PAH and overexpress CXCR7 and TGFBRII has relevance to our understanding of the
pathophysiological blood vessel remodeling occurring in lungs of patients with PAH. This knowledge
may have major ramifications for the research and development of innovative therapeutic strategies.
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FIGURE LEGENDS

Figure 1. Characterization of pulmonary pericytes

(A) Experimental procedure to isolate pulmonary pericytes (PCs) and their characterization by multi-
color flow cytometry. Blues curves are obtained with specific antibodies against the antigen and red
curves are results obtained with non-relevant antibodies. We labeled samples in duplicate, using
non-immune isotype-specific antibodies for one aliquot (red curve) and specific antibodies for the
other (blue curve). The non-immune fluorescence gave the background for the sample.

(B) Immunofluorescence staining of NG2 (green), PDGFR-f (green), a-SMA (green), calponin (red),
SMMHC (red) and DAPI (blue) in cultured pulmonary pericytes

(C-D) Comparison of surface markers between human pulmonary PCs and human pulmonary artery
smooth muscle cells (PA-SMCs) and human pulmonary artery adventitial fibroblasts (PAAFs) in
primary cultures using RT-qgPCR: The isolated PCs did not express characteristic smooth muscle or
fibroblast markers.

(E) Expression of gene characteristics of human pulmonary mesenchymal stem cells (HPMSCs)
using RT-qPCR.

Data are presented as mean = SEM; * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; **** p-
value < 0.0001 versus PA-SMCs, PAAFs or HMSCs. Scale bar = 50 ym in all sections

Figure 2. Pulmonary pericytes are altered in Human PAH

(A) Scratch-wound closure monitored over time in primary cultures of pulmonary pericytes from
control (n = 6) and idiopathic PAH patients (n = 5). Representative bright-field images and
quantification of the wound closure expressed as the remaining area uncovered by the cells.

(B) Representative images of stained cells attached to the lower surface of polycarbonate
membranes. Quantitative analysis of the number of cells migrated through a polycarbonate
membrane during six hours (n = 6-7).

(C) Basal proliferative potential of pulmonary pericytes from control (n = 7) and idiopathic PAH
patients (n = 7) was assessed by BrdU incorporation.

(D) Representative Western blot and quantification of the SM22:GAPDH, calponin:B-actin, a-
SMA:GAPDH and Col1A:GAPDH ratios in pulmonary pericytes from control (n = 7) and iPAH
patients (n = 8) in the complete medium or after serum deprivation (48 h).

Data are presented as mean = SEM; * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001 versus
control cells ## p-value < 0.01 versus control cells under serum deprivation. Scale bar = 50 ym in all
sections. AU = arbitrary unit.

Figure 3. Pericytes dynamically contribute to the blood vessel remodeling in hypoxia-
induced distal pulmonary arteriole muscularization

(A) Experimental scheme to lineage trace NG2-expressing cells in vivo under hypoxia for 2, 4, 7,
14, or 21 days or kept in room air.

(B) Lung vibratome sections from a tamoxifen injected NG2CreER™;mT/mG stained maintained in
room air for GFP (green), a-SMA (red) and MECA (grey) (n = 5).

(C) Lung vibratome sections of normoxic or hypoxic NG2CreER™:mT/mG mice injected with
tamoxifen and stained for GFP (green), a-SMA (red) and MECA (grey). Quantification of GFP
positive cells and of a-SMA positive cells expressing GFP (10 vessels per mouse; n=3 animals per
condition).

(D) FACS plot and percentage of cells double positive for GFP and a-SMA in lungs from tamoxifen
injected NG2CreER™:mT/mG mice maintained in room air (n= 14) or chronically exposed to
hypoxia for 7 (n = 8), 14 (n = 8), or 21 days (n=12). Flow cytometry gating conditions were set
against isotype- and fluorophore-matched non-immune 1gGs.

Data are presented as mean = SEM; * p-value < 0.05; ** p-value < 0.01; **** p-value < 0.0001
versus normoxia # p-value < 0.05 versus D2; $$ p-value < 0.01; $$$ p-value < 0.001 versus DA4.
Scale bar = 50 ym in all sections. AU = arbitrary unit.
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Figure 4. Pericytes differentiate into contractile cells to muscularize distal arterioles in mice
subjected to SU5416 followed by 3-week hypoxia to induce severe PH

(A) Experimental scheme to lineage trace NG2-expressing cells in vivo in tamoxifen injected
NG2CreER™:mT/mG mice treated or not with SU5416 and chronically exposed to hypoxia for 3
weeks

(B) Lung vibratome sections of tamoxifen injected NG2CreER™;mT/mG mice maintained in room
air (n = 3) or treated with SU5416 and chronically exposed to hypoxia (n = 3) stained for GFP
(green), a-SMA (red) and MECA (grey). Quantification of GFP positive cells and of a-SMA positive
cells expressing GFP.

(C) FACS plot and percentage of cells double positive for GFP and a-SMA in lungs from tamoxifen
injected NG2CreER™:mT/mG mice maintained in room air (n = 5) or treated with SU5416 and
chronically exposed to hypoxia (n = 8). Flow cytometry gating conditions were set against isotype-
and fluorophore-matched non-immune IgGs.

Data are presented as mean = SEM; * p-value < 0.05; **** p-value < 0.0001 versus normoxic mice.
Scale bar = 50 ym in all sections. AU = arbitrary unit.

Figure 5. CXCL12 is required for the early pericyte accumulation in lungs of mice chronically
exposed to hypoxia

(A) Gene expression analysis of CXCL12 mRNA levels in mouse lungs under hypoxia for 2, 4, 7,
14, or 21 days or kept in room air.

(B) Scheme of Chalcone 4 administration of NG2CreER™;mT/mG mice, prior to exposure to
hypoxia for 2 or 4 days.

(C) Lung vibratome sections of tamoxifen injected NG2CreER™;mT/mG mice maintained in
hypoxia and treated with either vehicle (n = 3) or chalcone 4 (n = 3) stained for GFP (green), a-SMA
(red) and MECA (grey).

(D) FACS plot and percentage of GFP positive cells from tamoxifen injected NG2CreER™;mT/mG
mice maintained in room air (n=9) or chronically exposed to hypoxia in presence of vehicle (n = 8-
10) or Chalcone 4 (n = 6-7). Flow cytometry gating conditions were set against isotype- and
fluorophore-matched non-immune IgGs. Percentage of GFP positive cells is shown.

(E) Representative Western blot and quantification of the GFP:B-actin and NG2:3-actin ratios in
lungs of tamoxifen injected NG2CreER™;mT/mG mice maintained in room air (n= 12-13) or
chronically exposed to hypoxia in presence of vehicle (n = 11-14) or Chalcone 4 (n = 7-14).

Data are presented as mean = SEM; * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; **** p-
value < 0.0001 versus normoxic mice. # p-value < 0.05; ## p-value < 0.01; #### p-value < 0.0001
versus hypoxic mice treated with vehicle. Scale bar = 50 um in all sections. AU = arbitrary unit.

Figure 6. CXCRY7 is up-regulated in pulmonary pericytes of patients with idiopathic PAH

(A) Proliferation of pulmonary pericytes from control (n = 8) and idiopathic PAH patients (n = 8)
induced by CXCL12 at the indicated doses was assessed by BrdU incorporation.

(B) Representative images of stained cells attached to the lower surface of polycarbonate
membranes. Quantitative analysis of the number of cells migrated through a polycarbonate
membrane during six hours in response to 100ng/mL of CXCL12 (n = 7-8).

(C) Representative Western blot and quantification of the CXCR4:-actin and CXCR7:-actin ratios
in pulmonary pericytes from control (n = 7-8) and idiopathic PAH patients (n = 7-8)

(D) Confocal immunofluorescence analyses of CXCR7, 3G5 and DAPI in paraffin sections of
pulmonary arterioles from human controls (n = 4) and idiopathic PAH patients (n = 4). Bottom
panels show a higher magnification of 3G5 positive cells.

(E) Representative images of pulmonary pericytes derived from patients with idiopathic PAH
attached to the lower surface of polycarbonate membranes. Quantitative analysis of the number of
cells migrated through a polycarbonate membrane during six hours in response to 1% FCS in
presence of AMD3100, Chalcone 4, or vehicle at the indicated doses (n = 4-5).

(F) Proliferation of pulmonary pericytes derived from patients with idiopathic PAH (n = 5) in
response to 1% FCS in presence of AMD3100, Chalcone 4, or vehicle at the indicated doses.
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(G) Representative images of idiopathic pulmonary pericytes attached to the lower surface of
polycarbonate membranes. Quantitative analysis of the number of cells migrated through a
polycarbonate membrane during six hours in presence of 5 nM of VUF 11207 (n = 5).

(H) Proliferation of pulmonary pericytes derived from patients with idiopathic PAH (n = 5) in
presence of 5 nM of VUF 11207 (n = 5).

Data are presented as mean = SEM; * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; **** p-
value < 0.0001 versus the appropriate control condition. ## p-value < 0.01; ### p-value < 0.001;
### p-value < 0.0001 versus vehicle. Scale bar = 50 ym in all sections. AU = arbitrary unit.

Figure 7. TGFBRII overexpression in Human PAH pericytes increased their susceptibility to
respond to TGFp -induced differentiation

(A) Representative Western blot and quantification of the a-SMA:-actin, SM22:3-actin ratios in
pulmonary pericytes from control (n = 5) and patients with idiopathic PAH (n = 8) exposed to
10ng/mL of TGF-£.

(B) Representative Western blot and quantification of the p-smad2/3:-actin ratio in pulmonary
pericytes from control (n = 5-7) and patients with idiopathic PAH (n = 5) exposed to 10ng/mL of
TGF-p at different times.

(C) Representative Western blot and quantification of the TGFBRII:GAPDH, and TGFBRI:GAPDH
ratios in pulmonary pericytes from control (n = 8-10) and patients with idiopathic PAH (n = 9).

(D) Confocal immunofluorescence analyses of TGFBRII, 3G5, a-SMA, and DAPI in paraffin
sections of pulmonary arterioles from human controls (n = 3) and idiopathic PAH patients (n = 3).
Right panels show a higher magnification of 3G5 positive cells.

Data are presented as mean = SEM; * p-value < 0.05; ** p-value < 0.01; **** p-value < 0.0001
versus control pericytes or t0. # p-value < 0.05; ## p-value < 0.01 versus control pericytes. Scale
bar = 50 ym in all sections. AU = arbitrary unit.

Figure 8. Dynamic role of pericytes in the pulmonary blood vessel remodeling in PAH
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