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Objective. Pulmonary arterial hypertension (PAH), one of the major complications of systemic sclerosis (SSc), is
a rare disease with unknown etiopathogenesis and noncurative treatments. As mice deficient in P-selectin glycopro-
tein ligand 1 (PSGL-1) develop a spontaneous SSc-like syndrome, we undertook this study to analyze whether they
develop PAH and to examine the molecular mechanisms involved.

Methods. Doppler echocardiography was used to estimate pulmonary pressure, immunohistochemistry was
used to assess vascular remodeling, and myography of dissected pulmonary artery rings was used to analyze
vascular reactivity. Angiotensin Il (Ang 1l) levels were quantified by enzyme-linked immunosorbent assay, and
Western blotting was used to measure Ang Il type 1 receptor (AT,R), AT,R, endothelial cell nitric oxide synthase
(eNOS), and phosphorylated eNOS expression in lung lysates. Flow cytometry allowed us to determine cytokine
production by immune cells and NO production by endothelial cells. In all cases, there were 4-8 mice per exper-
imental group.

Results. PSGL-17" mice showed lung vessel wall remodeling and a reduced mean + SD expression of pulmonary
AT,R (expression ratio [relative to B-actin] in female mice age >18 months: wild-type mice 0.799 + 0.508 versus
knockout mice 0.346 + 0.229). With aging, female PSGL-17" mice had impaired up-regulation of estrogen re-
ceptor a (ERa) and developed lung vascular endothelial dysfunction coinciding with an increase in mean + SEM
pulmonary Ang Il levels (wild-type 48.70 + 5.13 pg/gm lung tissue versus knockout 78.02 + 28.09 pg/gm lung
tissue) and a decrease in eNOS phosphorylation, leading to reduced endothelial NO production. These events
led to a reduction in the pulmonary artery acceleration time:ejection time ratio in 33% of aged female PSGL-17""
mice, indicating pulmonary hypertension. Importantly, we found expanded populations of interferon-y—-producing
PSGL-17" T cells and B cells and a reduced presence of regulatory T cells.

Conclusion. The absence of PSGL-1 induces a reduction in Treg cells, NO production, and ERa expression and

causes an increase in Ang Il in the lungs of female mice, favoring the development of PAH.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a rare and progres-
sive disease that mainly affects women. PAH is characterized by
hypertrophic distal pulmonary vascular remodeling resulting from
endothelial dysfunction, dysregulated vascular smooth muscle
cellproliferation, andinflammation, which together promote medial
thickening of puimonary arteries and luminal obliteration (1). These
pathologic events increase pulmonary vascular resistance and
pulmonary artery pressure (PAP), leading to an increased hemo-
dynamic load on the right ventricle (RV). The RV adapts with a
compensatory increase in wall thickness and contractility (2,3).
PAH develops in 7-12% of patients with systemic sclerosis (SSc),
constituting a leading cause of death (4-6). Indeed, SSc is a major
cause of connective tissue disease (CTD)-associated PAH (4).

Several molecular mechanisms have been implicated in the
control of pulmonary pressure and are dysregulated in PAH. Pul-
monary artery endothelial cells (ECs) from patients with idiopathic
PAH produce reduced amounts of nitric oxide (NO) (4). Angioten-
sin Il (Ang Il) plays a major role in the control of blood pressure and
vascular tone in peripheral blood vessels (7-9). In this context, the
binding of Ang Il to Ang Il receptor 1 (AT,R) induces vasoconstric-
tion, while binding to AT,R triggers vasodilation (7). Thus, elevated
levels of renin, angiotensin-converting enzyme (ACE), Ang II, and
AT,R have been observed in experimental models as well as in
patients with pulmonary hypertension (PH) (10-12).

P-selectin glycoprotein ligand 1 is a leukocyte receptor res-
ponsible for the initial contacts between white blood cells and
endothelium. PSGL-1 interacts with P-, E-, and L-selectin,
allowing leukocyte tethering and rolling before extravasation to the
inflammatory foci (13). The PSGL-1-P-selectin interaction triggers
atolerogenic program in human monocyte-derived dendritic cells,
which drive Treg cell generation (14). Accordingly, disease exac-
erbation has been described in PSGL-1-deficient (PSGL-17")
mice in different experimental inflammatory models (15-19).
More importantly, PSGL-1~~ mice progressively develop an auto-
immune syndrome which shares multiple features with human
SSc, such as autoantibody production, dermal fibrosis, and vas-
cular damage (15).

Given that PSGL-17" mice develop an autoimmune syn-
drome similar to SSc, and that there are not good mouse models
for SSc associated with PAH (SSc-PAH), we questioned whether,
as a part of the scleroderma-like syndrome, these mice develop
PH. Interestingly, Doppler echocardiography is now considered
a validated noninvasive method to assess the systolic pressure
in the pulmonary artery and right ventricle (20,21). The reduction
in the ratio of pulmonary artery acceleration time (PAAT) to ejec-
tion time (ET) is associated with high PAP in humans and in mice
(20-23). In the present study, we analyzed the lungs and heart of
PSGL-17" mice, finding pulmonary small vessel remodeling and
increased PAP in female mice, and we examined the possible
molecular events implicated in this phenotype.

MATERIALS AND METHODS

Animals. C57BL/6 PSGL-1"" mice were kindly provided by
Dr. M. K. Wild and Dr. D. Vestweber (Max Planck Institute for Molec-
ular Biomedicine, Minster, Germany). Wild-type (WT) C57BL/6
mice were obtained from The Jackson Laboratory and were back-
crossed with PSGL-17" mice. Mice were kept in pathogen-free
conditions at the Animal Facility of the School of Medicine, Univer-
sidad Auténoma de Madrid and the Animal Facility of the Centro
Nacional de Investigaciones Cardiovasculares. Mice were killed by
cervical dislocation, and internal organs were extracted for analy-
sis. All experiments and breeding were performed in accordance
with national and institutional guidelines for animal care (EU Direc-
tive 2010/63/EU for animal experiments). The experimental proce-
dures were approved by the Director General de Medio Ambiente
of Madrid (ref. PROEX 69/14 and PROEX 162/15).

Immunohistochemistry and vessel wall thickness cal-
culation. Immunohistochemistry analysis using antibody against
murine a-smooth muscle actin (a-SMA) was performed in paraffin-
embedded lung sections. Small blood vessel (diameter <50 pm)
wall thickness was calculated by measuring the internal and total
vessel diameter of anti-a-SMA-stained lungs and calculating
the vessel wall area occupied by the vessel wall using Imaged
(National Institutes of Health). Vessels were clustered according to
their diameter, and the mean wall thickness area was calculated.

Transthoracic Doppler echocardiography and Fulton
index calculation. All transthoracic echocardiography mea-
surements were obtained with an echocardiography system (VEVO
2100; Visualsonics) and an 18-38 -Hz ultrasound probe. Chest hair
was removed with hypoallergenic depilatory cream, and animals
were anesthetized with a continuous influx of 2% isoflurane with an
oxygen flow rate of 1.5 liter/minute. Pulsed wave Doppler mode was
used to measure the PAAT and ET of blood flow in the pulmonary
artery at the level of the puimonary valve. The PAATET ratio was
then calculated and used as an indirect measure of systolic pulmo-
nary artery blood pressure. M-mode in transversal and longitudinal
axis was used to measure the systolic and diastolic left ventricular
internal diameters (LVIDs) and the longitudinal length of the LV. LV
end systolic volume (LVESV) and LV end diastolic volume (LVEDV)
were estimated as follows: LVESV = (7/[2.4 + systolic LVID]) x
systolic LVID®; LVEDV = (7/[2.4 + diastolic LVID]) x diastolic LVID®.
The ejection fraction was then calculated as the ratio (LVEDV -
LVESV):LVEDV. Diastolic function was assessed using analyses of
transmitral blood flow by pulsed wave Doppler. E wave (early ven-
tricular filing) and A wave (late ventricular filling caused by atrial con-
traction) velocity were measured, and the E/A ratio was calculated.

Systemic pressure measurements. Systemic arterial
pressure was measured using a BP-2000 system (Visitech Sys-
tems), and data were analyzed with BP-2000 Analysis Software.
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Eighteen-month-old female WT and PSGL-17" mice were sub-
jected to pressure measurement for a week for protocol habit-
uation. Next, consecutive measurements were obtained over
5 days, and the mean systolic pressure value was calculated.

Vascular reactivity. Murine puimonary arteries were care-
fully dissected free of surrounding tissue and cut into rings (1.8-
2 mmin length). Vessel segments were mounted on a wire myograph
in Krebs physiologic solution. Buffer solutions were continuously
bubbled with 21% O,, 5% CO,, and 74% N, (PO,% 17-19 kPa)
(24), and stretched to a transmural pressure equivalent to 30 mm
Hg. Contractility was recorded with an isometric force transducer
and a displacement device coupled with a digitalization and data
acquisition system (Powerlab). To confirm smooth muscle viability,
arteries were first stimulated by raising the K" concentration of the
buffer to 80 mmoles/liter. Thereafter, concentration-response curves
to acetylcholine (10°-10° moles/liter) and sodium nitroprusside
(107""-107° moles/liter) were performed using cumulative addition to
analyze the endothelium-dependent and endothelium-independent
vasodilatation, respectively. For the reactive oxygen species (ROS)
scavenging experiments, the concentration of superoxide dismu-
tase (SOD)—polyethylene glycal (Sigma) used was 50 units/ml.

Enzyme-linked immunosorbent assay (ELISA). The left
lung was mechanically disrupted in 1x phosphate buffered saline
(PBS). After 4 freeze/defreeze cycles to break cell membranes,
samples were centrifuged at 5,000g for 5 minutes at 4°C, and
supernatants were recovered. Ang Il concentrations were meas-
ured using an Ang Il ELISA kit (CSB-E04495 ml; Cusabio).

Western blotting. The right lung was frozen, pulverized,
and diluted in radioimmunoprecipitation assay buffer (1% Triton
X-100, 0.24M sodium deoxycholate, 0.35M sodium dodecy! sul-
fate in 1x Tris buffered saline) with protease and phosphatase
inhibitors. Lung lysates were used for Western blot assays. The
following primary antibodies were used: rabbit anti-AT,R and anti-
AT,R (1:1,000; Novus Biologicals), rabbit anti—3-actin (1:5,000;
Sigma), rabbit antivinculin (1:2,000; Sigma), mouse anti-eNOS
(1:1,000; BD Pharmingen), mouse anti—phosphorylated eNOS
Ser''”® (1:1,000; BD Pharmingen), mouse anti-estrogen receptor
a (ERa) (1:1,000; R&D), rabbit anti-ERB (1:1,000; ThermoFisher
Scientific), and mouse anti-GAPDH (1:1,000; Biolegend).

Bound antibodies were visualized by chemiluminescence
with a Luminata Forte Western HRP Substrate (Merck KGaA)
using either a horseradish peroxidase—conjugated goat anti-
rabbit or goat anti-mouse IgG secondary antibody. Band intensity
was analyzed using Imaged, and results were normalized to the
expression of B-actin, GAPDH, or vinculin, as loading controls.

Flow cytometry. Lungs were weighed, minced into ~1-mm?
pieces, and digested for 1 hour with 1 mg/ml collagenase A (Sigma),
2.5 mg/ml Dispase Il (Roche), and 40 ug/ml DNase (Sigma) in

RPMI 1640 medium. Cell aggregates and undigested pieces of tis-
sue were eliminated using a 70-um cell strainer (BD Falcon). Cells
were then washed with 25 ml of PBS, 0.5% bovine serum albumin,
5 mM EDTA, concentrated in 700 pl, and filtered through a 30-um
cell strainer (BD Pharmingen). After incubation with 1:200 Fc Block
(BD Pharmingen), cells were stained with the cocktail of surface
antibodies for 15 minutes at 4°C. Subsequently, cells were perme-
abilized with 2 ml of fluorescence-activated cell sorting (FACS) Lys-
ing Solution (BD Pharmingen) for 15 minutes, washed, and stained
for 30 minutes at 4°C with a cocktail of antibodies directed against
intracellular cytokines. For intranuclear FoxP3 staining, a fluores-
cein isothiocyanate (FITC)-conjugated anti-mouse/rat FoxP3 stain-
ing set was used according to the instructions of the manufacturer
(eBioscience). Flow cytometry was performed using a FACSCanto
Il and FACS Diva Software (BD Pharmingen).

Cell gating strategy and flow cytometry reagents. T cells
and B cells were gated as CD45.2+CD3+CD19-/B220- and
CD45.2+CD19+CD3- or CD45.2+B220+CD3-, respectively. Neu-
trophils were gated as CD45+Ly—-6G+ and Ly—6C+ (see Supple-
mentary Figure 1, on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.41100/abstract).
Alveolar macrophages were gated as CD45.2+CD11c+Siglec F+,
interstitial macrophages were gated as CD45.2+MHC-II+Siglec F—
CD11c-CD11b+, and dendritic cells were gated as CD45.2+Siglec
F-MHC-II+CD11c+ (Supplementary Figure 1). The expression of
interleukin-10 (IL-10), IL-17, and interferon-y (IFNy) was analyzed in
these subsets. Lung ECs were identified as CD45.2-CD31+. Anti-
bodies used for the identification of the aforementioned cell popu-
lations were as follows: phycoerythrin (PE)}-Cy7—conjugated CD11c
(1:50; eBioscience), PE-Cy7—conjugated CD3e (1:200; eBioscience),
allophycocyanin (APC)}-conjugated CD31 (1:200; BD Pharmingen),
FITC- and BV421-conjugated CD45.2 (1:200; BD Pharmingen),
APC-Cy7—conjugated IL-17A (1:200; BD Pharmingen), APC-
conjugated IFNy (1:50; Miltenyi Biotec), VioBlue-conjugated CD19
(1:50; Miltenyi Biotec), APC-Vio770-conjugated B220 (1:50; Miltenyi
Biotec), PerCP-Cy5.5-conjugated IL-10 (1:100; BioLegend), Gr-
1- and APC-conjugated Ly-6G/Ly-6C (1:100; BD Pharmingen),
APC-conjugated CD11b (1:50; Miltenyi Biotec), PerCP-Vio 700
conjugated major histocompatibility complex class Il (MHC-II) (1:100;
Milttenyi Biotec), and PE-conjugated Siglec F (1:100; BD Pharmin-
gen). CountBright absolute counting beads (Invitrogen) were used for
the quantification of absolute cell numbers.

Intracellular NO evaluation. After blocking and surface
molecule staining (CD45 and CD31), cells were washed and incu-
bated with the NO-sensing fluorescent probe diaminorhodamine-
4M acetoxymethyl ester (DAR-4M AM) (5 um; Sigma) in PBS
for 30 minutes at 37°C. Finally, cells were fixed and analyzed
with a FACSCanto Il cytometer. Cells that were not incubated
with the probe were used as negative controls for fluorescence.
Two groups of cells could be distinguished according to the
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fluorescence levels at Em 580 nm. The fold change in the DAR-4M
AM mean fluorescence intensity (MFI) for ECs from WT mice and
PSGL-1"" mice was calculated as the ratio of the MFI obtained in
each mouse in relation to the average MFI for all WT mice analyzed.

Statistical analysis. Statistical significance between 2 groups
was calculated using Student’s 2-tailed t-test for parametric var-
iables and the Mann-Whitney U test for nonparametric variables.
Statistical significance between 3 groups was calculated using one-
way analysis of variance (ANOVA) with the Bonferroni post hoc test.
For dose-dependent relaxation studies, statistical significance was
calculated using two-way ANOVA. P values less than 0.05 were
considered significant. All statistical analyses were performed using
SPSS, version 15.0 (BM).

RESULTS

Altered echocardiographic parameters consistent with
PH in PSGL-1"" mice. Given the elevated rate of death in PSGL-17""
mice after reaching 1 year of age (15), echocardiography was used
to measure the PAAT.ET ratio (Figure 1A), an indirect evaluation of
pulmonary pressure. Since preliminary data suggested differences
in the PAAT:ET ratio between WT and PSGL-1"" mice, follow-up
transthoracic Doppler echocardiography was performed on WT

A FEMALE WT

and PSGL-17" litermates between 1.5 and 18 months of age. A
recurrent tendency toward a reduced PAAT:ET ratio was observed
in female PSGL-17~ mice from 3 months of age (Figure 1B). Con-
sidering that a group of 3 female PSGL-1~" mice (33% of all female
PSGL-1"" mice) died between 15 and 18 months of age, we dif-
ferentiated between the dead and survivor groups. The group of
PSGL-1"" mice that died prematurely showed increased PAP,
detected by a reduced PAAT.ET ratio, compared to WT mice and to
the surviving group of PSGL-17" mice (Figure 1B). PSGL-17" mice
that survived maintained a PAATET ratio below that observed in WT
mice. In contrast, both male WT and male PSGL-17~ mice exhibited
similar PAAT:ET ratios throughout the experiment (Figure 1C).

No differences in the gjection fraction and the E/A ratio were
found between the 3 groups (Supplementary Figures 2A and B,
http://onlinelibrary.wiley.com/doi/10.1002/art.41100/abstract).
In addition, systolic arterial pressure and the PAAT.ET ratio were
measured in another cohort of aged female WT and PSGL-17""
mice, and WT and KO mice showed similar systolic arterial pres-
sure (Supplementary Figure 2C).

Remodeling of pulmonary small vessels in PSGL-1""
mice. The presence of puimonary vascular remodeling that could
explain the increase in pulmonary pressure was analyzed. Immuno-
histochemical staining, using an antibody against a-SMA, of lung
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Figure 1. Development of pulmonary hypertension with aging in female PSGL-17~ mice. A, B-mode showing the echocardiographic plane

used for Doppler pulmonary flow acquisition (left), and representative Doppler pulmonary artery flow of female wild-type (WT) mice (middle) and
PSGL-1-knockout (KO) mice (right). B, Longitudinal study of the pulmonary artery acceleration time:ejection time (PAAT:ET) ratio between 1.5 and
18 months of age in female WT mice (n = 4), surviving female PSGL-1"" mice (n = 6), and female PSGL-1"" mice that died prematurely (n = 3).
C, Longitudinal study of the PAAT:ET ratio between 1.5 and 18 months of age in male WT mice (n = 6) and male PSGL-1"" mice (n = 6). Results
are representative of 3 replicate experiments. Values are the mean + SD. * = P < 0.05, WT versus surviving PSGL-17" mice; ### = P < 0.005, WT
versus dead PSGL-17" mice; $ = P < 0.05, surviving PSGL-17" versus dead PSGL-1"" mice, all by one-way analysis of variance with Bonferroni
post hoc test. AA = ascending aorta; PV = pulmonary valve; PA = pulmonary artery.
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Figure 2. Vascular remodeling in pulmonary small vessels from female PSGL-17" mice. A, Representative photomicrographs of anti-
a-smooth muscle actin-immunostained lung sections from mice ages 1.5-3 months and >18 months. B, Percentage of vessel wall area in
<50-pm-—diameter pulmonary blood vessels in mice ages 1.5-3 months (top) and >18 months (bottom). Fewer than 150 vessels were analyzed
for each age group (n = 5-7 per group). Data are presented as box plots, where the boxes represent the 25th to 75th percentiles, the lines
within the boxes represent the median, and the lines outside the boxes represent the 10th and 90th percentiles. * = P < 0.05; *** = P < 0.005,
by Student’s 2-tailed t-test. See Figure 1 for definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.41100/abstract.

sections from female WT and PSGL-1"" mice revealed a thicker fully relax both WT and PSGL-1"" mouse arterial rings (Figure 3C).
medial wall of small vessels in PSGL-1"~ mouse lungs (Figure 2A). Conversely, vascular reactivity did not differ between mesen-
Quantification demonstrated a significant increase of the relative teric arterial rings of PSGL-17" and WT littermates (Supplemen-
wall area in almost all groups of PSGL-1"" mouse vessels, inde- tary Figures 3A and B, http://onlinelibrary.wiley.com/doi/10.1002/
pendent of age (Figure 2B). art.41100/abstract), which suggests that the endothelial dysfunc-
tion is restricted to the pulmonary circulation. The inhibition of ROS
Decreased endothelial NO-dependent relaxing res- production by addition of SOD did not restore the relaxation capa-
ponse in pulmonary arteries of aged female PSGL-1"" mice. bility of PSGL-17~ mouse lung arteries, thus ruling out the notion of
Vascular reactivity in pulmonary and mesenteric arterial rings was NO scavenging by ROS (Supplementary Figure 3C).
assessed using wire myography. When compared to female WT
littermates, pulmonary arteries isolated from female PSGL-1"" mice Reduced pulmonary endothelial NO production and
showed increased vasoconstriction in response to 80 mM KCl eNOS phosphorylation in aged female PSGL-1"" mice. To
(Figure 3A). The vasodilating response to acetylcholine was impaired understand the molecular mechanisms responsible for the impaired
in PSGL-17"" mouse arterial rings (Figure 3B); however, the addition EC-dependent relaxation of pulmonary arteries, NO production by
of an external NO donor (sodium nitroprusside) was sufficient to ECs was assessed. The percentage of NO-producing lung ECs

A *

W
(@

f‘g 10 R 0

£ 75 i § K

> ® 40

> l=— ¢ = 3

o 25 [¢] ® 14 80

w . o 3 Q) -O- female WT

< 0 ° N 150 e female PSGL-1 KO
KCI 80 mM 9 -8 -7 6 -5 11109 8 -7 6 -5

Ofemale WT @ female PSGL-1 KO Log [Ach] (M) Log [SNP] (M)

Figure 3. Vascular response to vasoconstrictor and vasodilator agents. A, Contractile response to KCI in pulmonary arterial rings obtained
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acetylcholine (Ach) (B) and sodium nitroprusside (SNP) (C) in pulmonary arterial rings obtained from female mice >18 months of age. Values are
the mean + SEM. * = P < 0.05; ** = P < 0.01, by Student’s 2-tailed t-test (A) and by two-way analysis of variance (B). AEP = active effective
pressure (see Figure 1 for other definitions).


http://onlinelibrary.wiley.com/doi/10.1002/art.41100/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41100/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41100/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41100/abstract

482 GONZALEZ-TAJUELO ET AL

WT PSGL-1 KO

40.7%

28.1% 0.13%

0.27%

O female WT
@ female PSGL-1 KO

2 = D1 5
3 < It *k
o =9
= . gd ==
[m] < O et
Q —&— 9E o5
& <" 5%
q e
5 ¥ CDat+NO¥ 0 CpsteNoir = 0 cpat+
® 5 F WT PSGL-1 KO
E WT PSGL-1KO ¢ = 1.0 ° ' | 150 KD
NOS 5.8 B eNOS | .. o
e |—. — - —-l 2 © o6 % —f— p-S1176
£ S .
Vinculin [ s s o | sg 02| o
2 g o | 150 KD
[T O female WT
% @ female PSGL-1 KO eNOS -“ -
g 150; G *
'-3 : ° H Females (3 months) a ; %
= 5 00 . _I_ - wT PSGL-1 KO % 5
= 3
22 golo= H . %= T ATR EEe = =,
= 504 o °® % L4 50 = 2
2 Bactin e ae—0—g § e
< i .E 0‘ o bt
2 gl @
= 3m-o  >18 m-o >18 m-o s
Females Males - Females (>18 months) 52 *
wT PSGL-1KO £ °
Ofemale WT Elz—.__é._._;“_ $ 1
@ female PSGL-1 KO ATZR - I S of° =
omale WT B-actin e em—e—a] N 0! %
mmale PSGL-1 KO 3L <

Figure 4. Quantification of nitric oxide (NO) production and assessment of endothelial cell nitric oxide synthase (eNOS) phosphorylation.
A, Dot plots of diaminorhodamine-4M acetoxymethyl ester (DAR-4M AM) signal in female mice >18 months of age. Highly positive population
is shown to the right of the internal vertical line. B and C, Percentage of lung endothelial cells producing moderate (B) or high (C) amounts of
NO measured in WT and PSGL-1"" female mice >18 months of age. D, Fold change of mean fluorescence intensity (MFI) for the NO-sensing
probe DAR-4M AM measured in lung endothelial cells of female WT and PSGL-17~ mice >18 months of age (n = 4-6 per group). E, Western blot
showing eNOS expression in the lungs of female mice >18 months of age (left) and densitometric quantification (right). Vinculin was used as a
loading control. F, Western blot showing phosphorylated eNOS expression in the lungs of female mice >18 months of age. G, Angiotensin Il (Ang Il)
concentration in lung lysates from mice (n = 5 per group). H, Immunoblots showing Ang Il type 2 receptor (AT,R) expression in the lungs of mice (n
= 7-8 per group) and densitometric quantification. 3-actin was used as a loading control. In B-E, G, and H, symbols represent individual mice; bars
show the mean + SEM (B-E and G) or the mean + SD (H). * = P < 0.05; ** = P < 0.01, by Mann-Whitney U test. See Figure 1 for other definitions.

was reduced in aged female PSGL-1"" mice (Figures 4A-C), were not observed in 3-month-old female mice (Supplemen-
although this was significant only within the highest NO-producing tary Figures 4A-C, http://onlinelibrary.wiley.com/doi/10.1002/art.
EC subset (Figure 4C). Additionally, the MFI for the NO-sensing 41100/abstract). Remarkably, although eNOS protein expression
probe DAR-4M AM was lower in lung ECs from aged PSGL-17"~ was measured in lung lysates and no differences were found
mice than in those from aged WT mice (Figure 4D). These changes between female WT and PSGL-1"" mice (Figure 4F), reduced lev-
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1176 gctivator site were found

" mice (Figure 4F).

els of eNOS phosphorylation at the Ser
in the lung lysates of aged female PSGL-1

Increased pulmonary levels of Ang Il and reduced
expression of AT,R in aged female PSGL-1"" mice. No
differences were found in the pulmonary concentration of Ang I
between young female WT and PSGL-17~ mice; however, the
mean + SEM Ang Il concentration was significantly higher in

A

aged female PSGL-17" mice (78.02 + 28.09 pg/gm lung tissue)
than in aged female WT mice (48.70 + 5.13 pg/gm lung tissue)
(Figure 4G). In contrast, Ang |l levels in aged males were similar
between the 2 genotypes (Figure 4G).

Regarding Ang Il receptors, the mean + SD expression of
AT,R was lower in both young and aged female PSGL-17~ mice
than in WT mice (expression ratio [relative to 3-actin] in young WT
3.983 + 1.765 versus young KO 2.266 + 1.045; in aged WT
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Figure 5.

Immune system analysis of the lungs of female wild-type (WT) and PSGL-17" mice. A, Absolute numbers of immune cell populations

isolated from the bronchoalveolar lavage (BAL) fluid of female WT and PSGL-17" mice. B, Absolute numbers of immune cell populations found
in the whole lungs of female WT and PSGL-1~" mice. C, Absolute numbers of interferon-y (IFNy)-positive cells obtained from the whole lungs
of female WT and PSGL-1~"~ mice. D, Percentage of interleukin-10 (IL-10)- and IFNy-producing cells in the B cell and T cell populations and the
frequency of Treg cells (FoxP3+) in the CD4+ T cell subset in lungs isolated from mice (n = 4-6 per group). Symbols represent individual mice;
bars show the mean + SEM. * = P < 0.05; ** = P < 0.01, by Student’s 2-tailed t-test with Bonferroni post hoc test. AM = alveolar macrophages;

M® = interstitial macrophages; DC = dendritic cells; Neut. = neutrophils.
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0.799 + 0.508 versus aged KO 0.346 + 0.229) (Figure 4H), whereas
no differences in expression were found for AT,R in any case
(Supplementary Figure 4D, http://onlinelibrary.wiley.com/doi/10.
1002/art.41100/abstract).

Increased IFNy-producing T cells, B cells, and mac-
rophages and reduced Treg cells in the lungs of aged
female PSGL-1"" mice. Because PSGL-1 is a leukocyte
receptor, the pulmonary immune system was analyzed in female
WT and PSGL-17" mice. The total number of CD45+ cells was
increased in the bronchoalveolar lavage (BAL) fluid and lung tissue
of young and aged female PSGL-1"" mice (Figures 5A and B).
Deeper analysis showed that the BAL fluid in young female mice
had higher numbers of alveolar macrophages and neutrophils,
and aged female mice had an increased number of neutrophils
(Figure 5A). In the lung tissue, female PSGL-1"" mice showed
increased numbers of neutrophils and T cells at a young age and
an increased number of neutrophils when elderly (Figure 5B).

Because IFNy has been associated with vascular dysfunction
(25,26), the presence of IFNy-producing cells was analyzed in the
lung tissue. Interestingly, IFNy-producing interstitial macrophages
and T cell populations were increased in the lung tissue of young
female PSGL-17" mice, and the IFNy-producing T cell subset was
increased in aged female PSGL-1"" mice (Figure 5C and Sup-
plementary Figure 5, http://onlinelibrary.wiley.com/doi/10.1002/
art.41100/abstract). Notably, the analysis of B cell and T cell
populations in the lung tissue showed that aged female PSGL-17""
mice had reduced percentages of IL-10-producing T cells and
increased IFNy-producing T cells and B cells (Figure 5D and
Supplementary Figure 5), while the percentage of IL-17—-producing
populations was similar in WT and KO mice (Supplementary
Figures 5A and B). Importantly, the percentage of Treg cells was
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highly reduced in the T cell population, which increased the Th1/
Treg cell balance in the lung tissue of aged female PSGL-17" mice
(Figure 5D and Supplementary Figure 5A).

Reduced ERa expression in aged female PSGL-1""
mice. To elucidate the molecular mechanisms responsible for the
sex bias implicated in the development of pulmonary hypertension
in female PSGL-1"" mice, the expression of estrogen receptors
was quantified in lung lysates. Aging induced a reduction in the
expression of ERB in a genotype- and sex-independent manner,
with no differences between WT and KO mice (Figures 6A-C). In
contrast, ERa expression increased with aging in female WT mice
but not in female PSGL-17" mice, while aging did not affect the
expression of ERa in males, and no differences between male WT
and PSGL-17"" mice were found (Figures 6D-F).

DISCUSSION

PAH is a particularly severe life-threatening complication
of some CTDs that leads to RV remodeling, right heart failure,
and premature death (27). Although many efforts have been
made in searching for an efficient treatment for PAH, no curative
therapy is available. Our work shows that female mice deficient
in PSGL-1 exhibit reduced expression of pulmonary AT,R and
thickened small vessel walls. With aging, female PSGL-17" mice
show increased pulmonary levels of Ang Il, which coincides with
decreased eNOS phosphorylation and reduced NO production by
lung ECs and leads to RV dysfunction and death. Interestingly,
aged female PSGL-1"" mice have impaired ERa up-regulation.

The increase in relative wall vessel area in lung vasculature
has been described as a histologic marker of PAH in both ani-
mal models and patients (1,4,27) and is thought to be one of the
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Figure 6. Analysis of estrogen receptor 3 (ERB) and ERa expression in the lungs of mice. A-C, Western blot (A) and quantification of the
expression of ERP in the lungs of female (B) and male (C) wild-type (WT) and PSGL-1"" mice. D-F, Representative Western blot (D) and
quantification of the expression of ERa in the lungs of female (E) and male (F) WT and PSGL-17~ mice. Symbols represent individual mice; bars
show the mean + SEM. * = P < 0.05; ** = P < 0.01, by Mann-Whitney U-test.
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first events that occurs in the development of PAH (2,12). The
vascular remodeling observed in PSGL-17~ mice might cause an
increase in the lung vascular resistance to blood flow, the main
consequence of which would be the elevation of pressure in the
pulmonary artery.

Transthoracic Doppler echocardiography is a noninvasive
diagnostic tool for patients with suspected PAH, providing infor-
mation not only about diagnosis but also about the causes or con-
sequences of PAH (27,28). This method has been validated for
estimating PAP in PAH patients and in rat and mouse models (20—
23,29) and is becoming increasingly more relevant in murine mod-
els of heart diseases (30). Using this echocardiography modality,
and in accordance with the pulmonary vessel remodeling, we found
areduced PAATET ratio in the pulmonary arteries of 3-month-old
female PSGL-17" mice, suggesting that PSGL-17" mice are
susceptible to PH at young age. Importantly, female PSGL-17""
mice had preserved ejection fraction and E/A ratio, indicating
that the incremental increase in PAP was not a consequence
of an alteration in LV systolic/diastolic function or an elevated
systemic arterial pressure, which suggests primary PAH.

Reduced expression of AT,R, together with increased Ang
concentration, reduced eNOS phosphorylation at Ser''”, and NO
production by ECs, was foundin the lungs of aged female PSGL-17""
mice. This might explain the higher contractility and reduced relax-
ation capability of lung arteries at this age, which ultimately leads
to an elevated flow resistance and then to increased pulmonary
pressure and a reduced PAATET ratio. In this context, pentraxin
3, a soluble ligand of P-selectin that interferes with the PSGL--
1-P-selectin interaction (31,32), induced endothelial dysfunction
and increased blood pressure (32), suggesting that PSGL-1 bind-
ing to P-selectin may be involved in the maintenance of correct
endothelial function and integrity.

Molecular systems involved in the control of vascular tone,
such as endothelin 1, Ang I, and NO, have been described as
being altered in several animal models and in patients with PAH
(4,7,27). In our model, we found elevated lung concentrations
of Ang Il in aged female PSGL-1"" mice. Thus, hypoxic and
monocrotaline-treated rats showed increased Ang Il and AT,R
levels (11,33,34), and patients with PAH showed higher levels
of pulmonary Ang Il due to increased activity of ACE, as well
as increased expression and signaling of AT,R, resulting in aug-
mented vascular smooth muscle cell (VSMC) proliferation (35).
Inhibitors of the renin—angiotensin—aldosterone system (RAAS)
have been shown to have an effect in reducing PAP and other PAH
signs in some animal models and in pilot studies with small patient
cohorts, highlighting the role of RAAS in the pathology of PAH.
For example, treatment with losartan (AT,R antagonist) or capto-
pril (ACE inhibitor) was able to reduce mean PAP, RV hypertrophy,
and lung VR in rats exposed to hypobaric hypoxia for 14 days
(85,36). Although no differences in ACE expression were found in
the lungs of female WT and PSGL-17" mice, the increased levels
of pulmonary Ang Il found in aged female PSGL-1"~ mice might

be explained by enhanced ACE activity, which has previously been
reported in patients with PAH and in animal models (35,37).

NO is a critical regulator of vascular homeostasis, not only by
modulating vascular tone but also by controling VSMC prolifera-
tion and migration and leukocyte adhesion to endothelium (27,38).
Accordingly, reduced NO production by PSGL-1"~ mouse lung
ECs, together with a reduction of eNOS phosphorylated on Ser''"
in lung lysates, suggests an impairment of eNOS activation (39).
Interestingly, the reduction of NO is not due to NO sequestering by
ROS. It has been reported that an increase in Ang Il could lead to
eNOS uncoupling, which results in reduced NO production (25).

Several studies have highlighted the relevant role of inflam-
mation and the immune system in endothelial dysfunction
(25,26,40). Importantly, the Treg cell population is reduced and the
balance between effector cells in each leukocyte subset is altered
in aged PSGL-1"" mice, as previously described in the colon and
skin of these mice (15,16). In this context, it was observed that
vascular dysfunction in aortic ECs can be mediated by inflam-
matory monocytes and natural killer cells producing IFNy and IL-
12 in an Ang Il-dependent manner (25,26). A similar mechanism
could be operating in the pulmonary vasculature of female PSGL-
17~ mice, in which aging increases IFNy production in B cells
and T cells as well as pulmonary Ang Il levels that can account
for the endothelial dysfunction with the ensuing reduction in the
endothelial NO. Moreover, we found a reduction in the lung Treg
cell population. In this regard, hypoxic mice treated with Treg cells
showed reduced RV systolic pressure and Fulton index scores,
accompanied by a reduction of the expression of proinflammatory
cytokines (41). Furthermore, patients with CTD-associated PAH
showed reduced numbers of circulating Treg cells, illustrating the
importance of this T cell subset in the pathogenesis of PAH (42).

The mechanisms that mediate sex bias in pulmonary hyper-
tension have not yet been described. It has been suggested
that17(3 estradiol exerts vasoprotective actions through both
ERa and ERB (43). In ECs, ERa promotes eNOS phosphoryla-
tion in a phosphatidylinositol 3-kinase— and Akt-dependent man-
ner (44-48). In addition, treatment with Ang Il promotes vascular
adhesion and migration of leukocytes, which can be abolished
through treatment with 173 estradiol (49,50) and exacerbated
by incubation with L-N®-nitroarginine methyl ester (51). Moreover,
coculture with Treg cells induces the up-regulation of ERa and
ERPB in human cardiac microvascular ECs and increases culture
supernatant concentrations of plasma prostacyclin and IL-10
(52). In female PSGL-1"" mice, the reduction in the percentage
of Treg cells could explain why the pulmonary levels of ERa were
not increased with aging, declining at the same time as the phos-
phorylation of eNOS and NO production. Our data also indicate
that the increase in ERa expression along with aging may prevent
the increase of Ang Il in female WT mice, which has recently been
described in the context of hepatic ischemia-reperfusion injury
(53). Notably, ERa expression in males is not regulated by aging,
suggesting that it is not as crucial in males as in females to control
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Ang Il elevation and to increase NO production. These observa-
tions may explain why female PSGL-1"" mice develop PAH. Since
PSGL-1 might participate in the control of ERa expression with
aging, it would be of great interest to understand the molecular
mechanisms implicated.

Our findings demonstrate that, with aging, female PSGL-17"
mice develop PH as part of an SSc-lke autoimmune syndrome.
Our study highlights the importance of leukocyte—endothelium inter-
actions for the maintenance of vascular homeostasis in lungs and
protection against PAH. Leukocytic deficiency of PSGL-1, which
interacts with P-selectin and E-selectin on the surface of activated
endothelium, reduces the presence of Treg cells in the lungs and the
expression of ERa in females and also promotes endothelial dysfunc-
tion characterized by reduced vasodilation response due to impaired
NO production. This impairment in endothelial function leads to vas-
cular remodeling, PH, and, ultimately, premature death in mice.
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