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Pulmonary arterial hypertension (PAH) is a progressive lung disease characterized by pulmonary vasoconstriction and
vascular remodelling, leading to increased pulmonary vascular resistance and right heart failure. Loss of nitric oxide
(NO) signalling and increased endothelial nitric oxide synthase (eNOS)-derived oxidative stress are central to the
pathogenesis of PAH, yet the mechanisms involved remain incompletely determined. In this study, we investigated
the role activated CD47 plays in promoting PAH.

We report high-level expression of thrombospondin-1 (TSP1) and CD47 in the lungs of human subjects with PAH
and increased expression of TSP1 and activated CD47 in experimental models of PAH, a finding matched in hypoxic
human and murine pulmonary endothelial cells. In pulmonary endothelial cells CD47 constitutively associates with
caveolin-1 (Cav-1). Conversely, in hypoxic animals and cell cultures activation of CD47 by TSP1 disrupts this consti-
tutive interaction, promoting eNOS-dependent superoxide production, oxidative stress, and PAH. Hypoxic TSP1 null
mice developed less right ventricular pressure and hypertrophy and markedly less arteriole muscularization com-
pared with wild-type animals. Further, therapeutic blockade of CD47 activation in hypoxic pulmonary artery endo-
thelial cells upregulated Cav-1, increased Cav-1CD47 co-association, decreased eNOS-derived superoxide, and
protected animals from developing PAH.

Activated CDA47 is upregulated in experimental and human PAH and promotes disease by limiting Cav-1 inhibition of
dysregulated eNOS.

Pulmonary arterial hypertension e CD47 e eNOS e Caveolin-1 e Reactive oxygen species

1. Introduction

Pulmonary arterial hypertension (PAH) is a disease of the small pul-
monary arteries marked by a progressive increase in pulmonary vas-
cular resistance, leading to uncompensated right heart failure and
ultimately death." > While idiopathic PAH (IPAH) occurs in the
absence of any known insult, secondary PAH results from a number
of pathological conditions.** Independent of its aetiology PAH is char-
acterized by remodelling of the pulmonary vasculature, vasoconstric-
tion, and thrombosis in situ.”

One of the key initiating events leading to PAH is endothelial dys-
function characterized by uncoupling of endothelial nitric oxide syn-
thase (eNOS) and an associated lack of bioavailable nitric oxide
(NO).578 Not surprisingly, eNOS null mice are more susceptible to
the development of PAH.” Regulation of eNOS activity is complex
and depends on phosphorylation, protein—protein interactions, and
localization to specialized areas of the cell membrane.'®"" Caveolin-1
(Cav-1) limits eNOS activity via direct association.'>"* Dissociation or
loss of Cav-1 leads to pathological eNOS hyperactivity,"* and Cav-1

null mice spontaneously develop pulmonary hypertension’~"" that
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is ameliorated by re-expression of Cav-1 in the endothelium'® or
eNOS inhibition.””* Finally, in human studies, loss of pulmonary
Cav-1 has been linked to PAH.*"**

Work by our group has found that the matricellular protein
thrombospondin-1 (TSP1), through binding to its cognate receptor
CD47, blocks physiological NO responses in vascular cells.”***
Pulmonary vascular endothelial cells from TSP1 and CD47 null
mice maintain elevated levels of the NO second messenger
cyclic guanosine monophosphate (cGMP).>>** Recent data also
indicate that plasma TSP1 is a potent inhibitor of eNOS in endo-
thelium and suppresses endogenous NO production in the
vasculature.”’

We hypothesized that TSP1 and CD47 contribute to the develop-
ment of PAH in humans. Interestingly, we observed a marked upregu-
lation of TSP1 and CD47 protein and mRNA in patients with PAH.
Findings of upregulation of the TSP1-CD47 axis in human PAH
were paralleled by upregulation of both TSP1 and CDA47 in experi-
mental models of PAH. In pulmonary endothelial cells, CD47 consti-
tutively associates with Cav-1. Conversely, in hypoxic animals and cell
cultures, activation of CD47 by TSP1 disrupts this constitutive inter-
action, promoting eNOS-dependent superoxide production, oxida-
tive stress, and PAH. Hypoxic TSP1 null mice developed less right
ventricular pressure and hypertrophy and markedly less arteriole
muscularization and thickening compared with wild-type animals.
Therapeutic blockade of CD47 activation in hypoxic pulmonary arter-
jial endothelial cells upregulated Cav-1, increased Cav-1CD47
co-association, decreased eNOS-derived superoxide, and protected
animals from developing PAH.

2. Methods

Detailed information on the materials and methods used in this study is
provided in the Supplementary material online.

2.1 Animal studies

All studies were performed under a protocol approved by the University
of Pittsburgh Institutional Animal Care and Use Committee (IACUC) or
under a protocol approved by the Committee for Research and Ethics
of the Universidad Autonoma de Madrid and in accordance with Directive
2010/63/EU of the European Parliament. Male C57BL/6 wild-type, TSP1,
and CDA47 null mice (stock numbers 000664, 006141, and 003173, re-
spectively) were obtained from the Jackson Laboratory (Bar Harbor,
ME, USA). Male Sprague Dawley rats were obtained from Harlan (Indian-
apolis, IN, USA). Adequacy of anaesthesia was monitored at all times by
assessment of skeletal muscle tone, respiration rate and rhythm, and re-
sponse to tail pinch. Euthanasia was achieved by isoflurane inhalational an-
aesthesia (1.5%) and concurrent cervical dislocation (mice) or anaesthetic
overdose (rats) as approved by the respective University IACUCs.

2.2 Human tissue studies

Use of human tissues was within ongoing IRB approved protocols at the
University of Pittsburgh and Johns Hopkins University and conformed to
the principles outlined in the Declaration of Helsinki.

2.3 Cell cultures

Primary murine pulmonary microvascular endothelial cells were harvested
from 8- to 10-week-old male C57BL/6 wild-type and TSP1 null mice as
previously published.”® Human pulmonary arterial and microvascular
endothelial cells were purchased from Lonza (Switzerland).

2.4 Murine chronic hypoxic exposure model of
PAH

Nine- to 12-week-old male wild-type, TSP1 and CD47 null mice were
placed in an airtight hypoxia chamber and exposed to acute (FiO,=
7.5%) or chronic (FiO,= 10%) hypoxia for the indicated time. Mice main-
tained in room air served as controls.

2.5 Haemodynamic and ventricular weight
measurements

Animals were anaesthetized with pentobarbital (40 mg/kg ip). The trachea
was cannulated, and animals were ventilated with 1.5% isoflurane. The
thoracic cavity was opened, a Millar catheter was inserted into the right
ventricle (RV), and RV systolic pressure was measured with PowerlLab
monitoring equipment. The ratio of RV weight to left ventricular (LV)
weight plus septum (S) (RV/LV + S) was used as an index of RV hyper-
trophy (Fulton Index).

2.6 Murine lung histology

Mouse lungs were perfused with PBS, fixed with 4% paraformaldehyde
under a standardized inflation pressure and excised (12h PFA 4°C).
Lungs were transferred into 30% sucrose (overnight, 4°C), paraffin em-
bedded and sectioned (10 wm), and stained for a-smooth muscle actin.
For pulmonary vascular morphometry studies, images of peripheral arter-
ioles were captured with a Nikon Eclipse 800 microscope.

2.7 Rat monocrotaline model of PAH

As we have previously published, male Sprague Dawley rats were treated
with monocrotaline (50 mg/kg)?® or monocrotaline and a CD47-blocking
antibody (clone OX101, 1 pg/gram body weight) on day 1 and day 14. On
day 28, animals were anaesthetized with pentobarbital (40 mg/kg ip) and
2% isoflurane and right RV pressure and Fulton index determined. Lung sec-
tions were stained with haematoxylin and eosin. Images for arterioles were
captured with a microscope digital camera system (Provus, Olympus), and
arterial area was measured using an image analysis programme.

2.8 Protein expression by western blot analysis

Lysates of lung tissues (human, murine, and rat) and human and murine
pulmonary endothelial cells were subjected to western analysis. Protein
was resolved by SDS—PAGE and transferred onto nitrocellulose. Blots
were probed with primary antibody to the respective proteins and
were visualized after 1h incubation in secondary antibody on an
Odyssey Imaging System (Licor).

2.9 Co-immunoprecipitation

Immunoprecipitation was performed as we have published with minor
modification.”’ Human pulmonary microvascular endothelial cells (pas-
sages 2—4) were serum starved over 24h, incubated in basal
medium without serum containing 0.1% BSA for 90 min and then
treated with TSP1 + hypoxia (1% O,) for 4 h, lysate prepared and preci-
pitated with a Cav-1 or a CD47 antibody. Protein was separated via gel
electrophoresis and transferred to membranes and blotted against
Cav-1 or CDA47.

2.10 siRNA knockdown of Cav-1

All siRNAs were designed and synthesized by Dharmacon (ThermoFisher
Scientific). siRNA transfection was performed using a lipofectamine
reagent (Invitrogen) according to the manufacturer’s instructions. Gene si-
lencing was established by western blot analysis 72 h after transfection.

2.11 Real-time quantitative PCR

Total RNA from murine and human samples was extracted using
Qiagen RNeasy® Mini Kits (Qiagen). One microgram of RNA was
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treated with DNase | (Invitrogen) and then reverse-transcribed. cDNA
was amplified using Platinum® PCR SuperMix-UDG (Invitrogen). For
details on primers and cycle conditions, see the supplementary material
online.

2.12 Determination of monomer to dimer
ratio eNOS protein

Tissue samples were prepared as described for western analysis with the fol-
lowing exceptions: samples of equal protein content were kept for 5 min at
room temperature and one sample was boiled to serve as a control for
monomer formation. Samples were then resolved on an 8% SDS—PAGE
on ice, at 100 V and transferred and blotted against total eNOS.

2.13 Determination of nitrotyrosine formation
in the lung

Lung sections were de-paraffinized, rehydrated, and microwaved in
sodium citrate buffer (pH 6, 10 min) for antigen retrieval. Sections were
blocked and stained with a rabbit nitrotyrosine antibody (rabbit anti-
nitrotyrosine, Millipore, 1:100, Cat. No. ab5411) in combination with a
Vectastain ABC kit (Vector Laboratories) and a metal-enhanced DAB
substrate kit (Thermo Scientific). Sections were counterstained for
haematoxylin (Vector Laboratories), dehydrated, and covered.

2.14 Measurement of intracellular O,

Human pulmonary artery endothelial cells (hRPAEC) were grown to con-
fluence and exposed to 1% O, or normoxia for 24 h. Dihydroethidium
(DHE) was added for the final 30 min of the 24 h incubation period.
O, was evaluated by measuring the conversion of DHE to hydroxyethi-
dium in a fluorimeter.

2.15 Gain-of-function studies in pulmonary
endothelial cells

Murine pulmonary endothelial cells were harvested from age-matched
male wild-type and TSP1 null mice. Cells were plated at 80% confluence,

treated with normoxia or hypoxia (1% O,) + exogenous TSP1 for 24 h,
cell lysate prepared and western blot analysis performed.

2.16 Statistics

Statistics were performed using GraphPad Prism software (GraphPad
Software, Inc., CA, USA). Data were analysed by one-way ANOVA fol-
lowed by the Tukey test for multiple comparisons. For grouped analysis,
data were analysed by two-way ANOVA followed by the Bonferroni
post hoc test.

3. Results

3.1 TSP1 and its cognate receptor CD47
are increased in PAH

The role of TSP1 in clinical PAH is unknown. Figure 1A shows a rep-
resentative western blot of lung specimens from a historical cohort of
non-PAH patients, scleroderma-associated PAH patients (SCD), and
patients with IPAH. Densitometry of western blots from the total
cohort of 10 non-PAH patients, and 10 PAH patients (five SCD
and five IPAH), reveals a significant increase in TSP1 protein expres-
sion in both SCD and IPAH compared with samples from patients
without PAH (P < 0.05). Equally unknown is the role of CD47 in
PAH. Western blot analysis of lung samples from a prospective
cohort (three control and five PAH patients) demonstrated upregula-
tion of pulmonary CD47 (Figure 1B) and TSP1 (data not shown) in
PAH lungs compared with control lungs. Analysis of transcript
demonstrated a significant fold increase in both TSP1 and CD47
mRNA in PAH samples (Figure 1C).

3.2 Activated CD47 and TSP1 are
upregulated in hypoxic murine PAH

Chronic hypoxia is an established method of inducing experimental
PAH?® and has a role in disease pathogenesis in human subjects.>°~*?

Figure I Pulmonary TSP1and CD47 are upregulated in human subjects with PAH and in experimental PAH. (A) Lung tissue from a historical cohort
of non-PAH, IPAH or SCD was probed by western blot for TSP1 and B-actin. (western blot is the only representative). Densitometry is the result of
10 non-PAH patients, five SCD, 5 IPAH patients and is presented as mean ratio of TSP1 to B-actin (£ SD). Asterisk (*) indicates statistically significant
difference (P < 0.05) compared with non-PAH patients. (B) Western blot analysis of lung samples from a prospective cohort of non-PAH and PAH
patients probed for CD47 and B-actin. Densitometry is the result of three non-PAH and five PAH patients. Asterisk (*) indicates statistically significant
difference (P < 0.05) compared with non-PAH patients. (C) TSP1 and CD47 mRNA expression levels in lung samples from the prospective cohort.
Representative data from three independent experiments are presented. mRNA levels are expressed as fold change over non-PAH and normalized
with 18S ribosomal subunit levels as endogenous non-PAH. Asterisk (*) indicates statistically significant difference (P < 0.05) compared with control.
Hash (#) indicates statistically significant difference (P < 0.05) compared with non-PAH. (D) Representative western blot of lung tissue from normoxic
and chronically hypoxic (21 days normobaric 10% O,) C57BL/6 wild-type and TSP1 null mice probed against TSP1 and (-actin. Densitometry is pre-
sented as mean ratio of TSP1 to B-actin (£ SD). Asterisk (*) indicates statistically significant difference (P < 0.05) compared with normoxic mice and
is based on an analysis of eight mice per group. (E) Representative western blot probed against TSP1 and a-tubulin from lung samples from normoxic
and acute hypoxia (normobaric 7.5% O,) challenged wild-type mice. Representative data from three independent experiments are presented. Densi-
tometry is presented as mean ratio of TSP1 to a-tubulin (+ SD). Asterisk (*) indicates statistically significant difference (P < 0.05) compared to nor-
moxia and is based on four mice at each time point. (F) TSP1 mRNA expression levels in lung samples from wild-type and TSP1 null mice exposed to
normoxia or hypoxia (normobaric 7.5% O,) for the indicated time points. Representative data from three independent experiments are presented.
mRNA levels are expressed as fold change over normoxic conditions and normalized with HPRT levels as endogenous control. Asterisk (*) indicates
statistically significant difference (P < 0.05) compared with normoxia. (G) Representative western blot of wild-type and TSP1 null pulmonary micro-
vascular endothelial cells exposed to normoxia or hypoxia (normobaric 1% O,) for 12 h probed against CD47 and a-tubulin. Representative data
from three independent experiments are presented. Densitometry is presented as mean ratio of CD47 to a-tubulin (£ SD). Asterisk (*) indicates
statistically significant difference (P < 0.05) compared with normoxia. (H) Representative western blot from wild-type mice exposed to acute hypoxia
for the indicated time points probed against CD47 and (3-actin. Densitometry from analysis of western results from four mice in each treatment group
is presented as mean ratio of CD47 to B-actin (£ SD). Asterisk (*) indicates statistically significant difference (P < 0.05) compared with normoxia.
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We wished to determine whether TSP1 and CD47 were also induced
in experimental PAH. Chronically hypoxic wild-type mice demon-
strated significantly increased pulmonary TSP1 expression compared
with normoxic controls (Figure 1D). Wild-type mice exposed to
acute hypoxia demonstrated rapid induction of pulmonary TSP1 ex-
pression within 1h (Figure 1E) that was paralleled by increases in
TSP1 mRNA in lungs from wild-type mice (Figure 1F). TSP1 null
mice have only partial deletion of the thrombospondin-1 (THBST)
gene and residual TSP1 mRNA transcript can be detected on PCR,
but functional protein is not detectable on western.>* TSP1 null
mice did not show pulmonary expression of TSP1 protein under nor-
moxoia or hypoxia (Figure 1D). However, in TSP1, null mice acute
hypoxia decreased pulmonary TSP1 mRNA transcript (Figure 1F). In
wild-type murine pulmonary microvascular endothelial cells, hypoxia
induced expression of CD47 (Figure 1G). Interestingly, in normoxic
TSP1 null pulmonary endothelial cells, CD47 expression was signifi-
cantly lower compared with wild-type cells with no increase under
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hypoxia (Figure 1G). Analysis of lungs from hypoxic wild-type mice
also demonstrated rapid induction of pulmonary CD47 (Figure 1H).

3.3 Activation of CD47 by TSP1 promotes
hypoxic PAH

In experimental PAH and human disease, increased pulmonary vascular
resistance results in increased right ventricular (RV) pressure and sec-
ondary RV hypertrophy.>* Chronic hypoxia led to a significant rise in
RV pressure with associated RV hypertrophy in wild-type mice.
However, in the absence of activated CD47, as in the TSP1 null mice,
chronic hypoxia resulted in significantly decreased RV pressure and
RV hypertrophy compared with wild-type animals (Figure 2A and B).

A hallmark of PAH is vascular remodelling.? Figure 2C shows repre-
sentative images of pulmonary arterioles from each treatment group
stained for a-smooth muscle actin (brown staining). In the absence
of CD47 activation, hypoxic TSP1 null mice demonstrated significantly
fewer partially and fully muscularized arterioles in lung tissue sections
compared with lung sections from wild-type mice. Results obtained by
immunohistology were confirmed by analysis of arteriole wall thick-
ness. Sections of lungs from hypoxic TSP1 null mice demonstrated sig-
nificantly less wall thickening compared with lung sections from
hypoxic wild-type mice (Figure 2D).

3.4 Under hypoxia activated CD47 inhibits
upregulation of Cav-1

Next, we tested if activated CD47 promotes PAH through the inhib-
ition of eNOS. Hypoxic wild-type and TSP1 null mice demonstrated
increased pulmonary eNOS protein expression (Figure 3A and B).
Maximal eNOS activity is associated with phosphorylation of eNOS
at serine'"’® Hypoxic wild-type mice showed no change
in the ratio of phospho-eNOS to total eNOS compared with wild-
type normoxic mice (Figure 3A and C). Normoxic TSP1 null mice
demonstrated increased pulmonary eNOS phosphorylation of

in mice.®®

Figure 2 Activated CD47 promotes hypoxia-stimulated PAH.
Wild-type and TSP1 null mice were exposed to 21 days chronic
hypoxia (normobaric 10% O,) or room air. At the end of the expos-
ure period, (A) right ventricular systolic pressure (RVSP), and (B)
right ventricular hypertrophy (Fulton Index, RV/LV + S) were deter-
mined. Data represent mean + SD (n = 8 per group). Asterisk (*)
indicates statistically significant difference (P < 0.05) compared
with hypoxic wild-type. (C) Representative images of pulmonary
tissue sections from normoxic and hypoxic male C57BL/6 wild-type
and TSP1 null mice demonstrating pulmonary arterioles stained for
a-smooth muscle actin (red arrows). Scale bar represents 50 wm.
Sections of lungs were analysed for partial and full muscularization
of arterioles by an observer blinded to strain and treatment. Quan-
tification was based on 20 random 40x fields per section and three
sections per mouse. n = 8 mice per group, analysis is the result of 10
vessels per section. Asterisk (*) indicates statistically significant dif-
ference (P < 0.05) compared with normoxic wild-type. Hash (#)
indicates statistically significant difference (P < 0.05) compared
with hypoxic wild-type. (D) Quantification of arteriole wall thickness
of lung sections by a blinded observer based on 20 random 40x
fields per section. Asterisk (*) indicates statistically significant differ-
ence (P < 0.05) compared with normoxic wild-type. Hash (#) indi-
cates statistically significant difference (P < 0.05) compared with
hypoxic wild-type.
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Asterisk (*) indicates statistically significant difference (P < 0.05) compared with wild-type normoxic. Hash (#) indicates statistically significant differ-
ence (P < 0.05) compared with wild-type normoxic. All ratios represent mean + SD and are the result of the total cohort (n = 8 animals per group).
(E) Co-immunoprecipitation in human pulmonary microvascular endothelial cells of Cav-1 and CD47. Immunoprecipitation was with monoclonal anti-
bodies to Cav-1, CD47, or an isotype-matched control IgG antibody. Results presented are representative of four separate experiments. (F) Human
pulmonary microvascular endothelial cells were serum starved and then treated with TSP1 (2.2 nmol/L) + hypoxia (1% O, for 4 h), lysate prepared
and immunoprecipitation for CD47 performed with protein blotted for Cav-1. Results are presented as the quantification of densitometric analysis
from three separate experiments of the ratio of Cav-1 to CD47 following immunoprecipitation. Asterisk (*) indicates statistically significant difference
(P < 0.05) compared with normoxia. (G) Western blot of pulmonary Cav-1 from lung lysate from chronically hypoxic (21 days normobaric 10% O,)
wild-type (n = 3) and CDA47 null (n = 4) mice. Asterisk (*) indicates statistically significant difference (P < 0.05) compared with wild-type.
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serine'”®

(Figure 3A and C). However, hypoxic TSP1 null mice dis-
played a decrease in pulmonary eNOS activity (phosphorylation)
compared with normoxic null mice (Figure 3A and C) indicating that
under hypoxia, CD47 does not directly inhibit eNOS activation.

These results raised the possibility that CD47 promotes PAH
through alternative mechanisms. We examined Cav-1 expression in
our hypoxic mice. Interestingly, in the lungs of hypoxic TSP1 null
mice, and therefore absent activated CD47, Cav-1 was significantly
upregulated (Figure 3A and D). By contrast, in the lungs of hypoxic
wild-type mice, and therefore with activated CD47, no upregulation
of Cav-1 was observed.

3.5 Cav-1 and CDA47 co-associate on
pulmonary endothelial cells and both TSP1
and hypoxia decrease this interaction

To account for the increased pulmonary Cav-1 in TSP1 null mice,
we hypothesized that CD47 may interact with Cav-1. In lysates
from human pulmonary microvascular endothelial cells, Cav-1 was
co-precipitated by a CD47 monoclonal antibody and, conversely,
CD47 was co-precipitated by a Cav-1 monoclonal antibody
(Figure 3E). An isotype-matched control IgG antibody did not co-
precipitate Cav-1 (Figure 3E) or CD47 (data not shown). Treating
normoxic pulmonary endothelial cells with TSP1 decreased
Cav-1-CDA47 association (Figure 3F). Hypoxia, through upregulation
of TSP1 (see Figure 5), decreased Cav-1CD47 association and ex-
ogenous TSP1 did not decrease this further (Figure 3F). Finally,
lung samples from hypoxic CD47 null mice demonstrated increased
Cav-1 expression compared with hypoxic wild-type animals

(Figure 3G).

3.6 Activated CD47 promotes ROS in
experimental PAH

PAH in Cav-1 null mice is mediated through overactive uncoupled
eNOS and eNOS-derived reactive oxygen species (ROS)."~" This
suggested upregulation of Cav-1 in hypoxic TSP1 null mice may be
a protective mechanism to suppress ROS production from dysregu-
lated eNOS. To test if eNOS is dysregulated in our murine model
of PAH, we determined eNOS monomer to dimer ratio (an estab-
lished marker of eNOS enzymatic uncoupling and dysregulation)®3’
in pulmonary samples from hypoxic mice. Hypoxic wild-type and
TSP1 null lungs showed a comparable increase in eNOS monomer
to dimer ratio (Figure 4A and B).

We predicted that because pathological eNOS uncoupling oc-
curred to an equal degree in lungs from both hypoxic wild-type
and TSP1 null mice that this would result in comparable amounts
of eNOS-derived ROS, oxidative stress, and protein nitration in
both groups. Immunostaining of lung sections revealed increased
nitrotyrosine staining in the samples from hypoxic wild-type mice.
Surprisingly, hypoxic TSP1 null mice that lack activated CD47
demonstrated minimal nitrotyrosine staining of lung tissues

(Figure 4C).

3.7 Activated CD47 promotes
hypoxia-mediated ROS by inhibiting Cav-1
We next determined whether hypoxia-induced ROS production in
hPAEC was associated with upregulation of TSP1. Exposure of
hPAEC to hypoxia resulted in increased TSP1 expression (Figure 5A
and B). This correlated with increased production of superoxide
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Figure 4 Activated CD47 promotes oxidative stress in hypoxic
PAH. (A) Representative native gel electrophoresis of lung lysates
probed against eNOS to determine eNOS monomer to dimer
ratio in lung lysates from wild-type and TSP1 null mice after
chronic hypoxia or room air. (B) Densitometry is presented as
monomer to dimer ratio of eNOS expression and are presented
as the mean + SD (n = 4). Asterisk (*) indicates statistically signifi-
cant difference (P < 0.05) compared with normoxic control. (C)
Representative photomicrographs of lung tissue from wild-type
and TSP1 null mice exposed to chronic hypoxia or normoxia
stained using an antibody against 3-nitrotyrosine. Immunohistochem-
istry was performed on two sections from four mice in each group.
Scale bar represents 100 wm.

(Figure 5D) that was completely abrogated by the eNOS inhibitor
L-NAME (Figure 5D), identifying uncoupled eNOS activity as the
source of the ROS. To determine whether the increased eNOS-
derived superoxide occurred via activation of CD47, we treated
hPAEC with a CD47 activation blocking antibody.*® Treating hPAEC
with the CD47 antibody inhibited hypoxia-induced superoxide pro-
duction (Figure 5D), while increasing Cav-1 expression (Figure 5A
and C).

To provide further proof that Cav-1 plays a role in ROS production
by activated CD47, we used siRNA to knockdown Cav-1. Treatment
of hPAEC with Cav-1 siRNA resulted in ~90% decrease in Cav-1 ex-
pression (Figure 5E). Exposure of control siRNA-treated cells to
hypoxia had no effect on superoxide production or the ability of
the CD47-blocking antibody to inhibit superoxide production
(Figure 5F). However, knockdown of Cav-1 resulted in an increase



CD47 promotes pulmonary arterial hypertension 689

A Hyp D g 200+
Norm Hyp +aCD47 € E *
5 : : 3 @ 150
TSP1 — 8 g
g ) 1004
L3 -
Cav-] —— e c— c— — — uIJE 504
e
0
B-Actin —_— Hypoxia - + + +
aCD47 - - + £
L-NAME - - - +
B 25- * * E
g‘g 2.0 siRNA[nM] 25 50 100 25 50 100
<& 1.5
£6 Cav-1
T T 1.0 - S ——
2L o5 B-Actin e . — — ——
0.0 2 .
Hypoxia - + + siCav-1 siControl
oCD47 - - + 250
Cc F 8 _ 4
20 S5 S 200-
* § %
§8 15 o £ 1504 T
is S 2 400{[™
&6 1.0 —— S
bl' % T & 50" *
S & 054 [=] §
0.0 Hypoxia + + + +
i - Control siRNA + + - -
HK%‘S‘; " T : Cav-1siRNA - - + +
aCD47 - + - +
G
#
Norm Hyp  Nx Hx -~ .
TSPI(nM) 0 22 22 - - - £l
a5
Cav-1 _— — — = '3540 I_—I
T =
o-Tubulin | —— | | c—— 0
0 22 2 - - -
WT TSP1 null Norm Hp  NH
WT WT  TSP1 null
H
TSP1 ..+ s 8 i
CDA47 Ab -+ - L
" g 4
p-Cav-1 [ s swim wmm| O ) il
T o
© = o
total Cav-1 | s aa——" . Q :
0
o N N
c.i"{é t:\vp «.-OQ ,éz
4 00 ?‘9



690

P.M. Bauer et al.

in hypoxia-induced superoxide and abolished the ability of the CD47
antibody to inhibit superoxide production. In gain-of-function experi-
ments treating murine wild-type pulmonary microvascular endothelial
cells with TSP1 to activate CDA47 inhibited Cav-1 expression in a
dose-dependent manner (Figure 5G), as did hypoxia. Conversely,
Cav-1 was significantly upregulated under normoxia and hypoxia in
TSP1 null pulmonary endothelial cells (Figure 5G). Cav-1 phosphoryl-
ation has been linked to eNOS activity.>” Treating hPAEC with TSP1
increased phosphorylation of Cav-1 at Tyr14, whereas pre-treating
with a CD47-blocking antibody inhibited TSP1-mediated Cav-1 phos-
phorylation (Figure 5H).

3.8 CDA47 is activated in a monocrotaline
model of PAH

Monocrotaline-induced PAH is associated with dysregulated uncoupled
eNOS,* decreased Cav-1 expression,*” and increased pulmonary ROS
production.*? In rats treated with monocrotaline pulmonary TSP1 and
CDA47 were upregulated (Figure 6A and B) and Cav-1 expression
decreased (Figure 6E). Pulmonary eNOS activity was modestly
decreased in monocrotaline-treated animals but was enhanced in
animals treated with a rat-specific CD47-blocking antibody (Figure 6C).

3.9 Blocking CD47 activation suppresses
pulmonary TSP1, upregulates Cav-1, and
abrogates monocrotaline-induced PAH

Next, we tested if a CD47-blocking antibody could prevent
monocrotaline-induced PAH. Animals received a CD47 antibody*’
at the time of monocrotaline treatment and 14 days later. Control
animals demonstrated increased RV systolic pressure and RV hyper-
trophy 4 weeks after monocrotaline treatment. In contrast, animals
treated with a CD47 antibody demonstrated no significant elevation
in RV systolic pressure or RV hypertrophy, as defined by Fulton
Index (RV/LV + S), and minimal arteriole wall thickening in pulmonary
tissue sections (Figure 6D). These protective effects were accompan-
ied by both downregulation of pulmonary TSP1 (Figure 6A) and upre-
gulation of pulmonary Cav-1 (Figure 6E).

4. Discussion

TSP1 has not previously been linked to clinical PAH. We now show
that TSP1 protein and transcript are elevated in human PAH. Similarly,
in two experimental models of PAH, we observed induction of pul-
monary TSP1. CD47 was also upregulated in both clinical and experi-
mental PAH and hypoxic pulmonary endothelial cells. TSP1 null
pulmonary endothelial cells expressed significantly less CD47 com-
pared with wild-type cells, and were resistant to hypoxic induction
of CDA47. These data suggest that TSP1 may also function to regulate
CDA47. Further, results herein identify CD47 as a proximate promoter
of PAH. In the absence of CD47 activation, TSP1 null mice are pro-
tected from hypoxia-induced PAH. Compared with wild-type mice,
TSP1 null animals displayed reduced RV systolic pressure and RV
hypertrophy (by Fulton Index). Histological assessment of null lung
sections showed fewer partial and fully muscularized pulmonary arter-
ioles and less arteriole thickening. Also antibody blockade of CD47
activation in a rat model of PAH resulted in near-normal RV pressure
and size, and minimal arteriole thickening.

Under hypoxic conditions, and in PAH, activated CD47 suppresses
Cav-1 allowing uncoupled eNOS to produce pathological ROS. Con-
versely, hypoxic TSP1 null pulmonary endothelial cells and null mice,
both lacking activated CD47, displayed significantly increased Cav-1
and decreased pathological ROS. That eNOS is the source of this
pathological ROS is supported by the finding that ROS production
was L-NAME inhibitable. Alternatively, suppression of Cav-1 has
been linked to upregulation of NAPDH-oxidase-dependent ROS sug-
gesting an additional mechanism that, in part, may account for patho-
logical ROS in our experiments.** Though results in cell and animal
studies demonstrate a clear link between CD47 activation and
increased pulmonary ROS, it is not clear if this occurred concurrently
with a decrease in bioavailable NO.

Post-translation control of eNOS occurs through a number of
mechanisms including acetylation,* calcium regulation,*® phosphoryl-
ation of key protein residues,*” and protein—protein interactions."®
Normoxic TSP1 null mice displayed increased activation of pulmonary
eNOS (defined as increased serine''’® phosphorylation). These

Figure 5 Blocking CD47 activation upregulates Cav-1 to inhibit eNOS-derived superoxide production in hypoxic pulmonary arterial endothelial
cells. (A) Representative western blot of hPAEC exposed to normoxia, hypoxia (1% O, for 12 h), or hypoxia plus a CD47-blocking antibody
(CDA47, clone B6H12, 1 wg/mL). Quantification of densitometric analysis of the ratio of (B) TSP1 to -actin and (C) Cav-1 to B-actin. Asterisk
(*) indicates statistically significant difference (P < 0.05) from normoxic control. (D) Superoxide production in hPAEC exposed to normoxia,
hypoxia (1% O, for 12 h), hypoxia plus L-NAME (100 mmol/L), or hypoxia plus a CD47-blocking antibody (clone B6H12, 1 g/mL). Asterisk (*) indi-
cates statistically significant difference (P < 0.05) from normoxic control. (E) Western blot analysis for Cav-1 expression in hPAEC transfected with
control or Cav-1 siRNA. (F) Superoxide production in hPAEC transfected with control or Cav-1 siRNA then exposed to 24 h hypoxia (1% O,) with
or without a CD47-blocking antibody. Data represent three independent experiments. Asterisk (*) indicates statistically significant difference
(P < 0.05) compared with hypoxia control alone. Hash (#) indicates statistically significant difference (P < 0.05) compared with hypoxia alone. (G)
Wild-type and TSP1 null pulmonary microvascular endothelial cells harvested from 10-week-old male animals were grown to 80% confluence,
treated with normoxia or hypoxia (1% O;) + TSP1 (2.2 or 22 nmol/L) as indicated for 24 h, cell lysate prepared and western blot analysis for
Cav-1 expression performed. A representative blot and accompanying densitometry from three separate experiments are presented. Quantification
of densitometric analysis of the mean ratio of Cav-1 to a-tubulin. Asterisk (*) indicates statistically significant difference (P < 0.05) from normoxic
untreated. Hash (#) indicates statistically significant difference (P < 0.05) from normoxic wild-type + 22 nmol/L TSP1 and hypoxic wild-type. (H)
Western blot analysis for phospho-Cav-1"""* expression in normoxic hPAEC treated with the indicated amounts of TSP1 (2.2 nmol/L) 4+ a CD47
antibody (B6H12, 1 pwg/mL) for 30 m. Quantification of densitometric analysis of mean ratio p-Cav-1 to total Cav-1 of three separate experiments.
Asterisk (*) indicates statistically significant difference (P < 0.05) from untreated and antibody alone. Hash (#) indicates statistically significant differ-
ence (P < 0.05) from TSP1 treated.
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Figure 6 Blockade of CD47 activation upregulates Cav-1 and prevents experimental PAH. Age-matched male Sprague Dawley rats were treated
with monocrotaline (mct, 50 mg/kg) + a CD47-blocking antibody (clone OX101, 1 pg/gram body weight on day 1 and day 14 via i.p. injection).
Animals were euthanized after 4 weeks. Lung lysates were prepared and proteins separated by SDS—PAGE electrophoresis. Blots were probed
with a monoclonal antibody to (A) TSP1, (B) CD47, or (C) p-eNOS. Expression was quantified by densitometry and is presented as the mean +
SD. Densitometry results are from four animals in each group. (A) Asterisk (*) indicates statistically significant difference (P << 0.05) mct compared
with control; Hash (#) indicates statistically significant difference (P < 0.05) mct compared with mct + CD47 antibody (Ab). (B) Asterisk (*) indicates
statistically significant difference (P < 0.05) mct compared with control. (C) Asterisk (*) indicates statistically significant difference (P < 0.05) control
compared with mct + CDA47 antibody (Ab). (D) Age-matched male Sprague Dawley rats were treated with monocrotaline (mct) + CD47 monoclonal
antibody (Ab) (clone OX101, 1 wg/gram body weight) and right ventricular systolic pressure and RV/LV + S ratio (Fulton Index) measured at 4 weeks.
Quantification of pulmonary arteriole wall thickness was performed by a blinded reviewer from tissue section images using an image analysis pro-
gramme (Metamorph) with percent wall thickness defined as the wall thickness normalized to the vessel diameter and was specifically calculated
by the following formula: wall thickness (%) = area external—area internal/area external x 100, where area external and area internal are the
areas bounded by external elastic lamina and the lumen, respectively. Normalization was performed to account for increases in vessels size and
wall thickness as a function of vessel diameter. Results are the mean + SD of four animals in each group. Asterisk (*) indicates statistically significant
difference (P < 0.05) mct compared with control. Hash (#) indicates statistically significant difference (P < 0.05) mct compared with mct + CD47
antibody (Ab). (E) Representative western blot of rat lung lysate from treated animals probed for Cav-1 and B-actin. Expression was quantified
by densitometry presented as the mean + SD from four animals in each group. Asterisk (*) indicates statistically significant difference (P < 0.05)
control compared with mct. Hash (#) indicates statistically significant difference (P < 0.05) mct compared with mct + CD47 antibody (Ab).
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Figure 7 Activated CD47 promotes PAH through suppressing constitutive Cav-1 inhibition of eNOS. In health and under normoxic conditions,
CDA47 constitutively associates with Cav-1 on the cell membrane of pulmonary arterial endothelial cells. In hypoxia and PAH, the CD47 ligand
TSP1 is upregulated. On binding with TSP1, the cell receptor CD47 is activated leading to disruption of the constitutive interaction between
CD47 and Cav-1. This in turn leads to decreased Cav-1 and increased eNOS activity. Monomeric hyperactive eNOS then produces superoxide

rather than NO resulting in tissue oxidation and nitration.

results are consistent with our report that in normoxic endothelial
cells activated CD47-inhibited eNOS through limiting cellular
calcium,” and inhibited NO-mediated” stimulation of soluble gauny-
lyl cyclase (sGC). It is possible that our current results in hypoxic null
mice are, to some extent, mediated through these known functions of
the TSP1-CD47 axis. This might also explain our finding that activated
CD47 limited nitrite-mediated blood flow under hypoxic condi-
tions.*® It remains to be determined if, under hypoxia, activated
CD47 directly inhibits NO-mediated activation of sGC.

CD47 and Cav-1 constitutively co-associate on pulmonary endo-
thelial cells. TSP1 and hypoxia, through TSP1 induction, activate
CDA47 to disrupt this co-association and free eNOS from the inhibi-
tory and protective effects of Cav-1 in these situations. TSP1, via
CD47, also increased Cav-1 phosphorylation in pulmonary endothe-
lial cells. It is not clear how TSP1-mediated disruption of
Cav-1CD47 co-association alters Cav-1 levels or how TSP1 alters
Cav-1 phosphorylation. However, Cav-1 is a target of activated
CD47, and hence downstream in this process, since knock-down of
Cav-1 mitigates ROS suppression from a CD47-blocking antibody in
hypoxic pulmonary arterial endothelial cells.

Taken together, these data demonstrate that TSP1-mediated activa-
tion of CD47 promotes superoxide production from uncoupled
eNOS by limiting the expression and hence activity of Cav-1
(Figure 7). These studies are important, in that they describe for the
first time a role for activated CD47 in both experimental PAH and
human disease, and identify Cav-1 as a target of CD47 signalling.
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