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Abstract

Lung vessel remodeling leads to increased pulmonary vascular resistance, causing pulmonary arterial hypertension (PAH), and
consequently right ventricular hypertrophy and failure. In patients suffering from systemic sclerosis (SSc), PAH can occur and is a
life-threatening complication. Dysregulation of immune processes plays a crucial role in pulmonary vascular remodeling, as has
previously been shown in Fos-related antigen-2 (Fra-2) transgenic (TG) mice, a model of SSc-PAH. Here, we investigate whether
vascular remodeling in the Fra-2 TG model is driven by type 2 inflammation and is associated with vascular hyperresponsive-
ness, an important feature of PAH pathobiology. Basal pulmonary arterial pressure and pulmonary vascular responsiveness to
hypoxic ventilation and serotonin were increased in isolated, perfused, and ventilated lungs of Fra-2 TG mice compared with
wild-type (WT) littermates. Similarly, contractile responses of isolated intrapulmonary arteries were elevated in Fra-2 TG mice. We
also observed increased expression of contractile genes in Fra-2 overexpressing human pulmonary arterial smooth muscle cells
(PASMCs) with elevated intracellular calcium levels after interleukin (IL)-13 stimulation. These findings were corroborated by tran-
scriptomic data highlighting dysregulation of vascular smooth muscle cell contraction and type 2 inflammation in Fra-2 TG mice.
In vivo, type 2-specific anti-inflammatory treatment with IL-13 neutralizing antibodies improved vascular remodeling in Fra-2 TG
mice, similar to corticosteroid treatment with budesonide. Our results underscore the importance of type 2 inflammation and its
potential therapeutic value in PAH-associated pulmonary vascular remodeling and hyperresponsiveness in SSc-PAH.

NEW & NOTEWORTHY In patients suffering from systemic sclerosis (SSc), pulmonary arterial hypertension (PAH) is a life-threat-
ening complication linked to immune dysregulation. Preclinical analyses in Fos-related antigen-2 (Fra-2) transgenic (TG) mice, a
model of SSc-PAH, identify type 2 inflammation as a key driver of vascular remodeling. Anti-inflammatory treatment targeting
type 2 inflammation via IL-13 neutralizing antibodies improved pulmonary vascular remodeling. Thus, type 2-specific anti-inflam-
matory treatment may be a promising therapeutic approach in SSc-PAH.

hypoxic pulmonary vasoconstriction; pulmonary hypertension; type 2 inflammation; vascular hyperresponsiveness; vascular
remodeling

INTRODUCTION (2-5). It is associated with increased pulmonary arterial pres-
sure, ultimately leading to right ventricular hypertrophy,

Pulmonary vascular remodeling is the pivotal structural right heart failure, and eventually death (6-8).
alteration in pulmonary arterial hypertension (PAH) (1). PAH In patients with systemic sclerosis (SSc), the presence of
can be idiopathic (with unknown cause) or result from multi- PAH significantly affects the clinical course and overall sur-
ple causes, including autoimmune and infectious diseases vival rate, since it is the single most common cause of death
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in these individuals (9). Despite remarkable advances in
elucidating the pathogenesis of PAH over the past two dec-
ades, therapy venues are nonetheless still insufficient in
SSc-related PAH (SSc-PAH), and the average survival time
of patients with this condition usually does not exceed
4 years (10).

Multiple cell types play a role in the remodeling of the pul-
monary vasculature, such as vascular endothelial cells,
smooth muscle cells, and various immune cells (11, 12).
There is strong evidence that dysregulation of immune proc-
esses plays a critical role in the development of pulmonary
vascular remodeling and pulmonary hypertension (13, 14).

Mounting evidence indicates that type 2 immune signaling
is upregulated in PAH (2, 15) as well as in pulmonary fibrosis
(16). Furthermore, hallmarks of PAH were demonstrated and
confirmed in various murine models of type 2-driven inflam-
mation, including pulmonary vascular hyperresponsiveness,
increase in right ventricular systolic pressure, pulmonary vas-
cular remodeling, and right ventricular hypertrophy (5, 15, 17—
22). Fra-2 transgenic (TG) mice (23) manifest systemic fibrotic
disease characterized by enhanced pulmonary collagen depo-
sition and restrictive lung disease (24, 25). In addition, Fra-2
TG mice display increased pulmonary vascular musculariza-
tion and pulmonary hypertension (25-27). These features mir-
ror the characteristics observed in SSc-PAH (25, 28, 29). In
Fra-2 TG mice, the respective vascular alterations occur at
early time points before the development of pulmonary fibro-
sis. Fra-2 TG mice have been previously found to possess a
pronounced type 2 signature with high levels of eosinophils
and cytokines such as interleukin (IL)-13 and IL-4 in the lung
tissue and bronchoalveolar compartments (25, 30, 31), as well
as increased numbers of Th2-polarized CD4* T cells (32).

In this study, we investigated whether the early vascular
remodeling processes in the Fra-2 TG mouse model are
driven by type 2 inflammation and whether they are accom-
panied by increased vascular hyperresponsiveness, using a
combination of in vivo, ex vivo, and in vitro experiments. We
observed early, type 2-predominant eosinophilic inflamma-
tion in Fra-2 TG mice and an alteration of pulmonary arterial
smooth muscle cell (PASMC) contractility by Fra-2 expres-
sion in the setting of type 2 inflammation. In addition, we
found vascular remodeling to be ameliorated by anti-inflam-
matory treatment using type 2-specific anti-IL-13 blocking
antibodies in the Fra-2 TG mouse model.

MATERIALS AND METHODS

Animal Experiments

Fra-2 transgenic (TG) mice (RRID:MGI:5656158) were
obtained from Erwin Wagner, Research Institute of Molecular
Pathology, Vienna, and bred in-house (23). Mice were main-
tained under specific pathogen-free conditions in isolated ven-
tilated cages with 12-h light/dark cycles. Water and food were
supplied ad libitum. All mouse experiments were ethically
approved by local governmental and institutional authorities,
and all measures were taken to keep animal suffering to a mini-
mum. Experiments were conducted in female mice because
inflammation and extracellular matrix expression are more
pronounced and consistent in female Fra-2 overexpressing
mice compared with their male littermates, reflecting the
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female predisposition observed in human SSc. The characteri-
zation of the TG phenotype was performed in 8- and 16-wk-
old female mice in two independent experiments with 5-7
mice/group. Whenever feasible, investigators were blinded
to the experimental groups. However, the pronounced phe-
notype of the Fra-2 TG mice posed limitations to the extent
of blinding. To block IL-13 activity, 150 pg of rat anti-mouse
IL-13 (IgGlx) antibody (clone eBiol316H; Thermo Fisher
Scientific, Waltham, MA) per mouse was injected intraperi-
toneally twice a week. Control mice received 150 pg of rat
IgGlxk isotype control (clone RTK2071). To investigate the
effect of glucocorticosteroid treatment, 10 pg of budesonide
(Pulmicort suspension; AstraZeneca, Cambridge, UK) per
mouse, or PBS as a control, was applied intranasally three
times a week. Both treatments were initiated in 10-11-wk-
old mice. Fra-2 TG mice were randomly assigned to treat-
ment groups. Organ collection was performed after 6 wk of
treatment. Anti-IL-13 and glucocorticosteroid treatments
were performed once with 5-8 animals/group. A detailed
description of the experimental setup was previously pub-
lished (31).

Assessment of Blood Flow Velocity in the Pulmonary
Artery

A Doppler flow velocity system (Indus Instruments,
Houston, TX) with a 20 MHz single-transceiver Doppler
probe was used, as described previously (33). Anesthesia
was administered through a nose cone at a concentration of
1.0%-1.25% isoflurane in oxygen. The animals were posi-
tioned in a supine orientation on a heating pad and secured
to a four-channel ECG system using a tape on each paw. An
endorectal probe was placed for continuous monitoring of
body temperature. The upper chest was shaved, and ultra-
sound gel was applied to both the chest and the Doppler
probe. The probe was manually adjusted and secured using a
micromanipulator. Its proper alignment along the pulmonary
artery was verified by visually inspecting the blood flow veloc-
ity waveform in relation to the ECG signal. The probe was ori-
ented perpendicularly to the sternum and tilted toward the
animal’s right side. Blood flow velocity was recorded for
2,000 ms, capturing 16-20 blood flow speckles. Speckles
recorded during expiration were included in the analysis,
and an average of 3-5 speckles/animal was used. Data
analysis was performed using the vendor-provided soft-
ware (Indus Instruments).

Magnetic Resonance Imaging of Right Ventricle

All magnetic resonance (MR) experiments were recorded
with a 9.4 T small animal magnetic resonance imaging (MRI)
scanner (Bruker BioSpec, Ettlingen, Germany) equipped
with a 36-mm quadrature volume coil. During the experi-
ment, mice were anesthetized using isoflurane (1.5-2 vol%)
in an oxygen and air (1:2) mixture. Body temperature was
monitored with an endorectal probe and maintained in the
range of 35.5°C-36.5°C. To evaluate the global right ventricu-
lar (RV) function, the bright-blood cine images were collated
in 6-8 contiguous slices covering the whole ventricle volume
using a flow-compensated, prospectively gated gradient-
echo FLASH sequence (FOV 30 x 30 mm?, acquisition matrix
128 x 128, TE/TR = 2.3/5 ms, 1 mm slice thickness, number of

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00274.2024 - www.ajplung.org

Downloaded from journals.physiol ogy.org/journal/ajplung (149.156.234.028) on March 14, 2025.


http://www.ajplung.org

Q)) TYPE-2 DRIVEN VASCULAR REMODELING IN Fra-2 TG MICE

averages = 8, flip angle = 11°). Depending on the heart rate,
between 22 and 24 cine frames were acquired. All data were
analyzed offline using ImageJ (34). Endo- and epicardial
contours were manually segmented and used to calculate RV
mass (assuming a tissue density of 1.05 g/cm?); end-systolic
volume (ESV) and end-diastolic volume (EDV) were used to
calculate stroke volume, SV = EDV — ESV and ejection frac-
tion, EF =100 x (EDV — ESV)/EDV.

Histology Staining and Quantification

Formalin-fixed and paraffin-embedded mouse lungs were
cut into 2.5 pm sections for histological analysis. Sections
were deparaffinized in xylene followed by decreasing con-
centrations of ethanol. Sirius red staining was performed
according to the standard protocols. In short, slides were
incubated first in 0.2% phosphomolybdic acid for 4 min,
then in picrosirius red solution (Gatt Koller, Absam, Austria)
for 30 min, followed by differentiation in 0.5% acetic acid.
Antigen retrieval for immunostainings was performed using
citrate buffer (pH 6) at 95°C for 20 min. Primary antibodies
against phospho-STAT6 (1:100, Cat. No. 9361; Cell Signaling
Technology, RRID:AB_331595), smooth muscle actin (SMA;
1:30,000, Cat. No. A2547; Sigma-Aldrich, RRID:AB_476701),
or von Willebrand factor (VWF; 1:10,000, Cat. No. A0082;
Agilent, RRID:AB_2315602) were incubated for 1 h at room
temperature. Primary antibodies were detected by the
immPRESS o-rabbit Ig (peroxidase) polymer detection Kit
using DAB peroxidase (HRP) substrate. SMA was detected
using the Vector Vip Peroxidase (HRP) substrate kit (Vector
Laboratories, Burlingame, CA). Counterstaining was per-
formed for 10 s in 0.05% methyl green in 0.1 M sodium ace-
tate trihydrate (Sigma Aldrich, St. Louis, MO). Images were
obtained using an Olympus VS120 slide scanning micro-
scope at x40 magnification.

Tissue sections were analyzed using Visiopharm inte-
grated software VIS (Visiopharm, Denmark). The degree of
muscularization and vessel wall thickness were analyzed on
tissue sections double-stained with VWF and SMA, as
described previously (24, 25, 27). In short, the length of SMA
staining relative to the vessel circumference was used to cal-
culate the degree of muscularization. Vessel wall thickness
was calculated by dividing the area of vWF and SMA staining
by the vessel circumference. In total, 211+ 84 (minimum: 39,
maximum 431) vessels were analyzed per mouse. Of note,
relative proportions of non-, partially, or fully muscularized
vessels can vary between different staining batches; there-
fore, all samples shown in one graph were stained and ana-
lyzed at the same time.

Immunofluorescence Staining

Sections (2.5 um) of Formalin-fixed and paraffin-embed-
ded mouse lungs were deparaffinized and rehydrated in
decreasing concentrations of ethanol. Antigen retrieval was
performed using citrate buffer (pH 6) followed by two sepa-
rate blocking steps using BLOXALL (Vector Laboratories)
and 2.5% horse serum. Slides were sequentially incubated
overnight with primary antibodies directed against CD45
(1:250, Cat. No. ab10558; Abcam, RRID:AB_442810) and
Collagen I (1:500, Cat. No. 1310-01; SouthernBiotech, RRID:
AB_2753206), or Argl (1:205, Cat. No. sc-271430; Santa Cruz
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Biotechnology, RRID:AB_10648473) and developed using the
Opal detection system (Akoya Biosciences, Marlborough,
MA). vWF primary antibody (1:100, Cat. No. A0082; Agilent,
RRID:AB_2315602) was incubated overnight followed by the
secondary antibody labeled with AF555 and SMA-FITC la-
beled primary antibody (1:300, Cat. No. F3777; Sigma-
Aldrich, RRID:AB_476977). Finally, slides were stained with
DAPI for visualization of nuclei and mounted with DAKO
fluorescence mounting medium. In parallel, negative con-
trols were performed by omission of the first antibody.
Image acquisition was performed on a SP8 fluorescence con-
focal microscope (Leica). For images within one figure, slides
were stained simultaneously and images were acquired at
the same time using the same exposure times and settings.

Bronchoalveolar Lavage and Flow Cytometry

Bronchoalveolar lavage (BAL) was performed using 1 mL
PBS with protease inhibitor cocktail (Roche) and 1 mM
EDTA. BAL fluid (BALF) was centrifuged to pellet BALF cells,
and total and viable cell counts were obtained. Cells were
stained using a viability dye and antibodies directed against
CD45, CD19, CD3, Siglec-F, and CD11c. Antibody details are
provided in Table 1. Data were acquired using a Cytoflex S
(Beckman Coulter, CA). Viable cells were initially gated on
CD45 positivity and were identified as follows: T cells
(CD3"), B cells (CD19 "), alveolar macrophages (CD1lc™,
Siglec-F "), and eosinophils (CD11c ™, Siglec-F ).

Transcriptomic Analysis

Total RNA was isolated from lungs of female 8-wk-old Fra-2
TG and wild-type (WT) littermate control mice (4 animals/
group) using the RNeasy Mini kit (Peqglab, Erlangen, Germany).
Total RNA (200 ng) was preamplified and labeled with Cy5
using the low-input QuickAmp kit (Agilent Technology, Santa
Clara, CA) according to the manufacturer’s instructions.
Hybridizations were performed for 18 h at 42°C on Agilent
6x80K mouse microarrays in Agilent hybridization chambers.
Data were analyzed using the limma package in R (35).
Intensity values were background-corrected and quantile nor-
malized. The significance of differential expression was esti-
mated using moderated t-statistics as previously described in
detail (36). Data visualization was performed in R program-
ming environment (37). Heat maps were computed using
“pheatmap” package version 1.0.12 (38).

Isolated Perfused and Ventilated Mouse Lung

Fourteen- to seventeen-week-old female mice were used
for isolated perfused and ventilated mouse lung (IPL) experi-
ments. Lungs were isolated, and cannulation of the pulmo-
nary artery and left atrium was performed. Nonrecirculating
perfusion (1 mL/min, 37°C) with sterile Krebs—Henseleit

Table 1. List of antibodies used for flow cytometry

Target Fluorophore Clone Source RRid
CD45 AF700 30-F1 BD Biosciences  AB_1645208
CD19 APC-Cy7 6D5 BioLegend AB_2922473
Siglec-F PE E50-2440 BD Biosciences AB_394341
CD11c ef450 N418 Thermo Fisher AB_1548654
CD3e BV510 145-2C11 BioLegend AB_2565879
L415
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hydroxyethyl amylopectin buffer (Serag-Wiesner, Naila,
Germany) and volume-controlled (tidal volume of ~10 mL/
kg body wt) negative pressure ventilation (end-expiratory
pressure —2 cmH,0, 90 breaths/min) were established.
Hyperinflation (-24 cmH,0) intervals were set to 4 min (39).
Pulmonary arterial pressure (Ppa) was constantly recorded.

For analysis of hypoxic pulmonary vasoconstriction (HPV),
N“-nitro-L-arginine methyl ester hydrochloride (1 mM) and in-
domethacin (30 uM, both Sigma-Aldrich, Steinheim, Germany)
were added to the buffer (40). A four-point pressure-flow (P-Q)
curve was performed under normoxic baseline conditions by
altering the perfusion flow every 30 s from 0.5 to 1.0 to 1.5 to
2.0 mL/min (41). The perfusion rate was reset to 1 mL/min.
Hypoxic ventilation (1% O,) was initiated to assess HPV, and
10 min later a second P-Q curve was performed (42). For sero-
tonin-induced vasoconstriction, serotonin was added to the
perfusion buffer at concentrations of 10 nM, 100 nM, 1 uM,
or 10 uM and lungs were perfused with each concentration
for 1 min followed by a 10 min wash-out period with perfu-
sion buffer.

The maximal increase in Ppa due to the respective vaso-
constrictive stimulus was computed (A Ppa). Data were
excluded from further analyses if lungs had signs of hemo-
stasis, atelectasis, edema, or if maximal HPV response was
<2 cmH,0.

Wire Myography

Ten to twelve wk old, female Fra-2 TG and WT littermates
were used for wire myograph. The tertiary intrapulmonary
arteries (PAs) were isolated via stereo zoom microscope SZX7
(Olympus Corp, Tokyo, Japan) as described (43, 44). PAs
were mounted on the jaws in myograph chambers (Multi
Wire Myograph System-620M; Danish MyoTechnology A/S,
Aarhus, Denmark), equilibrated, and tested for viability,
and dose-response curve analyses with potassium chlo-
ride (KCl) and thromboxane analogue U-46619 were per-
formed as reported (44, 45). Measurements were analyzed
with PowerLab 8/35 (AD Instruments, Dunedin, New Zealand).

Cell Culture of Pulmonary Arterial Smooth Muscle Cells

Primary human pulmonary arterial smooth muscle cells
(PASMCs) were isolated from pulmonary arteries from non-
transplanted donor lungs. The protocol and tissue usage were
approved by the local authorities [Vienna Institutional Ethics
Committee (976/2010 and EK 1417/2022]. Comprehensive
details regarding donor characteristics are provided in
Supplemental Table S1. The purity of PASMC cultures was
confirmed using immunofluorescent antibody staining for
smooth muscle-specific isoforms of a-actin (minimum 95%
of cells stained positive). PASMCs were grown in full medium
(VascuLife SMC Complete Kit; LifeLine Technology). All
experiments were performed in cells in passages 2-6, and
cells were growth-arrested by serum deprivation for 12 h.

Transfection

PASMCs were transfected with overexpression vectors
PCDNA3.1 containing the human Fosl2/Fra-2 gene under
the control of a cytomegalovirus promotor. The empty
vector served as vehicle control (Ctrl). Transfection was
achieved using JetPrime transfection reagent according to
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the manufacturer’s instructions. In short, PASMCs were
incubated with the transfection mix in full medium for 4
h, followed by a medium change and further experiments.

Proliferation Measurements

Following transfection with Ctrl or Fra-2 overexpression
plasmids, PASMCs were seeded in 96-well plates (5,000-
10,000 cells/well) and grown overnight to enable proper
attachment. Following 12 h of starvation in basal medium,
cells were treated with IL-13 (50 ng/mL) and 5-ethynyl-2'-
deoxyuridine (EdU, 10 uM) to label proliferating cells. Basal
and full medium (supplemented with EdU) served as nega-
tive and positive controls, respectively. After 24 h, cells were
washed twice with PBS and fixed with 4% paraformaldehyde
(PFA) for 15 min at room temperature. Following fixation,
cells were washed twice with PBS, permeabilized with 0.1%
Triton-X in PBS for 20 min at room temperature, and stained
with the baseclick EAU Cell Proliferation kit 488 (baseclick
GmbH) according to the manufacturer’s instructions. Nuclei
were stained with Hoechst reagent (1:1,000) for 30 min. Cells
were imaged using the ImageXpress Pico Automated Cell
Imaging System (Molecular Devices) at x10 magnification
and analyzed with the CellReporterXpress Software Version
2.7 (Molecular Devices).

Intracellular Calcium Measurement

Ctrl and Fra-2 plasmid transfected cells were seeded on
96-well plates and loaded with Fluo4 for 40 min at 37°C.
EGTA (120 mM) was used to evaluate background signal, and
ionomycin (5 pM) was used to assess the total calcium
release. Data were acquired on a CLARIOstar plate reader
(BMG Labtech) using an excitation/emission wavelength of
490 and 510 nm, respectively.

RNA Isolation and Real-Time RT-PCR

Total RNA was isolated from lung homogenates using the
peqGOLD Total RNA kit (Peglab, Germany). Reverse transcrip-
tion was performed using the iScript cDNA synthesis kit (Bio-
Rad). The real-time RT-PCR reaction was run on a LightCycler
480 System (Roche Applied Science, Austria) using the
QuantiFast SYBR Green PCR kit (Qiagen, Germany). Hydro-
xymethylbilane synthase (Hmbs) and beta-2-microglobulin
(B2m) were used as reference genes. Differences of threshold
cycle (Ct) were calculated as follows: ACt = mean Ct reference
genes — Ct target gene. Primer sequences are given in Table 2.

Western Blot

Protein lysates Ctrl or Fra-2 plasmid transfected PASMCs
were isolated using RIPA buffer (Sigma). Protein samples
were separated by SDS-PAGE and transferred to PVDF mem-
branes (GE Healthcare, UK). Membranes were incubated
with primary antibodies [Fosl2 (HPA004817), 1:1,000; Atlas
Antibodies/pMLC, MLC, RhoA, and o-tubulin, 1:1,000; Cell
Signaling Technologies] at 4°C overnight, followed by 1 h
incubation at room temperature with HRP-conjugated sec-
ondary antibodies. Membranes were incubated with ECL
prime developing solution (GE Healthcare, UK). Signal
detection was performed using a ChemiDoc Touch Imaging
System (Bio-Rad). Uncropped images of membranes are shown
in Supplemental Fig S1.

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00274.2024 - www.ajplung.org

Downloaded from journals.physiol ogy.org/journal/ajplung (149.156.234.028) on March 14, 2025.


http://www.ajplung.org

Q)) TYPE-2 DRIVEN VASCULAR REMODELING IN Fra-2 TG MICE

Table 2. Primer sequences used for RT-PCR

Gene Gene Symbol Species Primer Sequence 5'-3’ Primer Sequence 5'-3’

Arginase 1 Argl mouse TTTCTCAAAAGGACAGCCTCG CACAGACCGTGGGTTCTTCA
Arginase 2 Arg2 mouse CCACTCCTAGCTTCTTCTGTCC TCCTCCACGGGCAAATTCC
Nitric oxide synthase 3 Nos3 mouse CTCCAGCACCGGAGCCTA TACAGGGCCCATCCTGCT
Beta-2-microglobulin B2m mouse CGGCCTGTATGCTATCCAGAAAACC TGTGAGGCGGGTGGAACTGTG
Hydroxymethylbilane synthase Hmbs mouse TCCGGAGGCGGGTGTTGAGG GCCAGAGAAAAGTGCCGTGGG
Ras homolog family member A RHOA human AGCAAGCATGTCTTTCCACA GAAGAGGCTGGACTCGGATT
Ras homolog family member B RHOB human GGGACAGAAGTGCTTCACCT CGACGTCATTCTCATGTGCT
Rho associated coiled-coil containing protein ROCKT1 human GGCAGGAAAATCCAAATCAT AAAAATGGACAACCTGCTGC

kinase 1
Rho associated coiled-coil containing protein ROCK2 human TTGTTTTTCCTCAAAGCAGGA CGCTGATCCGAGACCCT

kinase 2
Arginase 1 ARGT1 human TCAAAGGGACAGCCACGAG TAGGGATGTCAGCAAAGGGC
Beta-2-microglobulin B2M human CCTGGAGGCTATCCAGCGTACTCC TGTCGGATGGATGAAACCCAGACA
Hydroxymethylbilane synthase HMBS human CTGCAACGGCGGAAGAAAA AATCTTGTCCCCTGTGGTGG

NO Measurements

Lung tissue was freshly processed by homogenization in
PBS at a 1:10 ratio using a Dounce homogenizer, followed by
centrifugation at 10,000 rpm for 10 min at 4°C as recom-
mended by the manufacturer. Nitrite (NO;) levels reflecting
nitric oxide (NO) bioavailability in the lung tissue were
measured immediately after homogenization using the NO
colorimetric assay kit (Elabscience, Cat. No. E-BC-K035-M)
according to the manufacturer’s protocol.

Statistical Analysis

Statistical analysis was performed in GraphPad Prism 6
software (Graph Pad Software Inc.). Data are expressed as
single data points with box plot overlay (whiskers indicat-
ing minimum/maximum values), if not stated otherwise.
Muscularization data are shown as bar graphs (means +
SD). Comparisons between two groups with equal varian-
ces were performed using an unpaired Student’s ¢ test.
Groups with different variances were compared using
Welsh’s t test. Treatment effects of WT and Fra-2 TG sam-
ples were analyzed by two-way ANOVA and post-tests for
multiple comparisons. Statistical tests for specific data
sets are provided in the figure legends. P values below 0.05
were considered as statistically significant.

RESULTS

Enhanced Muscularization, Perivascular Collagen
Deposition, and Altered Pulmonary Artery Blood Flow in
Fra-2 TG Mice

Fra-2 transgenic (TG) mice were analyzed at two different
time points. The first analysis was performed in young mice
before the development of pulmonary fibrosis (8 wk of age),
and the second when fibrotic changes in the lungs were
starting to become manifest (16 wk of age) (Fig. 1A). Collagen
staining using picrosirius red revealed increased perivascu-
lar collagen deposition in 8-wk-old Fra-2 TG mice which was
further exacerbated in 16-wk-old Fra-2 TG mice compared
with littermate wild-type (WT) control mice (Fig. 1B, upper).
Quantification of muscularization as indicated by the ratio
of the length of «-SMA (marking smooth muscle cells) per
length of total vessel wall, (Fig. 1B, lower) showed an
increased proportion of partially and fully muscularized
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vessels with a concomitant decrease of nonmuscularized
vessels in both time points (Fig. 1C). Despite increased mus-
cularization of vessels, the vessel wall thickness was not
altered in Fra-2 TG mice at 8 wk but increased by trend in
16-wk-old mice (Fig. 1D).

We further conducted in vivo Doppler blood flow velocity
mapping in the pulmonary artery of Fra-2 TG and WT mice.
Similar to patients with PAH, the pattern of the pulsed-wave
Doppler of the pulmonary artery blood flow appeared triangu-
lar in 16-wk-old Fra-2 TG mice, in contrast to the more dome-
like pattern in WT mice (Fig. 1E) (46-49). Elevated pulmonary
arterial pressure (Ppa) results in premature closing of the pul-
monary valve. Therefore, pulmonary acceleration time (PAT) is
shortened. Importantly, PAT inversely correlates with pulmo-
nary arterial pressure (47, 50). In line, a decrease in PAT could
be observed in Fra-2 TG mice before fibrosis development at 8
wk of age compared with WT control mice, with further deteri-
oration observed by 16 wk of age (Fig. 1F). These changes
underscore the functional significance of the PH-associated
pulmonary vascular pathologies observed in Fra-2 TG mice.

Fra-2 TG Mice Show Right Ventricular Dysfunction in
MRI

To further assess the functional significance of vascular
remodeling in this mouse model, we conducted in vivo car-
diac magnetic resonance imaging (MRI) to evaluate right
ventricular function. In concordance with the previously
reported increase of the RV/(LV + S) ratio (Fulton index) of
Fra-2 TG mice (26), MRI of the right ventricle (Fig. 2, A and B)
revealed an increased RV mass in Fra-2 TG mice (Fig. 2C).
End-diastolic right ventricular volume was not significantly
altered, with a trend toward increased volumes in Fra-2 TG
mice (Fig. 2D). However, the end-systolic volume of the right
ventricle was significantly elevated in Fra-2 TG mice already
at the age of 8 wk and was even more pronounced at 16 wk of
age (Fig. 2E). RV stroke volume was similar between Fra-2 TG
and WT mice (Fig. 2F), but the RV ejection fraction was
reduced in Fra-2 TG mice at 16 wk of age (Fig. 2G).

Lungs of Fra-2 TG Mice Exhibit Stimulus-Independent
Vascular Hyperresponsiveness

To clarify the cause of functional impairment in Fra-2 TG
mice, we investigated whether it resulted from increased
stiffness and decreased vascular compliance linked to the
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Figure 1. Fra-2 overexpression in mice leads to increased pulmonary vascular remodeling and altered pulmonary artery blood flow velocity. A: schematic
representation of experimental setup using Fra-2 transgenic (TG) and wild-type (WT) littermate control mice. B: collagen (picrosirius red) and von
Willebrand factor (VWWF)/a-smooth muscle actin (a-SMA) double staining of pulmonary vessels in Fra-2 TG or WT control mice at the age of 8 or 16 wk.

C: quantification of muscularization of small pulmonary vessels (25-250 pm

diameter) in 8- and 16-wk-old WT (n = 7) and Fra-2 TG (n = 7/4) mice. Non-

m., non-muscularized, part m., partially muscularized, fully m., fully muscularized. Unpaired t tests were used to analyze the difference of non, partially,
and fully muscularized vessels in WT and Fra-2 TG mice. *P < 0.05, **P < 0.01. D: quantification of mean vessel wall thickness in 8 (left) and 16 (right) wk
old Fra-2 TG and WT mice. Each datapoint represents one animal (n = 4-6). E: representative images of Doppler blood flow velocity waveforms in Fra-2
TG and WT control mice at 8 and 16 wk of age. F: pulmonary acceleration time of pulmonary arteries in Fra-2 TG and WT mice. Each datapoint represents
one animal (n = 6-8). One way-ANOVA with Sidak’s multiple comparison test, *P < 0.05, ***P < 0.001. Fra-2, Fos-related antigen-2.

observed remodeling, or from heightened pulmonary vascu-
lar responsiveness. We first examined whether the vascular
changes observed in the histology of young Fra-2 TG mice
were supported by gene expression alterations using tran-
scriptome analysis. Targeted analysis of the gene ontology
G0:0014829 (associated vascular smooth muscle contraction)
revealed expression profile changes robust enough to distin-
guish the distinct groups: Unbiased hierarchical clustering of

L418

lung homogenates from 8-wk-old Fra-2 TG and WT mice
clearly separated the two different genotypes (Fig. 3A), sug-
gesting alterations in both the vascular morphology and the
contractile properties. To assess the functional relevance of
these findings, we performed ex vivo measurements of pul-
monary vascular responsiveness in isolated, perfused, and
ventilated mouse lungs (Fig. 3B) and in isolated intrapulmo-
nary arteries using wire myography.
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Figure 2. Fra-2 transgenic mice possess altered right ventricular function. A and B: representative images of cardiac MRI of Fra-2 transgenic (TG) and
wildtype (WT) litter mate control mice at 8 and 16 wk of age. C—G: analysis of right ventricular (RV) mass (C), end-diastolic RV volume (D), end-systolic RV
volume (E), RV stroke volume (F), and RV ejection fraction (G) of 8- and 16-wk-old Fra-2 TG and WT control mice. Each datapoint represents one animal

(n=

In line with our previous studies (26), pulmonary arterial
pressure (Ppa) at baseline was increased in isolated perfused
lungs of Fra-2 TG mice compared with WT mice (Fig. 3C). In
addition, hypoxic pulmonary vasoconstriction (HPV) was
highly elevated in Fra-2 TG mice (Fig. 3D), with a signifi-
cantly higher maximum increase of Ppa mean following ven-
tilation with 1% oxygen in Fra-2 TG compared with WT
lungs (Fig. 3E). Perfusion of the vascular system with sero-
tonin (5-hydroxytryptamin, 5-HT) increased the Ppa mean
in a dose-dependent manner in both WT and Fra-2 TG
mice, but to a higher degree in Fra-2 TG mice (Fig. 3F).

Using a wire myograph (Fig. 3G), the contractile responses
of intrapulmonary arteries isolated from Fra-2 TG or WT
mice were further assessed in response to increasing doses of
potassium chloride (KCI) or thromboxane analogue U-46619.
Increasing doses of KCI or U-46619 led to a significant
increase in contraction of pulmonary arteries isolated from

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00274.2024 - www.ajplung.org

6-7). One-way ANOVA with Sidak’s multiple comparison test, *P < 0.05. Fra-2, Fos-related antigen-2; MRI, magnetic resonance imaging.

Fra-2 TG mice compared with those isolated from WT mice
(Fig.3, Hand L).

These data indicate pulmonary vascular hyperresponsive-
ness in Fra-2 TG mice irrespective of the vasoconstrictive
stimulus.

Early Type 2 Predominant Eosinophilic Inflammation in
Fra-2 TG Mice

Tissue remodeling and airway hyperresponsiveness have
been previously linked to IL-13 (51). Moreover, we were previ-
ously able to show that at 16 wk of age, Fra-2 TG mice exhibit
severe type 2 inflammation with high levels of IL-13 (31).
Here, we therefore investigated inflammatory changes in
young (8 wk) and adult (16 wk) Fra-2 TG mice. Multicolor im-
munofluorescence imaging confirmed increased collagen
deposition and muscularization in the pulmonary vascula-
ture of Fra-2 TG mice, in addition to revealing severe
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perivascular inflammatory infiltrates in 16-wk-old Fra-2 TG
mice (Fig. 4A). At 8 wk of age, there were no changes in
BALF inflammatory cell counts between Fra-2 TG and WT
mice; however, at 16 wk of age, a significant increase in
inflammatory cell infiltration into the alveolar space was
observed (Fig. 4B). Despite the lack of changes in total BALF

cell counts at 8 wk of age, flow cytometric analysis revealed a
shift of inflammatory cell populations. Although alveolar
macrophage readings were lower, relative numbers of BALF
eosinophils were increased in Fra-2 TG mice (Fig. 4C). This
alteration was even more pronounced in 16-wk-old animals
(Fig. 4D). Importantly, targeted expression analysis of genes
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associated with gene ontology GO:0042092 “type 2 immune
response” in lung homogenates of 8-wk-old mice confirmed
an early shift toward type 2 inflammation (Fig. 4E).

Pulmonary Arterial Smooth Muscle Cell Contractility Is
Altered by Fra-2 Expression (in the Setting of Type
2 Inflammation)

To determine whether IL-13 signaling was operational
in the vascular compartment of Fra-2 TG mice, we tested
for phosphorylation/activation of Signal Transducer and
Activator of Transcription 6 (Stat6) in respective samples.
Immunohistochemical staining using antibodies directed
against pStat6 revealed increased staining and nuclear local-
ization in the vessel wall of remodeled vessels in Fra-2 TG
mice (Fig. 5A, arrows). In contrast, almost no staining positiv-
ity could be observed in healthy WT lungs (Fig. 5A).

To assess the combined effects of Fra-2 and IL-13 on
PASMC contraction, Fra-2 was overexpressed in human
PASMCs in vitro, achieving a robust increase of Fra-2 up to
72 h (Fig. 5B). Of note, Fra-2 overexpression did not alter the
proliferative phenotype of PASMCs at basal or stimulated
conditions (Fig. 5C). We then analyzed genes from the con-
tractile apparatus and observed a slight but significant
increase of RHOA, RHOB, ROCKI, and ROCK2 expression in
PASMCs following Fra-2 overexpression, but no additive
effect post IL-13 treatment (Fig. 5, D-F). In addition, intracel-
lular Ca™ * levels of normal or Fra-2 overexpressing PASMCs
with or without IL-13 stimulation showed a significant syner-
gistic effect leading to increased intracellular Ca®* in Fra-2
overexpressing PASMCs following IL-13 stimulation, as com-
pared with control cells (Fig. 5G).

IL-13 has been previously reported to potentially influence
contractile properties of PAs by causing an imbalance in ar-
ginine metabolism (52, 53). Targeted analysis of genes associ-
ated with the gene ontology GO:0006525 (arginine metabolic
process) from transcriptome profiling of lung homogenates
from 8-wk-old mice showed a clear clustering of WT samples
compared with Fra-2 TG samples (Fig. 6A), indicating an
imbalance in arginine metabolism already at a young age.
We therefore analyzed expression levels of endothelial nitric
oxide synthase (Nos3/eNOS), arginase 1 (Argl), and Arg2 in
isolated pulmonary arteries (PAs) and in lung homogenates
of 8- and 16-wk-old Fra-2 TG and WT control mice. In the
lung homogenates of Fra-2 and WT mice, we observed a
strong increase in Argl expression, whereas Nos3 levels were
unaltered (Fig. 6B). Arg2 expression was found to be
unchanged at 8 wk of age, but decreased in Fra-2 TG mice at
16 wk of age compared with their littermate control mice
(Fig. 6B). Similar changes were observed in PAs, where we
found expression levels of Nos3 and Arg2 to be unaltered,

whereas Argl levels were significantly upregulated (Fig. 6C).
To analyze whether these changes were due to alterations of
gene expression levels in the smooth muscle layer of pulmo-
nary arteries, we measured ARGI expression levels in cul-
tured human PASMCs with or without Fra-2 overexpression.
We did not observe any changes in ARGI expression levels
(Fig. 6D). Immunofluorescence staining of arginase 1 and
a-Sma showed no signal overlap but displayed distinct
a-SMA-negative/Argl-positive cells in close proximity and
within the vessel wall in Fra-2 TG mice, indicating infiltrat-
ing inflammatory cells (Fig. 6E, white arrows), whereas
almost no Argl-positive cells were detected around PAs in
healthy WT animals (Fig. 6E). In line with these observa-
tions, NO levels in the lung tissue of 16-wk-old Fra-2 mice
appeared to be decreased. Although low levels of NO could
be measured in the lungs of WT mice, they were below detec-
tion limit in 16-wk-old Fra-2 TG mouse lungs (Fig. 6F).

Our data show that pulmonary vascular hyperresponsive-
ness in Fra-2 TG mice results from two factors: increased pul-
monary artery contractility due to Fra-2 activation in
PASMCs, and an imbalance in arginine metabolism caused
by elevated Argl levels in infiltrating immune cells, which
reduces NO availability and enhances PA contraction in the
lungs of Fra-2 TG mice.

Anti-Inflammatory Treatment Using
Glucocorticosteroids or Type 2-Specific IL-13 Blocking
Antibodies (Partially) Ameliorates Vascular Remodeling
in the Fra-2 TG Mouse Model of SSc-PAH

To assess the type 2 dependence of the pulmonary vascu-
lar phenotype in vivo, we analyzed historical samples with
unspecific suppression of inflammation using the glucocorti-
costeroid budesonide (Fig. 7A) or the pharmacological block-
ade of IL-13 signaling by IL-13 neutralizing antibodies
(Fig. 7E) in Fra-2 TG mice. We have previously shown that
both treatments decrease IL-13 signaling and phosphoryla-
tion of STAT6 in lung homogenates of Fra-2 TG mice (31).
Here, budesonide treatment ameliorated the increased peri-
vascular collagen deposition (Fig. 7B) and muscularization
of pulmonary vessels in Fra-2 TG mice (Fig. 7, B and C).
Mean vessel wall thickness was decreased by trend following
administration of budesonide (Fig. 7C). In addition, expres-
sion levels of Argl and Arg2 were found to be decreased in
lung homogenates of Fra-2 TG mice treated with budeso-
nide, compared with Fra-2 TG mice without treatment
(Fig. 7D). Similarly, administration of an anti-IL-13 blocking
antibody was found to reduce perivascular collagen deposi-
tion (Fig. 7F) and to mitigate vascular remodeling (Fig. 7, F
and G). No significant effects on expression levels of Nos3,
Argl, or Arg2 were observed (Fig. 7H).

Figure 3. Pulmonary arteries of Fra-2 transgenic mice exhibit stimulus-independent vascular hyperresponsiveness. A: transcriptome analysis of lung ho-
mogenates of 8-wk-old Fra-2 transgenic (TG) or wild-type (WT) mice (n = 4): heatmap with unbiased hierarchical clustering of genes annotated to the
gene ontology “vascular associated smooth muscle contraction” (GO:0014829), z-scores are shown. B: schematic representation of isolated perfused
and ventilated mouse lung setup. IPL was conducted in mice 14 to 17 wk of age. C: mean pulmonary arterial pressure (Ppa mean) of isolated perfused
mouse lungs of wildtype (WT; n = 9) or Fra-2 transgenic (Fra-2 TG; n = 6) mice at baseline. Unpaired t test, *P = 0.0101. D: representative recording of
flow-induced pressure changes in WT or Fra-2 TG mouse lungs under normoxic and hypoxic conditions (Ppa normalized to baseline). E: the maximum
hypoxia-induced change of Ppa mean in WT (n = 9) and Fra-2 TG (n = 6) mouse lungs. Unpaired t test, ***P < 0.001. F: changes of Ppa mean in
response to serotonin (5-hydroxytryptamin, 5-HT) administration to the perfusion buffer in isolated perfused lungs of WT (n = 6) or Fra-2 TG (n = 7) mice.
G: schematic representation of pulmonary artery wire myography. H and /: assessment of vasoreactivity of the pulmonary arteries isolated from WT (n =
3)and Fra-2 TG (n = 3) mice upon dose-dependent stimulation with potassium chloride (KCI) (H) and thromboxane analog U-46619 (/). From each mouse,
3-4 PA segments were measured. F—/: two-way ANOVA with Bonferroni’s multiple comparisons test, ***P < 0.001. Fra-2, Fos-related antigen-2.
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DISCUSSION

In our study presented here, we demonstrate for the first
time that pulmonary arterial remodeling and hyperrespon-
siveness in Fra-2 TG mice are driven by proinflammatory sig-
naling and involves pulmonary type 2 cytokine activity.
Treatment with budesonide was able to completely halt the
pulmonary vascular remodeling process in Fra-2 overex-
pressing mice, whereas IL-13 neutralizing antibodies par-
tially alleviated it. Transcriptomic and flow cytometry
analyses indicated an early shift toward type 2 inflammation
in Fra-2 TG mice, which was reflected by the presence of
type 2-predominant eosinophilic lung inflammation in Fra-2
TG mice, as shown previously (25, 30, 54).

Corroborating the contribution of type 2 inflammation to
the development of PAH, lung-specific overexpression of IL-
13 has been previously shown to lead to a PAH phenotype in
mice (21). Similarly, mice challenged with ovalbumin, house
dust-mite and Schistosoma developed a type 2-driven
immune response along with varying degrees of pulmonary
hypertension. Blocking IL-13 attenuated vascular remodeling
in aspergillus-induced pulmonary hypertension (2, 5, 55).
Also, pulmonary artery remodeling in mice coexposed to
house dust mite and particulate matter was shown to be
ameliorated by inhibiting IL-13 signaling via neutralization
of IL-13 and IL-17 (22). Likewise, double-knockout mice of
both type 2 cytokines IL-4 and IL-13 were found to be pro-
tected against pulmonary vascular disease after Schistosoma
exposure (2). Depletion of CD4" T cells protects from anti-
gen-induced pulmonary arterial remodeling, further point-
ing toward a causative interdependence.

The potential of targeted immune therapies to reverse
established PAH requires further evaluation, as broad-based
immunosuppressive treatments have only limited clinical
benefit in most patients with PAH, except for those with sys-
temic sclerosis and systemic lupus erythematosus (56).

In addition, other factors such as pulmonary vasoconstric-
tion need to be considered. Indeed, vascular hyperrespon-
siveness was detected in Fra-2 TG mice, which potentiated
the vasomotor response to hypoxia. Hypoxic pulmonary va-
soconstriction (HPV) is a physiological mechanism to opti-
mize ventilation-perfusion matching. HPV is believed to
promote pulmonary hypertension in lung diseases associ-
ated with chronic hypoxia (40, 57-59). Here, we show for the
first time that the pressure response to hypoxic ventilation is
strongly increased in Fra-2 TG mice. Furthermore, vascular
responses to other vasoconstrictive stimuli such as sero-
tonin, the thromboxane analog U-46619, or potassium chlo-
ride were augmented in Fra-2 TG mice, indicating stimulus-
unspecific pulmonary vascular hyperresponsiveness, which
may point to a direct involvement of Fra-2 in the regulation
of pulmonary vasoconstriction. This is corroborated by our

in vitro data showing increased expression of genes involved
in activation of the contractile apparatus, such as Rho
GTPases RhoA and RhoB or Rho-Kinase 1 and -2 (ROCK1/2)
following Fra-2 overexpression. In addition, Fra-2 overex-
pression together with IL-13 stimulation led to an increase in
intracellular calcium without any contractile stimulus,
pointing toward an interaction of Fra-2 activity and type
2 inflammation and a concomitant contractile status of
PASMCs as seen in the vasculature of Fra-2 TG mice.

The increased mass of PASMCs in pulmonary vessels of
Fra-2 TG mice could be an additional cause for higher con-
tractility, irrespective of the contractile stimulus. In our in
vitro experiments we did not detect increased PASMC prolif-
eration due to Fra-2 overexpression. As Fra-2 is dependent
on a dimerization partner carrying a transactivation do-
main, we cannot exclude that the lack of proliferation in
vitro is due to a missing dimerization partner. One report
highlighted a role of Fra-2 in smooth muscle cell differen-
tiation (60). In contrast, another study reports increased
myofibroblast differentiation in mice overexpressing Fra-2
specifically in a-SMA ™ cells (61). Whether augmented SMC
differentiation in Fra-2 TG mice is involved in increased
SMC mass in the vasculature of Fra-2 TG mice still needs
to be determined.

Both type 2-specific lung inflammation (15, 17, 18) and
Nos3/eNOS deficiency (62) are known to induce pulmonary
vascular hyperresponsiveness. Although no downregulation
of Nos3/eNOS was detected in the lungs of Fra-2 TG mice,
levels of Argl, a key enzyme in arginine metabolism, were
highly upregulated. Transcriptome profiling revealed that
the arginine metabolism imbalance is already present in
young mice. This may be a direct effect of the pulmonary
type 2 inflammation in Fra-2 TG mice observed here. Cho
et al. (21) demonstrated that IL-13 overexpressing mice spon-
taneously developed a pulmonary hypertension phenotype
at 2 mo of age with increased expression and activity of
Arg2. Mechanistically, this results in substrate competition
of arginases and eNOS and therefore decreased NO produc-
tion and bioavailability (21). Moreover, Arg2 deficiency in IL-
13 TG mice diminished pulmonary arterial remodeling and
right ventricular systolic pressure, whereas NO synthesis
was increased. Consistent with this hypothesis, our results
presented here show a decrease in NO bioavailability in the
lung tissue of Fra-2 TG mice. The lack of this important va-
sodilator could therefore contribute to pre-constriction
and vascular hyperresponsiveness in Fra-2 TG mice (21,
63). Thus, decreased NO availability due to L-arginine me-
tabolism imbalance as well as IL-13/Fra-2 synergisms seem
to contribute to the observed hyperresponsiveness of the
pulmonary vasculature in Fra-2 TG.

In line with our data showing an imbalanced L-arginine me-
tabolism and muscularization of formerly nonmuscularized

Figure 4. Fra-2 transgenic mice exhibit perivascular, type 2-predominant/eosinophilic inflammation. A: representative multicolor immunofluorescence
images of endothelium (von Willebrand factor = vWF, yellow), smooth muscle cells (a-smooth muscle actin = a-SMA, green), inflammatory cells (CD45 ",
blue), collagen type | (Col1, red), and nuclei (DAPI, white) staining. B: inflammatory cell counts in the bronchoalveolar lavage fluid (BALF) of Fra-2 TG and
WT mice at the age of 8 and 16 wk. C and D: relative proportion of alveolar macrophages (AM), eosinophils (Eos), T cells, and B cells in the BALF of Fra-2
TG and WT control mice at the age of 8 wk (C) and 16 wk (D). B—D: two-way ANOVA with Sidak’s multiple comparisons test, ***P < 0.001. Each datapoint
represents one animal. E: transcriptome analysis of lung homogenates of 8-wk-old Fra-2 TG or WT mice (n = 4): heatmap with unbiased hierarchical clus-
tering of genes annotated to the gene ontology “type 2 immune response” (GO:0042092), z-scores are shown. Fra-2, Fos-related antigen-2; ns, not sig-

nificant; TG, transgenic; WT, wildtype.
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lung vessels in 8-wk-old Fra-2 TG mice, an elevated RVSP
was already detectable at this time point (26). By redirect-
ing L-arginine metabolism, Argl/2 not only interferes with
NO production and subsequently NO bioavailability but
also increases the formation of polyamines and L-proline,

important compounds in collagen synthesis and SMC
growth (64). As a result, altered L-arginine metabolism in
Fra-2 TG mice likely not only contributes to vascular
hyperresponsiveness but also to pulmonary vascular remodel-
ing and collagen deposition.
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In summary, increased vascular hyperresponsiveness in to arginase-expressing immune cells surrounding and infil-
Fra-2 TG mice is most likely elicited by two factors. First, the tration the pulmonary artery vessel wall.
PASMC intrinsic contractile status due to the presence of This study is limited by the analysis of only female mice
Fra-2 and second, the imbalanced arginine metabolism due in one mouse model, use of archived tissue samples with a

Figure 5. Effects of interleukin (IL)-13 and Fra-2 overexpression on proliferation and intracellular calcium of pulmonary artery smooth muscle cells. A: im-
munohistochemical staining of IL-13 downstream signaling molecule pStat6 in the pulmonary vasculature in Fra-2 transgenic (TG) and wild-type (WT)
mice. Arrows indicate intranuclear pStat6 staining in the vascular smooth muscle cell layer of Fra-2 TG mice. B: Fra-2 overexpression in PASMCs after
24,48, and 72 h as determined by Western blot analysis. Alpha-tubulin served as a loading control. C: proliferation of PASMCs with and without Fra-2
overexpression in basal medium (0% FCS), with IL-13 stimulation or in full medium (including 5% FCS). Each datapoint represents one measurement. In
total, six technical replicates from four different donor cells were measured. D and E: expression levels of RhoA, RhoB, ROCKT, and ROCK2 in PASMCs
following Fra-2 overexpression and stimulation with IL-13. Two-way ANOVA with Sidak’s multiple comparison test, *P < 0.05, **P < 0.01. Each datapoint
represents one measurement. In total, six technical replicates from four different donor cells were measured. F: results of two-way ANOVA analysis of D
and E. G: intracellular Ca™*™ in primary human PASMCs following Fra-2 overexpression and IL-13 (10 ng/mL for 24 h) treatment. Two-way ANOVA, **P <
0.01. Fra-2, Fos-related antigen-2; PASMC, pulmonary arterial smooth muscle cell.
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Figure 7. Anti-inflammatory treatment using glucocorticosteroids or type 2-specific anti-IL-13 blocking antibodies (partially) ameliorates vascular remod-
eling in the Fra-2 transgenic mouse model of SSc-PAH. A: schematic representation of intranasal (i.n.) treatment with the glucocorticosteroid budesonide
(bude) or PBS as control in Fra-2 transgenic (TG) mice. B: collagen (picrosirius red, SR) and von Willebrand factor (VWF)/a-smooth muscle actin (a-SMA)
double staining of pulmonary vessels of Fra-2 TG mice with budesonide (n = 6) or PBS (n = 7) treatment. C: quantification of muscularization of small pul-
monary vessels (25-250 pm diameter). Non-m., non-muscularized, part m., partially muscularized, fully m., fully muscularized. Two-way ANOVA with
Sidak’s multiple comparison test, *P < 0.05, ***P < 0.001. D: relative gene expression levels of endothelial nitric oxide synthase (Nos3/eNos), arginase
1and 2 (Arg/Arg2) in lung tissue of Fra-2 TG mice with (n = 6) or without (1 = 7) budesonide treatment. Unpaired t test, *P <0.0201. E: schematic repre-
sentation of intraperitoneal (ip) treatment with IL-13 neutralizing (anti-IL-13) antibodies or IgG isotype controls in Fra-2 TG mice. F: collagen (picrosirius
red, SR) and VWF/a-SMA double staining of pulmonary vessels in Fra-2 TG mice with anti-IL-13 treatment (n = 6) or IgG treatment (n = 7). G: quantification
of muscularization of small pulmonary vessels (25-250 pm diameter). Non-m., non-muscularized, part m., partially muscularized, fully m., fully muscular-
ized. Two-way ANOVA with Sidak’s multiple comparison test, *P < 0.05. H: relative gene expression levels of endothelial nitric oxide synthase (Nos3/
eNos), arginase 1and 2 (Arg1/Arg2) in lung tissue of Fra-2 TG mice with (n = 5) and without (n = 4) anti-IL-13 treatment. Fra-2, Fos-related antigen-2.

limited number, and therefore low statistical power. However,
we performed for the first time in vivo cardiac MRI measure-
ments in Fra-2 TG mice and found signs of right ventricular
hypertrophy, a significant increase in end-systolic right
ventricular volume, and a decrease in right ventricular EF
in 16-wk-old Fra-2 TG mice, reflecting right ventricular
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maladaptation similar to the human situation in patients
with PAH (65, 66). Therefore, the presented data here on
early vascular alterations with concomitant changes in PA
blood flow and right ventricular function highlight once
again the translational value of the Fra-2 TG model and
the clinical relevance of the here presented data.
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In conclusion, pulmonary hypertension in the Fra-2 TG
mouse model of SSc-PAH is most likely multifactorial, con-
jointly elicited by type 2 inflammation, increased vasocon-
striction, and progressive pulmonary arterial remodeling.
This could have important clinical implications, as combina-
tion therapy targeting each of these mechanisms might be
necessary to treat lung involvement in this deadly disease
successfully. However, the current lack of clinical studies on
type 2-specific anti-inflammatory treatments in patients
with PAH underscores the need for further investigation in
this promising area.
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