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Abstract

Oxidative stress and inflammation play key roles in development of pulmonary arterial
hypertension. We previously reported that an endothelial cell-specific cyclophilin A
overexpression mouse developed many characteristics of pulmonary arterial hypertension. In other
models of cardiovascular disease, cyclophilin A stimulates smooth muscle proliferation and
vascular inflammation, but mechanisms responsible for pulmonary arterial hypertension have not
been defined. In particular, the contribution of endothelial-to-mesenchymal transition in
cyclophilin A-mediated pulmonary arterial hypertension has not been studied.

We identified increased levels of cyclophilin A in endothelial and neointimal cells of pulmonary
arteries in pulmonary arterial hypertension patients and animal pulmonary hypertension models. In
the endothelial cell-specific cyclophilin A overexpression mouse that exhibited features
characteristic of pulmonary arterial hypertension, lineage tracing showed high level expression of
mesenchymal markers in pulmonary endothelial cells. A significant number of mesenchymal cells
in media and perivascular regions of pulmonary arterioles and alveoli were derived from
endothelial cells. Pulmonary endothelial cells isolated from these mice showed phenotypic
changes characteristic of endothelial-to-mesenchymal transition in culture. Cultured pulmonary
endothelial cells stimulated with extracellular cyclophilin A and acetylated cyclophilin A
demonstrated functional changes associated with endothelial-to-mesenchymal transition such as
increased cytokine release, migration, proliferation, and mitochondrial dysfunction. Acetylated
cyclophilin A stimulated greater increases for most features of endothelial-to-mesenchymal
transition. In conclusion, extracellular cyclophilin A (especially acetylated form) contributes to
pulmonary arterial hypertension by mechanisms involving increased endothelial-to-mesenchymal
transition, cytokine release, endothelial cell migration, proliferation, and mitochondrial
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dysfunction; strengthening the basis for studying cyclophilin A inhibition as a therapy for
pulmonary arterial hypertension.
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Introduction

Pulmonary arterial hypertension (PAH) is a progressive cardiovascular disease characterized
by vascular remodeling including aberrant endothelial cell (EC) migration and proliferation,
vascular smooth muscle cell (VSMC) proliferation and perivascular inflammation~2.
Cyclophilin A (CypA) is a ubiquitously expressed protein with peptidyl-prolyl c/s-trans
isomerase (PPlase) activity3. Our lab has identified CypA as a secreted oxidative stress
induced factor that contributes to the generation of oxidative stress through autocrine and
paracrine mechanisms*2. CypA plays a key role in mediating vascular dysfunction and
inflammation in several diseases including aortic aneurysm, atherosclerosis, intima
formation and cardiac hypertrophy®-9. We have shown that acetylated CypA (AcK-CypA) is
more potent than CypA for vascular cell activation!C. Recently, we demonstrated that an EC-
specific CypA overexpression mouse (ecCypA-Tg) developed many characteristics of PAH,
including increased right ventricular systolic pressure, inflammatory cell infiltration and
thickening of pulmonary arterioles!l. We found that extracellular CypA promoted EC
inflammation /n vitro through activation of the NF-kB pathway, and identified a positive
feedback loop between oxidative stress and CypA secretion that included stimulation of
AcK-CypA production.

In PAH, it appears that muscularization and proliferation of cells to form an occlusive
neointima represents an irreversible stage of PAH pathology2. There are several theories
regarding the origin of the neointimal cells and the excessive VSMC. Sheikh et a/. reported
that the vast majority of distal arteriole VSMC in hypoxia-induced pulmonary hypertension
(PH) derived from preexisting proximal VSMC23. They proposed that the VSMC
dedifferentitate and migrate along the vessel and proliferate in the distal arterioles. Another
theory implicates endothelial-to-mesenchymal transition (EndMT) as an important
mechanism for muscularization and neointimal formation in pulmonary arterioles in both
animal PH models and human PAH patients14-18, EndMT is a process in which EC lose key
features such as tight junctions and highly regulated permeability while gaining features of
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mesenchymal cells, including increased contractile protein and secretion of extracellular
matrix proteins. At the molecular level, these changes correlate with the increased
expression of alpha smooth muscle actin (a¢ SMA), smooth muscle protein 22 alpha
(SM22a), vimentin and decreased expression of VE-Cadherin and platelet endothelial cell
adhesion molecule 1 (PECAM-1)19. The process of EndMT involves interacting effects of
extracellular matrix components, growth factors, inflammatory cytokines, and inflammatory
cell adhesion molecules?0. Two key pathologic features of EndMT are increased

proliferation and migration due to a change in EC phenotype to a myofibroblast-like
cell?1-22,

In the present study we tested the hypothesis that extracellular CypA, especially AcK-CypA,
contributes to PAH by mechanisms involving increased EndMT, cytokine release, EC
migration, proliferation, and mitochondrial dysfunction.

The data that support the findings of this study are available from the corresponding author
upon reasonable request. Further details can be found in the Supplemental Methods.

Generation of mice

To generate EC specific overexpression of CypA transgenic mice, the LacZX-CypA
transgenic mice and Cdh5-Cre mice (C57BL/6J background) were crossed. These EC
specific CypA overexpression mice were then crossed with the B6.129(Cq)-
GI(ROSA)26SonMHACTB-tdTomato,-EGFP)Luo| ) mice (The Jackson Laboratory, Stock No.
007676) to generate EC-specific reporter mice.

Cell isolation and culture

Results

Mouse pulmonary microvascular endothelial cells (MPMECSs) were isolated following the
protocol from Dr. Simons Lab at Dartmouth Medical College and maintained in growth
medium as we previously reported!l. Human pulmonary microvascular endothelial cells
(HPMECs) were purchased from ScienCell and maintained in the manufacturer’s
recommended medium.

Increased CypA expression in the endothelium of PAH patients and animal PH models.

To identify the cell-specific role of CypA in PAH, we stained for CypA using sections from
human PAH patients and two different animal PH models: Sugen 5416/hypoxia mouse
model and rat treated with monocrotaline after pneumonectomy (P-MCT). The information
regarding human PAH patients are listed in Table S1. CypA expression was mildly enhanced
in the medial layer, but greatly enhanced in the endothelium layer of pulmonary arterioles of
PAH patients compared to controls (Fig.1A-B, indicated by thin black arrowheads). In
addition, there was increased number of perivascular inflammatory cells with strong CypA
expression in PAH patients compared to controls (Fig.1A-B, indicated by thick black
arrows). CypA expression was also strongly enhanced in the endothelium and neointimal
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cells of obliterative pulmonary arterioles of different sizes in PAH patients (Figure.1B,
indicated by thin black arrowheads). Similar to our observations in human PAH, there was
increased CypA expression in the endothelium of thickened pulmonary arterioles of Sugen
5416/hypoxia mice and P-MCT rats compared to controls (Fig.1C-D, indicated by black
arrowheads). Unlike human PAH, we did not see any increased CypA expression in the
medium layer of pulmonary arterioles in Sugen 5416/hypoxia mice (Fig.1C). Interestingly,
we observed a severity related increase of CypA expression in the medial layer of pulmonary
arterioles in P-MCT rats. Specifically, compared to controls, there was strongly enhanced
CypA expression in the medial layer of pulmonary arterioles that showed severe thickening;
while no increase of CypA expression was observed in the medial layer of pulmonary
arterioles with less severe thickening (Fig.1D). CypA expression was not only enhanced in
the pulmonary arterioles, but also in the alveoli of PAH patients and animal PH models
(Fig.S1A-C).

CypA overexpression increases EC-derived SM22a and vimentin positive cells in vivo,
indicating EndMT.

To define the role of CypA in EndMT during the pathogenesis of PAH, we used dual
fluorescence mTmG reporter mice to lineage trace the mesenchymal cells. Specifically, EC-
specific CypA overexpression mice (ecCypA-Tg) were obtained by breeding FLAG-tagged
CypA mice with Cdh5-Cre mice. These mice were then bred with ROSAMT/MG mice. In the
resulting Cdh5-Cre/mTmG/CypA-Tg (ecCypA-Tg;mTmG) mice, cell membrane-localized
GFP will be expressed in EC and all cells of endothelial origin, regardless of any further
phenotypic changes. The features of PAH previously reported in ecCypA-Tg mice were still
present. For example, Myosin-11 staining showed increased pulmonary arteriole thickening
in ecCypA-Tg mice compared to control (Fig.S1F). In ecCypA-Tg;mTmG mice,
immunofluorescence staining showed increased expression of the mesenchymal marker
SM22a compared to compared to CypA negative or Cre negative littermate controls
(referred to as WT;mTmG; Fig.2A). The greatest expression of SM22a was detected in cells
of pulmonary arterioles (diameter <75 pm) at 6 months of age. These cells in the inner
(endothelial) layer exhibited the greatest co-localization of GFP and SM22a. (Fig.2A-B,
indicated by white arrows); although larger vessels also had significant co-localization in the
inner layer. We only observed GFP*;SM22a* cells in the media and adventitia of pulmonary
arteries with larger diameters (75-150um) in ecCypA-Tg;mTmG mice (Fig.2B; Fig. S2A,
indicated by white arrowheads), suggesting an EC origin of these vascular mesenchymal
cells. In addition, there was a 1.9-fold increase in the total number of SM22a* cells in the
alveolar area of ecCypA-Tg;mTmG mice compared to controls (Fig.2C-E; Fig.S2B,
indicated by white arrowheads). In control mice only 15% of SM22a.* cells expressed GFP,
while in ecCypA-Tg;mTmG mice, 75% of SM22a.* cells expressed GFP (Fig.2C-F;
Fig.S2B, indicated by orange arrowheads). These data demonstrate that the majority of
SM22a* cells in the alveolar area of the ecCypA-Tg;mTmG mice were derived from EC.

We observed increased expression of vimentin, another marker for EndMT, in pulmonary
arterioles (diameter <75um) and co-localization with GFP in the inner (endothelial) layer of
these vessels in ecCypA-Tg;mTmG mice at 6 months of age compared to littermate controls
(Fig.S2C, indicated by white arrows). There were also GFP*; vimentin™ cells in the
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adventitia of pulmonary arteries (Fig.S2C, indicated by white arrowheads). Similar to
SM22a* cells, there was a 1.6-fold increase in the number of vimentin* cells in the alveolar
area of ecCypA-Tg;mTmG mice compared to littermate controls (Fig.S2D-E, indicated by
white arrowheads). Surprisingly, in control mice, 70% of vimentin* cells expressed GFP,
while in ecCypA-Tg;mTmG mice, the proportion of these vimentin* cells that expressed
GFP was 81% (Fig.S2D-F, indicated by orange arrowheads). The difference between control
and ecCypA-Tg;mTmG mice, however, was significant. No sex-based differences were
observed. In summary, the data showed strong evidence of EndMT in pulmonary arterioles
<75um as measured by co-localization of SM22a and GFP. Arterioles of 75-150pum showed
evidence of migration of EndMT cells into the media and adventitia. In addition to lung, we
also examined EndMT in kidney, which is another organ that has many vessels of the same
sizes as the lung. Interestingly, we observed a similar EndMT phenotype in the glomeruli of
ecCypA-Tg;mTmG mice. Specifically, GFP*;SM22a.* and GFP*;vimentin* cells were only
present in the glomeruli of ecCypA-Tg;mTmG mice (Fig.S3A-B, indicated by white
arrowheads).

CypA overexpression increases EC-derived aSMA positive cells in vivo, indicating EndMT.

To further confirm the EndMT phenotype in ecCypA-Tg mice, we stained for aSMA, which
is known to be expressed in the neointimal cells in plexiform lesions of PAH. The ecCypA-
Tg;mTmG mice demonstrated stronger a SMA staining in the pulmonary arterioles
(diameter <75um), indicating vessel thickening (Fig.3A). There was a 2.0-fold increase in
the total number of aSMAY cells in the alveolar area of ecCypA-Tg;mTmG mice compared
to controls (Fig.3E). Unlike SM22a and vimentin, there were no GFP*; a SMA* cells in the
inner layer, media or adventitia of pulmonary arteries in either control or ecCypA-Tg;mTmG
mice. However, we observed a significant number of GFP*; aSMA™* cells in the alveolar
area of ecCypA-Tg;mTmG mice. Specifically, in control mice only 8% of aSMA* cells
expressed GFP, while in ecCypA-Tg;mTmG mice, 78% of a SMA™ cells expressed GFP
(Fig.3B-F, indicated by orange arrowheads; Fig.S4A). No sex-based differences were
present. In summary, the ecCypA-Tg mouse model of PAH showed that the vast majority of
aSMA® cells in the alveoli were derived from EC that had transitioned into a more
mesenchymal cell type.

Pulmonary ECs from ecCypA-Tg mouse show an EndMT phenotype.

To investigate further the role of CypA in EndMT, we cultured mouse pulmonary
microvascular EC (MPMEC) from WT and ecCypA-Tg mice for 3 passages. There was a
significant decrease in PECAM-1 (2.1-fold), and a significant increase in the mesenchymal
marker aSMA (2.1-fold) in MPMEC from ecCypA-Tg mice compared to those from WT
mice (Fig.4A-B). There was a trend toward reduced VE-Cadherin expression (1.3-fold),
although not significant. Expression of claudin-5, however, was similar (Fig.4B).
Immunofluorescence staining showed localization of PECAM-1 at the cell membrane in WT
MPMEC. In contrast, there was a more prominent cytoplasmic localization and reduced cell
membrane association of PECAM-1 in ecCypA-Tg MPMEC (Fig.4C, indicated by white
arrows). Immunofluorescence staining also revealed higher expression of aSMA in
ecCypA-Tg MPMEC (Fig.4D). Since the overexpressed cyclophilin A is FLAG epitope-
tagged, we stained for FLAG to explore further the connection between CypA
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overexpression and EC phenotypic change. Interestingly, EC with stronger staining of
FLAG-tagged CypA had higher a SMA expression, and were more likely to have a spindle-
shaped morphology (Fig.4D, indicated by white arrows), suggesting a direct effect of CypA
overexpression on EC phenotypic change.

CypA and Ack-CypA stimulate EndMT in pulmonary EC in vitro.

Our lab previously reported that secreted CypA caused EC dysfunction measured by
apoptosis and expression of inflammatory markers!1. To characterize the specific role of
extracellular CypA in EndMT, we stimulated cultured mouse and human pulmonary EC
with 50nmol/L CypA or AcK-CypA (synthesized as described in Detailed Methods) for 6
days, and analyzed the expression of EC markers (VE-Cadherin, PECAM-1 and claudin-5)
and mesenchymal markers (phospho-vimentin and a SMA). We obtained concordant results
between the two species; notably 1) the reduced expression of EC markers and increased
expression of mesenchymal markers; 2) AcK-CypA was more potent than CypA.
Specifically, PECAM-1 and claudin-5 expression were decreased by 1.4-fold and 1.2-fold in
response to CypA, but 1.9-fold and 2.7-fold in response to AcK-CypA, respectively.
Phospho-vimentin increased 1.1-fold in response to CypA, and 1.4-fold in response to AcK-
CypA in MPMEC (Fig.5A-B). There was no change in phospho-vimentin in human
pulmonary microvascular EC (HPMEC, data not shown). CypA had no detectable effect on
aSMA expression in MPMEC, but increased 1.3-fold in HPMEC. AcK-CypA, however,
significantly increased aSMA expression by 1.5-fold in both cell types. Neither CypA nor
AcK-CypA had detectable effects on VE-Cadherin expression in MPMEC. AcK-CypA,
however, caused a 1.2-fold decrease of VE-Cadherin expression in HPMEC (Fig.5A-B;
Fig.S5A-E). To confirm the results, immunofluorescence staining was performed using
MPMEC treated with 50nmol/L CypA or AcK-CypA for 6 days. Consistent with results
from western blot, there was reduced PECAM-1 and claudin-5 at the cell membrane in a
patchy distribution, as well as increased cytoplasmic aSMA in CypA and AcK-CypA
treated cells. AcK-CypA had more potent effects than CypA on changes of these markers
(Fig.5C-E). Reduced claudin-5 expression was also observed in HPMEC. PECAM-1
showed no effect of CypA while AcK-CypA caused translocation of PECAM-1 from
membrane to the cytosol (Fig.S5F-G). For aSMA, we observed no effects of CypA or AcK-
CypA on expression or location in HPMEC (data not shown). Significantly, treatment of
MPMEC with CypA or AcK-CypA caused a dramatic change in MPMEC morphology from
the endothelial cobblestone-like form to an elongated spindle-shaped form, which is
characteristic of EndMT (Fig.5F).

CypA and Ack-CypA stimulate Snail expression, but not Smad2/3 phosphorylation in
pulmonary EC.

The transcription factors Snail, Slug and Twist have been implicated as critical mediators of
EndMT23-24, To investigate the extracellular CypA and AcK-CypA dependent molecular
pathway leading to EndMT, we measured the expression of these transcription factors in
MPMEC treated with 50nmol/L CypA or AcK-CypA. Expression of Snail started to increase
at 2 hours in MPMEC after AcK-CypA treatment, while CypA had no effect in the first 3
hours (Fig.6A). However, both CypA and AcK-CypA increased Snail expression after 24
hours (1.8-fold and 3.3-fold, respectively) and 6 days (1.6-fold and 4.0-fold, respectively).
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Consistent with previous observations, AcK-CypA induced more significant changes in
expression compared to CypA (Fig.6B-E). We observed a similar increase of Snail in
HPMEC after CypA and AcK-CypA treatment (Fig. S6A-B). There were no measurable
changes in Slug and Twist expression in MPMEC after CypA or AcK-CypA treatment at
any time point (Fig.6A-B and data not shown). In contrast, Slug was increased in HPMEC
treated with CypA and AcK-CypA for 24 hours (Fig. S6B). The canonical transforming
growth factor beta (TGF-B) pathway is well established for its role in Snail induction and
resultant EndMT23, To examine the activation of TGF-B pathway, we measured
phosphorylation of Smad2 (pSmad2) and Smad3 (pSmad3) at different time points.
Surprisingly, there was no increase of either pSmad2 or pSmad3 at any time point after
CypA and AcK-CypA treatment in either MPMEC or HPMEC (Fig.6A-E&; Fig.S6A-B).
This suggested that CypA may be stimulating a non-canonical TGF-p pathway. It has been
reported that mitogen-activated protein Kinase kinase kinase 7 (TAK1Y) is activated by TGF-p
and interleukin 1 beta in EC25. Interestingly, both CypA and AcK-CypA increased phospho-
TAK1, with AcK-CypA promoting a more rapid phosphorylation (Fig.6F), supporting the
involvement of a non-canonical TGF-f pathway in CypA-induced EndMT.

CypA and Ack-CypA stimulate cytokine expression and secretion from pulmonary EC.

There is substantial evidence that multiple aspects of the inflammatory response, especially
cytokines, contribute to PAH26-27 \We previously reported that extracellular CypA and AcK-
CypA induced EC inflammation!. Specifically, we showed that CypA stimulated
expression of adhesion molecules (vascular cell adhesion molecule 1 (VCAML1) and
intercellular adhesion molecule 1 (ICAM1)) through the NF-kB pathway. To characterize the
secreted inflammatory mediators stimulated by extracellular CypA and AcK-CypA,
MPMEC were treated with 50nmol/L CypA or AcK-CypA for 24 hours. Conditioned
medium was collected and a cytokine array was performed to measure the levels of 40
inflammatory cytokines. We observed significantly elevated levels of 4 cytokines
(granulocyte colony-stimulating factor (GCSF), granulocyte-macrophage colony-stimulating
factor (GM-CSF), chemokine (C-X-C motif) ligand 1 (CXCL1) and chemokine (C-X-C
motif) ligand 5 (CXCLS5)) in conditioned medium (Fig.S7A-B). Ack-CypA stimulated the
levels of the identical set of chemokines GM-CSF, CXCL1 and CXCL5 but more
significantly than CypA (Fig.S7C-G). To confirm these results, we also studied HPMEC
which demonstrated significantly elevated levels of 7 cytokines (interleukin (IL)-6,
monocyte chemoattractant protein 1 (MCP-1), macrophage colony stimulating factor (M-
CSF), tumor necrosis factor beta (TNF), macrophage-derived chemokine (MDC), CCL5
and CXCL1) in conditioned medium after treatment with CypA or AcK-CypA (Fig.S8A-J).
Among these cytokines, IL-6 and MCP-1 are frequently reported to be closely associated
with PAH27-2% Immunohistochemistry showed a significant increase in both IL-6 and
MCP-1 (indicated by black arrowheads) in the cells from lungs of the ecCypA-Tg mouse
(Fig.S7H-K). ELISA using plasma also showed a significant increase of MCP-1 level in
ecCypA-Tg mice compared to control (Fig.S7L). However, plasma IL-6 level showed no
difference between control and ecCypA-Tg mice (Fig. STM).
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CypA and Ack-CypA stimulate pulmonary EC proliferation and migration in vitro.

Our data showed that EndMT is likely a pathogenic process for PAH mediated by CypA,; its
contribution to vessel muscularization likely involves both proliferation and

migration1® 21,30, To evaluate the effect of extracellular CypA and AcK-CypA on EC
proliferation and migration we performed bromodeoxyuridine (BrdU) labeling and scratch
wound assays in cultured MPMEC. MPMEC were seeded at a very low density, starved for
24 hours and then stimulated with 50nmol/L CypA or AcK-CypA for 2.5 hours in BrdU
containing medium. Immunofluorescence staining showed a significantly higher percentage
of BrdU labeled cells in response to CypA and AcK-CypA than control (1.5-fold and 1.8-
fold increases respectively; Fig.S9A-B). To assay the combined effects of proliferation and
migration, scratch wound assays were performed. 24-hour serum starved, confluent
MPMEC were treated with 50nmol/L CypA or AcK-CypA for 72 hours in 0.1% serum.
Under these conditions, CypA and AcK-CypA stimulated significantly more rapid wound
closure compared to control (Fig. SI0A&C). To assay migration only, anisomycin (10uM)
was applied 2 hours prior to scratch to block cell proliferation. In the presence of
anisomycin, 20% serum was required because the migration rate was very slow. While
CypA and AcK-CypA both induced EC migration into the scratch area, AcK-CypA
promoted significantly greater migration (Fig.S10B&D).

CypA and Ack-CypA stimulate mitochondria dysfunction in pulmonary EC.

In PAH, altered mitochondrial function has been frequently reported in both EC and
VSMC31-32, Mitochondrial morphology is a commonly used indicator of mitochondria
stress as mitochondria undergo fission in response to conditions of stress33. To study the
effect of extracellular CypA on mitochondria function, MPMEC were treated with 50nmol/L
CypA or AcK-CypA for 24 hours and then stained with MitoTracker™ Red CMXRos.
Treatment caused a dramatic change in mitochondria morphology from the normal,
branched, tubular form to a fragmented form (Fig.S11A). CypA and AcK-CypA treated
MPMEC showed 5.7-fold and 6.0-fold increases in the percentage of cells with fragmented
mitochondria (fragmentation ratio), respectively (Fig.S11B). To confirm these observations,
we measured changes in mitochondrial membrane potential. When the mitochondrial
membrane potential changes, the cationic dye JC-1 changes its peak excitation to emission
ratios due to a switch from monomeric to aggregated form (485/520 for monomer and
570/620 for aggregated). Both CypA and AcK-CypA decreased the aggregated form and
increased the monomeric form of JC-1 in MPMEC, consistent with mitochondria stress;
confirming the Mitotracker data that demonstrated increased mitochondrial stress and fission
stimulated by CypA and Ack-CypA (Fig.S11C-D). Results in HPMEC were similar
(Fig.S11E-H).

Discussion

The 5 major findings of this study are 1) CypA expression is greatly enhanced in the
endothelium and neointimal cells of pulmonary arteries of PAH patients and two animal PH
models; 2) CypA is a novel mediator of EndMT in the pathogenesis of PAH as demonstrated
by cell lineage tracing in mice that overexpress CypA in an EC-specific manner; 3) /n vitro,
both extracellular CypA and AcK-CypA stimulated EC to express an inflammatory EndMT
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phenotype including increased cytokine release, cell migration, proliferation and
mitochondrial dysfunction, mechanisms known to be involved in the pathogenesis of PAH;
4) We provide evidence for a systemic effect of CypA mediated inflammation that includes
increases in IL-6 and MCP-1; and 5) AcK-CypA was a more potent agonist than CypA for
the phenotypic change. In summary, our data show that CypA can stimulate EC to develop
many features of the muscularized cells found in PAH. While EndMT in PAH has been
reported in other papers, this one is the first to report EndMT not caused by a BMPR2
mutation, hypoxia, or drugs (such as monocrotaline and Sugen 5416). This result more
closely resembles the pathogenesis of idiopathic human PAH.

It was previously reported that CypA was increased in the plasma and vascular smooth
muscle cells of pulmonary arteries in PAH patients34. Here we examined cell-specific
expression of CypA in human PAH and two different animal PH models. In all three
situations, we found there was significantly more CypA in EC than in VSMC, thus verified
the increased presence of CypA in multiple species and multiple models of PAH.
Importantly, the neointimal cells in human pulmonary arteries with obliterative lesions also
showed strong expression of CypA. It is possible that these cells may have originated from
EC via EndMT based on prior findings that they express endothelial markers (VE-Cadherin,
PECAM-1) and mesenchymal marker a SMA1.

Substantial evidence suggests that EndMT contributes to a subset of neointimal cells in
animal models of PH and human PAH4 16-17 A number of inflammatory mediators
including cytokines and transcription factors have been shown to play a role in
EndMT?20.35-37 Considering the high level of CypA in EC and neointimal cells, as well as
its ability to induce inflammation, we hypothesized that CypA could induce EndMT in
pulmonary artery EC in PAH.

We previously demonstrated that an EC-specific CypA overexpression mouse developed
many characteristics of PAH, including increased right ventricular systolic pressure and
increased cellularityll. There were a large number of cells in the intima and alveoli that
expressed inflammatory markers which were of unclear origin. To determine the lineage of
these cells in our mouse model, we used the Cdh5-Cre/mTmG/CypA-Tg mouse in which all
EC-derived cells express GFP, and then stained for markers of EndMT. 1) We found
increased EndMT markers in these mice which differed in location in small(<75um) versus
medium(75-150um) vessels. In the small vessels, co-expression of the mesenchymal
markers SM22a and vimentin were only in the endothelial layer of pulmonary arterioles
(Fig.2A; Fig.S2C). In the medium vessels, markers were present in both endothelial and
smooth muscle layers (Fig.2B; Fig.S2A). 2) Of note, there was an increased number of
SM22a and aSMA positive cells in the alveolar walls, a significant percentage of which had
an EC origin. Together these data strongly suggest the presence of EndMT, and a critical role
for CypA in driving this process in PAH /n vivo. Future studies using single cell analysis
will be performed to determine the phenotype of these alveolar EC-derived mesenchymal
cells.

Interestingly, this /n vivo EndMT phenotype was not restricted to the lung. There were
increased GFP positive cells that were also positive for SM22a and vimentin in the
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glomeruli of ecCypA-Tg mice compared to control mice, suggesting a systemic effect of
CypA and the associated inflammatory cytokines on EC to stimulate EndMT.

We studied the EndMT phenotype more closely using cultured MPMEC and HPMEC.
Specifically, we took advantage of our ability to harvest pulmonary EC from WT and
ecCypA-Tg mice. In MPMEC from ecCypA-Tg mice we observed decreased PECAM-1 and
increased aSMA. The concurrent high level of aSMA in FLAG-CypA overexpressing EC
indicated a correlation between CypA overexpression and appearance of mesenchymal
markers in EC. Interestingly, we observed in the MPMEC from ecCypA-Tg mice that
PECAM-1 translocated from membrane to cytoplasm, suggesting that a mechanism of
EndMT is internalization of EC-specific plasma membrane proteins. Treatment with
extracellular CypA and AcK-CypA in cultured MPMEC from WT mice also showed a
reduction of EC specific proteins such as PECAM-1 and claudin-5, and an increase of
mesenchymal proteins such as aSMA and phospho-vimentin. While extracellular CypA
stimulated the EndMT phenotype, we cannot rule out a role for intracellular CypA,
especially because /in vivo the source of secreted CypA is intracellular CypA.

TGF-B signaling has a central role in promoting EndMT via both Smad-dependent and -
independent signaling?3 25, The canonical pathway (Smad2/3-Snail/Slug) is the best
characterized pathway causing EndMT in most types of EC24. Here we found that CypA
increased Snail expression, but not phospho-Smad2/3 expression, which is not consistent
with the canonical TGF-p pathway. In addition, we found that canonical Wnt/p-catenin
signaling pathway, another pathway responsible for EndMT, was not affected by CypA or
AcK-CypA treatment (data not shown). The transient increase of phospho-TAK1 suggests
the participation of a non-canonical TGF-B pathway in this process; although the specific
signaling pathway requires further study.

The loss of EC tight junctions due to decreased claudin-5 expression in EC undergoing
EndMT appears to be an important change that enables EC proliferation and migration.
These two processes are likely required for the formation of plexiform lesions in human
PAH. We found that extracellular CypA stimulated proliferation and migration of EC.
However, despite these changes ecCypA-Tg mice did not develop plexiform lesions,
indicating that other processes are necessary.

Substantial data suggest that cytokine-driven inflammation is important to the development
of PAH38, Specifically, in PAH patients, there are high circulating levels of cytokines such as
IL-1B, IL-6 and TNFa39-40_ Additionally, cytokines such as IL-1B and TNFa can act alone
or synergistically with TGF-p to induce EndMT3°. We found that extracellular CypA
stimulated cultured EC secretion of several cytokines, including 1L-6, MCP-1, GCSF, etc.
The chemotactic effects of these cytokines combined with the EC expression of adhesion
molecules likely accounts for the recruitment of CD45 positive inflammatory cells, as we
previously reported!!. Based upon clinical and experimental data, IL-6 is thought to be one
of the most important cytokines in the pathogenesis of PAHZ8: 39. 41 |mportantly, we
observed higher IL-6 expression in lungs of ecCypA-Tg mice, and increased IL-6 secretion
from HPMEC after extracellular CypA treatment. The discrepancy between increased I1L-6
levels in lungs and similar IL-6 levels in plasma between control and ecCypA-Tg mice
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might reflect a localized biological function of this cytokine in PAH. It is also possible that
IL-6 is rapidly degraded and/or taken up by circulating cells or endothelial cells. These
results suggest that extracellular CypA is an important cause of PAH by its dual effects to
stimulate EndMT and activate inflammatory cells.

We also found that exposure of MPMEC and HPMEC to CypA and AcK-CypA caused
mitochondrial dysfunction as measured by Mitotracker staining and mitochondrial
membrane potential assay. Mitochondria dysfunction creates oxidative stress, which has
several effects that may promote PAH: 1) It stimulates an inflammatory genetic program
mediated, in part, by activation of the NF-kB pathway. 2) Oxidative stress promotes EndMT
because it stimulates the TGF-B pathway*2-43. 3) We showed previously that oxidative stress
increases AcK-CypA, which is a more potent mediator of the EndMT phenotype than CypA.
We believe that AcK-CypA is more potent than CypA because of increased binding affinity
to the putative CypA receptor.

Perspectives

Here we show that CypA is a novel mediator of EndMT and many features of the initial
stage of PAH development. The mechanism appears to be primarily stimulation of a chronic
inflammatory response that is mediated by EC expression of adhesion molecules and
secretion of multiple cytokines, especially IL-6 and MCP-1. These results suggest that
extracellular CypA (and likely other PAH mediators) causes PAH by its dual effects to
stimulate EndMT and inflammation. Because CypA promotes multiple features of the PAH
phenotype, and extracellular CypA can be selectively inhibited, our results strengthen the
basis for inhibiting CypA activity (especially AcK-CypA) as a therapy for PAH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What is new:

1) It describes a novel mechanism by which CypA induces PAH that involves EndMT
and inflammation. 2) AcK-CypA was a more potent agonist for EndMT. 3) Since the
primary stimulus for CypA secretion is oxidative stress, changes in redox state may be
important in initiation of PAH.

What isrelevant:

CypA causes vascular pathology by stimulating EndMT and inflammation. Because the
CypA overexpression mouse is not hypertensive, CypA alone is not sufficient to cause
systemic hypertension. However, with single cell RNA-seq, it should be possible to
identify the specific receptors and signaling pathways used by CypA to cause pulmonary
hypertension.

Summary:

the present study conclusively shows that EndMT is an important mechanism in
development of PAH.
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Figure 1. Increased CypA expression in the endothelium of PAH patients and animal PH models.
A, Representative lung IHC for aSMA and CypA in pulmonary arteries from controls (n=5)

and PAH patients (n=3). Scale bar, 50um. B, Representative lung IHC for a SMA and CypA
in obliterative pulmonary arteries of different sizes from PAH patients. Scale bar, 50um (left

panel) and 20um (right panel). C, Representative lung IHC for aSMA and CypA in

pulmonary arteries from normoxia and Sugen 5416/hypoxia mice (n=4 each). Scale bar,

30pm. D, Representative lung IHC for a SMA and CypA in pulmonary arteries with

different degrees of thickening from controls (n=3) and MCT plus pneumonectomy (P-
MCT) rats (n=5). Scale bar, 50um.
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Figure 2. CypA overexpression increases EC-derived SM 22a positive cellsin vivo, indicating
EndMT.

A-B, Representative immunofluoresence images for SM22a. (red), GFP (green) and DAPI
(blue) of different size pulmonary arteries in lung sections from WT;mTmG (n=5) and
Cdh5-CypA;mTmG mice (n=8). Scale bar, 25um(A) and 50um(B). C-D, Representative
immunofluoresence images for SM22a. (red), GFP (green) and DAPI (blue) of alveoli in
lung sections from WT;mTmG and Cdh5-CypA;mTmG mice. Scale bar, 25um. E-F,
Quantification of the total number of SM22a.* cells per field (E) and the percentage of
SM22a* cells that were GFP™ in all SM22a.* cells (F) as shown in C-D. Data are mean
+SEM. *P<0.05.
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Figure 3. CypA overexpression increases EC-derived aSM A positive cellsin vivo, indicating
EndMT.
A, Representative immunofluoresence images for aSMA (red), GFP (green) and DAPI

(blue) of pulmonary arteries and alveoli in lung sections from WT;mTmG (n=5) and Cdh5-
CypA;mTmG mice (n=8). Scale bar, 25um. B-D, Magnification of white boxes indicated in
A. Scale bar, 10um. E-F, Quantification of the total number of a SMA™ cells per field (E)
and the percentage aSMA® cells that were GFP* in all aSMA™ cells (F) as shown in A.
Data are mean+SEM. *P<0.05.
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Figure 4. Pulmonary ECsfrom ecCypA-Tg mouse show an EndMT phenotype.
A, Expression of endothelial and mesenchymal markers in cultured MPMEC isolated from

control and ecCypA-Tg mice. B, Quantification of protein expression shown in A. Data are
mean+SEM. *P<0.05. C, Representative immunofluoresence images of cultured MPMEC
isolated from control and ecCypA-Tg mice staining for PECAM-1(green) and Hoechst
(blue). D, Representative immunofluoresence images of cultured MPMEC isolated from
control and ecCypA-Tg mice staining for aSMA (red), FLAG (green) and Hoechst (blue).
Scale bar, 50pum for all images.
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Figure 5. CypA and AcK-CypA stimulate EndMT in pulmonary EC in vitro.
For all experiments CypA and AcK-CypA were used at 50nM. A, Expression of endothelial

and mesenchymal markers in MPMEC treated with CypA or AcK-CypA. B, Quantification
of protein expression shown in A. Data are mean+SEM. *P<0.05. C-E, Representative
immunofluoresence images of MPMEC treated with CypA or AcK-CypA staining for
PECAM-1(C), Claudin-5(D) and a SMA(E). Scale bar, 50um. F, Representative light
micrscopy images of MPMEC morphology after CypA or AcK-CypA treatment.
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Fig 6. CypA and Ack-CypA stimulate Snail expression, but not Smad2/3 phosphorylation in
pulmonary EC.

For all experiments CypA and AcK-CypA were used at 50nM. A, Time course of Snail
expression and Smad2/3 activation in MPMEC over 3 hours. B-E, Snail expression and
Smad?2/3 activation in MPMEC treated with CypA or AcK-CypA for 24 hours (B) or 6 days
(D). Quantification of protein expression is shown in C (24 hours) and E (6 days). Data are
mean+SEM. *P<0.05. F, Time course of TAK1 phosphorylation in MPMEC over 3 hours.
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