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Objective. To examine whether lung endothelial
cells (ECs) from patients with systemic sclerosis (SSc)–
associated interstitial lung disease (ILD) express mesen-
chymal cell–specific proteins and gene transcripts, indic-
ative of the occurrence of endothelial-to-mesenchymal
phenotypic transition (EndoMT).

Methods. Lung tissue from 6 patients with SSc-
associated pulmonary fibrosis was examined by histo-
pathology and immunohistochemistry. Confocal laser
microscopy was utilized to assess the simultaneous
expression of EC and myofibroblast molecular markers.
CD311CD1021 ECs were isolated from the lung tissue
of 2 patients with SSc-associated ILD and 2 normal con-
trol subjects, and the expression of EC and mesenchy-
mal cell markers and other relevant genes was analyzed
by quantitative polymerase chain reaction, immuno-
fluorescence microscopy, and Western blotting.

Results. Immunohistochemical staining revealed
cells expressing the EC-specific marker CD31 in the
subendothelial, perivascular, and parenchymal regions

of the lungs from all SSc patients. Confocal microscopy
identified cells displaying simultaneous expression of
von Willebrand factor and a-smooth muscle actin in
small and medium-sized arterioles in the SSc lung tis-
sue but not in normal control lungs. CD311CD1021
ECs isolated from SSc lungs expressed high levels of
mesenchymal cell–specific genes (type I collagen, type
III collagen, and fibronectin), EC-specific genes (type
IV collagen and VE-cadherin), profibrotic genes (trans-
forming growth factor b1 and connective tissue growth
factor), and genes encoding EndoMT-related transcrip-
tion factors (TWIST1 and SNAI2).

Conclusion. Cells coexpressing EC- and mesen-
chymal cell–specific molecules are present in the lungs
of patients with SSc-associated ILD. CD311CD1021
ECs isolated from SSc lungs simultaneously expressed
mesenchymal cell– and EC-specific transcripts and pro-
teins. Collectively, these observations demonstrate the
occurrence of EndoMT in the lungs of patients with
SSc-associated ILD.

Systemic sclerosis (SSc) is a systemic auto-
immune disease of unknown etiology that is character-
ized by progressive fibrosis of the skin and multiple
internal organs, as well as severe fibroproliferative vas-
culopathy affecting the microvasculature, resulting in
severe vessel narrowing or even complete vascular oblit-
eration (1–3). The pathogenetic mechanisms responsi-
ble for the fibrotic process and the severe vascular
alterations in SSc are complex and have not been fully
elucidated (4–6). Numerous recent studies have demon-
strated that activated myofibroblasts are the cells ulti-
mately responsible for the exaggerated deposition of
extracellular matrix (ECM) macromolecules in the skin,
the parenchyma of affected organs such as the lungs and
the heart, and the subendothelial space of small and
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medium-sized arteries in SSc (7–9). Activated myofibro-
blasts are a unique class of mesenchymal cells character-
ized by specific biologic functions, including a motile
phenotype, expression of a-smooth muscle actin (a-
SMA), increased production of fibrillar type I collagen
(COL1) and type III collagen (COL3), and reduction in
the expression of genes encoding ECM-degradative
enzymes (10,11).

Activated myofibroblasts in fibrotic tissue can
emerge from several sources (11–13), including through
the expansion of resident tissue fibroblasts (14), via the
migration and tissue accumulation of bone marrow–
derived circulating fibrocytes (15,16), or by transition of
epithelial cells, pericytes, and Gli-1–positive perivascular
progenitor cells to a mesenchymal phenotype (17–19).
More recently, it has been demonstrated that endothelial
cells (ECs) are also capable of undergoing a phenotypic
change into mesenchymal cells, in a process known as en-
dothelial-to-mesenchymal transition (EndoMT) (20–23).
Although EndoMT was initially considered to occur only
during cardiovascular embryonic development (24), accu-
mulating evidence indicates that this process occurs in
various experimentally induced models of tissue fibrosis
(20–23,25–28), and may play a role in the pathogenesis of
certain human fibrotic and vascular disorders, including
idiopathic and SSc-associated pulmonary arterial hyperten-
sion (29–33).

In the present study, we provide immunohistologic
and confocal microscopy evidence demonstrating that cells
displaying specific EC molecular markers are present in the
subendothelial, perivascular, and parenchymal regions of
the lungs of patients with SSc-associated interstitial lung dis-
ease (ILD), and that ECs expressing myofibroblast-specific
molecular markers can be identified in the endothelium

and subendothelial space of small and medium-sized arter-
ies in the lungs of patients with SSc. We further show that
highly purified CD311CD1021 ECs isolated from SSc-
affected lungs produce numerous mesenchymal cell–spe-
cific proteins and display the simultaneous expression of
mesenchymal cell– and EC-specific transcripts as well as
the expression of EndoMT-associated transcription factors.
These observations provide strong support to the hypothesis
that a population of activated myofibroblasts responsible
for the progressive intimal fibrosis, vascular occlusion, and
pulmonary fibrosis in SSc-associated ILD originate from
lung ECs through the EndoMT process. This novel mecha-
nism may represent an important and novel therapeutic tar-
get for the severe, and currently fatal, complications of SSc-
associated fibroproliferative vasculopathy and pulmonary
fibrosis.

PATIENTS AND METHODS

Tissue samples. Lung tissue samples from 6 patients
with SSc-associated ILD were studied. Two of the lung samples
were obtained by surgical open lung biopsy performed at Thomas
Jefferson University Hospital (patients 1 and 2 in Table 1), and
the other 4 lung samples were from patients who had undergone
lung transplantation at the University of Pittsburgh Medical Cen-
ter. The surgical biopsies and the lung transplantations were per-
formed following the patients’ provision of informed consent and
according to Institutional Review Board–approved protocols from
Thomas Jefferson University and the University of Pittsburgh
Medical Center. Two normal lung samples obtained from subjects
at the time of necropsy served as normal controls for all proce-
dures. Both of the donors of the normal lung tissue died of cere-
brovascular accidents. One of the normal control samples was
obtained from a 55-year-old female subject at the University of
Pittsburgh Medical Center, and the other normal control sample
was obtained from a 62-year-old female subject at the National
Disease Research Interchange (Philadelphia, PA). These 2 sub-
jects did not have a clinical history of pulmonary disease, and find-

Table 1. Selected clinical and demographic characteristics of the patients with systemic sclerosis (SSc)–associated intersti-
tial lung disease*

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

SSc subtype Diffuse Limited Unspecified Unspecified Unspecified Unspecified
Type of lung tissue sample Biopsy Biopsy Transplant Transplant Transplant Transplant
Age at time of sampling, years 53 45 68 30 52 64
Sex Male Female Female Female Female Male
Time from onset of skin

disease, years
2 5 Unspecified 7 10 15

Time from onset of respiratory
symptoms, months

6 8 Unspecified Unspecified Unspecified Unspecified

Smoker No No No No No Yes
Progressive respiratory symptoms Yes Yes Yes Yes Yes Yes
Pulmonary hypertension No No† No No No No
ANA titer or status 1/640 1/640 Positive Positive Positive Positive
Anti–Scl-70/ACAs Negative ACAs NA NA NA NA

* ANA 5 antinuclear antibody; ACAs 5 anticentromere antibodies; NA 5 not available.
† Patient developed pulmonary hypertension 10 months after the lung biopsy was performed.
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ings on chest radiographs obtained from both subjects before their
demise were normal.

Histopathology, immunohistochemistry, and confocal
laser microscopy. Slides containing paraffin-embedded lung
tissue sections were examined histopathologically by staining
with hematoxylin and eosin and Masson’s trichrome, and also
by immunohistochemical staining with specific EC and mesen-
chymal (myofibroblast) cell markers. The SSc and normal lung
tissue samples were also examined by confocal laser micro-
copy, as described previously (34). In all immunohistochemical
and confocal laser microscopy studies, samples incubated with-
out primary antibody were used as negative controls.

For immunohistochemistry, the following primary anti-
bodies were used: anti-CD31 (Neomarkers), anti–von Willebrand
factor (anti-vWF; Dako), anti-COL1 (Santa Cruz Biotechno-
logy), anti-COL3 (Fitzgerald), and anti–a-SMA (Abcam). For
single antibody labeling, paraffin-embedded lung tissue sections
were immunoassayed with the peroxidase method, using the
indicated antibodies. For confocal laser microscopy, paraffin-
embedded samples were deparaffinized and dehydrated follow-
ing antigen retrieval with a citric acid buffer, as described pre-
viously (34). Slides were first incubated with blocking IgG
solution for 1 hour, and then incubated overnight with one of the
following antibodies: anti-CD31 (1:50 dilution), anti–a-SMA
(1:200 dilution), anti-vWF (1:50 dilution), anti-COL1 (1:200 dilu-
tion), or anti-COL3 (1:200 dilution). IgG binding was revealed
following incubation with an F(ab0) sheep anti-rabbit Cy3 anti-
body and an F(ab0) sheep anti-mouse fluorescein isothiocyanate–
conjugated antibody (Sigma) for 1 hour. Nuclei were counter-
stained with DAPI (Jackson ImmunoResearch). Samples were
examined with a Zeiss 51 confocal laser microscope, to evaluate
the colocalization of immunoreactivity with polyclonal and mono-
clonal antibodies in paired combinations of either anti-CD31 or
anti-vWF with either anti–a-SMA, anti-COL1, or anti-COL3.

Isolation of human lung ECs. CD311CD1021 ECs
were isolated from the lungs of 2 patients with SSc-associated
pulmonary fibrosis (patients 3 and 4 in Table 1) and the 2 nor-
mal control lungs, using a modification of previously described
methods (35,36). Briefly, lung tissue samples were minced
with a scalpel and enzymatically digested with clostridial colla-
genase (30 mg/100 ml in 0.1% bovine serum albumin [BSA];
Worthington) at 378C for 1 hour, to obtain a single-cell sus-
pension. Following removal of contaminating erythrocytes and
inflammatory cells, the isolated cell suspension was used for
isolation of ECs and immunomagnetic selection with rabbit
anti-human CD31 antibodies, followed by magnetic bead sepa-
ration using goat anti-rabbit IgG-conjugated microbeads (1:5;
Miltenyi Biotec). The isolated CD311 ECs were cultured in
EC culture medium (ScienCell Research Laboratories) con-
taining 5% fetal bovine serum, 100 units/ml penicillin, and 100
mg/ml streptomycin in 2% gelatin–precoated tissue culture
dishes for 5–10 days.

Following expansion, the cells were resuspended and
further purified using a second immunologic separation with
rabbit anti-human CD102 antibodies, to obtain a highly puri-
fied preparation of CD311CD1021 ECs. The purified
CD311CD1021 ECs were plated on 2% gelatin–coated plas-
tic dishes. Thereafter, cell morphology was assessed by phase
contrast microscopy, and the phenotype of the ECs was con-
firmed by evaluating the cellular uptake of DiI-acetylated low-
density lipoprotein (Biomedical Technologies), as previously
described (36).

To further evaluate the EC-specific functional activity
of the CD311CD1021 cells isolated from the lungs of patients
with SSc, the cells were cultured on plates coated with Matri-
gel (BD Biosciences) at 378C in an atmosphere of 5% CO2,
and microtube formation was examined during a 12-day cul-
ture period. All studies were performed with cells in early pas-
sage (lower than passage 5) to assure the preservation of their
original phenotype.

Immunofluorescence staining. For indirect immuno-
fluorescence analysis, CD311CD1021 lung ECs were seeded
onto glass culture slides, and then fixed with 3.7% formalde-
hyde and permeabilized with 0.1% Triton X-100 in phosphate
buffered saline (PBS) for 3 minutes. Slides were washed with
PBS and blocked with PBS containing 1% BSA at room tem-
perature for 1 hour, and then incubated with primary antibod-
ies against a-SMA (1:200 dilution), CD31 (1:50 dilution), and
vWF (1:50 dilution). In other studies, EC monolayers were
examined by immunofluorescence with antibodies to the EC-
specific marker VE-cadherin (1:100 dilution; Cell Signaling
Technology). Slides were then incubated with Cy3-conjugated
secondary antibodies (1:500), followed by counterstaining of
nuclei with DAPI.

Western blot analysis. Aliquots of culture medium
containing proteins secreted by CD311CD1021 lung ECs
were processed for Western blotting under denaturing condi-
tions. Equal-volume aliquots of culture medium were resolved
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis,
and transferred to nitrocellulose membranes (Invitrogen). The
blots were blocked for 1 hour in Odyssey blocking buffer (Li-
Cor). The membranes were incubated overnight at 48C with
either a polyclonal anti-COL1 antibody (Southern Biotech) or
a polyclonal anti-COL3 antibody (Sigma-Aldrich) in the same
blocking buffer. Thereafter, the membranes were washed with
PBS–0.2% Tween 20 and incubated for 1 hour with the appro-
priate horseradish peroxidase–conjugated secondary antibod-
ies (GE Healthcare), diluted 10,000-fold in Odyssey blocking
buffer. Signals were detected and quantitated using an Odys-
sey Imagen System (Li-Cor). For quantitative analysis of the
Western blots, the intensity of fluorescence of the protein
bands was corrected for the amount of DNA (in mg) in the cor-
responding tissue culture plates, representing the number of
cells that were used to obtain the samples.

Quantitative reverse transcription–polymerase chain
reaction (PCR). CD311CD1021 lung EC preparations from
the lung tissue of 2 normal subjects and 2 patients with SSc-
associated ILD were cultured in duplicate wells of 12-well gela-
tin-treated plastic tissue culture dishes for 72 hours, and then
harvested with a cell lifter, washed in cold PBS, and processed
for RNA extraction (RNeasy kit; Qiagen), including a genomic
DNA digestion step. Total RNA (1 mg) was reverse-transcribed
using Superscript II reverse transcriptase (Invitrogen), to gener-
ate first-strand complementary DNA. EC transcript levels were
quantified using SYBR Green real-time PCR, as described pre-
viously (37). The primers used in the PCR analyses are available
upon request from the corresponding author. The number of
messenger RNA copies in each PCR was corrected for the 18S
endogenous control transcript levels. The specificity of the pri-
mers was established at the end of the PCR amplification, with
the use of melting curve analysis.

Statistical analysis. Comparative threshold cycle ana-
lysis of gene expression was performed using DataAssist soft-
ware (version 3.0; Applied Biosystems), as described previously
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(37). The data obtained from SSc lung ECs from each of 2
patients were compared to the mean values obtained in EC
preparations from the 2 normal control lungs, and results are
expressed as the fold change in gene expression.

RESULTS

Clinical and demographic characteristics of the
patients with SSc-associated ILD. The clinical features
of the SSc patients whose lung tissues were studied are
shown in Table 1. None of the patients had clinical fea-
tures of pulmonary arterial hypertension at the time that
the tissue samples were obtained. All patients were tested
for the presence of pulmonary arterial hypertension with
the use of transthoracic echocardiograms, and the 4
patients who underwent lung transplantation also under-
went right-sided heart catheterizations. None of the echo-
cardiograms and right-sided heart catheterization studies
showed any evidence of pulmonary arterial hypertension
at the time that the lung biopsy samples were obtained.

Findings of histopathologic and immunohisto-
logic analyses. All 6 lung tissue samples from the
patients with SSc-associated ILD displayed varying
degrees of interstitial fibrosis, along with a pattern of
infiltration of inflammatory mononuclear cells. Numer-
ous small and medium-sized arteries in all samples
showed marked intimal proliferation, resulting in nar-
rowing of the vessel lumen and, sometimes, complete
obliteration of the affected vessel, as illustrated in Fig-
ure 1A.

The EC marker CD31 was used in immunohisto-
logic analyses to identify ECs present in the lung tissue.
As expected, CD31-positive cells were detected at sites
lining the vessel lumens, as illustrated in Figures 1B–F.
However, CD31-positive cells were also observed
beneath the endothelial layer embedded within the sub-
endothelial space, a site that contained numerous elon-
gated mesenchymal cells (Figures 1B and C), as well as
in the perivascular tissue and within the lung parenchy-
ma, as illustrated in Figures 1D–F. These alterations
were present in all lung tissue samples from patients
with SSc-associated ILD, as illustrated in SSc patient 2
(Figures 1B–D), patient 3 (Figure 1E), and patient 5
(Figure 1F). However, they were not present in the nor-
mal lung tissue samples (results not shown).

Findings of confocal laser microscopy. Confocal
laser microscopy showed colocalization of vWF and a-
SMA in the endothelium and within the subendothelial
compartment in all SSc-associated ILD lung tissue sam-
ples (Figures 2A–C). In contrast, samples from normal
controls did not show any cells coexpressing the EC and
mesenchymal cell markers (results not shown). The

colocalization of vWF and a-SMA was observed in both
small and medium-sized arterioles. However, it was
quite heterogeneous, with some vessels displaying
numerous ECs coexpressing both markers, as illustrated
in Figures 2A–C, whereas in other vessels, only a few
ECs exhibited coexpression or lack of expression was
found. Owing to this heterogeneity, it was not possible
to obtain an accurate quantitative assessment of the fre-
quency of cells coexpressing both EC and mesenchymal
cell markers in the SSc lung tissue.

In addition, we observed that, in contrast to the
findings in normal control lungs (as illustrated in Figure
2D), in SSc lungs the EC layer of numerous vessels dis-
played areas of detachment from the vessel wall and, in
some of the vessels, variable portions of vessel lumen
appeared completely denuded from the endothelial lin-
ing, as illustrated in Figure 2E. Moreover, most ECs in
the SSc lung tissue samples displayed very weak or
undetectable staining for CD31 (Figures 2E and F), as
compared to the very intense staining for CD31 in the
vessels of the normal control lungs (Figure 2D). Marked
subendothelial accumulation of COL1 (results not

Figure 1. Histopathologic and immunohistologic assessments of lung
tissue from patients with systemic sclerosis (SSc)–associated interstitial
lung disease (ILD). A, Hematoxylin and eosin staining of a small artery
in the lung of a patient with SSc-associated ILD. Note the severe nar-
rowing of the vessel lumen as a result of the accumulation of elongated
mesenchymal cells and large amounts of fibrous tissue in the subendo-
thelial intimal space. B and C, Immunohistochemical staining of lung
tissue for the endothelial cell (EC)–specific marker CD31. In the lung
tissue from the same patient as in A, the presence of CD31-positive
cells is evident in the subendothelial space next to their expected endo-
thelial location (B), while in the lung tissue from another patient, 2
ECs bearing the CD31 marker are embedded within the neointimal
tissue removed from the endothelium, and a CD31-positive cell cluster
is detected within the fibrotic lung parenchyma (C). D–F, Immunohis-
tologic staining of the lung tissue from 3 additional patients, showing
similar distributions of CD31-positive cells. Circles denote the cells
staining positive. Original magnification 3 200. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/journal/doi/10.1002/art.39421/abstract.
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shown) and COL3 (Figures 2E and F) was also ob-
served, with various degrees of severity, in all small and
medium-sized arterioles throughout the SSc lung tissue
samples.

Findings of indirect immunofluorescence analy-
sis of CD311CD1021 lung ECs and analyses of in
vitro microtube formation. To confirm the purity of the
ECs isolated from the SSc lungs, dark field microscopy,
indirect immunofluorescence, and microtube formation
analysis of the cultured CD311CD1021 ECs from SSc
lungs were performed. Dark field microscopy showed the
typical cobblestone morphology of ECs in monolayer cul-
tures, and immunofluorescence demonstrated intense
staining for the EC-specific marker VE-cadherin (Figure
3A) essentially in all cells, confirming the high level of
EC purity in the samples studied. Furthermore, culture
of the cells on a Matrigel substrate resulted in the forma-
tion of numerous microtubes (Figure 3B), indicative of

the preservation of EC functional activities by the puri-
fied cells.

Findings of gene expression and Western blot
analyses of CD311CD1021 lung ECs. Gene expres-
sion in immunopurified CD311CD1021 ECs obtained
from the lung tissue of 2 patients with SSc-associated
ILD was assessed relative to the mean gene expression
in immunopurified CD311CD1021 ECs from 2 normal
control lungs (Figure 4A). The results demonstrated a
very strong expression of COL1A1 and COL3A1 in the
CD311CD1021 purified ECs from the lungs of the 2
SSc patients, with gene expression values that were up
to 21 times and 26 times higher than those in
CD311CD1021 ECs purified from the normal control
lungs. The expression of the fibronectin 1 (FN1) and a-
SMA (ACTA2) genes and other profibrotic genes, such
as those for transforming growth factor b1 (TGFb1)
and connective tissue growth factor (CTGF), as well as
the expression of several EndoMT-related genes, such
as SNAI2 and TWIST1, was also substantially increased
in the CD311CD1021 ECs from the lungs of SSc pa-
tients (Figure 4A).

Western blots of the culture medium from CD311

CD1021 ECs isolated from the lungs of 2 patients with
SSc-associated ILD confirmed the gene expression results.
Statistically significantly higher amounts of type I collagen
and type III collagen proteins were found in CD311

CD1021 ECs from the culture medium of SSc lung tissue
compared to that from the culture medium of the 2 normal
control lungs (Figure 4B).

Figure 3. Morphologic and indirect immunofluorescence (IIF) ana-
lyses and assessment of in vitro microtube formation in cultured
CD311CD1021 endothelial cells (ECs) isolated from the lung tissue
of patients with systemic sclerosis–associated interstitial lung disease.
A, Dark contrast microscopic image of ECs (left) and results of
immunofluorescence analysis of ECs for VE-cadherin (right). B,

Dark contrast microscopic image of monolayer cultures of ECs (gel-
atin-coated) (left), and microtube formation in ECs after 5 days and
12 days in Matrigel culture (middle and right). Original magnifica-
tion 3 400 in A; 3 200 in B.

Figure 2. Confocal microscopy staining for von Willebrand factor
(vWF; green) and a-smooth muscle actin (a-SMA; red) in a small
arteriole in the lung of a patient with systemic sclerosis (SSc)–associ-
ated interstitial lung disease (ILD) (A–C) and for the type III colla-
gen gene (COL3; red) and CD31 (green) in medium-sized arterioles
in a normal control lung (D) or lung tissue from patients with SSc-
associated ILD (E and F). Essentially all of the vWF-stained cells
present within the endothelium and subendothelial tissue also ex-
pressed the mesenchymal cell marker a-SMA (C) (yellow). In the
normal control vessels (D), intense endothelial staining for CD31 is
evident, the endothelium appears continuous and well attached to
the vessel wall structures, and COL3 staining is only present beyond
the elastic lamina. In vessels from a patient with SSc-associated ILD
(E), the endothelial lining is detached from the vessel wall (arrow),
some areas of denuded endothelium are noticeable (arrowheads),
and staining for CD31 is noticeably weaker in the endothelial layer
as compared to that in the normal control vessels. In the vessels
from another patient with SSc-associated ILD (F), intense and abun-
dant staining for COL3 is evident in the subendothelial, medial, and
adventitial layers. DAPI was used for counterstaining of nuclei. Orig-
inal magnification 3 400.

214 MENDOZA AND PIERA-VELAZQUEZ ET AL



DISCUSSION

The generation of activated myofibroblasts, which
are distinguished from quiescent resident fibroblasts by
the initiation of expression of a-SMA and the increased
production of fibrillar type I and type III collagens
(9–11), is a crucial mechanism in the development of tis-
sue fibrosis in SSc (7–9). Recently, EndoMT has been
recognized as an important mechanism in the generation
of activated myofibroblasts, a cell type found to be
involved in the development of tissue fibrosis in several
experimentally induced animal models (20–23,25–28) as
well as in some human fibrotic diseases (29–33). Despite
its potential role in the pathogenesis of numerous human
disorders, the detailed mechanisms involved in EndoMT
have not been fully elucidated, although the crucial role of
TGFb in its initiation and maintenance, as well as the par-
ticipation of several transcription factors involved in cellu-

lar transdifferentiation, including SNAI1, SNAI2/SLUG,
and TWIST1, has been well documented (20–23,38,39).

Herein, we provide immunohistopathologic evi-
dence of the presence of cells expressing EC-specific
molecular markers in the subendothelial neointima as
well as in the perivascular regions and in the parenchy-
ma of lung tissue from patients with SSc-associated
ILD. Furthermore, we describe confocal microscopy
studies demonstrating the presence of numerous cells
simultaneously expressing EC and mesenchymal cell
molecular markers in small and medium-sized arterioles
within the SSc lungs. Similar findings were recently
described in the pulmonary arteries of patients with pri-
mary pulmonary arterial hypertension (32), as well as in
the arterioles of patients with SSc-associated pulmonary
hypertension (33), but were not present in pulmonary
vessels from healthy controls (32,33).

Figure 4. Quantitative polymerase chain reaction (PCR) assessment and Western blot analysis of expression levels of selected genes and pro-
teins in CD311CD1021 endothelial cells (ECs) from the lung tissue of patients with systemic sclerosis (SSc)–associated interstitial lung disease.
A, Quantitative PCR of 2 different preparations of CD311CD1021 ECs from the lungs of 2 SSc patients (SSc 1 and SSc 2) and 2 normal con-
trols (N1 and N2). Shown are transcript measurements, analyzed in duplicate, for interstitial collagen genes (type I collagen A1 [COL1A1] and
type III collagen A1 [COL3A1]), fibronectin 1 (FN1), a-smooth muscle actin (ACTA2), EC-specific genes (type IV collagen A1 [COL4A1], VE-
cadherin, von Willebrand factor [vWF], and vascular endothelial growth factor [VEGF]), profibrotic genes (transforming growth factor b1
[TGFb1] and connective tissue growth factor [CTGF]), and endothelial-to-mesenchymal phenotypic transition (EndoMT)–related transcription
factors (SNAI2 and TWIST1). Expression levels are shown as the fold change in the lung tissue from each SSc patient compared to the mean
levels in the 2 normal controls. B, Top, Representative Western blots showing secretion of type I and type III collagens in culture medium of
CD311CD1021 ECs from the lungs of 2 SSc patients and 2 normal controls. Bottom, Quantitative analysis of the results of Western blotting.
Bars show the mean 6 SEM fluorescence units (corrected for DNA content) in duplicate cultures from each cell line in 3 separate experiments.

* 5 P , 0.05 versus normal control lungs.
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The frequency of cells coexpressing EC and myo-
fibroblast markers was assessed in the lung microvas-
culature of patients with SSc-associated pulmonary
hypertension, and was found to occur in fewer than 5%
of ECs in the pulmonary arterioles (33). In our study,
we found that the frequency of cells simultaneously ex-
pressing EC- and mesenchymal cell–specific markers
was substantially higher, although their occurrence was
quite heterogeneous, with some vessels showing that
essentially all ECs coexpressed vWF and a-SMA (as
illustrated in Figures 2A–C), whereas other vessels con-
tained only a few ECs displaying coexpression, and still
other vessels did not show any ECs coexpressing vWF
and a-SMA staining. However, owing to the heteroge-
neity of coexpression on the vessels examined, the low
intensity of staining for EC-specific markers in most SSc
cells, and the frequent occurrence in SSc lung tissue of
abundant and quite variable numbers of inflammatory
cells in the subendothelial and perivascular regions, it
was not possible to provide an accurate quantitation of
the frequency of cells displaying EndoMT in SSc-
associated ILD.

An important observation in the present study is
that immunopurified CD311CD1021 lung ECs iso-
lated and expanded in vitro from the lung tissue of
patients with SSc-associated ILD exhibited marked up-
regulation in the expression and production of intersti-
tial type I and type III collagens, and increased levels of
transcripts for the potent profibrotic growth factors
TGFb1 and CTGF. These cells also expressed high lev-
els of transcripts for several other EndoMT-related pro-
teins, such as the transcription factors TWIST1 and
SNAI2. The marked increase in the expression of
TWIST1 in CD311CD1021 ECs isolated from SSc
lungs observed in our study is similar to that found in
explanted lung ECs from patients with idiopathic pul-
monary arterial hypertension, a finding that was consid-
ered to indicate the occurrence of TWIST1-driven
EndoMT in vivo (32).

Collectively, the novel observations described in
our study provide strong evidence of the occurrence of
EndoMT in small and medium-sized arterioles in the
lungs of patients with SSc-associated ILD, and suggest
that EndoMT may play a role in the development of the
severe fibroproliferative vasculopathy and progressive
parenchymal fibrosis that are the hallmarks of the pul-
monary involvement in SSc (40–42). These results also
suggest that greater understanding of the molecular
mechanisms involved in EndoMT and its pharmacologic
modulation may represent a novel therapeutic approach
for the management of fibroproliferative vasculopathy
in patients with SSc-associated tissue fibrosis.
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