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Abstract
Objective

Systemic sclerosis (SSc) is characterised by severe fibroproliferative vasculopathy, fibrosis in skin and multiple 
internal organs, and humoral, cellular and innate immunity abnormalities. Vascular alterations are the earliest and 

most severe SSc manifestations, however, the mechanisms responsible have remained elusive. To investigate the molecular 
abnormalities involved in SSc-vasculopathy we examined global gene expression differences between highly purified 
lung microvascular endothelial cells (MVECs) from patients with SSc-interstitial lung disease (SSc-ILD) and normal 

lung MVECs.

Methods
MVECs were isolated from fresh transplanted lungs from patients with SSc-ILD. Sequential CD31 and CD102 

immunopurification was performed to obtain highly purified CD31+/CD102+ lung MVECs. Global gene expression 
analysis was successfully performed in CD31+/CD102+ MVEC from two SSc-ILD patients and from two normal lungs. 

RT-PCR, Western blots, and indirect immunofluorescence validated the gene expression results.

Results
Numerous interferon-regulated genes (IRGs) including IFI44, IFI44L, IFI6, IFIH1, IFIT1, ISG-15, BST-2/Tetherin, 

and RSAD2/Viperin, genes encoding innate immunity antiviral responses (OAS1, OAS2, OAS3, OASL) and antiviral MX1 
and MX2 proteins, and mesenchymal cell-specific genes were significantly overexpressed in CD31+/CD102+ SSc-ILD 

lung MVECs. 

Conclusion
Highly purified CD31+/CD102+ MVECs from lungs from SSc patients with end stage SSc-ILD displayed remarkable 

overexpression of numerous IRGs and of genes encoding antiviral innate immune response and antiviral proteins. 
These observations suggest that interferon-induced and antiviral response proteins may participate in the pathogenesis 
of SSc vasculopathy and SSc-ILD. The CD31+/CD102+ lung MVECs from SSc-ILD also showed elevated expression 

of mesenchymal cell-specific genes confirming the presence of endothelial to mesenchymal transition in SSc-ILD.
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Introduction
Systemic sclerosis (SSc) is character-
ised by cutaneous and internal organ 
fibrosis, severe fibroproliferative vas-
culopathy and multiple immunologic 
abnormalities (1, 2). The generalised 
microvascular involvement includes 
endothelial cell (EC) dysfunction and 
fibro-proliferative alterations causing 
progressive vessel lumen narrowing and 
eventual occlusion (3, 4). Owing to the 
high frequency, progressiveness, and 
severity of SSc vascular involvement it 
has been suggested that SSc should be 
considered a vascular disease (5-7). Ex-
tensive clinical and laboratory investi-
gations have been performed to identify 
the mechanisms involved in these alter-
ations (8-10). However, despite inten-
sive investigations, these mechanisms 
have remained incompletely understood 
(11). Numerous studies have described 
EC morphological and structural abnor-
malities including increased vascular 
permeability allowing trans-endothelial 
migration of circulating inflammatory 
cells and deleterious macromolecules, 
impaired angiogenesis and increased 
production of pathogenetic molecules 
such as endothelin-1 (7-10). Further-
more, ECs in SSc may directly con-
tribute to tissue fibrosis through their 
phenotypic conversion into activated 
mesenchymal cells (myofibroblasts), a 
process known as endothelial to mes-
enchymal transition or EndMT (12-16). 
Indeed, there is strong evidence that 
microvascular ECs (MVECs) from af-
fected SSc dermis and from lung tis-
sues from patients with SSc-associated 
interstitial lung disease (SSc-ILD) un-
dergo EndMT as demonstrated by the 
co-expression of endothelial and mes-
enchymal macromolecules in MVECs 
(7, 14-16).
Given the prominent role of microvas-
cular alterations in SSc, identification 
of molecular differences between nor-
mal and SSc MVECs should provide 
novel information about the pathogen-
esis of SSc-vasculopathy. However, 
previous studies with purified EC from 
SSc patients are scarce owing to the 
difficulties and limitations in obtaining 
sufficient number of highly purified EC 
from affected SSc tissues. Here, we per-
formed extensive immunopurification 

of MVECs isolated from fresh lung tis-
sues from patients with end-stage SSc-
ILD undergoing lung transplantation. 
We obtained CD31+ cells which were 
further purified employing CD102 an-
tibodies to yield CD31+/CD102+ lung 
MVEC. We then performed global gene 
expression studies with these cells to 
identify molecular differences in com-
parison with CD31+/CD102+ MVECs 
isolated from normal lungs. These stud-
ies revealed remarkable gene expres-
sion differences between MVEC iso-
lated from fresh SSc-ILD human lungs 
compared with MVEC isolated from 
normal lungs. The most notable differ-
ences included a marked increase in the 
expression of numerous interferon-reg-
ulated genes (IRG) and genes encoding 
proteins involved in innate and acquired 
immune antiviral responses. These re-
sults suggest the participation of novel 
mechanisms in the pathogenesis of SSc 
vasculopathy.

Materials and methods
Lung tissue samples
Fresh lung tissues were obtained fol-
lowing the Institutional Review Board-
approved protocols from three patients 
with end-stage SSc-ILD who underwent 
lung transplantation at the University of 
Pittsburgh Medical Centre, USA. The 
patients were two females aged 68 
and 52 years old and one 64 years old 
male. The three patients had severe and 
progressive diffuse SSc with terminal 
SSc-ILD. None of the patients had pul-
monary arterial hypertension (PAH) as 
assessed by right heart chamber cath-
eterisation. These tissues were kindly 
provided to us by Dr Carol Feghali-
Bostwick. Normal lung tissues were 
obtained from the National Disease 
Research Interchange from autopsies 
of two females aged 55 and 38 years 
of age who did not have pulmonary or 
autoimmune disease. All studies were 
conducted according to Institutional 
Review Board-approved protocols 
from Thomas Jefferson University.

Isolation and purification 
of CD31+/CD102+ lung MVECs 
from SSc-ILD patients
The fresh lung tissues were carefully 
dissected to remove pleural lining and 
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large vessels and then they were im-
mediately minced and enzymatically 
digested for cell isolation with clostrid-
ial collagenase as described previously 
(16). We performed the cell isolation 
in fresh unfrozen tissues to avoid any 
potential modification in their cellular 
phenotype. The resulting cell suspen-
sions were purified employing a nega-
tive immunomagnetic isolation with 
CD45 microbeads (Miltenyi Biotec) 
to remove contaminating erythrocytes 
and inflammatory cells. The MVEC 
were isolated and purified by immuno-
magnetic selection with a rabbit anti-
human CD31 antibody followed by 
magnetic bead separation using goat 
anti-rabbit IgG-conjugated microbe-
ads (1:5, Miltenyi Biotec). The iso-
lated CD31+ MVEC were cultured as 
described previously (16) in 2% gela-
tin pre-coated tissue culture dishes for 
5–10 days. Following expansion, the 
cells were further purified employing a 
second immunologic separation using a 
rabbit anti-human CD102 antibody to 
obtain highly purified CD31+/CD102+ 
MVEC. The purified CD31+/CD102+ 
MVEC were extensively characterised 
as previously described (16) and were 
further expanded for 3-6 passages. Ow-
ing to the complexity of the sequential 
immunoprecipitation procedure one of 
the SSc-ILD MVEC cell lines was lost 
following CD102 antibody immuno-
precipitation. Therefore, all subsequent 
studies were conducted with two differ-
ent SSc-IDL CD31+/CD102+ MVEC. 
All studies were performed with pas-
sage 4-6 cells to assure preservation of 
their original phenotype.

Phase contrast microscopy and 
confocal microscopy
Confocal microscopy indirect immuno-
fluorescence was performed to assess 
the EC morphology and to demonstrate 
the simultaneous expression of the 
CD31 EC-specific cell surface marker 
with the IRG-encoded protein IFI44. 
For these studies, the cells were seed-
ed onto glass culture slides, fixed with 
3.7% formaldehyde and permeabilised 
with 0.1% Triton X-100 in PBS for 3 
min and examined employing co-stain-
ing with immuno-specific CD-31 (1:200 
dilution) and IFI44 (1:100 dilution) an-

tibodies. The slides were then incubated 
with secondary antibodies followed by 
the addition of DAPI for nuclear stain-
ing as described previously (16).

RNA Microarray analysis
Global gene expression evaluation 
was performed employing microarray 
analysis as previously described (17). 
We performed two separate microar-
rays each in duplicate from two differ-
ent preparations of RNA from SSc-ILD 
lung CD31+/CD102+ MVECs isolated 
from lung tissues from two different 
SSc-ILD patients and from two differ-
ent preparations of CD31+/CD102+ 
MVECs from lungs of the two normal 
individuals. Total RNA was extracted 
from normal and SSc-ILD lung MVECs 
employing RNeasy kit (Qiagen). Am-
plification of cDNA was performed 
using the Ovation Pico WTA-system 
V2 RNA amplification system (NuGen 
Technologies, Inc.) from 50 ng of total 
RNA. Amplified cDNA was purified 
with Qiagen MinElute reaction cleanup 
kit. A sample containing 5 μg cDNA 
was chemically labelled with biotin to 
generate biotinylated cDNA using FL-
Ovation cDNA biotin module (NuGen 
Technologies, Inc.). Affymetrix gene 
chips, (Human Gene 2.0 ST Array), 
were hybridised with 5 μg fragmented 
and biotin-labelled cDNA in 200 μl of 
hybridisation cocktail. Target denatura-
tion was performed at 99°C for 2 min 
and then at 45°C for 5 min followed by 
hybridisation for 18 h. Arrays were then 
washed and stained using Gene chip 
Fluidic Station 450, using Affymetrix 
GeneChip hybridisation wash and stain 
kit. Chips were scanned on an Affym-
etrix Gene Chip Scanner 3000 7G using 
Command Console Software. 
Data analyses were performed using 
GeneSpring software 14.5 (Agilent 
Technologies, Inc.). The probe set sig-
nals were calculated with the Itera-
tive Plier 16 summarisation algorithm, 
baseline to median of all samples was 
used as baseline option. Data were fil-
tered by percentile and lower cut off 
was set at 25. The criteria for differen-
tially expressed genes were set at ≥2-
fold changes. Statistical analysis was 
performed using unpaired T test analy-
sis with a p-value for statistical signifi-

cance equal to or less than 0.05. Heat 
maps and a Volcano plot were gener-
ated from the differentially expressed 
gene list. The list of all differentially 
expressed genes was also examined 
by Ingenuity Pathway Analysis (IPA) 
(Qiagen Bioinformatics 8.0 software) 
and by Gene Ontology (GO) to perform 
biological network pathway analyses.

Reverse transcription-polymerase 
chain reaction
CD31+/CD102+ lung MVEC cultures 
obtained from each of the two patients 
with SSc-ILD and the two control in-
dividuals were used for RNA extrac-
tion (RNeasy kit; Qiagen), including 
a genomic DNA digestion step. Total 
RNA (1 μg) was reverse-transcribed 
using Superscript II reverse tran-
scriptase (Invitrogen) to generate first-
strand complementary DNA. MVECs 
transcript levels were quantified using 
SYBR Green real-time PCR (Bimake). 
Triplicate PCR reactions were per-
formed employing the primers shown 
in Supplementary Table 1. The specific-
ity of the primers was established at the 
end of the PCR amplification employ-
ing melting curve analysis. The method 
of relative quantitation {ΔΔCt} was 
employed to determine the level of gene 
expression. ΔCt values were computed 
from the Ct (cycle threshold number) 
values of the target gene and the house-
keeping control gene (18S) as described 
previously (18).

Western blot analysis
Cell extracts were prepared from the 
two normal control and the two SSc-
ILD CD31+/CD102+ lung MVECs 
cell lines employing RIPA lysis buffer 
containing a mixture of protease in-
hibitors and were sonicated and then 
processed for Western blotting under 
denaturing conditions as described 
previously (18). The membranes were 
incubated overnight at 4°C with either 
a polyclonal anti-IFI44 antibody (Bior-
byt), a polyclonal anti-IFIT1 antibody 
(Biorbyt), or a polyclonal anti-STAT1 
antibody (Biorbyt), and a β-Actin anti-
body (Abcam) as a house keeping con-
trol protein. Thereafter, the membranes 
were incubated with the appropriate 
conjugated secondary antibodies cou-



1301Clinical and Experimental Rheumatology 2021

SSc lung microvascular endothelial cell gene expression / S. Piera-Velazquez et al.

pled to peroxidase and the ECL system 
(Thermo Scientific Pierce) was em-
ployed for detection of the identified 
proteins. Quantification of the protein 
bands was performed employing Im-
age J software and the signals were 
normalised to those of β-actin as de-
scribed previously (18).

Results
Clinical and histopathological features
The SSc-ILD patients whose lung trans-
planted tissues were studied were a 68 
years old female and a 64 years old 
male. Both patients had severe end-
stage SSc-ILD requiring lung transplan-
tation and did not have hemodynamic 
evidence of PAH. Histopathologically, 
their lung tissues showed advanced in-
terstitial fibrosis and scattered paren-
chymal infiltration with mononuclear 
inflammatory cells. Arterioles and small 
to medium-sized arteries demonstrated 
severe sub-intimal accumulation of fi-
brotic tissue resulting in marked ves-
sel lumen narrowing. These alterations 
have been described in greater detail 
previously (16). 

Gene expression microarrays
Differential gene expression levels 
were observed in 134 transcripts (66 
upregulated and 68 downregulated) at 
a significance of p<0.05 in the aver-
age of CD31+/CD102+ SSc-ILD lung 
MVECs compared to the average of 
the two normal lung CD31+/CD102+ 
MVEC. The top upregulated genes 
(greater than three-fold increased ex-
pression) in the CD31+/CD102+ lung 
SSc-ILD MVEC are listed in Table I 
and the complete lists of the up-regulat-
ed and down-regulated genes are shown 
in Supplementary Tables S2 and S3, re-
spectively. The most relevant differen-
tially expressed genes are shown as a 
heatmap in Figure 1A, and as a volcano 
plot in Figure 1B. The results showed 
that the expression levels of numerous 
IRGs were significantly and substan-
tially (greater than three-fold) upregu-
lated in SSc-ILD lung CD31+/CD102+ 
MVECs compared to normal lung 
CD31+/CD102+ MVECs (Table I). A 
remarkable observation was the greater 
than five-fold upregulation of BST-2, 
and the greater than four-fold upregu-

lation of ISG15 and RSAD2 genes. 
The ISG15 gene encodes an interferon-
induced ubiquitin-like molecule with 
potent antiviral effects (19). The BST-2 
gene encodes BST-2/Tetherin, a type II 
transmembrane protein that was dem-
onstrated to be a potent interferon-in-
ducible antiviral factor (20-23). BST-2/
Tetherin has a unique structure and cel-
lular distribution topology that endow 
it with remarkable protein tethering and 
signalling activities (22). BST-2/Teth-
erin is a key effector of the antiretrovi-
ral activity of type I interferon in vitro 
and in vivo (21), inhibiting the release 
of nascent viral particles and prevent-
ing viral dissemination. Furthermore, 
through its signalling properties it can 
initiate and regulate host responses to 
viral infections, as well as play an im-
portant role in other immunologic and 
inflammatory reactions (22, 23). The 
RSAD2 gene encodes Viperin, a pro-
tein first identified as being a highly 

expressed product of CMV-infected 
fibroblasts with potent antiviral effects 
(24, 25). Numerous subsequent studies 
have demonstrated that Viperin is a po-
tent interferon induced antiviral protein 
(26). The gene expression for STAT1, a 
key IFN pathway regulator was also up-
regulated but to a lesser extent (slightly 
less than two-fold).
The results also demonstrated that nu-
merous transcripts corresponding to 
genes involved in the innate immunity 
antiviral response and in acquired an-
tiviral responses were significantly 
overexpressed in the SSc-ILD lung 
CD31+/CD102+ MVECs. These genes 
encode members of the oligo-adenylate 
synthetase (OAS) family of proteins 
(OAS1, OAS2, OAS3, OASL) and the 
myxovirus resistance proteins 1 and 2 
(MX1, MX2). One important observa-
tion was that the expression of several 
genes associated with mesenchymal 
cell extracellular matrix (ECM) mac-

Table I. List of the highest upregulated genes (greater than three-fold) in CD31+/CD102+ 
lung MVEC from patients with SSc-ILD.

Gene symbol Gene description Fold  p-value
  increase 

CADM3 Cell adhesion molecule 3 11.18 <0.01
CADM3-AS1 CADM3 antisense RNA1 8.68 <0.01
MX1 MX dynamin-like GTP ase 1 6.28 0.03
IFI6 Interferon, alpha-inducible protein 6 6.23 0.02
ACKR1 Atypical chemokine receptor 1 (Duffy blood group) 6.05 <0.01
MX2 MX dynamin-like GTP ase 2 5.76 0.01
OAS2 2-5-oligo adenylate synthetase 2 5.48 0.03
OAS1 2-5-oligo adenylate synthetase 1 5.40 0.03
BST2 Bone marrow stromal cell antigen 2 5.15 0.04
IFIT1 Interferon-induced protein with tetratricopeptide repeats 1 4.52 0.05
IFITM1/IFITM2 Interferon-induced transmembrane protein 1/2 4.50 0.03
IFI44L Interferon-induced protein 44-like 4.36 0.04
CEMIP Cell migration inducing protein, hyaluronian binding 4.36 0.03
IGSF10 Immunoglobulin super family, member 10 4.29 0.03
RSAD2 Radical S-adenosylmethionine domain containing 2 4.24 0.02
ISG15 Interferon stimulated gene 15 4.18 0.01
INMT Indolethylamine-N-methyltransferase 3.82 0.03
CTHRC1 Collagen triple helix repeat containing 1 3.68 0.01
CCNA1 Cyclin A1 3.66 <0.01
HERC6 HECT and RLD domain containing E3 ubiquitin protein 3.60 0.02 
 ligase family 
SNORA23 Small nucleolar RNA, H/ACA box 23 3.52 0.01
OASL 2-5-oligo adenylate synthetase-like 3.49 0.01
HTR2B 5-hydroxytryptamine (serotonin) receptor 2B, G protein-coupled 3..47 <0.01
C12orf60 Chromosome 12 open reading frame 60 3.45 <0.01
RARRES2 Retinoic acid receptor responder (tazarotene-induced) 2 3.45 0.01
CHI3LI Chitinase 3-like 1 (cartilage glycoprotein-39) 3.43 0.03
LUM Lumican 3.36 0.01
MGP Matrix GIa protein 3.27 <0.01
COL3A1 Collagen, type III, alpha 1 3.27 0.04
IFI44 Interferon-induced protein 44 3.24 0.05
CENPW Centromere protein W 3.15 <0.01
COL1A1 Collagen, type I, alpha 1 3.08 0.02
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romolecules including COL3A1 and 
COL1A1 were significantly increased 
in the SSc-ILD lung CD31+/CD102+ 
MVECs. Ingenuity pathway analysis 
showed that type I IFN played a central 
role in the biological network of the 
overexpressed IRGs (Fig. 2A). The GO 
pathway analysis showed that the most 
significantly elevated pathways were 
those related to interferon activation 
and tissue fibrosis (Fig. 2B). 

Validation of increased expression 
of relevant genes by Real Time PCR
Quantitative PCR was employed to val-
idate the increased expression of 6 se-
lected IRG (IFIT1, IFI44L, IFI44, IFI6, 
IFIH1, and IFIT3) in CD31+/CD102+ 
SSc-ILD lung MVECs. The results 
demonstrated that the transcript levels 

corresponding to IFIT1, IFI44, IFI44L, 
and STAT1 displayed the most differ-
entially increased expression in the 
SSc-ILD lung MVECs samples (Fig. 
3A). Quantitative PCR also validated 
increased expression levels of OAS1, 
OAS2, OAS3, OASL and MX1 and 
MX2 transcripts in CD31+/CD102+ 
lung SSc-ILD MVEC (Fig. 3B).

Increased IFI44, IFIT1, and STAT1 
protein levels
Protein levels of IFI44, IFIT1, and 
STAT1 present in CD31+/CD102+ 
lung MVECs from SSc-ILD patients 
were analysed by Western blotting and 
the results demonstrated a substan-
tial increase compared to cell extracts 
from control lung CD31+/CD102+ 
MVECs as shown in Figure 4A. Con-

focal laser microscopy was employed 
to confirm the increased expression of 
the interferon-induced protein IFI44 in 
the purified CD31+/CD102+ lung SSc-
ILD MVECs. These studies demon-
strated high levels of IFI44 protein and 
the co-localisation of the EC-specific 
marker CD31 with IFI44 in cultured 
lung CD31+/CD102+ MVECs from 
SSc-ILD patients (Fig. 4B). In con-
trast, CD31+/CD102+ MVECs isolated 
from the normal lung tissues examined 
in parallel and utilising the same anti-
bodies did not show significant levels 
of IFI44 protein and there was no co-
expression of CD31 with IFI44. 

Discussion
In this study, we compared the global 
gene expression profile of immunopu-

Fig. 1. Global gene expression analysis of CD31+/CD102+ MVEC isolated from lungs from patients with SSc-ILD and from normal control lungs.
A: Heat map and dendrogram (hierarchically clustered) of genes with the highest differential expression reveals groups of genes with high expression levels. 
Interferon related genes are marked with a red cross. Innate antiviral immunity and antiviral genes are marked with a blue X, and fibrosis-associated pathway 
genes are marked with a green cross. B: Volcano Plot showing differentially expressed transcripts with 2-fold or greater difference (p<0.05) in expression 
between SSc-ILD and normal control lung CD31+/CD102+ MVECs.
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rified CD31+/CD102+ MVECs isolated 
from lung tissues from two patients 
with end-stage SSc-ILD undergoing 
lung transplantation to that of CD31+/
CD102+ MVECs isolated from two 
normal lungs. A remarkable observa-
tion was that numerous IRG includ-
ing IFI44, IFI44L, IFI6, IFIH1, IFIT3, 
IFIT1, ISG15, BST-2 and RSAD2, sev-
eral genes involved in the innate immu-
nity antiviral response including OAS1, 
OAS2, OAS3, and OASL, and the 
genes encoding MX1 and MX2 (myxo-
virus antiviral proteins) displayed high-
ly significant differential upregulation 
in CD31+/CD102+ lung MVECs from 
SSc-ILD patients compared to normal 
CD31+/CD102+ lung MVECs.
The demonstration of a very strong IFN 
signature in the highly purified CD31+/
CD102+ lung MVECs from SSc-ILD 
patients indicates an important role 
of IFN pathways in the induction and 
maintenance of the EC abnormalities 
and endothelial dysfunction charac-
teristic of SSc. These observations are 
in agreement with results from several 
prior studies implicating dysregulation 
of type I IFN and IFN-inducible genes 
in SSc pathophysiology (27, 28). One 
of these studies examined peripheral 

blood cells from SSc patients and dem-
onstrated that these cells displayed dif-
ferential expression of 18 interferon-in-
ducible genes compared with cells from 
control individuals (29). Other studies 
obtained similar results in whole pe-
ripheral blood samples (30, 31) and 
in peripheral blood mononuclear cells 
(32). A related investigation determined 
the expression of a panel of 11 type I 
IFN inducible genes in whole-blood 
samples from SSc patients at various 
stages of disease evolution that in-
cluded SSc patients with very early dis-
ease (33). The results showed a strong 
expression of an IFN type I signature 
in all SSc clinical groups with signifi-
cantly higher IFN scores in patients at 
the earliest stages of the disease even 
prior to the development of clinically 
detectable cutaneous fibrosis (33). Of 
relevance to the studies reported here, 
Christmann et al. demonstrated in-
creased expression of many interferon-
responsive genes in whole lung tissues 
from SSc patients with SSc-ILD (34). 
However, the presence in the affected 
tissues of various IFN-producing cells 
including resident dendritic cells and 
macrophages, may have been responsi-
ble for their observations. Collectively, 

numerous studies have provided sub-
stantial evidence for the participation 
of IFN-mediated mechanisms and IFN-
activated pathways in SSc (Reviewed 
in 27,28,30). The results we describe 
here strongly indicate that type I IFN 
pathway activation occurs in highly pu-
rified MVECs from affected SSc-ILD 
lung tissues and support the notion that 
type I IFN may play a crucial role in the 
pathogenesis of SSc-associated vascu-
lopathy and SSc-associated ILD.
Another important finding was the dem-
onstration that several genes encod-
ing innate immunity antiviral response 
proteins (OAS1, OAS2, OASL) and 
other antiviral proteins (MX1, MX2) 
were significantly overexpressed in the 
CD31+/CD102+ SSc-ILD MVECs. 
The OAS proteins are members of a 
large family of intracellular enzymes 
capable of recognising cytoplasmic 
double stranded RNA (dsRNA) indica-
tive of a viral infection and inducing in 
response the synthesis and production 
of 2’–5’-linked oligoadenylate which 
then mediates the degradation of the 
viral RNAs (35). The MX proteins are 
members of the dynamin-like large GT-
Pases also endowed of potent antiviral 
activity (36). Although increased ex-

Fig. 2. Pathway analysis of differentially expressed Interferon Regulated Genes (IRGs).
A: Ingenuity Pathway Analysis (IPA) of differentially expressed IRGs. The proteins encoded by genes showing a 2-fold change or greater were selected and 
processed by IPA software to display potential interactions. The most upregulated proteins are shown in red. Solid lines indicate direct interactions experi-
mentally proven in the literature whereas dashed lines indicate potential indirect interactions. 
B: Canonical Gene Ontology Pathways enriched in the MVECs from SSc-ILD compared with normal control lung MVECs.
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pression of some of these proteins has 
been previously described in peripheral 

blood mononuclear cells, skin, dermal 
fibroblasts, and lung tissues from SSc 

patients (34, 37, 38), the results de-
scribed here are the first to demonstrate 
a marked elevation of expression of 
these genes in purified CD31+/CD102+ 
MVECs from SSc-ILD lung tissues. 
Along similar lines are our results dem-
onstrating a marked upregulation of the 
gene ISG15 that codes for a small ubiq-
uitin-like molecule that is powerfully 
stimulated by IFN-1 and that among its 
multiple intracellular functions has been 
implicated as a crucial member of that 
host antiviral response (19). Collective-
ly, these results provide strong support 
to the hypothesis that viral-mediated 
injury, through either direct viral effects 
to the endothelium, or through indirect 
alterations caused by activated cyto-
toxic T cells or by antibody-dependent 
responses, may be a key and early event 
in the pathogenesis of SSc (39-41) and 
of SSc-associated vascular alterations 
(42, 43).
Our studies further showed that ex-
pression of CADM3, a gene encoding 
Nectin-like molecule 1, a protein asso-
ciated with cell adhesion, migration and 
proliferation (44) was the most elevated 
(greater than 11-fold) in SSc-ILD lung 
MVECs. Remarkably, the CADM3 an-
tisense RNA (CADM3-AS1) was the 
second most increased gene (greater 
than 8-fold). We also found substantial 
elevation of the genes encoding the in-
terstitial collagens COL1A1 and CO-
L3A1, indicating that SSc lung MVECs 

Fig. 4. Western blot analysis of IFI44, IFIT1 and STAT1 in cell extracts from normal control and SSc-ILD CD31+/CD102+ lung MVECs and confocal 
microscopy for co-expression of CD31 and IFI44.
A: Western blots showing protein levels of selected IRG protein products (IFI44, IFIT1, and STAT1) in two different CD31+/CD102+ SSc lung MVECs cell 
lines and one (for STAT1) or two (for IFI44, IFIT) normal control lung MVECs cell lines. B: Confocal microscopy showing the expression of CD31 (green 
fluorescence) and IFI44 (red fluorescence) in CD31+/CD102+ immunopurified lung MVECs isolated from one control subject and one SSc-ILD patient.

Fig. 3. Real time PCR validation of specific IRGs.
A. Semiquantitative RT-PCR showing the average of the relative fold gene expression of selected IRGs 
(IFI44, IFI44L, IFIH1, IFI6, IFIT1, IFIT3, and STAT1) in CD31+/CD102+ SSc-ILD lung MVECs 
compared with the average levels of expression of the same genes from normal control CD31+/
CD102+ lung MVECs. The values for IRF8, an IRG that did not show a significant difference between 
the SSc-ILD and normal lung MVECs samples, were used to calculate the relative level of expression 
for the other IRGs. B. Semiquantitative RT-PCR showing the average of the relative fold gene expres-
sion for OAS1, OAS2, OAS3, OASL, MX1 and MX2 in SSc-ILD lung MVECs compared with their 
expression levels in normal lung MVECs. All values are shown in a logarithmic scale.
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have undergone a phenotypic transition 
to mesenchymal cells, thus confirming 
the occurrence of the EndMT process 
previously suggested to play an impor-
tant role in SSc tissue fibrosis (12-16).
Numerous studies have examined the 
global gene expression of various cells 
and tissues in SSc (45-48) including 
an extensive and detailed analysis of 
purified dermal EC from patients with 
diffuse SSc (49), however, our study is 
the first to describe the global gene ex-
pression of highly purified MVECs iso-
lated from SSc-ILD fibrotic lungs. Of 
relevance to our results, a very recent 
study analysed single cell gene expres-
sion profiles of SSc affected skin (50). 
These studies compared the single cell 
gene expression of an EC cluster that 
contained 9 cells from one sample of 
healthy control skin compared with an 
EC cluster of 8 cells from skin from 
one SSc patient. The results identified 
upregulated genes in SSc skin EC and 
included genes that were established 
markers of endothelial injury and ac-
tivation, as well as previously identi-
fied markers of vascular dysfunction in 
SSc (50). However, this study did not 
demonstrate IFN pathway activation or 
elevated expression of genes encoding 
innate immunity antiviral response in 
the endothelial cells examined.
In conclusion, the results described 
here demonstrate that highly purified 
CD31+/CD102+ lung MVECs from 
patients with advanced end-stage SSc-
ILD display a pattern of global gene ex-
pression consistent with the activation 
of IFN pathways as well as elevated 
expression of antiviral genes and of 
genes encoding innate immunity antivi-
ral responses. These observations sup-
port the hypothesis that an endothelial 
cell injury caused by a viral pathogen 
may be involved in the initiation and 
development of SSc-associated EC 
dysfunction and SSc vasculopathy. 
Among the viral agents that have been 
suggested, cytomegalovirus (CMV) 
has been considered one of the most 
likely agents owing to the demonstra-
tion of increased levels of anti-CMV 
antibodies in the serum of SSc patients, 
the demonstration of molecular mim-
icry between certain autoantibodies and 
CMV proteins, as well as remarkable 

similarities between CMV vascular 
clinical manifestations and SSc vascu-
lopathy (42, 43). The results described 
here do not provide information as to 
whether the pattern of gene expression 
of lung MVEC from SSc-ILD patients 
is triggered by direct viral infection, by 
direct contact with IFN producing cells, 
or by paracrine effects of cells present 
in the surrounding perivascular tissues. 
However, our observations suggest that 
IFN pathway activation and an innate 
immunity response to a viral infection 
may play a role in the pathogenesis of 
SSc vasculopathy in SSc-ILD.
We certainly acknowledge that a sub-
stantial limitation of this investigation 
is the small number of samples stud-
ied. However, it should be emphasised 
that the extreme difficulties in obtain-
ing fresh lung tissues from SSc-ILD 
patients in sufficient amounts for the 
successful isolation of a large number 
of highly purified CD31+/CD102+ 
MVECs pose a highly serious limita-
tion and is a strong barrier for the per-
formance of extensive studies as the 
one described here. On the other hand, 
subsequent confirmation of our results 
may be highly relevant to the elucida-
tion of the mechanisms of SSc vascu-
lopathy and SSc-ILD and may lead to 
the development of novel therapeutic 
approaches for this serious SSc mani-
festation that currently lacks approved 
disease-modifying therapy.
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