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a b s t r a c t

Pulmonary arterial hypertension (PAH) is a rare but fatal condition in which raised pulmonary vascular
resistance leads to right heart failure and death. Endothelin-1 is a potent endogenous vasoconstrictor,
which is considered to be central to many of the events that lead to PAH, and is an important therapeutic
target in the treatment of the condition. In many cases of PAH, the aetiology is unknown but inflamma-
tion is increasingly thought to play an important role and viruses have been implicated in the develop-
ment of disease. The Toll Like Receptors (TLRs) play a key role in innate immune responses by initiating
specific anti-bacterial and anti-viral defences in recognition of signature molecular motifs on the surface
of invading pathogens. In this study, we set out to examine the expression of bacterial and viral TLRs in
human pulmonary artery smooth muscle cells and to establish whether their activation could be relevant
to PAH. We found that the viral TLR3 and bacterial TLRs 4 and 6 were most abundantly expressed in
human pulmonary artery smooth muscle cells. Using specific TLR ligands, we found that activation of
TLRs 3 and 4 resulted in IL-8 release by human pulmonary artery smooth muscle cells but that only
TLR3 stimulation resulted in IP10 and endothelin-1 release. These data suggest that human pulmonary
artery smooth muscle cells express significant levels of viral TLR3 and respond to its activation by releas-
ing endothelin-1. This may have importance in understanding the association between viruses and the
development of PAH.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Pulmonary arterial hypertension (PAH) describes a collection of
rare but devastating conditions that are characterised by increased
pulmonary vascular resistance, raised pulmonary arterial pressure
and consequent right heart failure. In PAH, a cascade of patholog-
ical vascular events occur that are thought to be initiated by endo-
thelial injury and dysfunction and culminate in remodelling of the
vascular smooth muscle cells of the pulmonary vessels. However,
work from our group suggests that the vascular smooth muscle
may be a direct target for inflammatory insults, which in turn leads
to vasoconstriction and vascular remodelling [1,2]. Indeed, prolif-
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eration of the smooth muscle layer contributes significantly to
increasing the pulmonary vascular resistance - thus, understanding
how muscularisation of the smooth muscle layer is initiated is crit-
ical to our ability to identify new therapeutic targets to treat PAH.

The mechanisms underlying idiopathic PAH (IPAH) are still
poorly understood and while there is evidence of a genetic predis-
position to the disease, in the form of abnormalities in the bone
morphogenetic protein receptor (BMPR) 2 in patients with IPAH
[3], penetrance is low suggesting additional factors must be rele-
vant. There is a growing body of evidence associating inflammation
and more specifically viral infection with the development of PAH
and that these events may represent a second ‘‘hit’’. Inflammatory
cytokines such as IL-1b and IL-6 are known to be raised in patients
with IPAH and those with other conditions associated with PAH
such as scleroderma, mixed connective tissue disease, Eisenmenger
syndrome and HIV infection [4]. In fact, it is estimated that the
prevalence of PAH in HIV infection is as high as 0.5% [5]. Further-
more, other viruses such as human herpes virus (HHV)-8 have also
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been implicated in the development of PAH [6]. Like other patho-
gens, viruses are sensed by pattern recognition receptors including
Toll Like Receptors (TLRs). Each of 9 TLRs recognises a specific
molecular motif (pathogen associated molecular pattern (PAMP))
on the surface of pathogens and has a defined role in anti-bacterial,
anti-fungal and anti-viral defences [7]. Ligation of these receptors
initiates signalling cascades that results in the expression of
inflammatory mediators, which are an integral part of host
defences.

Endothelin-1 (ET-1) is a potent endogenous vasoconstrictor that
is a critical therapeutic target in PAH and is physiologically re-
leased by the vascular endothelium [8]. However, work from our
group over the past 10 years has shown that ET-1 is released from
the vascular smooth muscle of both systemic [9,10] and pulmonary
vessels [1] under inflammatory conditions. The mechanism of in-
creased expression of ET-1 involves enhanced NF-jB binding and
histone acetylation at specific jB sites on the ET-1 promoter
[11]. We have also shown that ET-1 acts in an autocrine fashion
to stimulate smooth muscle cell proliferation [1] and this may well
have relevance to the pathogenesis of PAH. The pathological role of
ET-1 in PAH has long been established – levels positively correlate
with disease severity [12] and ET-1 receptor blockade is a mainstay
of therapy. On a cell by cell basis, the endothelium is the main cell
type to produce ET-1. However, the endothelial layer is one cell
thick and the cumulative release of ET-1 by the vascular smooth
muscle component of large pulmonary vessels which is many lay-
ers thick, is likely to reach pathological levels conferring a central
role in the pathogenesis of PAH.

Thus far no studies have been published defining the relative
expression and function of bacterial versus viral TLRs in pulmonary
vascular smooth muscle cells or the relationship this may have
with ET-1 release. Given the postulated association between infec-
tion/inflammation and the development of PAH and the important
role of the vascular smooth muscle in its pathogenesis, in this
study we investigated the gene expression of TLRs in human pul-
monary artery smooth muscle cells (HPASMCs). We then went on
to investigate the functional effect of stimulating TLRs in HPASMCs
on ET-1 release. We measured IL-8 and IP10 as surrogates for the
MyD88 and TRIF pathways respectively.
2. Materials and Methods

2.1. Cell Culture

Human pulmonary arteries from healthy segments of lung were
obtained from patients undergoing pulmonary resection at the
Royal Brompton Hospital, London, UK. The adventitia and endothe-
lial cell layer were dissected away under sterile conditions and 3–
4 mm2 sections of vessel were cultured in Dulbecco’s modified Ea-
gle media (DMEM) supplemented with 15% foetal calf serum (FCS),
penicillin, streptomycin, L-Glutamine and non essential amino
acids. HPASMCs were seeded onto 96 well plates for treatment at
a concentration of 8,000 cells per well between passages 2 and 9.
Cells were then serum starved for 24 h with DMEM containing
penicillin, streptomycin, L-Glutamine, non essential amino acids
and 0.1% bovine serum albumin and were then treated in DMEM
with all of the above supplements and 10% FCS. Supernatant was
collected after 24 h and ET-1 and selected cytokines were mea-
sured by ELISA (R&D systems, Abingdon, UK) according to manu-
facturer’s instructions.
2.2. PCR for gene expression

For gene expression experiments, HPASMCs were seeded at
150,000 cells per well in 6 well plates. Cells were serum deprived
for 24 h and lysates were collected 6 h after cell treatments. RNA
was extracted from cell lysates using a commercial RNA extraction
kit (Quiagen). A real time polymerase chain reaction (RT-PCR) array
obtained from Quiagen was used to establish gene expression of
TLRs and other inflammatory mediators. 5 house keeping genes
were included in the array and these were 2 b-microglobulin, hypo-
xanthine phosphoribosyltransferase 1, Ribosomal protein L13a,
Glyceraldehyde-3-phosphate dehydrogenase and b-actin. An aver-
age of the CT values for the 5 house keeping genes was used to sub-
tract from the CT value of the gene of interest to generate a DCT value.

2.3. Materials

DMEM, penicillin, streptomycin, L-Glutamine, non essential
amino acids and FCS were obtained from Sigma. TLR agonists were
obtained from InvivoGen USA.

3. Results

3.1. Gene expression in HPASMCs

The mRNA expression of TLRs, inflammatory cytokines and che-
mokines, and relevant signalling proteins in HPASMCs were as-
sessed using a focused RT-PCR array (Fig. 1). The most
abundantly expressed TLRs were TLRs 3, 4 and 6 (Fig 1a). IL-6
and CCL2 were by far the most abundantly expressed cytokines
(Fig 1b) but interferon-a1 (IFNA1), IL-1 (a and b), TNF receptor
superfamily member 1a (TNFRSF1A), IL-8 and IL-12A were also
highly expressed in HPASMCs (Fig. 1b). Furthermore, a number of
signalling proteins were expressed in HPASMCs – the most highly
expressed were interferon regulatory factor 3 (IRF 3), interleukin-1
receptor-associated kinase (IRAK 1), transforming protein p21
(HRAS) and Ubiquitin-conjugating enzyme E2N (UBE2N) (Fig. 1c).

3.2. Effects of TLR activation in HPASMCs

HPASMCs were stimulated for 24 h with a range of bacterial TLR
agonists – Pam3CSK4, which activates the TLR2/TLR1 heterodimer;
heat-killed Gram positive Staphylococcus aureus, which activates
TLR2; heat-killed Gram negative Esherichia coli, which activates
TLR4; Lipopolysaccahride (LPS), which activates TLR4; flagellin,
which activates TLR5 and FSL-1, which activates the TLR2/TLR6
heterodimer (Fig. 2a–c) and viral TLR agonists – Poly(I:C), which
activates TLR3; Imiquimod, which activates TLR7 and clo 75, which
activates TLR8 (Fig. 2d–f) after which conditioned media was ana-
lysed for IL-8, IP10 and ET-1 release. Under control culture condi-
tions HPASMCs release relatively low levels of IL-8 (Fig. 2a and
d), IP10 (Fig. 2b and e) or ET-1 (Fig. 2c and f). Of the TLR agonists
tested, only TLR3 and TLR4 agonists induced significantly raised
levels of IL-8 (Fig. 2a and b). Only the TLR3 agonist Poly(I:C) in-
duced significantly raised levels of IP-10 and ET-1 (Fig. 2 d and
f). It should be noted that the putative TLR8 agonist E. coli RNA/
Lyovec (10 lg/ml) induced raised levels of ET-1from a basal level
of 1.92 pg/ml (±0.42)–7.10 pg/ml (±0.17), IL-8 from 655.46 pg/ml
(±190.32) to 956.56 pg/ml (±416.55) and IP10 from 94.18 pg/ml
(±27.33) to 1585.21 pg/ml (±118.12). As this molecule is no longer
commercially available, we were unable experiment on it further
and could not reproduce these finding using any of the 3 other
commercially available putative TLR8 agonists (clo 75; Fig. 2d–f),
clo 97 or ssPolyU/Lyovec (data not shown).

3.3. Effect of TNF-a on IL-8, IP10 and ET-1 release induced by Poly(I:C)
from HPASMCs

TNF-a synergises with Type I and Type II IFN to release ET-1
from HPASMCs [13] or IP10 from human airway smooth muscle



Fig. 1. Gene expression of Toll Like Receptors (A), cytokines and chemokines (B)
and signalling proteins (C) in human pulmonary artery smooth muscle cells. Data is
mean ± SEM for n = 3. DCT values of 15 indicates no or minimal gene expression. The
lower the DCT, the greater the level of gene expression.
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cells [14]. Since TLR3 activates IFN signalling pathways in cells, we
performed separate experiments to investigate the effect of co-
stimulating HPASMCs with TNF-a and Poly(I:C) on release of IL-
8, IP10 and ET-1 (Fig.3 A–C). In these experiments, as was seen
above, Poly(I:C) induced IL-8 (Fig. 3A), IP10 (Fig. 3B) and ET-1
(Fig. 3C) release from HPASMCs after 24 h stimulation. TNF-a had
a direct effect on IL-8 release which did not appear to be additive
with that induced by Poly(I:C) (Fig. 3A). By contrast, TNF-a had
no direct effect on IP10 (Fig. 3B) or ET-1 (Fig. 3C) but provided a
clear synergistic effect when co-administered with Poly(I:C).
4. Discussion

In this study we have demonstrated that HPASMCs express rel-
atively high levels of TLR3 mRNA and respond avidly to TLR3 ago-
nists by releasing ET-1, the endogenous therapeutic target for PAH.
TLR3 is a viral sensing pattern recognition receptor and, as such,
our findings support the hypothesis that viral infection may be
an important pro-inflammatory stimulus for smooth muscle acti-
vation, pulmonary artery vascular remodelling and eventually the
development of PAH. TLR3 is an endosomal TLR that plays a vital
role in anti-viral host defences by recognising viral double
stranded RNA molecules and initiating interferon signalling path-
ways [15]. Others have demonstrated TLR3 gene expression in pul-
monary arterial smooth muscle cells [16] but our work is the first
to profile the relative expression of TLRs (amongst other related
genes) or a role in ET-1 generation in this important cell type.

TLRs mediate their effect via two well-defined adapter protein/
signalling pathways; these are MyD88 and TRIF [7]. ET-1 is not a
typical ‘pathogen associated gene’ and is generally regulated in
endothelial cells by angiogenic factors such as VEGF, angiotensin
II or serum [17]. In order to understand how TLR induced ET-1
might profile with better studied genes we measured IL-8 and
IP10 release as they are considered surrogate markers of the
MyD88 and TRIF pathway respectively [7,18]. It was interesting
to note that whilst Poly(I:C) induced IL-8, IP10 and ET-1, TLR4 acti-
vation with heat killed E. coli Coli or LPS, stimulated HPASMCs to
release IL-8 only. This validates our observations that, along with
TLR3, TLR4 is highly expressed in these cells and indicates that
ET-1 is a product of TLR3/TRIF rather than TLR4/MyD88 pathways.
This is in keeping with what we know of TRIF genes and their
strong association with IFN signalling. While TLR3 senses double
stranded RNA viruses, TLR8 senses single stranded RNA viruses.
In early work, we found that the putative TLR8 agonist E. coli
RNA/Lyovec could induce IL-8, IP10 and ET-1 in HPASMCs. How-
ever, as this molecule is no longer commercially available, we
could not perform confirmatory experiments nor look for evidence
of synergy with TNF-a. We performed similar experiments with
three further putative TLR8 agonists - clo 75, clo 97 and ssPolyU/
Lyovec (data only shown for clo 75 as representative of all three).
On balance, and taking into account the low levels of TLR8 expres-
sion in these cells, we conclude that the effects of E. coli RNA/Lyo-
vec could be a result of TLR8 independent effects, possibly via TLR3
activation.

We have previously shown that type I and II IFN can stimulate
HPASMCs to release ET-1, an effect that is synergistically enhanced
by TNF-a [1,11,13]. Interestingly, for ET-1 or IP10 release, we found
a similar relationship between TNF-a and Poly(I:C) as we had
found with IFN. TLR3 stimulation leads to activation of TRIF depen-
dent signalling cascades that result in the generation of Types I,II
and III IFN. Work from our group has previously demonstrated that
TNF-a and IFN-c act synergistically to stimulate the induction of
preproET-1 mRNA and release of mature ET1- protein through
cooperative p65 binding and histone acetylation at distinct jB sites
in the preproET-1 [11]. As TLR3 stimulation strongly induces IFN
production, we hypothesise that endogenously produced IFN acts
in an autocrine manner to synergise with TNF-a and induce the
production of ET-1. TNF-a is a key cytokine that is largely produced
by activated macrophages but, importantly, is also released by vas-
cular smooth muscle cells [19] and endothelial cells [20]. The ob-



Fig. 2. Effect of bacterial (A–C) and viral (D–F) Toll Like Receptor (TLR) agonists on IL-8 (A,D), IP10 (B,E) and ET-1 (C,F) release by human pulmonary artery smooth muscle
cells. Bacterial TLR agonists: TLR1/2 agonist – Pam3CSK4 (300 ng/ml), TLR2 agonist – Staphylococcus aureus (108 cfu/ml), TLR4 agonists – Escherichia coli (108 cfu/ml) and
Lipopolysaccharide (LPS) (1 lg/ml), TLR5 agonist – Flagellin (Flag) (1 lg/ml), TLR2/6 agonist – FSL-1 (1 lg/ml). Viral TLR agonists – TLR3 agonist Poly(I:C), (10 lg/ml), TLR7
agonist imiquimod (10 lg/ml) and TLR8 agonist clo 75 (5 lg/ml). Data is the mean ± SEM for n = 8–9. Data in (A–C) was analysed by one-way ANOVA followed by Dunnett’s
post-test. Data in (D–F) was analysed using two-way ANOVA followed by the Bonferroni post test; ⁄p < 0.05.
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served synergy between Poly(I:C) and TNF-a may be particularly
important in our understanding of how cytokines network in viral
infection particularly in relation to vascular inflammation and PAH.
Indeed, in clinical studies of patients with PAH, serum levels of
TNF-a and other pro-inflammatory cytokines IL-1b, IL-2, IL-4 IL-
6, IL-8, IL-10 and IL-12p70 are raised as compared to healthy con-
trols [21].

It is interesting to note that genes for these cytokines and
chemokines were amongst the most highly expressed in HPASMCs.
IL-6 gene expression was abundant in HPASMCs and this is of
particular relevance as it has a well established and central role
in vascular inflammation [22] and is elevated in the serum of pa-
tients with PAH [4]. In addition, IFN-a and TNFRSF1A (tumour
necrosis factor receptor superfamily 1 A, one of the major receptors
for TNF-a) were also highly expressed in HPASMCs. Again, at this
stage we can only speculate on the relevance of gene expression
in these cells to PAH, but it is interesting to note that IFN-a stim-
ulates HPASMCs to release ET-1 in vitro, an effect that is increased
by TNF-a [13].

This study is the first to demonstrate that TLR3 stimulation of
HPASMCs results in the release of ET-1 and this may provide
important clues in explaining the pathogenesis of IPAH. While
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Fig. 3. Effect of the TLR3 agonist Poly(I:C) on IL-8 (A), IP10 (B) and ET-1 (C) release
from human pulmonary artery smooth muscle cells. Cells were also stimulated with
or without TNFa (10 ng/ml). Data is the mean ± SEM for n = 3–4. Data in the
presence versus absence of TNFa was analysed using two-way ANOVA; ⁄p < 0.05.
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we do not yet know the clinical relevance of our in-vitro work,
other investigators have found that of all the TLRs, only TLR3 stim-
ulation of endothelial cells and dermal fibroblasts resulted in
upregulation of ET-1 protein and mRNA [23]. In confirmatory in-
vivo mouse experiments, subcutaneous Poly(I:C) administration
resulted in significant increase of ET-1 and Endothelin Converting
Enzyme (ECE) mRNA. This growing body of in-vivo and in-vitro
evidence appears to implicate TLR3 in PAH but further studies in
lung tissue from humans with PAH are now required to allow a full
appreciation of the impact of this data in man. As previously dis-
cussed, the vascular smooth muscle layer of pulmonary arteries
is likely to play a key role in the development of PAH. As the vas-
cular smooth muscle is the target cell for ET-1, generation within
the vascular wall, at the site of action is likely to be at least as
important as (potentially) higher levels generated by the endothe-
lium. In addition, previous work from our group has demonstrated
that endogenous ET-1 release drives proliferation of HPASMCs [1].

In summary, this study is the first to reveal a link between TLR3
and ET-1 release by human lung vascular cells. HPASMCs express
TLR3 abundantly and respond avidly to the viral mimetic Poly(I:C)
by releasing inflammatory cytokines and ET-1. These findings may
provide some mechanistic insight to the theory that viruses may be
latent ‘second hit’ candidates for the development of PAH.
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