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and extracellular matrix deposition
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Idiopathic pulmonary fibrosis (IPF) is characterized by peripheral lung fibrosis and increased interstitial
extracellular matrix (ECM) deposition. In IPF, tumor growth factor (TGF)-31 which is the major

. stimulus of ECM deposition, and platelet derived growth factor (PDGF)-BB is a potent stimulus of

. fibrosis. Thus, the effect of Treprostinil on TGF-B1 and PDGF-induced fibroblast proliferation and ECM

. deposition was investigated. Human peripheral lung fibroblasts of seven IPF patients and five lung

. donors were stimulated by PDGF, or TGF-31, or the combination. Cells were pre-incubated (30 min)

. with either Treprostinil, forskolin, di-deoxyadenosine (DDA), or vehicle. Treprostinil time dependently

© activated cAMP thereby preventing PDGF-BB induced proliferation and TGF-31 secretion. Cell counts
indicated proliferation; o.-smooth muscle actin (a-SMA) indicted differentiation, and collagen type-1
or fibronectin deposition remodeling. Myo-fibroblast indicating o-SMA expression was significantly
reduced and its formation was altered by Treprostinil. Collagen type-l and fibronectin deposition were
also reduced by Treprostinil. The effect of Treprostinil on collagen type-I deposition was cAMP sensitive
as it was counteracted by DDA, while the effect on fibronectin was not cAMP mediated. Treprostinil

. antagonized the pro-fibrotic effects of both PDGF-BB and TGF-31 in primary human lung fibroblasts.

. The data presented propose a therapeutic relevant anti-fibrotic effect of Treprostinil in IPF.

Idiopathic pulmonary fibrosis (IPF) is a rare, progressive and devastating interstitial lung disease resulting in a
© high mortality rate with limited treatment options"2 IPF is mainly diagnosed in the elderly and is associated with

specific histopathologic and/or radiological patterns of usual interstitial pneumonia (UIP)%
: Unfortunately, the pathogenesis of fibrotic diseases is not well characterized. Many fibrotic processes in the
. lung are associated with irregular wound healing, which leads to not well controlled proliferation and extracellu-
¢ lar matrix (ECM) deposition®*. In IPF, the main source for aberrant collagen type-I and fibronectin deposition are
* lung fibroblasts which are largely stimulated by TGF-£1 signaling*-¢. Beside TGF-31, the growth factor PDGF-BB
. stimulates fibrotic processes and had been implicated as one of the driving factors in the pathogenesis of IPF,
where both factors enhance each other’s function®’. In line with this, the tyrosine kinase inhibitor nintedanib
. targeting the PDGE, VEGF and FGF signaling cascades induced an anti-fibrotic effect and counteracted TGF-3
- induced ECM secretion in IPF®.

Recently, two new anti-fibrotic compounds, pirfenidone and nintedanib, were licensed for IPF treatment.

. Both drugs have a clinically documented efficacy on disease progression and target specific receptor linked pro-
. tein kinases’'!. Nintedanib blocks the activation of three tyrosine kinase receptors: the platelet-derived growth
- factor-B (PDGF-(3)-receptor, basic fibroblast growth factor and vascular endothelial growth factor!'2. Not much
. is known about the mechanism of pirfenidone, except it reduces fibroblast proliferation by reducing the action of
© p38 mitogen activated protein kinase (p38 MAPK)'>!4,
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Figure 1. (a) Kinetic of cellular cAMP levels in control fibroblasts (n = 5) in the presence of Treprostinil or
Treprostinil+ DDA. (b) Kinetic of cellular cAMP levels in IPF fibroblasts (n = 6) in the presence of Treprostinil
or Treprostinil4+ DDA. (c) Secretion of active TGF-31 24 hrs after stimulation of fibroblasts with PDGF-BB and/
or Treprostinil and/or DDA. Control fibroblasts (n=>5), IPF fibroblasts (n =7). (d) Secretion of active CTGF 24
hrs after stimulation of fibroblasts with PDGF-BB and/or Treprostinil and/or DDA. Bars show mean & S.E.M. of
triplicated experiments. Statistics: Mann-Whitney U-test.

Recently, the beneficial effect of prostacyclin analogues such as Treprostinil was demonstrated in patients with
end-stage IPF and pulmonary arterial hypertension (PAH) by improving the right heart function without com-
promising systemic oxygenation'®. Prostacyclins act through the IP receptor, which stimulates adenylate cyclase
ensuing intracellular cyclic AMP (cAMP) generation'®. The induction of cAMP by Treprostinil affected cell
adhesion and differentiation of fibrocytes by downstream suppression of extracellular regulated kinase (Erk1/2
MAPK) signaling'’. Prostacyclin analogues inhibited the proliferation of smooth muscle cells through Smadé
inhibition and activation of Smad1/5, suggesting a cross talk with TGF-f3 signaling'®. In smooth muscle cells
which expressed the prostaglandin EP-2 receptor, Treprostinil elevated cyclic AMP (cAMP), but had low activity
on the other receptor types. Interestingly, these effects of Treprostinil were different from another prostaglandin
analogue Iloprost'. In other conditions, cAMP formation modified the composition of the ECM through acti-
vation of the transcription factor cAMP response element binding protein (CREB), and thereby prevented the de
novo deposition of collagen type -I, type- IIl and fibronectin®.

In the present study, the effects of Treprostinil on PDGF-BB and TGF-88 activated intracellular signaling were
investigated in fibroblasts obtained from IPF patients and lung donors. Furthermore, the effect of Treprostinil
on fibroblast remodeling and differentiation parameters, collagen type-I, fibronectin and c-SMA was assessed.

Results

The level of intra-cellular cAMP did not change within 20 minutes in unstimulated control or IPF fibroblasts
(Fig. 1a,b). Addition of Treprostinil 1078 M significantly increased cAMP levels in both cell types and statistical
analysis suggests that IPF fibroblasts generated more cAMP than control fibroblasts (Fig. 1b). Pre-incubation with
DDA (10 M) prevented cAMP increase in both cell types (Fig. 1a,b).

In order to understand the interactions of TGF-31 and PDGF-BB, we next investigated the effect of PDGF-BB
on the secretion of active TGF-31 and of total connective tissue growth factor (CTGF), by the two fibroblast types.
PDGE-BB increased the level of active TGF-31 in fibroblast medium significantly over 24 hours (Fig. 1c) as well as that
of CTGF (Fig. 1d). Neither the content of active TGF-31 nor CTGF showed as disease specific increase comparing
fibroblasts of IPF patients with cells of controls. DDA treatment counteracted the inhibitory effect of Treprostinil on
PDGEF-BB induced TGF-31 activation and CTGF secretion suggesting a role of cAMP in its signaling action (Fig. 1¢,d).

Under starving conditions a-SMA staining was very low, but was markedly increased after 24 hours
in the presence of PDGF-BB (10 ng/ml), as well as by TGF-31, suggesting a transposition of fibroblasts into
myo-fibroblasts (Fig. 2a,b). In regard to fibroblast differentiation into pro-fibrotic myo-fibroblasts, we assessed
the effect of neutralizing anti-pan TGF-( antibodies on a-SMA expression after 24 hours. As shown in Fig. 2a,
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Figure 2. The effect of Treprostinil on PDGF-BB and TGF-31 induced a-SMA expression. (a) Dose dependent
stimulation of a-SMA expression by PDGF-BB in fibroblasts over 24 hrs as measured by immuno-blotting

and densitometric analysis. Anti-pan TGF-{3 antibody (1 pg/ml) was added together with PDGF-BB. (b) Dose
dependent stimulation of a-SMA expression by TGF-31 in fibroblasts over 24 hrs as measured by immuno-
blotting and densitometric analysis. Anti-panTGF-{ antibody (1 pg/ml) was added together with PDGF-BB.

(c) Dose dependent inhibition of PDGF-BB induced o-SMA secretion by Treprostinil; DDA (10 uM) was added
30 min before Treprostinil. (d) Dose dependent inhibition of TGF-f31 induced a-SMA secretion by Treprostinil;
DDA (10 M) was added 30 min before Treprostinil. Bars show the mean =+ S.E.M. triplicates in all primary
control and IPF cell lines. Statistics: Mann-Whitney U-test. (e) Representative immuno-blots for the effect of
PDGF-BB (10 ng/ml), Treprostinil (10~° M) and DDA (10> M) on the expression of a-SMA, collagen type-I
and fibronectin (a-tubulin served as house keeping protein) after 42 hrs. Similar results were obtained in all
other cell lines.

PDGF-BB dose-dependently increased the expression of a-SMA in both fibrotic diseased and control fibro-
blasts, which was prevented by pre-incubation with neutralizing anti-pan TGF-3 antibody. A similar stimulating
effect on a-SMA was achieved by TGF-(1 stimulation, which was also abrogated by the presence of neutralizing
anti-pan TGF-3 antibody (Fig. 2b).

PDGF-BB induced o-SMA expression was dose dependently reduced when cells had been pre-treated
with Treprostinil and the effect of the drug was counteracted by DDA (Fig. 2¢). Similarly, Treprostinil dose
dependently reduced TGF-31 stimulated a-SMA expression, which was again counteracted by DDA (Fig. 2d).
The results presented in Fig. 2c and d provide evidence that the action of Treprostinil on a-SMA expression
is mediated by cAMP. A representative immuno-blot of the effects of PDGF-BB, treprostinil and DDA on the
expression of a-SMA, collagen type-I and fibronectin is provided in Fig. 2e. We observed no significant disease
specific difference on a-SMA stimulation or the action of Treprostinil.

We next analyzed the effect of Treprostinil on PDGF-BB induced ECM deposition. Unstimulated fibro-
blasts were characterized by cytosolic staining for fibronectin. In serum starved cells (24 hours) fibronectin was
expressed on a basal level which was up-regulated by the presence of PDGF-BB within 24 hours (Figs 2e, 3a).
When stimulated with PDGF-BB for 5 days we observed a significantly increased deposition of fibronectin
(Fig. 3a). Treprostinil significantly reduced fibronectin deposition only at the highest concentration and this
effect was not counteracted by DDA (Figs 2e, 3a). Interestingly, the presence of a neutralizing anti-pan-TGF-3
antibody abrogated the stimulatory effect of PDGF-BB on fibronectin (Fig. 3a). The effect of TGF-f1 (5 ng/
ml) on fibronectin deposition was significant at all concentrations after 24 hours (Fig. 3b). Pre-incubation with
Treprostinil significantly reduced the stimulatory effect of TGF-31 on fibronectin and this effect was interestingly
in part sensitive to cAMP (Figs 2e, 3b). These results are in line with our earlier study reporting a target specific
involvement of cAMP in the regulation of collagen type-I and fibronectin for cAMP stimulatory class of drugs,
(2-agonists®.
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Figure 3. (a) Treprostinil inhibits PDGF-BB induced fibronectin deposition through TGF-31 and cAMP.
(b) Treprostinil inhibits TGF-(31 induced fibronectin deposition through cAMP signaling. Bars show the
mean £ S.E.M. of triplicated experiments all primary control and IPF cell lines. Statistics: Mann-Whitney
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Figure 4. (a) Treprostinil inhibits PDGF-BB induced collagen type-I deposition through TGF-31 and cAMP.
(b) Treprostinil inhibits TGF-(31 induced collagen type-I deposition through cAMP signaling. Bars show the
mean £ S.E.M. of triplicated experiments all primary control and IPF cell lines. Statistics: Mann-Whitney
U-test.

PDGF-BB dose dependently increased collagen type-I deposition with no difference between control and
IPF fibroblasts (Figs 2e, 4a). This effect was dose dependently reduced by Treprostinil through cAMP stimula-
tion; since forskolin inhibited the effect of PDGF-BB and DDA inhibited the effect of Treprostinil (Figs 2e, 4a).
In addition, anti-pan TGF-{3 antibody also significantly reduced the collagen type-I stimulation by PDGF-BB
(Fig. 4a). This effect was significantly stronger in fibroblast of IPF patients. TGF-31 also stimulated the deposition
of collagen type-I dose dependently and Treprostinil prevented this effect (Fig. 4b). Since forskolin inhibited the
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Figure 5. Treprostinil prevents a-SMA and fibronectin deposition and arrangement dose dependently.

(a) PDGF-BB stimulated total synthesis as well as contractile fibril confirmation of a-SMA within 24 hrs

and this was dose dependently reduced by Treprostinil. Fourth row shows images of cells incubated with the
secondary antibody alone and with isotype antibodies of the first a-SMA specific antibody. (b) PDGF-BB
induced fibronectin synthesis and network formation was dose dependently reduced by pre-incubation

(30 min) with Treprostinil. Fourth row shows images of cells incubated with the secondary antibody alone and
with isotype antibodies of the first fibronectin specific antibody. All pictures are representative for at least 5
additional experiments performed in independent primary cells.

collagen type-I deposition induced by PDGF-BB and DDA counteracted the effect of Treprostinil, cAMP plays a
role in the signal transduction (Figs 2e, 4b).

Since PDGF-BB had no significant effect on other collagens (collagen-type-IIL, type-IV and type-VII, data not
shown) we did not further investigate the effect of Treprostinil on these collagens.

The function of a-SMA as well as of fibronectin depends on its arrangement within the cytosol or on the
surface of the cells respectively. We have investigated the effect of Treprostinil on PDGF-BB induced a-SMA
and fibronectin formation. As shown in Fig. 5a, resting fibroblasts expressed diffuse staining for a-SMA in the
cytosol. After 24 hours of incubation with PDGF-BB, the formation of fibrilar «-SMA significantly increased
in both non-disease and IPF derived fibroblasts (Fig. 5a, second row). Treprostinil prevented the PDGF-BB
induced expression of a-SMA fibrils (Fig. 5a, third row). The fourth row of Fig. 5a depicts negative controls for
the secondary antibody and an iso-type control antibody for the primary anti-a-SMA antibody. A representative
immuno-fluorescence staining of the dose-dependent reduction of PDG-BB induced a-SMA expression and
alignment by Treprostinil is depicted in Fig. 6a.

A similar effect of Treprostinil was observed in regard to the fibronectin network induced by PDGF-BB
(Fig. 5b). Resting fibroblasts expressed a low level of fibronectin which was significantly up-regulated within
24 hours in the presence of PDGF-BB forming a cell surface, cell-cell linking network (Fig. 5b, second row).
Treprostinil reduced the expression of fibronectin and changed its structure (Fig. 5b). The structure of fibronec-
tin appeared more equally distributed and with reduced fibril formation in the presence of Treprostinil (Fig. 5b,
third row). The fourth row of Fig. 5b depicts negative controls for the secondary antibody and an iso-type
control antibody for the primary antibody. A representative immuno-fluorescence staining of the Treprostinil
dose-dependent reduction of PDG-BB induced fibronectin expression is depicted in Fig. 6b.

Beside ECM composition, PDGF-BB also induced cell proliferation. Over a period of 3 days, PDGF-BB
dose-dependently stimulated the proliferation of fibroblasts isolated from either patients with non-fibrotic lung
diseases or from patients with IPF (Fig. 6¢). We did not observe any significant difference of the proliferation
rates comparing cells from IPF patients to that of healthy controls. Pre-incubation (30 minutes) with increasing
concentrations of Treprostinil (10~° to 107* M) dose-dependently reduced PDGF-BB-induced fibroblast prolif-
eration (Fig. 6d).
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Figure 6. (a) Representative cyto-chemical staining (n=3) for the dose-dependent reduction of PDGF-BB
induced expression of a-SMA by Treprostinil at 48 hrs. (b) Representative cyto-chemical staining for the dose-
dependent reduction of PDGF-BB induced expression of fibronectin (n = 3) by Treprostinil at 48 hrs.

(c) Dose-dependent stimulation of fibroblast proliferation in three primary human non-fibrotic and three
primary human IPF fibroblast lines (3 days). (d) Dose-dependent inhibitory effect of Treprostinil on PDGF-BB
induced fibroblast proliferation in all primary control and IPF cell lines (3 days). Bars show the mean + S.E.M.
Statistics: Mann-Whitney U-test.

Discussion

In this study, we show that Treprostinil, a synthetic prostacyclin analogue can prevent PDGF-BB and TGF-31
induced deposition of pro-fibrotic collagen type I and fibronectin, however, only collagen regulation involved
cAMP. Therefore, Treprostinil may present a new therapeutic option for IPE

IPF is a disease with limited therapeutic options and new strategies have to be evaluated. PDGF-BB and other
pro-remodeling growth factors have been reported to be increased in IPF”*. In IPF fibroblasts only TGF-31 and
peroxisome activity were up-regulated, while other remodeling parameters showed no IPF specific increase®. In
contrast our data did not show any significant difference of TGF-31 or CTGF secretion between fibroblasts from
IPF patients and controls. This finding might be explained by the increased level of circulating growth factors in
IPF patient serum resulting from organ specific pathology. In this context, we also did not observe any disease
specific difference of fibroblast proliferation or synthesis of ECM components, as it was assumed on the basis of
animal models®*.

We observed that pre-incubation of fibroblasts with Treprostinil reduced proliferation without a disease spe-
cific effect. The anti-pro-fibrotic effect of Treprostinil on PDGF-BB on cell proliferation may involve cAMP, which
is supported by our earlier study showing that long acting muscarinic receptor antagonists rescued the cAMP sig-
nal activated by long acting 32-agonists in human lung fibroblasts®. In contrast to our data, IPF models implied
that cAMP plays a progressive role in fibrosis, however, this claim was only supported indirectly by the unspecific
activation of transcription factors that are usually activated by cAMP?**. Our study suggests that the activation
of cAMP by Treprostinil overrules the stimulatory effect of TGF-31 and/or PDGF-BB, while the details of the
molecular biological level on which this signaling interference occurred remain unclear.

It has been shown that in IPF the metabolism of certain ECM components seems to be disturbed which is
due to overly expressed TGF-312%. In the context of this modified deposition of specific ECM components we
reported that at least collagen type-I synthesis and deposition involves cAMP?*?. Thus, the increase of cAMP
by any drug may reduce collagen type-I synthesis and deposition and therefore present a possible benefit for IPF
therapy. Collagen type I seem to further promote the fibrotic process in IPF and also activate immune cells such
as macrophages®®. An increased deposition of collagen type I in isolated human IPF fibroblasts was related to
malfunctioning peroxisomes®”. An additional mechanism that increases collagen type I synthesis in IPF was the
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lack of micro-RNA 96 which increased FoxO3a’!. The contributing role of collagen type I to the progression of the
disease was supported by the observation that the expression of collagen type I binding proteins correlated with
the severity of IPF and that their inhibition reduced fibrosis®**.

Furthermore, the recently recognized drugs Nintedanib and Pirfenidone have been reported to down-regu-
late collagen type I synthesis and deposition***. Interestingly, there is a link of cAMP to Pirfenidone, since L-type
calcium channels respond to Pirfenidone in a cAMP dependent mechanism®. Therefore, it might be hypothe-
sized that the beneficial action of Pirfenidone may be achieved by a not well studied mechanism involving cAMP.
Since two other IPF drugs, Pirfenidone and Nintedanib, have been shown to reduce the fibular arrangement of
-SMA in IPF fibroblasts and thereby reduced the generation of myo-fibroblasts transformation® a similar action
may be achieved by Treprostinil. Treprostinil had a similar effect as the other two drugs on the overall synthesis
of a-SMA as well as it reduced the formation of contractile fibrils, suggesting a reduction of contractility, which
may add to the beneficial effects of the drug.

Fibronectin expression was also increased in fibrotic lung tissues and this was reduced by Nintendanib and
Pirfenidone, which resulted in reduced remodeling and fibrogenesis®”**. Treprostinil had a very similar effect on
fibronectin synthesis and structure in both control and IPF fibroblasts. This finding suggests that Treprostinil
may reduce mobility of fibroblasts and at the same time improving the re-establishment of epithelial cells*. In
line with the observation of Ramos-Mondragon®®, our study implicates that cCAMP plays an important role in the
anti-proliferative based therapy of IPE

In a mouse model inflammation and remodeling of the ECM modulated prostacyclin induced cAMP activity
which was suppressed by fibronectin through the activation of phosphodiesterase*’. In platelets, cAMP levels
were distinctly regulated by different prostanoid receptors, with IP1 and DP1 receptors being most effective,
followed by EP4 and EP3 receptors*.. Possible differences of EP2 and DP receptor dependent cAMP production
in fibrotic diseases and the involvement of ECM components have not been investigated. Our data suggests that
cAMP can be activated by prostacyclins and thereby may inhibit ECM deposition caused by fibrosis relevant
growth factors including TGF3 or PDGF-BB.

Our results indicate that prostaglandin analogues may have a therapeutic potential in IPE, however, we only
investigated a single compound and it has to be investigated if other prostaglandin analogues exert the same or
similar anti-fibrotic effects. A second limitation of the study is that at this stage we cannot confirm the in vitro
results in patients. Another limitation may be the lack of data confirming the drugs action in an animal model.
However, we would like to point out that animal models do not fully reflect the human disease. Bleomycin is
the most frequently used model for experimental lung fibrosis in animal, inducing patchy parenchymal inflam-
mation, epithelium injury and myo-fibroblast formation; however, these pathologies do not resemble IPF*. As
summarized by Degryse and Lawson, none of the available animal models for IPF (bleomycin, silica, fluorescein
isothiocyanate, irradiation or transgenic vectors) fully reflects the human disease, most often lacking the pattern
of interstitial pneumonia®. Therefore, we used human diseased primary cells, which often show much less vari-
ance than expected'.

In conclusion, our data suggest that Treprostinil may have a beneficial effect by preventing pro-fibrotic
proliferation and matrix synthesis in IPF through cAMP. However, this new mechanism needs to be further
investigated.

Methods

All described experiments were performed in accordance with relevant guidelines and regulations.

Tissue donors. Human primary lung fibroblasts were isolated from tissue explants obtained from seven
patients with proven diagnosis of IPF and five healthy donor lungs. All tissue samples were obtained after written
informed consent of each patient/donor and with the approval of the local ethical committee (AKH Vienna,
Austria). All relevant patient data are displayed in Table 1.

Fibroblasts. Fibroblasts were isolated from tissues over 14 days, in cell type selective medium (CellnTec
Advanced Cell Systems AG, Bern, Switzerland) as described earlier (Eickelberg et al., 1999). Afterwards, fibro-
blast were expanded in PRMI-1640 supplemented with 10% fetal calf serum, 20 mM HEPES, 8 mM L-glutamine
(GlutaM AX), and 1x non-essential amino acid mixture (all: Gibco/BRL, Thermo Fisher Scientific, Switzerland).
Cells were used between passages 3-6 and characterized by their long stretched spindle phenotype which
stained positive for fibronectin and inducible staining for a-smooth muscle actin (a-SMA). A representative
cyto-chemical staining is shown in Fig. la.

Stimulation. Fibroblasts were grown to confluence and were pre-treated with Treprostinil at increasing con-
centration (10~ to 10~°M) for 30 minutes before being stimulated. TGF-31 was used at different concentrations
ranging from 0.1 to 5 ng/ml. PDGF-BB was used at a concentration of 10 ng/ml, which is the optimal concentra-
tion for proliferation by direct cell counts we defined earlier®.

Cell proliferation. Fibroblast proliferation was determined by direct cell counts using a Neubaur chamber
slide) at days 0, 3 and 5 in the presence and absence of PDGF-BB.

TGF-31 and Connective Tissue Growth Factor (CTGF) secretion. The content of TGF-1 and
CTGF in the cell culture medium was determined by commercial ELISAs as advised by the distributor
(antikoerper-online.de, Aachen, Germany) in the cell culture medium of confluent cells collected at 24 and
48hours after stimulation or drug incubation as described earlier®.
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#1 52 male | Spiriva, Revatio LTOT ﬁg\(;‘lszél(ggi//“’))) uIp 20 PY (1998)
#2 51 female | Cortison IF:E\(/: 10(’]%;1;1(?21 ?f’/?,) UIP+NSIP | NO
#3 48 male Pirfenidon/Revatio IIEEI‘C]I 11 ’17’11_,’;? 54%202/;) IPF+sPAH | NO
#4 46 female %e()rfr:ila?\er)ent,Ur!aason, IE;E]\(/: 10(’)9)?;1(%29 ;/3/1) UIP NO
antoloc, Mucibene,
#5 63 male | Aspirin 100 51\3,\?1355,%1(?22) uIP 20PY (2005)
#6 65 male Prednisolon, Pirfenidone E;E,/\(/: 1226,311(?;’;?’/(),) UIP PY unknown (1990)
#7 40 female | Prednisolon, l;gg 10())93;1(%3?;,;/2/1) UIP unknown
Mean+SEM | 52.14£3.6 E\E/giﬁiﬁig.l

Table 1. Clinical characteristics of IPF patients.

TGF-B31 ELISA were performed following the instruction of the distributor, except that the samples snap fro-
zen after stimulation and were not activated by acid treatment, in order to only determine the content of active
TGF-31 and not that of total TGF-(1.

Extracellular matrix deposition. The deposition of collagen type-I and -IV and of fibronectin was deter-
mined by a cell based in-house developed ELISA as described earlier?®. All antibodies used for the ELISA were
purchased from Santa Cruz Bio Technology, Santa Cruz, USA (COL1A1 SC-8784, COL4A1 SC-385020, fibronec-
tin SC-6952, a-SMA SC-53015) and diluted in blocking buffer 1:100. Secondary antibodies were species spe-
cific for first antibodies and diluted 1:500 in blocking buffer, incubation was 1 hour at room temperature (Santa
Cruz Bio Technology) and visualized for ELISA reader after 3x washes with PBS by a horse radish peroxidase
(Thermofisher Scientific).

Deposition of a-SMA and fibronectin was also determined by immuno-cytochemistry in cells which were
grown on cover slips and either stimulated with PDGF-BB alone or in combination with Treprostinil for 24 and
48hours. Cells were then washed 1x with PBS, fixed for 2 x 5 minutes in 4% formalin, 1x washed with PBS con-
taining 0.1% Triton-X100 for 15 min. while slowly shaking, blocked for 30 minutes (blocking buffer: PBS, 0.01%
Tween 20, 2% bovine serum albumin), before being incubated overnight (4 °C) with the first antibody. After 3x
washes with PBS, slides were incubated with a second FITC labelled antibody (30 minutes room temperature),
nuclei were stained by DAPI and pictures were taken after 3x washes in PBS by microscope (EVOS FL cell imag-
ing system; Thermofisher Scientific, Switzerland).

Iso-type control antibodies: mouse IgG iso-type control for a-SMA was sc-2339 (Santa Cruz Bio.) and for
fibronectin iso-type control was performed by pre-incubating the first antibody in goat serum (cat# 16210064,
ThermoPFisher Scientific) for 30 minutes.

Immuno-blotting. Total protein was collected from confluent fibroblast layers in RIPA-buffer [25 mM Tris
(pH 7.4), 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X 100] and were size-fractionated as
described earlier®® using t.

Statistics. The data of the two fibroblast groups were compared by Student’s t-test (two-tailed, paired). The
effect of the drug was tested by ANOVA or by Mann-Whitney U-test, as appropriate. A P value of <0.05 was
considered as statistically significant.

Data availability. All original data are available on request from the corresponding author.

References

1. Gross, T. ]. & Hunninghake, G. W. Idiopathic pulmonary fibrosis. N. Engl ] Med. 345, 517-525 (2001).

2. Raghu, G. et al. An official ATS/ERS/JRS/ALAT statement: idiopathic pulmonary fibrosis: evidence-based guidelines for diagnosis
and management. Am ] Respir Crit Care Med. 183, 788-824 (2011).

3. Selman, M. et al. Idiopathic pulmonary fibrosis: prevailing and evolving hypotheses about its pathogenesis and implications for
therapy. Ann Intern Med. 134, 136-151 (2001).

4. Rangarajan, S. et al. Novel Mechanisms for the Antifibrotic Action of Nintedanib. Am J Respir Cell Mol Biol. 54, 51-9 (2016).

5. Leask, A. & Abraham, D. J. TGF-b signalling and the fibrotic response. FASEB J. 18, 816-827 (2004).

6. Eickelberg, O. et al. Extracellular matrix deposition by primary human lung fibroblasts in response to TGF-betal and TGF-beta3.
Am ] Physiol. 276, L.814-1824 (1999).

7. Bergeron, A. et al. Cytokine profiles in idiopathic pulmonary fibrosis suggest an important role for TGF-beta and IL-10. Eur Respir
J. 22, 69-76 (2003).

8. Hostettler, K. E. et al. Anti-fibrotic effects of nintedanib in lung fibroblasts derived from patients with idiopathic pulmonary fibrosis.
Respir Res. 15, 157 (2014).

9. King, T. E. Jr. et al. A phase 3 trial of pirfenidone in patients with idiopathic pulmonary fibrosis. N Engl ] Med. 370, 2083-2092
(2014).

SCIENTIFICREPORTS | (2018) 8:1087 | DOI:10.1038/s41598-018-19294-1 8



www.nature.com/scientificreports/

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Richeldi, L. et al. Efficacy and safety of nintedanib in idiopathic pulmonary fibrosis. N Engl ] Med. 370, 2071-2082 (2014).
Myllarniemi, M. & Kaarteenaho, R. Pharmacological treatment of idiopathic pulmonary fibrosis - preclinical and clinical studies of
pirfenidone, nintedanib, and N-acetylcysteine. Eur Clin Respir ]. https://doi.org/10.3402/ecrj.v2.26385 (2015).

Ballas, M. S. & Chachoua, A. Rationale for targeting VEGF, FGE, and PDGF for the treatment of NSCLC. Onco Targets Ther. 4, 43-58
(2011).

Neri, T. et al. Pirfenidone inhibits p38-mediated generation of procoagulant microparticles by human alveolar epithelial cells. Pulm
Pharmacol Ther. 39, 1-6 (2016).

Li, Z. et al. Pirfenidone suppresses MAPK signaling pathway to reverse epithelial-mesenchymal transition and renal fibrosis.
Nephrology (Carlton). https://doi.org/10.1111/nep.12831 (2016).

Saggar, R. et al. Changes in right heart haemodynamics and echocardiographic function in an advanced phenotype of pulmonary
hypertension and right heart dysfunction associated with pulmonary fibrosis. Thorax. 69, 123-129 (2014).

Narumiya, S. 1, Sugimoto, Y. & Ushikubi, F. Prostanoid receptors: structures, properties, and functions. Physiol Rev. 79, 1193-1226
(1999).

Nikam, V. S. 1 et al. Treprostinil inhibits the adhesion and differentiation of fibrocytes via the cyclic adenosine monophosphate-
dependent and Ras-proximate protein-dependent inactivation of extracellular regulated kinase. Am J Respir Cell Mol Biol. 45,
692-703 (2011).

Yang, J. et al. Smad-dependent and smad-independent induction of id1 by prostacyclin analogues inhibits proliferation of
pulmonary artery smooth muscle cells in vitro and in vivo. Circ Res. 107, 252-262 (2010).

Whittle, B. J., Silverstein, A. M., Mottola, D. M. & Clapp, L. H. Binding and activity of the prostacyclin receptor (IP) agonists,
treprostinil and iloprost, at human prostanoid receptors: treprostinil is a potent DP1 and EP2 agonist. Biochem Pharmacol. 84, 68-75
(2012).

Lambers, C. et al. Extracellular matrix composition is modified by 32-agonists through cAMP in COPD. Biochem Pharmacol. 91,
400-408 (2014).

Ziora, D. et al. Circulating concentration of markers of angiogenic activity in patients with sarcoidosis and idiopathic pulmonary
fibrosis. BMC Pulm Med. 15, 113 (2015).

Orugqaj, G. et al. Compromised peroxisomes in idiopathic pulmonary fibrosis, a vicious cycle inducing a higher fibrotic response via
TGEF-8 signalling. Proc Natl Acad Sci USA 112, E2048-E2057 (2015).

Spitalieri, P. et al. Human embryonic stem cells recover in vivo acute lung inflammation bleomycin-induced. Sarcoidosis. Vasc Diffuse
Lung Dis. 30, 177-185 (2013).

Kral, J. B. et al. Sustained PI3K Activation exacerbates BLM-induced Lung Fibrosis via activation of pro-inflammatory and pro-
fibrotic pathways. Sci Rep. 6, 23034 (2016).

Costa, L. et al. Tiotropium sustains the anti-inflammatory action of olodaterol via the cyclic AMP pathway. Pulm Pharmacol Ther.
27,29-37 (2014).

Della Latta, V., Cabiati, M., Rocchiccioli, S., Del Ry, S. & Morales, M. A. The role of the adenosinergic system in lung fibrosis.
Pharmacol Res. 76, 182-189 (2013).

Zhou, B. et al. Interactions between (3-catenin and transforming growth factor-8 signaling pathways mediate epithelial-mesenchymal
transition and are dependent on the transcriptional co-activator cAMP-response element-binding protein (CREB)-binding protein
(CBP). ] Biol Chem. 287, 7026-7038 (2012).

Clarke, D. L., Carruthers, A. M., Mustelin, T. & Murray, L. A. Matrix regulation of idiopathic pulmonary fibrosis: the role of enzymes.
Fibrogenesis Tissue Repair. 6,20 (2013).

Lambers, C. et al. Aclidinium bromide combined with formoterol inhibits remodeling parameters in lung epithelial cells through
cAMP. Pharmacol Res. 102, 310-318 (2015).

Stahl, M. et al. Lung collagens perpetuate pulmonary fibrosis via CD204 and M2 macrophage activation. PLoS One. 8, e81382
(2013).

Nho, R. S., Im, J., Ho, Y. Y. & Hergert, P. MicroRNA-96 inhibits FoxO3a function in IPF fibroblasts on type I collagen matrix. Am J
Physiol Lung Cell Mol Physiol. 307, L632-L642 (2014).

Bartis, D. et al. Role of CD248 as a potential severity marker in idiopathic pulmonary fibrosis. BMC Pulm Med. 16, 51 (2016).

Gu, H. et al. Contribution of the anaphylatoxin receptors, C3aR and C5aR, to the pathogenesis of pulmonary fibrosis. FASEB J. 30,
2336-50 (2016).

Hisatomi, K. et al. Pirfenidone inhibits TGF-31-induced over-expression of collagen type I and heat shock protein 47 in A549 cells.
BMC Pulm Med. 12, 24 (2012).

Ramos-Mondragén, R. et al. Chronic potentiation of cardiac L-type Ca(2+) channels by pirfenidone. Cardiovasc Res. 96, 244-254
(2012).

Lehtonen, S. T. et al. Pirfenidone and nintedanib modulate properties of fibroblasts and myofibroblasts in idiopathic pulmonary
fibrosis. Respir Res 17, 14 (2016).

Kniippel L. et al. A Novel Antifibrotic Mechanism of Nintedanib and Pirfenidone: Inhibition of Collagen Fibril Assembly. Am J
Respir Cell Mol Biol. https://doi.org/10.1165/rcmb.2016-02170C (2017).

Stahnke, T. et al. Suppression of TGF-(3 pathway by pirfenidone decreases extracellular matrix deposition in ocular fibroblasts in
vitro. PLoS One. 12, 0172592 (2017).

Ge, Q. et al. Differential deposition of fibronectin by asthmatic bronchial epithelial cells. Am J Physiol Lung Cell Mol Physiol. 309,
L1093-102 (2015).

Yun, S. et al. Interaction between integrin o5 and PDE4D regulates endothelial inflammatory signalling. Nat Cell Biol. 18, 1043-1053
(2016).

Hubertus, K. et al. Reciprocal regulation of human platelet function by endogenous prostanoids and through multiple prostanoid
receptors. Eur | Pharmacol. 740, 15-27 (2014).

Della Latta, V., Cecchettini, A., Del Ry, S. & Morales, M. A. Bleomycin in the setting of lung fibrosis induction: From biological
mechanisms to counteractions. Pharmacol Res. 97, 122-130 (2015).

Degryse, A. L. & Lawson, W. E. Progress toward improving animal models for idiopathic pulmonary fibrosis. Am J Med Sci. 341,
444-449 (2011).

Acknowledgements
We thank Mr. C. T. S'ng for his help to edit and illustrate the manuscript.

Author Contributions

Participated in research design: C.L., M.R., M.T. and EZ. Collected Samples: C.L., PJ., G.M., WK. and B.G.
Conducted experiments: C.L., M.R., and EZ. Performed data analysis: C.L., M.R., and EZ. Wrote or contributed
to the writing of the manuscript: C.L., M.R., and EZ.

SCIENTIFICREPORTS | (2018) 8:1087 | DOI:10.1038/s41598-018-19294-1 9


http://dx.doi.org/10.3402/ecrj.v2.26385
http://dx.doi.org/10.1111/nep.12831
http://dx.doi.org/10.1165/rcmb.2016-0217OC

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-19294-1.

Competing Interests: C. Lambers received an unrestricted research grant from “United Therapeutics, Corp?,
(Silver Spring, MA, U.S.A.).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:1087 | DOI:10.1038/s41598-018-19294-1 10


http://dx.doi.org/10.1038/s41598-018-19294-1
http://creativecommons.org/licenses/by/4.0/

	Treprostinil inhibits proliferation and extracellular matrix deposition by fibroblasts through cAMP activation

	Results

	Discussion

	Methods

	Tissue donors. 
	Fibroblasts. 
	Stimulation. 
	Cell proliferation. 
	TGF-β1 and Connective Tissue Growth Factor (CTGF) secretion. 
	Extracellular matrix deposition. 
	Immuno-blotting. 
	Statistics. 
	Data availability. 

	Acknowledgements

	Figure 1 (a) Kinetic of cellular cAMP levels in control fibroblasts (n = 5) in the presence of Treprostinil or Treprostinil+ DDA.
	Figure 2 The effect of Treprostinil on PDGF-BB and TGF-β1 induced α-SMA expression.
	Figure 3 (a) Treprostinil inhibits PDGF-BB induced fibronectin deposition through TGF-β1 and cAMP.
	Figure 4 (a) Treprostinil inhibits PDGF-BB induced collagen type-I deposition through TGF-β1 and cAMP.
	Figure 5 Treprostinil prevents α-SMA and fibronectin deposition and arrangement dose dependently.
	Figure 6 (a) Representative cyto-chemical staining (n = 3) for the dose-dependent reduction of PDGF-BB induced expression of α-SMA by Treprostinil at 48 hrs.
	Table 1 Clinical characteristics of IPF patients.




