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Abstract

Background: Lysophosphatidic acid (LPA), generated extracellularly by the action of autotaxin and phospholipase
A2, functions through LPA receptors (LPARs) or sphingosine-1-phosphate receptors (S1PRs) to induce pro-fibrotic
signaling in the lower respiratory tract of patients with idiopathic pulmonary fibrosis (IPF). We hypothesized that LPA
induces changes in small airway epithelial (SAE) basal cells (BC) that create cross-talk between the BC and normal
human lung fibroblasts (NHLF), enhancing myofibroblast formation.

Methods: To assess LPA-induced signaling, BC were treated with LPA for 2.5 min and cell lysates were analyzed by
phosphokinase array and Western blot. To assess transcriptional changes, BC were treated with LPA for 3 h and har-
vested for collection and analysis of RNA by quantitative polymerase chain reaction (QPCR). To assess signaling protein
production and function, BC were washed thoroughly after LPA treatment and incubated for 24 h before collection
for protein analysis by ELISA or functional analysis by transfer of conditioned medium to NHLF cultures. Transcription,
protein production, and proliferation of NHLF were assessed.

Results: LPA treatment induced signaling by cAMP response element-binding protein (CREB), extracellular signal-
related kinases 1 and 2 (Erk1/2), and epithelial growth factor receptor (EGFR) resulting in elevated expression of
connective tissue growth factor (CTGF), endothelin-1 (EDN1/ET-1 protein), and platelet derived growth factor B
(PDGFB) at the mRNA and protein levels. The conditioned medium from LPA-treated BC induced NHLF proliferation
and increased NHLF expression of collagen | (COLTAT), smooth muscle actin (ACTA2), and autotaxin (ENPP2) at the
mMRNA and protein levels. Increased autotaxin secretion from NHLF correlated with increased LPA in the NHLF culture
medium. Inhibition of CREB signaling blocked LPA-induced changes in BC transcription and translation as well as the
pro-fibrotic effects of the conditioned medium on NHLF.

Conclusion: Inhibition of CREB signaling may represent a novel target for alleviating the LPA-induced pro-fibrotic
feedback loop between SAE BC and NHLF.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, lung
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with an increase in production of collagen, and fibro-
blast differentiation into myofibroblasts [2, 7-9]. The sig-
nificant increase in extracellular matrix deposition and
myo-fibroblast differentiation results in “fibrotic foci,’
histologically observed as an abnormal collections of
fibroblasts and epithelial cells in the alveolar interstitium
and airspaces [2, 8] and the walls of the small airways [1,
10]. Expression levels of pro-fibrotic growth factors such
as transforming growth factor beta 1 (TGFB1), connec-
tive tissue growth factor (CTGF), endothelin 1 (ET-1),
and platelet derived growth factor (PDGF) among other
mediators have all been implicated in the pathogenesis of
IPF [2, 5, 11-15].

Small airway basal cells (BC), the stem/progenitor cells
of the airway epithelium, play an important role in the
pathogenesis of IPF. BC undergo a form of epithelial to
mesenchymal transition (EMT), migrate distally toward
alveoli, proliferate, and become enveloped in fibrotic foci
[16-18]. RNA seq and single cell gene expression data
have identified markers of BC that are co-expressed with
alveolar type 2 epithelial cells in IPF including pathways
regulating migration, EMT and proliferation [19-21].
Importantly, the aberrant activation of BC in the IPF
fibrotic foci produce mediators that contribute to the
proliferation and differentiation of the fibroblast/myofi-
broblast population. These factors include CTGEF, ET-1,
TGEFpB, PDGE, matrix metalloproteinases, tumor necrosis
factor and a number of chemokines [6, 22, 23].

The lysophosphatidic acid (LPA) signaling pathway was
originally implicated in the pathogenesis of IPF by Tager
et al. [24]. LPA is a phosphorylated mono-acyl glycerol
derived from enzymatic decomposition of phosphatidyl-
choline through the actions of phospholipase A2 (PLA2)
to remove an acyl chain and autotaxin (ATX) to remove
choline from the head group [25]. LPA signals through
G protein coupled receptors including LPA receptors
1 through 6 (LPAR1-6) and sphingosine-1-phosphate
receptors 1 through 5 (S1PR1-5) [25-27]. LPA and ATX
levels are increased in IPF epithelial lining fluid [26], and
manipulations of the LPA signaling pathway can modu-
late lung fibrosis in mouse models [24, 28—-31].

To help understand the mechanism by which LPA
contributes to the pathogenesis of the fibrosis associ-
ated with IPF, we developed an in vitro model focused on
BC-fibroblast interactions relevant to the formation and
maintenance of fibrotic foci. Primary BC were obtained
from healthy nonsmokers and were treated with LPA.
Following the treatment, BC increased expression of
fibroblast-related growth factors implicated in fibroblast
proliferation and elevated collagen expression and myofi-
broblast transformation. While, LPA-activated CREB,
ERK1/2, and EGER signaling pathways, blockage of only
the CREB pathway suppressed the fibroblast response to

Page 2 of 18

LPA-induced BC gene expression. Finally, BC-induced
changes in fibroblasts included elevated levels of fibro-
blast expression of ATX leading to elevated levels of LPA
in the cell culture medium. Collectively, these observa-
tions suggest that BC and fibroblasts participate in a
positive feedback loop to maintain elevated levels of LPA
that support lung fibrosis.

Methods

Small airway epithelial sampling and basal cell isolation
Small airway epithelial cells were collected by fiberop-
tic bronchoscopy with brushing as previously described
[32]. All donors were healthy nonsmokers (see Addi-
tional file 1: Table SI). The cells were dislodged from the
brushes by flicking the brush tip in 5 ml of ice-cold Pneu-
maCult ExPlus complete medium (StemCell Technolo-
gies, Cambridge, MA). The collected airway epithelial
cells were pelleted by centrifugation (250 x g, 5 min) and
disaggregated by resuspension in 0.05% trypsin-ethylene-
diaminetetraacetic acid (EDTA; Invitrogen, Carlsbad CA)
for 5 min, at 37 °C. Trypsinization was stopped by addi-
tion of HEPES buffered saline, (Lonza, Basel, Switzer-
land) supplemented with 15% fetal bovine serum (FBS;
Invitrogen), and the cells were washed once with 5 ml
of phosphate buffered saline, pH 7.4 (PBS), at 23 °C and
resuspended in 5 ml of in PneumaCult ExPlus complete
medium.

To isolate the BC, the epithelial cells (2.5 x 10” were
plated in T25 flasks in 5 ml of ExPlus complete medium
and maintained in a humidified atmosphere of 5% CO,
at 37 °C. The next day, unattached cells were removed
and medium was then changed every 2 days. To passage
the cells, the primary BC were treated with trypsin and
seeded at 3000 cells/cm? in PneumaCult ExPlus com-
plete medium. The following day, the media was replaced
with fresh ExPlus complete medium, and changed every
2 days. Frozen BC cells were kept in stock from pas-
sages 1-3. Before plating BC cells, 2 mM of collagen IV
(Sigma, St.Louis, MO) solution in molecular grade water
(Hyclone, Logan, Utah) was sterile filtered using a Milli-
pore 0.2 um filter (Sigma) and then added to a cell culture
flask and incubated at 37 °C for 1 h. The collagen IV solu-
tion was aspirated and the flask washed three times in
PBS and sterilized with UV light. After thawing, the BC
were centrifuged for 5 min until pelleted. The cells were
resuspended in PneumaCult ExPlus complete medium
and plated on collagen coated cell culture flasks and
grown till 70-80% confluence for experiment use.

LPA stimulation of small airway basal cells

To study the effect of LPA on BC, the BC were plated in
PneumaCult ExPlus complete medium. After 24 h, BC
were washed twice with PBS, once with unsupplemented
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ExPlus medium, and incubated with unsupplemented
ExPlus medium in the absence (control) or in the pres-
ence of 1.0 pug/ml LPA (Echelon Bioscience, Salt Lake
City, UT) for 3 h. After a 3 h incubation, the BC were
harvested with Trizol (Invitrogen) for RNA isolation.

Fibrotic basal cell gene expression

To quantify CTGEF, EDN1, TGFB1, and PDGFB gene
expression, total RNA in the aqueous phase after Tri-
zol extraction was purified using an RNAEasy Min-
Elute RNA purification kit (Qiagen, Germantown MD).
RNA concentration was determined using a NanoDrop
ND-100 spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE). First-strand cDNA was synthe-
sized from 0.5 pg of total RNA using TagMan Reverse
Transcription Reagents with random hexamer priming
(Applied Biosystems, Foster City, CA). All samples were
analyzed in triplicate at a cDNA dilution of 1:10. All reac-
tions were run on an Sequence Detection System 7500
(Applied Biosystems) and relative expression levels deter-
mined using the ACt method with 18S ribosomal RNA
as an endogenous control [33]. Primers included CTGF
(Hs00170014 m1), EDN1 (Hs00174961 ml), TGFBI1
(Hs00998133_ m1), PDGFB (Hs00966522_m1), and 18 s
RNA (Hs99999901_s1) (Applied Biosystems).

Cell culture supernatants/conditioned media harvested
from BC were analyzed for protein levels of CTGEF, ET-1,
TGFB1, and PDGFB. Levels of secreted CTGF, ET-1,
TGFB1, and PDGFB were assessed in BC-conditioned
medium using human CTGF ABTS ELISA (Peprotech,
Rocky Hill, NJ), endothelin-1 human ELISA kit (Ther-
moFisher Scientific, Waltham, MA), human TGF beta
1 ELISA Kit (Abcam, Cambridge, MA), and PDGF-BB
Quantikine ELISA kit (R&D Systems, Minneapolis, MN)
according to the manufacturer’s instructions.

LPA effect on basal cell intracellular signaling

To study the effect of BC stimulated with LPA on phos-
phorylation of kinases and their substrates, passage 3
basal cells were first plated in PneumaCult ExPlus com-
plete medium in 6 well plates at 2.5 x 10° cells per well.
After 24 h, basal cells were washed twice with PBS,
once with unsupplemented ExPlus medium, and incu-
bated with unsupplemented ExPlus medium in the
absence (control) or presence of LPA (1.0 gu/ml). After
a 2.5 min incubation, the BC were harvested using RIPA
Buffer (ThermoFisher) with protease inhibitors (Ther-
moFisher) and analyzed for total protein concentration
using a BCA protein assay (ThermoFisher). Total pro-
tein (200 pg) for each nonsmoker BC was used to ana-
lyze the protein expression of a variety of phosphorylated
kinases and it substrates using Human Phospho-Kinase
Array Proteome Profiler (R&D Systems) according to
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the manufacturer’s instructions. Results were collected
by chemiluminscence detection and exposure of photo-
graphic film (Denville Scientific, Metuchen, NJ). Quan-
tification of the phosphokinase array was done using
Image] (NIH; [https://imagej.nih.gov/ij/]) applied to a
series of exposures of different times to ensure that the
film exposure was in the linear range of detection.

Western analysis

LPA-induced signaling was further examined by deter-
mining the ratio of the phosphorylated form of each
protein to the total amount of the protein using West-
ern analysis. Whole cell lysates were separated by 4—12%
sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) gel and transferred to a PVDF
membrane using a transfer apparatus according to
manufacturer’s protocol (Bio-Rad, Hercules CA). After
incubation with 5% bovine serum albumin (BSA, frac-
tion V; Sigma) in PBST (10 mM sodium phosphate, pH 8,
150 mM NaCl, 0.5% Tween 20) for 60 min, the membrane
was rinsed once with PBST and incubated with antibod-
ies against phosphorylated CREB (5133) (1:1000, #9191),
phospho-Erk1/2 (Erk1/2; Thr202/Tyr204; 1:1000, #9101)
and Erkl1/2 (1:1,000, #9102), phospho-p70S6kinase
(T389) (1:1000, #9205 and #9234), p70 S6 kinase (T389)
(1:1000, #9205 and #9234) (all from Cell Signaling Tech-
nology, Danvers MA), phospho-p70 S6 kinase (1:1000,
MAB8963, R&D Systems), GAPDH (1:20000, sc47724,
Santa Cruz Biotechnology, Dallas, TX) at 4 °C overnight.
Membranes were washed three times for 10 min and
incubated with 1:5000 dilution of anti-rabbit or anti-
mouse secondary antibodies for 1 h. The membrane was
washed three times for 15 min with PBS and detected
using a chemiluminscent detection system (ECL; Thermo
Fisher) using manufacturer’s protocol.

Effect of signaling pathway inhibitors

To study the effect of signaling inhibitors on LPA-stim-
ulated BC expression of pro-fibrotic growth factors,
BC were first plated in PneumaCult ExPlus complete
medium. After 24 h, BC were washed twice with PBS,
once with unsupplemented ExPlus medium, and incu-
bated for 3 h with unsupplemented ExPlus medium in
the absence (control) or presence of LPA (1.0 gu/ml) &+
signaling inhibitors: CREB inhibitor 666-15 (200 nM;
Echelon Biosciences, Salt Lake City, UT), ERK1/2 inhibi-
tor LY3214996 (5.0 Mu; Med Chem Express, Monmouth
Junction, NJ), EGFR inhibitor AG1478 (10.0 Myu; Cal-
Biochem, San Diego, CA) For CREB and EGFR inhibi-
tor, 0.005%, or 0.01% DMSO, were added, respectively,
as vehicle controls. After incubation, BC cultures were
harvested with Trizol for RNA isolation. Quantitative
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PCR was used to evaluate growth factor expression as
described above.

To assess the effect of signaling inhibitors on LPA-stim-
ulated pro-fibrotic protein secretion from BC, cells were
first plated in PneumaCult ExPlus complete medium in
6-well plates as described above. After 24 h, BC were
incubated with PneumaCult ExPlus complete medium
in the absence (control) or presence of LPA (1 gu/ml)
=+ signaling inhibitors as described above. After a 3 h
incubation, BC were washed twice with PBS, once with
unsupplemented ExPlus medium, and incubated with
unsupplemented ExPlus medium. BC were either har-
vested with Trizol immediately for mRNA analysis as
described above, or, after a 24 h incubation, the BC con-
ditioned media/culture supernatants were harvested and
evaluated for fibrotic factors via ELISA assay as described
above.

Effect of LPA-stimulated BC conditioned media

on fibroblasts

To study the effect of LPA-stimulated BC-conditioned
media on normal human lung fibroblast (NHLF) prolif-
eration in the absence (control) or presence of signaling
inhibitors for CREB, Erk1/2, or EGFR, NHLF were plated
in fibroblast growth media (FGM-2 supplemented with
2% FBS, 0.1% bFGF, 0.1% insulin, 0.1% GA-1000; Lonza).
After 24 h, NHLF were washed twice with PBS, once with
unsupplemented ExPlus medium, and incubated with
unsupplemented PneumaCult ExPlus medium. After
another 24 h, NHLF were incubated with 500 ul unsup-
plemented PneumaCult ExPlus medium (control) or
500 pl of the undiluted LPA-stimulated BC-conditioned
media. After 48 h incubation in conditioned medium, the
NHLF were trypsinized and counted using trypan blue
exclusion.

To study the effect of LPA-stimulated BC-conditioned
media on normal human lung fibroblast (NHLF) myofi-
broblast (ACTA2), collagen I (COL1A1) or autotaxin
(ENPP2) gene expression in the absence (control) or
presence of signaling inhibitors for CREB, Erkl/2, or
EGFR, NHLF were first plated and treated as described
above. After 24 h incubation in conditioned medium,
NHLF were harvested with Trizol for RNA isolation as
described above.

To evaluate the effect of LPA-stimulated BC-condi-
tioned media on the expression and secretion of proteins
in NHLF in the absence (control) or presence of signal-
ing inhibitors (described above), NHLF were plated and
treated with media as described in the previous para-
graph. After a 24 h incubation in conditioned media, the
NHLF culture supernatants were harvested and evalu-
ated for collagen I or autotaxin. In order to further char-
acterize autotaxin secretion, levels of LPA, an autotaxin
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enzymatic product, was measured in the cell culture
medium. Collagen I, autotaxin, and LPA levels were
determined in NHLF-conditioned medium using ELISA
assays. The human COL1A1l ELISA kit (MyBioSource,
La Jolla, CA), ENPP2 human ELISA kit (R&D Systems),
human LPA ELISA Kit (Echelon Biosciences) were per-
formed according to the manufacturer’s instructions.

To study the effect of LPA-stimulated BC-conditioned
media on NHLF expression of smooth muscle actin
(ACTAZ2), after plating and treatment of NHLF with LPA-
stimulated BC-conditioned media for 24 h as described
above, NHLF were harvested by lysis as described above.
ACTA?2 protein levels were determined using an ELISA
assay for human ACTA2 (Abcam) according to the man-
ufacturer’s instructions.

Statistical analysis

Statistical comparisons were calculated using an
unpaired two-tailed Student’s t-test with equal variance
and nested ANOVA using GraphPad Prism software
(GraphPad Software, San Diego, CA) where p <0.05 was
considered significant.

Study approval

Airway epithelial cell samples were collected from nor-
mal, healthy non-smoker volunteers following written
informed consent with approval from the Weill Cornell
Medical College Institutional Review Board (IRB) pursu-
ant to Protocol #0905010391 entitled, “The Natural His-
tory of Gene Expression in Lung Cells of Non-Smokers,
Smokers, and Ex-Smokers in Health and Disease”

Results

LPA induces expression of pro-fibrotic growth factors

in basal cells

In order to determine the response of BC to LPA expo-
sure, BC were treated with 1 pg/ml LPA for 3 h. After
the treatment, total RNA was collected and analyzed by
quantitative PCR for expression of fibrosis-related genes.
Exposure to 1 pg/ml LPA led to an increase in CTGF
mRNA levels of approximately threefold, an increase of
greater than a fivefold in EDNI expression, a 1.2-fold
increase in TGFBI expression, and a tenfold increase
in PDGFB expression (Fig. 1la). To determine whether
increases in mRNA levels translated into higher levels of
expressed pro-fibrotic growth factor proteins, SAE BC
cell culture supernatant was collected 24 h after com-
pletion of the 3 h LPA treatment and assessed for levels
of the specific proteins by ELISA. Consistent with the
findings in the mRNA expression data, CTGF, ET-1, and
PDGEFB levels were significantly increased in the cell cul-
ture medium following LPA treatment (Fig. 1b). TGFB1
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Fig. 1 Effect of lysophosphatidic acid (LPA) on fibrotic growth factor
expression in the small airway epithelial basal cells (SAE BC). Primary
SAE BC from each of 3 non-smoking individuals were plated in
triplicate in the presence or absence of 1.0 ug/ml LPA and evaluated
for expression of connective tissue growth factor (CTGF), endothelin-1
(EDNT/ET-1), transforming growth factor beta (TGFBT), and platelet
derived growth factor family member B (PDGFB). a mRNA. After a

3 h LPA exposure, RNA was harvested and evaluated by gRT-PCR
normalized to 185 RNA. b Protein. After a 3 h LPA exposure, LPA was
removed and cells were incubated with basal media without growth
factor supplements for 24 h. Conditioned media was harvested

and evaluated for growth factor content by ELISA. Each sample was
assessed in triplicate; data are expressed as the mean value of the 3

donors £+ SE. *p < 0.05, **p <0.01, **p<0.001

levels, while showing an upward trend, were not signifi-
cantly increased.

Prior to examining the effect of LPA on BC, a dose—
response experiment was performed in order to deter-
mine the concentration of LPA to be used for treatment
of small airway epithelial BC. A range from 0.1 pg/ml to
10 pg/ml was tested for the ability to change expression
levels of CTGF, EDN1, TGFB1, PDGFA, PDGFB, and
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PDGEFC (Additional file 1: Figure S1). A concentration of
1 pg/ml LPA was chosen as the concentration for treat-
ment based on dose-response results showing that 1 pg/
ml LPA led to significant increases mRNA levels of all six
target mRNAs while only three out of six were elevated
by 0.1 pg/ml LPA. Raising the concentration of LPA to
10 ug/ml did not significantly change the levels of target
mRNAs compared to 1 pg/ml LPA. The concentration of
LPA previously reported in bronchoalveolar lavage fluid
from IPF patients ranged from 6 to 22 nM [24]. Due to
the fact that bronchoalveolar lavage fluid represents a
dilution of epithelial lining fluid by a factor of approxi-
mately 100 [34], the actual concentration of LPA in epi-
thelial lining fluid of IPF patients is estimated to range
from 0.6 to 2.2 uM. In comparison, the LPA concentra-
tion selected in the dose response (1 pg/ml) corresponds
to a concentration of 2.4 yuM. PDGFA, PDGFB, and
PDGFC transcript levels were all increased significantly
by 1 pg/ml LPA (Additional file 1: Figure S1). In contrast,
the PDGFD transcript was not detectable by quantitative
PCR. PDGFB was chosen as representative of this group
of genes to be included for further analysis since PDGFB
transcripts exhibited the greatest response (fold-change)
in response to LPA treatment.

LPA activation of BCs induces CREB, ERK1/2, and EGFR
phosphorylation

The ability of LPA to affect expression of pro-fibrotic fac-
tors in small airway basal cells presupposes the presence
of LPA receptors and intracellular signaling following
ligand-receptor interaction. The presence of LPA recep-
tors (LPARs) and LPA-binding sphingosine-1-phosphate
receptors (S1PRs) in small airway basal cells was assessed
by quantitative RT-PCR with 18S RNA for normalization
using RNA isolated from each of the three donor cell cul-
tures. Receptor expression detected included LPARI, 2,
3, 5, and 6, and S1PR1, 3, 4, and 5 (Additional file 1: Fig-
ure S2). LPAR4 and S1PR2 were not detected. To deter-
mine whether LPA interaction with its receptors led to
intracellular signaling, SAE BC’s were treated with basal
medium (negative control) or basal medium containing
1 ug/ml LPA for 2.5 min. At the conclusion of the incu-
bation, cells were collected by lysis and analyzed using a
phospho-kinase array. The data indicated that LPA bind-
ing to nonsmoker SAE BC significantly increased levels
of phosphorylated cAMP response element binding pro-
tein (CREB), ERK1/2 kinase, p70 S6 kinase, and epithelial
growth factor receptor (EGFR) phosphorylation com-
pared to the control (Fig. 2a). Quantitation of the inten-
sity of exposure of the films for each kinase demonstrated
that signals for phosphorylation of CREB, ERK1/2, p70
S6 kinase and EGFR were all significantly elevated in
the LPA-treated sample compared to the naive sample
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Fig. 2 Signaling pathways activated by LPA in SAE BC. Primary basal cells were plated in triplicate in the absence or presence of 1.0 ug/ml LPA

for 2.5 min and evaluated for expression of 45 protein kinases. a Human phosphokinase array revealing changes in kinase phosphorylation levels
following LPA treatment. 1-Erk1/2, 2-EGFR (Y1086), 3-CREB and 4-p70 Sé kinase (T389). b Quantification of protein kinase array by Image J software
showing top 4 protein kinases with enhanced phosphorylation following LPA treatment. The main pathways stimulated by LPA included Erk1/2,
CREB, p70 S6 kinase, and EGFR. Data are expressed as the ratio of the mean signal intensity in the presence of LPA to the mean signal intensity

in the absence of LPA of the 3 donors &= SEM. Significance of each set of intensities was determined using a Chi square test. *p <0.05, **p <0.01,
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(Fig. 2b). The array contained another 41 potential phos-
phorylation targets (Additional file 1: Figure S3), but
none were upregulated. In order to confirm the increase
in phosphorylation of these signaling pathway members,
phosphorylated peptides of each kinase were assayed

using Western analysis with antibodies that recognized
phosphorylation-specific as well as total populations
of each target. The Western analysis validated elevated
phosphorylation of CREB (§133), ERK1/2 (T202/Y204,
T185/Y187), and EFGR (Y1086) in LPA-treated samples
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compared with naive samples. The phosphorylation of
p70 S6 kinase (T389) could not be validated, despite the
use of 3 different antiphospho-p70 S6 kinase antibodies
(Fig. 2¢). As a result, only CREB, ERK1/2 and EGER were
chosen for further investigation.

To evaluate the potential roles of the CREB, ERK1/2,
and EGFR signaling in LPA-induced expression of pro-
fibrotic growth factors, SAE BC were treated with 1 pg/
ml LPA for 3 h in the absence or presence of signaling
pathway inhibitors and either collected immediately for
RNA analysis or washed and placed in basal medium
for 24 h when proteins in the cell culture medium were
assessed. To dissect the contributions of different sign-
aling pathways, the 3 h incubation was performed in
the absence or presence of 3 signaling pathways: CREB
inhibitor 666-15 [35], ERK1/2 inhibitor LY3214996 [36],
and EGFR inhibitor AG1478 [37]. The dose of 666-15
and LY3214996 were determined by performing dose
response curves to identify the lowest concentration of
inhibitor that gave a significant decrease in LPA-induced
CTGF or EDNI gene expression (Additional file 1: Fig-
ures S4, S5). The dose of AG1478 was based on prior
experience in airway basal cells [38]. The resulting inhibi-
tor doses (200 nM 666-15, 50 nM LY3214996, and 10 uM
AG1478) were demonstrated to not evoke cytotoxicity in
the basal cells (Additional file 1: Figure S6).

Each inhibitor was evaluated for its ability to block
LPA-induced changes in pro-fibrotic gene expression
and protein secretion in SAE BC from 3 healthy donors.
When naive SAE BC were treated with CREB inhibi-
tor 666-15, there was no significant change in CTGF
mRNA expression. In contrast, the significant elevation
of CTGF mRNA observed following a 3 h LPA treat-
ment was eliminated in the presence of 666-15 (Fig. 3a).
This change was not attributable to the presence of the
diluent, DMSO. EDNI1 mRNA levels in both naive and
LPA-treated SAE BC were significantly reduced in the
presence of 666-15; this inhibitor returned EDNI mRNA
in LPA-treated samples to baseline levels.

The effect of 666-15 was not universal with respect
to pro-fibrotic factors. TGFB1 mRNA levels were unaf-
fected by 666-15 in the absence or presence of LPA
treatment, but PDGFB mRNA levels followed the same
pattern as CTGF and EDNI with LPA-elevated levels of
mRNA returning to normal when the CREB signaling
pathway was blocked (Fig. 3a). Changes in mRNA levels
for CTGF, EDN1, and PDGFB were mirrored by changes
in the levels of the corresponding proteins, CTGE, ET-1,
and PDGE, secreted into the culture medium when eval-
uated 24 h following the 3 h LPA treatment, while TGFB1
protein levels, like its mRNA, were unchanged by the
presence of the CREB inhibitor (Fig. 3b). None of the
pro-fibrotic factors were detected in the basal medium.
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A different pattern of changes was introduced in the
presence of ERK1/2 inhibitor, LY3214996. LY3214996
had no significant effect on mRNA levels for pro-
fibrotic factors in naive SAE BC, but in LPA-treated BC,
LY3214996 was only able to reverse the LPA-induced
increase in CTGF mRNA, but not the increase in EDN1
or PDGFB mRNAs as observed with the CREB inhibitor
(Fig. 4a). LY3214996 was also distinguished from 666-15
in that it was able to reverse the LPA-induced increase
in TGFB1 mRNA, an effect that was not observed with
666-15. At the protein level, no differences were noted in
secreted protein levels for any pro-fibrotic factor when
comparing naive SAE BC to LY3214996-treated SAE-BC
(Fig. 4b). However, the significant reductions in CTGF
and TGFBI mRNA observed with LY3214996 treat-
ment were not reflected in protein levels for those factors
where protein levels trended lower but were not sig-
nificantly different due to inter-donor SAE BC variation
(Fig. 4b). ET-1 and PDGFB protein levels were unaffected
by the presence of LY3214996 in LPA-treated samples as
predicted by EDNI and PDGFB mRNA levels (Fig. 4b).

Results of the addition of the EGFR inhibitor, AG1478,
were very similar to the outcome with the ERK1/2 inhibi-
tor, LY3214996. AG1478 had no effect on EDN1, TGFBI,
or PDGFB mRNA in naive SAE BC; however, whereas
CTGF mRNA was significantly decreased in naive SAE
BC by AG1478 treatment (Fig. 5a). AG1478 prevented
the LPA-induced elevation of both CTGF and TGFBI
mRNA as observed for the ERK1/2 inhibitor, LY3214996.
At the protein level, only TGFB1 levels appeared to be
sensitive to AG1478 treatments, showing significant
reduction when the inhibitor accompanied LPA treat-
ment (Fig. 5b). No other significant changes in protein
levels were induced by AG1478.

Effect of LPA-treated SAE BC-conditioned Medium

on Fibroblast Parameters

In order to evaluate the pro-fibrotic nature of LPA-
induced changes in SAE BC-conditioned medium, SAE
BC were treated with 1 pug/ml LPA for 3 h, washed and
placed in basal medium for 24 h at which time the “con-
ditioned medium” was collected and transferred onto
cultures of normal human lung fibroblasts (NHLF) for
assessment of fibroblast fibrotic-related parameters. To
assess the effect of conditioned media on fibroblast pro-
liferation, conditioned medium was added to serum-
starved cultures of NHLF that had withdrawn from the
cell cycle. Positive and negative controls for this experi-
ment included transfer of serum starved NHLF into
either FGM-2 medium, an optimized fibroblast growth
medium, as a positive control, or transfer into the SAE
BC basal medium without exposure to BC cultures
(negative control). Day 3 NHLF cultures treated with
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Normalized gene expression (x 10-5)

Fig. 3 Effect of CREB inhibitor (CREB inh) on growth factor mRNA and protein levels. Primary basal cells from each of three non-smoking donors
were plated in triplicate in the presence or absence of 1 pg/ml LPA, 200 nM CREB inhibitor 666-15 and a combination of LPA and CREB inhibitor
666-15.a MRNA expression levels. Shown are connective tissue growth factor (CTGF), endothelin-1 (EDNT), transforming growth factor beta (TGFBT)
and platelet derived growth factor B (PDGFB) mRNA levels determined after 3 h of LPA exposure with and without CREB inhibitor (666-15) using
gRT-PCR using 18S RNA to normalize the samples. b Protein levels. Shown are protein levels in conditioned media of LPA with and without CREB
inhibitor 666-15, LPA with or without CREB inhibitor. After 3 h, the stimuli/inhibitor were removed and cells were incubated with non-supplemented
basal media for 24 h. Conditioned media was harvested and evaluated for growth factor levels by ELISA. Data are expressed as the mean value of
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Fig. 4 Effect of ERK1/2 inhibitor (ERK1/2 inh) on growth factor expression. Primary basal cells from each of 3 non-smoking donors were plated

in triplicate in the presence or absence of 1 ug/ml LPA, 5 uM ERK1/2 inhibitor (LY32149966) and a combination of LPA and ERK1/2 inhibitor
(LY32149966). a mRNA. Shown are expression levels of connective tissue growth factor (CTGF), endothelin-1 (EDNT), transforming growth factor beta
(TGFBT) and platelet derived growth factor B (PDGFB) determined after 3 h of LPA exposure with and without ERK1/2 inhibitor (LY32149966) using
gRT-PCR using 18S RNA to normalize the samples. b Protein. Shown are growth factor levels in the conditioned media. After 3 h of LPA with and
without CREB inhibitor (666-15) exposure, LPA with or without ERK1/2 inhibitor was removed and cells were incubated with un-supplemented basal
media for 24 h. Conditioned media was harvested and evaluated for growth factor content by ELISA. Data are expressed as the mean value of the 3

donors 4= SEM. ND—not detected. *p < 0.05, **p < 0.01, ***p < 0.001
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(See figure on next page.)

**p<0.01, ***p<0.001

Fig. 5 Effect of EGFR inhibitor (EGFR inh) on growth factor mRNA levels. Primary basal cells (passage 3) from each of three non-smoking donors
were plated in triplicate in the presence or absence of 1 ug/ml LPA, 10 uM EGFR inhibitor (AG1478), and a combination of LPA and EGFR inhibitor.
a mMRNA expression levels shown are mRNA levels of connective tissue growth factor (CTGF), endothelin-1(EDNT), transforming growth factor beta
(TGFBI), and platelet derived growth factor B were determined after 3 h of LPA exposure with and without the inhibitor using gRT-PCR using 185
RNA to normalize the samples. b Protein levels in the conditioned media. After 3 h of LPA with and without EGFR inhibitor (AG1478) exposure, LPA
with or without inhibitor was removed and cells were incubated with non-supplemented basal media for 24 h. Conditioned media was harvested
and evaluated for growth factor content by ELISA. Data are expressed as the mean value of the 3 donors & SEM. ND—not detected. *p < 0.05,

BC basal medium survived but did not proliferate in the
next 36 h while day 3 NHLF cultures treated with FGM-2
medium had approximately 2 cell doublings over the next
36 h (Fig. 6a). When day 3 NHLF were treated with con-
ditioned media from naive BC or BC treated with the
DMSO diluent control, the cells underwent a single cell
doubling after 36 h, but when the conditioned medium
was derived from BC cultures that treated with LPA or
LPA plus the DMSO diluent control, NHLF doubled
twice within 36 h or treatment (Fig. 6a). When the condi-
tioned medium was derived from LPA cultures that also
contained the CREB inhibitor, 666-15, NHLF were only
able to double once over the next 36 h as if LPA treat-
ment had not occurred (Fig. 6a, b).

In addition to changes in cell proliferation, NHLF were
assessed for changes in gene mRNA and protein expres-
sion 36 h after exposure to conditioned medium. To test
for an effect on extracellular matrix production, quan-
titative RT-PCR was performed to assess expression of
the COL1A1L. To test changes from fibroblast to myofi-
broblast phenotype, quantitative RT-PCR was used to
assess expression of the ACTA2 gene that encodes alpha
smooth muscle actin (SMA). Both targets were evaluated
using conditioned medium from naive and LPA-treated
SAE BC in the absence or presence of signaling pathway
inhibitors. Both COLIAI and ACTA2 gene expression
was detected in NHLF treated with conditioned medium
from naive BC and DMSO diluent control cultures. Addi-
tion of the CREB inhibitor to naive SAE BC caused a sig-
nificant decrease in the ability of SAE BC-conditioned
medium to support ACTA2 expression and a trend, but
not significant, toward a decrease in COLIAI expres-
sion. Expression of both markers was increased in con-
ditioned medium from LPA-treated SAE BC cultures and
this effect was abrogated by inclusion of CREB inhibitor
during LPA treatment (Fig. 7a). Protein levels of both
targets evaluated in NHLF cell lysates showed that the
collagen I and alpha SMA protein levels tracked closely
with their corresponding mRNA levels (Fig. 7b). When
the CREB inhibitor was substituted by either ERK1/2
inhibitor, LY3214996, or EGFR inhibitor, AG1478, the
reversal of LPA effects was not as dramatic. LY3214996
was unable to prevent the LPA-induced ability of SAE

BC-conditioned medium to increase in COLIAI or
ACTA2 mRNA while AGI1478 partially blocked the
increase in COLIAI transcription but had no effect on
ACTA2 (Additional file 1: Figure S7).

Effect of conditioned medium from LPA-treated SAE BC

on autotaxin and LPA levels in NHLF cultures

To check whether the conditioned medium from LPA-
treated SAE BC affected levels of autotaxin expression in
NHLE, RNA, cell lysates and cell culture medium from
NHLF cultures were evaluated for expression of ENPP2
(the gene that encodes autotaxin), autotaxin protein,
and LPA levels in the culture medium. The LPA origi-
nally used to treat the SAE BC was removed by washing
at the end of the 3 h incubation. Control studies using
washes from those samples confirmed that bioactivity
related to LPA or secreted factors from BC was unde-
tectable (not shown). Transcription of ENPP2 in NHLF
was not affected when treated with SAE BC-conditioned
medium including SAE BC-conditioned medium col-
lected in the presence of CREB inhibitor (Fig. 8a). In con-
trast, ENPP2 transcription was upregulated when NHLF
were treated with SAE BC-conditioned medium that
was collected following a 3 h treatment with LPA. This
effect was not observed when the conditioned medium
was derived from SAE BC treated simultaneously with
LPA and CREB inhibitor (Fig. 8a). Autotaxin levels were
measured in NHLF cell lysates to determine whether
cell-associated autotaxin levels correlated with ENPP2
expression levels leading to a finding that autotaxin levels
followed the same pattern as ENPP2 expression (Fig. 8b).
The level of autotaxin in the NHLF cell culture medium
was increased following treatment of NHLF with SAE
BC-conditioned medium following LPA treatment, but
not when that LPA treatment included CREB inhibitor
(Fig. 8c). The elevated level of autotaxin in the cell culture
medium of NHLF incubated with conditioned medium
from LPA-treated SAE BC translated into a higher level
of autotaxin’s enzymatic product, LPA under the same
conditions (Fig. 8d). As expected, inclusion of CREB
inhibitor in during LPA treatment of SAE BC resulted in
conditioned medium that failed to show elevated levels of
LPA in the NHLF cultures.
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The level of extracellular autotaxin was significantly

compared with conditioned medium from naive SAE BC

reduced when NHLF were treated with conditioned
medium taken from naive (not LPA-stimulated) SAE
BC-conditioned medium that included CREB inhibitor

that did not contain CREB inhibitor (Fig. 8c). The reduc-
tion of extracellular autotaxin due to SAE BC exposure to
CREB inhibitor alone was consistent with the observation
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Fig. 6 Effect of CREB inhibitor (CREB inh) on fibroblast proliferative response to basal cell conditioned medium. Primary normal human lung
fibroblast (NHLF) were plated in triplicate wells and treated with conditioned media from each of 3 non-smoking donors obtained in the presence
or absence of 1 pg/ml LPA. For each condition, conditioned medium collected from cultures that were naive or treated with vehicle control
(DMSO) or 200 nM CREB inhibitor (666-15) were collected and transferred to NHLF that had been serum starved for 48 h. a Fibroblast growth. NHLF
were counted after 24 h. Shown is data from BC of a single individual. b Summary data showing mean fibroblast cell proliferation exposed to BC
conditioned media from 3 donors. Data are expressed as the mean value of the 3 donors £ SEM. *p < 0.05, **p <0.01, ***p <0.001
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that LPA levels were also reduced in NHLF medium fol-
lowing treatment with conditioned medium from SAE BC
treated only with CREB inhibitor (Fig. 8d).

Discussion

The focus of this study was to assess the potential contribu-
tion of LPA to the pathogenesis of IPF. SAE BC were evalu-
ated based on the knowledge that the fibrotic foci observed
in IPF are comprised of fibroblasts closely apposed to prolif-
erating, undifferentiated epithelial cells with characteristics

of SAE BC [2, 5, 8, 39]. The data demonstrates that SAE BC
respond to LPA exposure by upregulating expression and
secreting elevated levels pro-fibrotic growth factors impli-
cated in lung fibrosis [2, 5, 11-15, 22]. Conditioned medium
from LPA-treated SAE BC increased proliferation of lung
fibroblasts and induced elevated expression of COLIAI,
ACTA2, and ENPP?2 genes, genes indicative of a pro-fibrotic
response in the fibroblasts. Elevated ENPP2 expression in
fibroblasts correlated with elevated autotaxin in the medium
of fibroblast cultures and a corresponding increase in LPA
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Fig. 7 Effect of CREB inhibitor (CREB inh) on fibroblast expression in response to basal cell conditioned medium. Primary normal human lung

fibroblasts (NHLF) were treated with conditioned media from each of 3 non-smoking donors obtained in the presence or absence of 1 pg/ml LPA.
For each condition, conditioned medium collected from cultures that were naive or treated with vehicle control (DMSO) or 200 nM CREB inhibitor
(666-15) were collected and transferred to NHLF. Fibroblast expression of collagen type 1 (COLTAT) and smooth muscle actin (ACTA2) was assessed
after 24 h in conditioned medium. a mRNA levels. RNA was harvested and evaluated by gRT-PCR using 18S RNA to normalize the samples. b Protein
levels. At the same time point, conditioned media was collected and assessed for COL1A1 secretion. Cells were solubilized with a RIPA buffer and
evaluated for alpha smooth muscle myosin by ELISA. Data are expressed as the mean value of the 3 donors & SEM. *p < 0.05, **p <0.01, ***p < 0.001

levels in the medium of fibroblast cultures. Taken together,
the data illustrate a positive feedback loop involving SAE BC
and fibroblasts (Fig. 9). This loop could explain how an initial
insult in the lung leading to elevated LPA levels could propa-
gate ongoing elevated levels of LPA driving profibrotic con-
ditions, a hallmark of IPF.

There are limitations to the data. The set of experiments
employs transfer of conditioned medium as a surrogate for
having the cells share the same extracellular milieu as would
occur in vivo. The focus was on secreted protein not total

transcribed protein. The conditioned medium model ena-
bled the correlation of changes in gene expression with cor-
responding changes in protein levels in both SAE BC and
fibroblasts. Ultimately, it would be ideal to model the intact,
functioning feedback loop in vitro providing a means to test
hypotheses for interrupting LPA signaling. Thus, the absence
of a co-culture model represents a limitation of this study. In
characterizing the conditioned medium model system, the
focus was on proteins present in the SAE BC-conditioned
medium as markers of the output of LPA-treated SAE BC.
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ﬁig. 8 Effect of CREB inhibitor (CREB inh) on autotaxin (ENPP2) \
expression, secretion, and activity in fibroblasts in response to
medium conditioned by LPA-treated basal cells. Primary NHLF
were treated with conditioned media from each of 3 non-smoking
donors obtained in the presence or absence of 1.0 ug/ml LPA. For
each condition, conditioned medium collected from cultures that
were naive or treated with vehicle control (DMSO) or 200 nM CREB
inhibitor (666-15) were collected and transferred to NHLF. Autotaxin,
an enzyme responsible for the extracellular production of LPA, in
encoded by ENPP2. Expression of the ENPP2 gene was assessed in
fibroblasts 24 h after exposure to conditioned medium. Autotaxin
protein levels and LPA levels were assessed in cell culture medium
24 h after exposure to conditioned medium. a ENPP2 mRNA levels.
mRNA was measured by gRT-PCR using 18S RNA to normalize the
samples. b Autotaxin protein levels. Protein levels were measured in
cell culture medium by ELISA. ¢ LPA levels. LPA was measured in cell
culture medium by ELISA. Data are expressed as the mean value of
\the 3 donors & SEM. *p < 0.05, **p < 0.01, **p <0.001 /

In maintaining the focus on the content of the conditioned
medium, the opportunity to characterize the total change in
protein expression, including cell-associated protein, was not
pursued, but would have created a more complete picture of
the SAE BC response to LPA.

Role of LPA in pulmonary fibrosis
LPA is produced by the action of two enzymes, phospholi-
pase A2 and autotaxin (a secreted form of phospholipase
D) that act on phosphatidylcholine to remove the choline
group and one acyl chain resulting in a monoacylphospho-
glycerol [25, 40]. LPA has been linked to IPF through several
lines of evidence. LPA was found to be elevated in the ELF
of mice that had received bleomycin, an experimental model
for IPF [24, 28]. Expression of LPAR1 and 2 was implicated
since bleomycin-treated mice lacking LPAR1 or LPAR2 were
protected from developing lung fibrosis [24, 30]. LPAR1 and
autotaxin antagonists were found to block the development
of fibrosis in bleomycin-treated mice [28, 31]. Lung epithelial
lining fluid from IPF patients has elevated levels of LPA [24].
The CREB signaling pathway was one of 3 signaling path-
ways to be significantly increase by LPA treatment of SAE
BC. The presence of a CREB inhibitor during LPA- treat-
ment of SAE BC prevented LPA-induced expression of
CTGF, EDN1, and PDGEFB. Inhibitors of ERK1/2 and EGFR
pathways failed to block LPA-induced expression of EDN1
or PDGEFB although both blocked LPA-induced expression
of CTGF. Since CREB inhibition covered the broadest range
of LPA-stimulated activities, the effect of CREB inhibitor was
assessed with respect to changing the pro-fibrotic character
of the conditioned medium. Further analysis demonstrated
that CREB inhibition blocked the LPA-induced fibroblast
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Fig. 9 Model for basal cell-fibroblast interaction in IPF. There is a positive feedback relationship in which elevated levels of LPA induce the
production of pro-fibrotic factors in basal cells leading to fibrotic changes in fibroblasts including elevated production and secretion of autotaxin,
the enzyme that generates LPA. Interruption of the basal cell-fibroblast LPA feedback loop, potentially via inhibition of autotaxin inhibitors, LPAR
receptors, CREB-dependent intracellular signaling or any other targets in the LPA signaling pathway, may slow lung fibrosis

proliferation and gene/protein expression, including expres-
sion of autotaxin.

Consistent with these observations, conditioned media
from LPA-treated SAE BC resulted in elevated levels of auto-
taxin in the NHLF. The elevated LPA could not have come
from the SAE BC-conditioned medium since the original
SAE BC cultures were washed 3 times after LPA treatment
before the 24 h incubation to collect conditioned medium;
the 3rd wash was tested and confirmed to lack pro-fibrotic
activity. Furthermore, fibroblasts are known to be a source
of autotaxin [29, 41, 42]. The level of autotaxin expression
behaved like a marker of pro-fibrotic activity in the NHLE.
The CREB inhibitor blocked the elevation of ENPP2 expres-
sion and autotaxin levels (both cell associated and secreted).
These data suggest that CREB inhibition may have the ability
to break the positive feedback cycle by preventing SAE BC
from responding to LPA and, thereby, may reduce LPA levels
in the lung.

LPA signaling as a therapeutic target in IPF

The LPA pathway has been an active source of research for
anti-fibrotic drugs [43—45]. The observations in the present
study that high LPA levels initiate a positive feedback loop
provide further support for the importance of this pathway.
Potential targets have included LPARSs and autotaxin [28, 43,
46]. An LPAR inhibitor had anti-fibrotic results in clinical tri-
als was eventually discontinued due to adverse effects [47].
Two autotaxin inhibitors are currently being developed [46,

48] with hopes that this target might retain the advantages
of blocking LPA activity without inducing the same adverse
effects as the LPAR inhibitor. The present study suggests that
inhibition of the CREB signaling pathway might also prevent
LPA signaling in the context of pulmonary fibrosis. CREB
inhibitors have received regulatory approval and have been
used for the treatment of cancer and as antihelminthics [49—
51], and the literature contains examples of systemic appli-
cation of CREB inhibitors exhibiting anti-fibrotic effects [52,
53]. In summary, in addition to LPARs and autotaxin, CREB
signaling may be an additional target for anti-fibrotic drugs.

Conclusion

Propagation of IPF beyond an initial injury is thought to
occur by virtue of one or more positive-feedback signaling
loops. The present study shows that an initial, brief expo-
sure of BC to LPA changes BC physiology in a manner that
leads to production of pro-fibrotic signaling molecules and
a conditioned medium that can go on to induce myofibro-
blast differentiation in lung fibroblasts. Remarkably, the
changes in fibroblast physiology include elevated expres-
sion of autotaxin resulting in elevated levels of LPA in the
fibroblast-conditioned medium. We conclude that basal
cells and fibroblasts sharing a niche in the small airway
may drive a pro-fibrotic signaling loop that utilizes LPA
signaling, potentially contributing to the pathophysiology
of IPE.
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Additional file 1: Table SI. Study subject demographics. Figure S1.
Evaluation of growth factor expression in basal cells in the context of
arange of LPA levels. Primary small airway basal cells (passage 3) were
obtained from each of three healthy, non-smoking donors and plated in
triplicate in the presence or absence of 0.1, 1.0, or 10 ug/ml LPA. Cells were
evaluated for expression of CTGF, EDNT, TGFf31, and PDGFA, PDGFB, and
PDGFC. After a 3 h of LPA exposure, RNA was harvested and evaluated by
gRT-PCR using 185 RNA to normalize the results. Data are expressed as the
mean value of the 3 donors £ SE. *p < 0.05, **p < 0.01, ***p < 0.001. Figure
S2. Expression of LPA receptors in healthy non-smoker BC. Primary small
airway basal cells (passage 3) were plated in triplicate and evaluated for
expression of lysophosphatidic receptor family members: LPAR1, LPAR2,
LPAR3, LPAR4, LPARS, LPAR6 and sphingosine-1-phosphophate receptor
family members: STPR1, STPR2, STPR3, S1PR4, STPR5. RNA was harvested
and evaluated by gRT-PCR using 185 RNA to normalize the results. Data
are expressed as the mean value of the 3 donors & SE. Figure S3. Human
phospho-kinase array coordinates. Reference spots for the R&D Systems
Proteome Profilier Human Phospho-kinase Array including kinases that
did not respond significantly to LPA treatment. Figure S4. Assessment

of SAE BC toxicity following exposure to kinase inhibitors. Basal cell LDH
release was assessed using an LDH enzyme activity assay in cell culture
medium 24 h after a 4 h exposure to kinase inhibitors. Data are normal-
ized to cell culture volume tested. There was no toxicity observed at the
levels of inhibitors used (“NS”- not significant; p>0.2 compared to naive).
Figure S5. Effect of ERK1/2, and EGFR inhibitors on fibroblast response to
basal cell conditioned medium. Primary normal human lung fibroblasts
(NHLF, passage 5) were treated with BC-conditioned media from each of
three non-smoking donors obtained in the presence or absence of 1 pug/
ml LPA. Conditioned medium was collected from cultures that were naive
or treated with 5 uM ERK1/2 inhibitor (LY32149966), or EGFR inhibitor
(AG1478). Conditioned medium was then transferred to naive NHLF. After
24 h, expression of collagen type 1 (COLTAT) and smooth muscle actin
(ACTA2) in fibroblasts was assessed after 24 h in conditioned medium.
RNA was harvested and evaluated by gRT-PCR using 18S RNA to normalize
the samples. A. Medium collected following treatment with ERK1/2 inhibi-
tor. B. Medium collected following treatment with P70 S6 kinase inhibitor.
C. Medium collected following treatment with EGFR inhibitor. Data are
expressed as the mean value of the 3 donors & SE. *p <0.05, **p <0.01,
***n<0.001. Figure S6. Evaluation of growth factor expression in basal
cells in the context of the presence or absence of 1 ug/ml LPA and a range
of CREB inhibitor (666-15) concentrations. Primary small airway basal

cells (passage 3) were obtained from each of three healthy, non-smoking
donors and plated in triplicate presence or absence of 1 pg/ml LPA, and

a combination of LPA and 200 nM, 1 uM or 2 uM CREB inhibitor (666-15).
Cells were evaluated for CTGF, EDNT, TGF31, and PDGFB. After a 3 h of LPA
exposure, RNA was harvested and evaluated by gRT-PCR using 185 RNA
to normalize the results. Data are expressed as the mean value of the 3
donors £+ SE. *p < 0.05, **p <0.01, ***p <0.001. Figure S7. Evaluation of
growth factor expression in basal cells in the context of the presence

or absence of 1 pg/ml LPA and a range of ERK inhibitor (LY32149966)
concentrations. Primary small airway basal cells (passage 3) were obtained
from each of three healthy, non-smoking donors and plated in triplicate
presence or absence of 1 pug/ml LPA, and a combination of LPA and 5 nM,
50 nM, 500 nM, 1T uM, 5 uM or 10 uM ERK1/2 inhibitor (LY32149966). Cells
were evaluated for CTGF, EDNT, TGFB1, and PDGFB. After a 3 h of LPA
exposure, RNA was harvested and evaluated by gRT-PCR using 185 RNA
to normalize the results. Data are expressed as the mean value of the 3
donors £+ SE. *p<0.05, **p <0.01, **p <0.001.
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