nature

medicine

http://www.nature.com/naturemedicine

© 2008 Nature Publishing Group

ARTICLES

The lysophosphatidic acid receptor LPA; links pulmonary
fibrosis to lung injury by mediating fibroblast recruitment

and vascular leak

Andrew M Tagerl’z, Peter LaCameral®?, Barry S Sheal??, Gabriele S Campanellal, Moisés Selman3,
Zhenwen Zhao?, Vasiliy Polosukhin®, John Wain®, Banu A Karimi-Shah!, Nancy D Kim!, William K Hart!,
Annie Pardo’, Timothy S Blackwell®, Yan Xu?, Jerold Chun® & Andrew D Luster!

Aberrant wound-healing responses to injury have been implicated in the development of pulmonary fibrosis, but the mediators
directing these pathologic responses have yet to be fully identified. We show that lysophosphatidic acid levels increase in
bronchoalveolar lavage fluid following lung injury in the bleomycin model of pulmonary fibrosis, and that mice lacking one of its
receptors, LPA;, are markedly protected from fibrosis and mortality in this model. The absence of LPA; led to reduced fibroblast
recruitment and vascular leak, two responses that may be excessive when injury leads to fibrosis rather than to repair, whereas
leukocyte recruitment was preserved during the first week after injury. In persons with idiopathic pulmonary fibrosis,
lysophosphatidic acid levels in bronchoalveolar lavage fluid were also increased, and inhibition of LPA; markedly reduced fibroblast
responses to the chemotactic activity of this fluid. LPA; therefore represents a new therapeutic target for diseases in which
aberrant responses to injury contribute to fibrosis, such as idiopathic pulmonary fibrosis.

Tissue injury initiates a complex series of host wound-healing
responses. If successful, these responses restore normal tissue
structure and function. If not, these responses can lead to tissue
fibrosis and loss of function. In the lung, aberrant wound-healing
responses to injury are thought to contribute to the pathogenesis of
idiopathic pulmonary fibrosis (IPF)!. IPF and other fibrotic lung
diseases are associated with high morbidity and mortality, and are
generally refractory to currently available pharmacological therapies.
Better identification of the mediators linking lung injury and pul-
monary fibrosis is needed to recognize new therapeutic targets for
these diseases.

After cutaneous injury, fibroblasts migrate into the provisional
fibrin matrix of the wound clot during granulation tissue formation?.
In IPE, fibroblasts analogously migrate into the fibrin-rich exudates
that develop in the airspaces after lung injury’. Fibroblast chemo-
attractant activity is generated in the airspaces in IPF, and its extent
correlates with disease severity!. A pathogenic role for fibroblast
migration in IPF is further supported by the recent description of
an accelerated variant of IPF>. Genes related to cell migration were
upregulated in the lungs of these ‘rapid’ progressors, and their
bronchoalveolar lavage (BAL) fluid induced significantly greater

fibroblast migration than BAL from ‘slow’ progressors®. We and others
have reported evidence that inhibition of fibroblast migration can
attenuate pulmonary fibrosis®.

To identify the chemoattractant(s) mediating fibroblast migration
in the injured lung, we biophysically characterized the fibroblast
chemoattractant activity present in the airspaces in the bleomycin
mouse model of pulmonary fibrosis. We show that fibroblast migra-
tion in this model is mediated by lysophosphatidic acid (LPA), acting
through one of its specific G protein—coupled receptors (GPCRs),
LPA;. To evaluate the contribution of the LPA-LPA; pathway to
pulmonary fibrosis in vivo, we then challenged LPA;-deficient mice
with bleomycin and found that they were markedly protected.
Consistent with LPA contributing to fibroblast recruitment induced
by lung injury, the accumulation of fibroblasts after bleomycin
challenge was markedly attenuated in LPA;-deficient mice. LPA also
induces endothelial cell barrier dysfunction and vascular leak®1°,
Vascular permeability is increased throughout the early phases of
repair after tissue injury'! and may contribute to fibrosis'2. Consistent
with LPA contributing to vascular leak induced by lung injury, we
found that the vascular leak induced by bleomycin challenge was also
markedly attenuated in LPA-deficient mice.
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Figure 1 Identification of LPA and LPA; as possible mediators of fibroblast chemoattractant
activity generated in the airspaces after bleomycin injury. (a) Left, fibroblast chemotaxis induced
by BAL fluid from C57BI/6 mice O, 5, 10 and 14 d after bleomycin injury. Data are from one of
two independent experiments with similar results and are presented as mean chemotactic indices
+ s.e.m. BAL from n = 4 mice at each time point. *P < 0.05 comparing chemotaxis induced by
5, 10 or 14 d post-challenge BAL versus O d BAL. The responding cells used in all chemotaxis
experiments presented in this figure were primary mouse lung fibroblasts isolated from
unchallenged C57BI/6 mice. Right, sensitivity of BAL-induced fibroblast chemotaxis to pertussis
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toxin (PTX). 5 d post-bleomycin BAL from n = 8 mice. *P < 0.0001 comparing chemotaxis

induced by 5 d BAL of PTX-treated fibroblasts versus untreated fibroblasts. (b) Fibroblast chemotactic indices of filtrates and retentates produced by size-
exclusion centrifugation of 5 d post-bleomycin BAL across filters with molecular exclusion sizes of 30, 50 and 100 kDa. Chemotactic index of unfiltered 5 d
BAL (black bar) is presented for comparison. (c) Heparin affinity chromatography of BAL fibroblast chemoattractants. Left, separation of 5 d post-bleomycin
BAL by heparin affinity. Dashed line, eluate conductivity. Right, fibroblast chemotactic indices of heparin affinity fractions. (d) Hydrophobic interaction
chromatography of BAL fibroblast chemoattractants. Left, separation of 5 d post-bleomycin BAL by hydrophobicity. Dashed line, eluate conductivity. Right,
fibroblast chemotactic indices of hydrophobic interaction fractions. (e) Fibroblast chemotactic indices induced by LPA. (f) Sensitivity of LPA-induced
fibroblast chemotaxis to PTX. (g) LPA concentrations in BAL after bleomycin injury, n = 4 mice per time point. *P < 0.05 comparing LPA concentrations of
BAL at 5, 7, 10 and 14 d after bleomycin versus O d. (h) Lung fibroblast LPA receptor expression. Data are presented as copies of receptor mRNA relative to
copies of GAPDH mRNA + s.e.m. mRNA isolated from n = 3 fibroblast cultures, prepared from sets of two C57BI/6 mice each.

To determine the relevance of our findings to human disease, we
investigated the role of the LPA-LPA; pathway in fibroblast migration
in IPE. We found that LPA levels were elevated in bronchoalveolar
lavage (BAL) samples from individuals with IPF and that the fibroblast
chemotactic activity present in these samples was dependent on
fibroblast LPA;. On the basis of these findings, we believe that LPA;
represents a crucial link between lung injury and the development of
pulmonary fibrosis.

RESULTS

Fibroblast chemotactic activity generated by lung injury

BAL fluid from mice after bleomycin challenge attracted primary
mouse lung fibroblasts, whereas BAL fluid from unchallenged mice
did not (Fig. 1a). The chemotactic activity of post-challenge BAL was
completely inhibited by fibroblast pretreatment with pertussis toxin
(PTX, Fig. 1a), indicating that the relevant fibroblast receptor(s) signal
through the Gu; class of G proteins, a hallmark of the chemoattractant
subfamily of GPCRs!®. In contrast, platelet-derived growth factor
(PDGF) signals through receptor tyrosine kinases, and fibroblast
chemotaxis induced by this mediator was not inhibited by PTX
(Fig. la). A wide array of chemoattractants signal through PTX-
sensitive GPCRs, including chemokines, which we hypothesized were
responsible for the post-bleomycin BAL fibroblast chemotactic activity.

Biophysical characterization of BAL fibroblast chemoattractant(s)
We characterized the fibroblast chemoattractant(s) in post-injury BAL
by molecular size, heparin binding affinity and hydrophobicity.

After centrifugation of BAL through filters with molecular
exclusion sizes of 30 and 50 kDa, the retentates had chemotactic
activity equivalent to that of unfractionated BAL, whereas the
filtrates had no chemotactic activity (Fig. 1b). In contrast, chemotactic
activity was present in both the retentate and filtrate produced by a
100-kDa filter. These data indicate that molecule(s) responsible for
the chemoattractant activity of BAL fluid have molecular weights
between 50 and 100 kDa. When we loaded BAL on a heparin
affinity chromatography column, the most abundant proteins
either did not bind to the column, or eluted from it at low sodium
chloride concentrations, indicating that they had low heparin
binding affinities (Fig. 1c). Proteins with low heparin affinity that
were present in the flow-through (fraction 1) or that eluted in
fractions 6, 7 and 8 showed fibroblast chemotactic activity (Fig. 1c),
whereas proteins with higher heparin affinities did not induce
chemotaxis. After we loaded BAL on a hydrophobic interaction
chromatography column, the most abundant proteins eluted from
the column at low ammonium sulfate concentrations, indicating they
had high surface hydrophobicity (Fig. 1d). Proteins with high
hydrophobicity that eluted in fractions 18-23 showed fibroblast
chemotactic activity, whereas proteins with lower hydrophobicity
did not induce fibroblast chemotaxis (Fig. 1d). Active BAL fractions
had low heparin affinity, high hydrophobicity and molecular weights
between 50 and 100 kDa, suggesting that the BAL contains fibroblast
chemoattractants other than chemokines, which typically are highly
charged basic proteins between 8 and 10 kDa in size that have high
heparin affinities'?

46

VOLUME 14 | NUMBER 1 | JANUARY 2008 NATURE MEDICINE



http://www.nature.com/naturemedicine

© 2008 Nature Publishing Group

ARTICLES

Figure 2 LPA;-deficient (LPA; KO) mice are protected from bleomycin-induced fibrosis
and mortality. (a,b) H&E staining of lungs of (a) wild-type and (b) LPA; KO mice 14 d 0.8
after challenge. Bar, 100 um. (c,d) Trichrome staining of lungs of (c) wild-type and

(d) LPA; KO mice 14 d after bleomycin. Bar, 25 um. (e) Biochemical analysis of
bleomycin-induced fibrosis. Hydroxyproline content was measured in the lungs of
wild-type (WT) and LPA; KO mice at baseline and 14 d after bleomycin (O d untreated,
n =5 mice/group; 14 d after bleomycin, n = 8 mice/group). Data presented are from
one of two independent experiments with similar results and are expressed as mean 0 14
hydroxyproline content per lung set + s.e.m. *P = 0.0073 for interaction between
genotype and bleomycin treatment, as measured by two-way ANOVA for independent
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samples. (f) Bleomycin-induced expression of procollagen type | o7 chain mRNA. mRNA

isolated from the lungs of WT and LPA; KO mice at baseline (n = 3 mice/group) and 5 and 14 d after bleomycin (n > 5 mice/group). Data are expressed as
mean copies of procollagen mRNA relative to copies of B, microglobulin mRNA + s.e.m. *P < 0.05 comparing procollagen expression in WT versus LPA;
KO lungs at 14 d. (g) Bleomycin-induced mortality. WT and LPA; KO mice were followed for survival for 21 d after challenge with 3 units/kg of bleomycin,
n = 10 mice/group. Significant difference by log-rank test: P = 0.0115 LPA; KO versus WT survival.

Albumin-bound LPA is a fibroblast chemoattractant

In all BAL separations, active fractions contained an abundant protein
the size of mouse albumin (69 kDa), as visualized by SDS-PAGE
(Supplementary Fig. 1 online). Albumin transports lipids, which it
binds through hydrophobic interactions'¥. We hypothesized that a
lipid bound to albumin contributed to the BAL fibroblast chemotactic
activity. Serum stimulates the formation of actin stress fibers and focal
adhesions in fibroblasts. This activity was found to copurify with
albumin and, most likely, to be attributable to the albumin-bound
lysophospholipid LPA'S, Actin stress fiber and focal adhesion forma-
tion are involved in cell migration, and we therefore hypothesized that
LPA mediates fibroblast migration induced by BAL after injury. To

albumin was chemotactic for primary mouse lung fibroblasts
(Fig. le). Methanol-extracted fatty acid—free albumin significantly
potentiated the chemotactic activity of LPA, by twofold (P = 0.0058;
Supplementary Fig. 2a online), but did not induce fibroblast
chemotaxis by itself (Supplementary Fig. 2b). Chemotaxis induced
by LPA was abrogated by fibroblast pretreatment with PTX (Fig. 1f),
confirming that the relevant LPA receptor(s) were GPCRs. Chemo-
tactic indices of PTX-treated fibroblasts induced by LPA were actually
less than 1, consistent with recently described LPA-mediated inhibi-
tion of cell migration through Go/13-coupled signaling when Goy-
coupled signaling is inhibited by PTX!®.

Electrospray ionization mass spectrometry (ESI-MS) performed on
BAL from unchallenged mice (0 d) and mice 5, 7, 10 and 14 d after
bleomycin challenge showed that the concentration of LPA in BAL was
significantly elevated at all time points after bleomycin injury
(Fig. 1g). LPA therefore is present in the BAL at increased levels
after bleomycin challenge and is a potent fibroblast chemo-
attractant. LPA signals through at least five GPCRs designated
LPA, 5 (refs. 17-19). The LPA receptor most highly expressed by
lung fibroblasts was LPA; (Fig. 1h), which has been shown to mediate
LPA-induced chemotaxis of mouse embryonic fibroblasts®’. Based on
these results, we hypothesized that BAL-induced fibroblast chemotaxis
is mediated by LPA signaling through LPA;. To further test this

la.l investigate this hypothesis, we first showed that LPA bound to

hypothesis and examine the role of LPA-directed fibroblast recruit-
ment in vivo, we obtained mice genetically deficient for LPA (ref. 21)
and challenged them with bleomycin.

Bleomycin-induced pulmonary fibrosis is dependent on LPA;
Lungs 14 d after bleomycin challenge typically show changes consis-
tent with peribronchiolar and parenchymal fibrosis. The extent of
these changes present in wild-type mice (Fig. 2a) was substantially
decreased in LPA;-deficient mice (Fig. 2b). The amount of lung
collagen visualized by Masson trichrome staining of wild-type mice
14 d after bleomycin challenge (Fig. 2c) was also substantially
decreased in LPA;-deficient mice (Fig. 2d). Assessments of lung
collagen at the protein and mRNA levels confirmed the significant
protection of LPA,-deficient mice. As compared to unchallenged mice,
the amount of the collagen-specific amino acid hydroxyproline
increased by 96% in wild-type mice 14 d after bleomycin challenge
but by only 25% in LPA;-deficient mice (Fig. 2e). mRNA levels of the
o, gene of procollagen type I increased in the lungs of both genotypes
14 d after challenge, but this increase also was markedly attenuated in
LPA;-deficient mice (Fig. 2f). Finally, at the highest dose of bleomycin
challenge used (3 units/kg), the absence of LPA; expression substan-
tially protected mice from mortality. At 21 d after challenge, the
mortality of wild-type mice was 50%, whereas the mortality of
LPA,-deficient mice was 0% (Fig. 2g).

Bleomycin-induced fibroblast recruitment is dependent on LPA;
We hypothesized that reduced fibroblast recruitment contributed to
the protection of LPA;-deficient mice from bleomycin-induced
fibrosis. To investigate this hypothesis, we first confirmed that LPA;
mediated LPA-induced chemotaxis of lung fibroblasts by showing that
this chemotaxis was abrogated for fibroblasts isolated from LPA;-
deficient mice (Fig. 3a). In contrast, PDGF induced similar chemo-
taxis of wild-type and LPA;-deficient fibroblasts (Fig. 3a). We then
determined the extent to which fibroblast chemotaxis induced by
post-injury BAL was attributable to LPA and LPA;. The LPA receptor
antagonist Kil6425 inhibits LPA-induced responses mediated by
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Figure 3 Fibroblast recruitment induced by bleomycin injury is diminished
in LPA;-deficient mice. (a) Dependence of LPA-induced fibroblast
chemotaxis on LPA;. *P < 0.01 comparing chemotaxis of wild-type (WT)
lung fibroblasts versus LPA;-deficient (LPA; KO) fibroblasts. (b) Inhibition
of fibroblast chemotaxis induced by post-injury BAL by the LPA; antagonist
Kil6425. BAL samples from n = 4 C57BI/6 mice 5 d after bleomycin,

*P = 0.0033 comparing chemotaxis of untreated C57BI6 fibroblasts versus
fibroblasts treated with 1 uM Kil6425. (c) Attenuation of chemotaxis
mediated by post-injury BAL for LPA;-deficient fibroblasts. BAL samples
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from n = 4 C57BI/6 mice per time point. *P < 0.005 comparing chemotaxis of WT versus LPA; KO fibroblasts induced by 5, 10 or 14 d after bleomycin
BAL. (d) Accumulation of FSP1* fibroblasts after bleomycin challenge in WT and LPA; KO mice. Lungs of WT and LPA; KO mice at baseline (top panels)
and 14 d after bleomycin challenge (bottom panels) stained with antibody to FSP1/peroxidase. Bar, 25 um. (e) Lung area comprised of FSP1* cells. Data
are expressed as mean FSP1* staining area + s.e.m.; n = 3 mice per group, all groups. *P = 0.0017, LPA; KO 14 d after bleomycin versus WT 14 d after
bleomycin. (f) Independence of the generation of BAL fibroblast chemotactic activity from LPA;. BAL samples from n =4 WTand n = 4 LPA; KO mice 5 d
after bleomycin; lung fibroblasts from C57BI/6 mice. (g) Independence of lung fibroblast proliferation induced by post-injury BAL from LPA;. Data are
presented as mean proliferative indices + s.e.m.; BAL samples from n = 3 C57BI/6 mice per time point after bleomycin; lung fibroblasts from WT and LPA;
KO mice. (h) Independence of lung fibroblast gene expression induced by TGF-B from LPA;. QPCR analysis of mMRNA expression of induced in WT and LPA;
KO lung fibroblasts by 24 h exposure to TGF-f (10 pg/ml). Data are expressed as fold induction (mean copies of procollagen type | o; (Col I), fibronectin (FN)
and a-smooth muscle actin (¢SMA) mRNAs relative to copies of B, microglobulin mMRNA in TGF-B-exposed cells divided by mean copies in nonexposed cells)

+ s.e.m. and are from n > 3 fibroblasts cultures per genotype per condition.

LPA; > LPA; >> LPA,, with a K; value estimated to be 0.25—
0.34 puM for LPA;, without appreciable effects on receptors of closely
related lipids, such as sphingosine 1-phosphate (S1P)?2. Kil6425
significantly inhibited fibroblast chemotaxis to BAL from mice 5 d
after bleomycin challenge (Fig. 3b), as did VPC12249 (Supplementary
Fig. 3 online), another specific LPA antagonist that inhibits LPA-
induced responses mediated by LPA; > LPA; > > LPA,, with a Kj
value estimated to be 0.14 pM for LPA; (ref. 23). Neither antagonist

e affected PDGF-induced chemotaxis. Chemotaxis induced by BAL from

@bleomycin-challenged mice was attenuated by more than 50% when

=" the responding cells were LPA;-deficient fibroblasts. The response of

LPA;-deficient fibroblasts was 45%, 25% and 33% that of wild-type
fibroblasts to BAL from mice 5, 10 and 14 d after challenge, respectively
(Fig. 3c). Given the specificity of LPA; for its ligand LPA (reviewed in
ref. 17), these data indicate that LPA is the predominant fibroblast
chemoattractant recovered from the airspaces throughout the time
course of bleomycin-induced fibrosis. The preservation of some
chemotactic response of LPA;-deficient fibroblasts to post-injury
BAL, however, indicates that other fibroblast chemoattractants were
generated in the injured lung in addition to LPA.

Given our findings that LPA was the predominant fibroblast
chemoattractant recovered from the injured lung, and that LPA,
mediates LPA-induced fibroblast chemotaxis, we hypothesized that the
accumulation of fibroblasts would be attenuated in the lungs of
LPA-deficient mice after bleomycin injury. We first showed that
LPA; remained highly expressed by lung fibroblasts after bleomycin
injury and that LPA; deficiency did not cause compensatory changes
in the expression of other LPA receptors (Supplementary Fig. 4
online). We then quantified fibroblast accumulation in wild-type
and LPA,-deficient mice by staining with antibody to fibroblast-
specific protein 1 (FSP1)?%. Immunohistochemistry previously per-
formed with this antibody specifically stained interstitial cells that

coexpressed procollagen type 1 oy (ref. 25). In primary lung cell
cultures, fibroblasts but not macrophages or type II alveolar epithelial
cells expressed FSP1, suggesting that FSP1 is a useful marker for lung
fibroblasts®>. Lungs of unchallenged wild-type and LPA,-deficient
mice both contained only very few FSP1* cells (Fig. 3d). The number
of FSP1" cells increased in both genotypes 14 d after bleomycin,
but this increase was attenuated by 62% in LPA;-deficient mice
(Fig. 3d,e). If this reduced fibroblast accumulation in LPA;-deficient
mice resulted specifically from impaired fibroblast responsiveness to
the chemoattractant activity generated by injury, then the generation
of the chemoattractant activity itself should be independent of LPA;
expression. As predicted, there was no significant difference in the
fibroblast chemoattractant activity of BAL fluid from wild-type or
LPA;-deficient mice 5 d after bleomycin challenge (Fig. 3f).

We also investigated whether the accumulation of circulating
fibroblast precursor cells termed fibrocytes?® was attenuated in the
lungs of LPA;-deficient mice after bleomycin injury. Fibrocytes have
been identified as cells that co-stain with antibodies to CD45 and
collagen type I (Col I), and they have been shown to be recruited to
injured lungs, with peak accumulation occurring approximately
1 week after injury in animal models’?”. We compared the quantities
of CD45" Col I cells present in freshly generated single-cell suspen-
sions of the lungs of LPA;-deficient and wild-type mice before and 7 d
after bleomycin challenge. CD45% Col I* cells represented 0.017% of
total cells in both LPA;-deficient and wild-type mice before bleomy-
cin. The quantities of CD45% Col I cells in the lungs increased 7 d
after challenge similarly in both genotypes, to 0.55% of lung cells in
wild-type and to 0.58% in LPA,-deficient mice (data not shown).

To complement our investigations of fibroblast recruitment, we also
investigated whether decreased fibroblast proliferation could contri-
bute to the decreased fibroblast accumulation, and whether decreased
collagen production could contribute to the decreased collagen
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accumulation, that we observed in bleomycin-challenged LPA;-
deficient mice. There were no significant differences, however, between
the proliferative responses of wild-type and LPA;-deficient fibro-
blasts to BAL recovered from mice 5 or 14 d after bleomycin
challenge (Fig. 3g). Increases in the expression of procollagen type I
a; and fibronectin induced by transforming growth factor-B (TGF-f3)
also were similar in wild-type and LPA;-deficient fibroblasts (Fig. 3h),
suggesting that fibroblast synthesis of matrix proteins does not
require LPA;. Induction of fibroblast o-smooth muscle actin expres-
sion by TGF-B, a hallmark of myofibroblast differentiation®8, was
similar in wild-type and LPA,-deficient fibroblasts as well (Fig. 3h),
suggesting that the generation of myofibroblasts also does not
require LPA;.

Reduced accumulation of LPA;-deficient fibroblasts, rather than
impaired capacities to synthesize collagen or differentiate into myo-
fibroblasts, therefore contributed to reduced collagen accumulation
after lung injury in LPA-deficient mice. Reduced fibroblast accumu-
lation in LPA;-deficient mice in turn resulted from reduced migration
of LPA,-deficient fibroblasts to the chemoattractant activity induced
by lung injury, rather than from impaired generation of this activity or
from reduced fibroblast proliferation.

Bleomycin-induced vascular leak is dependent on LPA;

We hypothesized that reduced vascular leak also contributed to the
protection from bleomycin-induced fibrosis that we observed in LPA;-
deficient mice. We determined that of the five different LPA receptors,
primary mouse lung endothelial cells predominantly expressed LPA;
and LPA, (Fig. 4a). We then compared injury-induced vascular leak in
LPA;-deficient versus wild-type mice by comparing Evans blue dye
extravasation and BAL total protein concentration in these mice after
bleomycin challenge. At 7 d after injury, increased vascular perme-
ability in wild-type mice enabled Evans blue dye to extravasate from
the vasculature into the lung parenchyma, turning these lungs deep
purple (Fig. 4b). Much less dye extravasated into the lung parenchyma
of LPA;-deficient mice, turning their lungs only pale blue (Fig. 4b),
indicative of reduced vascular leak. The extravasation of Evans
blue dye was significantly increased in wild-type mice 7 d after
bleomycin challenge compared to unchallenged mice, whereas this
increase was almost completely abrogated in LPA;-deficient mice
(Fig. 4c). The increased BAL total protein concentration that
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Figure 4 Vascular leak induced by bleomycin injury is diminished in LPA;-deficient (LPA; KO) mice. (a) Mouse lung endothelial cell LPA receptor
expression. Data are presented as copies of receptor mRNA relative to copies of GAPDH mRNA. (b) Assessment of lung vascular permeability by
extravasation of Evans blue dye. Gross appearance of lungs from representative wild-type (left) and LPA; KO mice (right) 7 d after bleomycin challenge

and 3 h after Evans blue injection. (c) Evans blue indices of WT and LPA; KO mice before and after bleomycin challenge. Lung and plasma samples from

n =5 WT mice at each time point, n = 4 LPA; KO at O d and n = 3 LPA; KO at 7 d. Data presented are from one of three independent experiments with
similar results, and are expressed as mean Evans blue index + s.e.m. *P = 0.025 comparing mean LPA; KO index at 7 d versus mean WT index at 7 d.

(d) Assessment of lung vascular permeability by BAL total protein concentration. BAL samples from n > 4 WT and LPA; KO mice at each time point. Data
presented are from one of two independent experiments with similar results and are expressed as mean BAL total protein concentration + s.e.m. *P < 0.05
comparing LPA; KO versus WT protein concentrations at 3, 5, 7 and 14 d after bleomycin.

occurs after bleomycin injury in wild-type mice was also significantly
reduced in LPA-deficient mice at 3, 5, 7 and 14 d after bleomycin
challenge (Fig. 4d).

Leukocyte recruitment is not dependent on LPA;

LPA is a chemoattractant for multiple leukocyte subsets?®, If LPA
contributed to leukocyte recruitment after bleomycin injury, then
reduced leukocyte accumulation in LPA;-deficient mice could also
contribute to their protection from bleomycin-induced fibrosis. We
determined the LPA receptor expression of leukocyte subsets that are
recruited into the lung after bleomycin injury, including both myeloid
and lymphoid lineages. Alveolar macrophages, neutrophils and CD4*
and CD8" T cells all expressed minimal LPA; and substantially greater
amounts of other LPA receptors (Fig. 5a). Consistent with this
receptor expression profile, there were no significant differences in
the numbers of total leukocytes (Fig. 5b), macrophages (Fig. 5¢) or
neutrophils (Fig. 5d) that were present in the BAL of LPA,-deficient
and wild-type mice at 1, 3, 5 and 7 d after challenge. The numbers of
CD3* T cells (Fig. 5e), CD4" T cells (Fig. 5f) and CD8" T cells
(Fig. 5g) were also similar in LPA,-deficient and wild-type mice at 3, 5
and 7 d after bleomycin challenge. Leukocyte recruitment was ulti-
mately attenuated, however, in LPA;-deficient mice at 14 d after
bleomycin challenge, consistent with faster resolution of repair pro-
cesses in the setting of diminished fibrosis. We also compared the
functional phenotype and activation status of lymphocytes recruited
into the lungs of LPA;-deficient and wild-type mice after bleomycin
challenge. At 5 d after bleomycin challenge, almost all CD4* and CD8*
T cells recovered in BAL from both LPA;-deficient and wild-type mice
had a memory phenotype, as indicated by high CD44 expression
(Fig. 5h)>!. The percentages BAL CD4" and CD8" T cells that had
recently been activated, as indicated by CD69 expression32'33, were also
similar in LPA;-deficient and wild-type mice (Fig. 5h). These data
indicate that leukocyte recruitment and activation after bleomycin
challenge initially occur independently of LPA; and that the inflam-
matory and fibrotic responses to lung injury are uncoupled in the
absence of LPA; expression.

LPA and LPA; in human fibrotic lung disease
To determine the relevance of our studies in the bleomycin mouse
model to human disease, we investigated the role of the LPA-LPA;
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Figure 5 Leukocyte recruitment and activation
induced by bleomycin injury is preserved in
LPA;-deficient (LPA; KO) mice. (a) LPA receptor
expression of myeloid cells (left) and lymphocytes
(right). Data are presented as copies of receptor
mRNA relative to copies of GAPDH mRNA.
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pathway in fibroblast migration in IPF, a prototypic human fibrotic
lung disease. Fibroblasts that have migrated into the airspaces can be
recovered in BAL samples of persons with pulmonary fibrosis, but not
healthy persons®*. We found that LPA; was the LPA receptor that was
most highly expressed by fibroblasts grown from human IPF BAL
(Fig. 6a). The expression of collagen type I oy by these cells was much
greater than their expression of CD14, consistent with these cells being
fibroblasts (or fibrocytes) rather than macrophages, the most likely
contaminating cell type (Fig. 6b).

We then determined LPA levels in the BAL fluid of persons with

la.l IPE and investigated whether fibroblast migration induced by IPF

BAL is dependent on LPA;. As determined by ESI-MS, total LPA

=" concentrations in BAL samples from individuals with IPF were

significantly higher than concentrations in BAL from normal
controls (Fig. 6¢). In chemotaxis experiments using human fetal lung
fibroblasts (HFLI cells) as the responding cells, we found that BAL
fluid from people with IPF induced significantly greater fibroblast

Figure 6 LPA and LPA; contribute to the
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chemotaxis than BAL from controls (Fig. 6d). Further, the LPA;
antagonist Kil6425 markedly inhibited fibroblast chemotaxis
induced by IPF BAL samples (Fig. 6d), indicating that fibroblast
migration induced by BAL from people with IPF is mediated by
the LPA-LPA; pathway.

DISCUSSION

We found that the fibroblast chemotactic activity of BAL fluid from
bleomycin-injured mice copurified with albumin, leading us to
hypothesize that this activity was attributable to albumin-bound
LPA. After establishing that LPA was chemotactic for primary lung
fibroblasts, that LPA was generated in the airspaces after bleomycin
injury and that LPA; was the predominant LPA receptor expressed by
lung fibroblasts, we challenged LPA;-deficient mice with bleomycin
and found that they were markedly protected from pulmonary
fibrosis. In addition to mitigating the excessive accumulation of
fibroblasts in the injured lung, the absence of LPA; markedly
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horizontal line within each box represent the median, the limits of each box represent the interquartile range and the whiskers represent the maximum and
minimum values. *P = 0.029 comparing LPA concentrations of affected versus unaffected individuals. (d) Induction of fibroblast chemotaxis by IPF BAL
and its inhibition by the LPA; antagonist Ki16425. BAL samples were from persons with IPF (n = 7) and controls (n = 3) collected at the INER; responding
cells were human fetal lung fibroblasts (HFL1 cells). *P < 0.05 comparing chemotaxis induced by IPF versus control BAL samples; P < 0.0005
comparing chemotaxis induced by IPF BAL for untreated HFL1 cells versus HFL1 cells treated with 1 uM Kil16425.
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attenuated the persistent vascular leak produced by injury, indicating
that the LPA-LPA; pathway mediates both of these aberrant wound-
healing responses that have been implicated in pulmonary fibrosis.
Showing that this novel pathway identified in the bleomycin model is
relevant to human fibrotic lung disease, BAL LPA levels were greater in
persons with IPF than in normal controls, and inhibition of
LPA signaling markedly reduced fibroblast responses to IPF BAL
chemoattractant activity.

Fibroblast migration into the fibrin provisional wound matrix
is a central step in wound-healing responses to injury in multiple
tissues®. In the lung, fibroblasts migrate into the fibrin-rich exudates
that develop in the airspaces after lung injury>>>. Fibroblast
chemoattractant activity has previously been shown to be generated
in the airspaces of persons with IPE, and the extent of this activity
has been found to inversely correlate with affected individuals’
total lung capacity and vital capacity®. In a recent evaluation of
the clinical and molecular features of ‘rapid’ and ‘slow’ progressors
with IPE evidence of increased fibroblast migration was associated
with an accelerated clinical course and higher mortality’. Our
results show that LPA is the predominant mediator of fibroblast
migration generated in the injured lung that is recovered in BAL.
Determining whether the higher BAL fibroblast chemoattractant
activity found in ‘rapid’ progressors with IPF is attributable to higher
LPA levels in their BALs will be of great interest, and will be the focus
of future studies.

Our results also indicate that other fibroblast chemoattractants in
addition to LPA are generated after lung injury, and that in contrast to
fibroblasts, bleomycin-induced accumulation of fibrocytes was not
affected by the absence of LPA; expression. These data suggest that
different chemoattractants may cooperate in fibroblast recruitment
after lung injury, with different chemoattractants mediating different
steps in this process. Whereas chemokines such as CXCL12 (ref. 7)
and CCL12 (ref. 8) have been found to direct the trafficking of
fibrocytes from the bone marrow and/or circulation to the lungs
after injury, LPA may act cooperatively with these chemokines by
directing the invasion of these cells, or the fibroblasts that derive from
them, into the airspaces. LPA has been shown to induce the invasion

Yo, Of cancer cells across tissue barriers, promoting metastasis®®, and may

=" membranes into injured airspaces-.

@)
@analogously direct the invasion of fibroblasts across alveolar basement

3

Increased vascular permeability is another hallmark of tissue
injury?. Tissue injury can directly disrupt blood vessels, but it also
results in the production of bioactive mediators that cause increased
vascular permeability to continue throughout early phases of tissue
repair'!. Our results indicate that LPA signaling through LPA;
expressed by endothelial cells mediates the increased vascular
permeability that persists after lung injury. In this regard, LPA acts
in opposition to another lysophospholipid, S1P, which reduces vas-
cular leak after lung injury®’. S1P signals through GPCRs designated
S1P,_s, which share homology with LPA;_; (ref. 17).

One consequence of the persistent vascular leak induced by lung
injury that may contribute to the development of fibrosis is extra-
vascular coagulation!?38, Fibrin deposition in injured airspaces may
contribute to fibroblast accumulation both by providing a provisional
matrix for fibroblast migration and by promoting epithelial-to-
mesenchymal transition®. Several proteases of the extrinsic coagula-
tion cascade, such as thrombin, also signal through protease-activated
receptors, and they may promote fibrosis independently of fibrin
generation through the induction of mediators such as PDGF3®,
Excessive extravascular coagulation may therefore contribute to lung
fibrosis after injury through multiple mechanisms.

ARTICLES

In contrast to reduced fibroblast recruitment and vascular leak, we
found that other processes involved in wound healing were preserved
in LPA;-deficient mice, including fibroblast proliferation and expres-
sion of matrix components, myofibroblast differentiation and leuko-
cyte recruitment. The potential contributions of LPA signaling to
processes involved in wound healing that we have not yet investigated,
such as apoptosis of injured cells and activation of TGF-f, will be the
focus of future studies. The preservation of leukocyte recruitment and
activation in the first week after bleomycin challenge in LPA,-deficient
mice indicates that these processes initially occur independently of
LPA;. The occurrence of reduced fibrosis in LPA;-deficient mice
despite inflammatory leukocyte responses similar to those of wild-
type mice indicates that inflammatory and fibrotic responses to lung
injury were uncoupled in the absence of LPA; expression in this
model. The dissociation of inflammatory and fibrotic responses to
bleomycin injury has been noted previously in other genetically altered
mice, such as mice deficient for the integrin B6 (ref. 40). This
dissociation of fibrosis from inflammation in the bleomycin model
has provided supporting evidence that in fibrotic diseases resulting
from lung injury, inflammation may not be absolutely required for the
development of pulmonary fibrosis'.

Several processes induced by lung injury may contribute to
increased levels of LPA in the airspaces, including platelet activation®!
and hydrolysis of surfactant phospholipids*2. In addition to the
regulation of LPA concentration, however, LPA activity is also regu-
lated by its binding to proteins that can either sequester it or increase
its delivery to its receptors*’. Some of the biological activities of LPA
are potentiated by its binding to albumin. An example of a protein
that can inhibit LPA activity is plasma gelsolin*®. Plasma gelsolin levels
decline after tissue injury, and increased LPA activity due to plasma
gelsolin depletion has been hypothesized to exacerbate organ dysfunc-
tion in this setting*4. These studies suggest that the increased fibroblast
chemotactic activity of BAL samples from bleomycin-injured mice
and persons with IPF may result from increased LPA activity due to
the combination of increased LPA levels, increased levels of albumin
and decreased levels of proteins that inhibit LPA activity.

In this study, we have shown that LPA signaling through its receptor
LPA| mediates both fibroblast recruitment and vascular leak produced
by lung injury in the bleomycin model of pulmonary fibrosis. The
concurrent mitigation of these two tissue responses to injury may
explain the marked protection of LPA-deficient mice from fibrosis in
this model. The relevance of this novel pathway to human fibrotic
lung disease is shown by the presence of increased LPA levels in BAL
fluid of persons with IPF and by the dependence of fibroblast
migration induced by IPF BAL on LPA-LPA; signaling. These results
suggest that LPA; may be a promising new therapeutic target for an
entire class of diseases in which aberrant responses to injury contribute
to the development of fibrosis, such as IPE

METHODS

Animals and bleomycin administration. We purchased wild-type C57Bl/6
mice from Charles River Breeding Laboratories. Experiments comparing LPA;-
deficient and wild-type mice used sex- and age- or weight-matched groups
produced by mating mice heterozygous for the LPA| mutant allele that were
hybrids of the C57Bl/6 and 129Sv/] genetic backgrounds?!. These mice
consequently on average had similar assortments of genes from the C57Bl/6
and 129Sv/] backgrounds. C57Bl/6 mice received total doses of 0.05 or 0.075
units of bleomycin (Gensia Sicor Pharmaceuticals) by intratracheal injection.
We challenged LPA;-deficient and littermate wild-type mice with doses of
bleomycin that were similar to those given C57Bl/6 mice, but that were
adjusted for weight: 2 or 3 units of bleomycin per kg body weight. We
performed all experiments in accordance with National Institute of Health
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guidelines and protocols approved by the Massachusetts General Hospital
Subcommittee on Research Animal Care, and maintained all mice in a specific
pathogen—free (SPF) environment certified by the American Association for
Accreditation of Laboratory Animal Care (AAALAC).

Mouse BAL recovery and fractionation. To obtain BAL samples for analysis of
chemoattractant activity and for determination of LPA and total protein
concentrations, we lavaged lungs with two 0.5-ml aliquots of PBS. We
centrifuged these BAL samples at 3,000¢ for 20 min at 4 °C and transferred
the supernatants to siliconized low-binding Eppendorf tubes (PGC Scientifics)
for subsequent analysis. To obtain BAL samples for analysis of leukocyte
recruitment, we lavaged lungs with six 0.5-ml aliquots of PBS BAL fluid. We
centrifuged these samples at 540g at 4 °C and resuspended the pelleted cells for
cytospin and cytofluorimetric analysis. We performed size-exclusion centrifu-
gation of BAL with Microcon Centrifugal Filter Units (Millipore) with
molecular-weight exclusion sizes of 30, 50 and 100 kDa. We performed heparin
affinity chromatography by loading BAL onto a 5-ml HiTrap Heparin HP
column (Amersham Biosciences) equilibrated in 50 mM sodium acetate,
pH 4.5, and eluted it with a linear gradient of 0-2 M NaCl in 50 mM sodium
acetate, pH 4.5, using an AKTA FPLC system (Amersham Biosciences). We
performed hydrophobic interaction chromatography by dialyzing BAL against
50 mM sodium phosphate buffer, 1.7 M ammonium sulfate, pH 7.0, loading
onto a 1-ml RESOURCE PHE column (Amersham Biosciences) equilibrated in
the same buffer, and eluting with a linear gradient of 1.7-0.0 M ammonium
sulfate. Before use in chemotaxis assays, we washed heparin binding
affinity and surface hydrophobicity fractions with PBS and returned them to
their original volumes using Centricon Centrifugal Filter Units with
molecular-weight exclusion size of 3 kDa. We visualized proteins in
size exclusion centrifugation, heparin binding affinity and surface hydro-
phobicity fractions by SDS-PAGE (4-20% Tris-HCl gels, Bio-Rad) and
Coomassie staining.

Isolation of primary mouse lung fibroblasts, endothelial cells and leukocyte
subsets. We isolated primary lung fibroblasts as previously described®. We
isolated primary lung endothelial cells by sequential selection with PECAM-1-
specific and ICAM-2—specific monoclonal antibody—coated magnetic beads
according to a published protocol*>. Alveolar macrophages represented >95%
of cells in the BAL of unchallenged C57Bl/6 mice, and we recovered them as
described above. We isolated >90% pure populations of mature neutrophils
from the bone marrow of unchallenged C57Bl/6 mice by centrifugation over
discontinuous Percoll gradients as previously described*®. We isolated CD4*
and CD8" T cells from spleen and pooled cervical, axillary and inguinal lymph
nodes using mouse CD4 and CD8 Dynabeads, respectively (Dynal).

Fibroblast chemotaxis assays. We performed fibroblast chemotaxis assays with
primary mouse lung fibroblasts or human fetal lung fibroblasts (HFLI cells,
American Type Culture Collection) as previously described®, using BAL or BAL
fractions, 18:1 LPA (Avanti Polar Lipids) or PDGF-BB (R&D Systems) as
chemoattractants. We determined chemotactic indices as the ratio of cells
counted in duplicate wells moving in response to a chemoattractant relative to
cells moving in response to media control. To chemically inhibit LPA; in
these experiments with Kil6425 (Sigma), we pretreated the responding
fibroblasts with 1 uM Kil6425 for 30 min before the assay and added the
same concentration of Kil6425 to the BAL samples used as chemoattractants.
To chemically inhibit LPA; in these experiments with VPC12249 (gift
of K.R. Lynch, University of Virginia), we added 100 uM VPC12249 to
the chemoattractants.

BAL LPA analysis. An investigator blinded to the identity of the samples
determined BAL total LPA concentrations by electrospray ionization mass
spectrometry (ESI-MS) as previously described®”.

RNA analysis. We isolated total cellular RNA from primary cells using RNeasy
Mini kits (Qiagen). We isolated total cellular RNA from lung tissue disrupted
by Polytron in TRIzol reagent (Invitrogen). We performed quantitative real-
time PCR (QPCR) analysis using an Mx4000 Multiplex Quantitative PCR
System (Stratagene) as previously described*®.

Histopathological and immunohistochemical examination. We fixed lungs
excised for histopathology with 10% buffered formalin. We stained multiple
paraffin-embedded 5-pm sections of the entire mouse lung with H&E or
Masson trichrome. We performed FSP1 immunostaining as previously
described®® and quantified the staining using IPLab image analysis software
(Scanalytics). We determined the area of FSP1 staining as a percentage of a lung
high-power field (HPF) for ten randomly selected nonoverlapping HPFs for
each lung section.

Hydroxyproline assay. We measured lung hydroxyproline as previously
described®.

Fibroblast proliferation. We seeded primary mouse lung fibroblasts into
24-well plates (4 x 10* fibroblasts/well), and after 8 h in culture, deprived
them of serum overnight. We then added BAL (diluted 1:4 in serum-free
DMEM) or PDGF-BB to the cells for a total of 32 h, and deter-
mined proliferation by incorporation of [methyl->H]thymidine (DuPont-
NEN) during the final 8 h. We determined proliferative indices as CPM
incorporated into cells proliferating in response to BAL or PDGF counted
in triplicate wells relative to CPM incorporated into cells proliferating in
media control.

Evans blue dye extravasation assay. We assessed extravasation of Evans blue
dye using a technique modified from a previously published technique*’
Briefly, we injected Evans blue dye (20 mg/kg; Sigma) intravenously into mice
3 h before they were killed. At the time of killing, we recovered blood into a
heparinized syringe by cardiac puncture. We then perfused the right ventricle
with PBS to remove intravascular dye from the lungs, which we then removed
and homogenized. We extracted Evans blue by the addition of two volumes of
formamide followed by incubation overnight at 60 °C, followed by centrifuga-
tion at 5,000g for 30 min. The absorption of Evans blue in lung supernatants
and plasma was measured at 620 nm and corrected for the presence of heme
pigments as follows: Agyy (corrected) = Agyg — (1.426 x Az + 0.030)%. We
calculated an Evans blue index as the ratio of the amount of dye in the lungs to
the plasma dye concentration.

BAL total protein. We determined total protein concentrations in BAL
samples using a commercially available bicinchoninic acid BCA Protein Assay
Kit (Pierce).

BAL leukocyte counts and cytofluorimetry. We enumerated BAL leukocytes
by trypan blue exclusion using a hemacytometer. We determined percentages of
macrophages and neutrophils on preparations of cells centrifuged with a
Cytospin 3 (Shandon) and stained them with Hema 3 stain. We generated
numbers of macrophages and neutrophils by multiplying their percentages by
total BAL cell counts. We incubated cells recovered from BAL at 4 °C for
20 min with 2.4G2 antibody to FcyIII/II receptor (BD Pharmingen), and we
stained with monoclonal antibodies to mouse CD3, CD4, CD8, CD44 and/or
CD69 that were directly conjugated to fluorescein isothiocyanate, phycoery-
thrin or allophycocyanin (all from BD Pharmingen) at 4 °C for 30 min. We
determined percentages of CD3*, CD4*, CD8", CD44* and CD69" cells
by cytofluorimetry performed using a FACSCalibur Cytometer (Becton-
Dickinson) and analyzed them using CellQuest software. We generated
numbers of CD3*, CD4* and CD8" cells by multiplying their percentages by
total BAL cell counts.

Human BAL and BAL fibroblasts. We recovered BAL samples from persons
with IPF and normal controls after instillation of sterile 0.9% saline by flexible
fiber-optic bronchoscopy. We performed these bronchoscopies both at the
Instituto Nacional de Enfermedades Respiratorias (INER), México and the
Massachusetts General Hospital (MGH), as previously described®®. These
studies were approved by the INER Ethics Committee and the MGH Institu-
tional Review Board, and informed consent was obtained from all participants.
We immediately transferred BAL supernatants that were collected at MGH to
siliconized low-binding Eppendorf tubes, and we kept supernatants at both
institutions at =70 °C until use. We plated the pelleted cells that we recovered
from BAL performed at the MGH in DMEM with 20% (vol/vol) FBS and
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incubated them at 37 °C in 5% CO,. We characterized cells growing at passage
3 or higher as primary human BAL fibroblasts.

Statistical analysis. We tested differences in fibroblast chemotactic and pro-
liferative indices, BAL LPA and total protein concentrations, lung FSP1*
staining areas, lung or fibroblast gene expression, Evans blue indices and
BAL leukocyte counts between wild-type and LPA;-deficient mice or fibroblasts
for statistical significance by Student’s #-test using Microsoft Excel software. We
tested effects of genotype and bleomycin challenge on lung hydroxyproline
for statistically significant interaction by two-way analysis of variance for

independent
VassarStats.html). Differences in survival between wild-type and LPA,-deficient
mice were tested for statistical significance by log-rank test. P < 0.05 was
considered significant in all comparisons.
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samples using VassarStats (http://faculty.vassar.edu/lowry/

Note: Supplementary information is available on the Nature Medicine website.
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