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Abstract

Lipid-laden macrophages, or “foam cells,” are observed in the lungs of
patients with fibrotic lung disease, but their contribution to disease
pathogenesis remains unexplored. Here, we demonstrate that fibrosis
induced by bleomycin, silica dust, or thoracic radiation promotes
early and sustained accumulation of foam cells in the lung. In the
bleomycin model, we show that foam cells arise from neighboring
alveolar epithelial type II cells, which respond to injury by dumping
lipids into the distal airspaces of the lungs. We demonstrate that
oxidized phospholipids accumulate within alveolar macrophages
(AMs) after bleomycin injury and that murine and human AMs
treated with oxidized phosphatidylcholine (oxPc) become polarized
along an M2 phenotype and display enhanced production of
transforming growth factor-f1. The direct instillation of oxPc into
the mouse lung induces foam cell formation and triggers a severe
fibrotic reaction. Further, we show that reducing pulmonary lipid
clearance by targeted deletion of the lipid efflux transporter ATP-
binding cassette subfamily G member 1 increases foam cell formation

Fibrotic lung diseases are a heterogeneous

and worsens lung fibrosis after bleomycin. Conversely, we found that
treatment with granulocyte-macrophage colony-stimulating factor
attenuates fibrotic responses, at least in part through its ability to
decrease AM lipid accumulation. In summary, this work describes
a novel mechanism leading to foam cell formation in the mouse lung
and suggests that strategies aimed at blocking foam cell formation
might be effective for treating fibrotic lung disorders.

Keywords: pulmonary fibrosis; foam cells; alveolar macrophages;
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Clinical Relevance

This study is the first to suggest that foam cells play a causal role
in the development of pulmonary fibrosis and that strategies
aimed at blocking their formation might be effective in limiting
the onset and/or progression of disease.

understood, recent studies indicate that

development of idiopathic and familial

group of disorders that, when progressive,
can cause respiratory failure from increased
deposition of connective tissue in the
distal airspaces of the lung. Although the
underlying mechanisms leading to fibrotic
responses in the lung remain poorly

injury to, or dysfunction of, the alveolar
epithelium plays a causal role in the disease.
This epithelial injury hypothesis is
supported by multiple lines of evidence,
including human genetic studies, which link
mutations in epithelial-specific genes to the

forms of pulmonary fibrosis (1, 2).
However, opponents of this theory argue
that injury to the epithelium does not easily
explain the myriad of other pathological
features common to the fibrotic lung, such
as alveolar macrophage (AM) M2
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polarization and oxidant/antioxidant
imbalances (3-5).

An important function of lung
epithelium is the de novo synthesis of lipids
performed exclusively by alveolar type II
epithelial (ATII) cells. This function is
required for producing the lipid-rich
surfactant that bathes the underlying
respiratory epithelium, reducing surface
tension and protecting against
environmental challenges (6, 7).
Maintenance of surfactant lipid
homeostasis is required for normal lung
function; perturbations in the quantity or
quality of surfactant lipids are associated
with the development of many lung
disorders, including pulmonary fibrosis
(8-10).

The precise regulation of surfactant
lipids requires a balance between synthesis
and clearance of lipids (8, 11). Lipid
clearance is ordinarily mediated by ATII
cells and, to a lesser extent, AMs (12, 13).
Lipid-laden AMs, also called “foam cells,”
are common pathological features in
animals models of lung fibrosis (14, 15) and
in histological specimens from patients
with various chronic fibrotic lung diseases
(16, 17). Although foam cells are thought to
be a consequence, rather than cause, of
fibrotic lung disease, their very presence
signifies a disruption in surfactant lipid
homeostasis. In this study, we sought to
elucidate the relationship between foam
cells and epithelial injury and to determine
whether foam cells play a pathogenic role in
fibrotic responses in the lung.

Materials and Methods

Wild-type C57BL/6 mice (6-8 wk old) were
purchased from Charles River Laboratories
(Bar Harbor, ME). Abcg]f/ " mice on
C57BL/6 background were generated and
maintained as described previously (18).
Profibrotic injuries used in these studies
included bleomycin, silica, and radiation.
Delivery of bleomycin (0.075 U) (Enzo
Laboratories, Farmingdale, NY) and silica
(20 mg of sterile silica crystal, median
diameter, 1-5 wm) (Sigma-Aldrich, St.
Louis, MO) was performed using the
tongue-pull maneuver in isoflurane-
anesthetized mice as described previously
(19). Radiation-induced lung injury was
induced by exposure to a one-time dose
of 16 Gy delivered to the thorax while
shielding the rest of the body. For

granulocyte-macrophage colony-
stimulating factor (GM-CSF) studies, mice
received 10 pg of GM-CSF protein (R&D
Systems Inc., Minneapolis, MN) or vehicle
in a total volume of 100 pl of sterile PBS
by daily intraperitoneal injection beginning
on Day 3 after bleomycin intratracheal
instillation. The bleomycin- and silica-
treated mice were killed on Days 1, 3, 7, 14,
and 21 after profibrotic injury. In the
radiation-induced lung fibrosis model, mice
were killed on Weeks 1, 4, and 8 after
radiation exposure. Before performing
studies, animal protocols were reviewed
and approved by the Institutional Animal
Care and Use Committees of the Thomas
Jefferson University and the National
Institute of Environmental Health Sciences.
All mice were maintained in a pathogen-
free environment certified by the American
Association for Accreditation of Laboratory
Animal Care.

Mouse Bronchoalveolar Lavage
Recovery and Fractionation
Bronchoalveolar lavage (BAL), total cell
counts, and differential cell counts were
performed as previously described

(20). Details are provided in the online
supplement.

Oil Red O Staining

Frozen lung tissue and cell pellets from BAL
fluid were incubated for 15 minutes at room
temperature in Oil Red O solution. After
staining, slides were immersed in 85%
propylene glycol, rinsed twice in distilled
water, and counterstained with Harris
hematoxylin.

Isolation of Primary ATII Cells

ATII cells were isolated as described
previously (21). Further details are provided
in the online supplement.

Lipid Extraction and Analysis

Total lipids were extracted from BAL fluid,
macrophages, lung tissue, and conditioned
media using a modified method of Bligh and
Dyer in chloroform/methanol (2:1) (22).
Further details regarding the extraction
methods and separation protocols used

in our studies are provided in the online
supplement.

ATP and Lactic Acid Measurement
Extracellular ATP and lactic acid in BAL
fluid was quantified using Colorimetry kits
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(Bio Vision, Mountain View, CA) according
to the manufacturer’s instructions.

Measurement of Oxidized
Phospholipids

The level of oxidized phosphatidylcholine
(0xPc) in BAL fluid was measured by ELISA
using E06 antibody (Avanti Polar Lipids,
Alabaster, AL) as described (23).

OxPc Intratracheal Administration
1-Palmitoyl-2(5’-oxi-valeroyl)-sn-glycerol-
3-phosphocholine (POVPC) (Avanti Polar
Lipids) was administered by intratracheal
instillation at a dose of 200 pg/mouse. Mice
were killed on Days 5 and 10 after oxPc
installation.

Lung Collagen Measurements

Whole lung collagen was determined using
a Sircol Collagen Assay kit (Biocolor Ltd.,
Belfast, Northern Ireland, UK) according to
the manufacturer’s instructions.

Lung Histology
Details are provided in the online supplement.

Immunohistochemistry
Details are provided in the online supplement.

Electron Microscopy
Details are described in the online supplement.

RNA Isolation and Analysis

The following gene transcripts were
evaluated in this study: sterol regulatory
element-binding protein (Srebp),
carbohydrate response element binding
protein (Chrebp), acetyl CoA carboxylase
(Acc), fatty acid synthase (Fasn), 3-hydroxy-
3-methylglutaryl coenzyme A reductase
(Hmgcr), liver X receptor (Lxr)-a,
proliferator-activated receptor (Ppar)-v,
ATP-binding cassette subfamily G member
1 (Abcgl), ATP-binding cassette, subfamily
A, member 1 (Abcal), cluster of
differentiation 36 (Cd36), scavenger
receptor A (Sra)-1, transforming growth
factor (Tgf)-B1, Tnf-a, Il-1-a, arginase
(Argl), Cd86, Cd163, Yml, and chemokine
(c-c motif) receptor 7 (Ccr7). The
housekeeping genes glyceraldehyde 3-
phosphate dehydrogenase (Gapdh) and
hypoxanthine phosphoribosyltransferase 1
(Hprtl) were used for normalization.
Specific details regarding quantitative RT-
PCR and the olignucleotide sequences used
in these studies are provided in the online
supplement.
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Western Blot Analysis

Western blot analysis was performed for 5’
adenosine monophosphate-activated
protein (AMPK), phosphorylated AMP-
activated protein kinase (pAMPK), ACC,
phosphorylated ACC (pACC), FASN,
HMGCR, SREBP-1, ABCGI, ABCAL1, and
GAPDH; detailed protocols are described in
the online supplement.

In Vitro Exposure to Bleomycin
Details are provided in the online
supplement.

In Vitro Production of Foam Cells
Details are provided in the online
supplement.

Liposome Preparation

Liposomes were prepared as described
previously (24). Details are provided in
the online supplement.

Measurement of Liposome Uptake by
ATII Cells

The uptake of liposomes was performed
as described previously (25). Details are
provided in the online supplement.

Measured of TGF-B1 by ELISA
TGF-B1 was measured using

a commercially available DuoSet ELISA
development kit (R&D Systems Inc.).
Details are provided in the online
supplement.

Statistical Analysis

Statistics were performed using GraphPad
Prism 5.0 software (GraphPad Software Inc.,
La Jolla, CA). Two-group comparisons were
analyzed by unpaired Student’s ¢ test,

and multiple-group comparisons were
performed by one-way ANOVA followed
by Tukey’s post hoc analysis. Statistical
significance was achieved when P < 0.05
at the 95% confidence interval.

Results

Foam Cell Formation Precedes
Fibrotic Injury

To understand the relationship of foam cell
formation to lung fibrosis, we isolated cells
from BAL fluid at several time points
after the initiation of a profibrotic injury.
Bleomycin injections cause a predictable
fibrotic response in the lung, with initial
induction of TGF-B1 occurring around Day

3 and with peak collagen deposition taking
place at 14 to 21 days after drug exposure.
This response is also characterized by
early and sustained AM infiltration into the
terminal air spaces (see Figure E1 in the
online supplement), along with a host of
other immune responses within the distal
lung. Relevant to this time course, foam
cells (Oil Red O staining) were initially
detected at 3 days after bleomycin exposure
(Figure 1A). As expected, this time point
coincided with induction of TGF-B1
protein and Collal messenger RNA
(mRNA) expression but preceded
histological and biochemical onset of
fibrosis in the lung (Figures 1B-1E). The
number of foam cells and the amount of
lipids within macrophages increased at
subsequent time points after injury. At 14
days after bleomycin administration,

when pulmonary TGF-p1 expression and
collagen deposition were maximally
detected, AMs were significantly increased
in size, with approximately one-fifth (22 *
2% SE) of the cells staining for neutral
lipids (Oil Red O staining) and all cells
demonstrating increased staining for
phospholipids (Figure 1F). Further analysis
demonstrated a 4-fold increase in
intracellular cholesterol and a 2.5-fold
increase in phospholipids in freshly isolated
AMs at this time point (Figure 1G).
Moreover, electron microscopy of affected
lungs demonstrated progressive
cytoplasmic phospholipid accumulation
(i.e., lamellar bodies) in AMs from 3 to

14 days (Figure 1H).

To determine the generalizability of our
observation that a profibrotic insult
promotes foam cell formation, we tested
alternative models of fibrotic pulmonary
insult. We observed foam cell formation in
the lung after silica exposure (Figure E2A)
and after radiation injury (Figure E2B); in
both cases, the initial detection of foam cells
preceded (radiation) or coincided with
(silica) the biochemical and the histological
onset of fibrosis in these model systems
(Figures E2C-E2E and data not shown).
Foam cell formation was associated with
changes in macrophage gene expression
characteristic of increased intracellular lipid
accumulation; when compared with
macrophages from uninjured lungs, we
observed increased transcript levels for
high-affinity lipid receptors, including
Cd36, Sra-1, and Lxr-a, and for the lipid
export proteins ATP binding cassette
transporters Al (Abcal) and G1 (Abcgl) at

3 and 14 days after bleomycin
administration (Figures E3A and E3B).
Increased ABCA1 and ABCG1 protein
expression was also observed at 14 days
after bleomycin (Figure E3C), and 14-day
silica treatment also increased Cd36, Sra-1,
and Lxr-oo mRNA expression (Figure E3D).
These findings indicate that foam cell
formation after bleomycin or silica
administration precedes overt fibrosis in
several models of pulmonary fibrosis.

Profibrotic Injury Promotes
Extracellular Surfactant

Lipid Accumulation

Macrophages are capable of de novo

lipid production and sequestration of
extracellular lipids (21, 22). We first tested
whether foam cell formation occurred in
the setting of increased extracellular lipids
by performing quantitative lipid analysis
of BAL fluid from control and injured
mice. On Day 3 after bleomycin or silica
administration, we observed that
cholesterol, triglyceride, and phospholipid
levels were markedly increased in cell-free
BAL fluid (Figures 2A-2C; Figure E4),
paralleling the time points at which foam
cells were initially detected in these model
systems. All three lipid fractions remained
elevated in BAL fluid at 14 days after insult,
indicating that the increases in surfactant
lipid concentrations were sustained after
the initial injury. The peak in BAL fluid
lipid concentration after bleomycin
occurred at 14 days (Figures 2A-2C), which
corresponded to the time point when TGF-
B1 protein and collagen mRNA and protein
expression were maximally expressed in
the fibrotic lung (Figures 1B, 1C, and 1E).
Similar results were observed in the
radiation injury model of pulmonary
fibrosis (Figures E5A-E5D). Collectively,
these findings indicate that profibrotic
injury triggers surfactant lipid
accumulation, which in turn promotes AM
foam cell formation in the injured lung.

Bleomycin Induces Metabolic

Stress in ATII Cells

To evaluate whether increased lipid
production in pulmonary cells in general,
and in ATII cells in particular, was
responsible for the marked changes in BAL
lipid levels, we performed gene expression
profiling on whole lung lysates. Because
similar lipid abnormalities were observed in
each of the three profibrotic models of lung
injury, the remainder of our investigation
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Figure 1. Bleomycin induces foam cell formation in the lung. (A) Oil Red O staining of alveolar macrophages (AMs) cytospun onto glass slides. AMs were
isolated from bronchoalveolar lavage (BAL) fluid at baseline (BSL) and at Day (D) 3, D14, and D21 after bleomycin (n = 5, each group). Scale bar, 20 pm.
(B) Transforming growth factor (TGF)-B1 in BAL fluid at BSL and at D1, D3, D7, and D14 after bleomycin (n = 6, each group). (C) Quantitative messenger
RNA (mRNA) expression for ColTa? gene in whole lung at BSL and at D1, D3, D7, D14, and D21 after bleomycin administration. Gene expression is
normalized to glyceraldehyde 3-phosphate dehydrogenase (Gapdh) (n =6, each group). (D) Trichrome staining of lung at BSL and D7 and D14 after
bleomycin administration. Increases in collagen (blue) are evident in lung at D7 and D14 after bleomycin (n = 3) but not at D3 after injury (data not shown).
The same magnification was used in all images (scale bar, 75 pm). (E) Quantification of lung collagen (Sircol assay) at BSL and at D3, D7, D14, and D21
after bleomycin administration (n =6). (F) Nile red staining of AMs after cells were cytospun onto glass slides. AMs were isolated at BSL and at D3
and D14 after bleomycin (n = 5). Scale bar, 20 nm. (G) Cholesterol and phospholipid content in freshly isolated AMs from BSL and D14 bleomycin-injured
mice (1 =5). (H) Representative electromyographic images of AMs at BSL and at D3 and D14 after bleomycin. Marked intracellular phospholipid
accumulation (black onion-skin structures consistent with lamellar bodies [LB]) is evident in AMs at D3 and D14 after bleomycin injury (scale bar, 2 pm).
The nucleus is labeled N. Data are expressed as mean =+ SE. In B, C, and E, the statistical significance was assessed with one-way ANOVA; in G,
Student’s t test was used. *P < 0.05, **P < 0.01, and ***P < 0.001 versus the BSL group.

was focused on the bleomycin model. Down-regulation of these transcripts was Because down-regulation of lipid
Despite the observed increase in verified in purified populations of ATII synthesis is a classic starvation response
extracellular lipids (above), we found that cells isolated from Day 7 bleomycin-injured  (26), we assessed the metabolic status of the
transcript levels for the component of the  lungs (Figure E6A). Western blot analyses  lung by measuring levels of pAMPK at

lipid synthesizing machinery, including of whole lung lysates confirmed down- various time points after bleomycin injury.
Srebp-1c, Chrebp, Fasn, and Hmgcr, were regulation of SREBP-1c, FASN, and AMPK is the master energy “switch,”
decreased in the lung at Day 1 and HMGCR proteins at 7 days after bleomycin ~ which, when activated by phosphorylation

remained below baseline expression levels  injury (Figures E6B-E6D), suggesting that  at Thrl72, serves to inhibit anabolic
at 3, 7, and 14 days after injury (Figure 3A).  lipid synthesis is inhibited by bleomycin. pathways (such as lipid synthesis) and to
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Figure 2. Profibrotic injury promotes surfactant lipid accumulation in BAL fluid after bleomycin. (A) Total cholesterol in BAL fluid at BSL and at D1, D3, D7,
and D14 after bleomycin (n = 6). (B) Triglyceride concentration in BAL fluid at BSL and at D1, D3, D7, and D14 days after bleomycin (n = 6). (C) Thin-layer
chromotography performed for phospholipids on BAL fluid from mice (n =6) at BSL and at D7, D14, and D21 after bleomycin. Phosphatidylcholine (PC)
and phosphatidylserine (PS) are increased at D7, D14, and D21 (P < 0.01) after bleomycin (based on densitometry measurements). Data are expressed

as mean =+ SE. The statistical significance was assessed with a one-way ANOVA test. *P < 0.05, *P < 0.01, and ***P < 0.001 versus the BSL group.

activate catabolic pathways (such as fatty
acid oxidation) (27). Consistent with

our gene expression profiling results,
bleomycin induced early and sustained
phosphorylation of AMPK and
phosphorylation of its downstream target,
ACC, in the lung (Figure 3B). These
metabolic changes were associated with

a shift toward aerobic glycolysis represented
by increased lactic acid production

(Figure 3C). Consistent with these
observations, tissue ATP levels, which
provide a measure of energy stores, were
significantly decreased in whole lung tissues
at 3, 7, and 14 days after bleomycin
administration (Figure 3D). At later time
points, when fibrotic responses were
decreasing (e.g., TGF-B1 and collagen levels
were falling), lactic acid and tissue ATP
levels began to normalize (Figures 3C and
3D), suggesting that resolution of fibrotic
responses is associated with the recovery
of metabolic homeostasis.

We next assessed the ability of
bleomycin to directly induce a starvation
response in alveolar epithelial cells using the
ATII model cell line MLE-12 (28, 29). After
exposure to bleomycin for 24 hours,

78

metabolic changes in MLE-12 cells
recapitulated those observed in whole
lungs, including down-regulation of factors
necessary for lipid synthesis (Chrebp, Srebp-
Ic, and Fasn) (Figure 3E), phosphorylation
of AMPK and ACC (Figure 3F), and
increased production of lactic acid (Figure
E7). Taken together, these findings indicate
that bleomycin induces metabolic stress
and inhibits surfactant lipid synthesis in
ATII cells.

Bleomycin Promotes Release and
Impairs the Reuptake of Surfactant
Lipids from ATII Cells

Because bleomycin inhibited lipid synthesis
in ATII cells, we tested whether the injury-
induced accumulation of lipids in BAL
fluid resulted from release of intracellular
lipids from the pulmonary epithelium.
Using Oil Red O staining, we quantified
epithelial cell lipid levels and observed

a reduction in the number of lipid droplets
in the ATII cells on Day 3 after bleomycin
exposure (data not shown). Moreover,
quantitative analysis of tissue lipid
concentrations showed that cholesterol,
triglyceride, and phospholipid levels were

markedly decreased after injury (Figures
4A and 4B), and this corresponded to time
points when lipids were increased in BAL
fluid. We observed decreased staining
for the lamellar body-associated protein
ABCA3, which suggested that the
reduction in tissue lipid concentrations
resulted from depletion of intracellular
lipid pools from the ATII cells (Figure 4C).
These findings were corroborated by
electron microscopy of the lung, which
showed that the average size of the
lamellar bodies in ATII cells was markedly
decreased at Days 3 and 14 after
bleomycin administration (Figure 4D).
We next tested whether bleomycin
directly stimulates lipid release from ATII-
type cells. Bleomycin treatment of MLE-12
cells resulted in marked enhancement
of phospholipid and triglyceride levels in
conditioned media (Figures 4E and 4F).
We speculate that the observed release
of surfactant lipids from ATII cells is
mediated in part by extracellular ATP
because we detected marked accumulation
of this well-known surfactant secretagogue
in the extracellular fluid after injury
(Figure E8A).
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Figure 3. Bleomycin induces metabolic stress in alveolar type Il epithelial (ATII) cells. (A) Quantitative MRNA expression for sterol-response element
binding protein (Srebp-1), carbohydrate response element binding protein (Chrebp), fatty acid synthase (Fasn), and 3-hydroxy-3-methylglutaryl coenzyme
A reductase (Hmgcr) at BSL and at various time points after bleomycin (Bleo; n = 6). (B) Western blot analysis for total adenosine monophosphate—
activated protein kinase (AMPK) and phosphorylated AMPK (pAMPK) (Thr172) and acetyl CoA carboxylase (ACC) (Ser79) in whole lung homogenates at
BSL and at D3, D14, and D21 after bleomycin. The image is representative of two independent experiments. (C) Lactic acid in BAL fluid at BSL and
at D1, D3, D7, D14, and D21 after bleomycin (n = 6). (D) Tissue ATP concentration in whole lung at BSL and at D1, D3, D7, and D14 after bleomycin
(n =6). (E) Quantitative mRNA expression for Chrebp, Srebp-1, and Fasn in MLE-12 cells cultured in the presence or absence of bleomycin

(n = 3 independent experiments). (F) Western blot analysis for total and pAMPK and ACC in MLE-12 cells cultured in the presence or absence of
bleomycin. The image is representative of at least two independent experiments. Data are expressed as mean = SE. In A, C, and D, the statistical
significance was assessed with one-way ANOVA; Student’s t test was used in E. *P < 0.05, **P < 0.01, and ***P < 0.001 versus the BSL group.

pACC = phosphorylated acetyl CoA carboxylase.

Because ATII cells continuously
recycle surfactant lipids, we also examined
whether impaired lipid reuptake might
contribute to extracellular lipid
accumulation in injured lungs. We assessed
the ability of MLE-12 cells to internalize
lipids in the presence or absence of
bleomycin. As shown in Figure E8B,
treatment with bleomycin markedly
reduced surfactant lipid uptake in MLE-12
cells. This impairment was also observed

when MLE-12 cells were treated with 2-
deoxy-p-glucose, an inhibitor of glycolysis,
indicating that metabolic stress, even in
the absence of profibrotic injury, impairs
surfactant lipid regulation (Figure E8C).
Collectively, our data indicate that in the
injured lung, surfactant lipid accumulation
in BAL fluid results from increased lipid
release paired with reduced reuptake of
lipids in ATII cells. Our gene expression
profiling of injured lungs and MLE-12

Romero, Shah, Duong, et al.: Foam Cells in the Pathogenesis of Pulmonary Fibrosis

cells suggests reduced capacity of injured
ATII cells to synthesize lipids de novo.

Foam Cell Formation Induces the
Production of TGF-1

In order for alveolar foam cells to be
implicated in the fibrotic response to
pulmonary insult, we reasoned that
foam cells would exhibit altered immune
responses when compared with healthy
AMs. We first examined whether lipid
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same magnification was used in all images detection with a 40X objective lens. Scale bar, 100 pm. (D) Representative electron microscopic images

of ATl cells at BSL and at D3 and D14 after bleomycin. Marked reduction in the size of LBs is observed in ATII cells after bleomycin. Scale bar, 2 pm.
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assessed with one-way ANOVA; a Student’s t test was used in £ and F. *P <0.05, *P <0.01, and **P < 0.001 versus the BSL group.

uptake by AMs is sufficient to alter
macrophage immune phenotype. We found
that transcript levels for Tgf-B1 were
markedly increased in freshly isolated AMs
from Day 14 bleomycin-injured lungs
compared with baseline AMs (Figure 5A).
Moreover, expression of the M2 marker
Ym1 (Figure 5B) and the lipid receptor/
transporter genes (Cd36, Sra-1, Lxr-a,
Abcal, and Abcgl; see Figures E3A and
E3B) were increased in macrophages from
the bleomycin-injured lung. No differences
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in expression of the M1 marker Tnf-a were
observed in macrophages from control and
bleomycin-injured lungs, further suggesting
a shift toward an M2 or “reparative”
macrophage phenotype (25, 26) that favors
collagen deposition and fibrosis.

To further assess the effects of lipid
uptake on macrophage phenotype, we
cultured murine AM MH-S cells with lipid
extracts isolated from BAL fluid of either
control or Day 14 bleomycin-exposed mice.
The decision to isolate lipids on Day 14 after

injury was based on the fact that surfactant
lipids, foam cells, and TGF-B1 levels were
most abundant at this time point. As shown
in Figure 5C, lipid extracts from control
and injured mice induced foam cell
formation; however, the number and size of
foam cells were noticeably increased when
MH-S cells were cultured with lipids from
Day 14 bleomycin-injured lung. Consistent
with our in vivo findings, lipid extracts
from bleomycin-injured lungs also induced
expression of Tgf-B1 (Figure 5D) and Ym]l
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Figure 5. Foam cell formation promotes macrophage production of TGF-B1. (A) Quantitative mRNA expression for Tgf-B7 in AMs isolated from lung at
BSL and at 14 days after bleomycin (n = 6). (B) Quantitative mRNA expression for Arg-1, Cd163, Cd86, and Ym1 in AMs isolated from BAL fluid at
BSL and at 14 days after bleomycin (n =6). (C) Oil Red O staining of MH-S cells after culture in media alone or in media supplemented with surfactant
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MH-S cells. Cells were cultured in media alone or in media supplemented with lipid extracts from uninjured or Day 14 bleomycin-injured lungs (n =3
independent experiments). (E) Quantitative mRNA expression for Arg-1, Cd163, Cd86, and Ym1 in MH-S cells. Cells were cultured in media alone or in
media supplemented with lipid extracts from uninjured or from Day 14 bleomycin-injured lungs (1 = 3 independent experiments). (F) ELISA for oxidized
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(Figure 5E) when compared with equivalent
quantities of lipids from control mice
(Figure E9A). This observation suggests
that the type of lipid, rather than the
quantity of lipids, is a determinant of foam
cell phenotype and that bleomycin-exposed
BAL fluid is a potent inducer of TGF-f1
production.

Oxidized Phosphatidylcholine
Promotes M2 Polarization and
Induces Lung Fibrosis in Mice
Having observed that the lipid profile of
injured lungs is altered and that these
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changes in lipid composition modulate AM
functions, we sought to characterize the
response of AMs to diverse lipid subtypes.
Because reactive oxygen species are thought
to play a role in the pathogenesis of fibrotic
lung diseases (30), we postulated that
reactive oxygen species—mediated lipid
peroxidation might explain the differential
effects of lipids from control and
bleomycin-injured mice on TGF-f1
production in AMs. We detected modest
but significant increases in oxPc in the BAL
fluid of bleomycin-treated mice (Figure 5F).
In contrast, immunohistochemical staining

Foam Cells in the Pathogenesis of Pulmonary Fibrosis

of lung demonstrated marked intracellular
accumulation of oxPc in AMs at early
and late time points after bleomycin injury
(Figure 5G). These findings suggest

that oxPc may play a role in driving
macrophage fibrotic responses. To further
test this hypothesis, MH-S cells were
cultured in the presence of oxPc or
nonoxidized phosphatidylcholine (Pc).
Treatment with oxPc, but not native Pc,
resulted in marked enhancement of Tgf-G1
mRNA and protein expression (Figure
E9B). Moreover, oxPc induced expression
of Ym1I, Cd36, Cd163, and Cd86 transcripts,

81



indicating polarization of macrophages to
an M2 macrophage phenotype (Figure
E9C). Culture of MH-S cells with oxidized
low-density lipoprotein did not induce
TGF-B1 production (data not shown),
suggesting specificity for oxPc in promoting
profibrotic responses. Consistent with
findings with murine AMs, oxPc induced
TGF-B1 production and promoted M2
polarization by increasing transcript levels
for YmI and Cd163 in primary human AMs

(Figures E9D and E9E). Finally, to confirm
the sufficiency of phospholipid oxidation to
induce lung fibrosis, we instilled oxPc
directly into the tracheal lumen of mice. We
found that oxPc promoted foam cell
formation and readily induced lung fibrosis,
as demonstrated by increased Tgf-B1,
Colla1 transcript levels, and collagen
content in the lung at 5 and 10 days after
instillation (Figures 6A-6E). As expected
based on the abundance of Pc in the lung,
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instillation of native Pc did not induce lung
fibrosis (data not shown).

Targeted Deletion of Abcg1 Increases
Foam Cell Formation and Worsens
Lung Fibrosis

Having established that oxPc is sufficient
to induce foam cell formation from AMs
and to promote fibrosis in mice, we tested
whether impaired macrophage lipid
clearance could further exacerbate the
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fibrotic response by inducing lung fibrosis
with bleomcyin in mice that are globally
deficient in the lipid efflux transporter
Abcgl. Compared with control mice, the
number (17 * 2% wild-type versus 35 *
2% Abcglf/ " mice) and size of foam cells
was increased in lungs from Abcgl ™'~ mice
at 14 days after bleomycin administration
(Figure 6F). Moreover, bleomycin
treatment of the Abcgl '~ mice was
associated with exaggerated pulmonary
fibrotic responses as determined by
increases in TGF-B1 production, collagen
content, and Collal transcript levels
(Figures 6G and 6H and data not shown).
Together, these findings suggest that
differences in the ability to clear lipids from
the lung may influence the onset and/or
progression of fibrotic responses in the
lung.

Suppressing Lipid Release from ATII
Cells Decreases Foam Cell Formation
and Attenuates Bleomycin-Induced
Lung Fibrosis

Because GM-CSF is known to regulate
surfactant lipid homeostasis, at least in part,
by its ability to suppress lipid release from
ATII cells (31, 32), we tested whether this
cytokine might be effective in reducing
lung fibrosis by limiting toxic lipid
accumulation. We detected a sustained
down-regulation in GM-CSF in lung at

1, 3, 7, 14, and 21 days after bleomycin
administration, suggesting that its
deficiency might play a role in surfactant
accumulation (Figure 7A). We
administered GM-CSF (10 pg) or vehicle to
mice by daily intraperitoneal injection after
bleomycin administration. Consistent with
its role in modulating surfactant lipid
metabolism, we found that treatment with
GM-CSF reduced Oil Red O staining

in AMs and significantly decreased
cholesterol, triglyceride, and free fatty acid
in BAL fluid (Figure 7B-7E). This
reduction in lipid accumulation was also
associated with decreased staining for
oxidized phospholipids in the lung.
Moreover, we found that GM-CSF
decreased fibrotic responses in the lung as
quantified by decreased Collal transcripts,
TGEF-B1 levels, and collagen content in the
lung after bleomycin treatment (Figures
7E-7]).

To further elucidate the mechanisms by
which GM-CSF attenuates lung fibrosis,
we examined the effects of GM-CSF on
metabolism and lipid regulation in lungs

tissue and ATII cells. Pretreatment with
GM-CSF significantly reduced bleomycin-
induced metabolic stress in whole lungs and
blocked AMPK phosphorylation (Figure
E10A), largely reversed the down-regulation
of lipogenic genes (Chrebp, Srebp-Ic,

and Fasn) (Figure E10B) in response to
bleomycin, and suppressed the production
of lactic acid (Figure E10C). Further,
extracellular lipid accumulation was
reduced with GM-CSF treatment (Figure
E10D), providing a possible explanation for
why extracellular lipids and foam cells were
decreased in BAL fluid in GM-CSF-treated
mice. These findings suggest that GM-
CSF attenuates lung fibrosis, at least in part,
through its ability to reduce metabolic
stress in ATII cells and to block toxic lipid
accumulation, which alters macrophage
functions (Figure 7K).

Discussion

There are two competing theories regarding
the pathogenesis of lung fibrosis; one
proposes that epithelial cell injury is the
inciting event (33), and the other maintains
that inflammation drives the development
of the disease (34). In this study, we provide
evidence supporting both models: our
work identifies a paracrine lipid signaling
axis linking epithelial injury to macrophage
activation, collectively leading to
pulmonary fibrosis.

Our work indicates that diverse
epithelial insults can culminate in the
disruption of alveolar epithelial cell
metabolism and surfactant lipid
homeostasis. Specifically, we show that
profibrotic injury induces early and
sustained metabolic changes to ATII cell
metabolism and that these changes involve
the establishment of an energy-deprived
state characterized by activation of AMPK,
inhibition of lipid synthesis, and the release
of stored lipids into the distal airspaces
of the lung (35). Ensuing accumulation of
oxidized lipids in the extracellular space
is sufficient to promote development of
macrophage foam cells that engender
a fibrotic cascade.

We postulate that these metabolic
changes are in part an adaptive response,
enabling ATII cells to reduce their energy
demands while responding to injury.
Increased activation of AMPK was recently
noted in the lungs of patients with idiopathic
pulmonary fibrosis, suggesting a common
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pathway that links a metabolic stress
response to pulmonary fibrosis in mice and
humans (36). Our work also identifies

a relationship between recovery from
metabolic stress and the resolution of
fibrotic responses. This relationship
implies that monitoring metabolic changes
in the lung may be useful for assessing
disease activity in patients with lung
fibrosis. This hypothesis is supported by
recent studies showing that lactic acid and
extracellular ATP levels are increased in
BAL fluid from patients with idiopathic
pulmonary fibrosis and that higher levels
are found during acute exacerbations

of the disease (37).

Another important manifestation of
ATII cell injury identified in this study
was the accumulation of surfactant lipids,
including oxidized phospholipids, in the
BAL fluid. This was found to be a critical
element in inducing foam cell formation,
which, in turn, promotes the fibrotic
response. We found that extracellular lipid
accumulation initially results from the
depletion of intracellular lipid stores as both
the number and size of lamellar bodies in
ATII cells were markedly decreased at early
time points after injury. We also found that
profibrotic injury impaired the reuptake
of surfactant lipids by ATII cells, explaining
how surfactant lipid levels remained
elevated despite sustained decreases in
expression of the lipid synthetic machinery.
Although not yet confirmed, we postulate
that lipid accumulation serves as an
important stimulus for macrophage influx
into the lung, a necessary response if excess
extracellular lipids are to be cleared from the
airspaces and if fibrosis is to be promoted
to protect an injured epithelial barrier. This
hypothesis might explain why macrophages
accumulate in the human fibrotic lung
and continue to migrate into the murine
lung even at very late time points after
bleomycin injury (Figure E1).

Pulmonary macrophages are known
to be a major source of TGF-B1 in fibrotic
lungs, and their depletion in mice has been
shown to attenuate the development of lung
fibrosis (38-41). That said, there has been
ongoing debate as to whether macrophage
activation is the cause or the consequence
of fibrotic disease. In this study, we
demonstrate that macrophage activation
and induction of TGF-B1 is not only
a consequence of epithelial injury but is
also a response that reflects a change in
macrophage phenotype to an M2-like
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Figure 7. Treatment with granulocyte-macrophage colony-stimulating factor (GM-CSF) attenuates lung lipid abnormalities and abrogates the fibrotic
response to bleomycin injury. (A) Western blot analysis for GM-CSF at BSL and at D3, D7, D14, and D21 after bleomycin (n = 6). The image is
representative of at least two independent experiments. (B) Oil Red O staining of AMs cytospun onto glass slides. Scale bar, 20 pum. AMs were isolated
from BAL fluid at D14 after bleomycin in mice treated with vehicle or GM-CSF for 14 consecutive days (n = 5, each group). (C-E) Cholesteroal, triglyceride,
and free fatty acid concentration in BAL fluid from bleomycin-injured mice treated with daily with vehicle or GM-CSF (10 g, intraperitoneally) (n = 5).
(F) TGF-B1 in BAL fluid at D14 after bleomycin in mice treated with vehicle or with daily GM-CSF (10 g, intraperitoneally) (n =5). (G) Quantitative mRNA
expression for ColTa1 in lung at BSL and at D14 after bleomycin in mice treated with vehicle or with daily GM-CSF (10 g, intraperitoneally) (n = 6). (H)
Quantification of lung collagen (Sircol assay) at BSL and at D14 after bleomycin in mice treated with vehicle or with daily GM-CSF (intraperitoneally; n = 5).
() Trichrome staining of the lung at BSL and at D14 after bleomycin in mice treated with vehicle or with daily GM-CSF (10 ng, intraperitoneally). The same
magnification was used for acquiring all images. Scale bar, 100 pm. (J) Immunohistochemical staining for oxPc (brown stain) in lung at D14 after bleomycin in
mice treated with daily vehicle or GM-CSF (10 g, intraperitoneally). The same magnification was used for acquiring all images. Scale bar, 100 pm.

(K) Schematic illustration of the proposed sequence of events leading to lung fibrosis after bleomycin. Profibrotic injury induces metabolic stress in lung
epithelium, leading to accumulation of abnormal lipids in the distal airspaces of the lung. Uptake of oxPc by macrophages leads to foam cell formation and promotes
TGF-B1 production. Treatment with GM-CSF attenuates metabolic stress, extracellular lipid accumulation, foam cell formation, and the severity of lung fibrosis after
bleomycin. Data in this figure are expressed as mean = SE. The statistical significance was assessed with one-way ANOVA. **P < 0.01 and **P < 0.001,
bleomycin versus the BSL group; #P < 0.01, bleomycin alone versus the bleomycin plus GM-CSF group. ABCA1, ATP-binding cassette, subfamily A, member 1;
ABCG1, ATP-binding cassette subfamily G member 1; CD36, cluster of differentiation 36; OxiPL, oxidized phosphoalipid; SRA1, scavenger receptor A1.

(foam cell) phenotype. Macrophage functions might actually impede macrophage lipid transporter, Abcgl,
functions are altered after fibrotic insult, an adaptive response to injury. exacerbates lung fibrosis (presumably by
with up-regulation of lipid receptors and Our investigation of macrophage limiting the ability of foam cells to efflux
consequent lipid accumulation, presumably ~ foam cells in the lung has been informed  intracellular lipids). These findings suggest
all part of an adaptive response to a fibrotic by important studies in the field of that pharmacological approaches aimed
insult. These findings might explain atherosclerosis (42, 43). Taking advantage  at enhancing lipid efflux or preventing
the general lack of efficacy of anti- of prior understanding regarding mediators  foam cell formation may prove effective
inflammatory therapies in treating fibrotic ~ of macrophage lineages, we were able to in preventing or treating lung fibrosis.
lung conditions; suppressing immune cell ~ demonstrate that deletion of a known Consistent with this hypothesis, it was
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recently reported that mice deficient in the
lipid uptake receptor Cd36 produce lower
levels of profibrotic cytokines and are
protected from developing pulmonary
fibrosis after treatment with bleomycin
(44). Although not yet proven, we postulate
that reduced foam cell formation and
suppressed TGF-B1 production may
account for the improved pulmonary
phenotype in these mice. The fine line
between appropriate inflammatory
response to insult and an exuberant
response that leads to permanent fibrosis
remains to be fully established.

Although oxidative stress has been
arecognized feature of fibrotic lung diseases,
our work provides insight into how
oxidative injury contributes to the
pathogenesis of these disorders (45). We
determined that oxidized phospholipids
accumulate in the insulted murine lung and
that oxPc serves as an important driver of
profibrotic macrophages in rodents and
humans. Although the role of oxPc in
human fibrotic lung disease has not been
adequately studied, it is well recognized that
oxidized phospholipids accumulate in the
lungs of patients with various fibrotic lung
conditions (46). Collectively, these findings
suggest that blocking oxPc uptake by

macrophages may have a therapeutic role in
limiting fibrotic response in the human
lung.

Although our work did not test a wide
array of oxidized lipid species for their
ability to generate a fibrotic response, the
inability of oxidized low-density lipoprotein
to induce a reparative macrophage
phenotype suggests that not all oxidized
lipids can promote fibrosis. Further, the
observation that nonoxidized phospholipids
fail to induce macrophage TGF-B1
production provides a possible explanation
for why patients with pulmonary alveolar
proteinosis, a condition associated with
massive phospholipid accumulation in the
airspaces, do not develop lung fibrosis; this
condition is not associated with ATII injury
or with perturbations in oxidant/
antioxidant balance (47, 48).

We believe that our findings suggest
an important role for GM-CSF in lung
fibrosis. The significant decrease in GM-
CSF levels in the lung after bleomycin
treatment and the inhibition of fibrosis
after intraperitoneal administration of
GM-CSF argue that this cytokine is likely
to be protective against fibrosis. Our work
indicates that the protective effects of GM-
CSF are mediated in part by limiting ATII

cell injury, lipid accumulation, and
alveolar foam cell formation. We
recognize, however, that GM-CSF is
a pleiotropic hormone that has been
shown to attenuate fibrotic responses
through alternative mechanisms, such as
augmenting production of antifibrotic
factors and enhancing wound
epithelialization (49, 50). In addition,
GM-CSF has been shown to enhance
macrophage lipid clearance. However,
whether GM-CSF therapy will
protect against pulmonary fibrosis
in humans remains to be studied.

In summary, our work describes
a mechanism whereby diverse triggers
of epithelial injury cause metabolic
perturbations that lead to the release of
lipids into the airspaces, thereby stimulating
the development of macrophage foam cells,
which then in turn promote pulmonary
fibrosis. Our work provides a rationale for
pursuing new pharmacological approaches
aimed at restoring metabolic health and
reducing foam cell formation in the lungs
of patients with chronic fibrotic lung
disease. M

Author disclosures are available with the text
of this article at www.atsjournals.org.
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