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Abstract Idiopathic pulmonary alveolar proteinosis (PAP)
is a rare lung disease characterized by accumulation of sur-
factant. Surfactant synthesis and secretion are restricted to
epithelial type 2 (T2) pneumocytes (also called T2 cells).
Clearance of surfactant is dependent upon T2 cells and mac-
rophages. ABCG1 is highly expressed in both T2 cells and
macrophages. ABCG1-deficient mice accumulate surfactant,
lamellar body-loaded T2 cells, lipid-loaded macrophages,
B-1 lymphocytes, and immunoglobulins, clearly demonstrat-
ing that ABCG1 has a critical role in pulmonary homeostasis.
We identify a variant in the ABCGI promoter in patients with
PAP that results in impaired activation of ABCGI by the liver
X receptor o, suggesting that ABCG1 basal expression and/
or induction in response to sterol/lipid loading is essential
for normal lung function. We generated mice lacking ABCG1
specifically in either T2 cells or macrophages to determine
the relative contribution of these cell types on surfactant
lipid homeostasis.Ell These results establish a critical role for
T2 cell ABCG1 in controlling surfactant and overall lipid ho-
meostasis in the lung and in the pathogenesis of human lung
disease.—de Aguiar Vallim, T. Q., E. Lee, D. J. Merriott, C.
N. Goulbourne, J. Cheng, A. Cheng, A. Gonen, R. M. Allen,
E. N. D. Palladino, D. A. Ford, T. Wang, A. Baldan, and E. J.
Tarling. ABCG1 regulates pulmonary surfactant metabolism
in mice and men. J. Lipid Res. 2017. 58: 941-954.
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Surfactant is a complex mixture of lipids and proteins
that forms a monolayer lining the alveolar sacs in the lungs
to maintain surface tension and prevent the collapse of al-
veoli (1). Surfactant is composed of ~85% phospholipids
[predominantly dipalmitoyl phosphatidylcholine (PC)],
~10% neutral lipids (mostly cholesterol), and ~5% pro-
teins. The latter include surfactant proteins (SPs), SP-A,
SP-B, SP-C, and SP-D. These proteins play critical roles in
the formation, function, and metabolism of surfactant (2-5).
SP-A and SP-D also play critical roles in the immune re-
sponse to foreign antigens (3-6).

Surfactant lipids are synthesized and secreted by epithe-
lial type 2 (T2) pneumocytes (also called T2 cells). Initially,
lipids and SPs, SP-B and SP-C, are packed into lamellar
bodies, specialized secretory organelles within T2 cells,
prior to fusion with the plasma membrane and secretion
into the hypophase of the alveoli (7). Other proteins recov-
ered in surfactant, including SP-A and SP-D, are secreted

Abbreviations: Ad-ABCGI1, ABCG1 adenovirus; BAL, broncho-alveolar
lavage; BM, bone marrow; HF/HC, high fat/high cholesterol; LXR,
liver X receptor; PAP, pulmonary alveolar proteinosis; PC, phosphatidyl-
choline; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; SP,
surfactant protein; T2, type 2.
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through a different lamellar body-independent pathway
(8). Itis estimated that most of the surfactant phospholip-
ids are synthesized in situ by T2 cells, whereas cholesterol is
derived from serum lipoproteins with less than 1% being
derived from de novo synthesis (9).

The mechanisms involved in subsequent clearing of
the extracellular surfactant are not fully understood. It is
known that both T2 cells and alveolar macrophages partici-
pate in the uptake of lipids from the alveolar hypophase in
a process mediated by SP-A and SP-D (2, 8, 10). T2 cells
recycle most of these lipids, repackaging them into lamel-
lar bodies prior to resecretion. In contrast, surfactant phos-
pholipids taken up by macrophages are thought to be
catabolized. Intratracheal administration of radiolabeled
dipalmitoyl PC suggests that T2 cells and macrophages
contribute equally to surfactant uptake and/or degrada-
tion in vivo (11).

ABCGI is a member of the ABC family of transmem-
brane transporters [reviewed in (12-15)]. ABCG1 has been
shown to facilitate cholesterol efflux from cells to a variety
of exogenous lipid acceptors that include LDL, phospho-
lipid vesicles, phospholipid/apolipoprotein complexes, and
mature HDL, but not lipid-poor apoAl (16-23). We have
demonstrated that ABCG1 localizes to intracellular organ-
elles of the endosomal pathway, where it functions to
regulate intracellular sterol homeostasis (24, 25). This is
consistent with work from Sturek et al. (26), who reported
that ABCGI is important for pancreatic 3-cell cholesterol
homeostasis and insulin secretion.

Abcg]f/ ~ mice have normal plasma lipid levels, but ex-
hibit an age-related progressive pulmonary disease that
has many of the properties associated with human respira-
tory distress syndromes, including lipidosis and chronic
inflammation (27-30). Although the lungs of young mice
(<6 weeks) appear visually normal, they are already accu-
mulating small amounts of lipid. By the age of 6-8 months,
the lungs of chow-fed Abcgl /™ mice are white as a result of
lipid accumulation within macrophages and T2 cells and in
the extracellular spaces (17, 27, 28, 30). The lungs of aged
Abegl™’~ mice contain large numbers of lipid-loaded mac-
rophages and 5-fold more T2 cells (28). Compared with T2
cells in wild-type mice, T2 cells in Abcglf/ ~ mice contain
5-fold more lamellar bodies that are both larger and more
dense, consistent with intracellular accumulation of surfac-
tant lipids that likely contributes to the overall pulmonary
lipidosis (28). In addition, the lungs of AbegI '~ mice show
evidence of inflammation, as judged by increased lympho-
cytic infiltration, increased expression of cytokines, and
the presence of chitinase-3-like crystals (27, 28, 30). All
these changes are greatly accelerated when Abcglf/ " mice
were fed a Western diet containing 21% fat and 0.2% cho-
lesterol (17, 28). In contrast to the abnormalities of mac-
rophages and T2 cells in the lungs of Abcgl_/_ mice,
endothelial cells and type 1 epithelial cells that line the al-
veoli appear normal, as determined by standard lipid stain-
ing techniques and electron microscopy (17, 28).

Taken together, these studies identified pivotal roles
for ABCGI in controlling pulmonary homeostasis in vivo
(17, 27, 28, 30, 31). Interestingly, functional loss of two

942 Journal of Lipid Research Volume 58, 2017

other ABC transporters (ABCA3 and ABCAL) also results
in pulmonary lipid abnormalities (32, 33). Loss of ABCA3
results in early postnatal death in both humans and mice
due to the inability of Abca3”'” T2 cells to package surfac-
tant into lamellar bodies and subsequently secrete these
lipid organelles into the hypophase (33-35). In contrast,
loss of ABCA1 (Tangier disease) results not only in >95%
loss in plasma HDL in mice and humans, but also in a mild
pulmonary lipidosis in mice (32). To our knowledge, pul-
monary lipidosis has not been described in Tangier pa-
tients (36, 37).

In order to determine whether ABCGI1 has a cell-
autonomous function in T2 cells, we used bone marrow
(BM) transplants to generate mice in which the lungs
contained chimeric mixtures of wild-type and Abcgl *
cells. Further, we K%enerated mice lacking ABCGI in either
T2 cells (Abcglm" ) or macrophages (AbcglMAC'KO). Analy-
ses of these various mice identify differential, but critical,
roles for ABCGI in both T2 cells and macrophages that
affect pulmonary lipid and surfactant homeostasis and im-
munoglobulin levels.

MATERIALS AND METHODS

Mice

Abcg1™"™ mice created on a C57BL6/J background [from
Dr. Catherine Hedrick, La Jolla Institute for Allergy and Immu-
nology (38)] were crossed with Sfipc-Cre mice [from Dr. Brigid
Hogan, Duke Universitzl (39)] to obtain %’{‘tpc—Cre" Abcglﬂox/ flox and
control Sfipe-Cre~ Abeg1"™ "™ mice. Abegl""™* mice were crossed
with LysM-Cre mice (catalog 004781; Jackson Laboratory) to
obtain LysM-Cre" Abcglﬂox/ 1 and control LysM-Cre” Abcglﬂox/ flox
mice. All mice used were 12-week-old males. Mice were fed a stan-
dard rodent chow diet (Purina 5001) until weaning. At weaning,
mice were fed a high cholesterol diet containing 0.2% cholesterol
and 21% calories from fat (D12079B; Research Diets) for 4 weeks.
Mice were bred and maintained at the University of California Los
Angeles in temperature-controlled pathogen-free conditions, un-
der a 12 h light/dark cycle. All protocols involving mice were re-
viewed and approved by the University of California Los Angeles
Animal Research Committee.

BM chimera generation

Abcg]f/ -/ LacZ knock-in mice on a C57Bl/6 background were
maintained on a standard rodent diet (Purina 5001), as described
(17, 28). For BM transplantation studies, recipient wild-type and
Abcg]f/ " mice (10 weeks old) were vy-irradiated with 900 rad be-
fore transplantation with cells (3 x 106) from 8- to 10-week-old
donor male wild-type or Abcgl ~/~ animals via tail vein injection.
After a 4 week recovery period, mice were fed a 21% fat and 0.2%
cholesterol diet (Research Diets #D12079B) for 16 weeks.

Histopathologic analysis and immunohistochemistry

Hematoxylin-eosin staining of paraffin-embedded lung sec-
tions was performed as described (17). Morphometric analysis of
T2 cells was performed with Image Pro software (Media Cybernet-
ics, Inc.). Oil red O and filipin staining of frozen lung sections was
performed as described (40). Frozen lung sections were stained
with antibodies for macrophages (anti-mac3 1:1,000; BD Biosci-
ences) and T2 cells (anti-prosurfactant protein C 1:1,000; BD
Biosciences). Filipin (25 wg/ml) was added during overnight



incubation of slides with antibodies. Immunostaining of adjacent
sections in the absence of primary antibody was used as a negative
control.

Electron microscopy

Fixed tissues were incubated with 2.5% glutaraldehyde and
2% paraformaldehyde in 100 mM cacodylate buffer (pH 7.4)
overnight. Samples were then treated with 1% osmium tetroxide
in 100 mM cacodylate buffer for 1 h, washed in distilled water
four times (10 min/wash), and then treated with 1-2% aqueous
uranyl acetate overnight at 4°C in the dark. Samples were then
washed and sequentially dehydrated with increasing concentra-
tions of acetone (20, 30, 50, 70, 90, and 100%) for 30 min each,
followed by three additional treatments with 100% acetone for
20 min each. Samples were then infiltrated with increasing con-
centrations of Spurr’s resin (25% for 1 h, 50% for 1 h, 75% for
1 h, 100% for 1 h, 100% overnight at room temperature), and
then incubated overnight at 70°C in a resin mold. Sections of
50-90 nm were cut on a Leica ultramicrotome with a diamond
knife. Imaging then took place using an FEI Talos F200X operat-
ing at 200 kV.

T2 pneumocyte isolation

Mouse lung cells were isolated as previously described (41),
with some modifications. Lungs were perfused with PBS via the
right ventricle. Lungs were inflated with enzyme solution [colla-
genase type I (450 U/ml; Roche Applied Science), dispase II
(5 U/ml; StemCell Technologies), DNase I (0.33 U/ml; Sigma-
Aldrich), and elastase (4 U/ml; Roche Applied Science)] for
3 min. Lungs were removed and minced into small pieces
and incubated at 37°C for 25 min with shaking. Enzymatically
digested samples were passed through needles and filtered
through a 70 pM cell strainer (Fisher Scientific). After treatment
with red blood cell lysis buffer, cells were filtered through a
40 pM cell strainer (Fisher Scientific) and resuspended in DMEM
(Invitrogen) containing 10% FBS (Omega Scientific), 100 U/ml
penicillin (Invitrogen), and 100 pg/ml streptomycin sulfate (In-
vitrogen). Hematopoietic cells were depleted from the lung cell
suspension using the autoMACS separator with anti-mouse CD45
antibody-coated micro-beads according to the manufacturer’s
instructions (Miltenyi Biotech). Sorted CD45  lung cells were
stained with phosphatidylethanolamine (PE)-anti-mouse epithe-
lial cell adhesion molecule (EpCAM; eBioscience; catalog #12-
5791-83; Clone G8.8) and Alex Fluor 488-anti-mouse Podoplanin/
Tla (eBioscience; catalog #53-5381-82; Clone 8.1.1). T2 pneu-
mocytes were classified as EpCAM™/T1a~, as previously de-
scribed (41).

RNA isolation and analysis

RNA was isolated and analyzed by real-time quantitative (q)
PCR, as described (40). Each qPCR assay was performed in tripli-
cate using cDNA samples isolated from individual mice (n = 4-6
mice/group). Primer sets are available upon request. Values were
normalized to 36B4.

Immunoblotting

T2 cells and alveolar macrophages were isolated from mouse
lung and broncho-alveolar lavage (BAL) fluid, respectively, as
described, and lysed with RIPA buffer (Boston Bioproducts)
containing protease inhibitors [25 pg/ml N-acetyl-L-leucyl-L-
leucyl-L-norleucinal, 10 pg/ml leupeptin, 1 pg/ml pepstatin, and
1 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich)]. Protein
quantification was performed using BCA protein assay reagent
(Thermo Fisher Scientific). Forty milligrams of protein per sam-
ple were loaded into SDS-PAGE and sequentially immunoblotted

with anti-ABCGI1 antibody (1:1,000; catalog NB400-132; Novus
Biologicals).

Surfactant isolation

Pulmonary surfactant was isolated by BAL, as previously de-
scribed (28). Briefly, tracheas were exposed and cannulated be-
fore the lungs were flushed three times with 1 ml aliquots of BAL
buffer [10 mM Tris, 100 mM NaCl, and 0.2 mM EGTA (pH 7.2)].
The aliquots were combined and centrifuged (200 g 5 min) to
separate surfactant and alveolar cells.

Lipid measurements

Plasma cholesterol and triglycerides were measured using an
enzymatic kit (Wako Chemicals) according to the manufacturer’s
instructions. Tissue lipids were extracted into CHCI; by a modi-
fied Folch method, and quantitated using enzymatic kits for cho-
lesterol, triglycerides, or phospholipid using the accompanying
protocols (Wako Chemicals).

Cholesterol and phospholipid analysis

Cells, BAL fluid, or lung tissue was snap-frozen in liquid nitro-
gen. Lung tissue was homogenized on ice in PBS. Cell suspen-
sions, BAL fluid, or lung homogenates were subsequently
subjected to modified Bligh-Dyer extraction (42) in the presence
of lipid class internal standards, including eicosanoic acid, choles-
teryl heptadecanoate, and 1,2-dieicosanoyl-sn-glycero-3-phospho-
choline (43). Fatty acids were converted to their pentofluorobenzyl
esters and subsequently quantified using GC-MS with negative-ion
chemical ionization using methane as the reactant gas (44). For
phospholipids, lipid extracts were diluted in methanol/chloro-
form (4/1, v/v) and molecular species were quantified by ESI-
MS/MS on a triple quadrupole instrument (Thermo Fisher
Quantum Ultra) using shotgun lipidomics methodologies (45).
PC molecular species were quantified as sodiated adducts in the
positive-ion mode using neutral loss scanning for 59.1 amu (colli-
sion energy = —28 eV). Neutral loss scanning for 368.5 amu (col-
lision energy = —25 eV) was performed for quantification of
sodiated CE molecular species in positive ion mode. Individual
molecular species were quantified by comparing the ion intensi-
ties of the individual molecular species to that of the lipid class
internal standard, with additional corrections for type I and type
11 [°C] isotope effects (45).

Ab49 lipid analysis

Total lipids were extracted from 50 mg whole lung tissue and
quantified, as previously described (17). A549 cells were seeded in
12-well plates (1 x 10° cells/well) and were infected overnight with
either control GFP adenovirus, or adenovirus expressing ABCG1.
Cells were then incubated in medium (0.2% BSA or 10% FBS)
supplemented with 1 pCi/ml ['Clacetate (5060 mCi/mmol)
for the indicated time. Cells were washed two times in PBS and
incubated in medium (0.2% BSA or 10% FBS) =+ secretagogue
mixture [100 uM ATP, 0.1 uM phorbol-12-myristate-13-acetate,
and 20 pM terbutaline (46)]. After the indicated time, the cells
were washed three times in PBS. Lipids were extracted from the
medium and cells using the Bligh and Dyer method (42). Extracted
lipids were dissolved in chloroform (100 pl), and aliquots (30 ul)
were analyzed by thin-layer chromatography, as described (47, 48).

Measurement of antibody titers

Total antibody titers were determined by chemiluminescent
enzyme immunoassays, as previously described (49). In brief, cap-
ture antigens were coated on plates at 5 pg/ml in PBS overnight
at 4°C [IgM (1:100 goat anti-mouse IgM; Sigma-Aldrich), IgG
(1:400 goat anti-mouse IgG; Pierce Protein Biology), IgG1 (1:250
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goat anti-mouse IgGl; Jackson ImmunoResearch Laboratories),
IgG (1:250 goat anti-mouse IgG2c; Jackson ImmunoResearch
Laboratories), IgA (1:100 goat anti-mouse IgA; Sigma-Aldrich)].
Plates were blocked with 1% BSA in TBS, and serially diluted anti-
serum or BAL fluid from individual mice was added. Plates were
incubated for 1.5 h at room temperature. Bound immunoglobu-
lin isotype levels were assessed with various anti-mouse Ig isotype-
specific alkaline phosphatase conjugates using Lumi-Phos 530
(Lumigen, Southfield, MI) solution and a Dynex luminometer
(Dynex Technologies, Chantilly, VA). Several secondary antibod-
ies were used at dilutions of 1:30,000. These included alkaline
phosphatase-labeled goat anti-mouse IgM (p-chain specific), goat
anti-mouse IgG (y-chain specific), and goat anti-mouse IgA (a-chain
specific) (all from Sigma-Aldrich). Specific controls were used for
each specific antibody, and formal antibody dilution curves were
determined in an initial study to identify the linear range of each
antibody titer measurement. It was determined from these dilu-
tion curves that plasma samples could be optimally measured at
1:250 to 1:1,000 dilutions and BAL fluid samples could be opti-
mally measured at 1:5 to 1:250 dilutions to yield concentrations
within the linear detection range for each assay.

Human alveolar macrophage analysis

Human BAL fluid was collected at the University of California
Los Angeles, Division of Pulmonary and Critical Care Medicine
from patients with pulmonary alveolar proteinosis (PAP) under-
going whole lung lavage. Enrolled patients included both men
and women, aged 42-59 years, who had previously been diag-
nosed with PAP and presented for a medically necessary whole
lung lavage (see supplemental Table S1 for a general character-
ization of the human subjects group studied). Pulmonary surfac-
tant and alveolar macrophages were isolated by centrifugation
(200 g 5 min). Genomic DNA was isolated from alveolar macro-
phages using the DNeasy extraction kit (Qiagen) according to
manufacturer’s instructions. ABCGI regulatory regions were se-
quenced by Sanger sequencing (GENEWIZ, LLC). Primers are
available on request.

Treatment of human macrophages

Human macrophages were plated in 6-well plates in DMEM
supplemented with 10% FBS, 100 U/ml penicillin, and 100 pg/ml
streptomycin sulfate (medium A) on day 0. On day 1, cells were
placed in medium A in the presence or absence of 1 puM GW3965
for 0, 0.5, 1, 2, 4, or 8 h. Cells were harvested in QIAZOL (Invitro-
gen) and total RNA extracted according to the manufacturer’s
instructions. Gene expression was analyzed by real-time qPCR.
Each qPCR assay was performed in triplicate using cDNA samples
isolated from replicate wells (n = 3 replicate wells per treatment
and time point). Primer sets are available upon request. Values
were normalized to 36B4.

Statistical analysis
Significance was measured, as stated, by either one-way ANOVA

followed by Bonferroni correction, two-way ANOVA followed by
Bonferroni correction, or by Student’s #test.

Study approval

Animal use was approved by the University of California Los
Angeles and followed the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. All experiments were ap-
proved by the University of California Los Angeles Institute for
Animal Care and Use Committee. Informed consent was obtained
from human subjects for the use of BAL samples, with the ap-
proval of the Institutional Review Board for Medical Research at
the University of California Los Angeles.
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RESULTS

BM transplant studies identify an important role for
ABCG1 expression in nonhematopoietic-derived cells

ABCGI is highly expressed in T1 and T2 epithelial cells,
interstitial and alveolar macrophages, and endothelial cells
(17, 28, 40). Given the widespread expression of ABCG1
within the lung, it was not possible to determine which cell
types contribute to the morphologic and lipid abnormalities
observed in the lungs of Abcg]_/_ mice (17, 28, 40). Previ-
ous studies indicated that accumulation of Oil red O-positive
neutral lipids in the lung was greatly attenuated following
BM transplantation of wild-type donor BM into recipient
Abcglf/ " mice (30). This led to the proposal that the pul-
monary lipidosis and inflammation were solely dependent
on the presence of Abcglik macrophages in the lungs of
the recipient mice (30). Based on the high expression of
ABCGI in pulmonary T2 cells and the critical role these
cells play in surfactant metabolism, we have reevaluated the
role of ABCG1 in T2 cell function and pulmonary lipidosis.

In initial studies, we performed BM transplants using
wild-type and Abcgl™’~ mice as donors and/or recipients
(Fig. 1A). This approach resulted in chimeric mice in
which the lungs of the transplanted mice contain either: )
all Abegl™* cells (wild-type phenotype); i) all Abegl™’~ cells
(Abegl™’~ phenotype); iii) Abcgl” " epithelial and endothe-
lial cells and Abegl /- macrophages/lymphocytes
(AbcglM/ KOy or i) Abcgf/ " macrophages/lymphocytes
and Abcgl_/ ~ epithelial and endothelial cells (AbchEEG ).
After BM transplantation, mice were allowed to recover for
4 weeks on a standard chow diet before being fed a high
fat/high cholesterol (HF/HC) diet for 16 weeks (21% fat,
0.2% cholesterol) (Fig. 1A).

As expected, lungs of Abcgf/ * mice were morphologi-
cally normal and lacked any Oil red O-positive lipid drop-
lets (supplemental Fig. S1A). In contrast, but consistent
with earlier studies (17, 28), the lungs of mice containing
Abcglf/ ~ macrophages exhibited reduced alveolar spaces,
especially in the sub-pleural areas, as well as accumulation
of Oil red O-positive cells (supplemental Fig. S1B, D). Im-
portantly, histological analysis of the lungs of AbcglEEGKO
chimeric mice (wild-type BM — Abcgl™’~ mice) indicates
that they were structurally abnormal, despite the absence
of Oil red O-positive cells (supplemental Fig. S1C). Table 1
shows that lung weights of Abegl™’~, AbegI™"™°, and Abe-

1"%O hice were increased by 82, 19, and 20%, respec-
tively, in comparison to wild-type lungs. Further, the levels
of free and esterified cholesterol as well as phospholipids
were significantly increased in all three experimental
groups (Abegl '~ > AbegI™"™  and AbegI™*°). These data
indicate that abnormal lipid homeostasis occurs not only
when pulmonary macrophages and/or lymphocytes lack
ABCGI, but also when ABCGI is deleted from epithelial
T1 and T2 cells and endothelial cells (Abcg]EEGKO mice).

T2 cells lacking ABCG1 accumulate unesterified
cholesterol

The finding that the lungs of Abcgl mice (containing
wild-type macrophages/lymphocytes and Abcg! -/ epithelial

FEEGKO
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and endothelial cells) contained a high ratio of unesterified:
total cholesterol (Table 1, column 3) was unexpected be-
cause excess unesterified cholesterol is generally toxic to
cells and, hence, usually esterified and stored in lipid drop-
lets (50). To determine whether unesterified cholesterol
deposition (Table 1) localized to a specific cell type, we
performed filipin staining using frozen lung sections from
BM-transplanted mice. Filipin sta1n1n§ was only observed
in the lungs of AbegI™ ™ and Abcgl™’~ mice (Fig. 1D, E)
suggesting that unesterified cholesterol was accumulating
in endothelial and/or epithelial cells. Consequently, we
costained frozen sections from the lungs of Abgg]EEGKO
mice with filipin and antibodies against SP-C or Mac-3 that
identify T2 cells and macrophages, respectively (Fig. 1F).
The data show colocalization of filipin staining with SP-C

(Fig. 1F; white arrows). Thus, we conclude that the filipin-
positive cells are T2 cells and that these cells have unusu-
ally hl%‘h levels of unesterified cholesterol in the lungs of
Abc 1 KO ice fed a HF/HC diet.

Pulmonary Abcgl ™/~ T2 cells are abnormal in the
presence of wild-type macrophages

We previously demonstrated that Abcglf/ ~ mice showed
altered pulmonary surfactant metabolism, including in-
creased lipid and protein levels in pulmonary surfactant
recovered from BAL and abnormal T2 cells that contained
increased numbers of enlarged electron-dense lamellar
bodies (28). To our knowledge, it is not known whether
these dramatic changes in T2 cells were a result of the loss
of ABCGI from T2 cells, macrophages, or both cell types.
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TABLE 1.

Altered lipid content of the lungs of bone-marrow transplanted mice

Wild-type Recipient

Abegl”’~ Recipient

Wild-type Donor

Abcglf’/f Donor

Wild-type Donor Abcgl ~~Donor

Lung weight (mg) 41.2+1.2
Lung lipids (pg/mg)
Total cholesterol 0.66 + 0.1
Unesterified cholesterol 0.46 + 0.1
Esterified cholesterol 0.20 + 0.1
Phospholipids 1.86+0.3

48.4 +1.4" 50.7 + 2.0 75.7 + 2.4
2.56 + 0.2" 3.32 +0.6" 8.34+1.3%
1.04 0.1 2.84+0.4" 3.42 +0.4"

1.52 +0.2° 0.48+0.2 4.92 + 1.4
4.34 +0.4" 6.50 +1.1" 11.09 + 2.7

Tissue lipid levels were determined as described in the Materials and Methods. Data are expressed as mean *
SEM (n = 4-6 mice/group). Significance was determined by two-way ANOVA followed by Bonferroni correction.

“P< 0.01 wild-type versus AbcgI /™ donor.
"P<0.01 wild-type versus Abcgl /™ recipient.

Morphometric analysis of electron micrographs revealed
that the T2 cells of Abcgl '~ mice had a 3-fold increase in
lamellar bodies (Fig. 1], K). These data are consistent with
a prior study showing a 5-fold increase in lamellar bodies
per T2 cell in the lungs of old whole-body Abcgl ™/~ mice
(28). We now report that the T2 cells in both the Abcg]EEGKO
(Fig. 11, K) and Abegl™"™° (Fig. 1H, K) chimeric mouse
models contain a 47% increase in lamellar bodies. Taken
together, these data suggest that ABCG1 plays critical cell-
specific roles in both T2 cells and macrophages. It also sug-
gests that T2 cell function can be modulated by signals
from alveolar macrophages that lack ABCG1.

Specific loss of ABCG1 from T2 cells has broad effects on
lung morphology and gene expression

The above studies do not allow us to attribute the ob-
served abnormalities to individual cell types. To directly
define the specific role and importance of ABCGI1 in the
lung, we first crossed Abcgl" "™ mice with mice express-
ing Sfptc-Cre to generate mice in which ABCG1 was specifi-
cally deleted from T2 cells (AbegI"*™?). The fresh weight of
lungs from Abcg]TQ'KO mice was increased by 50%, as com-
pared with AbcgI"™"* mice (Fig. 2A) indicating that loss
of ABCGI from T2 cells has a dramatic effect on lung de-
velopment and/or metabolism. This effect occurs even
though T2 cells represent only ~15% of the cells in the
lung and cover <5% of the alveolar surface (51). Further
analysis of the lungs of Abcg]TQ’KO mice indicated that they
had altered histopathology consistent with sub-pleural pro-
liferation (supplemental Fig. S2A), and did not stain with
Oil red O, indicating that the tissue did not accumulate
neutral lipids (supplemental Fig. S2B). Detailed morpho-
metric analysis of multiple electron micrographs (n = 28)
from the lungs of Abcgl' ™" and Abcgl™"° mice demon-
strates that the lungs of AbchTQ'KO mice contain a 3-fold
increase in the number of T2 cells (Fig. 2B, C) and a 2.5-
fold increase in the number of lamellar bodies per T2 cell
(Fig. 2B, D). In contrast, alveolar macrophages in the lungs
of the AbcngQ'Ko mice appeared normal (Fig. 2B).

We performed positive selection followed by FACS to iso-
late cell populations highly enriched in either T2 or CD45°
cells (Fig. 2E). T2 cells isolated from AbchTQ'KO mice
showed an approximate 75% decrease in both the Abcgl
mRNA and protein (Fig. 2F, G). This effect was cell-type
specific because Abcgl mRNA in CD45" cells was similar in
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cells isolated from control Abegl"™ " and AbcgI™*° mice
(Fig. 2H). Consistent with the observed increases in T2
cells and lamellar bodies in the lungs of Abcg]TMO mice
(Fig. 2B-D), we noted a 2.8-fold increase in Abca3 mRNA
expression in freshly isolated T2 cells lacking Abcgl (Fig. 2I).
Abcal mRNA levels were also increased (Fig. 2I), likely as
compensation for the loss of Abcgl, as previously observed
in Abegl™’~ mice (28). Isolated T2 cells lacking ABCG1
also displayed decreased mRNA levels corresponding to
Srebp-2 and Srebp-2 target genes (Fdps and Ldlr) (Fig. 2]),
suggesting increased levels of sterols in these cells. T2 cells
lacking ABCGI also showed increased expression of a
number of inflammatory markers that included 1113, 116,
and Tnja (Fig. 2K). As expected, fold changes in mRNA
levels in extracts from the whole lungs of Abcglm'KO were
much smaller than the changes observed in isolated T2
cells lacking Abcgl (compare supplemental Fig. S3A-C to
Fig. 2I-K).

Loss of ABCG1 from T2 cells increases surfactant and
immunoglobulin levels

We have previously reported that the lungs of Abcgl K
mice accumulate excess B-1a B cells and natural antibodies
(52). We now demonstrate that BAL fluid from Abcg]TQ'KO
mice contains increased titers of IgG (Fig. 3A), IgG2c (Fig.
3B), and IgA (Fig. 3C). These changes were specific be-
cause the levels of IgG1 and IgM were similar in the lungs
of Abcgl“ox/ o and Abcg]TQ’KO mice (Fig. 3D, E). Plasma im-
munogloblulin levels were unchanged in AbcngQ‘KO mice
(supplemental Fig. S3D-F).

To determine whether the abnormalities observed in la-
mellar body and surfactant in Abcg]TQ_KO mice were associ-
ated with disruptions in intracellular lipid homeostasis, we
performed lipidomic analyses on BAL fluid and T2 cells.
The data show that there were significant increases in total
cholesterol, cholesteryl ester, and PC levels in the surfac-
tant of Abcg1T2'K0 mice (Fig. 3F). These increases corre-
sponded to the 18:2 and 18:1 cholesterol ester species and
the 32:1 and 34:1 PC species (Fig. 3G, H). In contrast, the
lipid content of T2 cells or alveolar macrophages isolated
from control and AbchTQ"KO mice were not significantly dif-
ferent (supplemental Fig. S3G, H). However, the decreased
levels of Srebp-2 target genes suggest that despite minimal
differences in total cellular cholesterol, there may still be
changes in intracellular cholesterol distribution. Together
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these data suggest that ABCGI in T2 cells has a critical role containing 0.2% BSA (data not shown) or 10% FBS prior

that affects pulmonary and surfactant lipid homeostasis, as
well as modulating the immune response.

Expression of ABCG1 in A549 cells alters lipid synthesis
and secretion

The studies presented here demonstrate that ABCGI
plays a critical role in T2 cell biology and homeostasis. The
human-derived A549 cell line exhibits a number of T2-like
properties, including the presence of lamellar body-like
organelles and the ABC transporter, ABCA3 (53). In addi-
tion, treatment of Ab49 cells with secretogogues increases
secretion of lamellar bodies/phospholipids into the media
(54). To determine whether ABCGI affects synthesis and
secretion of specific lipids, we infected A549 cells with con-
trol adenovirus or ABCG1 adenovirus (Ad-ABCG1). After
24 h, cells were incubated with "C-acetate for 6 h in medium

to quantification of radioactive cell-associated lipids (Fig.
4A, B). The data of Fig. 4A, B show that overeX}i)ression of
ABCGI results in increased incorporation of *C-acetate
into cholesterol (Fig. 4A, B; 46-52%), consistent with our
earlier observation that overexpression of ABCGI increases
cholesterol synthesis genes (24, 55). Further, overexpres-
sion of ABCGI increased incorporation of "Cacetate into
FFA and DG (Fig. 4A; 71% and 74%, respectively), as well
as PC (15%), PE (13%), PA/PS phospholipids (10%), and
SM (20%) (Fig. 4B). The incorporation of "C-acetate into
triacylglycerol, phosphatidylglycerol (PG), and PI remained
largely unchanged (Fig. 4B). Similar results were seen with
0.2% BSA-containing medium (data not shown).

In a second series of experiments, we determined the
role of ABCGI in surfactant secretion. Ab49 cells were in-
fected with control adenovirus or Ad-ABCG]1, as in Fig. 4A, B.
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After 24 h, cells were pulsed with "Cacetate for 4 h to label
newly synthesized lipids. Cells were washed and chased for
2 h in medium containing either 0.2% BSA (supplemental
Fig. S4A) or 10% FBS (Fig. 4C) in the presence or absence
of a surfactant secretagogue cocktail (28). Consistent with
the secretion of lamellar bodies, the cocktail increased se-
cretion of PC (38%), PE (85%), SM (66%), and choles-
terol (85%) into the medium (Fig. 4C; supplemental Fig.
S4A, lanes 5, 6 vs. 1, 2 and lanes 7, 8 vs. 3, 4). ABCG1 over-
expression increased secretion of both cholesterol (248%)
and PC (33%), independent of whether the cells were in-
cubated in lipidfree medium (supplemental Fig. S4A,
0.2% BSA; lanes 3, 4) or medium containing exogenous
lipid acceptors (Fig. 4C, 10% FBS; lanes 3, 4).

Lastly, we determined the role of silencing ABCG1 on
lipid secretion. A549 cells were transfected with a scram-
bled siRNA sequence or siRNA sequences targeted against
ABCG1 (Fig. 4D). Consistent with our observations in
Abegl™™ mice (Fig. 21), silencing ABCGI in A549 cells re-
sulted in compensatory increases in ABCAI and ABCA3
mRNA (supplemental Fig. S4B). Silencing ABCGI in A549
cells resulted in increased total cellular cholesterol and
phospholipids (Fig. 4E), and decreased cholesterol and
phospholipid secretion into the medium (Fig. 4F).

Abcgl " macrophages modulate wild-type T2 cell
surfactant homeostasis

Data from our BM transplant studies suggested that T2
cell function can be modulated by signals from alveolar
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macrophages and/or lymphocytes that lack ABCGI. To
test this hypothesis, we generated conditional KO mice in
which ABCGI1 was selectively deleted in macrophages using
LysM-Cre. ABCG1 deletion in alveolar macrophages was
confirmed by mRNA expression and Western blotting
(Fig. 5A, B). As expected, and consistent with previous
studies (28, 30, 40), AbcgI™ " ° lungs displayed altered his-
topathology, increased proliferation in the sub-pleural space,
and accumulation of Oil red O-positive macrophages (sup-
plemental F}§ S5A, B). Morphological analysis of the lungs
from AbgclIv %9 mice demonstrated the accumulation of
giant alveolar macrophages filled with lipid droplets and
cholesterol crystals (Fig. 5C). Upon closer inspection of in-
dividual micro&ra&ahs, we noted that the T2 cells in the
lungs of AbegI™ ™ mice were also enlarged with multiple
irregularly shaped and electron dense lamellar bodies (Fig.
5D). Quantification of T2 cells and lamellar bodies demon-
strated that Abcg]MAC'KO lungs have 4-fold more T2 cells
(Fig. bE), and each T2 cell contained 2.2-fold more lamel-
lar bodies (Fig. 5F). These data suggest that the absence of
ABCGI specifically from macrophages also significantly
impacts T2 lamellar body and surfactant homeostasis.

ABCG]1 human variants in PAP

Overall, our data demonstrate that ABCGI plays a criti-
cal role in normal T2 cell and surfactant homeostasis in mice.
Importantly, we wanted to determine whether ABCGI is
important in pulmonary surfactant metabolism in humans.
Chronic respiratory diseases are the third leading cause of
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death (56), and PAP is a rare disease caused by the accumu-
lation of SPs and lipids in the pulmonary alveoli, resulting
in respiratory distress (57, 58). Patients with autoimmune
idiopathic PAP have reduced alveolar macrophage expres-
sion of ABCGI (59) and exhibit a remarkable resemblance
to the phenotype observed in the lungs of Abcgl '~ mice.
We hypothesized that polymorphisms in the human ABCGI
locus may result in decreased ABCG1 function and, subse-
quently, altered pulmonary function.

We obtained human BAL samples from PAP patients un-
dergoing whole lung lavage at the University of California
Los Angeles. Information on the human subjects is de-
tailed in supplemental Table S1. Genomic DNA isolated
from patient alveolar macrophages was sequenced and
compared with published reference sequences (NCBI).
We found multiple sequence polymorphisms in one PAP
patient, which correspond to a region containing a puta-
tive liver X receptor (LXR) response element (Fig. 6A) (60).
LXRa is a well-known regulator of macrophage function

(61, 62). To determine whether this sequence polymor-
phism affected the response to LXR activation, we gener-
ated luciferase reporter genes in which the 2,000 bp
upstream of the ABCGI transcriptional start site containing
the published reference or mutated putative LXRE se-
quence were inserted upstream of the luciferase coding
sequence (Fig. 6B, C). Plasmids containing these reporter
genes and expression plasmids for LXRa and RXRa were
transfected into HEK293 cells, and the cells treated for
24 h with either LXR and RXR agonists or vehicle. Figure 6B
shows that LXR activation resulted in a significant increase
in luciferase activity with the reference plasmid. However,
no significant increase in luciferase activity was observed
with the plasmid containing the mutated LXRE sequence
(Fig. 6C). We next treated control or PAP patient macro-
phages with LXRa agonist for the indicated time period
(Fig. 7). ABC transporter gene expression was determined
by real-time qPCR. The data of Fig. 7A demonstrate that
induction of ABCGI mRNA levels by a specific LXRax
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agonist were significantly impaired in PAP patient macro-
phages (Fig. 7A), while minimal differences were noted in
the induction of other LXR target genes, including ABCA 1,
IDOL, and LPCAT3 (Fig. 7B-D). Together these data sug-
gest that the sequence polymorphism identified within the
ABCGI locus could be, in part, responsible for the reduced
ABCGI1 function observed in PAP patient macrophages
(Fig. 7) (59).

DISCUSSION

Improper pulmonary lipid homeostasis results in differ-
ent respiratory syndromes, such as PAP, respiratory distress
of the newborn, idiopathic pulmonary fibrosis, or chronic
obstructive pulmonary disease (34, 35, 63-67). Studies in
both patients and mice have identified GM-CSF, SP-B, SP-
C, SP-D, ABCA3, ABCAI, and lysosomal acid lipase (LLAL)
as genes involved in some of these syndromes (32, 34, 35,
63, 65-67). We previously reported a severe lipidosis in the
lungs of aged Abcgl ™/~ mice fed a normal chow diet (28).
Abcgl™’~ lungs accumulated foamy macrophages and
abnormal T2 cells, and displayed massive deposition of
cholesterol (both unesterified and esterified) and phos-
pholipids. Additionally, severe signs of inflammation that
included lymphocytic infiltration and increased expression
of cytokines were observed in the lungs of Abcg]f/ ~ mice.
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Interestingly, this phenotype could be accelerated in
younger animals by feeding a HF/HC diet (17).

An important question that remained to be established
in those studies was the relative importance of alveolar
macrophages and T2 cells for the development of the lung
phenotype in Abcg]_/_ mice. The presence of a LacZ
knock-in cassette, under transcriptional control of the en-
dogenous Abcgl promoter, allowed us to unequivocally
identify both alveolar macrophages and T2 cells that nor-
mally express ABCG1 (17, 28). Wojcik et al. (30) previously
reported that, following BM transplants, Oil red O deposi-
tion and cytokine induction in the murine lungs correlated
with the presence of Abﬁglf/ ~ BM-derived cells, indepen-
dent of the genotype of the recipient mice. However, we
note that, in contrast to the study reported herein, the
mice studied by Wojcik et al. (30) were not challenged with
a HF/HC diet, were euthanized after only 9 weeks post-
transplantation, and the lipid content of T2 cells was not
reported.

Here we show that ABCG] is critical for surfactant and T2
cell homeostasis. AbcngQ'KO mice allowed us to specifically
study the function of ABCGI in T2 cells, while use of Abcg-
M“* and BM chimeras allowed us to study the contribu-
tion of ABCGI in other lung cell types, such as macrophages.
Our results are consistent with previous reports (30) that
loss of ABCG1 expression in BM-derived cells leads to depo-
sition of Oil red O-positive lipids (i.e., cholesteryl esters)
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in pulmonary macrophages (supplemental Fig. S1, Table 1).
In addition to these observations, we demonstrate that, un-
der conditions of dietary challenge with a HF/HC diet, loss
of ABCGI function in alveolar T2 cells results in increased
lamellar body content, and increased pulmonary phospho-
lipids and unesterified cholesterol (Fig. 1, Table 1). These
results highlight the importance of ABCGI function not
just in alveolar macrophages, but also in T2 cells. The data
also suggest that loss of ABCGI in either cell type results in
phenotypic changes related to pulmonary lipid homeo-
stasis. Therefore, perhaps not surprisingly, total loss of the
transporter in the lungs (Abcgl 7 BM — Abcgl o recipi-
ent mice) leads to a more severe phenotype (Fig. 1, supple-
mental Fig. S1, Table 1).

T2 cell-specific ABCG1-deficient mice accumulated ab-
normal electron-dense lamellar bodies, and had increased
surfactant levels of cholesteryl ester, PC, and immunoglob-
ulins (Figs. 2, 3). These data demonstrate that ABCGI1 ex-
pression in T2 cells not only regulates T2 surfactant lipid
homeostasis, but also immune response and immunoglob-
ulins, consistent with previous reports that ABCG1 plays
important roles in both lipid homeostasis and immunity
(30, 38, 52, 68-74). Loss of ABCG1 in T2 cells compromises
their ability to secrete and/or recycle surfactant lipids, re-
sulting in hypertrophied cells that accumulate enlarged
lamellar bodies [(28) and this study]. We have previously
shown that continual uptake of cholesterol-rich surfactant by
Abcglf/ ~ macrophages, coupled with impaired macrophage

cholesterol efflux, results in the generation of macrophage
foam cells (28). These data strongly suggest that the phe-
notype observed in Abcgl ’~ mice is the result of not only
cell-specific events, but also complex interactions between
the different pulmonary cell types, particularly alveolar
macrophages and T2 cells.

LacZ staining of frozen sections from mice lacking
ABCGI revealed that ABCGL is also expressed in endothe-
lial cells and epithelial cells lining the bronchioles (17, 27,
28, 40). It is likely that alterations in these cells as a result of
loss of ABCG1 expression may also contribute to the phe-
notype observed in the lungs of Abcg1 ~/" mice. Endothelial
cells are known to produce and secrete numerous cyto-
kines in response to a variety of stimuli [reviewed in (75)].
Some of these molecules have been described to modulate
monocyte/macrophage migration and/or T2 cell prolifer-
ation in the lungs during inflammation or following tissue
damage (75). The role of such crosstalk between endothe-
lial cells and macrophages and T2 cells in the lungs re-
mains to be elucidated.

To our knowledge, no functional mutations have been
described in human ABCGI. However, Thomassen et al. (76)
reported that a subgroup of patients with PAP showed a
marked decrease in ABCG1 mRNA expression in alveolar
macrophages recovered from BALs, compared with samples
from healthy volunteers. This same group has also demon-
strated that lentiviral overexpression of ABCGI1 improves
the lipid-loaded macrophage phenotype of Gmesf™~ mice
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Fig. 7. Reduced activation of ABCG1 by LXR in a patient with PAP. A-D: Macrophages isolated from a PAP
patient and non-PAP control were plated and treated with a specific LXR agonist (1 uM GW3965) for the in-
dicated time period. ABCGI (A), ABCAI (B), IDOL (C), and LPCAT3 (D) activation by LXR. Gene expression
was normalized to 36B4 and presented as fold changes. Data are presented as mean + SEM. Significance was
measured by two-way ANOVA followed by Bonferroni correction. ¥*P< 0.001.

(77). Importantly, we identified sequence polymorphisms
in ABCGI in one PAP patient that correspond to a puta-
tive LXR response element. We show that the normal in-
duction of ABCGI mRNA in response to LXR activation
was greatly attenuated in alveolar macrophages isolated
from one PAP patient (Fig. 7). In contrast, induction of
other LXR target genes, including ABCAI, IDOL, and
LPCATS3, in control and patient-derived cells were not sig-
nificantly different. These data suggest that polymorphisms
that affect the expression and/or function of ABCGI1 may
result in an increased risk of pulmonary lipidosis and
inflammation.

In summary, our results identify a critical role for ABCG1
in controlling T2 cell surfactant metabolism and pulmo-
nary immunoglobulin levels. We also identify sequence
polymorphisms in ABCGI in a human patient with PAP
that impact the regulation of ABCGI expression by LXR.
Our data suggest that a decline in pulmonary ABCGI1 levels
may affect the pathogenesis of PAP. Finally, the current
studies support the proposal that altering intracellular cho-
lesterol metabolism in T2 cells affects both surfactant se-
cretion/recycling and pulmonary immunity. B
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