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Abstract

Pulmonary granuloma formation is a complex and poorly
understood response to inhaled pathogens and particulate matter.
To explore the mechanisms of pulmonary granuloma formation
and maintenance, our laboratory has developed a multiwall
carbon nanotube (MWCNT)-induced murine model of chronic
granulomatous inflammation. We have demonstrated that

the MWCNT model closely mimics pulmonary sarcoidosis
pathophysiology, including the deficiency of alveolar macrophage

ATP-binding cassette (ABC) lipid transporters ABCA1 and ABCGI.

We hypothesized that deficiency of alveolar macrophage ABCA1 and
ABCG1 would promote pulmonary granuloma formation and
inflammation. To test this hypothesis, the effects of MWCNT
instillation were evaluated in ABCA1, ABCGI, and ABCA1/ABCG1

Sarcoidosis is a chronic inflammatory
condition characterized by the presence of
nonnecrotizing granulomas. Although any
organ can be affected, the lungs and
mediastinal lymph nodes are involved

in more than 90% of clinical cases (1).
Diagnosis is dependent on excluding the
presence of infectious agents or previous

exposure to materials known to produce
granulomatous lesions. Although the
etiology of sarcoidosis remains unclear,
current understanding suggests the
presence of a poorly soluble antigen in
genetically susceptible individuals.
Epidemiological studies have found an
association between the incidence of

myeloid-specific knockout (KO) mice. Histological examination
revealed significantly larger pulmonary granulomas in ABCG1-KO
and ABCA1/ABCG1 double-KO animals when compared with wild-
type animals. Evaluation of BAL cells indicated increased expression
of CCL2 and osteopontin, genes shown to be involved in the
formation and maintenance of pulmonary granulomas. Single
deficiency of alveolar macrophage ABCA1 did not affect MWCNT-
induced granuloma formation or proinflammatory gene expression.
These observations indicate that the deficiency of alveolar
macrophage ABCGI promotes pulmonary granulomatous
inflammation and that this is augmented by additional deletion of
ABCAL.

Keywords: pulmonary sarcoidosis; granuloma; alveolar macrophage;
lipid transporters; carbon nanotubes

sarcoidosis and exposure to wood-burning
stoves, fireplaces, and certain occupations,
such as firefighting (2-4). These
environments contain particulate matter
of respirable sizes, including carbon
nanotubes.

Carbon nanotubes are produced as the
byproducts of combustion or manufactured
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for use in industrial processes. Carbon
nanotubes may also have adverse
implications for human health. Assessing
the respiratory toxicology of carbon
nanomaterials, Lam and colleagues (5)
observed granuloma-like lesions in

the lungs of exposed animals. These
observations prompted our laboratory to
investigate the use of multiwall carbon
nanotubes (MWCNTs) to generate a
murine model of chronic granulomatous
inflammation (6). Our previous studies
have demonstrated that the MWCNT
model shares characteristics with
pulmonary sarcoidosis pathophysiology,
including increased expression of
proinflammatory mediators and decreased
expression of alveolar macrophage ATP-
binding cassette (ABC) lipid transporters,
ABCA1 and ABCGI (7, 8).

ABCALI and ABCGI facilitate the
transfer of lipids across plasma membranes
and play an important role in the catabolism
of pulmonary surfactant. Deficiency of
either ABCA1 or ABCG1 has been shown to
promote pulmonary lipid accumulation (9,
10). Intracellular lipid accumulation has
been shown to promote proinflammatory
macrophage activation (11). Clinically, the
deficiency of these lipid transporters has
been observed in Tangier disease (ABCA1)
and pulmonary alveolar proteinosis
(ABCG]1). These pathologies are
characterized by dysregulated lipid
homeostasis and elevated inflammatory
mediators (12, 13). Upregulation of alveolar
macrophage ABCGI in a murine model of
alveolar proteinosis has been shown to
reduce pulmonary lipid accumulation and
improve lung function (14).

These observations suggest that the
lipid transporters, ABCA1 and ABCG1, may
play a significant role in pulmonary
granulomatous inflammation. To further
address this hypothesis, we used myeloid-
specific knockout (KO) mice, deficient in
ABCAL1, ABCG]I, or both ABCA1 and
ABCG1. We hypothesized that deficiency of
the ABC-lipid transporters would exacerbate
MWCNT-induced granulomatous
inflammation.

Methods

Animals

Studies were conducted in accordance with
the National Institutes of Health’s Guide for
the Care and Use of Laboratory Animals and

McPeek, Malur, Tokarz, et al.: ABCG1 Deficiency Promotes MWCNT-induced Granulomas

approved by East Carolina University
Institutional Animal Care and Use
Committee. C57Bl/6] and myeloid-specific
lipid transporter KO mice, generated by
selectively crossing Abcal™1*Apcg1iox/flox
double-floxed mice (021067) with
LyzMCre™'* (004781) mice, were obtained
from Jackson Laboratory. Further
information can be found in the data
supplement. Animals were maintained
under pathogen-free conditions. An
equivalent number of both sexes was
randomly assigned to experimental groups.
Oropharyngeal instillation of MWCNTs or
35% surfactant (sham) was performed at

7 weeks of age, as previously described (6).

Tissue Collection Quantitative
Analysis of Tissue
Details provided in data supplement.

RNA Purification and Analysis

Total RNA was collected using the
miRNeasy Micro Kit (Qiagen) according to
the manufacturer’s protocol. Specific
primers were obtained from Qiagen (data
supplement). Quantitative PCR was
performed on complimentary DNA
synthesized with the RT2 First Strand Kit
(Qiagen) and evaluated on the StepOnePlus
PCR system (Thermo Fisher Scientific) in
comparison to Gapdh using the pmAAcT
method (15).

Analysis of BAL Fluid

Cholesterol content was determined using
the Amplex Red Cholesterol Assay kit
(Thermo Fisher Scientific) according to the
manufacturer’s instructions in the presence
of cholesterol esterase. The concentration of
platelet-derived growth factor (PDGF) a
and transforming growth factor (TGF)-B
were determined using RayBio Mouse
PDGF-AA ELISA Kit (cat. no. ELM-
PDGFAA; RayBioTech) or LEGEND
MAX Total TGF-B1 ELISA Kit (cat. no.
436707; BioLegend) according to the
manufacturer’s instructions.

Phagocytosis Assay

Phagocytic ability of alveolar macrophages
was evaluated using the pHrodo BioParticles
Phagocytosis Flow Cytometry Kit (Thermo
Fisher Scientific) according to manufacturer’s
protocol. The identification of alveolar
macrophages was facilitated by counterstaining
the cells with anti-CD11c. Alveolar
macrophages were defined as CD11c" cells.

Statistical Analysis

Data were analyzed by Student’s ¢ test (two
groups) or two-way ANOVA (more than
two groups), followed by Bonferroni
correction using GraphPad Prism software
(GraphPad Software). Significance was
defined as a P value less than 0.05. Results
shown are mean (*=SEM).

Results

Macrophage ABCG1 Deficiency
Promotes Pulmonary Granuloma
Formation
To evaluate the effects of alveolar
macrophage lipid transporter deficiency
on pulmonary granuloma formation,
myeloid-specific ABCA1, ABCGI, or
ABCA1/ABCG1 double-KO (DKO) mice
were used. Animals were evaluated 60 days
after the instillation of 35% surfactant
(sham) or 100 pg of MWCNT. Wild-
type C57Bl/6] and ABCA1-KO sham-
instilled animals were histologically
indistinguishable (Figure 1). Sham-
instilled ABCG1-KO or ABCA1/ABCG1-
DKO animals, however, exhibited a marked
increase of lipid-loaded alveolar
macrophages within the airways (indicated
by black arrows in Figure 1). These
observations are similar to previous
observations in ABCG1-deficient animals
(10). After MWCNT instillation,
pulmonary granulomas in C57Bl/6] and
ABCA1-KO mice typically consisted of a
compact carbon aggregate core surrounded
by epithelioid macrophages, forming a
smooth, discreet border to the granuloma
(Figure 1). Granulomas in ABCG1-KO and
ABCA1/ABCGI1-DKO animals were
markedly different, generally consisting of
multiple, less compact carbon aggregates
and irregular boarders of epithelioid
macrophages (Figure 1). Representative
images are shown in Figure 1.
Granulomatous inflammation was
further characterized by determining the
average number and size of MWCNT-
induced lesions from digital images of
hematoxylin and eosin-stained lung
sections. Our analysis found no difference
in the average number of granulomas per
area of whole lung section between ABC-
lipid transporter KOs and wild-type
animals (Figure 2A). Evaluation of the
mean granuloma area indicated no
statistical difference between MWCNT-
instilled ABCA1-KO and wild-type animals
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C57Bl/6J and ATP-binding cassette (ABC) A1—knockout (KO), ABCG1-KO, and ABCA1/ABCG1 double-KO (DKO) sham-instilled animals (scale
bars: 20 um) or those receiving MWCNTs at low-power (scale bars: 100 wm) or high-power (scale bars: 20 wm) magnification. Lipid-loaded alveolar
macrophages indicated by black arrows.

(Figure 2B). MWCNT-induced granulomas Macrophage ABCG1 Deficiency from wild-type and ABCA1-KO BAL
observed in ABCG1-KO and Promotes Alveolar Macrophage consisted of approximately 1.0 X 10°
ABCA1/ABCG1-DKO animals, however, Inflammatory Gene Expression leukocytes, and were predominantly

were found to be 35% and 39% larger, To determine if the BAL cell population was  alveolar macrophages (>97%; see Figure E1
respectively, than those observed in wild- affected by MWCNTSs, BAL was performed  in the data supplement). ABCG1-KO and
type animals (Figure 2B). 60 days after MWCNT instillation. BALs ABCA1/ABCG1-DKO BAL had twice as
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Figure 2. ABCG1 deficiency exacerbates the size of pulmonary granulomatous lesions. Pulmonary
granuloma formation was quantified by evaluating the (A) number and (B) average size of MWCNT-
induced lesions from H&E-stained lung tissue. Data represent mean + SEM, *P < 0.05.

many isolated leukocytes (~2.0 X 10°)
compared with wild-type animals, and,

as previously observed (16), included
increased polymorphonuclear cells (9-16%;
Figure E1). Neither the total cell count nor
the composition of leukocytes in the lavage
was affected by the instillation of MWCNT's
compared with sham-instilled animals
(Figure E1).

Previous studies have found that the
proinflammatory mediators (C-C motif)
ligand-2 (CCL2) and osteopontin play a
critical role in the formation of pulmonary
granulomas (17, 18). Our laboratory has
reported the upregulation of these genes in
BAL cells isolated from MWCNT-instilled,
wild-type animals (19, 20). The data
reported here are similar to those
observations. The deficiency of ABCA1
did not promote CCL2 or osteopontin
expression after MWCNT instillation
(Figure 3). Sham-instilled ABCG1-KO
animals exhibited significantly higher CCL2
and osteopontin expression compared with
wild-type animals, and this increase was
further exacerbated by the instillation of
MWCNTs (Figure 3). Interestingly, BAL
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cells of sham-instilled ABCA1/ABCGI1-
DKO animals demonstrated significantly
higher CCL2 and osteopontin expression
than ABCG1-KO animals, but had no
additional increase of these genes after
MWCNT instillation (Figure 3).

ABCG1 Deficiency Promotes
MWCNT-induced Fibrosis and
Profibrotic Mediators

The progression of pulmonary sarcoidosis is
frequently characterized by the development
of fibrosis. MWCNT-induced fibrosis was
evaluated from whole lung sections after
Gomori trichrome staining. We have
previously reported that the MWCNT-
induced granulomas of wild-type animals do
not consistently demonstrate collagen
deposition (6). Here, we sought to increase
the sensitivity of our analysis by evaluating
the entire lung. Using this method, we
found that MWCNT-instilled wild-type
animals have increased fibrosis when
compared with sham-instilled animals
(Figure 4A). MWCNT-instilled ABCA1-
KO animals demonstrated a similar
increase in fibrosis score compared with

B Osteopontin

o 251 [ sHAM o
*

€5 20 EMWCNT °

=] PY

2215

2

[e)

W

o< 107 . + X

22z

T 54

)

C57BI/ ABCA1 ABCG1 A1/G1
6J -KO -KO -DKO

Figure 3. Macrophage ABCG1 deficiency promotes proinflammatory gene expression. Quantitative
PCR analysis of (A) CCL2 and (B) osteopontin expression in BAL cells of sham- or MWCNT-instilled
animals. *P < 0.05 C57BI/6J-sham versus KO-sham, *P < 0.05 sham versus MWCNT/strain, and
°P < 0.05 C57BI/6J-MWCNT versus KO-MWCNT. Data represent mean = SEM, n = 4/treatment.
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wild-type animals (Figure 4A). ABCG1-KO
and ABCA1/ABCG1-DKO sham-instilled
animals demonstrated a significantly higher
fibrosis score than wild-type animals, and
this increase was further exacerbated by
the instillation of MWCNTs (Figure 4A).
MWCNT-induced fibrosis in both ABCG1-
KO and ABCA1/ABCG1-DKO animals was
significantly greater than that observed in
wild-type animals.

To further investigate the fibrotic
changes, we evaluated alveolar macrophage
gene expression and BAL fluid (BALF)
protein concentration of the profibrotic
mediators, PDGFa and TGF-B. We found
that BAL cells from wild-type and ABCA1-
KO animals demonstrated a similar increase
in PDGFa expression after MWCNT
instillation (Figure 4B). Sham-instilled
ABCGI1-KO and ABCA1/ABCG1-DKO
BAL cells had significantly higher PDGF«
mRNA expression than wild-type animals,
and demonstrated a further increase after
MWCNT instillation (Figure 4B). The
combined deficiency of ABCA1/ABCGI did
not further promote BAL cell PDGFa
expression. Evaluation of BAL cell TGF-B
expression revealed no difference between
wild-type and ABC-lipid transporter KO
sham-instilled animals (Figure 4C). After
MWCNT instillation, we observed a slight
increase of TGF-3 expression in BAL cells
of ABCG1-KO (1.2 = 0.2 fold) and
ABCA1/ABCG1-DKO (1.2 = 0.1 fold)
animals compared with sham-instilled
animals (Figure 4C). TGF-$ expression did
not statistically differ between MWCNT-
instilled wild-type, ABCG1-KO, or
ABCA1/ABCG1-DKO animals.

Further evaluation of BALF PDGFa
protein concentration found no significant
difference among sham-instilled wild-type
(64.6 = 13.2 pg/ml), ABCA1-KO (42.6 +
10.2 pg/ml), ABCGI-KO (71.1 * 7.2
pg/ml), or ABCA1/ABCG1-DKO (57.4 +
2.0 pg/ml) animals. After MWCNT
instillation, BALF PDGFa concentration
was elevated in wild-type (104.6 = 11.6
pg/ml, P=0.06), ABCA1-KO (89.6 = 8.9
pg/ml), ABCG1-KO (116.1 * 8.1 pg/ml),
and ABCA1/ABCG1-DKO (135.4 +20.3
pg/ml) animals (Figure 4D). BALF PDGFa
protein concentration did not statistically
differ between MWCNT-instilled wild-type
and ABC-lipid transporter KO animals.
BALF TGEF-f protein concentrations of
sham-instilled wild-type (31.0 = 1.9 pg/ml)
and ABCA1-KO (27.5 = 1.8 pg/ml)
animals were not statistically different.
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Figure 4. Deficiency of ABCG1 promotes pulmonary fibrosis. (A) Modified Ashcroft scoring of sham- or MWCNT-instilled, trichrome-stained whole-lung
sections. Quantitative PCR analysis of (B) platelet-derived growth factor (PDGF) a and (C) transforming growth factor (TGF)-B expression in alveolar

macrophages of sham- or MWCNT-instilled animals; *P < 0.05 C57BI/6J-sham versus KO-sham, *P < 0.05 sham versus MWCNT/strain, and °P < 0.05
C57BI/6J-MWCNT versus KO-MWCNT, n = 4/treatment. The concentration of BAL fluid (BALF) (C) PDGFa and (D) total TGF-B in sham- and MWCNT-

instilled animals; *P < 0.05. Data represent mean = SEM. MW = MWCNT.

However, in contrast to BAL cell gene
expression, TGF-f3 protein concentration of
the BALF was significantly higher in
ABCG1-KO (349.5 * 58.9 pg/ml) and
ABCA1/ABCG1-DKO (348.9 £ 39.7
pg/ml) animals when compared with wild-
type mice (Figure 4E). After MWCNT
instillation, we observed a slight increase of
TGEF-f protein concentration in wild-type
(85.6 = 16.6 pg/ml) and ABCA1-KO

(73.1 £ 34.0 pg/ml) animals (Figure 4E).
MWCNT-instilled ABCG1-KO (304.1 +
46.6 pg/ml) and ABCA1/ABCG1-DKO
(341.9 = 36.7 pg/ml) animals demonstrated
constitutively higher TGF-f protein
content than wild-type animals, but were
not statistically different from sham-
instilled animals (Figure 4E).

Instillation of MWCNTSs Differentially
Regulates the Expression of Lipid
Transporters

The effects of MWCNT instillation were
evaluated on the expression of the

336

remaining lipid transporter in single-KO
animals. ABCG1-mRNA was reduced in
ABCA1-KO animals after MWCNT
instillation, similar to changes observed in
wild-type mice (8) (Figure 5A). In contrast,
MWCNT instillation increased the
expression of ABCAI-mRNA in ABCGI1-
KO animals (Figure 5B). Changes in
pulmonary lipid composition were
evaluated by measuring the total cholesterol
content of the BALF. We found the BALF
cholesterol concentration of sham-instilled
wild-type (1.6 = 0.1 pg/ml) and ABCA1-
KO (1.5 = 0.1 pg/ml) animals did not
differ. However, ABCG1-KO (2.9 = 0.3
pg/ml) and ABCA1/ABCG1-DKO (4.6 +
0.6 jg/ml) animals showed progressive
lipid accumulation in the lungs (Figure 5C).
After MWCNT instillation, BALF
cholesterol was significantly increased in
wild-type (2.3 = 0.2 pwg/ml) and ABCAI-
KO mice (2.4 = 0.4 pg/ml). The increased
BALF cholesterol content observed in
ABCGI-KO (3.5 £ 0.3 pug/ml) and

ABCA1/ABCG1-DKO (6.0 = 1.0 pg/ml)
mice failed to reach significance compared
with sham-instilled animals, but was
significantly greater than in MWCNT-
instilled wild-type animals (Figure 5C).
Intracellular lipid accumulation was
evaluated from Oil-Red-O (ORO)-stained
whole-lung tissue of sham and MWCNT-
instilled animals 60 days after instillation.
Histological analysis was performed using a
simplified scoring system taking into
account the frequency of lipid-loaded
macrophages throughout the tissue. Results
indicate a slight increase of lipid-laden
macrophages in sham-instilled ABCA1-KO
(2.7 * 0.3), ABCG1-KO (4.7 + 0.3), and
ABCA1/ABCG1-DKO (5.0 = 0.1) animals
compared with wild-type mice (1.3 = 0.3).
After MWCNT instillation, a slight but
nonsignificant increase in ORO score was
observed in wild-type animals (2.3 = 0.2,
P =0.07). ORO score of MWCNT-instilled
ABCA1-KO (2.3 =0.3), ABCG1-KO
(4.3 £ 0.3), and ABCA1/ABCG1-DKO

American Journal of Respiratory Cell and Molecular Biology Volume 61 Number 3 | September 2019
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Figure 5. Instillation of MWCNTs affects ABC-lipid transporter expression and total cholesterol content of BALF. Quantitative PCR analysis of (A) ABCG1
expression in ABCA1-KO animals and (B) ABCA1 expression in ABCG1-KO animals; *P < 0.05 C57BI/6J-sham versus KO-sham, *P < 0.05 sham versus
MWCNT/strain. (C) Total cholesterol content of BALF in sham- or MWCNT-instilled animals. (D) Qualitative analysis of Oil-Red-O (ORO)-stained lung

tissue; *P < 0.05. Representative images of (E) sham-instilled wild-type (1+) and (F) MWCNT-instilled ABCG1-KO (5+) scored ORO-stained lungs. Scale
bars: 50 um. Data represent mean = SEM, n = 4/treatment.

(4.5 = 0.3) animals did not statistically
differ from vehicle instilled controls. ORO
scores of MWCNT-instilled ABCG1-KO
and ABCA1/ABCG1-DKO animals were
statistically greater than scores of wild-type
animals (Figure 5D). Representative
images of sham-instilled wild-type (ORO
1+) and MWCNT-instilled ABCG1-KO
(ORO 5+) animals are shown in Figures
5E and 5F, respectively.

ABC-Lipid Transporter-Deficient
Alveolar Macrophages Have
Increased Carbon Content and
Phagocytic Capacity

The observations that alveolar macrophage
ABCGI deficiency promotes MWCNT-
induced granulomatous inflammation
prompted us to further investigate how
these cells phagocytose carbon
nanoparticles. We hypothesized that
ABCGI deficiency would lead to a greater
number of carbon-containing alveolar
macrophages. To test this hypothesis,
alveolar macrophages were evaluated from
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BAL cell cytospins for the presence or
absence of intracellular carbon. We found
that the percentages of alveolar
macrophages containing carbon were
significantly higher in each ABC-lipid
transporter KO—ABCA1-KO (26 * 3.4%),
ABCGI-KO (22 + 2.2%), and
ABCA1/ABCG1-DKOs (22 * 1.5%)—
compared with wild-type (14 = 1.4%)
animals (Figure 6A). Although no
significant difference was observed among
ABCA1-KO, ABCGI1-KO, and
ABCA1/ABCGI1-DKO animals, the
increased percentage of ABCA1-KO
macrophages containing carbon was
unexpected.

To further define the phagocytic
capacity of ABC-lipid transporter—deficient
alveolar macrophages, BAL cells were
incubated with pH-sensitive fluorescently
labeled Escherechia coli particles and
evaluated by flow cytometry. The
percentage of alveolar macrophages that
phagocytized labeled particles increased in
ABCAI1-KO (35 + 1.9%) and, to a further

extent, in ABCG1-KO (55 * 2.5%) and
ABCA1/ABCG1-DKO (51 * 2.6%),
compared with wild-type (24 = 4.2%)
animals (Figure 6B). Mean fluorescence
intensity, a measure of the number of
particles phagocytosed per macrophage,
was significantly increased in ABCG1-KO
and ABCA1/ABCG1-DKO animals, but not
ABCA1-KO (Figure 6C). Representative
contour plots of the percentage of alveolar
macrophages that phagocytosed particles
are shown in Figure 6D. These data are
consistent with a previous report that found
that ABCG1-deficient macrophages had an
increased phagocytic capacity to clear
apoptotic cells (16).

MWCNT-induced Mediastinal
Lymphadenopathy Is Exacerbated by
the Deficiency of ABC-Lipid
Transporters

Previous studies have shown the ability of
intratracheally instilled MWCNTs to
translocate to lung-associated lymph nodes
(21). We sought to characterize the change
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Figure 6. ABC-lipid transporter deficiency affects alveolar macrophage MWCNT content and phagocytic capacity. (A) Alveolar macrophages of C57BI/6J
or ABC-KO mice instilled with MWCNTs were visualized on BAL cell cytospins and evaluated for the presence of MWCNTSs. The phagocytic capacity of
alveolar macrophages isolated from naive animals was evaluated by determining the (B) percent of cells to phagocytose fluorescently labeled Escherechia
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in mediastinal lymph node volume in wild-
type and ABC-lipid transporter—deficient
animals after MWCNT instillation. The
average mediastinal lymph node volume of
sham-instilled wild-type (1.8 = 0.2 mm®)
and ABCA1-KO (2.0 = 0.2 mm®) animals
did not statistically differ; however,
ABCGI1-KO (6.6 = 0.9 mm®) and
ABCA1/ABCG1-DKO (10.6 1.2 mm”)

animals had a significant increase in lymph
node volume. After MWCNT instillation,
mediastinal lymph node volume was
significantly increased in wild-type (4.8 =
0.4 mm>), ABCA1-KO (5.5 = 0.7 mm°),
ABCG1-KO (9.7 = 0.9 mm®), and
ABCA1/ABCG1-DKO (15.5 = 1.2 mm?)
compared with sham-instilled mice. The
MWCNT-induced mediastinal

lymphadenopathy observed in ABCG1-KO
and ABCA1/ABCGI1-DKO mice was
significantly greater than in wild-type
animals (Figure 7A). Further evaluation
found a significant correlation between
mediastinal lymph node volume and the
average size of MWCNT-induced
pulmonary granulomas (r=0.68, P =0.03;
Figure 7B), where paired data were
available. Histological examination
identified intracellular carbon deposition

A * B throughout the lymph nodes, but no
. _* X evidence of granuloma formation in
30+ * 20 - MWCNT-instilled animals (images not
o * —
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Figure 7. MWCNT-induced lymphadenopathy is exacerbated by the deficiency of ABCG1.

(A) Tracheobronchial lymph node volume was determined from sham- or MWCNT-instilled animals;

*P < 0.02. Data represent mean = SEM. (B) Correlation was determined for animals with paired
mediastinal lymph node volume and mean granuloma area.

338

macrophage lipid transporters, ABCA1
and ABCG1 (6, 8). The deficiency of these
genes correlates with pulmonary lipid
accumulation and increased expression of
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proinflammatory mediators in the
MWCNT model (7, 8). Although the
deficiency of ABCA1 or ABCG1 has been
shown to promote pulmonary lipid
accumulation (9, 22), the involvement

of these transporters in chronic
granulomatous lung disease remains
unclear. We aimed to determine if the
deficiency of alveolar macrophage ABCA1
or ABCG1 contributes to pulmonary
granuloma formation and inflammation.
Here, we report that deficiency of alveolar
macrophage ABCG1, but not ABCA1,
promotes MWCNT-induced pulmonary
granuloma size, pulmonary fibrosis,
profibrotic mediators, and the expression of
CCL2 and osteopontin. These observations
correlate with the dysregulation of
pulmonary lipid homeostasis, and suggest
that alveolar macrophage ABCGI acts

as a negative regulator of pulmonary
granulomatous inflammation.

The proinflammatory mediators, CCL2
and osteopontin, are upregulated in
granulomatous tissue of patients with
pulmonary sarcoidosis and wild-type
animals bearing MWCNT-induced
granulomas (19, 23-25). Deficiency of these
genes in murine studies prevents the
formation of pulmonary granulomas in
response to stimuli (17, 18), suggesting that
these mediators play an integral role in the
process. ABCGI1 deficiency has been shown
to promote pulmonary inflammation,
including increased expression of CCL2 in
lung tissue of total KO animals (26). To our
knowledge, the expression of osteopontin
has not been evaluated in the lungs of lipid
transporter—deficient mice. Evaluation of
CCL2 and osteopontin found intrinsic
elevation of these mediators in alveolar
macrophages deficient in ABCG1 and
further upregulation after MWCNT
instillation. The increased expression
of these mediators in ABCGI or
ABCA1/ABCGI myeloid-specific KO
animals likely promotes MWCNT-induced
granuloma formation.

Here, we report that deficiency of
alveolar macrophage ABCGI or the
combined deficiency of ABCA1/ABCG1
promotes MWCNT-induced pulmonary
fibrosis and the profibrotic mediators,
PDGFa and TGF-B. These observations
correlate with the progressive pulmonary
lipid accumulation noted in these animals.
Previous studies have reported lipid-loaded
macrophages in patients suffering from
fibrotic lung disease and in animal models

McPeek, Malur, Tokarz, et al.: ABCG1 Deficiency Promotes MWCNT-induced Granulomas

of pulmonary fibrosis (27-30). Romero
and colleagues (31) demonstrated that
deficiency of ABCGL, in part due to
pulmonary lipid accumulation, promotes
bleomycin-induced lung fibrosis.
Interestingly, transcriptome analysis of
lipid-loaded macrophages isolated from a
subcutaneous granuloma model exhibited
upregulation of profibrotic pathways (32).
These observations support a link between
dysregulated pulmonary lipid homeostasis
and the progression of lung diseases.

In an effort to better describe how
ABC-lipid transporter—deficient alveolar
macrophages respond to carbon
nanoparticles, we evaluated the carbon
content and phagocytic capacity of these
cells. We found an increased number of
carbon-containing alveolar macrophages
in ABCA1-KO, ABCG1-KO, and
ABCA1/ABCG1-DKO mice when
compared with wild-type animals. Further
studies demonstrated that the phagocytic
ability of these cells increases in the order
of: ABCAI/ABCGI-DKO ~ ABCG1-KO >
ABCAI-KO > C57BI/6] (wild-type). The
increased number of carbon-laden
macrophages in ABCA1-KO BAL was
unexpected. Given the increased total BAL
cell count observed in the ABCG1 and
ABCA1/ABCG1-DKO animals, it may be
inferred that the macrophage:carbon ratio
is decreased in these animals, explaining the
relatively equal number of carbon-
containing macrophages in ABCA1-KO
animals. Although these studies do not
account for the distinct mechanisms of
E. coli and carbon nanotube phagocytosis,
the observation suggests that macrophage
deficiency of ABCG1 or combined
deficiency of ABCA1/ABCGI1 promotes
carbon nanotube phagocytosis and
retention in the lung, increasing pulmonary
toxicity and inflammation.

Mediastinal and hilar lymph node
involvement are defining characteristics of
the initial stages of pulmonary sarcoidosis.
These data demonstrate that the deficiency
of macrophage ABCG1 exacerbates
mediastinal lymphadenopathy in both
check sham- and MWCNT-instilled
animals. This observation may reflect the
proinflammatory phenotype that
characterizes the lungs of ABCG1- and
ABCA1/ABCGI1-deficient animals. Despite
the presence of MWCNTs in the lymph
nodes, no granulomas were observed. This
finding may reflect absence of an
immunologic antigen or the time point

evaluated, 60 days after instillation. Carbon
nanotubes have been shown to accumulate
in the lymph nodes over time (21), and our
laboratory has made similar observations in
the MWCNT model. Interestingly, a
significant positive correlation was found
between mediastinal lymph node volume
and the average size of pulmonary
granulomas, a relationship that warrants
further investigation.

An unexpected observation made
during the course of these studies was the
absence of a significant increase in
proinflammatory mediators in ABCA1-KO
mice. Previous reports have found
progressive pulmonary lipid accumulation
in complete ABCA1-KO animals (9, 33), but
at a slower rate than observed in ABCG1-
deficient animals. The absence of significant
pulmonary lipid accumulation may explain
the lack of an inflammatory phenotype.
Previous studies have also indicated that
the inflammatory potential of ABCA1-
deficient macrophages is less than those
deficient in ABCG1 or ABCA1/ABCGI.
After LPS stimulation, peritoneal
macrophages of ABCA1-deficient animals
demonstrated only a slight increase in a
limited subset of inflammatory cytokines
compared with ABCGL or, to a greater
extent, ABCA1/ABCG1-DKO peritoneal
macrophages (11).

The progressive stages of pulmonary
sarcoidosis are characterized by hilar node
involvement, granulomatous infiltrates into
the lungs, and end-stage pulmonary fibrosis
(34). Here, we demonstrate that the
deficiency of alveolar macrophage ABCG1
exacerbates each of these clinical parameters
in response to the instillation of carbon
nanotubes. Recently, we have reported that
upregulation of alveolar macrophage
ABCGI expression and inhibition of
pulmonary lipid accumulation correlate with
reduced MWCNT-induced pulmonary
granuloma formation and proinflammatory
macrophage activation (35). These
observations, together with those presented
in the current study, demonstrate that
alveolar macrophage ABCG1 is a crucial
regulator of pulmonary granuloma
formation and inflammation. Ml
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