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Abstract

We established a murine model of multiwall carbon nanotube
(MWCNT)-elicited chronic granulomatous disease that bears
similarities to human sarcoidosis pathology, including alveolar
macrophage deficiency of peroxisome proliferator–activated receptor g
(PPARg). Because lymphocyte reactivity to mycobacterial antigens has
been reported in sarcoidosis, we hypothesized that addition of
mycobacterial ESAT-6 (early secreted antigenic target protein 6) to
MWCNTmight exacerbate pulmonary granulomatous pathology.
MWCNTs with or without ESAT-6 peptide 14 were instilled by the
oropharyngeal route into macrophage-specific PPARg-knockout (KO)
or wild-type mice. Control animals received PBS or ESAT-6. Lung
tissues, BAL cells, andBALfluidwere evaluated 60days after instillation.
PPARg-KO mice receiving MWCNT1 ESAT-6 had increased
granulomas and significantly elevated fibrosis (trichrome staining)
compared with wild-type mice or PPARg-KOmice that received only
MWCNT. Immunostaining of lung tissues revealed elevatedfibronectin

and Siglec F expression onCD11c1 infiltrating alveolarmacrophages in
the presence of MWCNT1 ESAT-6 compared with MWCNT alone.
AnalysesofBALfluidproteins indicated increased levelsof transforming
growth factor (TGF)-b and the TGF-b pathway mediator IL-13 in
PPARg-KO mice that received MWCNT1 ESAT-6 compared with
wild-typeorPPARg-KOmice that receivedMWCNT.Similarly,mRNA
levels of matrix metalloproteinase 9, another requisite factor for TGF-b
production, was elevated in PPARg-KOmice by MWCNT1 ESAT-6.
Analysis of ESAT-6 in lung tissues by mass spectrometry revealed
ESAT-6 retention in lung tissues of PPARg-KO but not wild-typemice.
These data indicate that PPARg deficiency promotes pulmonary
ESAT-6 retention, exacerbates macrophage responses toMWCNT1
ESAT-6, and intensifies pulmonary fibrosis. The present findings
suggest that the model may facilitate understanding of the effects of
environmental factors on sarcoidosis-associated pulmonary fibrosis.

Keywords: multiwall carbon nanotubes; granuloma; peroxisome
proliferator–activated receptor-g fibrosis; lung; sarcoid

Charting the relationship between
environmental carbon pollutants and
human disease is a continuing problem (1).
Combustion-generated carbonaceous

pollutants are found throughout the
environment and can include multiwall
carbon nanotubes (MWCNT) or
nanoparticles (reviewed by Lam and

colleagues [2]). Carbon nanotubes (CNTs)
are cylindrically shaped, high-aspect ratio,
carbon-based nanostructures. MWCNTs
are a type of CNT that consists of multiple
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overlapping layers of carbon around the
cylinder. CNTs are on the scale of tens of
nanometers in diameter and can be very
long (e.g., .1 mm) (2). CNTs have been
reported in dusts resulting from the intense
combustion associated with the 2001 World
Trade Center disaster as well as in lung
tissues of World Trade Center–exposed
individuals diagnosed with sarcoidosis (3).
More recently, CNTs have been found in
diesel exhausts and in lung tissues of urban
Parisian children (4). Studies of CNTs in
laboratory animals have demonstrated both
granulomatous and fibrotic lung pathology,
depending on nanotube configuration and
dose (5, 6).

In sarcoidosis, a human granulomatous
disease of unknown etiology primarily
affecting the lungs, epidemiological studies
have suggested linkage with multiple
environmental risk factors, including exposure
to conditions under which CNTs may be
produced (7–9). To investigate the potential
role of CNTs in pulmonary disease, we used
oropharyngeal instillation of MWCNT to
construct a murine model of granulomatous
disease (10). Strikingly, our previous
publications have shown that the MWCNT
mouse model mirrors several characteristics
found in patients with pulmonary sarcoidosis,
including chronicity of granulomatous
pathology and a deficiency in alveolar
macrophage expression of the lipid-regulatory
transcription factor peroxisome proliferator–
activated receptor g (PPARg) (11–13).

Adaptive immune responses to
mycobacterial proteins have been
implicated in sarcoidosis immunopathology
(14), and we previously examined the
effects of instilling a mycobacterial peptide
of ESAT-6 (early secreted antigenic target
protein 6) together with MWCNT in
C57BL/6 wild-type mice (15). ESAT-6
peptide 14 was specifically chosen because
it appears to be the only ESAT-6 peptide to
elicit significant immune responses in
lymphocytes from patients with sarcoidosis
(16). Addition of ESAT-6 to MWCNT
elicited a mild fibrotic response in wild-type
mice (15). In the present study, we used
macrophage-specific PPARg-knockout
(KO) mice, which, compared with wild-
type mice, display elevated lymphocytes
and granulomatous pathology in response
to instilled MWCNT (17). We have also
noted that untreated PPARg-KO mice
exhibit endogenous T-helper cell type 1
(Th1)-type inflammatory responses (18).
Because PPARg deficiency, elevated

lymphocytes, and Th1-type responses are
all characteristics reported in sarcoidosis,
we hypothesized that the combined
instillation of ESAT-6 and MWCNT into
PPARg-KO mice might generate a more
intensive pathology that would more closely
resemble that reported in sarcoidosis.

Methods

MWCNT Model
All studies were conducted in conformity
with Public Health Service policy on
humane care and use of laboratory animals
and were approved by the institutional
animal care committee at East Carolina
University, Animal Use Protocol J199.
C57BL/6J wild-type (The Jackson
Laboratory) or macrophage-specific PPARg-
KO mice (18) received oropharyngeal
instillation of MWCNT. MWCNTs (900-
1501, lot-GS1802; SES Research) were freshly
prepared and have previously been described
extensively (10). A single pulmonary
instillation of MWCNT (100 mg) in
PBS/35% surfactant (Ony Inc. [vehicle]6
ESAT-6 peptide 14 [NNALQNLARTISEAG]
20 mg) were delivered to wild-type mice and
PPARg-KO mice. Sham control animals
received vehicle; additional control animals
received ESAT-6. Animals were killed at 60
days after instillation and evaluated as
previously described (17).

Characterization of BAL Cells
BAL cells were obtained as previously
described (18) and in the data supplement.

Protein Analyses of BAL Fluids
Proteins were assayed in BAL fluid (BALF)
for transforming growth factor (TGF)-b
(BioLegend), platelet-derived growth factor
subunit A (PDGFa) (RayBiotech), and IL-
13 (R&D Systems).

Histological Analysis
Lungs were dissected and fixed in PBS-
buffered 10% formalin and embedded in
paraffin. A semiquantitative scoring system
previously described (17) was used for a
relative comparison of the numbers and
quality of the granulomas formed in mice
that received MWCNT versus ESAT-61
MWCNT (see data supplement). For
determination of fibrosis, 5-mm sections
were stained with Masson’s trichrome
(Provia Diagnostics). Fibrosis was
quantified using a modified Ashcroft scale

as described by Hübner and colleagues (19).
For each condition, six lung sections were
scored. Scores by two investigators were
averaged for final analysis.

Immunohistochemistry
Frozen lung tissue sections (7 mm) were
fixed with 4% paraformaldehyde–PBS,
permeabilized with Triton X-100, blocked
with normal goat serum in PBS/Triton
X-100 for nonspecific binding, and stained
with antifibronectin (Fn1)
antibody(ab45688; Abcam) or anti-CD3
antibody (ab5690; Abcam) at 1:100
dilution, followed by Alexa
Fluor–conjugated goat antirabbit IgG
(Invitrogen). Slides were counterstained
with DAPI (Vector Laboratories) to
facilitate nuclear localization. For Siglec F
and CD11c staining, tissue sections were
fixed with acetone and blocked with Fcr
blocking reagent. Siglec F phycoerythrin
antibody (552126; BD Pharmingen) was
used at 1:200 dilution, and CD11c
biotinylated (13-0114; Affymetrix) was used
at 1:200 dilution with a
streptavidin–fluorescein isothiocyanate
antibody (Invitrogen).

Mass Spectrometry
Optima grade methanol, acetonitrile, formic
acid, and water were purchased from Fisher
Scientific. Lung tissue weights were recorded
and added to a 15-ml centrifuge tube.
Methanol (500 ml) with 0.2% formic acid
was added to the tissue and homogenized
using an ultrasonic probe. Samples were
homogenized for approximately 20 seconds
on ice, incubated at 2208C for 1 hour, and
centrifuged at 1,000 rpm. The supernatant
was placed in a microcentrifuge tube and
centrifuged for 20 minutes at 48C. Samples
were placed in an autosampler vial for
analysis by nano liquid chromatography–mass
spectrometry (nano-LC/MS).

Statistical Analyses
Data were analyzed by Student’s t test or
one-way ANOVA and Tukey’s test using
Prism 7 software (GraphPad Software,
Inc.).

Results

Characterization of MWCNT with and
without ESAT-6
Scanning electron microscopy (SEM) and
subsequent characterization of MWCNTs
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are shown in Figures E1A and E1B in the
data supplement. The SEM images of
the MWCNTs were analyzed, and the
distributions of the MWCNTs’ widths are
shown in Figure E1B; the highest-frequency
width is near 20–30 nm. An effective
particle size can be calculated for larger
volumes of MWCNTs, and this particle size
represents an average of the length of the
MWCNTs in all dimensions (i.e., lying
somewhere between the small widths of
20–30 nm and the lengths up to microns).
This distribution before addition of ESAT-6
(Figure E1C) is unimodal with the mode
(highest frequency) near 150 nm. This
value in the PBS-only condition correlates
well as an effective average size of the
nanotubes shown in Figure E1A. After
addition of ESAT-6, the distribution
becomes bimodal with a substantially larger
mode appearing around 1,500 nm. As
demonstrated in Figure E1C, the value of
the particle size distribution measurements
is the ability to characterize how the
MWCNTs disperse in different media.

The zeta potentials of the solutions
containing PBS and PBS with ESAT-6 were
210.9 mV (62) and 20.6 mV (62.6),
respectively. The zeta potential change after
addition of ESAT-6 shows that the surface
potential of the CNTs is affected, and this
may contribute to potential agglomeration
and the appearance of the larger mode in
the particle size distribution. Chemical
and phase analysis was performed using

time-of-flight secondary ion mass
spectrometry (TOF-SIMS) and X-ray
diffraction (XRD). The XRD shows that the
CNTs possess the expected primary phase
with a small secondary phase present. TOF-
SIMS confirmed that the secondary phase
consists of an Mo-containing species, and
phase identification using XRD indicates
that this phase is likely MoC. The fraction
of the secondary phase is low (z2 wt% or
less). The Raman spectra shown in Figure
E1D are consistent with the MWCNT
structure, specifically the observation of the
G band at 1,567 cm21 and the disorder-
induced Raman peaks at 1,341 cm21 (D
band) and 2,676 cm21 (2D band). The
presence of the D bands indicates disorder
present in the CNT structures.

The MWCNTs used in the present
study have both similar and different
features relative to the MWCNTs used by
Huizar and colleagues (10). The sizes,
morphologies, and primary phases of the
two MWCNT batches are similar, as shown
by SEM, diameter analysis, size distribution
measurements, XRD, and Raman
spectroscopy. The XRD and TOF-SIMS
results show that a small amount of a
secondary phase is present, consisting of
the element Mo and likely the MoC phase.
XRD and TOF-SIMS were repeated on the
MWCNT batch used by Huizar and
colleagues (10 and results not shown), and
these impurities were not observed in the
previous MWCNT batch. X-ray

photoelectron spectroscopy of both batches
(results not shown) does not indicate
evidence of Mo, but TOF-SIMS is more
sensitive to trace elements than X-ray
photoelectron spectroscopy. The Mo
impurity is different from the primary Fe
impurity observed by Huizar and colleagues
(10). The addition of ESAT-6 to the
solution influences the zeta potential, which
affects the size distribution. Specifically, a
small amount of MWCNT agglomeration
may occur with ESAT-6 addition.

Addition of ESAT-6 to MWCNT
Intensifies Granuloma Formation and
Fibrosis in PPARg-KO Mice
Previously, we reported that MWCNT-
induced granulomas were elevated in
PPARg-KO mice compared with wild
type (10). In the present study, we
investigated the effect of ESAT-6 on

Table 1. Granuloma Score in Peroxisome
Proliferator–activated Receptor
g–Knockout Mice

MWCNT MWCNT1 ESAT-6

3.86 0.3 5.56 0.2
n = 12 n = 6

Definition of abbreviations: ESAT-6 = early
secreted antigenic target protein 6; MWCNT =
multiwall carbon nanotube.
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Figure 1. ESAT-6 (early secreted antigenic target protein 6) exacerbates granulomas and fibrosis in mice instilled with MWCNT or MWCNT 1 ESAT-6 or
PBS for 60 days (60-day mice). (A) Representative light micrographs illustrating that granuloma formation in MWCNT1 ESAT-6–instilled mice after 60 days
is increased compared with mice instilled with MWCNT alone. As indicated by trichrome staining, fibrosis is increased in the areas around granulomas
as well as within granulomas. Scale bars: 20 mm. (B) Modified Ashcroft scoring of fibrosis. In peroxisome proliferator–activated receptor g–knockout
(PPARg–KO) mice 60 days after instillation with MWCNT1 ESAT-6, fibrosis is increased compared with mice instilled with MWCNT alone and also
compared with C57BL/6 wild-type mice instilled with MWCNT1 ESAT-6. Reported are the mean6 SEM values of two independent observers from
six lungs for each group. ★P < 0.05. MWCNT=multiwall carbon nanotube.
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MWCNT-induced granulomas in
PPARg-KO mice at 60 days after
instillation. The results indicated that
MWCNT1 ESAT-6 elicited a significantly
(P< 0.05) higher histologic score (17) than
MWCNT alone at 60 days (Table 1).
Interestingly, the 60-day effect was similar
to that noted previously in C57BL/6 wild-

type mice exposed to MWCNT1 ESAT-6
(15). No granulomas were detected in
PPARg-KO mice receiving sham treatment
or ESAT-6 alone.

Fibrotic changes were apparent in 60-
day lung sections stained with Masson’s
trichrome, both within the granulomas and
in the surrounding areas (Figure 1A). No

fibrosis was noted in sham or ESAT-6–
alone control animals. Comparative
fibrosis scoring by the Ashcroft system (19)
indicated that MWCNT increased the
fibrotic index from 1.5 in C57BL/6 to 4.5 in
PPARg-KO mice (P, 0.0001), and
MWCNT1 ESAT-6 increased the index
from 3.4 to 6.3 (C57BL/6 vs. PPARg-KO;
P, 0.0001) (Figure 1B).

Additional evaluation of pulmonary
fibrotic changes in PPARg-KO mice was
performed by laser capture microdissection
analysis of fibronectin gene expression in
granuloma-positive versus granuloma-
negative regions (Figure 2A). PPARg-KO
mice showed a near doubling of mRNA
expression of fibronectin, a characteristic
feature of fibrosis (20), in MWCNT1
ESAT-6 granuloma-negative compared
with granuloma-positive regions.
Examination of fibronectin protein
by immunostaining of lung tissue
sections from each treated group showed
increased fibronectin in MWCNT-instilled
lung tissue with a further prominent
increase around granulomas in
MWCNT1 ESAT-6–treated mice
(Figure 2B). Sham-treated or ESAT-6–
instilled lungs revealed minimal
fibronectin.

ESAT-6 Increases Macrophage Siglec
F Protein Expression in PPARg-KO
Mice
To determine whether ESAT-6 exerted
any transformative phenotypic effects on
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Figure 2. ESAT-6 increases fibronectin (Fn1) in 60-day PPARg-KO mice. (A) Laser capture microdissection from lungs of 60-day PPARg-KO mice instilled
with MWCNT1 ESAT-6 shows increased expression of fibronectin mRNA in granuloma-positive and granuloma-negative regions compared with lungs
instilled with only MWCNT. Reported are the mean6 SEM values for four different lungs. (B) Representative bright-field and immunofluorescence staining
for fibronectin indicates low levels in mice instilled with sham fluid and ESAT-6 alone but increased fibronectin protein around granulomas in both
MWCNT- and MWCNT1 ESAT-6–instilled animals. The dark-appearing material in the bright-field images is the accumulation of MWCNT in the tissue.
Scale bars: 50 mm. ★P < 0.05.
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Figure 3. Siglec F expression increases in 60-day PPARg-KO mice instilled with MWCNT1 ESAT-6.
Immunofluorescence indicates marked CD11c (green) and minimal Siglec F (red) expression in
C57BL/6 mice instilled with MWCNT1 ESAT-6. PPARg-KO macrophages are also CD11c positive
with MWCNT, but Siglec F becomes more pronounced after instillation of MWCNT1 ESAT-6. Scale
bars: 20 mm.
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infiltrating pulmonary macrophages, lung
tissues from sham, MWCNT-instilled, and
MWCNT1 ESAT-6–instilled C57BL/6 and
PPARg-KO mice were immunostained for
alveolar macrophage markers CD11c and
Siglec F (21). CD11c (green) was expressed
on C57BL/6 macrophages with minimal
Siglec F (red) expression in both MWCNT
and MWCNT1 ESAT-6 lung sections
(Figure 3). PPARg-KO macrophages
expressed prominent CD11c expression
with minimal Siglec F after MWCNT
instillation, but after MWCNT1 ESAT-6
instillation, Siglec F became more intensely
expressed than CD11c (Figure 3),
suggesting that ESAT-6 modulated the
alveolar macrophage phenotype.

CD31 Cells Surrounding Granulomas
Are Increased in PPARg-KO Mice
Exposed to MWCNT1 ESAT-6
We previously reported that in C57BL/6
mice, pulmonary infiltrates of CD31

lymphocytes were increased around
granulomas after instillation of
MWCNT1 ESAT-6 (15). In the present
study, we examined the effects of
ESAT-6 on CD31 infiltration in MWCNT-
instilled PPARg-KO mice. Laser capture
microdissection analysis of granuloma-
positive and granuloma-negative regions

within the same lung indicated that CD3
mRNA expression in PPARg-KO pulmonary
granuloma-negative tissues increased from a
mean of 2.1-fold with MWCNT instillation to
6.0-fold after instillation of MWCNT1
ESAT-6 (Figure 4B). Immunostaining
indicated prominent CD31 cells within the
nongranulomatous regions in MWCNT1
ESAT-6–instilled animals compared with
MWCNT- or sham-instilled animals
(Figure 4A).

Fibrotic Mediator Expression Is
Elevated in BAL Cells and BALF
Differential cell counts of PPARg-KO BAL
cells (Table 2) revealed predominately

macrophages (ranging from 87% in
MWCNT1 ESAT-6 to 92% in sham)
with elevated lymphocytes and minimal
neutrophils (,10%) in all sham and
treatment groups. Similarly, BAL of wild-
type mice contained 97–99% macrophages
but less than 5% lymphocytes. Differential
counts of treated groups did not
significantly differ from sham for either
C57BL/6 or PPARg-KO mice. Because our
previous studies in C57BL/6 mice had
detected maximally elevated cytokine
expression in BAL cells exposed to
MWCNT1 ESAT-6 (15), we evaluated
BAL cell mRNA responses in PPARg-KO
mice. The results revealed two basic
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Figure 4. CD31 T cells are increased in PPARg-KO mice instilled with MWCNT1 ESAT-6. (A) Immunofluorescent anti-CD3 staining of lung tissues shows
CD31 cells around the granulomatous region and not within the granuloma itself. Scale bars: 50 mm. (B) Laser capture microdissection from lungs of
PPARg-KO mice also shows increased expression of CD3 mRNA in granuloma-negative compared with granuloma-positive regions within the same lung.
Reported are the mean6 SEM values for five lungs from each group. ★P < 0.05.

Table 2. BAL Cell Differentials

Treatment M L PMN

Wild type
Sham 996 0.6 16 0.6 0
MWCNT 986 2 46 2 0
MWCNT1 ESAT-6 976 3 36 3 0

PPARg-KO
Sham 926 9 56 4 36 4
MWCNT 886 4 76 3 56 5
MWCNT1 ESAT-6 876 5 76 6 76 4

Definition of abbreviations: L = lymphocytes; M =macrophages; PMN = polymorphic nuclear
leukocytes; PPARg-KO = peroxisome proliferator–activated receptor g–knockout.
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patterns of responses in PPARg-KO mice.
For OPN (osteopontin), CCL2, and PDGFa,
significant responses (P< 0.05) were found
with either MWCNT alone or MWCNT1
ESAT-6 compared with sham treatment
(Figures 5A, 5B, and 5E). With IL-13 and
matrix metalloproteinase (MMP)-9

(Figures 5F and 5G), significant responses
(P< 0.05) were produced only by
combined MWCNT1 ESAT-6.
Examination of BAL cells from wild-type
mice yielded no detectable mRNA
responses of either IL-13 or MMP-9 (data
not shown).

Interestingly, mRNA expression of
TGF-b was not detectable in either PPARg-
KO (Figure 5C) or wild-type mice (data not
shown), but PPARg-KO BAL cells instilled
with MWCNT or MWCNT1 ESAT-6
expressed elevated levels of the TGF-b
signaling gene, Smad3, compared with
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Figure 5. Gene expression from PPARg-KO BAL cells. (A) Osteopontin (OPN) and (B) CCL2 were significantly (★P< 0.05) increased by MWCNT or
MWCNT1 ESAT-6 instillations compared with sham. (C) Transforming growth factor (TGF)-b was not increased by either MWCNT or MWCNT1 ESAT-6.
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compared with sham. Reported are the mean6 SEM values for n = 4–10 per group.
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sham, suggesting exposure to TGF-b
(Figure 5D). Analysis of BALF confirmed
this with TGF-b protein levels significantly
(P< 0.05) augmented by MWCNT or
MWCNT1 ESAT-6 only in BALF from
PPARg-KO mice (Figure 6A) but not from
wild-type mice (data not shown). These
findings suggested that macrophages were
not the only contributors to TGF-b
production in PPARg-KO mice.

A similar pattern was noted with
PDGFa protein (Figure 6B), which was
significantly elevated (P< 0.05) versus
sham by MWCNT or combined
MWCNT1 ESAT-6. PDGFa levels
induced by the combination were slightly
(but not significantly; P = 0.09) elevated
compared with MWCNT alone (Figure 6B).
In contrast, IL-13 protein production was
significantly (P< 0.05) increased by
combined MWCNT1 ESAT-6 but not by
MWCNT alone (Figure 6C). In line with
the aforementioned mRNA findings,
C57BL/6 BALF levels of IL-13 protein were
not detectable (data not shown). C57BL/6,
however, did show significant (P< 0.05)
increases in PDGFa protein with either
MWCNT (150 pg/ml) or MWCNT1
ESAT-6 (155 pg/ml) compared with sham
(72 pg/ml). It was noted that PPARg-KO
baseline levels of PDGFa (120 pg/ml) in
sham control animals were significantly
(P< 0.05) higher than in wild-type control
animals (72 pg/ml).

ESAT-6 Is Retained in Lung Tissues of
PPARg-KO but Not Wild-Type Mice
ESAT-6 is a secreted protein that consists of
95 amino acids. For this study, a modified
sequence was used that consists of 15 amino
acids starting at position 66 from the full

sequence and ending at 80. A nano-LC/MS
method was developed and optimized for
the detection of the modified ESAT-6
peptide. The nano-LC/MS analysis for
ESAT-6 standard is shown in Figure 7A.
The extracted ion chromatogram for the
[M1 3H]13 at mass-to-charge ratio (m/z)
524.6 Da demonstrates that ESAT-6 is
retained on the column until 28.5 minutes
(Figure 7A). The first TOF mass
spectrometry experiment (Figure 7B) shows
the monoisotopic mass measured and
calculated to be 1,570.7961 and 1,570.9164
for [M1 3H]13 and [M1 2H]12,
respectively. [M1 3H]13 showed less than
1 ppm mass accuracy and was used as the
target ion for the analysis of the modified
ESAT-6 in lung tissue. The fragmentation
pattern for m/z 524.6 Da is shown in
Figure 7C, and the peptide fragments
identified are listed in Table 3.

The nano-LC/MS analysis was
performed because the disparate responses
of C57BL/6 and PPARg-KOmice to ESAT-6
inclusion in the MWCNT instillation
protocol suggested that there might be
differences in pulmonary retention of
ESAT-6. The results indicated an ESAT-
6–modified peptide peak was detectable in
PPARg-KO mouse lungs with ESAT-6
alone, as well as with MWCNT1 ESAT-6
at 60 days after instillation, and a
representative extracted ion chromatogram
for m/z Da 524.6 for each group is
shown in Figure 7D. Lungs treated with
PBS or MWCNT did not provide a
detectable peak at 28.5 minutes. ESAT-6
peptide was detected in PPARg-KO lungs;
however, there was no evidence of the
peptide in C57BL/6 lungs at 60 days after
instillation.

Discussion

Fibrosis is seen in approximately 20–30% of
patients with sarcoidosis and is a leading
cause of mortality (22). Fibrosis in
sarcoidosis follows the same lymphatic
distribution as active inflammation (23),
and it is presumed that granulomas serve as
the nidi for fibrosis (24). Interestingly, our
studies in C57BL/6 wild-type and PPARg-
KO mice indicate that ESAT-6 instillation
with MWCNT increases both granulomas
and fibrosis. Use of Masson’s trichrome
staining indicated the presence of fibrosis
within granulomas and adjacent tissues in
the present study and our previous report
that focused on ESAT-6 effects in wild-type
mice (15).

Fibrotic pathways, however, appear to
differ between mouse strains, with TGF-b
representing a major component of BALF
in PPARg-KO but not wild-type mice. In
line with these findings, in the present
study, we also detected elevated Smad3
gene expression in PPARg-KO BAL cells.
TGF-b can be produced by a large number
of cell types, such as alveolar macrophages,
fibroblasts, and epithelial and endothelial
cells (25). In idiopathic pulmonary fibrosis,
for example, injured epithelial cells become
major producers of TGF-b and engage in
profibrotic interactions with fibroblasts
(26). Our emphasis has been on the alveolar
macrophage, and subsequent studies will be
required to delineate the role of epithelial
cells in ESAT-6/MWCNT-associated
fibrosis.

Maximum levels of TGF-b were noted
after ESAT-61MWCNT instillation in
PPARg-KO mice. In contrast, TGF-b was
virtually undetectable in wild-type mice.
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Studies in patients with sarcoidosis have
suggested that intrinsic alterations in TGF-
b may constitute a predisposing factor in
developing sarcoidosis-associated
pulmonary fibrosis (reviewed by Patterson
and colleagues [24]). Production of TGF-b
has been shown to be stimulated by IL-13,
which also activates functional properties of
fibroblasts (27). The present study indicates
that in PPARg-KO but not wild-type mice,
the combination of MWCNT1 ESAT-6
elicited maximal BAL cell IL-13 mRNA
expression as well as IL-13 protein
production in BALF. MMP-9, another
factor essential to the IL-13/TGF-b
pathway (27), was also sharply elevated by
MWCNT1 ESAT-6 in PPARg-KO mice.
Interestingly, elevated RNA expression of
IL-13 has been reported in sarcoidosis BAL
cells, and IL-13 protein has been detected in
sarcoidosis alveolar macrophages (28, 29).
It should also be noted that PPARg
deficiency has also been found in
sarcoidosis alveolar macrophages (11).
Thus, findings suggest that PPARg
deficiency may promote elevation of factors
required for a TGF-b–associated fibrosis
pathway that may be suppressed by intact
PPARg activity in wild-type mice.

Elevation of other fibrotic mediators
was also noted in PPARg-KO mice. In
contrast to previous studies of C57BL/6
mice (15), OPN and CCL2 were not
maximally stimulated by MWCNT1
ESAT-6 in PPARg-KO BAL cells, but
expression levels with MWCNT or
MWCNT1 ESAT-6 were both
significantly higher than in sham-treated

animals. PDGFa expression showed a
similar pattern. OPN, a glycoprotein
associated with extracellular matrix
changes, has been cited as having multiple
roles in fibrosis (30). CCL2, a chemokine
capable of inducing fibrocyte recruitment,
has also been shown to be necessary for
fibrosis induction (31). PDGFa represents a
potent mitogen and chemoattractant for
lung fibroblasts (20). Both wild-type and
PPARg-KO mice demonstrated significant
elevations of PDGFa protein in response to
MWCNT1 ESAT-6 compared with sham,
with slightly lower responses to MWCNT
alone. These findings suggest that PDGF
fibrotic pathways may differ from those
of TGF-b in the lung (32). Of note,
significantly higher levels of PDGFa were
detected in MWCNT1 ESAT-treated
PPARg-KO mice than in C57BL/6 mice.
This observation may be related to the
presence of endogenous pulmonary
inflammation that accompanies PPARg
deficiency (33). Our previous studies have
shown that baseline levels of OPN and
CCL2 in untreated PPARg-KO BAL cells
are significantly higher than those of
wild-type cells, strongly suggesting an
endogenous inflammatory condition (17).

In previous reports, we noted that
untreated control PPARg-KO mice
exhibited increased lymphocytes in BAL
compared with wild-type mice (17, 18). In
the present study, we demonstrated an
enhanced CD31 T-cell presence within the
lung parenchyma after instillation of
MWCNT1 ESAT-6 compared with
MWCNT alone. CD31 cells were more

frequently detected within
nongranulomatous than in granulomatous
areas, suggesting that these cells may
contribute to the enhanced fibrosis in
MWCNT1 ESAT-6–treated animals.

Of interest was the finding that ESAT-6
appeared to elevate surface expression of
Siglec F on PPARg-KO but not C57BL/6
alveolar macrophages exposed to MWCNT.
Sialic acid–binding immunoglobulin-like
lectins (Siglecs) are transmembrane protein
members of the immunoglobulin
superfamily (34) with predominantly
inhibitory functions. Siglec F is a marker for
murine alveolar macrophages (21), and the
inhibitory motifs are located in the
cytoplasmic domain (34). Siglec–ligand
interactions are required to regulate
immune cell functions, but the biological
context in which Siglecs function is still not
well understood (35). The elevation of
Siglec F by ESAT-6 has not been reported
previously, and although it appears as if
PPARg-KO alveolar macrophages may
express some immune-inhibitory activity,
additional studies will be required to
confirm this.

Finally, one of the most surprising
findings in this study was the lack of ESAT-6
persistence in lungs of wild-type mice versus
PPARg-KO animals at 60 days after
instillation of ESAT-6 alone or
MWCNT1 ESAT-6. A characteristic
function of PPARg is to enhance
macrophage phagocytosis of cellular or
bacterial debris as part of a general effect to
resolve inflammation, suggesting that the
intact phagocytic functioning in wild-type
mice might be responsible for removing
ESAT-6 debris (36). Despite persistence of
ESAT-6 alone, ESAT-6 had no effect on
pathophysiology in either mouse strain; yet,
ESAT-6 combined with MWCNT clearly
elicited inflammatory and fibrotic
mediators in both strains. Earlier studies
have demonstrated a synergistic effect of
nanotubes or environmental pollutants on
immune reactivity when a second insult
such as allergens or infectious agents is
provided (37, 38). Our studies have
demonstrated that alterations in
lymphocyte populations after the first insult
are compounded by further perturbations.

Figure 7. (Continued). and [M1 2H]12 ions (B) and MSMS fragmentation pattern for the [M1 3H]13 at mass-to-charge ratio (m/z) 524.6 Da ion with the
identified fragment ions listed in Table 3 (C). (D) Extracted ion chromatograms form/z 524.6 Da for the ESAT-6 [M1 3H]13 ion in PPARg-KO and C57BL/6
lungs instilled with PBS, MWCNT, ESAT-6, or MWCNT1 ESAT-6. The ESAT-6–modified peptide peak was detected in the lungs with ESAT-6 and
MWCNT1 ESAT-6 after 60 days, and a representative extracted ion chromatogram for m/z 524.6 for each group is shown in D. The lungs treated with
PBS or MWCNT did not provide a detectable peak at 28.5 minutes. ESAT-6 peptide was not detectable in lungs from C57BL/6 mice.

Table 3. ESAT-6 Primary Identified Fragment Ions Detected for Mass-to-Charge Ratio
524.6 Da

Name Charge m/z Error (Da) Sequence

y2 1 147.08 0.02 AG
b2-17 1 212.07 0.02 NN
b2 1 229.09 0.02 NN
b3-17 1 283.10 0.02 NNA
b3 1 300.13 0.02 NNA
b4 1 413.21 0.03 NNAL
b9 2 498.27 0.02 NNALQNLAR

Definition of abbreviation: m/z =mass-to-charge ratio.
Data are for ions detected for m/z 524.6 Da shown in Figure 7.
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Future nanotube studies will be required to
determine whether innate and/or adaptive
immune system reactivity is altered by
ESAT-6 inclusion.

Conclusions
The data derived from the present study
indicate that PPARg deficiency promotes
pulmonary ESAT-6 retention, exacerbates
macrophage responses to MWCNT1
ESAT-6, and intensifies pulmonary fibrosis.

The findings suggest that the MWCNT
model may facilitate better understanding
of the effects of environmental factors on
sarcoidosis-associated pulmonary fibrosis.
Instillation of mycobacterial ESAT-6
peptide with MWCNT into PPARg-KO
mice appears to exacerbate inflammatory
and fibrotic pathways, some of which have
been documented in sarcoidosis. The
absence of available clinical interventions
directed against sarcoidosis-associated

pulmonary fibrosis, however, means that
lung transplant is the only option for these
patients. A reliable murine model of fibrosis
will allow better understanding of the
pathophysiology of sarcoidosis and the
influences of environmental triggers such as
CNTs and bacterial products on pulmonary
fibrogenesis. n

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