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Abstract

We hypothesized that infusion of bone marrow mononuclear cells (BMMCs) in the late stages of silica-induced damage
would reduce the remodelling process in a murine model of silicosis. C57BL/6 mice were assigned to 2 groups. In the SIL
group, mice were instilled with a silica particle suspension intratracheally. Control (C) mice received saline under the same
protocol. On the 40th day, some of the animals from both groups were killed. The others were treated with either saline or
BMMCs (1x10°cells) intravenously (C+BMMC and SIL+BMMC), and the mice were killed 70 days after the start of the
protocol. In the mice in the SIL+BMMC group, collagen deposition, the presence of silica particles inside nodules, the
presence of macrophages and cells reactive for inducible nitric oxide synthase were reduced. Lung parameters also
improved. Beyond that, the total and differential cellularity of bronchoalveolar lavage fluid, immunoexpression of
transforming growth factor-, the number of T regulatory cells and apoptosis were increased. However, the presence of
male donor cells in lung tissue was not observed using GFP+ cells (40d) or Y chromosome DNA (70d). Therefore, BMMC
therapy in the late stages of experimental silicosis improved lung function by diminishing fibrosis but inflammatory cells
persisted, which could be related to expansion of T regulatory cells, responsible for the beneficial effects of cell therapy.
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Therefore, transplantation of stem cells obtained from several
sources has been proposed. In this context, an increasing number
of articles have demonstrated the efficacy of either systemic or
mtratracheal administration of bone marrow cells in several lung
mjury animal models. This includes mouse models of acute lung
injury and fibrosis [7,8], sepsis [9,10], ischemia/reperfusion injury
[11], asthma [12], chronic obstructive pulmonary disease [13,14],
and other pulmonary diseases [15,16]. It has been shown that
bone marrow-derived cells are capable of promoting re-epitheli-

Introduction

Silicosis is an occupational lung disease resulting from chronic
inhalation of dust containing silica dioxide. It is characterized by
persistent inflammation, fibroblast proliferation and excessive
collagen deposition, resulting in interstitial fibrosis [1]. During
the development of silicosis, contact between alveolar macrophag-
es and silica drives the subsequent steps. The uptake of silica
particles by macrophages triggers the production of reactive

oxygen species (ROS) via the oxidative stress pathway, which in
turn contributes to pulmonary damage and macrophage death by
apoptosis  [2,3]. Sustained ROS generation perpetuates the
continuum of phagocytosis, cell death, inflammatory cell recruit-
ment and silica deposition, and is responsible for progressive and
irreversible lung injury [4,5]. The fibrosis and the inflammatory
reaction inside the alveolar spaces lead to respiratory failure due to
a reduction in the area of gas exchange and impairment of lung
function. As yet, no curative treatment exists for silicosis. Clinical
management is directed at controlling symptoms and preventing
complications [6].
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zation of lung parenchyma, modulating immune responses, and
decreasing fibrosis [15,17]. However, few studies have been done
in the setting of a chronic persistent inflammatory and fibrotic
condition such as silicosis. Maron-Gutierrez et al. [18] reported
that bone marrow mononuclear cells (BMMCs) had a preventive
effect when infused 1 h after the introduction of silica, with
improvement in lung function, inflammation, and fibrosis 15 days
after the start of the protocol. However, these effects were only
partially reversed in a longer follow-up (60 days) in a protocol with
infusion of bone marrow-derived cells by the intratracheal route in
animals with a 15-day silica-induced injury [19]. Therefore, we
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asked if treatment with BMMCis in the chronic stages of murine
silicosis could also have beneficial effects on lung function and
structure.

Materials and Methods

This study was approved by the Ethics Committee of the Carlos
Chagas Filho Biophysics Institute, Health Sciences Centre,
Federal University of Rio de Janeiro (CEUA-CCS-019). All
animals received humane care in compliance with the “Principles
of Laboratory Animal Care” formulated by the National Society
for Medical Research and the “Guide for the Care and Use of
Laboratory Animals” prepared by the National Academy of
Sciences, USA.

Experimental protocol

A total of 133 male and 24 female mice were used in this
experiment. Ten-week-old male C57BL/6 mice (2025 g) were
randomly divided into groups: animals instilled intratracheally
either with 50 uL. of sterile saline (G group) or with silica
suspension (particle size: 80% between 1 and 5 pm, 10 mg/50 pL
of saline; Sigma-Aldrich, St. Louis, MO, USA) (SIL group). On
the 40th day, some of the animals from both groups were killed
(C40d and SIL40d). The others were treated either with saline
(50 uL) (C70d and SIL70d) or BMMCs (1x10°cells/50 pL) via
the tail vein (C+BMMC and SIL+BMMC), and the mice were
then killed 70 days after the start of the protocol. The experiments
comprised the following groups: C40d, C70d, C+BMMC, SIL40d,
SIL70d, and SIL+BMMC.

Another group was prepared for the analysis of the presence of
BMMCs in mice injected with silica. BMMCs from male mice
(1x10° cells/50 puL of saline) were injected intravenously into
normal female animals (C+BMMC) or in female SIL mice (SIL+
BMMC ). The animals were killed 30 days later. Lungs were
collected for detection of Y chromosome.

Extraction of BMMCs

Bone marrow was harvested from the femur and tibia of 10-
week-old male C57BL/6 mice (20-25 g) and injected on the same
day. Cells were aspirated by flushing the bone marrow cavity with
Dulbecco’s modified Eagle’s medium (Life Technologies, Grand
Island, NY, USA). After a homogeneous cell suspension was
achieved, cells were centrifuged (400X for 10 min), re-suspended
and added to Ficoll-Paque™ Plus (Amersham Biosciences, USA),
and again centrifuged and re-suspended in phosphate-buffered
saline. Cells were counted in a Neubauer chamber with Trypan
Blue for evaluation of viability.

Biodistribution of BMMCs label with 99m Technetium
(To)

BMMCs were labeled with 99mTc following protocols de-
scribed previously [20,21]. Briefly, 500 uL of sterile SnCl solution
was added to the cell suspension and the mixture was incubated at
room temperature for 10 min. Then, 5mCi of 99mTC was added
and the incubation continued for another 10 min. After centrifu-
gation (500 xg for 5 min), the supernatant was removed and the
cells were washed three times with NaCl 0.9%. Viability of the
labeled cells was assessed by the trypan blue exclusion test and was
estimated to be greater than 93% in all cases. Labeling efficiency
(%) was calculated by the activity in the pellet divided by the sum
of radioactivity in the pellet plus supernatant, and was estimated to
be greater than 90% in all cases. 1x10° 99mTc-BMMCs were
injected through the tail vein immediately after labelling. Whole-
body scintigraphies were performed in these animals for qualita-
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tive biodistribution in a dedicated small animal SPECT/CT
camera (Triumph, Gamma-medica ideas, Canada) equipped with
high-resolution collimator and diagnostic CT for 2, 4 and
24 hours after 99mTc-BMMCs administration.

Detection of Y chromosome DNA

Quantification of murine Y chromosome in lung tissue was
achieved as previously described [18] using a quantitative real-
time polymerase chain reaction at day 70. The following
polymerase chain reaction primers were used: SRY forward: 5'-
TCA TCG GAG GGC TAA AGT G-3' and reverse: 5'-CAA
CCT TCT GCA GTG GGA C-3'; GAPDH forward: 5'-CCA
CCA ACT GCT TAG CCC-3' and reverse: 5'-GAC ACC TAC
AAA GAA GGG TCC A-3'.

Expression of Green Fluorescent Protein (GFP)

The relative levels of expression of bone marrow derived
mononuclear GFP+ cells in lung parenchyma were achieved by
quantitative real-time RT-PCR. Left lung were cut, collected in
cryotubes, quick-frozen by immersion in liquid nitrogen, and
stored at —80°C. Total RNA was prepared using an RNeasy Plus
Mini Kit according to the manufacturer’s recommendations
(Qiagen, Valencia, CA). RNA was quantified in a nanodrop
spectrophotometer. First strand cDNA was synthesised from total
RNA using GoScript™" Reverse Transcription System (Promega,
Madison, USA). Relative mRNA levels were measured with a
SYBR green detection system (GoTaq qPCR Master Mix;
Promega, Madison, USA) in Eppendorf Mastercycler ep realplex
thermal cyclers (Eppendorf, Hamburg, Germany). The following
PCR primers were used: eGFP forward: 5'-CCA CAT GAA GCA
GCA GGA CTT-3" and reverse: 5'-GGT GCG CTC CTG GAC
GTA-3'; 36B4 forward: 5'-CAA CCC AGC TCT GGA GAA
AC-3" and reverse: 5'-GTT CTG AGC TGG CAC AGT GA-3'.

Mechanical parameters

On the 40th or 70th day after the start of the protocol, the mice
were sedated (diazepam, 1 mg/kg i.p.), anaesthetized (thiopental
sodium, 20 mg/kg i.p.), tracheotomized, paralyzed (vecuronium
bromide, 0.005 mg/kg i.v.), and ventilated with a constant flow
ventilator (Samay VR15; Universidad de la Republica, Montevi-
deo, Uruguay) with the following parameters: tidal volume (V),
0.2 mL; fraction of inspired oxygen, 0.21; and frequency, 100
breaths/min. The anterior chest wall was surgically removed and
a positive end-expiratory pressure of 2 cmH,O was applied. Lung
mechanics were computed 12 times per animal.

Resistance (AP1,1) and viscoelastic (AP2,L) pressures and lung
static elastance (Est,L) were measured by the end-inflation
occlusion method [22]. All data were analysed using ANADAT
data analysis software (RHT-InfoData, Inc., Montreal, Quebec,
Canada).

Bronchoalveolar lavage fluid

Lungs were rinsed twice via a tracheal tube with phosphate-
buffered saline solution (1 mL/wash) containing EDTA (10 mN).
Total leukocyte numbers were measured in Neubauer chambers
under light microscopy after diluting the samples of bronchoal-
veolar lavage fluid (BALF) in Tirk solution.

Differential cell counts were performed on cytospin smears
stained by the May-Griinwald-Giemsa method.

October 2014 | Volume 9 | Issue 10 | €109982



Myeloperoxidase (MPO) and lactate dehydrogenase
(LDH) activity

After collection of BALF, individual lungs (from the different
groups) were collected and cut into pieces of equal weight
(100 mg). To measure the MPO activity, lung tissue was
suspended in 1 mL of buffer containing 0.5% hexadecyltrimethy-
lammonium bromide in 50 mM phosphate buffer (pH 6.0) and
sonicated. Homogenates were cleared by centrifugation at
10,000 xg for 15 min at 4°C, and the supernatants (50 uL) were
added to 50 uL of substrate solution containing 5 mM o-
phenylene diamine (Sigma-Aldrich) in 10 mM citrate buffer,
pH 5.0, and 8.8 mM H,O,y. The reaction was stopped after
15 min with 50 pL of 4 N HySO,, and the absorbance was read at
492 nm. Results shown are from all the mice in each group, and
each point represents the mean of triplicate readings.

Lung tissue lactate dehydrogenase (LDH) activity was deter-
mined using a commercial kit (Gold Analisa Diagnéstica, Sio
Paulo, Brazil). Protein concentration was determined according to
the Griess method. The assay is based on reduction of NAD by
LDH. The resulting reduced NAD (NADH) is utilized in the
stoichiometric conversion of a tetrazolium dye. The resulting
coloured compound is measured spectrophotometrically at
340 nm. One unit causes the oxidation of one micromole of
NADH per minute at 25°C and pH 7.3, under the specified
conditions. LDH activity was presented as millimoles of NADH
oxidized per milligram of protein.

Lung histology

Lungs were fixed at end expiration with 10% buffered
formaldehyde solution and embedded in paraffin. Sections (4-pm
thick) were cut and stained with haematoxylin—eosin (H-E) or a
modified Sirius Red to quantify collagen.

Histomorphometry and stereology of silicotic nodules

Thirty photomicrographs of H&E-stained sections were used to
obtain the cellularity of silicotic nodules and for stereological
analysis of the silicotic nodules to obtain the area and volumetric
density [23]. Quantification of the area of the nodules was done by
outlining the structures and the results are shown in square
micrometres (um?). For the volumetric density, we used the
formula: (P,/P.=A,/A=L,/L:=V,/V)), where P, are partial
points, L, are partial lines, P, are total points, L are total lines, A,
is partial area, V, is partial volume, A, is the total area, and V_ is
the total volume. A grid with 36 test points was projected onto the
image and the points that touched the nodules were counted. The
volumetric density of the nodules (Vv[nodules]) was estimated by
the formula: Vv(nodules) = Pp(nodules)/Pr.

Results for cellularity in the nodules are expressed as the
mean*standard deviation of the amount of cells per field. After
obtaining the area of the nodules (um®), they were separated into 2
ranges: those with <100,000 or>100,000 um?* The frequency
was obtained and presented as the amount of nodules per field.

Lung immunohistochemistry/histochemistry and
histomorphometry

Immunostaining was performed in paraffin sections using the
peroxidase method and the chromogen substrate diaminobenzi-
dine (DAB liquid, catalogue no. K3468, Dakocytomation, Car-
pinteria, CA, USA). Antibodies were detected using a secondary
antibody labelled with peroxidase from Nichirei Biosciences,
Japan (Histofine mouse MAX PO and anti-rabbit) followed by
DAB. Negative controls were incubated with rabbit non-immune
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sera or with the antibody diluent (catalogue no. S3022, Dakocy-
tomation).

The following antibodies were used: transforming growth factor
(TGF)-B, a rabbit polyclonal antibody against pan-transforming
growth factor-p (I pg/mL; catalogue no. AB-100NA, R&D
Systems, USA), a rabbit polyclonal antibody against the enzyme
nitric oxide synthase, inducible (INOS) (1 pg/mL; catalogue
no. RB-9242, LabVision, Fremont, CA, USA) and GFP rabbit
IgG polyclonalantibody fraction (2 pg/mlL; catalogue no A-11122,
Life Technologies, Carlsbad, CA, USA).

The biotinylated lectin, Griffonia (Bandeiraea) simplicifolia
lectin 1 (BSL-1) (10 pg/mL; Vector Laboratories, Burlingame,
CA) was used for staining alveolar macrophages [18,24]. Negative
control slides were incubated with inhibiting sugar solution
(200 mM galactose/200 mM N-acetylgalactosamine mixture).
For detection of biotinylated lectin, paraffin sections were dewaxed
and hydrated, and after inhibition of endogenous peroxidase and
biotin (Streptavidin blocking kit, catalogue no. SP-2002, Vector
Laboratories, Burlingame, CA, USA), the sections were incubated
with streptavidin-peroxidase (2 ug/ml; catalogue no. SA-5004,
Vector Laboratories), and revealed using DAB.

Thirty microscopic fields from alveolar septae or granulomatous
nodules were randomly selected, avoiding vessels and bronchi, and
high-quality images (2,048 x 1,536 pixel buffer) were captured after
setting and calibrating the program, using the 40X objective lens.
The images were analysed using Image Pro Plus 4.5.1 software
(Media Cybernetics).

Cells reactive for iNOS inside nodules were quantified and
expressed as the % of iINOS-reactive cells in the total inflamma-
tory cells inside nodules. The area occupied by TGF-f either in
alveolar septae or nodules was expressed as the % reactive area in
the septae and nodules, separately, in the total area captured. BSL-
1 results are expressed as the % of alveolar macrophages cells in
the total of microscopic fields of alveolar septae or nodules.

T regulatory cells (FoxP3)

In order to verify if T regulatory cells were present in silica-
induced lung disease, we performed an immunohistochemical
assay to detect this subpopulation. The anti-FoxP3 antibody
(ab10563, AbCam, USA) was used.

Silica crystals in nodules

Silica particles are small crystals and can be viewed by polarized
light; they appear as granular birefringent particles. We used this
property to quantify the amount of silica present in the lung tissue
[25]. Twenty microscopic, randomly sclected, non-coincident
fields were captured using polarized light (40 x objective lens) from
sections stained with H&E. The birefringent material present
inside nodules was quantified. The results are expressed as the %
of silica in the microscopic fields.

In situ apoptosis

For detection of apoptosis, we used the TUNEL (terminal
deoxynucleotidyl transferase [TdT]-mediated dUTP nick-end
labelling) method. The ApopTag peroxidase in situ apoptosis
detection kit (Merck Millipore) was used according to the
manufacturer’s instructions. Quantification was performed in 20
random and non-coincident microscopic fields (40x objective
lens). The results are expressed as the number of positive cells in
the total microscopic fields.
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Figure 1. Biodistribution and homing of BMMCs. (A) Representative coronal whole-body SPECT/CT images of control and silicosis animals 2, 4
and 24 h after endovenous 99mTc-BMMCs shows liver uptake until 24 h. n=2 animals per group. 99mTc-BMMCs were found predominantly in the
liver (arrows). (B) Real-time PCR analysis of GFP mRNA expressions. Adipose-derived mesenchymal stem cells from GFP mice were used as positive
control (GFP Cells). Control (C) and silica group (SIL) mice received saline or silica intratracheally. C and SIL animals were treated with BMMC from GFP
mice (C-Cell and SlL-cell) or saline (C-SAL). Data are presented as mean £ SEM. n=4 animals per group. ***Significantly different from C-GFP (P<
0.001). (C) Photomicrographs of spleen and lung parenchyma after imunohistochemistry with GFP antibody. GFP positive cells were not observed in
lung parenchyma of C+BMMC and SIL+BMMC animals 24 h after treatment with BMMC from GFP mice. Spleen of GFP male mice were used as
positive control. Bars: 100 um. n=4 animals per group.

doi:10.1371/journal.pone.0109982.g001

coupled to a digital camera (Evolution Media Cybernetics Inc.,
Bethesda, MD), and a computer with the graphical interface
software Q-Capture 2.95.0, version 2.0.5 (Silicon Graphic Inc,
USA). High-quality images (2,0486x1,536 pixel buffer) were

Collagen histomorphometry
For histomorphometry, we used an image analysis system
composed of a light microscope (Eclipse E800, Nikon, Japan)
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Figure 2. BMMC therapy improves lung function in SIL mice. (A) Resistance (AP1,1) and viscoelastic (AP2,1) pressures and (B) lung static
elastance (Est,L). Mice in the control (C) and silica (SIL) groups received saline or silica intratracheally. C and SIL animals were treated with BMMCs
(1%10° cells iv., C+BMMC and SIL+BMMC). Data are presented as the mean = SEM. n=7 animals per group. #Signiﬁcantly different from C.
##Significantly different from SIL40d and SIL70d.

doi:10.1371/journal.pone.0109982.9002
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Figure 3. BMMC therapy increases cellularity in BALF, LDH activity and does not alter myeloperoxidase activity. Quantification of (A)
total number of cells, (B) mononuclear cells and (C) polymorphonuclear cells in BALF. Quantification of (D) myeloperoxidase and (E) LDH activity.
Mice in the control (C) and silica (SIL) groups received saline or silica intratracheally. C and SIL animals were treated with BMMCs (1 x10° cells i.v., C+
BMMC and SIL+BMMAC). Data are presented as the mean = SEM. n=7 animals per group. *Significantly different from C. #*#Significantly different

from SIL40d and SIL70d.
doi:10.1371/journal.pone.0109982.g003

captured after setting and calibrating the program, using the 40 x
objective lens. To measure the collagen content, 20 photomicro-
graphs of both alveolar septae and silica-induced nodules were
obtained, separately, from sections stained with Sirius Red. The
results are expressed as the % of reactive tissue in the total area.

Enzyme-linked immunosorbent assay

Levels of interleukin (IL)-10 and TGF-} were quantified in lung
tissue by enzyme-linked immunosorbent assay according to the
manufacturer’s instructions (Duo Set, R&D Systems, Minneapolis,
MN). The results are expressed as pg/mL.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 4.0
(GraphPad Software, San Diego, CA, USA). The normality of the
data (Kolmogorov-Smirnov test with Lilliefors’ correction) and the
homogeneity of variances (Levene median test) were tested.
Differences between the groups were assessed by Kruskal-Wallis
or one-way analysis of variance followed by the Tukey test. Data
are presented as the mean=SEM. In all tests, the significance level
was set at 5%.

Results

Homing and engraftment of BMMCs
Biodistribution and homing of 99mTc-BMMCis was evaluated
2, 4 and 24 hours after infusion in C and SIL groups. No

significant differences were observed among the time points and
experimental groups (C+BMMC and SIL+BMMC) (Fig. 1A).
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Also, GFP+ cells were not detected in lung tissue in 24 h after
BMMC s infection (Fig. 1B,C).

Y chromosome DNA was not detected in the lungs of SIL+
BMMC or C+BMMC animals, 30 days after BMMCs adminis-
tration (data not shown).

Lung function

The values for AP1,, AP2,1. and Est,L. were similar for the mice
in the C40d, C70d and C+BMMC groups. Mice in the SIL40d
and SIL70d groups presented higher APL,L, AP2,l. and Est,L
values compared with the mice in the C groups. Lung function was
improved in the mice in the SIL+BMMC group (Fig. 2).

Cellularity of BALF

The total cellularity in the samples of BALF was increased
significantly in the mice in the SIL40d (data not shown) and
SIL70d groups compared with the C40d (data not shown), C70d
and C4+BMMC animals; the number of mononuclear and
polymorphonuclear cells was also increased. The SIL+BMMC
animals had a significant increase in the number of inflammatory
cells in the BALF (total and differential counts) compared with all
groups (P<<0.05) (Fig. 3A-C).

Myeloperoxidase and LDH activity

Myeloperoxidase activity is an index of accumulating polymor-
phonuclear cells. Lung extracts obtained from SIL40d, SIL70d
and SIL+BMMC animals showed an increase in myeloperoxidase
activity (P<<0.05) compared with animals in the C40d, C70d, and
C+BMMC groups. There was no difference in the polymorpho-
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Figure 4. BMMC therapy does not reduce silicotic nodules. (A) Photomicrographs of lung parenchyma stained with H&E from animals in the
C, SIL40d, SIL70d and SIL+BMMC groups. Note the presence of silicotic nodules (*) containing lymphocytes (red arrow), neutrophils (green arrow) and
macrophages (blue arrow) in the SIL groups. Bars: 100 um. Quantification of (B) frequency, (C) nodules (>100,000), (D) volume (Vv) and (E) cellularity
of silicotic nodules in the SIL groups. Data are presented as the mean * SEM. n=7 animals per group. *Significantly different from SIL40d.

##Significantly different from SIL70d.
doi:10.1371/journal.pone.0109982.g004

nuclear cell content between the SIL40d, SIL70d and SIL+
BMMC animals (Fig. 3D).

Since LDH is an intracellular enzyme, any process causing
injury to the cell will result in the release of LDH. This released
LDH will cause an increase of LDH enzyme levels (which

PLOS ONE | www.plosone.org

normally is very low). LDH activity was similar in the C40d, C70d
and C+BMMC groups. SIL40d, SIL70d and SIL+BMMC
animals showed increased LDH activity compared with C groups
(P<0.05). The SIL+BMMC group presented more LDH activity
than the SIL40d and SIL70d groups (Fig. 3E).
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Figure 5. BMMC therapy reduces silica particle inside nodules. Photomicrographs of (A) silicotic nodules and (B) silica particle in nodules
under polarization microscopy. Bars: 100 um. (C) Quantification of silica inside nodules. Data are presented as the mean = SEM. n=7 animals per
group. #Significantly different from SIL40d. ##Significantly different from SIL70d.

doi:10.1371/journal.pone.0109982.g005

Lung histology

After the instillation of silica, foamy macrophages, lymphocytes
and neutrophil infiltrate became progressively more widespread in
the lungs, forming nodular peribronchiolar infiltrates and mult-
focal fibrosing alveolitis. SIL40d and SIL70d animals presented
various granulomatous nodules in lung parenchyma that were not
seen in the C animals (Fig. 4A). Nodules in the SIL40d and
SIL70d animals consisted mainly of epithelioid macrophages
mterspersed with some neutrophils, apoptotic cells, silica particles
and lymphocytes. Some nodules contained proteinaceous material,
cholesterol clefts and necrotic debris. In SIL+BMMCs animals,
nodules appeared to be smaller than those seen in SIL40d and
SIL70d animals. These nodules had less proteinaceous material,
cholesterol clefts, and silica than those in SIL40d or SIL70d
animals, and frequently contained aggregates of lymphocytes
(Fig. 4A).

Stereological methods demonstrated that animals in the SIL40d
group had a higher frequency of small nodules (<100.000 um?)
compared with animals in the SIL70d and SIL+BMMC groups
(P<<0.05). The nodules seen in SIL70d animals were various sizes
but nodules were more frequent in the animals in the SIL70d
group than in the SILABMMOC group (P<<0.05). A higher
frequency of animals in the SIL70d and SIL+BMMOC groups
had nodules>100.000 um® compared with the SIL40d group.
However, there were no differences in the frequency of this size of
nodules between the groups (Fig. 4B). When comparing the size of
the nodules based on the area, it was found that SIL70d and SIL+
BMMC animals had nodules with larger area (P<<0.05) compared
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with SIL40d animals. However, there were no differences in the
area of nodules between both groups (P<<0.05) (Fig.4C). The
volumetric density (Vv) of silica nodules was significantly higher in
SIL70d and SIL+BMMC animals compared with SIL40d animals
(P<<0.05) but the increased volumetric density was not different
between the SIL70d and SIL+BMMC groups (Fig. 4D).
Quantification of the cellularity of silica nodules showed that
animals in the SIL70d and SIL+BMMC groups had a higher
quantity of inflammatory cells than SIL40d animals (P<<0.05) but
the increase in the number of cells inside nodules was similar in the
SIL70d and SIL+BMMC animals (P<<0.05) (Fig. 4E).
Quantification of the silica particles under polarizing light
showed reduced silica inside nodules in the SIL+HBMMOC group
compared with the SIL40d and SIL70d groups (P<<0.05) (Fig. 5).
BSL-1 reactive macrophages were present in some isolated
alveolar spaces, in alveolar septa, and nodules in SIL40d, SIL70d,
and SIL+BMMC animals (Fig. 6A). The number of BSL-I1
reactive macrophages in alveolar septa was higher in SIL40d
animals compared with SIL70d and SIL+BMMOC animals (P<<
0.05) (Fig. 6C). SIL+BMMC animals showed the greatest reduc-
tion in BSL-1-positive macrophages among the groups (P<<0.05)
(Fig. 6C). In contrast, BSL-1 reactivity inside silica nodules was
significantly higher in SIL70d animals compared with SIL40d and
SILA+BMMC animals (P<<0.05) (Fig. 5D). iNOS-reactive cells
were present in nodules (Fig. 6B). They were more numerous in
SIL70d nodules compared with SIL40d nodules and reduced in
the SIL+BMMC group compared with the SIL70d group (P<
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Figure 6. BMMC therapy decreases the presence of macrophages and cells reactive for iNOS. Photomicrographs of lung parenchyma
after histochemistry with (A) BSL-1 lectin and (B) iNOS antibody. Note the macrophages and cells reactive for iNOS (arrows) in the lung tissue. Bars:
100 pum. Quantification of BSL-1 macrophages in (C) septae and (D) nodules. (E) Quantification of iNOS cells in nodules. Data are presented as the
mean *+ SEM. n=7 animals per group. #Significantly different from SIL40d. ##Significantly different from SIL70d.

doi:10.1371/journal.pone.0109982.g006

0.05) (Fig. 6E). iINOS reactive cells were rarely seen inside alveolar
septae (data not shown).

TFG-B expression and apoptosis

TGF-B immunoexpression was predominantly seen in cells
(Fig. 7A). In septae, the amount of TGF-f was significantly higher
in SIL70d and SIL+BMMC animals than in SIL40d animals (P<<
0.05) (Fig. 7C). SIL70d and SIL+BMMC animals had similar
amounts of TGF-p inside alveolar septae (Fig. 7C). In nodules, the

PLOS ONE | www.plosone.org

amount of TGF-f was higher in SIL70d and SIL+BMMC animals
compared with SIL40d animals (P<<0.05) but the SIL+BMMC
group had the highest level of TGF-B (Figs. 7D) and apoptotic
cells. The percentage of apoptotic cells (apoptotic index) increased
with time after silica-induced injury (Fig. 7B). The highest index
occurred in SIL+BMMGC animals compared with SIL40d and
SIL70d animals (P<<0.05) (Fig. 7E).
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Figure 7. BMMC therapy increases TGF-p expression and cell apoptosis. Photomicrographs of lung parenchyma after immunohistochem-
istry with (A) TGF-B and (B) the TUNEL method. Note the apoptotic cells (arrows) in the silicotic nodules. Bars: 100 um. Quantification of TGF-f in (C)
septae and (D) nodules. (E) Quantification of apoptotic cells in nodules. Data are presented as the mean = SEM. n=7 animals per group.

#Significantly different from SIL40d. ##Significantly different from SIL70d.

doi:10.1371/journal.pone.0109982.g007

Expansion of T regulatory cells

T regulatory cells were observed only in the lungs of animals in
the SIL+BMMC group (Fig. 8A). Concomitant with the presence
of T regulatory cells, an increase in the level of IL-10 was observed
in the SIL+BMMC group compared with the C groups. The level
of IL-10 in SIL40d and SIL70d animals was not different
compared with G groups (Fig. 8B). Furthermore, an increase in
the level of TGF-B was observed in SIL groups compared with C
groups. SIL+BMMC and SIL70d animals presented a greater

PLOS ONE | www.plosone.org

increased level of TGF-B compared with SIL40d animals
(Fig. 8C).

Lung fibrosis

The control groups presented collagen deposition around
bronchi and blood vessels with minimal reactivity in alveolar
septae (Fig. 9A). Collagen was evident in alveolar septae, around
nodules, and inside nodules in SIL.40d animals. Thin fibres were
deposited in nodules in a dispersed pattern at this stage. In SIL70d
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Figure 8. BMMC therapy leads to expansion and recruitment of T regulatory cells. Photomicrographs of lung parenchyma after
immunohistochemistry with FoxP3 antibody (A). Note the T regulatory cells (arrows) only in the SIL+BMMC group. Bars: 100 um. Quantification of (B)
TGF-p and (C) IL-10 by enzyme-linked immunosorbent assay. Data are presented as the mean *+ SEM. n =7 animals per group. #Significantly different
from C. ##Significantly different from SIL 40d. £Significantly different from SIL70d.

doi:10.1371/journal.pone.0109982.g008

animals, collagen deposits were thicker and arranged around the
nodules and in the middle of the nodules (Fig. 9A). SIL+BMMC
animals showed a thinner and more dispersed pattern of collagen
deposition inside nodules. Histomorphometric analyses of fibrosis
demonstrated that the amount of collagen increased with time in
both locations, alveolar septae and nodules, and that the treatment
with BMMGCs led to significantly decreased alveolar septae and
fibrotic nodule (P<<0.05) (Fig. 9B,C).

Discussion

Silicosis is a chronic fibrotic disorder that progressively leads to
respiratory failure. Chronic inhalation of silica particles leads to
cycles of cell activation, silica particle phagocytosis, cell death, and
release of inflammatory/profibrotic mediators such as cytokines,
arachidonic acid metabolites (eicosanoids), ROS and reactive
nitrogen species (RNS). These mediators induce pronounced
recruitment of inflammatory cells both in the alveolar walls and
alveolar spaces [26], dominated by alveolar macrophages, but also
including neutrophils and lymphocytes [27].

PLOS ONE | www.plosone.org
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No available curative therapy exists for silicosis [6], therefore
cell therapy based on stem cell infusion seems to be a sensible
approach. Several studies investigating the therapeutic role of
these cells have used specific subpopulations, such as hematopoi-
etic stem cells, the mononuclear fraction (BMMCs), and mesen-
chymal stromal cells. BMMCs are of particular interest, mainly
because of ethical considerations for medical application but also
because they are easily harvested, isolated and purified. Previous
studies have demonstrated that infusion of BMMCs 1 h after
induction of silicosis in mice led to improvement in lung
inflammation and fibrosis in lesions after 15 days [18]. These
results are quite similar to other disease models in which the
infusion of BMMUCis by the systemic route at the time of injury
leads to attenuation of the lesion. The beneficial outcome seems to
be due to anti-inflammatory, anti-apoptotic, and anti-fibrotic
effects [18,28,29], sometimes associated with functional improve-
ment and a decrease in mortality [10,27]. Lassance et al. [19]
treated 15-day silica-damaged mice with bone marrow-derived
cells by the intratracheal route. Their results show that 15 days
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Figure 9. BMMC therapy reduces collagen deposition. (A) Photomicrographs of lung parenchyma stained with Sirius Red from animals in the
C, SIL40d, SIL70d and SIL+BMMC groups. Bars: 100 um. Quantification of collagen deposition on (B) septae and (C) nodules. Data are presented as the
mean + SEM. n=7 animals per group. #Significantly different from C. ##Significantly different from SIL40d. Significantly different from SIL70d.

doi:10.1371/journal.pone.0109982.g009

later, lung function and histological parameters such as granuloma
area fraction and inflammation improved. However, these
beneficial effects reverted to the silica-injured levels 45 days after
infusion of bone marrow-derived cells [19]. Our morphological
approach highlights some clues about the mechanisms involved in
the apparent improvement in the disease. Even when BMMCs
were infused at 40 days, the results for the silica-injured lungs show
that the functional parameters of the lungs were reversed (Fig. 2).
Moreover, the functional changes could be related to the intense
decrease in collagen deposition (Fig. 9) as well as to the significant
decrease in the total area occupied by small nodules (<100,000) in
SIL+BMMC animals compared with SIL70d animals (318.20 vs
370.77; P<<0.05). The diminution in collagen deposition could be
explained by the increase in secretion/activation of metallopro-
teinases, enzymes capable of degrading the extracellular matrix.
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This has been already demonstrated in a model of cirrhosis
induced by CCly [30,31]. In CCly-damaged liver, besides an
important contribution of bone marrow-derived cells as the source
of metalloproteinases (MMP-13, and -9) [30], inflammatory cells
and intrinsic tissue cells contribute to the release of MMPs and
matrix remodelling [31]. In our study, because 99mTc-BMMCs
did not homing in lung tissue until 24 h after of injection and
chromosome Y from donor cells was not detected in silica-
damaged lungs 30 days after treatment (Fig. 1), MMPs might be
mainly derived from inflammatory cells. Moreover, the decrease in
fibrosis could also be explained by downregulation of the tissue
inhibitor of MMPs provoked by the infusion of BMMCs, which
could also favour the degradation of fibrosis [32]. Several lines of
evidence show that the infusion of bone marrow stem cells, in
particular mesenchymal stem cells, induce an anti-inflammatory
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response [5,7,12,14]. However, inflammation was not decreased
after infusion of BMMUO:s in our study (Fig. 4). The cell counts in
BALYF and in nodules reveal an increase in cellularity after infusion
of BMMC:s (Fig. 3), but the number of BSL-1 reactive macro-
phages diminished (Fig. 6). The lymphocyte aggregates present in
nodules might have given rise to the increased cell count. This
lymphocyte population could originate from the expanded T
regulatory cells, which have a crucial role in the maintenance of
immune homeostasis in the airways. It has been shown that, in
silica-damaged lungs, T regulatory cells maintain immune
homeostasis through IL-10 and/or TGF-B secretion [33,34] and
through some other inhibitory molecules including CTLA-4 [35].
At the early stage of silicosis, T regulatory cells mainly inhibited
inflammation by CTLA-4 molecules. With the development of
silicosis, T' regulatory cells suppress the Th1 immune response by
secreting increasing amounts of IL-10 and TGF-B. Then, Th1/
Th2 polarization shifts towards a Th2-dominant immune response
[36]. The importance of T regulatory cells in modulating
inflammation is evident after the administration of mesenchymal
stromal cells both in the mouse model of colitis induced by
trinitrobenzene sulfonic acid [37] and in patients with fistulizing
Crohn disease [38]. This strategy led to an improvement in the
disease and an increase in circulating FoxP3" regulatory T cells.
Furthermore, it was previously demonstrated that the increase
amount of T reg cells cause an increase in MMP activity [39,40].
Our results showed a massive presence of FoxP3* cells and an
increased level of IL-10 and TGF-f in the SIL+BMMC group
(Fig. 8). This growth factor act as an autoregulatory loop inducing
the expansion of T regulatory cells, which in turn secrete TGF-B1
[41], which is critical for the development and differentiation of
FoxP3" regulatory T cells [41]. Moreover, TGF-B1 has a potent
effect on inhibition of the immune response, particularly T cell
proliferation and differentiation [42,43], which corroborates the
anti-inflammatory effect of bone marrow-derived cells [44,45]. An
anti-fibrotic effect is also demonstrated through the induction of
Smad-mediated IL-10 secretion, a co-secretion responsible for the
control of fibrosis [46].

In response to silica, alveolar macrophages upregulate both IL-
1B and iNOS gene expression [47,48]. IL-1p and NO mediate
apoptosis and inflammation in murine silicosis [49]. The decrease

References

1. Thakur AS, Beamer CA, Migliaccio CT, Holian A (2009) Critical of MARCO
on crystalline silica-induced pulmonary inflammation. Toxicol Sci 108: 462—
471.

2. Shen HM, Zhang Z, Zhang QF, Ong CN (2001) Reactive oxygen species and
caspase activation mediate silica-induced apoptosis in alveolar macrophages.
Am J Physiol Lung Cell Mol Physiol 280: L10-L17.

3. Rimal B, Greenberg AK, Rom WN (2005) Basic pathogenetic mechanisms in
silicosis: current understanding. Curr Opin Pulm Med 11: 169-173.

4. Porter DW, Millecchia LL, Willard P, Robinson VA, Ramsey D, et al. (2006)
Nitric oxide and reactive oxygen species production causes progressive damage
in rats after cessation of silica inhalation. Toxicol Sci 90: 188-197.

5. Gossart S, Cambon C, Orfila C, Séquélas MH, Lepert JC, et al. (1996) Reactive
oxygen intermediates as regulators of TNF-alpha production on rat lung
inflammation induced by silica. J Immunol 156: 1540-1548.

6. Leung CC, Yu IT, Chen W (2012) Silicosis. Lancet 179: 2008-2018.

7. Gupta N, Su X, Popov B, Lee JW, Serikov V, et al. (2007) Intra-pulmonary
delivery of bone marrow-derived mesenchymal stem cells improves survival and
attenuates endotoxin-induced acute lung injury in mice. J Immunol 179: 1855—
1863.

8. Kumamoto M, Nishiwaki T, Matsuo N, Kimura H, Matsushima K (2009)
Minimally cultured bone marrow mesenchymal stem cells ameliorate fibrotic
lung injury. Eur Respir J 34: 740-748.

9. Nemeth K, Leelahavanichkul A, Yuen PS, Mayer B. Parmelee A, et al. (2009)
Bone marrow stromal cells attenuate sepsis via prostaglandin E(2)-dependent
reprogramming of host macrophages to increase their interleukin-10 production.
Nat Med 15: 42-49.

. Ornellas DS, Maron-Gutierrez T, Ornellas FM, Cruz FF, Oliveira GP, et al.

(2011) Early and late effects of bone marrow-derived mononuclear cell therapy

PLOS ONE | www.plosone.org

12

Bone Marrow Mononuclear Cells in Murine Silicosis

in the number of cells INOS immunoreactivity after infusion of
BMMCs demonstrated in this work (Fig. 6), and consequently NO
synthesis, could not be responsible for the increased apoptosis,
reinforcing the role of TGF-f in the mediation of apoptosis
(Fig. 7). Furthermore, the decrease in iNOS favours a cytopro-
tective role for the infusion of BMMCs because the sites of iNOS
activation and NO-mediated damage are associated temporally
and anatomically with lesions in the lung [48]. However, the
increase of LDH secretion and maintenance of MPO activity in
SIL+BMMC group compared to SIL group in the lung
parenchyma suggests the persistence of remodelling of the nodules
with will lead decrease of further inflammatory cell population in
the lung. It is possible that this macrophage activation is related to
the uptake of silica and subsequent translocation of silica to
alveolar interstitial spaces and its drainage to lymph nodes, which
could explain the diminished amount of silica seen inside nodules
after infusion of BMMCs.

In conclusion, the infusion of BMMGC:s in the late stages of silica-
induced damage was able to induce an improvement in lung
function, mainly due to an important decrease in fibrosis.
However, the morphological data show that the inflammatory
process was maintained with a change in the profile of the cells; a
subset of the T regulatory cell population may possibly have been
recruited to exert an anti-fibrotic and protective role.

Acknowledgments

The authors would like to express their gratitude to Mrs Lorna O’Brien for
her assistance in editing the manuscript. This study was supported by the
Centers of Excellence Program (PRONEX-FAPERY]), Brazilian Council for
Scientific and Technological Development (CNPq), Rio de Janeiro State
Research Foundation (FAPER]) and Coordination for the Improvement of
Higher Education Personnel (CAPES).

Author Contributions

Conceived and designed the experiments: MLP RB CM'T PRMR MMM.
Performed the experiments: MLP TGV LCMR HDO SALS BG.
Analyzed the data: RB CMT PRMR MMM MLP HDO. Contributed
reagents/materials/analysis tools: RB CMT PRMR MMM. Wrote the
paper: MLP CMT MMM.

on lung and distal organs on experimental silicosis. Respir Physiol Neurobiol
178: 304-314.

. Yang Z, Sharma AK, Marshall M, Kron IL, Laubach VE. (2009) NADPH
oxidase in bone marrow-derived cells mediates pulmonary ischemia-reperfusion
injury. Am J Respir Cell Mol Biol 40: 375-381.

. Goodwin M, Sueblinvong V, Eisenhauer P, Ziats NP, Leclair L. (2011) Bone
marrow derived mesenchymal stromal cells inhibit th2-mediated allergic airways
inflammation in mice. Stem Cells 29: 1137-1148.

. Zhen G, Liu H, Gu N, Zhang H, Xu Y, et al. (2008) Mesenchymal stem cells
transplantation protects against rat pulmonary emphysema. Front Biosci 13:
3415-3422.

. Zhen G, Xue Z, Zhao J, Gu N, Tang Z, et al. (2010) Mesenchymal stem cell
transplantation increases expression of vascular endothelial growth factor in
papain-induced emphysematous lung and inhibits apoptosis of lung cells.
Cytotherapy 12: 605-614.

15. Ortiz LA, Gambelli F, MaCride C, Gaupp D, Baddoo M, et al. (2003)

Mesenchymal stem cell engraftment in lung is enhanced in response to

bleomycin exposure and ameliorates its fibrotic effects. Proc Natl Acad

Sci U S A 100: 8407-8411.

Rejmamn J, Colombo C, Conese M (2009) Engraftment of bone marrow-

derived stem cells to the lung in a model of acute respiratory infection by

Pseudomonas aeruginosa. Mol Ther 17: 1257-1265.

. Prota LF, Lassance RM, Maron-Gutierrez T, Castiglione RC, Garcia CS, et al.
(2010) Bone marrow mononuclear cell therapy led to alveolar-capillary
membrane repair, improving lung mechanics in endotoxin-induced acute lung
injury. Cell Transplant 19: 965-971.

16.

October 2014 | Volume 9 | Issue 10 | €109982



20.

21.

22.

23.

26.

27.

28.

32.

33.

. Maron-Gutierrez T, Castiglione RC, Xisto DG, Oliveira MG, Cruz FF, et al.

(2011) Bone marrow-derived mononuclear cell therapy attenuates silica-induced
lung fibrosis. Eur Respir J 37: 1217-1225.

. Lassance RM, Prota LF, Maron-Gutierrez T, Garcia CS, Abreu SC, et al.

(2009) Intratracheal instillation of bone marrow-derived cell in an experimental
model of silicosis. Respir Physiol Neurobiol 169: 227-233.

Castelo-Branco MTL, Soares IDP, Lopes DV, Buongusto F, Martinusso CA, et
al. (2012) Intraperitoneal but not intravenous cryopreserved mesenchymal
stromal cells home to the inflamed colon and ameliorate experimental colitis.
PLoS ONE 7 (3): €33360.

Vasconcelos-dos-Santos A, Rosado-de-Castro PH, Souza SAL, Silva JC, Ramos
AB, et al. (2012) Intravenous and intra-arterial administration of boné marrow
mononuclear cells after focal cerebral ischemia: Is there a difference in
biodistribution and efficacy? Stem Cell Res 9 (1): 1-8.

Bates JH, Decramer M, Chartrand D, Zin WA, Boddernet A, et al. (1985)
Volume-time profile during relaxed expiration on the normal dog. J Appl
Physiol 59: 732-737.

Mandarim-de-Lacerda CA (2003) Stereological tools in biomedical research. An
Acad Bras Cienc 75: 469-486.

. Maddox DE, Shibata S, Goldstein 1J (1982) Stimulated macrophages express a

new glycoprotein receptor reactive with Griffonia simplicifolia 1-B4 isolectin.
Proc Natl Acad Sci U S A 79: 166-170.

. McDonald JW, Roggli VL (1995) Detection of silica particles in lung tissues by

polarizing light microscopy. Arch Pathol Lab Med 119: 242-246.

Huaux F (2007) New development in the understanding of immunology in
silicosis. Curr Opin Allergy Clin Immunol 7: 168-173.

Dostert C, Pétrilli V, Van Bruggen R, Steele C, Mossman BT, et al. (2008)
Innate immune activation through Nalp3 inflammasome sesing of asbestos and
silica. Science 320: 674-677.

Semedo P, Donizetti-Oliveira C, Burgos-Silva M, Cenedeza MA, Avancini
Closta Malheiros DM, et al. (2010) Bone marrow mononuclear cells attenuate
fibrosis development after severe acute kidney injury. Lab Invest 90: 685-695.

. Lopes-Pacheco M, Xisto DG, Ornellas FM, Antunes MA, Abreu SC, et al.

(2013) Repeated administration of bone marrow-derived cells prevents disease
progression in experimental silicosis. Cell Physiol Biochem 32: 1681-1694.

. Higashiyama R, Inagaki Y, Hong YY, Kushida M, Nakao S, et al. (2007) Bone

marrow-derived cells express matrix metalloproteinases and contribute to
regression of liver fibrosis in mice. Hepatology 45: 213-222.

. Hisanaga T, Terai S, Iwamoto T, Takami T, Yamamoto N, et al. (2011)

TNFR1-mediated signaling is important to induce the improvement of liver
fibrosis by bone marrow cell infusion. Cell Tissue Res 346: 79-88.

Rabini V, Shahsavani M, Gharavi M, Piryaei A, Azhdari Z, et al. (2010)
Mesenchymal stem cell infusion therapy in carbon tetrachloride-induced liver
fibrosis model affects matrix metalloproteinase expression. Cell Biol Int 34: 601—
605.

Li MO, Wan YY, Sanjabi S, Robertson AK, Favell RA (2006) Transforming
growth factor-beta regulation of immune response. Annu Rev Immunol 24: 99
146.

PLOS ONE | www.plosone.org

13

34.

36.

37.

38.

40.

41.

42,

43.

44.

46.

47.

48.

49.

Bone Marrow Mononuclear Cells in Murine Silicosis

O’Garra A, Barrat FJ, Castro AG, Vicari A, Hawrylowicz C (2008) Strategies for

use of IL-10 or its antagonists in human disease. Immunol Rev 223: 114-131.

. Vignali DA, Collison LW, Workman CJ (2008) How regulatory T cells work.

Nat Rev Immunol 8: 523-32.

Liu F, Liu J, Weng D, Chen Y, Song L, et al. (2010) CD4+CD25+Foxp3+
regulatory T cells depletion may attenuate the development of silica-induced
lung fibrosis in mice. PLoS One 5: ¢15404.

Gonzalez-Rey E, Anderson P, Gonzales MA, Rico L, Biischer D, et al. (2009)
Human adult stem cells derived from adipose tissue protect against experimental
colitis and sepsis. Gut 58: 929-939.

Ciccocioppo R, Bernardo ME, Sgarella A, Maccario R, Avanzini MA, et al.
(2011) Autologous bone marrow-derived mesenchymal stromal cells in the
treatment of fistulising Crohn’s disease. Gut 60: 788-798.

. Tang TT, Yuan J, Zhu ZF, Zhang WA, Xiao N, et al. (2012) Regulatory T cells

ameliorate cardiac remodelling after myocardial infarction. Basic Res Cardiol
107: 232.

Dobaczewski M, Xia Y, Bujak M, Gonzalez-Quesada C, Frangogiannis NG
(2010) CCRS5 signaling suppresses inflammation and reduces adverse remodelin
of the infarcted heart, mediating recruitment of regulatory cells. A J Pathol 176:
2177-87.

Tran DQ (2012) TGF-B: the sword, the wand, and the shield of FOXP3+
regulatory T cells. ] Mol Cell Biol 4: 29-37.

Gorelik L, Flavell RA (2002) Transforming growth factor-beta in T-cell biology.
Nat Rev Immunol 2: 46-53.

Li MO, Flavell RA (2008) TGF-beta: a master of all T cell trades. Cell 134: 392~
404.

Kong Q-F, Sun B, Bai A-S, Zhai D-X, Wang G-Y, et al. (2009) Administration
of bone marrow stromal ameliorates experimental autoimmune myasthenia
gravis by altering the balance of Th1/Th2/Th17/Treg cell subsets through the
secretion of TGF-B. J Neuroimmunol 207: 83-91.

. Nemeth K, Keane-Myers A, Brown JM, Metcalfe DD, Gorham JD, et al. (2010)

Bone marrow stromal cells use TGF-beta to suppress allergic responses in a
mouse model of ragweed-induced asthma. Proc Natl Acad Sci U S A 107:
5652-5657.

Kitani A, Fuss I, Nakamura K, Kumaki F, Usui T, et al. (2003) Transforming
growth factor (TGF)-betal-producing regulatory T cells induce Smad-mediated
interleukin 10 secretion that facilitates coordinated immunoregulatory activity
and amelioration of TGF-betal-mediated fibrosis. J Exp Med 198: 1179-1188.
Davis GS, Pfeiffer LM, Hemenway DR (1998) Persistent overexpression of
interleukin-1beta and tumor necrosis factor-alpha in murine silicosis. J Environ
Pathol Toxicol Oncol 17: 99-114.

Porter DW, Millecchia LL, Willard P, Rovinson VA, Ramsey D, et al. (2006)
Nitric oxide and reactive oxygen species production causes progressive damage
in rats after cessation of silica inhalation. Toxicol Sci 90: 188-197.

Srivastava KD, Rom WN, Jagirdar J, Yie TA, Gordon T, et al. (2002) Crucial
role of interleukin-1beta and nitric oxide synthase in silica-induced inflammation
and apoptosis in mice. Am J Respir Crit Care Med 165: 527-533.

October 2014 | Volume 9 | Issue 10 | €109982



