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ABSTRACT

Purpose of the study: A number of in vivo studies have shown that pulmonary exposure to carbon
nanotubes (CNTs) may lead to an acute local inflammatory response, pulmonary fibrosis, and gran-
ulomatous lesions. Among the factors that play direct roles in initiation and progression of fibrotic
processes are epithelial-mesenchymal transition and myofibroblasts recruitment/differentiation, both
mediated by transforming growth factor-81(TGF-81). Yet, other contributors to TGF-81associated sig-
naling, such as osteopontin (OPN) has not been fully investigated. Materials and Methods: OPN-
knockout female mice (OPN-KO) along with their wild-type (WT) counterparts were exposed to single-
walled carbon nanotubes (SWCNT) (40 pg/mouse) via pharyngeal aspiration and fibrotic response was
assessed 1, 7, and 28 days post-exposure. Simultaneously, RAW 264.7 and MLE-15 cells were treated
with SWCNT (24 hours, 6 ng/cm? to 48 pg/cm?) or bleomycin (0.1 pg/ml) in the presence of OPN-
blocking antibody or isotype control, and TGF-81was measured in supernatants. Results and Conclu-
sions: Diminished lactate dehydrogenase activity at all time points, along with less pronounced neu-
trophil influx 24 h post-exposure, were measured in broncho-alveolar lavage (BAL) of OPN-KO mice
compared to WT. Pro-inflammatory cytokine release (IL-6, TNF-o, MCP-1) was reduced. A significant
two-fold increase of TGF-81 was found in BAL of WT mice at 7 days, while TGF-31 levels in OPN-KO
animals remained unaltered. Histological examination revealed marked decrease in granuloma for-
mation and less collagen deposition in the lungs of OPN-KO mice compared to WT. RAW 264.7 but not
MLE-15 cells exposed to SWCNT and bleomycin had significantly less TGF-B1 released in the presence
of OPN-blocking antibody. We believe that OPN is important in initiating the cellular mechanisms that
produce an overall pathological response to SWCNT and it may act upstream of TGF-41. Further inves-
tigation to understand the mechanistic details of such interactions is critical to predict outcomes of
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pulmonary exposure to CNT.

Introduction

The carbonaceous nanomaterials family includes
nanosized carbon black, fullerenes and graphene
including its allotropic modifications - carbon nan-
otubes (CNT), which come in single- and multi-walled
varieties. Single-walled carbon nanotubes (SWCNT)
are among the most prospective of nanoparticles and
are currently of great interest for many applications in
electronics, composite materials, building construc-
tion, enhanced electron/scanning microscopy imaging
techniques, biosensors and biomedicine.!!) They are
also steadily making their way into general consumer
products.’?) The global market for nanocompos-
ites, including CNTs, has been reported to reach $5.3

billion by 2021 from $1.6 billion in 2016 at a compound
annual growth rate of 26.7%."!

By now multiple studies have shown that SWCNTs
in occupationally relevant doses cause pulmonary
fibrosis with a rapid inflammatory onset and subse-
quent granulomas formation, thickening of the alveolar
wall, and collagen deposition in rodents.[**®) CNTs
in general have been proposed as a model of chronic
granulomatous lung inflammation.['” SWCNT might
be even more damaging as their clearance from the
lungs seems to take longer than their multi-walled
CNT (MWCNT) counterparts and their alveolar
retention period may span 100 days or more after ini-
tial exposure.['”18] Alveolar macrophages might have
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difficulties recognizing SWCNT as a foreign mate-
rial, leading to the improved fibers’ penetration and
accumulation in the lung interstitium.1%1%20] n
human lung fibroblasts, SWCNT caused signifi-
cantly increased expression of transforming growth
factor beta 1 (TGF-B1) and TGF-B Receptor 1, as
well as collagen production compared to MWCNT-
exposed cells.?!] Importantly, parallels have been
drawn between SWCNT-induced pathology and inter-
stitial pulmonary fibrosis (IPF) or other similar condi-
tions involving formation of fibroblast/myofibroblast
foci.l??!

Previous research has provided evidence for the role
of TGF-B1 and another known factor associated with
pulmonary fibrosis, osteopontin (OPN), in the stim-
ulation of collagen-producing fibroblast proliferation,
leading to fibrotic lesions.!?*2*) While a number of
factors during SWCNT exposure may contribute to
the development of fibrotic lesions in lung tissue, both
TGF-B1 and OPN have been reported to play a signifi-
cant role in this particular model of pulmonary inflam-
mation and fibrosis.[*1417:26]

TGF-B1 has been recognized as a central player in
the robust pulmonary inflammatory response involved
in the development of granulomas and interstitial
fibrosis. TGF-B1 belongs to a superfamily of related
pleiotropic growth factors that are important regula-
tors of a variety of cellular processes such as cell growth,
adhesion, migration, proliferation, differentiation, and
apoptosis. It is a mitogenic factor for fibroblast differ-
entiation into myofibroblasts?”! that mediates inflam-
matory responses, causes excess extracellular matrix
(ECM) production and organization, increases tissue
inhibitor of metalloproteinases (TIMP) synthesis, and
decreases protease synthesis.!?s! Previously, we have
demonstrated that exposure of C57BL/6 mice to res-
pirable SWCNT induced robust acute inflammation
and increased level of TGF-B1 in lung lavage, ulti-
mately causing a very early onset of pulmonary fibrosis
and formation of granulomas.®*!

OPN, or secreted phosphoprotein 1 (SPPI gene), is
a matricellular protein that acts as a matrix and chemo-
tactic factor, which mediates diverse biological activi-
ties. OPN is secreted by activated T cells, macrophages,
fibroblasts, and dendritic cells (DC). As a ligand, it
interacts with a variety of receptor molecules, including
thrombin, matrix metalloproteinases (MMPs), trans-
membrane proteins such as integrins and CD44, as
well as ECM molecules, fibronectin, and collagen.?*3"]
Importantly, OPN is required for granulomatous tissue

formation in both infectious and non-infectious lung
pathologies,*!-3* including giant foreign body cell for-
mation.?® OPN genes were reported to be significantly
upregulated in rats exposed to SWCNT by intratra-
cheal instillation through 365 days post-exposure and
Sppl induction was recorded in bronchial epithelial
cells during the observation period.!4]

Much less is known about the possible con-
nections between OPN and TGF-p1 in pulmonary
fibrosis. The aim of the study was to evaluate the impor-
tance of the OPN-TGF-1 axis during the SWCNT-
induced lung fibrotic response in mice. We hypoth-
esized that OPN release contributes to total TGF-81
production resulting in the increased collagen depo-
sition observed during the formation of pulmonary
fibrotic lesions. Thus we expected to see reduced lung
injury and fewer fibrotic lesions in OPN-deficient mice
due to hindered cytokine-cytokine interplay between
OPN and TGF-g1. This study addresses the issue of
relevant target biomolecules for therapeutics and pro-
phylaxis in particle-induced and idiopathic pulmonary
fibrosis.

Materials and methods

Particles

SWCNT (Unidym Inc., Sunnyvale CA) were pro-
duced by the high pressure CO disproportionation
process (HiPco) technique and purified by acid treat-
ment to remove metal contaminates. SWCNT were
comprised of 99.7 wt% elemental carbon and 0.23
wt% iron. Comparative analytical data obtained by
thermogravimetry/differential scanning calorimetry,
temperature programmed oxidation, near infrared
and Raman spectroscopy revealed that more than
99% of carbon content in the SWCNT HiPco product
was accountable in a carbon nanotube morphology.
Particles were deposited on polycarbonate filters
and viewed under a field emission scanning electron
microscope (SEM) (model S-4800; Hitachi, Tokyo,
Japan). Although individual CNT fibers had diameter
of 1-4 nm and a length of 100-1000 nm, they tended
to form agglomerated bundles 1-3 pm in length and
~0.01 pm in width, thus having a high aspect ratio,
but low rigidity. Surface area of the SWCNT 1040 m?/g
as measured by Brunauer, Emmett, and Teller (BET)
analysis. Additionaly, more detailed information on
characterization can be found elsewhere.!!?!
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Animals

Specific pathogen-free adult (8-10 weeks) female
C57BL/6 mice (WT) and B6.129S6(Cg)-Spp1miBh/y
osteopontin knockout mice (OPN-KO) were sup-
plied by Jackson Lab (Bar Harbor, ME) and weighed
20.0 £ 1.6 g at the beginning of treatment. OPN
KO mice were created through targeted disruption
of the OPN gene in 129S6/SvEvTac derived mouse
TL-1 embryonic stem cells. Successfully targeted cells
were injected into C57BL6 blastocysts and the resulting
chimeras crossed to outbred Black Swiss mice. Once
established in this breed, heterozygotes were back-
crossed for 10 generations with C57BL/6 mice. Ani-
mals were housed one per cage receiving HEPA-filtered
air in the National Institute for Occupational Safety
and Health (NIOSH) animal facilities accredited by
AAALAC International. Animals were supplied with
water and irradiated NIH-31 modified 6% mouse food
(Envigo RMS, Inc.) ad libitum and were acclimated in
the animal facility under controlled temperature and
humidity for one week prior to use. All experimen-
tal procedures were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals, 7%
ed. and approved by the National Institute for Occupa-
tional Safety and Health (NIOSH) Institutional Animal
Care and Use Committee.

Administration of SWCNT

SWCNT stock suspension was prepared in Ca’>" and
Mg**-free phosphate buffered saline (PBS) and steril-
ized by autoclaving. Levels of endotoxin were below the
detection limit (0.01 EU/ml) as measured by a Limu-
lus amebocyte lysate chromogenic endpoint assay kit
(Hycult Biotech, Inc., Plymouth Meeting, PA). Samples
were sonicated with a probe sonicator (Vibra Cell Son-
ics, 130 W, 20 kHz, 65% amplitude for 2 seconds) and
immediately introduced into the mouse lung via pha-
ryngeal aspiration. Briefly, the mice were anesthetized
with a mixture of ketamine and xylazine (Phoenix, St.
Joseph, MO) (41.65 and 1.65 mg/kg subcutaneous in
the abdominal area) and secured against a board in a
near upright position. The tongue was extended gen-
tly with forceps so that a 40 pl of SWCNT suspension
(at a dose of 0 pg/mouse or 40 pg/mouse, 5 mice per
study group) could be deposited in the caudal phar-
ynx until aspirated into the lung. The corresponding
control mice received sterile Ca** and Mg*"-free PBS
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(40 pl) as a vehicle. A dose of 40 ng/mouse is rele-
vant to occupational exposures and has been shown
to produce significant fibrotic response upon pharyn-
geal aspiration in mice while not being able to over-
load the innate lung defense mechanisms.#%37! All
mice from both the control and treated groups sur-
vived the procedure and exhibited no overt behavioral
or health outcomes. At 1, 7, and 28 days post exposure,
mice were euthanized with an intraperitoneal injection
of sodium phenobarbital (>100 mg/kg), weighed, and
exsanguinated.

Obtaining bronchoalveolar lavage (BAL)

After exsanguination, the trachea was cannulated with
a 22-gauge blunt needle and BAL was obtained by
lavaging the lungs with 1.0 ml of ice-cold Ca®t
and Mg*"-free PBS, for a recovery of approximately
0.5 ml (pool 1). Lungs were subsequently lavaged with
1.0 ml of ice-cold Ca?** and Mg*"-free PBS until
a total of 5.0 ml (pool 2) was obtained. Cell pel-
lets from both pools were recovered through cen-
trifugation (800 x g, 10 min, 4 °C), combined, and
resuspended in 0.5 ml of Ca** and Mg**-free PBS.
Lactate dehydrogenase (LDH) measurements were
performed in the acellular BAL from pool 1 while the
remaining portion was aliquoted and stored at —80°C
until further analysis of total proteins and cytokines.

Determining cell profiles of BAL fluids

In order to evaluate the degree of inflammatory
response induced by the aspiration of SWCNT into the
lung, recruitment of alveolar macrophages (AM), neu-
trophils, and lymphocytes recovered from BAL fluid
were quantitated in relation to total cell count. Total
amount of cells was counted using an electronic cell
counter equipped with a cell sizing attachment (Coul-
ter model Multisizer IT with a 256C Channelizer; Coul-
ter Electronics, Hialeah, FL). An additional cell sus-
pension was cytocentrifuged onto a glass microscope
slide (Shandon Cytospin 4; Thermo Fisher, Pittsburgh,
PA). Centrifuge smears were stained with a Hema-
3 kit (Fisher Scientific, Pittsburgh, PA) and differen-
tial cell counts were determined manually using light
microscopy. Three hundred cells per slide were counted
to achieve statistical significance.
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Cytokine analysis in BAL

The release of TNF-¢, IL-6, and MCP-1 was evaluated
in the acellular BAL fluid at days 1, 7, and 28 following
SWCNT exposures. Concentrations of TNF-«, IL-6,
and MCP-1 (assay sensitivity of 7.3 pg/ml, 5 pg/ml,
and 52.7 pg/ml respectively) were determined using a
BD™ Cytometric Bead Array, Mouse Inflammation
kit (BD Biosciences, San Diego, CA) according to the
manufacturer’s protocol. Total TGF-B1 levels were
measured using commercially available Multispecies
Transforming Growth Factor-81 ELISA kit (Biosource
Intl. Inc.,).

Total protein and LDH activity in BAL

Measurement of total protein in the BAL fluid was
performed by a modified Bradford assay according
to the manufacturer’s instructions (BioRad, Hercules,
CA) with bovine serum albumin as a standard. Eval-
uation of LDH content is a formidable and one of the
primary methods of pulmonary damage detection and
assessment of pulmonary outcomes.!>*! The activity
of LDH was assayed spectrophotometrically by moni-
toring the reduction of NAD+ at 340 nm in the pres-
ence of lactate (Pointe Scientific, Inc., Lincoln Park,
MI).

Collagen accumulation in the lung of SWCNT
exposed OPN KO and WT mice

Total lung collagen content was determined by quan-
tifying total soluble collagen using a Sircol Collagen
Assay kit (Accurate Chemical and Scientific Corpo-
ration, Westbury, NY). Briefly, half of the lung was
homogenized in 0.7 ml of 0.5 M acetic acid contain-
ing pepsin with 1:10 ratio of pepsin/tissue wet weight.
Each sample was stirred vigorously for 24 hours at
4 °C, centrifuged, and 100 pl of supernatant was
assayed according to the manufacturer’s instructions
(Accurate Chemical and Scientific Corporation, West-
bury, NY).

Lung histopathology

Changes in lung morphology were analyzed by a
board-certified pathologist at 7 and 28 days post
exposure. Lungs were harvested, insuftlated with 4%
paraformaldehyde, coronal sections were cut from the

lungs, embedded in paraffin, sectioned at a thick-
ness of 5 pm with an HM 320 rotary microtome
(Carl Zeiss, Thornwood, NY), stained with Masson
trichrome, and submitted for histopathology. Slides
were assessed for histopathologic changes, including
the presence of pigment-laden macrophages, bronchi-
olar epithelial hyperplasia, peribronchial, perivascular
and alveolar fibrosis, and the number of epithelioid
granulomas. Sample identification was coded to ensure
blinded evaluation.

Cell culture

RAW 264.7 murine macrophage cells were obtained
from American Tissue Culture Collections (ATCC®
TIB-71™) and murine lung epithelial cells (MLE-15)
were a generous gift from Dr. Jeffrey A. Whitsett
(Children’s Hospital Medical Center, Cincinnati, OH).
Cells were maintained in Dulbeccos Modified Eagle’s
Medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 100 units/ml
penicillin, and 100 pg/ml streptomycin. Cell lines
were seeded and exposed to four different concentra-
tions of SWCNT (6 pg/cm*-48 pg/cm? of monolayer
surface) or control PBS and incubated for 24 hours
at 37 °C in order to range-find the least cytotoxic
concentration. For viability measurements cells were
removed from the flasks using a solution containing
0.05% w/v trypsin and 0.5 mM EDTA (Invitrogen,
Carlsbad,CA, USA), trypsin action was quenched after
one minute by adding DMEM containing 5% FBS.
Cells were centrifuged, washed twice and resuspended
in PBS. 20-pl aliquot stained with an equal volume
of 0.4% trypan blue (Invitrogen, San Diego, CA) was
used to count cells with a hemocytometer to assess
viability. The activity of LDH in culture supernatants
was assayed spectrophotometrically as described
previously.

Concentration of 12 pg/cm? was found to be non-
cytotoxic for both cell types and was used for assessing
the effect of OPN neutralization on TGF-£1 produc-
tion. Concentrations of TGF-f1 (assay sensitivity of
< 15.6 pg/ml) and osteopontin (assay sensitivity of 5.7
pg/ml) in culture supernatants were determined using
commercial ELISA Kkits (Biosource International Inc.,
Camarillo, CA and R&D Systems, Minneapolis, MN)
with and without the presence of an OPN-blocking
antibody (Sigma-Aldrich, St. Louis, MO). The cells
were pretreated with blocking antibody 10 minutes
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prior to the exposure at the concentration of 1 pg/ml.
Bleomycin (0.1 pg/ml) was added to unexposed cells
as a positive control. All cell-based experiments were
repeated in triplicate.

Statistical analysis

Treatment related differences were evaluated using
two-way ANOVA, followed by pair wise comparison
using the Student-Newman-Keuls tests, as appropriate.
Results are presented as the mean &+ SEM. A p value less
than 0.05 was considered statistically significant.

Results

Inflammatory cell recruitment elicited by pharyngeal
aspiration of SWCNT

Upon administration, SWCNT elicited a typical robust
and acute inflammatory response in WT mice after
1 day of exposure as evidenced by 175 fold increase
in polymorphonuclear cells (PMNs) compared to
control (Figure 1A). While OPN-KO also produced a
significant influx of PMNs compared to control (100
fold increase), the results were significantly lower than
in WT. By day 7, the response had diminished in both
OPN-KO and WT mice. While PMN levels contin-
ued to remain low in WT mice, in OPN-KO mice
they were significantly elevated compared to both its
corresponding control and exposed WT counterpart
by day 28. Following SWCNT exposure, macrophage
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= 250 1 Il VW T/SWCNT
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% 150 i *a
=
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B
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E 50 %
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recruitment revealed a slight time-dependent increase
in OPN-KO mice (Figure 1B). However, in WT
animals, macrophage recruitment peaked significantly
at day 7 (1.5 fold), decreasing by day 28. We could see
that SWCNT was phagocytosed by both WT and OPN
KO alveolar macrophages in comparable quantities,
and no particles were seen outside the cells in the BAL
samples stained with hematoxylin-eosin at days 7 and
28. In contrast at 24 hours we observed both cells and
free particle/agglomerates in the samples.

Pulmonary damage following SWCNT exposure

Following exposure, SWCNT induced pulmonary
damage after 1 day as indicated by a significant increase
in total protein levels relative to controls in both
WT and OPN-KO mice in BAL fluid (145% and
135%) (Figure 2A). While both WT and OPN-KO ani-
mals exhibited pulmonary damage at a similar trend,
decreased at 7 days and slightly elevated again at
28 days, only the WT remained significantly increased
as compared to its corresponding control. Though the
OPN-KO response paralleled that of WT mice, it was
significantly less than in exposed WT counterparts at
all time points after SWCNT instillation. Levels of tis-
sue damage, as indicated by an increase in LDH release,
were most prominent after 1 day of exposure in both
WT and OPN-KO mice (225% and 150%) (Figure 2B).
Similar to the response seen in protein levels, OPN-
KO mice exhibited a more modest response when com-
pared to its exposed WT counterpart at 1 day and

B

£

—
(]

AM, fold of control

|

1 7 28
Post exposure, days

Figure 1. Cell differentials of bronchoalveolar lavage (BAL) fluid in C57BL6 (WT) and OPN-KO mice after pharyngeal aspiration of SWCNT
(40 pg/mouse). A: PMN - polymorphonuclear cells. Mean absolute values from PBS-exposed WT mice were 1424.4 £ 406.9, 2585.8 +
535.4, and 1393.5 + 724.3 for 24 h, 7d and 28d respectively; from PBS-exposed OPN-KO mice: 901.6 £ 620.3, 1164.0 & 490.1 and 859.2
=+ 444.6 for 24 h, 7 d and 28 d respectively B: AM - alveolar macrophages. Mean absolute values from PBS-exposed WT mice were
(6014 + 53.2) x 103, (492.1 4 15) x 103, (6212 & 49.2 x 10) x 10° for 24 h, 7d and 28d respectively; from PBS-exposed OPN-KO mice
(433.8 £ 30.3) x 103, (492.2 & 39.8) x 10%, (484.2 & 51.9) x 103 for 24 h, 7d and 28d respectively. Values are expressed as Mean 4 SEM.
* p < 0.05 vs. PBS-exposed WT mice, * p < 0.05 vs. WT mice exposed to SWCNT.
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Figure 2. Pulmonary cell damage as indicated by changes in levels of protein and release of lactate dehydrogenase (LDH) in bronchoalve-
olar lavage (BAL) fluid in C57BL6 (WT) and OPN-KO mice after pharyngeal aspiration of SWCNT (40 pg/mouse). A: Total protein. B: LDH.
Values are expressed as mean & SEM. * p < 0.05 vs. control mice, ® p < 0.05 vs. OPN-KO mice exposed to SWCNT.

28 day post exposure. While these levels decreased
more rapidly by day 7 in WT animals, the response
remained significantly elevated at all time points com-
pared to its controls. Levels did not begin to diminish
until day 28 for OPN-KO mice.

Pro-inflammatory cytokine production in C57/BL6
and OPN-Deficient mice

In both OPN-KO and WT mice, an increase of
pro-inflammatory pulmonary cytokines concentra-
tions was observed in the BAL following 1 day post
exposure to SWCNT, compared to controls (Figure 3A,
B, C), with the magnitude of TNF-«, IL-6, and MCP-1
secretion consistently lower in OPN-KO mice. Differ-
ences in pro-inflammatory cytokine profiles for both
OPN-KO and WT mice faded by day 7.

TGF-B1release in BAL of C57BL/6 and OPN-Deficient
mice

Following exposure in WT mice, TGF-B1 release
peaked significantly on day 7 (2.3 fold of control)

A B

1019 * 15
i W swoNt
8 [ Jopn kKoswent

MCP-1, fold of control

IL-6, fold of control

and subsequently diminished by day 28 (Figure 4A).
In OPN-KO animals, TGF-B1 release was not signif-
icantly elevated in BAL at any time point and only
increased slightly over time.

Collagen accumulation at 28 days after SWCNT
exposure

To investigate the level of fibrosis induced by SWCNT
in OPN-KO and WT mice, the accumulation of colla-
gen in the lung was assessed at day 28 post-exposure.
Collagen levels were significantly increased in WT ani-
mals with normal OPN expression (180% of control)
compared to OPN-KO mice, which did not differ from
its controls. (Figure 4B).

Pathology of lung tissue from OPN-KO and WT mice

Microscopic evaluation of the lungs of mice in con-
trol groups reveals normal morphology of conducting
and respiratory airways (Figure 5A). Lungs of C57BL6
mice exposed to SWCNT at 7 and 28 days revealed

C
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Figure 3. Inflammatory cytokine release in bronchoalveolar lavage (BAL) fluid in C57BL6 (WT) and OPN-KO mice after pharyngeal aspiration
of SWCNT (40 png/mouse). A. IL-6. B: MCP-1. C. TNF-«. Values are expressed as mean =+ SEM. * p < 0.05 vs. control mice.
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Figure 4. TGF-S release in bronchoalveolar lavage (BAL) fluid and collagen deposition in the lung of C57BL6 (WT) and OPN-KO mice after
pharyngeal aspiration of SWCNT (40 pg/mouse). A. TGF- S release as measured in mice sacrificed at 24 hours (black columns), 7 days (white
columns), and 28 days (gray columns). B. Collagen deposition in the lung as measured in mice sacrificed at 28 days post exposure. Values
are expressed as mean & SEM. * p < 0.05 vs. PBS-exposed WT mice. “ p < 0.05 vs. OPN-KO mice exposed to SWCNT 7 days post exposure.
B b < 0.05 vs. WT mice exposed to SWCNT 1 day post exposure.? p < 0.05, vs WT mice exposed to SWCNT.

deposition of brown pigmented particles in small air-
ways and numerous epithelioid granulomas composed
of pigment-laden macrophages (Fig. B and C). The
average number of granulomas: 6.6 per 10 high-power
fields (HPF) at 7 days, 7.5 per 10 HPF at 28 days. There
was minimal alveolar fibrosis associated with gran-
ulomas. No significant interstitial lymphocytic infil-
tration, epithelial hypertrophy/hyperplasia, goblet cell
hyperplasia, or features of airway remodeling was seen.
Lungs of OPN-KO mice exposed to SWCNT at 7 and
28 days (Fig. E and F) revealed similar histologic find-
ings, however, the number of granulomas was signif-
icantly reduced: 1.4 per 10 HPF at 7 days, 3.7 per 10
HPF at 28 days. No fibrosis was seen. Overall, the lungs
of OPN-KO mice were significantly less affected by
SWCNT exposure compared to WT.

In vitro RAW 264.7 macrophages and MLE-15
exposure to SWCNT

Two cell types, RAW 264.7 Macrophages (M®) and
alveolar epithelial cells (MLE-15), were exposed for
24 hours to SWCNT concentrations ranging from
6 pg/cm? to 48 pg/cm?. The viability of RAW 264.7
M® decreased in a dose-dependent manner, although
cells exposed to 6 and 12 pg/cm? did not vary signifi-
cantly from controls. A similar trend was observed in
MLE-15 cells, though this viability decrease was not
as rapid; however, all cells exposed to a dose greater
than or equal to 12 pg/cm? differed significantly from
controls (Figure 6A). As expected, the lowest viability

for both cell lines was observed at the highest con-
centration of SWCNT (48 pg/cm?). LDH release in
RAW 264.7 M® showed a significant dose dependent
increase while LDH measured in MLE-15 cells was
nearly dose-dependent (a slight decrease was measured
at 24 pg/cm? relative to 12 pg/cm?) (Figure 6B).

Following SWCNT exposure (12 pg/cm?), signifi-
cantly higher levels of OPN content were observed,
158.5% and 132.6%, compared to controls of RAW
264.7 M® and MLE-15 conditioned supernatants,
respectively (Figure 7A, 8A). SWCNT-exposed cells
also demonstrated increased TGF-B1 content, 163.9%,
and 143.8%, compared to respective controls for RAW
264.7 M® and MLE-15 cells (Figure 7B, 8B). With the
addition of mouse anti-OPN antibody in neutralizing
concentration, we observed inhibition of OPN secre-
tion in response to SWCNT exposure in cell super-
natants, as expected. Inhibition of OPN production
reduced the levels of TGF-f1 compared to that of cells
treated only with SWCNT. Exposure to SWCNT in
the presence of OPN blocking antibody caused signifi-
cantly less TGF-B1 release in RAW 264.7 M®, but not
in MLE-15 cells.

Discussion

As occupational exposure to nanoparticles increases
due to a large demand for nanomaterials in consumer
products, the human health risks involved must also be
evaluated. Specifically, the relevance of SWCNT expo-
sure to the development of pulmonary inflammation
and interstitial fibrosis resembling that of IPE, though
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Figure 5. Representative photomicrographs of lung tissue from C57BL6 (WT) and OPN-KO mice administered PBS (Control) or SWCNT
(40 pg/mouse). Granulomas are indicated by the black arrows. A: Lung tissue from a control WT mouse sacrificed at 7 days.
Lung exhibits normal morphology and no lesions are present. B: Lung tissue from SWCNT-exposed WT mouse sacrificed at 7 days.
C: Lung tissue from SWCNT-exposed WT mouse sacrificed at 28 days. The tissue contains large granulomas, containing pigmented particu-
late matter. D: Lung tissue from a control OPN-KO mouse sacrificed at 7 days. Lung exhibits normal morphology and no lesions are present.
E: Lung tissue from SWCNT exposed OPN-KO mouse sacrificed at 7 days. F: Lung tissue from SWCNT exposed OPN-KO mouse sacrificed at

28 days.

well researched, warrants an investigation into the
possible mechanisms leading to these disease states.
So far, several pathophysiological mechanisms
responsible for the CNT-induced fibrosis have been
proposed. A major contributor to SWCNT-induced
fibrosis are stem-like fibroblasts and fibroblasts origi-
nating from epithelial-mesenchimal transition (EMT)
process, that are fully functional in terms of colla-
gen production.[**-#?] Production of reactive oxygen
species (ROS) by SWCNT upregulates TGF-p1 expres-
sion,[*!! which in turn further stimulates collagen
production, ECM organization, induces EMT, pro-
motes the fibroblast to myofibroblast differentiation,
and induces contractive activity in myofibroblasts.
TGF-B/p-Smad2 and S-catenin pathways activation

in hyperplastic epithelial cells is thought to contribute
to EMT and fibroblast population expansion. Overall,
TGF-B1 inducing effects of CNT on individual cell
types are well summed up in a recent review.*’!

OPN expression was found to be significantly
upregulated upon exposure to SWCNT similar to
that observed for MWCNT.!'#17:26] CNT exposure,
being an initial insult, activates the secretion of sev-
eral cytokines by AM and recruitment of additional
macrophages and T-lymphocytes. MMPs produced
by macrophages proteolytically cleave OPN and its
fragments may in turn bind to integrins, inducing
cell adhesion molecules expression and promoting

44,45

the formation of granulomatous lesions.[*#*>] Impor-

tantly, OPN provides survival signals in fibroblasts;
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Figure 6. Viability (A) and LDH release (B) of RAW 264.7 macrophages and MLE-15 cells following 24 hour exposure of SWCNT
(6-48 ng/cm?). Values are expressed as mean & SEM. *p < 0.05 vs. control mice.

its absence leads to caspase-independent necrosis, ¢!

contributes to local Th17 differentiation in pul-
monary fibrosis,””) and induces mesenchymal stem
cells migration.[*¥) OPN was even named “A Master
Regulator of Epithelial-Mesenchymal Transition”
through Twist, ZEB and Snail pathways in a recent
paper.[*%)
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A potential modulating mechanism is speculated
to exist between OPN and TGF-81 due to their fun-
damental role in mediating fibrosis. Indeed, TGF-S1
treatment has been shown to upregulate OPN secre-
tion in fibroblasts.>®) Mechanistically, it can activate
the OPN promoter via the Hox-binding element,*!!
but there is controversy as to the Smad4 (downstream
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Figure 7. Osteopontin accumulation (A) and TGF-S1 release (B) in supernatants of RAW 264.7 macrophages following 24 hour exposure of
SWCNT (12 pg/cm?) and in the presence of an anti-OPN antibody (bOPN, 1 ug/ml). *p < 0.05 vs. control cells; ® p < 0.05 vs. SWCNT only

exposed cells; # p < 0.05 vs. bOPN only exposed cells.
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Figure 8. Osteopontin accumulation (A) and TGF-1 release (B) in supernatants of MLE-15 cells following 24 hour exposure of SWCNT
(12 png/cm?) and in the presence of an anti-OPN antibody (1 ng/ml). *p < 0.05 vs. control cells; * p < 0.05 vs. SWCNT only exposed cells; #

p < 0.05 vs. bOPN only exposed cells.

signaling molecule in TGF-B1 pathway) function - it
has been shown to de-repress the OPN gene promoter
in lung epithelial (Mv1Lu) cells®®?) and suppress OPN
gene in A549 cells.’?] Tt seems that OPN is likely
to be differentially regulated by TGF-A1 in multiple
cell types. OPN may also act upstream of TGF-p1
in certain conditions. OPN is required for TGF-£1
to stimulate o-smooth muscle actin, extradomain-A
and connective tissue growth factor.**) OPN induces
MMP-9 expression, *#**! which in turn is an activator
of TGF-B1.145 A recent study has shown the induction
of TGF-B1 expression in mesenchymal stem cells by
OPN through myeloid zinc finger 1 (MZF1).[567]
Despite this, we lack any reliable data on OPN-TGE-
B1 cross-talk and though studies of the fibrotic role of
these proteins are extensive, the functions of OPN dur-
ing particulate-induced inflammation and its subse-
quent interplay with TGF-B1 is largely unknown. Due
to the important role of OPN and TGF-$1 in inducing
formation of fibrosis and wound healing, we hypoth-
esized that exposure to SWCNT in an OPN-deficient
mouse model would decrease the overall collagen
deposition and fibrotic response in OPN-deficient
mice in part due to hindered cytokine-cytokine
interplay. In order to investigate this, C57BL/6 and
OPN-deficient were administered SWCNT through
pharyngeal aspiration and the resulting pulmonary
damage and inflammatory responses were analyzed.
Previous pharyngeal aspiration studies provided reli-
able particle delivery to deep lung regions and to be
highly correlated with the administered dose.[®8 To
further address the issue, RAW 264.7 macrophages and
murine lung epithelial cells (MLE-15) were exposed

to SWCNT or bleomycin (as it has been shown to
increase TGF-B1 expression!®!), for 24 hours with and
without the presence of an OPN-blocking antibody.
Exposure of OPN-KO mice to SWCNT over the
course of 28 days revealed a slight increase in TGF-p1
release, which did not significantly change at any time
point. However, in WT mice, a significant increase in
TGF-B1 was observed at 7 days, which diminished by
day 28. Further investigation into the inflammatory
response of OPN-KO mice revealed notable differ-
ences when compared to WT. Previously, we have
demonstrated that exposure to SWCNT results in early
neutrophil accumulation accompanied by elevated
levels of pro-inflammatory cytokines at 1 day post
exposure, followed by an influx of macrophage recruit-
ment and a peak in release of TGF-f1 levels occurring
by day 7.1 In this study, our results are consistent in
the WT model, demonstrating a similar time course
of TNF-«, IL-6, and MCP-1 release corresponding to
an influx of neutrophils, whereas TGF-S1 release par-
alleled macrophage recruitment (Figure 5, Figure 1).
These activated macrophages normally accumulate
at the sites of injury and release growth factors, such
as PDGE OPN, and TGF-B1, which stimulate the
proliferation and migration of collagen-producing
fibroblasts to induce granulomas formation. (24661 In
addition, we observed numerous foci of particle-laden
alveolar macrophages forming distinct granulomas
associated with alveolar fibrosis in the lungs of WT
mice, as well as an accumulation of collagen by day
28 (Figure 5, Figure 4B). However, in OPN-KO mice,
though the release of pro-inflammatory cytokines in
BAL also corresponded to its influx of neutrophils,
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these levels were markedly reduced, for the most
part, compared to WT counterpart (Figure 3A, B,
C). This supports previous studies indicating the role
of OPN as a chemotactic cytokine for macrophages,
dendritic cells, and neutrophils through engagement of
CD44 and integrin receptors, revealing reduced PMN
chemotaxis in OPN deficient mice.[>%3] This less-
ened neutrophil accumulation in turn may also lead
to a reduction of overall TGF-B1 production.[046°]
Although PMNs were elevated at day 28 in OPN-KO
mice, there appeared to be no significant elevation in
pro-inflammatory cytokines. There was no statistically
significant increase in AM influx at all timepoints in
exposed OPN-KO mice compared to control. Studies
by O’Regan et al. and Ophascharoensuk et al. have
suggested impaired injury-induced AM recruitment
in OPN-deficient mice, and OPN-null macrophages
show markedly decreased migration abilities towards
MCP-1 and fMLP and are more likely to enter the
apoptosis.>>% On the contrary, several previous
studies reported normal AM recruitment®*3¥ in
OPN-deficient animals, although in tuberculosis
rather than particle-induced model. Nonetheless, in
our study, no significant alterations were observed in
AM accumulation between OPN-KO and WT mice
upon exposure to SWCNT. It appears that SWCNT are
more likely to be recognized by macrophages in more
agglomerated form, rather than highly dispersed,*
so the granuloma formation in WT mice was likely
to occur not only due to high penetration retention
period, but also due to the inability to get rid of the
aspirated particulates despite being recognized and
engulfed by phagocytes, while OPN deficiency could
abrogate the granuloma formation itself.

Overall, the severity of pulmonary cell damage
was reduced in the OPN-deficient mouse model, as
indicated by total protein and LDH levels in BAL
(Fig. 2). The overall number and severity of granulo-
mas as well as a collagen accumulation in the lungs of
OPN KO mice were markedly decreased, (Figure 4B).
Taken together, these results support previous find-
ings indicating the important role of OPN in SWCNT-
induced alterations. A number of studies have found a
reduction of collagen deposition, fibrosis and scarring
in other tissues, such as myocardium, kidneys, liver,
ureter and skin via OPN neutralization or in OPN -/-
animals.!®7-72!

Previously, we have demonstrated that produc-
tion of TGF-B1 in RAW 264.7 macrophages was

EXPERIMENTAL LUNG RESEARCH (&) 321

induced by SWCNT exposurel” and in the study
by Wu et al. OPN™/~ murine bone-marrow derived
macrophages displayed reduced basal production of
TGF-p1.Y Additionally, in a recent paper implement-
ing an adverse outcome pathway analysis, macrophages
exposed to CNT are proposed to act as paracrine
signalers for the activation of fibroblasts through
growth factors and OPN production.*3! Thus, in order
to supplement our in vivo study, a set of separate
in vitro experiments using RAW 264.7 rat macrophages
and MLE-15 cells was conducted. The resulting data
was concurrent with previous findings, revealing an
increase in OPN accumulation, TGF-81 release, and
damage (as indicated by LDH release) when exposed
to SWCNT (Figure 6, 7, 8). It was also revealed
that in the presence of an OPN-blocking antibody,
SWCNT-induced TGF- 1 release in RAW 264.7 super-
natants was significantly less than those cells exposed to
SWCNT and isotype control antibodies, while MLE-15
cells exhibited insignificant decrease in TGF- B1.

Though our results have indicated a clear associa-
tion between the two cytokines involved in SWCNT-
induced pulmonary fibrotic response initiation and
progression, the exact mechanisms through which
these two interact remain unclear, although several
theories arise from the previously published results.
The OPN deficient animals have been shown to
exhibit decreased oxidative stress in several conditions
related to the inflammatory response and fibrotic pro-
cesses.”>74 This might explain the decreased cytokine
secretion, while decreased ROS production by immune
cells couldve affected the activation of TGF-S1.
SWCNTs, in particular, have been shown to act
through AP-1 transcription factor activation,””) which
is responsible for both TGF-B1 and OPN activation
and modulation.”””) In myocardial fibrosis AP-1 acti-
vation is dependent on OPN stimulation!”8 and this
transcription factor was also downregulated in OPN-
KO mice upon pulmonary asbestos exposure.”’!

Since only a small amount of TGF-f1 is diftusible,
cell-cell interactions play a major role in its acti-
vation.[®”) The absence of OPN leads to a distinct
reduction of those cell-cell interactions due to the
fact that OPN-null cells have less contractility and
531 Failure to restore epithelial
basement membrane integrity is a key step in pro-
moting fibrosis (as epithelial cells may interact with
mesenchymal cells),’®!) in the OPN-KO animals this
mechanism might be abrogated. The anti-apoptotic

lowered adhesion.!
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activity of OPN[4®82] is crucial for continuous activity
of macrophages and fibroblasts at the sites of injury,
since in both cell types SWCNT and MWCNT specif-
ically upregulate the expression of TGF-f1,[21:83-8]
TGF-B receptor 1 and Smad2/3.12!) As OPN-deficient
animals exhibit reduced Th17 differentiation of CD4+
ap T cells and IL-17-producing 8 T cells,*”! decrease
in IL-17 induced TGF-81 production also seem to be
a feasible mechanism.

One should also consider the other important mech-
anisms and cytokine interactions involved in the pul-
monary fibrosis induction and progression, such as
combined action of PDGF and TGF-81.1°") PDGF
itself, which was found to be upregulated in SWCNT-

(28] als0 participates in upregulating the

treated animals,
expression of OPN[#¢87] and may implement its action
in part through the OPN promotion, which has been
shown for the smooth muscle cells.!®*®! There’s little
data as of yet regarding the possible OPN upstream
effects on PDGF signaling, but interestingly, one of
the recent papers describes the hampering of Focal
adhesion kinase (FAK) phosphorylation by PDGF in
osteoblasts and fibroblasts upon the recombinant OPN
treatment,[®® thus potentially reducing their migration
activity. This is an interesting mechanism, which might
be a part of negative feedback in the regulation of fibro-
genesis and needs further investigation.

Our study harbors a number of limitations that need
to be mentioned. Firstly, although the use of the knock-
out mouse model proved to be a valuable tool for the
specific toxicity investigations, results will be hard to
extrapolate to human pathology due to the fact that
alterations to genome may have unexpected side effects
in the particular exposure model, i.e. the intracellular
OPN (iOPN) expression, which has to be addressed
in future experiments. Also, for the in vitro proof of
concept experiment, rather than follow the pulmonary
exposure equivalence principle, we used the highest
least cytotoxic dose of 12 pg/cm?* of SWCNT when
assessing the effect of OPN neutralization on TGEF-
B1 production. Several studies have shown that in the
long run some biological effects, including induction of
proliferation and even malignant transformation may
occur at doses as low as 0.02 pg/cm?[°1-2]

In our study OPN-KO mice developed distinctly
decreased granulomatous lesions formation and much
less collagen deposition upon exposure to SWCNT in
lung fibrosis-promoting doses while TGF-f1 levels in
BAL remained unchanged. Murine RAW 264.7, but

not MLE-15 cells treated with SWCNT had signifi-
cantly less TGF-S1 released in the presence of OPN-
blocking antibody. In summary, we conclude that OPN
might be important in initiating the cellular mecha-
nisms that produce an overall response in SWCNT
model of pulmonary fibrosis, occurring upstream of
TGEF-B1 signaling. Lower number of granulomas, con-
taining fewer characteristic macrophages in OPN-KO
mice and in vitro study results point at macrophages as
one of the more conceivable players. A recent study has
shown thatin MWCNT it is possible to reduce the OPN
expression and pulmonary fibrosis in mice by coating
the nanotubes with aluminum oxide,!®3 but whether
SWCNT could be treated for the same effect is not
known. Further investigations into the OPN/integrins
axis, OPN-linked gene expression, MSC migration and
collagen fibrillogenesis is needed to better predict and
determine the TGF-f1 mediated pulmonary fibro-
sis outcomes and to target the mediator molecules
involved in OPN-TGEF-f1 interplay.
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