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ABSTRACT: Certain nanosized particles like carbon nanotubes (CNTSs) are

known to induce pulmonary fibrosis, but the underlying mechanisms are
unclear, and efforts to prevent this disease are lacking. Fibroblast-associated = swmcstmsocmea 0 ceeoscponia
stem cells (FSCs) have been suggested as a critical driver of fibrosis induced by ~  cowrecz g S T
CNTs by serving as a renewable source of extracellular matrix-producing cells; =

however, a detailed understanding of this process remains obscure. Here, we
demonstrated that single-walled CNT's induced FSC acquisition and fibrogenic
responses in primary human lung fibroblasts. This was indicated by increased
expression of stem cell markers (e.g, CD44 and ABCG2) and fibrogenic SRR,
markers (e.g,, collagen and a-SMA) in CNT-exposed cells. These cells also
showed increased sphere formation, anoikis resistance, and aldehyde
dehydrogenase (ALDH) activities, which are characteristics of stem cells.
Mechanistic studies revealed sex-determining region Y-box 2 (SOX2), a self-
renewal associated transcription factor, as a key driver of FSC acquisition and fibrogenesis. Upregulation and colocalization of SOX2
and COL1 were found in the fibrotic lung tissues of CNT-exposed mice via oropharyngeal aspiration after 56 days. The knockdown
of SOX2 by gene silencing abrogated the fibrogenic and FSC-inducing effects of CNTs. Chromatin immunoprecipitation assays
identified SOX2-binding sites on COLIAI and COL1A2, indicating SOX2 as a transcription factor in collagen synthesis. SOX2 was
also found to play a critical role in TGF-f-induced fibrogenesis through its collagen- and FSC-inducing effects. Since many
nanomaterials are known to induce TGF-f, our findings that SOX2 regulate FSCs and fibrogenesis may have broad implications on
the fibrogenic mechanisms and treatment strategies of various nanomaterial-induced fibrotic disorders.

KEYWORDS: nanomaterial, fibrogenicity, myofibroblasts, self-renewal

1. INTRODUCTION indicated that alveolar retention of CNTs may span over 100

. 16,23,24 . . .
Due to several unique and desirable properties, such as high days after initial exposure. This could lead to impaired

tensile strength and electrical conductivity, carbon nanotubes
(CNTs), a group of engineered carbonaceous nanomaterials, which results in the accumulation of CNTs in lung

clearance of CNTs by alveolar macrophages as a foreign agent,

are used in various commercial and industrial applications.' ™ interstitium.'**°~*” Numerous in vivo experiments have also
In addition, their near-infrared absorption and photoemission demonstrated that exposure to CNTs at physiologically
characteristics are being explored for various biomedical relevant concentrations via inhalation, intratracheal instillation,
applications such as photothermal therapy and bioimaging.”~* or pharyngeal aspiration caused acute inflammatory responses
The increased use of CNTs implicates a heightened risk of and chronic pulmonary fibrosis characterized by increased
human exposure and adverse health consequences, partly due collagen deposition, epithelioid granulomas formation, and

to their biological activities and persistence,” "' which have 12,26,28—30
increasingly been reported. Inhaled CNTs can reach the
interstitial alveolar region and remain trapped for an extended
period of time due to impaired phagocytic clearance by
macrophages,'””'¢ leading to chronic diseases such as
pulmonary fibrosis.}”"'8 Received: June 13, 2020
Acute CNT exposure has been reported to induce Accepted: August 11, 2020
pulmonary cell infiltration and cytokine release giving rise to Published: August 11, 2020
inflammatory responses in the lungs;'”™>' therefore, it has
been used as a predictive model for mechanistic investigations
of fiber-induced lung inflammation.”” Recent studies have

fibrotic scarring of the lungs. Moreover, in vitro
studies showed that CNTs could promote fibroblast cell
proliferation, collagen production, and release of various
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fibrogenic cytokines such as transforming growth factor-beta
(TGF-f) and matrix metalloproteinase (MMP)-9.>'~**

Pulmonary fibrosis occurs as a result of lung damage and
excessive accumulation of extracellular matrix (ECM) in the
damaged tissues that develop over time. In this process,
activation of ECM-producing fibroblasts and myofibroblasts is
generally considered as an initial event.”* Such activation is
usually a result of chronic tissue injury and inflammation that
causes the transformation of fibroblasts into myofibroblasts,
which is characterized by alpha-smooth muscle actin (a-
SMA).*>*® Uncontrolled growth and proliferation of these
cells can result in excessive ECM accumulation, which creates
deformation in tissue structures followed by a diminution in
whole organ function.””*" Evolving research indicates that
stem cells may bring forth active fibroblasts and myofibroblasts
during fibrogenesis since a subpopulation of cells expressing
self-renewal related transcription factors like POU class S
homeobox 1 (OCT4), Nanog homeobox (NANOG), and
SRY-box transcription factor 2 (SOX2), has been observed in
fibroblastic lesions of various fibrotic tissues,®”* although
their precise role in fibrogenesis remains obscure.

Recent studies by our group also showed that CNT
exposure could transform normal human lung fibroblasts
(NHLFs) toward stem cells or stem-like cells.*”** These
fibroblast-associated stem cells (FSCs) are capable of forming
collagen-rich fibroblastic foci similar to those noticed in animal
models and patients with pulmonary fibrosis.”>** In patients,
the formation of fibroblastic foci has commonly been used as a
reliable marker of poor prognosis.**® Such structures have
also been shown to be induced by CNTs. They contain high
levels of collagen and stem cell markers such as aldehyde
dehydrogenase (ALDH) activity, ATP binding cassette
subfamily G member 2 (ABCG2), and CD90 based on our
previous studies.””** Animal studies also showed the over-
expression of these stem cell-related markers in fibrotic lesions
of CNT-exposed lungs.** Together, these studies suggest the
putative role of FSCs in CNTmediated fibrosis, but the
underlying mechanisms of FSC induction and its role in
fibrogenesis remain to be investigated.

2. MATERIALS AND METHODS

2.1. Nanomaterial Characterization. SWCNTs were obtained
from NanoLab, Inc. (Waltham, MA, U.S.A.) and were characterized
for particle dimension, hydrodynamic size, zeta potential, and
chemical composition. Particle dimensions were assessed by electron
microscopy, as previously described.>’ Dynamic light scattering
(DLS) method was used to measure the hydrodynamic diameter of
particles using NanoSight NS300 (Malvern Instrument, Worcester-
shire, U.K.). SWCNT particles were dispersed in sterile water at a
concentration of 10 mg mL™" as a stock suspension. The suspension
was subsequently diluted into 1 mg mL™" of 0.5% bovine serum
albumin (BSA) in Ca’* and Mg**-free phosphate-buffered saline
(dPBS). The suspension was then further diluted into 0.1 mg mL™"
using a premixed complete fibroblast cell culture medium (FBM). For
characterization of SWCNTs in dispersion medium (DM), particles
were dispersed in DM containing 0.01 mg mL™! 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine, 5.5 mM p-glucose, and 0.6 mg mL™'
mouse serum albumin in dPBS at a concentration of 0.1 mg mL™".
Furthermore, 0.1 mg mL~! SWCNTs in sterile water or dPBS
containing 0.5% BSA were also prepared from the SWCNT stock
suspension. DLS measurements of each SWCNT suspension were
performed using an argon ion laser at an excitation wavelength of 488
nm, with a scattering angle of 90° and at the particle concentration of
0.1 mg mL~". Measurements of zeta potential were conducted by
Zetasizer Nano ZS90 (Malvern Instrument). After an initial 2 min
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equilibration of each SWCNT suspension in the instrument, five
measurements with a 10-s delay between measurements and each
consisting of five runs with a 2-s delay between runs were recorded.
The Fourier transform infrared spectroscopy (FTIR) spectroscopy
was used to assess the chemical composition of SWCNTs. FTIR
analysis in the 500—4000 cm™ region was carried out in an FTS
7000e Varian FTIR spectrometer (Varian Medical Systems, Palo Alto,
CA, U.S.A.) using the KBr pellet technique. All spectra were evaluated
according to the catalog of Spectrometric Identification of Organic
Compounds.*” Elemental carbon of our sample was analyzed using
energy dispersive X-ray spectrum (EDX).

2.2. Cell Culture and Transfection. Normal human lung
fibroblasts (NHLFs) from the American Type Culture Collection
(Manassas, VA, U.S.A.) were used throughout this study. They were
cultured in complete FBM medium with Fibroblast Growth Medium-
2 SingleQuots supplemented with 2% fetal bovine serum (FBS), 0.1%
insulin, 0.1% human basic fibroblast growth factor (bFGF), 30 ug
mL™" gentamicin, and 15 ng mL ™" amphotericin (Lonza Walkersville,
Inc., Walkersville, MD, U.S.A.). The cells were maintained under a
subconfluence condition at 37 °C with 5% CO,. Early passages of
NHLFs (passages 2—S5) were used in this study. For the generation of
stable SOX2 knockdown cells, 2 X 10° cells were seeded in each well
of 6-well plates with a total volume of 1 mL of media and incubated
overnight. SOX2 knockdown experiments were conducted using
lentivirus-mediated gene transfection. The cells were washed, and the
culture medium was replaced with 2.5 mL per well of fresh medium
containing 2 g mL~" hexadimethrine bromide. The cells were then
infected with either control or SOX2 shRNA lentivirus (Applied
Biological Materials Inc., Richmond, BC, Canada) and incubated for
24 h. Next, the cell culture medium was replaced with 2 mL of fresh
medium, and cells were further cultured for 48 h and allowed to
recover for 24 h prior to experiments.

2.3. Animals. All animal studies were conducted using six-week-
old male CS7BL/6] mice from Jackson Laboratories (Bar Harbor,
ME, USA). The animals were contained in an AAALAC accredited,
pathogen-free environment with free access to water and food. They
were adjusted for 1 week prior to any experimental procedures. All
animal care and experimental procedures were performed following
the Guidelines for Animal Experiments at West Virginia University
and Institutional Animal Care and Use Committee (IACUC
#1512000008.1) approved protocol.

2.4. Oropharyngeal Aspiration of Nanoparticles. Preparation
of SWCNT suspensions for oropharyngeal aspiration was performed
as previously described by Wang et al.®' Briefly, particles were
dispersed in sterile DM by sonication using Branson 450 digital
sonifier (Marshall Scientific, Hampton, NH, U.S.A.) at the setting of
10 W output and 50% duty cycle for 5 min. Freshly prepared
suspensions of SWCNT were used in all studies. For aspiration,
animals were anesthetized by isoflurane (Abbott Laboratories, North
Chicago, IL, U.S.A.) and positioned by holding the incisor teeth with
a surgical thread against their back on a slant supporting board. The
tongue was pulled gently and held with forceps, DM control, or DM
containing 40 ug of SWCNT at a volume of 40 L was administered
to the oropharynx at tongue base. The tongue was held for
approximately 10 s or until a few deep breaths were completed.
The mouse was then returned to its cage, laid on its left side, and
allowed to recover from the aspiration procedure.

2.5. SWCNT Preparation for In Vitro Studies. For in vitro
experiments, SWCNT stock suspension (10 mg mL™") in sterile water
was diluted into 1 mg mL™". The suspension was further diluted into
0.1 mg mL™" of 0.5% BSA in dPBS solution as a stock and kept at 4
°C. Prior to use, the SWCNT preparation was sonicated 3 times, for
10 s each, at 5 W output, and 30% duty cycle using Hielscher
UIS259L sonicator (Ringwood, NJ, U.S.A.).

2.6. Cell Proliferation. For cell proliferation assays, 1 X 10* cells
per well were seeded in 96-well plates (Fisher, Waltham, MA, U.S.A.)
and incubated for 16 h. They were treated with different
concentrations of SWCNTs for 48 h. Cell proliferation was evaluated
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT)
assay. After treatments, cells were incubated with 500 pg mL™'

https://dx.doi.org/10.1021/acsbiomaterials.0c00887
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MTT (Invitrogen, Carlsbad, CA, U.S.A.) for 4 h at 37 °C. Cell
proliferation was determined spectrophotometrically by measuring
the formazan product at $70 nm using a microplate reader (Anthos,
Durham, NC, U.S.A.).

2.7. Immunoblotting. In each well of 6-well plates, 1.5 X 10°
cells were plated and incubated for 16 h, after which they were
exposed to different concentrations of SWCNTSs for 48 h. The cells
were harvested and prepared for immunoblotting analysis by
incubating for 30 min with a lysis buffer containing 2% Triton X-
100, 100 mM NaCl, 10 mM Tris-HCI (pH 7.5), 1% sodium dodecyl
sulfate (SDS), 1 mM EDTA, and a Complete cocktail protease
inhibitors (Roche Molecular Biochemicals, Basel, Switzerland).
Protein content was determined by Bradford assay using a commercial
kit from Bio-Rad Laboratories (Hercules, CA, U.S.A.). Lysate proteins
were denatured and equal amounts of the proteins (20 ug) were
resolved on 10% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and electrophoretically transferred onto nitrocellulose
membranes (Bio-Rad). The membranes were blocked with 5% nonfat
dry milk in Tris-buffered saline with Tween 20 (TBST) for 1 h and
incubated overnight with primary antibodies against type 1 collagen
(COL1; GeneTex, Inc., Irvine, CA, U.S.A.), a-SMA, ABCG2, CD44,
NANOG, OCT4, and SOX2 (Cell Signaling Technology, Danvers,
MA, U.S.A.) at 4 °C. After incubation, the membranes were washed
with TBST and further incubated with horseradish peroxidase-labeled
secondary antibodies for 2 h at room temperature. The immune
complexes were analyzed by an enhanced chemiluminescence (ECL)
detection system (Millipore Corporation, Billerica, MA, U.S.A.), and
the luminescence signals were quantified using Image].

2.8. Tissue Processing. The animals were euthanized after the
experiments, and the lungs were fixed with 1 mL of 10% neutral
buffered formalin by intratracheal perfusion via a tracheal cannula.
After fixation, the lungs were sliced into tissue blocks (2—3 mm thick)
to embed in paraffin. Sections (S gm thick) were then cut and stained
with Mayer’s hematoxylin (Sigma-Aldrich, St. Louis, MO, U.S.A.).
The deposition of collagen was detected by aniline blue (Sigma-
Aldrich) and Sirius red (American Mastertech Scientific, Inc., Lodi,
CA, US.A.) staining. Lung tissue sections were mounted and
visualized on a light microscope.

2.9. Sphere Formation Assay. Sphere formation assay was
performed following the protocol detailed elsewhere.” Briefly, cells
were suspended in serum-free medium containing 0.8% methyl-
cellulose supplemented with 20 ng mL™" EGF (BD Biosciences, San
Jose, CA, US.A.), 4 ug mL™' bFGF, and insulin (Sigma-Aldrich).
Then 3 X 10* cells per well in a total volume of 400 uL with matrigel
were seeded onto an ultralow attachment 24-well plate and incubated
with different concentrations of SWCNTs for 14 days. The culture
medium was replaced every 3 days with the same methyl cellulose-
containing serum-free medium supplemented with growth factors as
described above.

2.10. Immunofluorescence. NHLF cells were seeded on
coverslips, fixed with 4% paraformaldehyde, and permeabilized with
0.25% Triton-X for 10 min at room temperature, as previously
described.*® The cells were subsequently blocked with 1.5% goat
serum, 1% FBS and 0.5% saponin, and incubated overnight with
primary antibodies against COL1 (1:200) from GeneTex, Inc., a-
SMA (1:500) and SOX2 (1:400) from Cell Signaling Technology at 4
°C. The cells were incubated with AlexaFluor 488 and 647-conjugated
secondary antibodies (1:500; Thermo Fisher Scientific, Waltham,
MA, U.S.A.) at room temperature for 1 h with gentle rocking. Finally,
coverslips were mounted on glass slides using diamidino phenylindole
(DAPI)-containing medium (Vector Laboratories Inc., Burlingame,
CA, US.A), imaged using a Keyence BZ-X700 fluorescence
microscope (Itasca, IL, U.S.A.) and analyzed with Image]. For
paraffin-embedded mouse lung tissue sections, deparaffinized slides
were subjected to antigen retrieval in citrate buffer at 120 °C for 20
min. They were washed twice with a permeabilization buffer
containing 1% BSA in PBS with 0.4% Triton X-100 (PBST) for 10
min and blocked with 5% goat serum in PBST for 30 h. Tissue slides
were subsequently incubated with primary, fluorescently conjugated
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secondary antibodies, mounted, and analyzed using the same
procedure described above.

2.11. ALDH Activity. ALDH activity was measured using the
Aldefluor assay kit (Stem Cell Technologies) following manufac-
turer’s instructions. In brief, 9 X 10° cells were seeded in 100 mm
culture dishes and incubated for 16 h. NHLF cells were then treated
with various doses of SWCNTs for 48 h at a total volume of 12 mL.
After specified treatment durations, 1 X 10° cells were collected,
processed, and suspended in 1 mL Aldefluor buffer containing
activated Aldefluor substrate in the presence or absence of
diethylaminobenzaldehyde (DEAB), a specific ALDH inhibitor, for
4S5 min at 37 °C. The cells were then centrifuged and suspended in
the Aldefluor buffer and ALDH activity was determined using BD
Fortessa cell analyzer (BD Biosciences, San Jose, CA, U.S.A.). Raw
flow cytometry data were exported using FCS Express 6 software (De
novo software, pasadena, CA, U.S.A.) for further analysis.

2.12. Anoikis and Apoptosis Assays. Anoikis and apoptosis
assays were performed according to the methods previously described
with minimal modifications.”® Briefly, 1.5 X 10° NHLF cells were
seeded in each well of 6-well plates and incubated overnight. The cells
were then treated with SWCNTs in a total volume of 2 mL in
complete FBM for 48 h. After the treatment, cells were detached,
collected, replated in 6-well ultralow attachment plates, and analyzed
for anoikis and apoptosis following the published protocol.*®

2.13. Chromatin Immunoprecipitation. Chromatin immuno-
precipitation (ChIP-PCR) was carried out using Simple ChIP plus
Enzymatic Chromatin IP Kit (Cell Signaling: #9005) following the
manufacturer’s instructions. In summary, 5 X 10° cells were plated in
a 100 mm culture dish with 7 mL of complete FBM and cultured for
16 h. Following whole-cell cross-linking with 1% formaldehyde and
lysis, the nuclear pellet was digested by Micrococcal nuclease and
sonicated to achieve desired chromatin fragmentation. The resulting
chromatin—protein complexes were incubated with anti-SOX2
antibody (Cell Signaling Technology) or negative control IgG
(Vector Laboratories) overnight. After immunoprecipitation, protein
G magnetic beads (S0 pL) were added and incubated and the
antibody complexes were incubated at 65 °C overnight for reverse
cross-linking. The purified DNA was then collected, and the relative
enrichment of specific regions in ChIP-DNA was determined using
SYBR Green Master Mix (Applied Biosystems) in an ABI 7500 Real-
Time PCR (Applied Biosystems). Primer oligonucleotides used in the
ChIP study are shown in the Supporting Information, Table S3.

2.14. Double Immunofluorescence for Flow Cytometry
Analysis. NHLF cells were seeded and treated with SWCNTs as
described in section 2.7. After the treatment, cells were collected, fixed
in 4% paraformaldehyde solution for 15 min, and permeabilized in
ice-cold methanol with gentle vortexing for 30 min. The cells were
then incubated with a mixture of primary antibodies against SOX2
(1:300; Cell Signaling Technology) and COL1 (1:200; GeneTex,
Inc.) overnight at 4 °C. After three washes with PBST, cells were
incubated for 1 h with the mixture of AlexaFluor 488 and 647-
conjugated secondary antibodies (1:500; Thermo Fisher Scientific) at
room temperature. Subsequently, the cells were washed three times
with PBST, suspended in cold PBS, and ran on BD Fortessa
instrument (BD Biosciences). FCS Express 6 was used to export raw
data from the flow cytometer for analysis.

2.15. Statistical Analysis. Data were represented as means + SD
from at least three independent experiments unless otherwise
mentioned. Statistical significance was determined using a student’s
t-test, two-way ANOVA, and post hoc Tukey’s test for multiple
comparisons at a significance level (&) of 0.05. The relationship
between SOX2 and collagen expression was determined by Pearson’s
correlation coefficient analysis.

3. RESULTS AND DISCUSSION

3.1. CNT Characterization. All SWCNTSs used in this
study were characterized by various microscopic and
spectroscopic techniques as summarized in Table 1. Scanning
electron microscopic (SEM) analysis showed individual

https://dx.doi.org/10.1021/acsbiomaterials.0c00887
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Table 1. Physicochemical Properties of SWCNTs Used in
This Study”

properties SWCNT
dry mean width (nm) 1.5
dry mean length (um) 1-5
aspect ratio 600-3,000
hydrodynamic diameter (nm) 95.6 + 42.9"
hydrodynamic diameter (nm) 107.2 + 47.5%
zeta potential (mV) —9.96 + 0.42'
zeta potential (mV) —5.67 + 0.95
% carbon (w/w) ~98%

“Superscript “1” and “2” represent hydrodynamic diameter or zeta
potential of SWCNTs 0.1 mg mL™" in cell culture medium and
dispersion medium, respectively.

nanotubes forming bundles in a rope-like structure (Figure 1a)
with an average length of 1—5 um, a width (diameter) of 1.5
nm, and mean aspect ratio of 600—3000. The hydrodynamic
diameter of SWCNTs (Table 1) in sterile water, 0.5% BSA in
dPBS, cell culture medium and DM was determined by
dynamic light scattering (DLS) and was found to be 207.5 +
82 (Table S1), 126.1 + 69.1 (Table S1), 95.6 + 42.9, and
107.2 + 47.5 nm, respectively. An average hydrodynamic
diameter of SWCNTs obtained from DLS measurements
clearly indicated agglomeration of SWCNT particles in the
suspending media. The results further suggested that SWCNTs
were less agglomerated in cell culture medium and DM, likely
as a result of fetal bovine serum (FBS) and dispersants (1,2-
dipalmitoyl-sn-glycero-3-phosphocholine and mouse serum
albumin) as compared to sterile water, although the results
should be interpreted with caution since DLS measurements of
nonspherical objects may be imprecise. The surface charge of
SWCNTs (Table 1) in the dispersion media was —12.83 +
1.58 (Table S1), —9.88 + 1.09 (Table S1), —9.96 + 0.42, and
—5.67 = 0.95 mV, respectively. The structure and purity of
SWCNTs were assessed using Fourier-transform infrared
spectroscopy (FTIR). FTIR spectra of the nanopartcles
(Figure 1b) revealed a peak at 3436 cm™', which is
characterized by the stretching vibration of —OH groups.
Two smaller peaks at 2915 and 2848 cm™" are allotted to C—H
stretching vibrations.” Aromatic C=C stretching vibrations
were observed at 1650 and 1400 cm™'. The energy dispersion
spectroscopy (EDS) spectrum revealed the presence of carbon
up to approximately 98% in the tested samples (see Supporting
Information, Figure S1 for EDS analysis). The observed FTIR
and EDS spectra confirmed the chemical identity and purity of
the tested SWCNT particles.

3.2. SWCNTs Induce Fibrogenic Response in NHLFs
and Mice. Prior to determining the fibrogenic activity of
SWCNTs in NHLFs, noncytotoxic concentrations of CNTs in
the tested lung cells were first determined by MTT assay.
Treatment of NHLFs with different surface area concen-
trations of SWCNTs (0—1.6 g cm™ or 0—7.60 ug mL™'; see
Supporting Information, Table S2 for in vitro doses) for 2 days
caused a slight increase in cell proliferation at low
concentrations (<0.2 ug cm™ or <0.95 ug mL™'), but a
decrease in proliferation at high concentrations (>0.4 g cm™
or >1.90 ug mL™"), which is likely due to cellular toxicity
(Figure 2a). To determine the fibrogenic activity of SWCNTs,
noncytotoxic concentrations of SWCNTs (0.05, 0.1, and 0.2
ug cm™ or 0.24, 0.47, and 0.95 ug mL™") were used to treat
NHLFs and their effects on type 1 collagen (COL1) and a-
SMA expression were evaluated by Western blotting. These
concentrations are physiologically relevant based on the
reported in vivo fibrogenic doses of 40—80 ug in mice,”’
which is equivalent to the in vitro surface area dose of 0.08—
0.16 pg cm ™2, assuming an average mouse alveolar surface area
of 500 cm2.*° Figure 2b,c shows that treatment of NHLFs with
SWCNTSs strongly upregulated the expression levels of COL1
and @-SMA. Furthermore, we assessed the effects of SWCNT
treatment on pro-fibrotic cytokine TGF-# and matrix metal-
loproteinases (MMPs) such as MMP2 and MMP9, which are
known to enhance fibrosis.>">* Figure S2ab shows that
SWCNT treatment had no significant effect on MMP2
expression but substantially upregulated the expression of
TGF-f and MMP9 as compared to the untreated control.
MMP9 was reported to induce a-SMA expression, which
indicates myofibroblast differentiation possibly as a result of
TFG-f activation.” Analysis of collagen accumulation with
aniline blue and Sirius red staining assays further supports the
induction of collagen production by SWCNTs (Figure 2d—f).
In vivo studies showed an accumulation of inflammatory cells,
including macrophages and neutrophils in the lungs of
SWCNT-treated mice at 7 days postexposure (Figure 3a). At
56 days postexposure, thickening of the alveolar wall (Figure
3a) and increased collagen deposition in the mouse lungs were
evident as indicated by aniline blue and Sirius red collagen
staining (Figure 3b—e). These results indicate initial lung
inflammation and subsequent lung fibrosis after exposure to
SWCNTs.

3.3. SWCNTs Induce Stem Cell Phenotypes in NHLFs.
Although their precise role in fibrogenesis has not been
demonstrated, stem cells have been reported to be localized in
the fibrotic lesions of various tissues. They are proposed to be
an important source of ECM-producing cells.*”*>*/#34%3%

3436

\
2915 2848 1650.
\/ / 1/400

Absorbance (a.u.)

o

4000 3500 3000 2500 2000 1500 1000 50
Wave Number (cm')

Figure 1. Characterization of SWCNTs. (a) Scanning electron micrograph of SWCNTs used in this study. (b) FTIR spectra of SWCNTs.
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Figure 2. Induction of collagen expression by SWCNTSs in human lung fibroblasts. Primary NHLF cells were exposed to various surface area
concentrations (0—1.6 ug cm™ or 0—7.6 ug mL™") of SWCNTs for 48 h. (a) Analysis of cell proliferation and cytotoxicity by MTT assay. (b)
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scale bar is 100 ym. Data presented as mean + SD (n = 3), *p < 0.05 versus control cells.

Stem cells possess self-renewal properties and are capable of
proliferating and forming spheroids under nonadherent
conditions in serum-free media.”> In this study, we assessed
the stem properties of SWCNT-treated NHLFs using spheroid
formation and anoikis (detachment-induced apoptosis) resist-
ance assays. In the former assay, cells were seeded at a low
density on nonadherent tissue culture plates and allowed to
form spheroids in serum-free media with or without SWCNTs
for 14 days. Figure 4a,b shows that treatment of the cells with
SWCNTs significantly induced sphere formation as compared
to the untreated control. Subsequently, the spheroids were
collected and analyzed for collagen expression by a
colorimetric Sircol assay. Figure 4c shows that spheroid-
forming cells from SWCNT-treated NHLFs produced more
soluble collagen than the untreated control. Immunofluor-
escence staining studies showed an increased expression of
COL1 and a-SMA in SWCNT-treated spheroid cells as
compared to untreated control (Figure 4d—g), suggesting the
role of FSCs in SWCNT-induced fibrogenesis. We next
assessed ALDH activity in these cells since ALDH has been
widely used as a functional stem cell marker,”® especially for
cancer stem cells due to their ability to metabolize toxic
aldehydes and resist cell death from chemotherapy.”” ALDH
has also been linked to fibrosis since the expression and activity
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of this enzyme were shown to be upregulated in fibroblasts
from patients with conjunctiva fibrosis.”® Furthermore, ALDH
inhibitors such as disulfiram and DEAB inhibited collagen
production in conjunctival fibrosis and prevented ovalbumin-
induced conjunctiva fibrosis in a mouse model. In this study,
we observed a higher ALDH activity in SWCNT-treated
fibroblasts as compared to control untreated fibroblasts (Figure
Sab), supporting the stem properties of SCNT-treated cells.

We also conducted an anoikis assay to validate the stem
properties of SWCNT-treated cells. In this assay, cells were
harvested as a single-cell suspension in serum-free medium and
incubated in nonadherent cell culture plates for 36 h. The
ability of cells to survive under these nonadherent conditions,
which is a characteristic of stem cells, was then assessed by
MTS assay. The result of this study shows that SWCNT-
treated cells were able to survive and retain their viability better
than the untreated control (Figure Sc). Hoechst 33342
apoptosis assay further confirmed the finding by demonstrating
more apoptotic cell death in the control cells compared to
SWCNT-treated cells (Figure Sd,e). These results indicate
anoikis resistant phenotype and stem properties of SWCNT-
treated cells.

3.4. SWCNTs Upregulate Stem Cell Markers in NHLFs.

A growing number of studies indicate the association between
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cells.

stem cell markers expression (e.g, CD44 and ABCG2) and
fibrogenic responses in various fibrotic diseases.’”®* In  this
study, we evaluated the possible connection between FSC
induction and fibrogenic responses in SWCNT-treated NHLFs
by analyzing stem cell markers expression by Western blotting.
Figure 6a,b shows a substantial upregulation of CD44 and
ABCG?2 in NHLFs in response to SWCNT treatment. CD44 is
a standard mesenchymal stem cell marker, and its expression
has been associated with wound healing and fibrogene-
sis.*”%>% Knockout of CD44 in a mouse model of arterio-
venous fistulae (AVF) resulted in a reduction of collagen
deposition in AVF area.”® In cardiac fibrosis, the treatment of
fibroblasts with TGF-§ promoted collagen production and
differentiation of fibroblasts into myofibroblasts, the effects
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that can be prevented by an anti-CD44 antibody.®” The role of
CD44 in fibrogenesis is supported by the suppressive effect of
CD44-neutralizing antibody on collagen production in TGF-
overexpressing mice.”” In pulmonary fibrosis, CD44 was found
to be upregulated in an animal model of bleomycin-induced
fibrosis and its inhibition by neutralizing antibody or genetic
ablation reduced the fibrogenic effect.”’

ABCG2 belongs to the ATP-binding cassette (ABC)
transporter protein family that is widely used as a universal
stem cell marker.”* The presence of ABCG2 positive cells has
been identified in the injured and remodeled tissues of fibrotic
lungs in bleomycin-treated mice. These cells subsequently
acquired myofibroblast phenotype as identified by contractile
characteristics and @-SMA expression.’’ In a mouse model of
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myocardial infarction, the silencing of ABCG2 resulted in a
substantial reduction of myofibroblast density in peri-infarction
areas,”’ suggesting the role of stem cells in fibrosis remodeling.

To further investigate the molecular mechanisms of stem cell
induction by SWCNTs and its role in fibrogenesis, we
evaluated key transcription factors known to be significant
regulators of stem cell functions, including OCT4, NANOG,
and SOX2.°°° NHLFs were treated with noncytotoxic doses
of SWCNTs and analyzed for these transcription factors by
Western blotting. Figure 6a,b shows that OCT4 and NANOG

were weakly expressed in NHLFs and were relatively
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unaffected by the SWCNT treatment. In contrast, SOX2 was
substantially expressed in these cells and was significantly
upregulated in the SWCNT-treated cells. Immunofluorescence
studies further showed that SOX2 was upregulated in
spheroid-forming cells from SWCNT-treated fibroblasts than
untreated controls (Figure 6c,d). Interestingly, these cells also
expressed a high level of COLI, suggesting their possible
causal relationship. To investigate this possibility, NHLFs were
treated with SWCNTs and analyzed for SOX2 and COLI1
coexpression by flow cytometry. Figure 6e shows that the
majority (57%) of NHLFs coexpressed SOX2 and COL1, and
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Figure 5. Activation of aldehyde dehydrogenase (ALDH) and induction of anoikis resistance by SWCNTS in primary human lung fibroblasts. Cells
were treated with SWCNTs (0—0.2 g cm™> or 0—0.95 pug mL™") for 48 h and ALDH activity was evaluated by flow cytrometry using Aldefluor
assay. (a) Representative FACS plots of ALDH activity in SWCNT-treated cells with or without the ALDH inhibitor DEAB, which was used as an
internal control for baseline ALDH activity measurements. (b) Quantification of ALDH activity. (c) After exposure to SWCNTs for 48 h, cells were
replated, incubated under nonadherent conditions for 36 h, and analyzed for anoikis or detachment-induced cell death. Viability after detachment
was determined by MTS assay. (d) Representative images of Hoechst 33342 stained cells. Apoptotic nuclei are brightly fluorescent due to DNA
condensation, a characteristic of apoptotic cells. The scale bar is 100 #m. 100X magnification. (e) Percentage of apoptotic cells after detachment
determined by Hoechst 33342 assay. Data presented as mean + SD (n = 3), *p < 0.05 versus control cells.

this number substantially increased (~80%) when the cells induced by various agents,67’68 their direct causal relationship
were treated with SWCNTSs. Pearson correlation analysis of has yet to be demonstrated.

SOX2 and COL1 expression based on immunofluorescence 3.5. SOX2 Transcriptionally Regulates COL1 in
intensities from flow cytometry experiments revealed a positive NHLFs. Based on concurrent expression and upregulation of
correlation between SOX2 and COL1 in SWCNT-treated cells SOX2 and COL1 in SWCNT-treated cells and tissues (Figure
(Figure 6f). Such correlation was also observed in vivo in 6c-h) and the established role of SOX2 as a transcription
SWCNT-treated mice, where colocalization and concurrent factor, we tested whether SOX2 could be a direct transcrip-

upregulation of SOX2 and COL1 were observed in the lungs of tional regulator of COL1. NHLFs were treated with short-
SWCNT-treated mice (Figure 6gh). This finding strongly hairpin RNA against SOX2 (shSOX2) or control shRNA

supports mechanistic link and potential causal relationship (shCON) via lentivirus-mediated transduction, and their effect
between SOX2 and COL1, which was further investigated in on COL1 expression was determined by Western blotting and
subsequent studies below. It should be noted that while SOX2 immunofluorescence staining. Figure 7ab (and Figure S3)
and fibrosis correlation has been observed in various tissues shows that SOX2 expression was downregulated in shSOX2
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Figure 6. Induction of stem cell markers and self-renewal transcription factors by SWCNTs in human lung fibroblasts and mouse lung tissues.
NHLFs were exposed to SWCNTSs (0—0.2 ug cm™> or 0—0.95 g mL™") for 48 h. (a,b) Immunoblot analysis and quantification of CD44, ABCG2,
OCT4, NANOG, and SOX2 in the treated cells. (c,d) Representative immunofluorescence images of spheroids and quantification of type 1
collagen (red) and SOX2 (green) in the spheroids. The scale bar is 100 #m. 200X magnification. (e) Flow cytometric analysis of SOX2 and COL1
expression in control and SWCNT-treated fibroblasts. The cells in each quadrant are indicated on the plots. (f) Correlation analysis of SOX2 and
COLLI expression in SWCNT-treated cells. (gh) Representative immunofluorescence images of SWCNT-treated mouse lungs and quantification of
type 1 collagen (red) and SOX2 (green) at 56 days postexposure. The scale bar is 100 y#m. 200X magnification. Data presented as mean + SD (n =
3), *p < 0.0S versus control cells.
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Figure 8. Inhibition of TGF-f-induced fibrogenic responses by SOX2 knockdown in primary human lung fibroblasts. shRNA control (shCON)
and SOX2 knockdown (shSOX2) cells were treated with TGF-f (S ng mL™") for 48 h. (a—c) Western blot analysis and quantification of COL1
and a-SMA in shCON and shSOX2 cells. shCON and shSOX2 cells were cultured in nonadherent conditions with or without TGF-§ for 14 days.
(d,e) Representative images of 3D spheroids after 14 days of plating and quantification of spheroid numbers. The scale bar is 100 gm. 100X
magnification. (f—i) Representative images of spheroids at day 14 and quantification of COL1 (red) and a-SMA (red). The scale bar is 100 ym.
200X magnification. Data presented as mean + SD (n = 3), *p < 0.05 versus untreated shCON, or untreated shSOX2 cells. *p < 0.05 versus TGF-

P-treated shSOX2 cells.

cells as compared to ShCON cells. shSOX2 cells also expressed
a significantly lower level of COL1 relative to shCON cells, as
shown by immunofluorescence (Figure 7c,d) and immunoblot
results (Figure 7a,b). Sphere formation studies further showed
that shSOX2 cells exhibited substantially lower sphere-forming
activity than the control cells (Figure 7e,f) and that COL1
expression in these cells followed a similar pattern (Figure
7gh). These results indicate that SOX2 is required for both
stem cell phenotype and COL1 expression in NHLFs.

COL1 is a triple-helical structure comprising of two a1 and
one a2 chains that are produced from COLIAI and COLI1A2,
respectively.”” To test whether they are a direct transcriptional
target of SOX2, we performed chromatin immunoprecipitation
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(ChIP) assay to determine SOX2-binding sites on COLIAI
and COLIA2 in NHLFs. Relative fold enrichment of SOX2 on
COL1A1I and COLI1A2 was determined using immunoglobulin
G as a negative control. The result of this study (Figure 7i) and
additional genome analysis of COLIAI and COLIA2 gene
structures (Figure 7j) indicated significant SOX2 binding on
COLIAI and COLIA2 in NHLFs. This result supports the
earlier gene knockdown finding and indicates that SOX2
regulation of COLLI is likely due to transcriptional activation of
COLI1AI and COL1A2.

3.6. SOX2 Regulates TGF-f Fibrogenesis. Since SOX2
appears to be upregulated in various fibrotic tissues and by
various agents,w’4 we tested whether SOX2 could be a general
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regulator of fibrosis and not only SWCNT-induced fibrosis. To
test this, we treated NHLFs with TGF-f, which is a known
fibrogenic mediator induced by various fibrotic agents,
including CNTs*>”" and its effects on COL1 and a-SMA
expression were determined in SOX2 knockdown and control
cells. Figure 8a—c shows that treatment of the cells with TGEF-
B significantly upregulated COLI and a-SMA expression in
both shCON and shSOX2 cells, but the effect was much more
pronounced in the shCON cells, indicating the requirement of
SOX2 in the fibrotic response. TGF-f treatment also induced
sphere formation in shCON cells and shSOX2 cells, with the
effect being less pronounced in the shSOX2 cells (Figure 8d,e),
supporting the role of SOX2 in the fibrotic response. The
reduced ability of TGF-f to induce sphere formation in
shSOX2 cells also indicates the requirement of SOX2 in TGF-
P-induced FSCs. These results were substantiated by
immunofluorescence staining studies showing high COLLI
and a-SMA expression in the spheroids of TGF-f-treated
shCON cells, which were weakly expressed in TGEF-f-treated
shSOX2 cells (Figure 8f—i). Together, these results indicate
the functional role of SOX2 as a master regulator of fibrogenic
signaling induced by TGF-f and SWCNTs and suggest this
transcription factor as an early biomarker of nanomaterial-
induced fibrotic diseases.

4. CONCLUSIONS

In summary, we demonstrated the induction of stem cell
properties of NHLFs by SWCNTs as indicated by spheroid
formation, anoikis/apoptosis resistance, and stem cell markers
expression. Such induction is associated with the fibrogenic
activities of SWCNTSs since inhibition of fibroblast stem cells
by SOX2 knockdown abrogated the collagen- and a-SMA
inducing effects of SWCNTs. SOX2 was found to be a key
regulator of fibrogenesis induced by both SWCNTs and TGF-
B, suggesting its broader role as a master regulator of
fibrogenesis. Mechanistic studies revealed SOX2 regulation of
collagen expression via transcriptional activation of COLIAI
and COLIA2. This novel finding may have broad implications
on the fibrogenic mechanisms of nanomaterials and the
development of predictive early biomarkers for nanomaterial-
induced fibrosis. The results of this study also support the use
of FSCs as an alternate in vitro model for fibrogenicity testing
of nanomaterials, i.e, through 3D sphere formation assay,
based on their ability to drive and sustain fibrogenesis.
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