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Abstract

Fibroblast stem cells or stemlike cells (FSCs) are proposed to play a pivotal role in extracellular
matrix (ECM) regeneration by serving as a key source of ECM-producing fibro-blasts. We
developed a mechanism-based in vitro model for fibrogenicity testing of nanomaterials based on
their ability to induce FSCs. Using a FSC-enriched fibroblast focus model to mimic in vivo
fibrogenic response, we demonstrated a dose-dependent increase in fibroblast focus formation and
collagen production by primary lung fibroblasts treated with multiwalled carbon nanotubes
(MWCNTS). The focus-forming cells exhibited stem properties as indicated by stem cell markers
expression, sphere formation, and ALDH activity assays. Inhibition of ALDH activity diminished
the focus and sphere formation as well as collagen production. In vivo animal studies supported
the in vitro findings and indicated the potential utility of FSC-based assays as a rapid screening
tool for fibrogenicity testing of nanomaterials. This study also unveils a novel mechanism of
nanotube-induced fibrogenesis through ALDH-dependent FSC activation.
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Carbon nanomaterials including carbon nanotubes (CNTSs) have increasingly been used for a
wide array of applications in the fields as diverse as electronics, aerospace engineering,
energy, and medicinal drug delivery. CNTSs are built up of graphene sheets rolled into
cylindrical structures with unique properties such as high tensile strength and durability with
exceptional lightweight, making them attractive for various applications in structural and
industrial engineering, energy storage, electronics, drug delivery and bioimaging.1# CNTs
have been shown to interact with cells and tissues in the body and with their increased
utilization and production, there is a concern about their potential health risks, especially
their long-term health risks such as fibrosis and cancer which are incurable at present.
Understanding such risks will aid in the design of effective preventive measures and safe-by-
design strategies for next-generation nanomaterials.

Experimental evidence indicates that CNTs can cause both acute and chronic adverse
effects, especially to the respiratory system in animal models.>~10 For example, pulmonary
exposure to CNTs has been shown to induce acute inflammatory response, activate cell
death, and survival signaling pathways,5-8 and cause pulmonary fibrosis.®10 However,
contradictory results that showed no or minimal toxic effects of CNTs have also been
reported.11-13 In light of the lack of clear evidence for CNT pathogenicity, there is a great
need to evaluate their health risks. CNTs are known to enter the lungs, penetrate alveolar
epithelial barrier, and interact with specific lung cells such as macrophages and interstitial
fibroblasts to induce fibroproliferation and ECM accumulation,*910 which are key
hallmarks of lung fibrosis. Currently, most lung fibrosis studies have been conducted using
animal models. However, such studies are costly and time-consuming; therefore, alternative
test strategies that are more rapid and cost-effective are needed. Several in vitro models have
been described, but their pathological relevance and reliability to predict the in vivo
fibrogenic response remains an issue.

An important pathological feature of fibrosis is an accumulation of ECM that is clinically
characterized by fibro-blast foci.141° The presence and extent of this structure is one of the
most reliable markers of poor prognosis in patients with fibrosis.16:17 Animals studies also
showed the induction of fibro-blast foci in the fibrotic lungs of mice treated with CNTs.18 In
this study, we developed a pathologically relevant in vitro model for rapid assessment of
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CNT fibrogenicity based on their ability to induce fibroblast foci and spheroids in culture.
Using primary human lung fibroblasts, we found that CNTs can induce fibroblast foci with a
high level of collagen production, similar to that observed in vivo. Like fibroblast spheroids
formed under stem cell-selective conditions, the fibroblast foci are enriched with FSCs, as
evidenced by their stem cell markers expression and aldehyde dehydrogenase (ALDH)
activity. Unlike the fibroblast foci previously reported by our group,1? the foci described
here do not depend on the use polylysine-coated glass substrate for focus formation;
therefore the method is more reliable, rapid, and amendable to high throughput screening
and coculture studies. Because FSCs are likely to be involved in the early stage of fibrosis,
that is, by serving as a source of ECM-producing fibroblasts and myofibroblasts, we tested
whether the FSC-based assays could be used as a predictive screening tool for fibrogenicity
testing of nanomaterials. This study was conducted to test this feasibility and to evaluate the
potential mechanisms of CNT-induced fibrosis through FSC activation.

Results and Discussion.

Nanomaterial Characterization.

The MWCNTS used in this study were characterized as previously described by Porter et al.
20 with 20-50 walls per nanotube and with minimal trace metal contamination, including
sodium (0.41%) and iron (0.32%). Transmission electron microscopic analysis (Figure
S1A,D) showed that the CNTs had an average length and width of 5.3 + 2.0 ¢m and 80 + 19
nm, respectively. Raman spectroscopy (Figure S1B,D) detected a typical carbon lattice
structure with peaks at around 1358, 1590, and 2700 cm~1 and were assigned to the D-band,
G-band, and 2D (G0)-band, respectively. A D-band to G-band intensity ratio of 0.132 was
obtained, indicating of the structural integrity of the graphitic carbon lattice. The XPS survey
scan (Figure S1C) revealed the existence of major carbon peak with no detectable other
elements. Zeta potential measurements of MWCNTSs were performed in water and in
fibroblast cell culture medium (FBM) with 2% fetal bovine serum (FBS). In water, the
values were —27.6 £ 0.3 mV, and in FBM with FBS (pH 7.6), the values were —10.5 £ 0.5
(Figure S1D).

MWCNTs Induce Fibroblast Focus Formation and Collagen Production.

The effects of MWCNTSs on cell viability and proliferation of normal human lung fibroblasts
(NHLFs) was first assessed in a standard 2D culture by MTS assay, which measures the
reduction of tetrazolium substrate by viable cells to generate a colored formazan product.
The cells were treated with MWCNTS at the surface area concentrations of 0, 0.04,0.08,
0.16, 0.32, 0.64, and 1.28 g/cm? for 1 and 3 days. The in vitro concentration range of
MWCNTSs used in this study were estimated based on previous in vivo study showing the
fibrogenic response at 40-80 g of MWCNT aspiration in mice.19 Dividing the in vivo dose
by the average surface area of mouse lungs (approximately 500 cm?)21 indicates an
equivalent in vitro surface area dose of 0.08-0.16 1g/cm?2. Moreover, this concentration
range was chosen to include the low-dose physiologically relevant concentrations of
CNTs19.22.23 35 well as the high cytotoxic concentrations to study the dose effects of CNTSs.
The results showed that at low concentrations (<0.16 zg/cm?), the CNTs induced a slight but
insignificant increase in cell proliferation, whereas at higher concentrations (>0.16 zg/cm?2)
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they inhibited cell proliferation and caused cytotoxicity (Figure 1A). We then assessed the
effect of MWCNTS on collagen production in the treated cells by immunoblotting. The
results showed that the CNTs had a weak stimulatory effect on collagen expression at low
concentrations (0.04-0.16 1g/cm?) but a significant inhibitory effect at high concentration
(0.32 glem?), likely due to cytotoxicity (Figure 1B). Next, we analyzed the dose effect of
MW(CNTSs on fibroblast focus formation. NHLFs were treated with similar concentrations of
MWCNTSs and analyzed for focus formation by phase-contrast microscopy. As compared to
standard cell proliferation assay, the focus formation assay showed a more pronounced dose
effect of MWCNTS at the low-to-intermediate dose range of 0.02-0.16 zg/cm?2. At high
doses (>1.28 1g/cm?), the CNTs caused a cytotoxic effect (Figure 1C,D) producing less foci
at 0.32 rg/cm2 and higher. The focus formation assay has commonly been used to evaluate
the transforming capability of oncogenes and carcinogens in embryonic fibroblasts. In this
study, we adapted this assay to evaluate the fibrogenic potential of CNTs in primary human
lung fibroblasts. We found that this assay is more sensitive than the standard cell
proliferation and collagen assays, which was further con-firmed in subsequent studies.
Furthermore, this assay measures the ability of cells to form fibroblast foci, a structural
feature that resembles the fibroblast foci in vivo which was confirmed in our animal study
using the same CNTSs.

We next evaluated the fibrogenic activity of focus-forming cells by analyzing collagen
content in the cells isolated from the foci by immunoblotting and Sircol assays (Figure 1E—
G). Our results showed that these cells were highly responsive to the stimulatory effect of
CNTs as compared to the cells from normal cell culture treated with the same concentrations
of CNTSs. These results indicate that unlike the standard cell proliferation and collagen
assays which are relatively insensitive to the fibrogenic effects of CNTSs, the focus formation
assay provides a superior sensitivity of detection for CNT fibrogenicity, In clinical settings,
the formation of fibroblast foci is often used as a prognostic marker for pulmonary fibrosis.
24-26 | cell biology, the focus formation involves proliferation of stem cells or progenitor
cells followed by colony formation. However, unlike colony formation which often indicates
a neoplastic or malignant stage of cells, focus formation is a fibrotic rather than malignant
process. This is supported by our recent study showing that CNT-treated primary lung
fibroblasts do not form colonies on soft agar,22 which is often used to indicate the
malignancy of cells in vitro. However, these cells can promote colony formation and
tumorigenesis of cancer cells.?2 Together our results indicate the potential utility of the focus
formation assay as a sensitive method to detect the fibrogenic potential of CNTSs. In addition
to its sensitivity and ease of quantitation, this assay is also amenable to high throughput
screening and more advanced coculture studies. Moreover, its simplicity and modest
technical requirements make it cost-effective and practical for fibrogenicity testing of a large
number of nanomaterials. However, it is necessary to determine proper concentration range
for each nanomaterial because each nanomaterial has different physicochemical properties
that could affect their fibrogenicity.

MWCNTSs Induce Focus-Forming Stem Cells.

We previously demonstrated that CNTs can induce epithelial and fibroblast stem-like cells,
20.22,23 however their role in fibrogenesis remains obscure. We tested the ability of
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MWCNTSs to induce FSCs by 3D sphere formation and ALDH activity assays. The sphere
formation assay has frequently been used to identify stem cells based on their ability to self-
renew and differentiate at the single cell level in vitro,2” while the ALDH activity assay is
commonly used as a stem cell marker for various cell types. Figure 2A,B shows that
treatment of NHLFs with MWCNTSs induced sphere formation as compared to untreated
controls which formed much small cell aggregates. Flow cytometric analysis of ALDH
activity by Aldefluor assay showed that the CNT-treated cells exhibited a significantly
higher ALDH activity as compared to untreated control (Figure 2C,D). Various isoforms of
ALDH have been identified in different cells and tissues, most notably ALDH1A1 which is
highly expressed in embryonic tissues and adult stem cells from bone marrow, brain, and
breast tissues.28 In this study, we found that this enzyme is also highly expressed in
MWCNT-treated lung fibro-blasts, both in vitro (Figure 2G,H) and in vivo (Figure 5C,D).
Together, these results support the stem-inducing activity of MWCNTS and their ability to
induce FSCs.

Using various stem cell markers, we further demonstrated by immunofluorescence staining
that the MWCNT-induced fibro-blast foci expressed a high level of mesenchymal stem cell
markers, including aSMA, CD90, ABCG2, and ALDH as compared to untreated controls
(Figure 2E-H). Furthermore, inhibition of ALDH activity by a specific ALDH inhibitor,
diethylaminobenzaldehyde (DEAB), strongly inhibited the focus formation (Figure 3A,B) as
well as sphere formation (Figure 3C,D) induced by MWCNTSs. We also investigated
collagen content in the fibroblast foci by histological staining of the focus-forming cells with
aniline blue and Sirius red. Figure 3E-H shows that there was a marked increase in the
collagen level in these cells from MWCNT-treated fibroblast foci and that the ALDH
inhibitor strongly inhibited this increase, suggesting the potential role of ALDH-associated
stem cells in MWCNT-induced fibrogenesis. To substantiate this finding, we used
fluorescence activated cell sorting (FACS) to isolate cells that expressed a high (ALDHNig)
and low (ALDH!%) level of ALDH, and analyzed their collagen content as well as aSMA
expression by histological and immunofluorescence staining. The results showed that the
ALDHN9" cells expressed significantly higher collagen and aSMA levels compared to
ALDH!Y cells (Figure 31-L). These results substantiate the role of ALDH-associated stem
cells in MWCNT-induced fibrogenesis. In addition to establishing the role of these cells,
these results also indicate the possible new mechanism of fibrosis induction through the
activation of ALDH, which has not been reported. This novel finding may have important
implications in the development of mechanism-based biomarkers and rapid screening tools
for fibrogenicity testing of nanomaterials.

MWCNTs Induce Granuloma Formation and Lung Fibrosis in Vivo.

To verify the observed in vitro findings, we conducted in vivo experiments assessing the
effects of MWCNT aspiration on lung pathology and FSC markers expression in a mouse
model. Mice were exposed to DM (vehicle control; see Supporting Information) or 40 (g of
MWCNT by oropharyngeal aspiration (Figure S2). At 7 and 56 days after the exposure,
mice were analyzed for lung histopathology (Figure 4A), collagen expression, oxidative
DNA damage (Figure S3A-C), and stem cell markers expression (Figure 5A-D).
Histological analyses of the exposed lung tissues showed that unlike the control air-exposed
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lungs which exhibited well organized airspaces and thin-walled alveolar structures, the
MWCNT-exposed lungs exhibited disorganized alveolar structures with massive cellular
infiltrates and granuloma-like masses at 7 days postexposure. At 56 days postexposure, the
granuloma structures subsided but alveolar wall thickening and fibroblast focus formation
progressed in the MWCNT-exposed lungs as compared to control lungs (Figure 4A).

Trichrome and Sirius red staining were used to indicate collagen deposition in mouse lungs.
Extensive collagen deposition was evident in the lungs of mice treated with MWCNTSs
compared to control lungs, especially at 56 days postexposure where enhanced blue
(trichrome/aniline blue) and red (Sirius red) staining of the alveolar walls and fibroblast foci
were clearly evident (Figure 4B-D). Direct detection of collagen deposition by
immunofluorescence staining using collagen-specific antibody also supported the increased
collagen deposition in MWCNT-exposed lungs (Figure S3A,B). Such exposure also induced
oxidative stress as indicated by the increased expression of DNA damage marker 8-hydroxy-
deoxyguanosine (OHdG) (Figure S3A,C). Together these results demonstrated MWCNT-
induced lung damage and ECM remodeling with inflammatory granuloma formation
occurring predominantly at 7 days and fibrosis at 56 days postexposure. MWCNTS can
induce the release of proinflammatory factors by macrophages and epithelial cells within
lung alveoli, resulting in recruitment and accumulation of inflammatory cells including
neutrophils, macrophages, and lymphocytes (Figure 4A). These acute inflammatory
responses have been shown to reach an apex by day 7 after pulmonary exposure.2?
Subsequently, the pathological effects transit to the chronic phase which results from pro-
fibrotic mediators secreted by macrophages and epithelial cells, including transforming
growth factor-g (TGF-p), platelet-derived growth factor (PDGF), and Interleukin-1 (IL-1).
29.30 | -1 can also induce the release of TGF-Band PDGF, known as crucial profibrotic
mediators, from these cells. PDGF is known to stimulate fibroblast proliferation and
recruitment of both of fibroblasts and myofibroblasts which can be observed by focus
formation in mouse lungs. TGF-g can induce myofibroblast differentiation and collagen
production. Additionally, myofibroblasts have been shown to possess high capacity of
extracellular matrix (ECM) protein synthesis and secretion, including collagen and
fibronectin, during the chronic phase of fibrosis.2%:30 This results in deposition of ECM,
exhibited by collagen deposition and alveolar wall thickening in mouse lungs (Figure 4A—
D).

MWCNTSs Induce Fibroblast-Associated Stem Cells in Vivo.

Lung tissue sections from MWCNT-exposed mice were analyzed for stem cell markers
expression by Immunofluorescence staining. CD90, a lung mesenchymal stem cell marker,
was found to be highly upregulated in the MWCNT-exposed lungs at 7 days postexposure.
At 56 days, the level of this marker declined but was still higher than that in the control
group. a-Smooth muscle actin (aSMA), a myofibroblast marker, was also increased after 7
and 56 days (Figure 5A,B). Likewise, ALDH and ABCG2, general stem cell markers, were
highly upregulated in the MWCNT-exposed lungs versus control lungs, both at 7 and 56
days after the exposure (Figure 5C,D). These results are consistent with the in vitro findings
and indicated an upregulation of fibroblast-associated stem cell markers in the fibrotic lungs
of mice treated with MWCNTS. Because of their self-renewal property, as demonstrated by
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sphere formation assay, these cells could serve as a source of collagen-producing fibroblasts
or myofibroblasts that contribute to fibrosis.

Conclusions.

In this study, we reported a rapid and sensitive in vitro assay for fibrogenicity testing of
carbon nanoubes, which may be applicable to other nanomaterials. The assay is based on the
ability of primary lung fibroblasts to form FSC-enriched fibroblast foci and spheres in
culture. The foci and spheres formed by MWCNT-treated cells expressed a high level of
collagen similar to that observed in the fibroblast foci of patients with pulmonary fibrosis.20
The MWCNT-induced foci and spheres also expressed a high level of mesenchymal or
fibroblast-associated stem cell markers including CD90, aSMA, ABCG2, and ALDH,
suggesting the role of FSCs in MWCNT-induced fibrogenesis. In vivo animal studies
support the in vitro findings and indicate the induction of lung fibrosis and fibroblast-
associated stem cells by MWCNTSs. Mechanistic studies revealed ALDH as a key stem cell
regulator of MWCNT-induced fibrogenesis. Our findings support the potential utility of
FSC-based focus and sphere formation assays as rapid screening tools for fibrogenicity
testing of nano-materials and unveil a novel mechanism of MWCNT-induced fibrosis
through the activation of ALDH-associated FSCs.
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Figure 1.

MWCNTSs induce focus formation and collagen production in primary human lung
fibroblasts. (A) Proliferation of NHLFs grown in a standard 2D cell culture. The cells were
treated with various concentrations of MWCNT and cell proliferation was determined by
MTS assay at 1 and 3 days post-treatment. (B) Immunoblotting of collagen in MWCNT-
treated cells. (C) Representative images of focus formation in cells treated with 0.16 zg/cm?
MWCNT. Fibroblast foci were formed under a low seeding density of 2.5 x 103 cells/well in
6-well plates. Images were taken at 14 days post-treatment. (D) Dose dependent effect of
MWCNT on focus formation. (E,F) Immunoblotting of collagen production in MWCNT-
treated focus-forming cells. (G) Detection of collagen production by Sircol assay in focus-
forming cells. *p < 0.05, **p < 0.001 versus Ctrl, n=4.
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Figure 2.

MWCNTSs induce stem-like cells in NHLFs. (A) The 3D spheres formed by NHLFs treated
with 0.16 zg/cm2 MWCNT for 14 days under nonadherent conditions. Scale bar is 100 zm.
(B) Quantitation of 3D spheres with size larger than 20 4m in diameter. (C) Flow cytometry
graphical representation of ALDH activity in MWCNT-treated cells with or without DEAB,
an ALDH inhibitor, which was used as an internal control for baseline ALDH activity
measurements. (D) Quantification of ALDH activity, means = s.d. (n = 3), *p < 0.05. (E,F)
Immunofluorescence staining and quantification of aSMA and ABCG2 in MWCNT-
induced fibroblast foci. Scale bar is 100 xm. (G,H) Immunofluorescence staining and
quantification of CD90 and ALDH in MWCNT-induced fibroblast foci using image analysis
software. Scale bar is 100 y/m. *p < 0.05, **p < 0.001 versus Ctrl, n=3.
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Figure 3.
ALDH inhibitor DEAB inhibits MWCNT-induced focus and sphere formation and ALDH

regulates fibrogenic activity of MWCNT-treated lung fibroblasts. (A) Representative images
and (B) quantification of focus formation in control and MWCNT-treated NHLFs. Cells
were treated with MWCNT (0.16 zg/cm?) in the presence or absence of DEAB (50 M) for
14 days and analyzed for focus formation.(C) Representative images and (D) quantification
of sphere formation in control and MWCNT-treated NHLFs. Cells were similarly treated
with the test agents and allowed to grow under nonadherent, stem cell-selective conditions
for 14 days and analyzed for sphere formation. Scale bar is 100 ym. *p < 0.05, **p < 0.001
versus Ctrl, n= 3. (E-H) Representative images and quantification of collagen content in
focus-forming cells stained with Trichrome (aniline blue) and Sirius red. NHLFs were

Nano Lett. Author manuscript; available in PMC 2018 December 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Heetal.

Page 13

treated with MWCNT (0.16 g/cm?) in the presence or absence of DEAB (50 M) for 14
days and analyzed for collagen content. Scale bar is 100 4m. (1,J) Representative images and
quantification of collagen content in sorted ALDHM9" and ALDH'®W cells. NHLFs were
treated with MWCNT (0.16 g/cm?) for 72 h and analyzed for ALDH activity by flow
cytometry-based Aldeflour assay. The cells were sorted by FACS and analyzed for collagen
content by aniline blue and Sirius red staining. Scale bar is 100 gm. (K,L) Representative
images and quantification of aSMA expression in the sorted cells stained with aSMA
antibody by immunofluorescence. Quantitation of staining was performed using an image
analysis software. Scale bar is 50 um. *p < 0.05 versus Ctrl, 7= 3.
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Figure 4.

Effects of MWCNT lung exposure in mice. (A) H&E staining of lung tissue sections from
mice exposed to 0 or 40 y.g MWCNT at 7 days (a—h) and 56 days (i—p) postexposure (a—d
and i1, at 20x magnification; e-h and m—p, at 40x magnification). Deposition of MWCNTSs
is visible as black spots on the tissue sections. Black, red, green, and yellow arrow heads
indicate macrophages, neutrophils, granuloma formation, and alveolar wall thickening,
respectively. Blue box denotes fibroblast focus. (B) Trichrome and Sirius red staining of
MWCNT-exposed mouse lungs at 7 and 56 days postexposure. (C,D) Quantitative analysis
of Trichrome and Sirius red staining. Quantitation of staining was performed using an image
analysis software. Scale bar is 100 ym. *p < 0.05, **p < 0.001 versus Ctrl, n= 3.
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MWCNT exposure upregulates stem cell markers in mouse lungs. (A,B)
Immunofluorescence staining and quantification of CD90 and aSMA in mouse lungs. (C,D)
Immunofluorescence staining and quantification of ABCG2 and ALDH in mouse lungs.
Exposure was performed as described in Figure 4 Scale bar is 100 gm. *p < 0.05, **p <

0.001 versus Ctrl, n= 3.
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