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Abstract

Pulmonary exposure to multi-walled carbon nanotubes (MWCNTS) may cause fibrosing lesions in
animal lungs, raising health concerns about such exposure in humans. The mechanisms underlying
fibrosis development remain unclear, but they are believed to involve the dysfunction of fibroblasts
and myofibroblasts. Using a mouse model of MWCNT exposure, we found that the tissue inhibitor
of metalloproteinase 1 (Timp1l) gene was rapidly and highly induced in the lungs by MWCNTSs in
a time- and dose-dependent manner. Concomitantly, a pronounced elevation of secreted TIMP1
was observed in the bronchoalveolar lavage (BAL) fluid and serum. Knockout (KO) of Timp1 in
mice caused a significant reduction in fibrotic focus formation, collagen fiber deposition,
recruitment of fibroblasts and differentiation of fibroblasts into myofibroblasts in the lungs,
indicating that TIMP1 plays a critical role in the pulmonary fibrotic response to MWCNTSs. At the
molecular level, MWCNT exposure significantly increased the expression of the cell proliferation
markers Ki-67 and PCNA and a panel of cell cycle-controlling genes in the lungs in a TIMP1-
dependent manner. MWCNT-stimulated cell proliferation was most prominent in fibroblasts but
not myofibroblasts. Furthermore, MWCNTs elicited a significant induction of CD63 and integrin
B1in lung fibroblasts, leading to the formation of a TIMP1/CD63/integrin B1 complex on the
surface of fibroblasts /n vivoand /n vitro, which triggered the phosphorylation and activation of
Erk1/2. Our study uncovers a new pathway through which induced TIMP1 critically modulates the
pulmonary fibrotic response to MWCNTSs by promoting fibroblast activation and proliferation via
the TIMP1/CD63/integrin 1 axis and ERK signaling.
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Introduction

Carbon nanotubes (CNTSs) are new nanomaterials with potentials for a broad range of
applications (De Volder et al., 2013). There has been a rapid increase in the development and
production of CNT-based materials in recent years. However, the increased production and
utility of CNT materials may lead to greater human exposure to CNTs. The physicochemical
properties of CNTSs, such as their nanoscale size, fiber-like shape and high biopersistence
and respirability, have led to concern over the possible adverse effects of CNTs on human
health (Donaldson et al., 2010; Dong & Ma, 2015; Johnston et al., 2010).

A major finding from studies on CNT health effects is that pulmonary exposure to certain
forms of CNTs causes fibrosing lesions in the lungs of exposed animals (Aiso et al., 2010;
Dong et al., 2015; Porter et al., 2010; Reddy et al., 2012). In these scenarios, lung fibrosis
induced by CNTSs resembles the pulmonary response to deposition of fibrogenic foreign
bodies, manifesting an early phase response that features rapid-onset fibrosis alongside acute
inflammatory infiltration and cytokine expression, followed by resolution of the acute
pathology and progression to chronic interstitial fibrosis and granuloma formation. Notably,
CNT-induced lung fibrosis displays a high degree of similarity to silica- or asbestos-induced
pneumoconiosis and to idiopathic pulmonary fibrosis (IPF), both of which are poorly
understood, progressive and incurable human fibrosing lung diseases, raising the possibility
that exposure to CNTSs potentially leads to lung fibrotic lesions or diseases in humans.

Pathologically, fibrosis is characterized by the excessive production and deposition of
extracellular matrix (ECM) components in injured tissue to lead to scarring and tissue
destruction. The underlying mechanisms are poorly understood, but they are believed to
involve the dysregulation and dysfunction of fibroblasts and myofibroblasts, major effector
cells that mediate matrix production, remodeling and contraction in fibrosis development
(Wynn & Ramalingam, 2012). Under physiologic conditions, the lung resident fibroblasts in
the interstitial space are largely “quiescent,” but they are required for the maintenance of
normal matrix homeostasis. Upon tissue injury, fibroblasts are activated, and activated
fibroblasts migrate to the injured sites, proliferate and differentiate into myofibroblasts.
Myofibroblasts are characterized by their de novo synthesis of a-smooth muscle actin (a.-
SMA), which is incorporated into stress fibers to mediate matrix contraction and scar
formation (Dong & Ma, 2016b; Hinz, 2010; Tomasek et al., 2002). Myofibroblasts also
possess a high capacity of protein synthesis and secretion and are, therefore, believed to be
responsible for the production of a major proportion of fibrotic matrix proteins within
fibrotic foci. The majority of myofibroblasts undergo apoptosis upon physiologic wound
healing. On the other hand, these cells persist and remain active during pathologic fibrosis.
The molecular mechanisms controlling the dynamics and behaviors of fibroblasts and
myofibroblasts during lung fibrosis are largely unknown, which is in part due to a lack of
appropriate animal models of lung fibrosis to mimic human pulmonary fibrosing diseases,
and to a lack of molecular insights into the pathways that dictate fibroblast recruitment,
proliferation, differentiation and turnover during lung fibrosis.

The tissue inhibitor of metalloproteinase 1 (TIMPL) is a glycoprotein of the TIMP family
(Stetler-Stevenson, 2008). TIMP1 is secreted into the ECM by activated macrophages and
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other cells to inhibit matrix metalloproteinases (MMPs) and thereby plays a role in matrix
remodeling. Recent evidence reveals that secreted TIMP1 may function as a paracrine and/or
autocrine factor to promote cell proliferation and inhibit apoptosis through the CD63/
integrin p1-dependent activation of intracellular pathways, such as ERK signaling.
Moreover, TIMP1 is secreted into the plasma in certain fibrosing diseases and cancers and,
therefore, affects distant tissues in a manner analogous to an endocrine factor. Consistent
with this notion, TIMP1 is highly induced during fibrosis in a number of animal models,
such as bleomycin- and paraquat-induced lung fibrosis, and fibrosing diseases in humans,
such as IPF and liver cirrhosis, implicating dysregulation of TIMP1 expression in the
development of fibrosis (Dong et al., 2016; Hayashi et al., 1996; Madtes et al., 2001;
Manoury et al., 2006; Selman et al., 2000; Tomita et al., 2007). Nonetheless, the function of
TIMP1 in fibrosis, in particular, in the development of lung fibrosis remains largely unclear.

In light of the presumed multiple roles of TIMP1 in tissue fibrosis, we attempted to
characterize Timpl expression and analyze its role, if any, during multi-walled carbon
nanotube (MWCNT)-induced lung fibrosis. Our findings revealed that Timp1 was rapidly
and highly induced by MWCNTSs at both the mRNA and protein levels in a time- and dose-
dependent manner in mouse lungs. Induced TIMP1 was secreted and accumulated in the
bronchoalveolar lavage (BAL) and serum to high levels, suggesting TIMPL1 as a highly
inducible protein marker for detecting and monitoring MWCNT lung exposure and health
effects. By utilizing Timp1 knockout (KO) mice, we showed that TIMP1 is a pro-fibrotic
factor toward CNT-induced lung fibrosis and identified a TIMP1-mediated mechanism that
potentially underlies the fibrotic response to CNT exposure in the lungs.

Materials and methods

Multi-walled carbon nanotubes

MWCNTSs were obtained from Mitsui & Company (XNRI MWNT-7, lot #05072001K 28,
Tokyo, Japan) and have been characterized previously (Dong et al., 2015; Porter et al.,
2010). The MWCNTSs have an average surface area of 26 m2/g as measured by nitrogen
absorption—desorption technique (Brunauer—-Emmett—Teller method, or BET); and a median
length of 3.86 um and count mean diameter of 49 + 13.4 nm, as determined by scanning
electron microscopy when suspended in a dispersion medium (DM). Trace element
contaminations are low, with 0.78% for all metals, 0.41% for sodium and 0.32% for iron.

DM was used to disperse MWCNTS and was used as the vehicle control, containing 0.6
mg/ml mouse serum albumin (Sigma-Aldrich, St. Louis, MO) and 0.01 mg/ml 1,2-
dipalmitoyl-sn-glycerol-3-phosphocholine (Sigma-Aldrich) in Ca2*- and Mg2*-free PBS,
pH7.4. DM was freshly prepared before use. MWCNTS were dispersed in DM with a two-
step sonication immediately before use. DM effectively disperses MWCNTS as shown by
transmission electron microscopy in which the width distribution of MWCNTSs followed a
normal distribution and the length distribution was log normal (Porter et al., 2010). The DM
preparation does not cause toxicity or mask the reactivity of MWCNTS at the dose range
used in this study (Dong & Ma, 2016c).
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Animals and treatment

Eight- to 10-week-old male C57BL/6J (WT) and B6.129S4-Timpltm1Pds/J (Timpl KO)
mice were purchased from The Jackson Laboratory (Bar Harbor, ME). The mice were
maintained in an accredited, specific pathogen-free and environmentally controlled facility
at the National Institute for Occupational Safety and Health. All experiments involving
animals were approved by the Institutional Animal Care and Use Committee. A single dose
of 50 pl of DM or MWCNT suspension was administered by pharyngeal aspiration as
described previously (Porter et al., 2010).

Histopathology

The mice were euthanized and the left lung lobe was fixed with 10% neutral buffered
formalin and embedded in paraffin. Sections of 5 pm thickness were used to perform
Masson’s Trichrome staining and Picro-Sirius Red staining following standard protocols.
Six samples per group were observed and evaluated.

Immunohistochemistry and immunofluorescence

Formalin-fixed, paraffin-embedded lung tissue sections were deparaffinized, antigen-
unmasked and used to perform immunohistochemistry; and cryostat sections from frozen
lung tissues were fixed with 4% paraformaldehyde and used for immunofluorescence. Both
methods were described in detail in Supplemental materials and in a previous report (Dong
& Ma, 2016a).

Primary mouse lung fibroblast culture, in vitro cell proliferation and inhibition, PCR array,
guantitative RT-PCR, microarray analyses, enzyme-linked immunosorbent assay, and
immunoblotting and quantification

These assays were performed according to standard procedures and were described in detail
in Supplemental materials.

Statistical analysis

The statistical evaluation of differences between experimental groups was performed using
one-way ANOVA followed by between group comparisons using standard procedures.
Major quantitative experiments were repeated at least once, and representative data were
presented as the mean + standard deviation (SD). A pvalue of less than 0.05 was considered
statistically significant. *p < 0.05; **p < 0.01; and ***p < 0.001.

Results

Rapid and pronounced induction and secretion of TIMP1 in mouse lungs exposed to
MWCNTs

Preliminary experiments revealed that exposure to MWCNTS induces lung Timp1l
expression and the induction is most prominent within 14 d post-exposure, which correlates
with the early phase response to MWCNT exposure in mouse lungs (Dong et al., 2015).
Therefore, all subsequent studies focused on Timp1 expression during the early phase
response to MWCNTS.

Nanotoxicology. Author manuscript; available in PMC 2018 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dong and Ma

Page 5

Adult C57BL/6J mice were treated with DM (the vehicle control) or MWCNTSs at 40 ug per
mouse by pharyngeal aspiration. The lungs were harvested on days 1, 3, 7 and 14 after
treatment. We first performed a PCR array analysis. Expression of Timpl1 was low in DM-
treated lungs, indicating the low expression of Timpl in the lungs under basal conditions.
Upon exposure to MWCNTSs, Timpl mRNA expression was markedly increased with a peak
at 1 d post-exposure (a 24-fold increase, Figure 1A). Induction of Timpl was verified by
quantitative RT-PCR (gRT-PCR) using RNA samples from individual mice, confirming the
induction of Timp1 with maximal induction occurring at 1 d (a 13-fold increase), followed
by reduced, but significantly elevated over the control, expression from 3 to 14 d (Figure
1B).

The basal expression of TIMP1 protein was low in the DM-exposed lungs, but the level of
TIMP1 was significantly elevated by MWCNTS, in agreement with the mRNA expression
results (Figure 1C). One day post-exposure, accumulation of induced TIMP1 was observed
in the alveolar septa throughout the lungs, whereas on days 3, 7 and 14 after exposure,
accumulation of TIMP1 was most apparent within the interstitial fibrotic foci where
MWCNTSs deposited (Figure 1C).

TIMP1 protein was detected by enzyme-linked immunosorbent assay (ELISA) at low levels
in the BAL from DM-treated mice, but the amount was strikingly elevated by MWCNTS, to
extremely high levels after 1 d (from 36.0 to 5287.8 pg/ml) and 3 d (from 12.4 to 7187.6
pg/ml) and to reduced, but statistically significant, levels after 7 d (from 16.9 to 367.2 pg/ml)
and 14 d (from 29.5 to 94.2 pg/ml) (Figure 1D, left panel). The level of TIMP1 protein in the
serum was also significantly increased at all-time points examined, even though the basal
level of serum TIMP1 was high compared with those in the BAL and lung tissues (Figure
1D, right panel). The peak level was observed at 1 d (from 420.8 to 1630.8 pg/ml) and
induction slowly declined from 3 to 14 d.

MWCNTSs at a single dose of 5 pg per mouse (7 d) caused a significant increase of the
TIMP1 level in the BAL fluid (Figure 1E, left panel) but not in the serum (Figure 1E, right
panel), which may reflect a higher basal level of TIMP1 in the serum than in the BAL.
Treatment with 20 or 40 ug of MWCNTSs led to significant increases of TIMP1 levels in both
the BAL fluid and serum, with a more dramatic induction in the BAL fluid than in the serum
(Figure 1E). Thus, MWCNTS potently induced TIMP1 secretion into the BAL and serum
dose-dependently, which correlates with induction of fibrosis by MWCNTSs (Dong et al.,
2015).

TIMP1 is synthesized and secreted into the extracellular space by a number of types of cells,
such as macrophages, fibroblasts and lung epithelial cells, in an inducer-, time- and context-
dependent manner. To identify major sources of TIMP1 induced by MWCNTS, we
compared TIMP1 induction in macrophages, fibroblasts and epithelial cells in the alveolar
region by immunofluorescence co-staining of TIMP1 with Mac2 (galectin 3), Hsp47 (heat
shock protein 47) and E-cadherin, which are known marker proteins for macrophages,
fibroblasts and epithelial cells, respectively. Under a basal condition, Hsp47+ fibroblasts and
E-cadherin+ alveolar epithelial cells were major cell types in the region, whereas Mac2+
macrophages were detected sparsely (Figure S1, upper panel). Upon exposure, Hsp47+
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fibroblasts became predominate cells in fibrotic regions, followed by E-cadherin+ epithelial
cells and lastly Mac2+ macrophages (Figure S1, lower panel). Notably, most, if not all,
Hsp47+ fibroblasts and Mac2+ macrophages co-stained with TIMP1, whereas most E-
cadherin+ cells were negative for TIMP1 staining. Moreover, TIMP1 was detected both on
the cell surface and in the cytoplasm of fibroblasts and macrophages, suggesting that TIMP1
is in part derived from these cells. We further demonstrated the induction of TIMP1 by
MWCNTSs in cultured primary mouse lung fibroblasts, which confirms the de novo synthesis
of TIMPL1 in fibroblasts (Figure S2). Therefore, Hsp47+ fibroblasts are a predominant source
of TIMP1 production, followed by Mac2+ macrophages, within the fibrotic foci of the lungs
exposed to MWCNTSs for 7 d.

Reduced fibrotic response to MWCNTs in Timp1 KO lungs

To analyze the function of Timp1, we compared the fibrotic phenotype of Timpl KO
(Timp1-/-) lungs with WT. The induction of fibrotic changes by MWCNTSs was observed in
both WT and Timp1 KO lungs, but to a much lower degree in Timpl KO lungs, as assessed
by the number and size of fibrotic foci at all-time points examined (Figures 2A and S3). The
fibrotic response reached a peak level at 7 d post-exposure in both WT and Timp1 KO lungs;
however, there was a remarkably lower amount of collagen fibers deposited in the fibrotic
foci of Timpl KO lungs than in those of WT lungs, as determined by both Masson’s
Trichrome staining and Picro-Sirius Red staining (Figure S4).

MWCNTSs increased the deposition of Collagen | and fibronectin (FN1), two major matrix
proteins in lung fibrosis, in fibrotic areas in both WT and Timp1 KO lungs; however, there
were significantly lower levels of both proteins in Timpl KO than WT lungs at 7 d post-
exposure, as shown by immunofluorescence (Figure 2B) and immunohistochemistry (Figure
S5). Immunoblotting further confirmed the induction of FN1 in the lungs by MWCNTS and
reduced levels of FN1 induction in Timpl KO than WT lungs in a time-dependent manner
(Figures 2C and S6).

The development of pulmonary fibrosis depends on the activation and recruitment of
fibroblasts and their differentiation into myofibroblasts. To examine these cells, we chose
Vimentin and FSP1 (fibroblast specific protein 1) in addition to Hsp47 as markers for
fibroblasts, and a-SMA and PDGFR-B (platelet-derived growth factor receptor,
polypeptide) as markers for myofibroblasts. Positive staining for both Hsp47 (Figure 3A,
upper panel) and Vimentin (Figure 3A, lower panel) was markedly elevated in the fibrotic
foci of MWCNT-exposed lungs, but the degree of increase was significantly lower in Timpl
KO than WT lungs, especially in the case of Vimentin. Immunoblotting showed induction of
FSP1 by MWCNTSs in the lungs, but induction in Timpl KO lungs was markedly lower than
that in WT, especially on days 3 and 14 post-exposure (Figures 3B and S7).

Immunofluorescence staining revealed that a-SMA+ or PDGFR- B+ myofibroblasts were
dramatically increased by MWCNTSs in the fibrotic foci of WT lungs but only slightly
induced in the fibrotic foci of Timpl KO lungs (Figure 3C). The difference between
MWCNT-treated WT and Timpl1 KO lungs was statistically significant for both a-SMA and
PDGFR-B. Immunohistochemistry staining confirmed markedly increased a-SMA+
myofibroblasts in fibrotic regions induced by MWCNTS and the increase was more
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significant in WT than Timp1 KO lungs (Figure 3D), which was consistently observed at all-
time points tested (Figure S8). Therefore, although exposure to MWCNTSs markedly
increases the numbers of fibroblasts and myofibroblasts in fibrosing regions, loss of TIMP1
significantly reduces the magnitude of the increase compared with WT.

Stimulation of cell proliferation in mouse lungs by MWCNTs and TIMP1

We tested whether increased cellularity reflects increased cell proliferation during fibrosis
development by detecting the expression of Ki-67 (marker of proliferation Ki-67) and PCNA
(proliferating cell nuclear antigen), two commonly used markers for proliferating cells.
Immunohistochemistry clearly showed that Ki-67+ cells (Figures 4A and S9; upper panels)
and PCNA+ cells (Figures 4A and S9; lower panels) were dramatically increased in fibrotic
foci in MWCNT-treated lungs compared with the control during the early phase response to
MWCNTSs, with a peak level at 7 d. Immunoblotting of whole protein extracts from lung
tissues showed an apparent induction of PCNA expression by MWCNTSs at 3 and 7 d post-
exposure, and a slight induction at 1 and 14 d (Figures 4B and S10).

We examined whether TIMP1 modulates fibrosis by affecting MWCNT-induced cell
proliferation. Immunofluorescence staining of Ki-67 (Figure 4C, upper panel) or PCNA
(Figure 4C, lower panel) showed that the numbers of Ki-67+ or PCNA+ cells were
significantly increased in the fibrotic foci of both WT and Timpl KO lungs exposed to
MWCNTSs; however, the increase was markedly less apparent in Timpl KO than WT lungs.
Immunoblotting showed that the PCNA level was induced by MWCNTSs in both WT and
Timpl KO lungs, but the induction was apparently lower in Timpl KO than WT lungs at 1,
3and 7 d (Figures 4D and S11). Thus, TIMP1 is required for a maximal cell proliferation
response to MWCNTSs in mouse lungs.

We performed a genome-wide gene expression analysis on RNA samples isolated from WT
or Timpl KO lungs exposed to DM or 40 pug of MWCNTS for 7 d. Four randomly selected
samples were studied for each genotype and treatment group. We identified 21 genes
involved in cell cycle control that exhibited significant induction by MWCNTS in WT but
not Timpl KO lungs. Heat map analysis of these differentially expressed genes is presented
in Figure 5(A), and detailed expression levels and data analysis are listed in Table S1. The
fold changes and statistical analyses among genotypes and treatment groups for eight of
these genes, including Bublb, Capg, Cenpa, Kif2c, Kif22, Mcmb, Plk1 and Tuba6, are
presented in Figure 5(B). All these genes were significantly different between WT and
Timpl KO lungs following MWCNT exposure. These results indicate that TIMP1 may
affect the MWCNT-induced expression of genes important for cell cycle regulation and
thereby promote MWCNT-induced cell proliferation during fibrosis development in the
lungs.

We examined the effect of TIMP1 on the proliferation of fibroblasts and myofibroblasts /n
vivo. Double immunofluorescence staining revealed apparent increases in numbers of
Hsp47+ and Ki-67+ cells in the fibrotic foci of WT lungs exposed to MWCNTS, in which a
portion of the cells were positive for both Hsp47 and Ki-67, indicating the proliferation of
fibroblasts within the fibrotic foci (Figure 5C, upper panel). The numbers of Hsp47+ cells
and Ki-67+ cells were also increased in MWCNT-exposed Timpl KO lungs, albeit at
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significantly lower levels than WT. Moreover, double-positive fibroblasts for both Hsp47
and Ki-67 were scarce within the fibrotic foci of Timpl KO lungs. Therefore, loss of TIMP1
significantly reduces fibroblast proliferation in MWCNT-induced fibrosis.

Exposure to MWCNTSs increased the number of a-SMA+ myofibroblasts in the fibrotic foci
(Figure 5C, lower panel; also Figures 3C, 3D and S8). However, most a-SMA+
myofibroblasts were negative for Ki-67 in both WT and Timp1 KO lungs exposed to
MWCNTSs (Figure 5C, lower panel). These results suggest that TIMP1 promotes the
proliferation of fibroblasts, but not myofibroblasts, in the lungs.

To further corroborate the proliferative effect of TIMP1 on fibroblasts, we tested if an
inhibition of TIMP1 by its neutralizing antibodies would mimic the Timpl KO effect to
block or reduce the proliferation of fibroblasts observed in the presence of functional TIMP1
and MWCNTSs. Cultured primary lung fibroblasts derived from adult WT mice showed a
basal level of proliferation, as demonstrated by a low percentage of the nuclei stained
positive for Ki-67 in the presence of DM under the experimental condition (Figure S12).
Treatment with TIMP1 neutralizing antibodies did not change the proliferation level.
MWCNTSs at 5 pg/ml stimulated fibroblast proliferation as expected, with an apparently
increased percentage of Ki-67+ cells (from ~15 to ~65%). However, a co-treatment of the
cells with MWCNTSs and the TIMP1 neutralizing antibodies reduced the level of Ki-67+
cells markedly in comparison with the treatment with MWCNTSs alone (from ~65 to ~25%).
Therefore, the inhibition of TIMP1 by its neutralizing antibodies effectively reduced
TIMP1’s proliferative effect on fibroblasts /n vitro, further supporting the pronounced pro-
proliferative activity of TIMP1 on lung fibroblasts.

TIMP1-dependent induction and activation of the TIMP1/CD63/integrin 1 axis and ERK
signaling in lung fibroblasts in vivo

TIMP1 may stimulate cellular functions by forming a complex with the cell surface proteins
CD63 and integrin B1 that in turn modulates intracellular signaling. Triple
immunofluorescence of TIMP1, CD63 and Hsp47 on lung tissue sections showed that there
were significant increases in both the fluorescence intensity and the number of positively
stained cells in the fibrotic foci of MWCNT-exposed WT lungs compared with DM controls
and Timpl KO lungs (Figure 6A). These increases could be due to the induction of cellular
proteins and/or recruitment/proliferation of positively stained cells by MWCNTSs in a
TIMP1-dependent manner. Notably, more than 80% of the TIMP1 and CD63 fluorescence
signals were co-localized on Hsp47+ fibroblasts in MWCNT-treated WT lungs, but not in
DM-treated WT, DM-treated Timpl KO or MWCNT-treated Timpl KO lungs (Figures 6A
and S13A). These results suggest that secreted TIMP1 binds to CD63 on the surface of
Hsp47+ fibroblasts in WT lungs exposed to MWCNTS.

The induction of TIMP1 and, to a much lesser extent, CD63 was also observed in a portion
of a-SMA+ myofibroblasts in fibrotic foci of WT lungs exposed to MWCNTS (Figure 6B).
Although CD63 fluorescence co-localized with TIMP1 and/or a-SMA fluorescence, both
the fluorescence intensity and the number of triple-positive cells were significantly lower in
myofibroblasts than in fibroblasts (compare Figure 6B with 6A; exemplary myofibroblasts
negative for triple co-localization are marked by arrows). The results indicate that there were
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reduced expression of CD63 and reduced interaction between TIMP1 and CD63 in a-SMA+
myofibroblasts compared with fibroblasts, which is in agreement with the observation that
MWCNTSs and TIMP1 affect the proliferation of fibroblasts but not myofibroblasts (Figure
5C).

We examined the co-localization of TIMP1 and integrin 1 in fibroblasts. Triple
immunofluorescence of TIMP1, integrin B1 and Hsp47 on lung sections revealed a
significantly increased number of cells expressing high levels of integrin 1, as indicated by
strong fluorescence staining in WT lungs exposed to MWCNTSs (Figure 6C). Furthermore,
more than 80% of integrin 1 fluorescence co-localized with TIMP1 and Hsp47
fluorescence, indicating that TIMP1 interacts with the membrane protein integrin g1 on the
surface of Hsp47+ fibroblasts in MWCNT-exposed WT lungs (Figures 6C and S13B).

To further verify the co-localization among TIMP1, CD63 and integrin 1 on the cell surface
of fibroblasts, we performed triple immunofluorescence staining with cultured primary
mouse lung fibroblasts (Figure S14). All three proteins were detected at low levels and co-
localized on the cell surface in DM-treated fibroblasts. MWCNTSs markedly increased the
levels of these proteins, which co-localized most apparently on the cell surface. Thus, both
in vivo and in vitro data support the notion that secreted TIMP1 forms a complex with cell
surface proteins CD63 and integrin 1 on fibroblasts in mouse lungs, which is drastically
increased by MWCNTSs.

The formation of a TIMP1/CD63/integrin 1 complex on the cell surface may lead to
activation of the Erk1/2 pathway, which boosts cell proliferation. To test this notion, the
induction of phosphorylated Erk1/2, which signifies the activation of ERK signaling, was
examined in fibroblasts /7 vivo. Triple immunofluorescence staining of TIMP1, p-Erk1/2
and Hsp47 revealed that exposure to MWCNTSs markedly increased the fluorescence
intensity of p-Erk1/2, as well as the number of cells positive for p-Erk1/2, to the levels
similar to those of TIMP1 and Hsp47 in WT lungs (Figures 6D and S13C). Importantly, a
majority of p-Erk1/2+ cells were TIMP1 and Hsp47 double-positive, demonstrating that
MWCNTSs induce the activation of the ERK pathway in fibroblasts in a TIMP1-dependent
manner.

Discussion

Pulmonary exposure to certain forms of MWCNTSs induces lung fibrosis in experimental
animals that exhibits a high similarity to human lung fibrosing disorders of both induced and
idiopathic origins, thus serving as a useful animal model for studying lung fibrosis (Dong et
al., 2015). Here, we identified TIMP1 as a highly induced mediator of MWCNT-induced
lung fibrosis. Our findings provide new molecular insights into the mechanisms underlying
lung fibrosis, and raise the possibility of using TIMP1 as a biomarker for monitoring
fibrogenic exposure and fibrosis development, and exploring the TIMP1 signaling pathways
for therapeutic development against lung fibrosis.

We first demonstrated marked elevation of TIMP1 expression and secretion in the lungs,
BAL and serum by MWCNTSs in a time-and dose-dependent manner. Induction was rapid
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with the most dramatic increase on day 1 post-exposure (Figure 1). This result extends our
previous finding in which Timp1 was shown to be induced in mouse lungs exposed to
MWCNTSs through a fibrosis-specific PCR array analysis (Dong & Ma, 2016c). We further
showed that fibroblasts are a major source of TIMP1 in fibrotic regions, followed by
macrophages, on day 7 post-exposure to MWCNTSs (Figure S1). Others have reported
increased Timpl mRNA levels in mouse lungs on day 56 and in rat lungs on day 7 and day
30 post-exposure to MWCNTS (van Berlo et al., 2014; Wang et al., 2013). Increased TIMP1
levels were also observed in other lung fibrosis models, such as bleomycin-induced lung
fibrosis, and in human lung fibrotic diseases, such as IPF. Therefore, induction of TIMP1
appears to represent a common molecular response in fibrosis and play an important role in
fibrosis development, especially during the initiation of inflammation and fibrosing tissue
remodeling.

Timpl KO mice were used to analyze the functional impact of TIMP1 on MWCNT-induced
fibrosis in the lungs. Compared with WT, Timpl KO mice displayed reduced lung fibrosis,
as shown by significantly attenuated fibrotic focus formation, ECM deposition, and fibrosis
marker protein expression, demonstrating that TIMP1 indeed plays an important role in the
development of induced lung fibrosis (Figures 2 and S3-S6). Because fibroblasts and
myofibroblasts are the major effector cells in lung fibrosis, we further examined the effects
of Timp1 deficiency on these two types of cells in MWCNT-exposed lungs using Hsp47,
Vimentin and FSP1 as markers for fibroblasts and a-SMA and PDGFR-p for
myofibroblasts. Dramatically increased numbers of fibroblasts and myofibroblasts were
detected in MWCNT-treated WT lungs, but this effect was significantly reduced in Timpl
KO lungs (Figures 3, S7 and S8). This finding reveals that MWCNTS increase the numbers
of fibroblasts and myofibroblasts in the lungs in a TIMP1-dependent manner.

Increased cellularity is a predominant phenotype in MWCNT-exposed lungs, which
presumably arises from inflammatory infiltration, the migration of resident cells or the
proliferation of localized cells. By examining the number of cells that were positive for
Ki-67 or PCNA, we found that MWCNTSs potently stimulated cell proliferation in WT lungs,
but the proliferative effect was significantly reduced in Timpl KO lungs (Figures 4 and S9-
S11). Moreover, MWCNTSs induced the expression of a panel of cell cycle control genes in
WT lungs, but induction was significantly reduced in Timpl KO lungs (Figure 5A and B);
MWCNTSs stimulated the proliferation of fibroblasts in WT lungs but not in Timpl KO lungs
(Figure 5C); and co-treatment of primary mouse lung fibroblasts with MWCNTSs and TIMP1
neutralizing antibodies largely reduced the proliferation of fibroblasts induced by MWCNTS
in vitro (Figure S12). Other studies have also suggested a role for TIMP1 in boosting cell
proliferation in several /n vitroand in vivo models (Bertaux et al., 1991; Chesler et al., 1995;
Friedmann-Morvinski et al., 2016; Hayakawa et al., 1992; Xia et al., 2012). Therefore, our
results describe a novel underlying mechanism for MWCNT-induced lung fibrosis through
the TIMP1-dependent proliferation of fibroblasts. Importantly, most a-SMA+
myofibroblasts did not co-stain with Ki-67 or PCNA, indicating they were not actively
proliferating in MWCNT-exposed lungs. As myofibroblasts derive from fibroblasts through
differentiation, this finding suggests that MWCNTS increase the myofibroblast population
by promoting their differentiation from fibroblasts but not the proliferation of myofibroblasts
themselves. Alternatively, MWCNTs may reduce the turnover of myofibroblasts by
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stimulating myofibroblasts to become apoptosis-resistant in a TIMP1-dependent manner
during fibrosis development.

The mechanism by which TIMP1 promotes cell proliferation in lung fibrosis is unknown.
TIMP1 is a member of the TIMP family of proteins that is traditionally defined as
endogenous inhibitors of MMPs. Recent studies have shown that the activity and function of
TIMP1 can be mediated through either an MMP-dependent or MMP-independent
mechanism (Stetler-Stevenson, 2008). The role of MMP inhibition by TIMP1 in fibrosis
development has been controversial, with inconsistent conclusions from different studies,
which is partly due to the complex nature of MMPs and their functions. For instance, MMPs
have both inhibitory and stimulatory activities toward fibrosis in addition to ECM
degradation (Giannandrea & Parks, 2014). On the other hand, the MMP-independent
functions of TIMP1, such as promoting cell proliferation and survival, have received
increasing attention, particularly for cancer cells (Friedmann-Morvinski et al., 2016; Xia et
al., 2012). In this regard, our study provides the /n vivo evidence to support the MMP-
independent function of TIMP1 in promoting cell proliferation in induced organ fibrosis.

In vitro studies have shown that TIMP1 interacts with cell surface CD63 and subsequently
associates with integrin p1 in a CD63-dependent manner, forming a supramolecular
complex to modulate intracellular signaling (Jung et al., 2006; Toricelli et al., 2013). In a
mouse lung cancer model, TIMP1 was identified as a key mediator of tumor growth through
its pro-proliferative activity involving high level ERK activation (Xia et al., 2012). TIMP1
was also up-regulated and played a role in tumor proliferation and growth in a mouse
glioblastoma multiforme model (Friedmann-Morvinski et al., 2016). These findings
prompted us to examine whether TIMP1 stimulates fibroblast proliferation in the lungs
exposed to MWCNTS by interacting with CD63, integrin 1 and the ERK pathway. Triple
immunofluorescence staining clearly revealed co-localization of TIMP1 and CD63 and co-
localization of TIMP1 and integrin p1 in Hsp47+ fibroblasts in MWCNT-exposed lungs
(Figures 6A, 6C, S13A and S13B). Furthermore, MWCNT-induced co-localization of
TIMP1 with CD63 and integrin p1 was shown to take place in cultured primary mouse lung
fibroblasts (Figure S14). These data indicate that MWCNTS significantly induce the
expression of CD63 and integrin p1 in addition to TIMP1, and secreted TIMP1 interacts
with CD63 and integrin p1 on the cell surface of fibroblasts to regulate intracellular
signaling. These findings provide a plausible molecular mechanism to account for the
TIMP1-dependent proliferation of fibroblasts for MWCNT-induced fibrosis in the lungs.

The ERK pathway plays multiple roles in physiology and disease, such as modulating cell
proliferation. MWCNTSs have been shown to stimulate ERK signaling activation in several /n
vitro systems (Ding et al., 2005; Hirano et al., 2010; Lee et al., 2012). However, no in vivo
study on the effect of MWCNTS on ERK activation has been reported. In this study, we
clearly demonstrated that the ERK pathway was remarkably activated in TIMP1 and Hsp47
double-positive fibroblasts in MWCNT-exposed lungs (Figures 6D and S13C). Therefore,
MWCNTSs induce the activation of the ERK pathway in fibroblasts in the lungs to boost
fibroblast proliferation in MWCNT-induced lung fibrosis /n7 vivo, which requires the normal
function of TIMP1.
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Timpl expression can be up-regulated by activation of the transcription factor nuclear factor-
xB (NF-xB) (Wilczynska et al., 2006; Xia et al., 2012). MWCNTS have been shown to
activate the NF-xB signaling pathway in macrophages /n vitro, which potentially contributes
to a number of CNT-induced effects including oxidative and apoptotic outcomes (He et al.,
2011; Raghu et al., 2011). MWCNTSs also induced the time-dependent phosphorylation of
NF-xB inhibitor a. (IxBa) in cultured rat lung epithelial cells (Ravichandran et al., 2010).
We have found that NF-xB is remarkably activated in MWCNT-exposed mouse lungs /n
vivo (Dong & Ma, unpublished data). Therefore, the activation of NF-xB by MWCNTSs
represents a potential mechanism underlying the pulmonary induction of TIMP1.

In conclusion, we have identified an important function of TIMP1 in the development of
MWCNT-induced mouse lung fibrosis that involves TIMP1-stimulated fibroblast
proliferation via the interaction of TIMP1/CD63/integrin p1 on the cell surface and the
activation of intracellular ERK pathway. Therefore, we provide new evidence for the
function of TIMP1 in lung fibrosis, which suggests a new, potential therapeutic target for
human fibrotic lung diseases.
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Induction of Timpl by MWCNTs. WT mice received DM or MWCNTSs (40 ug) and were
sacrificed on days 1, 3, 7, and 14 post-exposure (A-D). (A) Mouse fibrosis PCR array.
Pooled lung tissue total RNA from six mice each group was analyzed. Fold changes are
presented. (B) qRT-PCR analysis (7= 4). (C) Immunohistochemistry of TIMP1 (red, scale
bar: 20 um). The relative intensity of positive staining is presented as the mean + SD (7= 4)
on the right. (D) TIMP1 protein levels in the BAL fluid and serum detected by ELISA (mean
+ SD, n=5-6). (E) Dose dependence. WT mice were treated with DM or MWCNTs (5, 20
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or 40 pg) for 7 d. TIMP1 protein levels in the BAL fluid and serum were determined by
ELISA (mean £ SD, n=5-6).
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Figure2.
Reduced fibrosis in Timpl KO lungs. WT and Timpl KO mice received DM or MWCNTS

(40 pug). (A) Masson’s Trichrome staining. Time course is shown. Scale bar: 100 pm. (B)
Collagen I (upper panel) and FN1 (lower panel) immunofluorescence staining (green
indicates positive staining, blue represents nuclear staining) on lung sections from mice
sacrificed on day 7 post-exposure. Scale bar: 20 um. Relative intensity is shown as the mean
+ SD (n=4). (C) Immunoblotting of FN1. Lung proteins from randomly selected samples of
each group were analyzed and a representative blotting image is presented.
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Recruitment of fibroblasts and myofibroblasts by MWCNTS. Lung sections from mice
exposed to DM or 40 uyg MWCNTSs for 7 d were examined for the expression of fibroblast
and myofibroblast markers (A, C and D). (A) Immunofluorescence detection of fibroblast
markers Hsp47 and Vimentin. (B) Immunoblotting of FSP1. Lung proteins from randomly
selected samples of each group exposed to DM or 40 ug MWCNTSs were analyzed and a
representative blotting image is presented. (C) Immunofluorescence detection of
myofibroblast markers a-SMA and PDGFR-B. (D) Immunohistochemistry staining of a-
SMA. Images have scale bars of 20 um. For (A) and (C), the red color indicates positive
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staining and blue indicates nuclear staining. Relative intensity is shown as the mean + SD (n
=4).
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Figure 4.

Reduced cell proliferation in Timpl KO lungs. (A and B) Time-dependent stimulation of
cell proliferation by MWCNTS (40 pg) in WT lungs on days 1, 3, 7 and 14 post-exposure.
(A) Immunohistochemistry of Ki-67 (upper panel) and PCNA (lower panel) on lung sections
of WT mice. Red indicates positive staining and blue nuclear counterstaining. Scale bar: 20
um. The number of cells with positive staining is shown as the mean + SD (7= 4). (B)
Immunoblotting of PCNA in lung tissues of WT mice. Lung proteins from two randomly
selected samples of each group were used. (C and D) Comparison of cell proliferation
between WT and Timpl KO lungs exposed to MWCNTSs (40 ug). (C) Immunofluorescence
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of Ki-67 (upper panel) and PCNA (lower panel) on lung sections (7 d post-exposure). Green
indicates positive staining and blue nuclear staining. Scale bar: 20 um. The number of cells
with positive staining is shown as the mean = SD (7= 4). (D) Immunoblotting of PCNA.
Lung proteins from randomly selected samples of each group were studied, and a
representative blotting image is presented.
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Figure5.

TIMP1-mediated stimulation of gene expression and fibroblast proliferation by MWCNTS.
Mice were exposed to DM or 40 pg MWCNTSs for 7 d. (A) Heat map of cell cycle control
genes identified by microarray. Total RNA isolated from individual mice was used (/7= 4,
for each genotype and treatment group). Red, white and blue indicate high, medium and low
expression levels, respectively. (B) Examples of up-regulated genes shown in the heat map
are presented with fold changes and p values (7= 4). *p <0.05; ** p<0.01; and ***p<
0.001. (C) Cell proliferation. Proliferation of fibroblasts was examined by double
immunofluorescence staining of Ki-67 (green) and Hsp47 (red), with double-positive cells
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showing green staining in the nucleus and red staining outside of the nucleus (upper panel,
scale bar: 20 um, example cells are indicated by arrows). The number of Ki-67 and Hsp47
double-positive cells is shown as the mean + SD (n7= 4). Proliferation of myofibroblasts was
examined by double immunofluorescence staining of Ki-67 (green) and a.-SMA (red) (lower
panel, scale bar: 20 um). Blue indicates nuclear staining. Representative myofibroblasts are
indicated by arrows, showing strong staining for a-SMA but weak or no co-staining for
Ki-67.
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Figure 6.
Induction and co-localization of TIMP1, CD63, and integrin f1 and activation of ERK. Mice

were exposed to DM or 40 ug MWCNTSs for 7 d. (A) Induction and co-localization of
TIMP1 and CD63 in fibroblasts detected by triple immunofluorescence of TIMP1 (green),
CD63 (red) and Hsp47 (blue) on lung sections. Scale bar: 20 Im. Circled cells illustrate
representative triple-positive cells. (B) Induction and co-localization of TIMP1 and CD63 in
myofibroblasts examined by triple immunofluorescence of TIMP1 (green), CD63 (red) and
a-SMA (blue) on lung sections from MWCNT-exposed WT mice. Images of single staining
and merged images of double and triple staining are presented, showing the strong induction
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and co-localization of TIMP1 and a-SMA, but markedly reduced induction of CD63 and co-
localization of CD63 with TIMP1 in myofibroblasts. A subset of TIMP1+ cells are co-
localized with a-SMA+ CD63- cells (indicated by arrows). Scale bar: 20 um. (C) Induction
and co-localization of TIMP1 and integrin B1 in fibroblasts detected by triple
immunofluorescence of TIMP1 (green), integrin 1 (red) and Hsp47 (blue) on lung sections.
Example triple-positive cells are circled. Scale bar: 20 pm. (D) The level of p-Erk1/2 in
fibroblasts examined by triple immunofluorescence of TIMP1 (green), p-Erk1/2 (red) and
Hsp47 (blue) on lung sections (scale bar: 20 um). Example triple-positive cells are indicated
in the oval.
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