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Abstract

Pulmonary exposure to inhaled particulates elicits complex inflammatory and fibrotic responses that may progress to chronic
fibrosis. The fibrogenic potentials of respirable particulates are influenced by their physicochemical properties and their
interactions with major pathways to drive fibrotic development in the lung. Macrophages were exposed to six carbon nano-
tubes (CNTs) of varying dimensions, crystalline silica, or carbon black (CB), with lipopolysaccharide (LPS) and transform-
ing growth factor (TGF)-f1 as positive controls. Macrophage-conditioned media was collected and applied to cultures of
human pulmonary fibroblast line WI38-VA13 to induce myofibroblast transformation. Multi-walled and single-walled CNTs
(MWCNTs and SWCNTs, respectively) and silica, but not CB, stimulated robust myofibroblast transformation through
macrophage-conditioned media. On an equal weight basis, MWCNTs induced higher induction than SWCNTs. High induc-
tion was observed for MWCNTs with a long and slender or a short and rigid shape, and silica, at levels comparable to those
by LPS and TGF-1. Fibrogenic particulates induced high levels of IL-1p mRNA expression and protein secretion that are
required for macrophage-guided myofibroblast transformation. Induction of IL-1p is dependent on the activation of the
NLRP3 (NOD-like receptor family, pyrin domain containing 3) inflammasome and ROS (reactive oxygen species) produc-
tion in macrophages, as inhibition of NLRP3 by MCC950 and reduction of ROS production by N-acetylcysteine blocked
NLRP3 activation, IL-1f induction, and fibroblast activation and differentiation. Therefore, fibrogenic CNTs and silica, but
not CB, elicit robust macrophage-guided myofibroblast transformation, which depends on the induction of IL-1p through
the NLRP3 inflammasome pathway and the increased production of ROS in macrophages.
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Introduction

Pulmonary exposure to respirable fibrogenic particles and
fibers including certain nanomaterials elicits complex
inflammatory and fibrotic responses in the respiratory sys-
tem that can develop into chronic fibrosis and malignancy
in the lung and the pleural space (Donaldson and Seaton
2012; Dong and Ma 2018b; Wynn and Ramalingam 2012).
The health outcome of such illness is often devastating, as
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these diseases are frequently progressive and irreversible
once they reach a certain stage, exemplified by pneumo-
coniosis, lung cancer, and mesothelioma (Donaldson and
Seaton 2012; Morgan and Seaton 1995; NIOSH 2002). The
mechanism underlying the pathologic development of pul-
monary fibrosis and cancer induced by particles and fibers
remains undefined, in particular, at the cellular and molecu-
lar levels. In part, this contributes to the lack of effective
drug therapy that would stop or deter the progression of
fibrosis and tumorigenesis in the lung caused by fibrogenic
particulate exposure.

At a fundamental level, pulmonary fibrosis resembles
overactive wound healing (Dong and Ma 2016b; Duffield
et al. 2013). In this context, the normal tissue repair process
becomes dysregulated and progressive, leading to continued
collagenous matrix deposition and scar formation, and ulti-
mately, respiratory failure. This pathologic tissue repair is
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characterized by the persistent activation and functioning of
myofibroblasts, which differentiate from resident and migrat-
ing fibroblasts (and possibly several other types of cells)
and are responsible for continued collagen production and
matrix contraction during fibrosis development. Presumably,
an assiduous or repetitive tissue injury or, in the case of par-
ticulate exposure, prolonged deposition and accumulation of
foreign bodies, stimulate the generation of fibrogenic signals
that propel the transformation of fibroblasts to myofibro-
blasts continuously and maintain the cells in an activated
state without undergoing apoptosis in fibrosing tissues (Hinz
et al. 2012; Tomasek et al. 2002). Given the complexity and
dynamics of the cellular and molecular interactions involved
in organ fibrosis, such fibrogenic signals would consist of
multiple chemical, biological, and physical factors that are
specific for inducers and developmental stages of fibrosis,
including the initiation, amplification, and chronic progres-
sion of organ fibrosis.

Pulmonary macrophages, including alveolar, intersti-
tial, and airway macrophages, arguably constitute the first
line of defense against inhaled particulates. These cells are
specialized for the clearance of inhaled particles from the
lung. Upon encountering particles, macrophages engulf
and destroy the particulates by way of degradation. Mac-
rophages also migrate and transport particles to conduct-
ing airways and draining lymph nodes for clearance via the
airway cilia mucosal system and the lymph-blood circula-
tion, respectively. Additionally, activated macrophages are
pivotal in eliciting the inflammatory response to particulates.
In this context, macrophages secrete an array of cytokines,
chemokines, and growth factors that recruit inflammatory
and immune cells and induce the migration, proliferation,
and differentiation of fibroblasts. Both the inflammatory and
the fibroblast responses are recognized as major events in
fibrotic development induced by particulate exposure, high-
lighting a critical role of the interplay between macrophages
and fibroblasts in pulmonary fibrosis (Dong and Ma 2018a,
b; Murray and Wynn 2011). Major factors that are derived
from macrophages and drive fibrosis development in lungs
exposed to particulates remain to be defined, with regard to
their specificity, regulation, and mechanism of action.

Among fibrogenic particulates, crystalline silica is a
known, potent inducer of fibrosis and tumorigenesis in
human lungs, while carbon nanotubes (CNTs) represent
new and emerging nanomaterials that exhibit a propen-
sity to cause such lesions. CNTs are respirable and have a
fiber-like shape with a high aspect ratio, large surface area,
low solubility, and substantial bio-persistence. These prop-
erties are often associated with the fibrogenic and tumo-
rigenic effects of inhaled particles and fibers (Donaldson
et al. 2006). In fact, pulmonary exposure to certain CNTs
causes fibrotic lesions and cancer in the lung and the pleu-
ral space in laboratory animals (Dong and Ma 2015; Dong
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et al. 2015; Mercer et al. 2013; Porter et al. 2010; Sargent
et al. 2014; Shvedova et al. 2005; Suzui et al. 2016), raising
health concern for exposed workers and consumers. From an
occupational and public health perspective, understanding
the interrelations between the physicochemical properties
of CNTs and their pulmonary effects is critical for the risk
assessment and safe design of CNTs and CNT-containing
materials. Such understanding would require comparative
analyses of CNTs with varying dimensions and properties in
relation to their pulmonary effects, in particular, their inter-
actions with the major pathways and events that drive the
development of fibrosis and cancer in the lung.

We have previously shown that CNTs elicit a biphasic
response in lungs. The early phase response is characterized
by acute inflammatory infiltration and cytokine secretion,
accompanied by rapid-onset deposition of collagen fibers
and accumulation of myofibroblasts near CNT deposits,
resulting in the formation of prominent inflammatory fibrotic
foci in the lung (Dong and Ma 2016b; Dong et al. 2015).
The acute lesions are resolved within 2 weeks post-exposure
to a large extent, but not completely. Instead, the fibrotic
lesions convert to chronic interstitial fibrosis and granulo-
mas, which last 56 days to a year post-exposure. Notably, a T
helper 2 (Th2)-driven type 2 inflammation becomes promi-
nent at the peak of the early phase response and promote
the resolution of the acute inflammation and the chronic
progression of fibrosis (Dong and Ma 2016a). Consistent
with this notion, macrophages in the lungs exhibit an M2
(alternatively activated) phenotype during the type 2 inflam-
mation and mediate many of the type 2 functions, such as
the secretion and activation of transforming growth factor
(TGF)-B1. The Th2-generated type 2 cytokines interleukin
(IL)-4 and IL-13 and M2-generated TGF-p1 are believed
to play important roles in promoting the acute-to-chronic
transition in lung fibrosis induced by CNTs (Dong and Ma
2018a). During the early acute phase, i.e., prior to type 2
inflammation, pulmonary macrophages manifest an M1
(traditionally activated) phenotype that is implicated in
particle phagocytosis and secretion of acute cytokines and
chemokines, such as tumor necrosis factor (TNF)-a, IL-1a,
IL-1p, and IL-6, by the macrophages. These findings suggest
that pulmonary macrophages initiate fibrotic development
in the lung by stimulating myofibroblast transformation via
soluble fibrogenic cytokines and growth factors in a time-
and context-dependent manner (Dong and Ma 2018b). This
macrophage—fibroblast interaction through secreted soluble
factors may be investigated using conditioned media trans-
fer (He et al. 2011) and pharmacological, immunological,
or genetic blockade of cytokine signaling (Dong and Ma
2016¢, 2017a, b).

In this study, we compared the fibrogenic potentials
among six CNTs of varying dimensions, as well as respirable
crystalline silica particles and amorphous carbon black (CB)
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nano-particles, in a macrophage-conditioned media transfer
model of myofibroblast transformation. This model system
enables the investigation of not only the relationship between
dimensions and fibrogenic potentials of the particulates, but
also the major mediators and signaling mechanisms involved
in macrophage-guided myofibroblast transformation and
activation. The study reveals that all CNTs tested and sil-
ica, but not CB, stimulated robust myofibroblast differen-
tiation and proliferation through macrophage-conditioned
media. Higher induction was observed in samples treated
with multi-walled CNTs (MWCNTs) with either the larg-
est or the smallest aspect ratio, i.e., MWCNTSs with a long
and slender or a short and rigid shape, respectively, or sam-
ples treated with silica. Induction by these particulates was
comparable to induction by lipopolysaccharide (LPS) and
TGEF-B1, positive controls known to have strong fibrogenic
activities. Single-walled CNTs (SWCNTs) induced lower
responses than MWCNTs. Mechanistically, IL-1f was iden-
tified as a major factor released from activated macrophages
to drive the transformation and activation of myofibroblasts
in this media transfer model. Moreover, CNTs and silica
stimulated robust activation of the NOD-like receptor family,
pyrin domain containing 3 (NLRP3) inflammasome, leading
to markedly increased production and secretion of IL-1p.
Lastly, both NLRP3 activation and IL-1p induction by par-
ticulate inducers were strongly inhibited by reactive oxygen
species (ROS) scavenger N-acetylcysteine (NAC). Given the
controversial and sometimes contradictory literature on the
role of IL-1f in organ fibrosis and myofibroblast transforma-
tion (Borthwick 2016; Mia et al. 2014; Vesey et al. 2002),
this paper adds to our understanding of myofibroblast acti-
vation and the fibrotic response to particulates, establishing
that fibrogenic particulates stimulate NLRP3 inflammasome
activation to increase the production and secretion of IL-1p,

Table 1 Source and physicochemical properties of particulate inducers

which in turn induces the differentiation of fibroblasts into
myofibroblasts. Moreover, an induced production of ROS is
likely to play an important role in this process. This study
thus reveals new insights into the mediators and pathways
that drive the early fibrotic response to exposure to CNTs
and silica in the lung.

Materials and methods

Source, characterization, and dispersion of CNTs,
silica, and CB

Six CNTs of varying physical properties were obtained
and given labels based on their relative physical dimen-
sions. Long and slender (M-LS), intermediate (M-IM),
and short and slender (M-SS) MWCNTs were purchased
from Sigma Aldrich (St. Louis, MO, USA). Short and rigid
(M-SR) MWCNTs, i.e., XNRI MWNT-7, were from Mit-
sui & Company (Tokyo, Japan), and their physical dimen-
sions were classified based on previous reports (Porter et al.
2010). SWCNTs were purchased from Sigma Aldrich and
were classified as either long (S-L) or short (S-S) in length.

Major physicochemical properties of the CNTs are sum-
marized in Table 1. M-LS have an average diameter of 12
nm, an average length of 10 um, a specific surface area of
200 m%/g, and a metal content of < 2%. M-IM have an aver-
age diameter of 10 nm, an average length of 3—6 pm, a spe-
cific surface area of 280-350 m2/g, and a metal content of
< 2%. M-SS have an average diameter of 9.5 nm, an average
length of 1 pm, a specific surface area of 300 m%/g, and a
metal content of < 5%. M-SR have an average diameter of
49 nm, an average length of 3.68 pm (Porter et al. 2010),
a specific surface area of 22 m?/g (Birch et al. 2013), and

Particulates  Label Source Dimension Carbon content Metal impurity Iron content  Aspectratio Specific
surface area
(m%g)
MWCNTs M-LS Sigma (698,849) 12 nm X 10 pm > 98% <2% - 830 220
M-IM Sigma (773,840) 10 nm X 3-6 pm > 98% <2% - 350-550 280-350
M-SS Sigma (755,117) 9.5nm X 1 pm > 95% <5% - 105 300
M-SR Mitsui MWNT-7) 49ntm x3.86pym > 95% <1% 0.32% 80 22
SWCNTs S-L  Sigma (704,121) 0.7-1.1 nm X > 90% < 8% - 800 700
0.3-2.3 pm
S-S Sigma (652,512) 1-21nm X 0.5-2 pm > 90% < 8% - 1000 480
Silica Silica US Silica Min-U-  97% < 5 pm in Si0, 99.2% - Fe,0;0.035% - -
Sil 5) diameter; median
diameter 1.6 pm
Carbon black CB Degussa-Heuls Average diameter ~ 99% N 0.82%
(Printex 90) 14 nm H0.01%

Listed physicochemical properties of CNTs used in this study were obtained from the suppliers
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a metal content of < 1%. For SWCNT samples used, S-L
have a diameter of 0.7-1.1 nm, a length of 0.3-2.3 pm, and
a specific surface area of 700 m?/g (Teran 2016), whereas
S-S have a diameter of 1-2 nm, a length of 0.5-2 mm, and a
specific surface area of 480 m?/g; both SWCNTs have metal
contents of < 8%. The aspect ratios were substantially higher
for the SWCNTSs, as well as M-LS, followed by M-IM and
M-SS, and lastly by M-SR.

The appearance of CNT fibers in solution was assessed
using transmission electron microscopy and images were
shown previously (Hindman and Ma 2018). M-LS had a rel-
atively long and slender appearance, with some single fiber
tangles or fiber aggregates observed. M-IM appeared to have
more variability in length. M-SS were likely to form aggre-
gates; in some cases, fibers were wrapped around each other,
forming a rope-like structure. M-SR were visibly thicker and
thus more rigid than the other MWCNTSs. Additionally, few
individual fiber tangles or fiber aggregates were observed
for M-SR. Both S-L and S-S formed rope-like structures as
described for M-SS fibers, even at high dilutions and with
increased sonication.

Crystalline silica (Min-U-Sil® 5) was from U.S. Silica,
Berkeley Springs, WV, USA. CB (Printex® 90) was from
Degussa-Heuls, Frankfurt, Germany. Respirable crystalline
silica particles are known to potently induce pulmonary
fibrosis in exposed human and animal lungs, whereas CB
induces a pulmonary fibrotic response in animal lungs only
at a high dose and is therefore considered as an amorphous,
carbonaceous, nano-size particle material with low solubil-
ity and low toxicity (Dong et al. 2016; Sager and Castranova
2009). The MIN-U-SIL® 5 silica has 97% of the particles
with a length of < 5 pm and a median diameter of 1.6 pm.
The specific density of the particles is 2.65 and their con-
tent for silicon dioxide (Si0O,) is 99.2% and their content
for iron oxide (Fe,03) 0.035%. The Printex 90 particles
have an average size of 14 nm and a specific surface area
of 295-338 m?/gm corresponding to a theoretical average
spherical particle size of 8.1-9.5 nm. The total carbon con-
tent was measured greater than 99% with nitrogen at 0.82%
and hydrogen at 0.01%. The organic impurity is less than
1%. The Printex 90 particles in suspension showed an aver-
age zeta-size of 140 nm and the hydrodynamic number size
distribution of the major mode at 50-60 nm (Jacobsen et al.
2011). Major properties of silica and CB particles are also
listed in Table 1.

Stock solutions of particulate inducers were generated by
dispersion in culture media with 1% fetal calf serum (FCS)
at a concentration of 2 mg/mL by sonication as described
previously (He et al. 2011). Stock solutions were further
diluted with the culture media and sonicated immediately
before use. Vehicle control (VC) samples were treated with
an equal amount of the dispersion medium (media with 1%
FCS) to establish a baseline response and to validate that
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there was no effect on the cells from the dispersion medium.
The dispersion medium used for VC was sonicated in paral-
lel to preparations of particulate inducers before use.

Cell culture

The murine macrophage line J774A.1 and human pulmo-
nary fibroblast line WI38-VA13 were acquired from ATCC
(Manassas, VA, USA). Cells were maintained in Dulbecco’s
modified Eagle’s medium and minimum essential medium-o,
respectively, supplemented with 10% FCS, and 1X antibi-
otic—antimycotic (ThermoFisher Scientific, Waltham, MA,
USA). Cultures were maintained at 37 °C in a humidified
5% CO, incubator.

Conditioned media and myofibroblast
transformation

Macrophages were treated with CNTs (2.5 pg/mL), LPS
(2 pg/mL), or TGF-B1 (5 ng/mL) for 24 h at 37 °C. Under
these conditions, the cells were as healthy as VC-treated
cells with no apparent cytotoxicity. Conditioned media
from treated macrophages was then collected and centri-
fuged at 16,000xg for 10 min to remove cellular debris and
CNTs, mixed 1:1 with fresh culture media, and applied to
WI38-VA13 fibroblasts (He et al. 2011). After incubation
in conditioned media for 24 h at 37 °C, fibroblasts were
investigated for the expression of a-smooth muscle actin
(a-SMA) and proliferation via cell cycle analysis. The effect
of IL-1P on fibroblast proliferation and a-SMA expression
was also tested by directly treating fibroblasts with 2.5, 5,
10, or 20 ng/mL IL-1f (Sigma-Aldrich). Cell cycle analysis
and a-SMA expression were determined using flow cytom-
etry as described previously (Pozarowski and Darzynkiewicz
2004). Briefly, fibroblasts were trypsinized, centrifuged at
300xg for 10 min, fixed in cold 0.1% formaldehyde and per-
meabilized in 0.5% Tween 20 (v/v in PBS). Cells were then
washed three times in cold PBS, centrifuged, and incubated
in a 1:500 dilution of a monoclonal anti-a-SMA antibody
(Sigma Aldrich) with 5 pg/mL Hoescht 33342 dye (Sigma
Aldrich) in permeabilization buffer. Cells were then thor-
oughly washed in PBS and incubated with Alexa 488 goat-
anti-mouse antibody (ThermoFisher) before being resus-
pended in 1% formaldehyde and analyzed using a LSRII
Flow Cytometer (BD Sciences, San Jose, CA, USA). Analy-
sis of a-SMA expression and DNA content was performed
using Flowing Software (Version 2.5.1, Perttu Terho, Turku
Center for Biotechnology, Turku, Finland).

Expression of a-SMA in conditioned media-treated fibro-
blasts was also examined using immunofluorescent stain-
ing. Cells were seeded on glass coverslips and treated as
described. After 48-h incubations, cells were fixed in 4%
formaldehyde, permeabilized in 0.5% Triton X-100 (v/v
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in PBS), blocked in 5% goat serum (v/v in PBS, Sigma
Aldrich) and stained for a-SMA actin and F-actin using
TRITC-Phalloidin (Sigma Aldrich). Primary antibodies
were used at a dilution of 1:500 in 10% blocking buffer
(v/v in PBS) overnight at 4 °C. Samples were then washed,
incubated in Alexa 488 goat-anti-mouse secondary (1:2000
dilution) for 1 h at room temperature before being mounted
in the photobleach resistant mounting media containing
DAPI Vectashield (Vector Labs, Burlingame, California,
USA). Cells were then imaged using a Zeiss 780 confo-
cal microscope with a Plan-Apochromat 63x/1.40 Oil DIC
M27 objective. The full depth of the cell monolayer was
imaged at a z-step of 0.5 um. The average cellular ac-SMA
content was analyzed (expressed as relative fluorescence
units or RFU) using Image J software (Version 1.5.1 g, NIH,
Bethesda, MD, USA) and at least 30 cells per treatment were
analyzed.

IL-1B ELISA

Macrophages were treated with CNTs (2.5 pg/mL), LPS
(2 pg/mL), or TGF-B1 (5 ng/mL) for 24 h followed by 1 h
incubation with 5 mM ATP at 37 °C. Cell supernatant was
collected and stored at — 80 °C until use. The amount of
IL-1p in the supernatant was determined using a mouse
ELISA kit (eBioscience, San Diego, California, USA)
according to manufacturer’s instructions.

Real-time PCR

Macrophages were treated and stimulated with ATP as
described. Total cell RNA was isolated using Qiagen RNA
mini Kit (Qiagen, Germantown, Maryland, USA) according
to manufacturer’s instructions. After isolation, 5 pg of total
RNA was reverse transcribed using Quantitect Reverse Tran-
scription kit (Qiagen) according to manufacturer’s instruc-
tions. IL-1p cDNA was amplified and quantified with gene-
specific primers by real-time PCR using RT> SYBR Green
Mastermix (Qiagen) and Applied Biosystems 7300 Real-
Time PCR System (ThermoFisher Scientific). Fold change
calculations were performed using the Pfaffl method (Fraga
et al. 2008).

Evaluation of ASC speck formation by flow
cytometry

Macrophages were treated and the NLRP3 inflammasome
stimulated as described above. After ATP stimulation, mac-
rophages were harvested by centrifugation and the forma-
tion of ASC (apoptosis-associated speck-like protein con-
taining a C-terminal caspase recruitment domain) specks
investigated by flow cytometry as described previously
(Sester et al. 2016). Briefly, cells were fixed in ethanol and

stained for ASC using a 1:1000 dilution of primary antibody
(Santa Cruz) overnight at 4 °C. Cells were then incubated in
Alexa 488 goat-anti-mouse secondary antibody for 45 min
at room temperature before being analyzed using an LSRII
flow cytometer (BD Sciences, San Jose, CA, USA). Forma-
tion of ASC-containing specks was determined by analyz-
ing the relative peak width and area of the 488 channel.
Once activated, cells with an ASC-containing speck exhibit
a peak of relatively large height and small width, allowing
for quantification of the percentage of cells with activated
inflammasomes.

Western blot analysis

J774A.1 cells were investigated for expression of caspase-1
protein via immunoblotting as previously described (He
et al. 2011). Briefly, J774A.1 cells were seeded at a den-
sity of 70% and were allowed to adhere overnight in a CO,
incubator at 37 °C. Cells were then treated with 2 pg/mL
LPS (Sigma Aldrich), 5 ng/mL TGF-p1 (Sigma Aldrich),
or 2.5 pg/mL nanoparticles for 24 hours, followed by 5 mM
ATP (Sigma Aldrich) for 1 h at 37 °C to stimulate NLRP3
inflammasome activity. Cells were harvested in cold radio-
immune precipitation assay (RIPA) buffer for 30 min, fol-
lowed by brief sonication and centrifugation to remove cell
debris. Protein concentration of cell lysates was determined
using a BCA Protein Assay Kit (Bio-Rad, Hercules, Califor-
nia, USA) and equal amounts of protein were loaded onto a
10% SDS-PAGE gel. Samples were transferred to a PVDF
membrane (Bio-Rad), blocked with 5% milk in PBST and
probed overnight with shaking at 4 °C using a rabbit anti-
caspase 1 antibody (Abcam, Cambridge, Massachusetts,
USA), followed by an HRP-conjugated anti-rabbit second-
ary antibody (Bio-Rad). Membranes were developed using
enhanced chemiluminescent detection reagents (Fisher Sci-
entific, Pittsburgh, Pennsylvania, USA). B-actin was used as
a loading control.

Co-immunoprecipitation

Co-immunoprecipitation of NLRP3 inflammasome com-
ponents was performed as describe previously (Khare et al.
2016). Briefly, macrophages were treated with vehicle con-
trol, LPS (2 pg/mL), M-LS (2.5 pg/ML) or M-SR (2.5 pg/
mL) for 24 h in duplicate. One duplicate from each treat-
ment group was also treated with MCC-950. After treat-
ment and ATP stimulation, cells were washed and lysed in
ice-cold lysis buffer for 30 min on ice. Lysates were then
cleared of cell debris by centrifugation at 16,000xg for
15 min at 4 °C, and an aliquot set aside for western blot
analysis of total protein input. Lysates were then incubated
with 1 pg of anti-ASC antibody (Santa Cruz Biotechnol-
ogy, Dallas, Texas, USA) for 1 h at room temperature with
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rotation before adding protein G-Sepharose beads for over-
night incubation with rotation at 4 °C. Immunoprecipitated
proteins were extracted from beads with addition of Lae-
mmli buffer and incubation at 95 °C. Sepharose beads were
pelleted using centrifugation and cleared samples were run
on SDS-PAGE gel for western blot analysis. For western
blot analysis of total protein input, equal amounts of pro-
tein from cell lysates prior to immunoprecipitation were
run on SDS-PAGE gel. PVDF membranes were blocked
with 5% milk in PBST and probed with anti-ASC (Santa
Cruz Biotechnology) or anti-NLRP3 (Cell Signaling Tech-
nology, Danvers, Massachusetts, USA) antibody overnight
at 4 °C. Appropriate goat-anti-mouse or goat-anti-rabbit
HRP-conjugated secondary antibodies (Bio-Rad) were
used and membranes were developed in ECL substrate
(Fisher Scientific). f-actin was used as a loading control.

Caspase-1 activity

Macrophages were treated with CNTs (2.5 pg/mL), LPS
(2 pg/mL), or TGF-B1 (5 ng/mL) for 24 h followed by 1 h
incubation with 5 mM ATP at 37 °C. Cells were collected,
centrifuged and lysed for immediate use. Caspase-1 activ-
ity was measured using a colorimetric assay according to
the manufacturer’s instructions (R&D Systems, Minneapo-
lis, Minnesota, USA). Samples containing no cell lysate or
no substrate were included as negative controls.

Inhibitor studies

N-Acetyl cysteine (Sigma Aldrich, NAC) was used to block
the effect of reactive oxygen species (ROS) on inflamma-
some activation. Cells were pre-treated with 5 mM NAC
for 30 min at 37 °C prior to treatment with fibrotic induc-
ers, and levels of NAC were maintained throughout the
24 h inducer treatment period before secondary stimula-
tion with 5 mM ATP. Cells and conditioned media were
then analyzed as described for IL-1p secretion, caspase-1
activity, and activation and proliferative effects on fibro-
blasts. NLRP3 inflammasome inhibition was achieved
using the small molecule inhibitor MCC-950 (Focus Bio-
molecules, Plymouth Meeting, Pennsylvania, USA) (Coll
et al. 2015). After 24-h treatment with fibrotic inducers as
described above, macrophages were treated with 1 pM of
MCC-950 for 1 hour before secondary stimulation with
5 mM ATP at 37 °C. Cells and conditioned media were
then analyzed as described above. In separate experiments,
I1-1p was blocked using a neutralizing antibody (Abcam)
after fibrotic inducer treatment and ATP stimulation.
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Detection of ROS

Macrophages were seeded onto glass coverslips and allowed
to adhere for 24 h in a CO, incubator at 37 °C before treat-
ment with inducers and ATP stimulation as described above.
The relative ROS levels within treated cells was evaluated
using dihydroethidium (DHE) staining as described previ-
ously (He and Ma 2012). Briefly, 30 mins before the end of
ATP stimulation, DHE (ThermoFisher Scientific) was added
at a concentration of 5 mM. Cells were then fixed in formal-
dehyde, mounted in Vectashield, and imaged using a Zeiss
780 confocal microscope with a Plan-Apochromat 20 x/0.8
M27 objective. Relative DHE fluorescence was analyzed
using Image J software and is represented as the mean and
SD of five separate fields for each treatment.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
software (Version 7.02, GraphPad Software Inc., La Jolla,
CA, USA). All experiments were performed in triplicate and
experiments were repeated three times. Data are presented
as mean =+ SD. Statistical significance was determined using
one-way ANOVA followed by a Tukey post-test for between
sample comparisons. In most cases, all fibrotic agents
resulted in significant changes over vehicle control treated
cells; therefore, statistical analyses shown in figures are
often comparisons between different particulate inducers
(all CNTs, plus CB and silica). *p < 0.05; **p < 0.01; and
**p < 0.001.

Results

Conditioned media from macrophages exposed
to CNTs of varying dimensions or silica induce
myofibroblast transformation in a media transfer
model

We have previously developed a conditioned media trans-
fer model in which interactions between two types of cells
are manifested through secreted molecules in the media (He
et al. 2011). In this study, we used this approach to examine
and compare the effects of six CNT fibers of varying dimen-
sions, crystalline silica, and CB nano-particles on the ability
of macrophages to stimulate fibroblasts to differentiate into
myofibroblasts, a key cellular event during the initiation,
amplification, and chronic progression of pulmonary fibro-
sis. The six CNTs were long and slender (M-LS), intermedi-
ate (M-IM), and short and slender (M-SS), short and rigid
(M-SR, i.e., XNRI MWNT-7) MWCNTs, and long (S-L) and
short (S-S) SWCNTSs. Major physicochemical properties of
the CNTs, silica, and CB are summarized in Table 1. The
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appearance of CNT fibers in solution was assessed using
transmission electron microscopy and was shown elsewhere
(Hindman and Ma 2018).

As diagramed in Fig. la, after treatment with fibrotic
inducers, the conditioned media from treated macrophages
was applied to fibroblasts, and fibroblasts were examined
for a-SMA expression, a commonly used biomarker for
myofibroblast differentiation, as well as cell proliferation,
which reflects the mitogenic activity of the inducers. Fibro-
blast a-SMA expression in response to treatment with mac-
rophage-conditioned media was measured by flow cytom-
etry, which detects the a-SMA protein expression in a large
population of cells quantitatively with high efficiency. Quan-
tification is presented in the column graph in Fig. 1b.

Fibroblasts with no conditioned media (No CM) or
fibroblasts treated with vehicle control-conditioned media
(VC) exhibited very low levels of basal a-SMA expression,
shown as the percent of cells positive for a-SMA expres-
sion at 3.2% and 2.6%, respectively. LPS and TGF-p1 are
known to induce a-SMA expression in vivo and in cultured
fibroblasts rapidly with high potency and, therefore, were
used as positive controls for induced expression of a-SMA.
As expected, LPS or TGF-f1-conditioned media stimulated
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Fig. 1 Conditioned media from macrophages treated with fibrogenic
agents induces myofibroblast differentiation and proliferation. a A
schematic outline of the experimental setup for conditioned media
assays. J774A.1 macrophages were treated with 2 pg/mL LPS, 5 ng/
mL TGF-B1, or 2.5 pg/mL particulate inducers (CNTs, CB, or silica).
No conditioned media (no CM) and treatment with vehicle only (VC)
were used as controls. After 24 h, cells were stimulated with 5 mM
ATP for 1 h and the conditioned media was collected and applied to
WI38-VA13 pulmonary fibroblasts. Fibroblasts were then examined
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high levels of a-SMA expression, reaching 88.2% and 90%
of treated cells, respectively. Fibroblasts incubated with con-
ditioned media from macrophages exposed to CNTs had a
majority of the cells expressing a-SMA. Among the sam-
ples, 87.5% of fibroblasts incubated with M-LS-conditioned
media expressed a-SMA, which was significantly higher
than fibroblasts incubated with M-IM or M-SS-conditioned
media (73.4% and 78%, respectively). Cells incubated with
M-SR-conditioned media had 86.1% of the cells express-
ing a-SMA and there was no significant difference between
M-LS and M-SR sample groups, indicating similar potencies
of M-SR and M-LS for a-SMA induction in this media trans-
fer model. The SWCNTs-conditioned media also induced
high percentages of a-SMA expressing in fibroblasts, with
S-L inducing 72% and S-S inducing 67.7% of the cells to
express this protein. However, these inductive activities of
SWCNTSs were significantly lower than that of M-LS. There-
fore, M-LS, which has the largest aspect ratio, and M-SR,
which has the smallest aspect ratio, had the highest inductive
activities for e-SMA expression among the CNTs tested.
CB is an amorphous, carbonaceous, nano-sized particle
material and is an example of low solubility low toxicity par-
ticles that cause pulmonary fibrosis in rodents only at a high
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Microscopic
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Flow Cytometry

Fibroblasts Analysis

C

Percent Cells in G2/M Phase

for a-SMA expression (b) or proliferation using cell cycle analysis as
an indicator (c). Conditioned media from macrophages treated with
fibrogenic inducers significantly increased a-SMA expression across
all treatments over controls (no CM or VC). For cell cycle analysis,
all fibrogenic inducers induced significant increase of percent cells in
the G2/M phase, except CB, compared with no CM or VC. Statisti-
cal comparison between M-LS and each other particulate inducer is
shown. *p < 0.05; **p < 0.01; ***p < 0.001
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dose. CB induced a-SMA expression in 27.8% of the treated
cells, which is significantly higher than No CM or VC, but
is substantially lower than those of CNT samples, consistent
with its low fibrogenic activity in vivo. On the other hand,
crystalline silica induced the expression of a-SMA in 86.9%
of treated cells, which is comparable to those by M-LS and
M-SR, and is consistent with silica being a potent fibrotic
inducer in human and animal lungs.

The mitogenic effects of the CNTs and silica were exam-
ined as increased cell proliferation, indicated as elevated
relative fractions of cells in the G2/M stage of the cell
cycle, i.e., fractions of cells currently undergoing cell divi-
sion (Fig. 1c). Cell proliferation was analyzed using flow
cytometry, staining cells with Hoescht 3342 dye that binds to
DNA. Fibroblasts incubated with No CM or VC-conditioned
media had 4.4% and 4.7% of cells in the G2/M phase divi-
sion as basal levels of cell division, respectively. Incubation
with LPS or TGF-B1 increased the cells in the G2/M phase
to 9.1% and 8.7%, respectively, indicating the cells were
undergoing cell division at a greater rate than No CM or VC
fibroblasts. Particulate inducers increased the percentage of
cells in the G2/M phase of the cell cycle as the following:
M-LS to 12.9%; M-IM to 7.8%; M-SS to 10.3%; M-SR to
11.2%; S-L to 7.9%; S-S to 7.2%; CB to 6.6%; and Silica
to 10.1%. As with the a-SMA expression data presented
above, M-LS had the largest effect among all inducers. This
effect was significantly higher than M-IM, S-L, and S-S. The
mitogenic effects of M-LS, M-SR, and silica were similar
to each other without statistical significance. Because LPS,
TGF-p1, and M-LS induced a-SMA expression at similar
levels (Fig. 1b), but LPS and TGF-B1 increased cell divi-
sion at levels that are nearly 40% lower than M-LS (Fig. 1c),
these inducers exhibit differential activities on myofibroblast
differentiation and proliferation.

A hallmark of myofibroblast differentiation and activation
is the incorporation of the newly synthesized a-SMA into
contractile stress fibers, which strengthens contraction by
myofibroblasts. This feature is unique to activated myofi-
broblasts and can be examined morphologically by confo-
cal microscopy. Fibroblasts incubated with macrophage-
conditioned media were fixed and stained for a-SMA and
F-actin to determine if the treatment induced an increase
in the appearance of contractile stress fibers as well as the
incorporation of a-SMA into such fibers (Fig. 2a). The rela-
tive expression of a-SMA was quantified as fluorescence
intensity (RFU) (Fig. 2b). Fibroblasts incubated with con-
ditioned media from VC-treated macrophages expressed
nearly no detectable level of a-SMA. Fibroblasts incubated
with LPS-conditioned media, however, showed a marked
increase in the formation of thick, bundled actin fibers
consistent with contractile stress fibers, indicated by white
arrowhead in the F-actin channel, and these stress fibers con-
tained a-SMA, indicated by cyan arrowhead in the merged
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Fig.2 Macrophage-conditioned media activates fibroblasts to a contrac-
tile myofibroblast phenotype. J774A.1 macrophages were treated and their
conditioned media harvested as described in Fig. 1 legend. Fibroblasts
were then grown in macrophage-conditioned media for 24 h before being
stained for a-SMA (green channel), F-actin (red channel), and DAPI (blue
channel). a Representative images are shown. White arrowheads on the
F-actin channel indicate areas containing contractile stress fibers and cyan
arrows on the merged images indicate a-SMA localized to stress fibers. b
a-SMA staining is presented in RFU as means + SD from three separate
experiments. Statistical comparison between M-LS and each other partic-
ulate inducer is shown. *p < 0.05; **p < 0.01; ***p < 0.001
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channel. TGF-p1-treated conditioned media also increased
the expression and incorporation of a-SMA into stress fib-
ers, though not to the same extent as LPS. For particulate
fibrotic inducers, results were qualitatively similar to those
obtained using flow cytometry. While all particulate induc-
ers increased a-SMA expression and its incorporation into
stress fibers to some extent, the M-LS treatment had the
largest effect, followed by M-SR, M-SS, M-IM, and finally
SWCNTs. Silica induced a high level of a-SMA expression
and formation of stress fibers, similarly to M-SR, whereas
CB had only a very weak, albeit significantly higher than
VC, effect.

Taken together, these results indicate that treatment with
fibrogenic particulate agents stimulate macrophages to pro-
duce soluble factors that activate fibroblasts to differentiate
into myofibroblasts. Given that macrophage activation and
secretion in this in vitro model mimics the early response
of macrophages to inflammatory and fibrogenic inducers
in the lung, this finding suggests a potentially important
mechanism for the initiation of pulmonary fibrosis. Among
the particulate inducers, the M-LS CNTs with a long length
and large aspect ratio, M-SR CNTs with a large diameter
and small aspect ratio, and crystalline silica in the respir-
able particle size range exhibited consistently high levels of
inducing activities compared with M-IM, M-SS, S-L, and
S-S CNTs, whereas the amorphous carbonaceous CB nano-
particles produced the smallest effects above the low basal
levels, for myofibroblast transformation and proliferation, in
this conditioned media transfer system.

CNTs and silica stimulate macrophages to produce
and secrete IL-1p that induce myofibroblast
transformation

Macrophages secrete a host of growth factors, cytokines,
and chemokines in response to treatment with CNTs (He
et al. 2011). Among the soluble factors released from mac-
rophages, TGF-B1 is believed, in conjunction with Th2
cell-produced IL-13 and/or Th17 cell-produced IL-17, to
play an important role in promoting fibrotic responses, in
particular, during the fibrotic progression to chronic pulmo-
nary fibrosis. On the other hand, cytokines that are acutely
produced by activated macrophages may provide an initial
signal to stimulate the acute phase fibrotic response in the
lung in an exposure, time, and context-dependent manner.
This macrophage-guided fibroblast response co-occurs
with acute inflammation to lead to the formation of inflam-
matory and fibrotic foci characteristic of the early stage
pathology induced by fibrogenic particulates (Dong and
Ma 2018b; Gieseck et al. 2017). Among the early inflam-
matory cytokines released by macrophages, IL-1p has been
shown to exhibit certain fibrogenic activities, albeit its role
in particulate-induced lung fibrosis remains a subject of

considerable debate. Therefore, we examined IL-1f for fur-
ther study in an effort to identify a soluble factor(s) respon-
sible for macrophage-guided myofibroblast transformation
using the conditioned media transfer model.

We first examined the induced production and secretion
of active IL-1p protein from macrophages stimulated by
CNTs and silica using an ELISA assay. As expected, LPS
or TGF-B1-treated cells secreted IL-1f at high levels, i.e.,
365 ng/mL and 310 ng/mL, respectively, which are 5.8- and
4.9-fold higher than VC (63 ng/mL), demonstrating a robust
and specific induction of IL-1p by the inducers (Fig. 3a).
M-LS-treated cells secreted IL-1p at 381 ng/mL, comparable
to LPS-treated cells and significantly greater than all other
particulate inducer-treated cells. Cells treated with M-IM
secreted IL-1p at 310 ng/mL, with M-SS at 230 ng/mL, and
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Fig. 3 Macrophages respond to CNT treatment with elevated levels
of secreted IL-1p and its mRNA expression. J774A.1 macrophages
were treated as described for Fig. 1. After ATP stimulation, the con-
ditioned media and cells were harvested for a ELISA or b RT-PCR
to analyze levels of secreted IL-1p and its mRNA expression,
respectively. Treatment with fibrogenic agents or LPS significantly
increased the secreted IL-1P level and the IL-1f mRNA expression
across all agents. **p < 0.01; ***p < 0.001
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with M-SR at 338 ng/mL. The difference between M-SS
and M-SR was significantly different. SWCNT-treated cells
secreted comparable levels of IL-1p, with S-L cells secreting
at 270 ng/mL and S-S cells secreting at 277 ng/mL. Finally,
CB-treated cells secreted IL-1p at 127 ng/mL, which is the
lowest among CNTs but is significantly higher than VC
with a 2.0-fold increase, consistent with its effect as a weak
inducer of fibrosis in vivo. Silica-treated cells secreted IL-1f
at 274 ng/mL with a 4.4-fold increase over VC, comparable
to the increases by most CNTs.

We also examined if the mRNA expression of IL-1p
was increased by particulate inducers using quantitative
real-time PCR (Fig. 3b). LPS induced a 6.1-fold increase
in IL-1p mRNA level in comparison with VC. Cells treated
with TGF-f1 had a 2.9-fold increase in mRNA levels, which
was markedly lower than that by LPS, revealing differen-
tial inductive effects on IL-1 mRNA expression between
LPS and TGF-B1. CNT-treated macrophages expressed
varied amounts of IL-1f mRNA levels, indicating differ-
ences in their potency to increase the expression and/or
stability of IL-1p mRNA. Cells treated with M-LS had a
5.1-fold increase, a significantly higher change in mRNA
than cells treated with M-IM (3.25-fold increase). The dif-
ference between M-LS and the other two MWCNT samples,
M-SS (4.45-fold increase) and M-SR (4.8-fold increase) was
not statistically significant. SWCNTs also induced IL-1f
mRNA to high levels with S-L inducing a 4.3-fold increase
and S-S inducing a 3.7-fold increase. Finally, CB induced a
1.5-fold increase, which was not statistically different from
VC. Silica induced a 3.97-fold increase similarly to most
MWCNTs and SWCNTs. These results indicate CNT fib-
ers and silica particles induce IL-1p mRNA to high levels,
which likely contributes to increased levels of IL-1p protein
by the inducers.

We then tested if IL-1f induces a-SMA expression when
added to the culture media. Figure 4 shows the effect of
varying amounts of IL-1f on the morphology and a-SMA
expression of fibroblasts. As a positive control, TGF-§1
was shown to induce significant changes in the morphology
(Fig. 4a), the percent of a-SMA-positive cells measured by
flow cytometry (Fig. 4b), and the relative amount of a-SMA
measured by fluorescence intensity (Fig. 4c), compared to
VC. IL-1p induced a significant increase in a-SMA expres-
sion and its incorporation into stress fibers in a concentra-
tion-dependent manner, in a concentration range from 2.5
to 20 ng/mL (Fig. 4a). As measured by flow cytometry, the
lowest dose of IL-1f (2.5 ng/mL) induced a-SMA expres-
sion in 43.5% of cells, which increased to 62.1%, 85%, and
90% upon increasing concentrations of IL-1p to 5, 10, and
20 ng/mL, respectively (Fig. 4b). Increased expression of
a-SMA was also observed to be concentration-dependent,
when the relative fluorescence intensity of a-SMA was
measured (Fig. 4c). Additionally, IL-1f increased cell
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proliferation in a concentration-responsive fashion. VC-
treated cells had 4.4% in the G2/M phase fraction, which
increased to 12.5% of cells in the most responsive IL-1f
dose (10 ng/mL). Collectively, the results indicate that IL-1
is induced by CNTs and silica at both protein and mRNA
levels and is capable of stimulating myofibroblast differen-
tiation and proliferation directly.

To establish a role of IL-1f in the observed macrophage-
guided myofibroblast transformation, we used an antibody
against IL-1p to neutralize this cytokine in the conditioned
media from macrophages treated with fibrotic inducers.
Indeed, conditioned media incubated with the neutralizing
antibody had a significantly lower ability to induce fibro-
blast activation measured by flow cytometry (Fig. 4e) with
a reduction of about 50% or more for most CNTs. Interest-
ingly, while the anti-IL-1p antibody blocked the induction
by silica by 60%, it did not affect the induced expression
of a-SMA by CB. The blocking antibody also reduced
fibroblast proliferation (Fig. 4f), but with a smaller effect
compared with induction of a-SMA expression (compare
Fig. 4e, f). These results indicate that IL-1p indeed plays a
major role in the induced macrophage effects on fibroblasts
in this conditioned media transfer model.

CNTs and silica stimulate NLRP3 inflammasome
activation in macrophages to increase IL-1$
production

IL-1p is expressed as inactive pro-IL-1f in cells and is
secreted as the active IL-1p after cleavage by caspase-1.
This maturation and secretion of IL-1f is dependent upon
the activation of the NLRP3 inflammasome in the cyto-
plasm (Guo et al. 2015). Therefore, we examined the effect
of CNTs and silica on NLRP3 inflammasome activation in
macrophages.

An early step in NLRP3 inflammasome activation is the
association of NLRP3 and ASC, which triggers the oli-
gomerization of the proteins to form a single, speck-like,
cytoplasmic, multi-protein complex. We first determined if
the treatment induced an increase in the amount of ASC
speck formation. Un-activated ASC is expressed in a dif-
fuse cytosolic pattern in cells. Upon activation, ASC binds
NLRP3 and coalesces into the NLRP3 inflammasome, form-
ing as a small but very intensely fluorescent cytoplasmic
“speck” after anti-ASC immunofluorescence staining. By
analyzing the change in the fluorescent peak width versus
peak area, cells containing an ASC speck can be identified
by flow cytometry, as such cells would exhibit a strong, but
narrow, fluorescent peak (Sester et al. 2016). The results for
ASC speck formation analyzed using flow cytometry are pre-
sented in Fig. 5a. Cells treated with VC had merely 1.9% of
cells positive for speck formation, indicating a very low level
of NLRP3 inflammasome activation under a basal condition
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Fig.4 IL-1p induced myofibroblast differentiation and proliferation.
a Fibroblasts were treated with TGF-f1 (5 ng/mL), or increasing
amounts of IL-1p for 24 h before being examined for a-SMA incor-
poration into stress fibers, b, ¢ expression levels, and d proliferation.

in macrophages. LPS-treated cells were 33.1% positive for
speck formation with a 17.4-fold increase, while TGF-f1-
treated cells were 30.2% positive with a 15.9-fold increase
over VC. The ability to detect a significant increase in cells
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e, f Cells were treated with indicated fibrotic inducers as well as an
IL-1P neutralizing antibody and examined for a-SMA expression
and cell cycle analysis. Statistical comparisons with VC and between
M-LS and each other particulate inducer are discussed in the text

with positive speck formation upon stimulation with the pos-
itive controls for macrophage activation indicates that this
method is sensitive and robust. We then expanded to include
treatment with the particulate fibrotic agents. Macrophages
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Fig.5 Fibrotic inducers activate the NLRP3 inflammasome. a Mac-
rophages were treated with LPS, TGF-p1, and particulate inducers as
indicated. After 24-h treatment, cells were stimulated with ATP and
the formation of ASC-containing specks was investigated using flow
cytometry. The percentage of cells positive for ASC speck formation
was quantified by flow cytometry. b Macrophages were treated with
vehicle control, 2 pg/mL LPS, 5 ng/mL TGF-f1, or 2.5 pg/mL M-LS
or M-SR. After 24 h treatment, cells were stimulated with vehicle
control (lanes 1-4) or 1 pM MCC-950 (lanes 5-8), an inflamma-
some inhibitor, for 1 h followed by ATP stimulation. Cells were then
harvested, and co-immunoprecipitation studies completed, using an
antibody against ASC. Samples, including immunoprecipitated and
total cell lysate, were analyzed using western blot analysis and probed

treated with M-LS, M-IM, M-SS, or M-SR had 38%, 23%,
23.5%, and 32.6% cells positive for speck formation, respec-
tively. SWCNT-treated samples had a significantly smaller
percentage of cells form ASC specks at 16.5% (S-L) and
12.9% (S-S) that are significantly higher than VC. While CB
induced a 3.9-fold increase, silica induced a 15-fold increase
over VC. Therefore, LPS, TGF-f1, M-LS, M-SR, and silica
induced inflammasome speck formation to similar high lev-
els. The relative differences among different inducers are
consistent with their ability to induce IL-1f secretion, as
compared with Fig. 3.

To further validate the induced NLRPS-ASC associa-
tion, we performed co-immunoprecipitation studies on mac-
rophages treated with selected agents. Cells were treated
with vehicle control, LPS, and M-LS or M-SR, the two most
potent fibrotic inducers among the panel of CNTs used in
this study, and investigated using co-immunoprecipitation
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for either NLRP3 (MW 118 kD) or ASC (MW 25 kD), with $-actin
(MW 37 kD) as a loading control. All treatment groups induced
NLRP3/ASC co-immunoprecipitation, which was blocked by MCC-
950 treatment. ¢ After stimulation with fibrotic agents, cells were har-
vested and analyzed for caspase-1 activity using a colorimetric assay.
All inducers significantly increased caspase-1 activity over VC. d
J774A.1 cells were treated as described for Fig. 1. After stimulation,
cells were harvested in the RIPA buffer and equal amounts of proteins
loaded for western blot analysis of caspase-1. All inducers stimulated
expression of pro-caspase-1 (MW 50 kDa), and had varied effects on
the amount of cleaved caspase-1 product (MW 20 kDa). B-actin was
used as a loading control. **p < 0.01; ***p < 0.001

with the initial immunoprecipitation performed using an
antibody against ASC (Fig. 5b). Treatment with all induc-
ers increased the association of ASC with NLRP3 compared
to vehicle control treatment (lanes 14, top band). The input
panels show that equal amounts of inflammasome com-
ponents and total protein were probed, indicating that the
increase in NLRP3-ASC co-immunoprecipitation was not
simply due to an increase in the amount of these proteins
in the cells.

Activated ASC associates with pro-caspase-1 lead-
ing to its cleavage and the release of activated caspase-1,
which cleaves pro-IL1p to IL-1p before IL-1p secretion. We
measured caspase-1 activity (Fig. 5¢) and the formation of
cleaved caspase-1 (Fig. 5d). LPS-treated cells exhibited a
6.1-fold higher caspase activity than VC. TGF-p1-treated
cells had a 5.8-fold higher activity than VC. Of the parti-
cle inducers, M-LS and M-SR had the largest increase in
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caspase activities, i.e., 6.7 and sevenfold higher than that
of VC and greater than the caspase activity seen in the
other two MWCNT samples, M-IM (5.1-fold) and M-SS
(6.3-fold), though only the difference between M-IM and
M-LS/M-SR reached statistical significance. S-L or S-S-
treated cells exhibited significantly higher activities than
VC, at 5.6- and 5.3-fold, respectively, which are nonetheless
significantly lower than MWCNT treatments. Finally, CB
exhibited the lowest increase in caspase activity (4.3-fold),
while silica increased activity to levels comparable to those
seen in M-SS treated cells (6.3-fold). These increases quali-
tatively correlate with the formation of cleaved caspase-1
(MW 20 kDa) from pre-caspase-1 (MW 45 kDa) revealed by
immunoblotting (Fig. 5d). These results indicate that treat-
ment with particulate inducers of fibrosis activates NLRP3
inflammasome, as indicated by NLRP3-ASC association,
ASC speck formation, and caspase-1 activation.

Having established that CNT treatment activates the
NLRP3 inflammasome, we sought to determine how inhi-
bition of the inflammasome would affect inflammasome acti-
vation, IL-1 production, and myofibroblast transformation.
We chose to use MCC-950, a small molecule that inhib-
its inflammasome activation by blocking the association
between NLRP3 and ASC, thereby inhibiting inflammasome
activation, caspase-1 activity, and IL-1f secretion (Coll et al.
2015). We first confirmed that MCC-950 prevents the bind-
ing between NLRP3 and ASC by showing that, while LPS,
M-LS, and M-SR induced strong co-immunoprecipitation
between NLRP3 and ASC, these treatments did not induce
detectable co-immunoprecipitation between the two proteins
in the presence of MCC950 (Fig. 5b, top band, compare
lanes 5-8 with lanes 1-4).

Macrophages treated with fibrotic agents with or without
MCC-950 were then examined for the formation of ASC
speck, caspase-1 activity, and IL-1p secretion (Fig. 6a—c).
For all treatments, MCC-950 decreased the formation of
ASC speck by 40-55% (Fig. 6a). Cells treated with MCC-
950 also showed a significant decrease in caspase-1 activity,
with an average fall of about 30%. The difference between
caspase-1 activity levels in uninhibited and MCC-950 treated
samples was statistically significant across all groups, except
the VC group (Fig. 6b). Similarly to the ASC speck forma-
tion and caspase activity levels, IL-1f levels were signifi-
cantly decreased upon MCC-950 treatment across treatment
groups, with a 50-70% decrease for the inducers. These
results indicate that MCC-950 treatment largely reduced
NLRP3 inflammasome activation and IL-1f secretion.

We determined the functional consequence of inhibition
of the NLRP3 inflammasome by MCC-950 using myofibro-
blast transformation in the conditioned media transfer model
as an end point. Macrophages were treated with fibrotic
agents, followed by MCC-950 treatment, before the condi-
tioned media was collected and applied to fibroblasts. The

fibroblasts were then examined for a-SMA expression and
cell proliferation (Fig. 6d—f). Inflammasome inhibition with
MCC-950 significantly reduced the expression a-SMA in all
treatment groups except for CB, as measured by both flow
cytometry (Fig. 6d) and immunofluorescent microscopy
(Fig. 6e). Across all fibrotic agent treatment groups, except-
ing CB, there was a 50-72% decrease in the number of cells
positive for a-SMA expression, and the cells that expressed
a-SMA had significantly less a-SMA fluorescence intensity
in the presence of MCC-950 than treatment groups without
MCC-950. MCC-950 co-treatment also decreased the per-
cent cells in G2/M phase, although this effect on cell cycle
was not as pronounced as those observed for «-SMA expres-
sion, for the majority of treatment groups (Fig. 6f). For con-
ditioned media from MCC-950 treated cells, all treatment
groups had a significantly reduced fraction of cells in the
G2/M phase of division (Fig. 6f), with decreases from 32%
(VO) to 50% (M-SS, M-SR, Silica). Taken together, these
results indicate that NLRP3 inflammasome activation is
an important mechanism by which CNTs and silica elicit
macrophage-guided fibroblast activation and proliferation
via the production and secretion of IL-1p.

ROS are driving signals for CNT and silica-induced
NLRP3 inflammasome activation in macrophages

The mechanism by which various inducers activate NLRP3
remains largely unclear. In particular, the initial signals elic-
ited by the inducers and upstream of NLRP3-ASC interac-
tion have not been established, which are likely to be inducer
and cell context-dependent. One leading candidate is ROS,
which have been shown to be increased in activated mac-
rophages in response to a variety of inflammasome agonists
(de Zoete et al. 2014; He et al. 2011). Therefore, we investi-
gated if CNTs and silica induce NLRP3 activation by stimu-
lating ROS production.

We first examined and quantified the effect of various
CNTs and silica on ROS levels in macrophages, using the
fluorescent marker DHE, which fluoresces in the red spec-
trum in the presence of ROS (Fig. 7). As can be readily seen,
treatment with the fibrotic inducers caused a drastic increase
in the ROS levels within macrophages. The relative fluores-
cent intensity of VC-treated cells was 0.5, compared with
9.5 and 13.7 for LPS and TGF-f1, i.e., 19- and 27.4-fold
increases, respectively. Treatment with MWCNTSs caused
an even greater increase in the ROS levels. M-LS had the
greatest effect, increasing the DHE fluorescent intensity to
23.7 with a 47.4-fold increase over VC. As with the other
assays performed here, M-SR had the next greatest effect
on the cells, increasing fluorescent intensity to 19.1 with a
38.2-fold increase. This was followed by M-IM at 16.6 (a
33.2-fold increase) and M-SS at 14.9 (a 29.8-fold increase).
SWCNTs had the least effect of all of the CNTs studied,
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Fig. 6 Inhibition of the NLRP3 A
inflammasome blocks the
effects of macrophage-condi-
tioned media on fibroblasts.
J774A.1 macrophages were
treated with fibrogenic inducers
as described for Fig. 1, and
inhibition was achieved with 1
pM MCC-950. Macrophages
were examined for ASC speck
formation (a) caspase-1 activity
(b) and IL-1 protein secretion
(c). Inhibition of inflamma-
some activation significantly
reduced ASC speck forma-

tion (a), caspase-1 activity

(b), and IL-1p secretion (c).
Conditioned media from treated
macrophages was applied to 500+
fibroblasts, and the proliferative
and activation effects exam-
ined. Inhibition with MCC-950
significantly reduced a-SMA
expression (d, e) and prolif-
eration (f) in treated fibroblasts
across all treatment groups,
compared with VC, as discussed
in the text
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with both S-L and S-S increasing DHE fluorescence to 12,
a 24-fold increase over VC. Carbon black and silica, which
are weak and potent fibrotic inducers, respectively, increased
DHE fluorescence to 3 and 16, i.e., 6 and 32-fold increases,
accordingly. These results are qualitatively consistent with
the results presented above on NLRP3 activation, caspase- 1
activity, and IL-1f release.

To examine if the increased ROS levels observed with
these fibrogenic agents are involved in the activation of the
NLRP3 inflammasome, we used the ROS scavenger NAC.
Cells were treated with fibrotic inducers in the absence
or presence of NAC, and the effect of NAC co-treatment
was determined. We first examined if NAC reduces the

@ Springer

production and secretion of IL-1p protein into the medium
from macrophages (Fig. 8a). As expected, all inducers ele-
vated IL-1p levels in the medium compared with VC, but
co-treatment with NAC significantly reduced the IL-1f
levels in all inducer-treated samples. The decrease in
IL-1p secretion ranged from 42% for LPS samples to 76%
for M-LS and silica samples, with > 60% inhibition for
most samples. It has been shown that ROS also interacts
with other signaling pathways, such as NF-«xB, to regulate
the expression of IL-1 (Dinarello 2009). Therefore, NAC
may modulate the induction of IL-1 mRNA expression
by the inducers. Indeed, cells treated with NAC and fibro-
genic inducers had lower IL-1p transcript levels than cells
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Fig.7 Treatment with fibrotic inducers causes an increase in ROS
levels. Macrophages were treated with fibrogenic inducers and stim-
ulated with ATP as described for Fig. 5. Cells were then fixed and
stained using the fluorescent indicator DHE to determine the relative
levels of ROS. The relative fluorescent intensity of DHE was quanti-
fied. All fibrotic inducers induced a significant increase in ROS levels
in macrophages. **p < 0.01; ***p < 0.001

treated with inducers alone, a reduction which reached
statistical significance for all treatments except LPS and
CB (Fig. 8b). However, the decrease in IL-13 mRNA lev-
els is much less than the decrease in IL-1p protein levels,
indicating that NAC may have a bigger inhibition effect
on IL-1f protein production and secretion than on IL-1f
mRNA expression. In accordance with this, cells treated
with NAC showed a significant decrease in NLRP3 activa-
tion as measured by ASC speck formation and caspase-1
activity. Therefore, cells co-treated with NAC and induc-
ers had a larger decrease in the formation of ASC specks
than cells treated with fibrotic inducers alone (Fig. 8c)
with a 50-60% decrease across all treatments. NAC co-
treatment also caused a significant decrease in caspase-1
activity levels with inhibition ranging from 55 to 72% for
inducer treatments (Fig. 8d). Finally, conditioned media
from macrophages treated with both NAC and fibrotic
inducers had a significantly blunted effect on fibroblast
a-SMA expression and proliferation (Fig. 8e—g), resulting
in a 50% or greater reduction in a-SMA expression and
staining intensity, and a 30% reduction in the fraction of
cells in the G2/M phase, except for CB-treated samples,
where the reduction in the percentage of cells in the G2/M
phase did not reach statistical significance. Taken together,
these results suggest that NLRP3 inflammasome activa-
tion by CNTs and silica is ROS-dependent and this ROS-
dependent inflammasome activation and subsequent IL-1f
release plays a major role in macrophage-guided profi-
brotic changes for fibroblast activation and proliferation.

Discussion

Pulmonary exposure to some respirable particulates causes
fibrosis in the lung characterized by the overgrowth of a
collagenous matrix and scarring of lung tissues, which, to
a large extent, results from the persistent activation and
functioning of myofibroblasts (Dong and Ma 2016b). In
these scenarios, myofibroblasts are seemingly continu-
ously differentiated from fibroblasts (and several other
types of cells) and have a longer life span than myofibro-
blasts found in normal wound healing (Hinz et al. 2012).
Presumably, multiple signals induced by fibrogenic stimuli
elicit and fuel fibroblast differentiation to myofibroblasts
in response to a persistent or recurrent fibrogenic stimulus,
such as injury, infection, and deposition of foreign bodies,
in an inducer, time, and context-dependent manner (Duf-
field et al. 2013; Wynn and Ramalingam 2012). Identify-
ing such signals and delineating their signaling pathways
are highly challenging because of the complexity and the
dynamic nature of the interactions among inducers, cells
involved, and the matrix that propel fibrosis development.
In the current study, we used a conditioned media trans-
fer system to analyze macrophage-guided myofibroblast
transformation through secreted factors. In this regard, our
study identifies IL-1p as a major mediator that is produced
by macrophages exposed to CNTs or silica and stimulates
myofibroblast differentiation and activation through media
transfer. Moreover, CNTs and silica were shown to elicit
robust activation of the NLRP3 inflammasome, which is
responsible for the elevated production and secretion of
IL-1p. This increase in NLRP3 activation and IL1f secre-
tion is largely diminished by co-treatment with the ROS
scavenger NAC in macrophages. These findings support
a model in which the ROS-NLRP3 inflammasome-IL-1f
axis functions as a predominant pathway to mediate mac-
rophage-initiated fibroblast activation, which may underlie
the early phase fibrotic response to particulate deposition
in the lung (Fig. 9). Several issues warrant further discus-
sion with respect to the fibrogenic activity and mechanism
of action of CNTs and silica.

First of all, this conditioned media transfer approach
allows the study of macrophage-fibroblast interactions
through secreted cytokines directly, which is fitting for
identification of macrophage-generated factors that reg-
ulate fibroblast functions during fibrosis development.
Importantly, the macrophage responses examined in this
model, i.e., elevated IL-1p production, NLRP3 inflam-
masome activation, ROS production, and myofibroblast
transformation (an endpoint response), are robust in both
the magnitude of the increase and the percent of cells with
a positive response. This robustness enables us to ana-
lyze and compare the fibrogenic potentials of a battery of
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«Fig.8 The ROS scavenger NAC blocks NLRP3 activation in mac-
rophages. a, b Macrophages were treated with fibrogenic inducers
and 5 mM NAC as described under “Materials and methods”. After
24-h treatment, cells were stimulated with ATP and the cells and their
conditioned media harvested to measure the levels of secreted IL-1f
protein and IL-1 mRNA expression. ¢ The activation state of the
NLRP3 inflammasome in macrophages co-treated with fibrogenic
inducers and NAC was analyzed by ASC speck formation. d The cas-
pase-1 activity levels in macrophages treated with fibrogenic inducers
and NAC were analyzed. e—g The effects of conditioned media from
macrophages treated with fibrogenic inducers and NAC on fibroblasts
was examined. The addition of NAC significantly reduced the secre-
tion and mRNA expression of IL-1p (a, b), as well as the activation
of the inflammasome (¢, d) in macrophages, with exception of mRNA
levels in LPS and CB-treated cells, where the reduction did not reach
statistical significance. NAC treatment also significantly inhibited the
effect of macrophage-conditioned media on fibroblast a-SMA expres-
sion and proliferation (e—g), excepting TGF-p1 treated cells, where
the reduction in cell proliferation did not reach statistical significance

particulate inducers in relation to their physical proper-
ties effectively. Our findings support the notion that the
pulmonary fibrogenic potentials of CNTs through this
ROS-NLRP3 inflammasome-IL-1p axis correlate with the
increase in either the length or the diameter of CNTs. The
highest activities are those from CNTs with either a very
large or very small aspect ratio, i.e., CNTs having a long
and slender or a short and rigid shape. Similar conclusions
were made in studies that compare different MWCNTs
and their pulmonary and pleural effects in various systems
(Duke and Bonner 2018; Hamilton et al. 2013; Nagai et al.
2011), including the direct effects of CNTs and silica on
fibroblasts (Hindman and Ma 2018). On an equal weight
basis, MWCNTs induced higher levels of responses than
SWCNTs. While amorphous CB nanoparticles are inef-
fective in most of the assays, respirable crystalline silica
exhibited robust inductive activities that were comparable
to those of LPS, TGF-p1, and M-LS and M-SR MWCNTs,
which are consistent with the in vivo fibrogenic activities
of these inducers.

IL-1p is secreted by macrophages as an acute inflamma-
tory cytokine with multiple functions, including leukocyte
chemoattraction, cell proliferation and apoptosis, pyrogenic
effect, and inflammatory pain hypersensitivity. IL-1p is ele-
vated in many inflammatory and immune disorders. Thera-
peutics targeting IL-1p and its receptors are in clinical trial
for treating some of these diseases. On the other hand, stud-
ies on the role of IL-1f in organ fibrosis have yielded con-
troversial or conflicting results, with some studies showing
IL-1p as a potent inducer of fibrosis (Borthwick 2016; Gasse
et al. 2007; Liu et al. 2006; Vesey et al. 2002; Wynn and
Vannella 2016), and some indicating low or no observable
effect, or even anti-fibrotic activity of IL-1p with regard to
myofibroblast transformation and fibrosis (Mia et al. 2014).
These differences in the effect of IL-1p treatment on fibrotic
responses could be due to differences among different testing

systems, assays, and treatments (i.e., dose, time, and route of
exposure). Few studies have been conducted to examine the
role of IL-1p on fibrosis and myofibroblast functions induced
by particles and fibers directly. In this regard, several lines of
evidence obtained from this study support that IL-1 plays
a major role in macrophage-stimulated myofibroblast dif-
ferentiation and activation in this media transfer model of
fibrotic responses. First, IL-1f was highly induced by CNTs
and silica at both the protein and mRNA levels. Second,
purified IL-1p stimulated robust fibroblast differentiation
and proliferation in a concentration-dependent manner.
Third, inhibition of IL-1p signaling by an IL-1p-blocking
antibody greatly diminished the fibrogenic effects of CNTs
and silica. Fourth, co-treatment with other inhibitors, such as
MCC950 and NAC, which blocked the fibrogenic effects of
these inducers, abolished or strongly inhibited the increased
production of IL-1p from activated macrophages. This con-
clusion of IL-1p as a fibrogenic inducer is consistent with
the observation that IL-1 is highly induced during the early
acute response to CNTs and silica in the lung that manifests
prominent collagen deposition. Therefore, it is rational to
posit that macrophage-secreted IL-1p is a major driver of
the early phase fibrotic response to fibrogenic particulates,
whereas TGF-B1 and IL-13 may have more dominant roles
in the acute-to-chronic transition and chronic progression of
fibrosis in lungs exposed to particles and fibers as demon-
strated previously (Dong and Ma 2016a, 2018a, b; Gieseck
et al. 2017).

The production and secretion of IL-1p depends on the
activation of the NLRP3 inflammasome, which is a cytoplas-
mic multiprotein complex that orchestrates innate immune
responses to many and diverse stimuli through activation
of caspase-1 (Rathinam et al. 2012). Activated caspase-1
cleaves pro-IL-1p and pro-IL-18 to corresponding mature
cytokines before they are secreted from macrophages. Acti-
vation of the NLRP3 inflammasome requires at least two
signals (Jo et al. 2016). Signal 1 or the priming signal is
mediated by cytokines, such as TNF-a, or microbial ligands
recognized by toll-like receptor (TLR) in the case of micro-
bial infections, both of which activate the NF-xB pathway,
leading to the upregulation of pro-IL-1§ and NLRP3 gene
expression. Signal 2 is mediated by pathogen or damage-
associated molecular patterns (PAMPs or DAMPs, respec-
tively), which elicits the oligomerization and complex for-
mation of NLRP3, together with ASC and pro-caspase-1,
leading to the cleavage of pro-caspase-1 to functional
caspase-1. We have previously shown that MWCNTs acti-
vate the NF-kB pathway to increase the transcription of a
number of cytokines and chemokines, including TNFa,
IL-1p, IL-6, IL-10, and MCP1, in macrophages (He et al.
2011). Therefore, induction of IL-1p transcription serves
as a priming mechanism for NLRP3 inflammasome acti-
vation by CNTs. NLRP3 can be activated by a variety of
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Fig.9 Proposed mechanism of CNT induced NLRP3 inflamma-
some activation. Macrophages treated with fibrogenic inducers have
an increase in ROS levels within the cell, which activates NLRP3
to associate with ASC and form a large, multi-protein oligomer, or
“speck”. The close proximity of several copies of pro-caspase-1
within the speck leads to self-cleavage, which activates caspase-1.
Activated caspase-1 then cleaves pro-IL-1f to IL-1f, which can then

particulates, including silica, asbestos, cholesterol crystals,
and aluminum, and more recently, by nanomaterials such as
CNTs (Dostert et al. 2008; Hornung et al. 2008; Palomaki
et al. 2011; Yazdi et al. 2010). In this study, we showed a
robust activation of the NLRP3 inflammasome by CNTs and
silica, evidenced by cytoplasmic speck formation, induced
binding between NRLP3 and ACS, elevated caspase-1 activ-
ity, elevated level of secreted IL-1f, which correlate with the
fibrogenic potential of the inducers. These results indicate
that measuring NLRP3 inflammasome activation provides
a means of analyzing the relative effects of CNTSs in rela-
tion to their physical properties effectively, in addition to
generating mechanistic insights into the pathogenic effects
of particulates.

Although several hypotheses are available regarding
NLRP3 inflammasome activation, the initial events of
NLRP3 activation remain to be delineated for many, if not
all, NLRP3 agonists. This ambiguity is particularly true for
the signal 2 of NLRP3 activation by most agonists. Known
activators of NLRP3 include potassium flux, lysosomal dis-
ruption, calcium signaling, ER stress, and ROS. Notably,
increased production of ROS and oxidative stress appear
to be a common event that occurs early upon exposure and
is required for activation by some NLRP3 agonists (Abder-
razak et al. 2015; Elliott and Sutterwala 2015). As discussed
above, we have previously shown that MWCNTs activate the
NF-«xB pathway to up-regulate the transcription of cytokines
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be secreted from the macrophages. Also shown are the inhibitors used
in this study: NAC, which scavenges ROS within the cells and thus
prevents their effect on NLRP3; MCC-950, which blocks the associa-
tion of NLRP3 with ASC and thereby prevents speck formation and
caspase-1 activation; and IL-1f neutralizing antibody, which binds
to and sequesters the IL-1p released by macrophages and blocks its
effect on fibroblasts

including IL-1P and this effect correlates with increased
production of ROS (He et al. 2011). In this scenario, treat-
ment with MWCNTs caused substantial loss of the electric
potential across the inner membrane of the mitochondria,
leading to increased ROS production from damaged mito-
chondria. In this study, we found that CNTs and silica, as
well as LPS and TGF-f1, strongly stimulated ROS produc-
tion, whereas CB induced a minor, albeit significantly higher
than the basal level, increase in macrophages. Therefore,
elevation of ROS production by the inducers correlates with
their ability to activate NLRP3 and induce IL-1f. NAC is
a precursor of intracellular cysteine and glutathione. NAC
exhibits a strong anti- ROS activity either directly via the
redox potential of thiols, or secondarily through increasing
glutathione levels in the cells (Halasi et al. 2013; Jiao et al.
2016). Therefore, NAC is used to confirm the involvement
of ROS in pathological processes, such as drug-induced
apoptosis (Sun 2010). Co-treatment with the ROS scavenger
NAC blocked or significantly reduced the induction of IL-1f
protein and mRNA, the formation of the NLRP3-ASC speck,
and the macrophage-guided myofibroblast transformation.
These findings indicate that, not only is the increased ROS
production observed in all inducer-treated cells, but also it
may be required for both the signal 1 and the signal 2 of
NLRP3 inflammasome activation and downstream functions
elicited by all inducers tested in this study. Others have also
reported increased production of ROS and a potential role
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of ROS in NLRP3 activation by various particulates, such
as silica, asbestos, and certain nanomaterials, in different
experimental systems (Elliott and Sutterwala 2015; Sun
et al. 2015; Tschopp and Schroder 2010).

In conclusion, macrophage-guided myofibroblast trans-
formation through conditioned media was used to investigate
(a) the relative fibrogenic potentials of CNTs and silica in
relation to their physical properties, and (b) the major mac-
rophage-derived soluble factor and its signaling pathway that
mediate fibroblast activation and differentiation. CNTs of
varying dimensions and respirable crystalline silica, but not
nano-sized CB particles, stimulate robust increases in myofi-
broblast transformation through macrophage-conditioned
media. On an equal weight basis, MWCNTs induced higher
increases than SWCNTs. Among the MWCNTs tested, those
with the largest and the smallest aspect ratios exhibited the
highest activities, which were comparable to the activities
of LPS, TGF-B1, and silica, thus identifying the length,
diameter, and rigidity of CNTs as important parameters for
their fibrogenic potentials. The pleiotropic pro-inflammatory
cytokine IL-1f was found to be a major cytokine secreted by
activated macrophages to drive myofibroblast transformation
induced by the inducers through media transfer. Induction
of IL-1p requires the NLRP3 inflammasome that is robustly
activated by CNTs and silica. The results of this study sup-
port a critical role of ROS in NLRP3 activation, IL-1f
induction, and macrophage-guided myofibroblast transfor-
mation induced by CNTs and silica. In this capacity, ROS
may serve as an initial signal for NLRP3 inflammasome
activation upon exposure to CNTs and silica.
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