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Abstract Long fibers, such as asbestos and carbon nano-
tubes (CNTs), are more potent activators of inflamma-
tory and genotoxicity than short or tangled fibers. Fibrous
particles trigger interleukin (IL)-1B secretion and cause
inflammatory diseases through NLRP3 inflammasomes in
phagocytotic cells. However, the mechanism involved in
fibrous particle-induced inflammation has not been well
documented. In this study, we focused on GTPase effec-
tor Rho-kinases (ROCK1, and 2), which are known to
be involved in a wide range of cellular functions such as
adhesion, regulation of cytoskeleton, and phagocytosis.
We examined whether ROCKSs are associated with multi-
walled CNT (MWCNT)- or asbestos-induced IL-1p secre-
tion in human monocytic THP-1 cells using a selective
inhibitor and small interfering RNA. THP-1 cells were
differentiated to macrophages by PMA and were exposed
to MWCNTs, crocidolite asbestos or lipopolysaccha-
ride (LPS) in the presence or absence of Y27632 (ROCK
inhibitor) or Z-YVAD (caspase-1 inhibitor). Exposure of
the cells to MWCNTs or asbestos provoked IL-1f8 secre-
tion, but this secretion was suppressed by both Y27632
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and Z-YVAD, whereas LPS-induced IL-1f secretion was
inhibited only by Z-YVAD and not by Y27632. siRNA
designed for knockdown of both ROCK1 and ROCK2 sup-
pressed MWCNT- and asbestos-induced IL-1f secretion,
but did not change LPS-induced IL-1f secretion. Moreover,
Y27632 suppressed pro-IL-1f protein levels and the release
of activated-cathepsin B and activated-caspase-1 induced
by MWCNTs or asbestos. In contrast, LPS-induced pro-
IL-1P protein was not suppressed by Y27632. These results
suggest that ROCKs are involved in fibrous particle-
induced inflammasome responses in THP-1 cells.

Keywords Rho-kinase (ROCK) - Inflammasome -
Carbon nanotube - Asbestos - THP-1 cell

Introduction

Inhalation exposure to airborne pollutants is associated
with several adverse health effects. Exposure to asbestos
can result in pulmonary fibrosis, lung cancer, and mesothe-
lioma in humans (Delgermaa et al. 2011; Mossman et al.
2011). Interleukin (IL)-1f, a pro-inflammatory cytokine,
has been reported to be involved in the pathogenesis of
asbestos-induced mesothelioma (Dostert et al. 2008;
Shukla et al. 2009). Recently, it was reported that asbestos
increased IL-1P secretion through the NOD-like receptor
pyrin domain containing three (NLRP3) inflammasomes.
NLRP3 inflammasome activation has been reported to be a
key factor in the harmful health effects of particulate matter
(Dostert et al. 2008).

The NLRP3 inflammasome is a large multimolecu-
lar complex composed of NLRP3, the adaptor apoptosis-
associated speck-like protein containing a CARD domain
(ASC), and caspase-1. The NLRP3 inflammasome is
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activated by a wide range of signals including pathogen-
associated molecular patterns (PAMPs) and danger-asso-
ciated molecular patterns (DAMPs). Lipopolysaccharide
(LPS) and lipoteichoic acid (LTA), a component of the
outer membrane of bacteria, are known PAMPs (Freche
et al. 2007). Certain endogenous DAMPs such as ATP and
monosodium urate (MSU) crystal (Martinon et al. 2006),
silica (Dostert et al. 2008), and asbestos (Dostert et al. 2008
Li et al. 2012) are recognized as activators of the NLRP3
inflammasome.

Carbon nanotubes (CNTs) are one of the most promising
nanomaterials in many industrial and biomedical applica-
tions. With the increasing use of CNTs, considerable con-
cern has been raised in view of their environmental and
human health effects (Hirano et al. 2012; Meunier et al.
2012; Palomaki et al. 2011). Though CNTs offer unique
physiological properties, such as a nanoscale diameter,
high aspect ratio, and large surface area in comparison with
large particles, their fibrous shape suggests that they may
have toxic properties like asbestos (Nagai and Toyokuni
2010; Pacurari et al. 2010). Recent publications reported
that single-walled CNTs (SWCNTs) induced a strong
acute inflammatory reaction through the secretion of pro-
inflammatory cytokines in mice (Inoue et al. 2010; Shve-
dova et al. 2008). More recently, it has been reported that
double-walled CNTs (DWCNTs)- and needle-like CNT-
induced IL-1f secretion are linked to NLRP3 inflamma-
some activation in human monocytes, in a manner similar
to DAMPs such as asbestos and MSU (Dostert et al. 2008;
Meunier et al. 2012; Palomaki et al. 2011). Long CNTs and
asbestos activate the NLRP3 inflammasome through a sim-
ilar mechanism because of their similar needle-like shape
and physicochemical characteristics (Palomaki et al. 2011).
However, the underlying inflammatory mechanisms trig-
gered by fibrous materials remain to be elucidated.

It has been reported that phagocytosis of fibrous parti-
cles is required as an initial step for inflammasome acti-
vation (Meunier et al. 2012). Phagocytosis of fibrous par-
ticles leads to leakage of the lysosomal cysteine protease
and cathepsin B, into the cytoplasm, and is associated with
the activation of the NLRP3 inflammasome (Meunier et al.
2012). Activation of the NLRP3 inflammasome triggers
activated-caspase-1-dependent proteolytic processing of
immature pro-inflammatory cytokine IL-1 family mem-
bers, such as IL-1B and IL-18, and enhances the secretion
of mature pro-inflammatory cytokines (Qu et al. 2007). The
mature IL-1 is released from secretary lysosomes through
K" -dependent mechanisms (Kahlenberg and Dubyak 2004;
Perregaux and Gabel 1994) and promotes inflammatory
responses (Qu et al. 2007). Inflammasome-mediated secre-
tion of IL-1 cytokines is associated with the simultaneous
secretion of inflammasome components into the cell cul-
ture supernatant (Palomaki et al. 2011).
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Rho-kinases (ROCK1 and ROCK?2) are the effectors of
Rho GTPase and have a molecular mass of ~160 kDa (Ishi-
zaki et al. 1996; Leung et al. 1995). ROCKs are known to be
involved in a wide range of fundamental cellular functions,
such as adhesion, regulation of cytoskeleton, and phagocytosis
(Kanno et al. 2013; Olazabal et al. 2002; Shi and Wei 2007).
Activated ROCK1 induces myosin light chain (MLC) phos-
phorylation and cellular F-actin and activates the actin-myosin
contractile system (Coleman et al. 2001), whereas ROCK?2 is
required for myosin-2 dependent phagocytosis (Yoneda et al.
2005). Previous studies have suggested that cytoskeletal pro-
teins, such as tubulin and actin, are required in the production
of fibrous particle-induced IL-1f through the NLRP3 inflam-
masome (Meunier et al. 2012; Martinon et al. 2006; Misawa
et al. 2013). More recently, it has been reported that micro-
tubules mediate the assembly of the NLRP3 inflammasome
(Misawa et al. 2013). Rho/ROCK signaling has been reported
to be associated with the stability or active role of microtu-
bules (Takesono et al. 2010). Therefore, we considered that
ROCKSs possibly contribute to the fibrous particle-induced
NLRP3 inflammasome. However, the mechanism whereby
phagocytosed fibrous particles trigger IL-1f secretion through
the NLRP3 inflammasome is poorly understood.

In this study, we examined whether IL-1p secretion by
fibrous particles is inflammasome-dependent. We report
that Rho-kinases (ROCKSs) are associated with the NLRP3
inflammasome pathway in differentiated THP-1 cells using
a ROCKs inhibitor and siRNA of ROCKs.

Materials and methods
Chemicals

Y27632, cytochalasin D, LPS from Escherichia coli, and
phorbol myristate acetate (PMA) were purchased from
Sigma (St. Louis, MO, USA). Z-YVAD-fmk was pur-
chased from BioVision (Mountain View, CA, USA). A
human IL-1B/IL-1F2 Quantikine ELISA Kit was purchased
from R&D Systems (Minneapolis, MN, USA). Cytocha-
lasin D (1 mg/ml) and PMA (100 wM) stock solutions were
prepared in dimethyl sulfoxide (DMSO) and were used at
a final DMSO concentration of 0.1 %. Y-27632 (5 mM)
and LPS (1 mg/ml) stock solutions were prepared in phos-
phate-buffered saline (PBS, WAKO, Osaka, Japan). Lipo-
fectamine® RNAIMAX Reagent and AlamarBlue® were
purchased from Life Technologies (Carlsbad, CA, USA).
All chemicals were of analytical grade.

MWCNTs and asbestos

MWCNTs (XNRI WMVT-7, Lot# 05072001K28) were
obtained from Bussan Nanotech Research (Ibaraki, Japan).
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Crocidolite asbestos was obtained from UICC (Union
Internationale Contre le Cancer). The characteristics and
the preparation method for MWCNTs and UICC crocido-
lite suspensions have been described previously (Hirano
et al. 2008). The nominal physicochemical data for the
MWCNTs were as follows: average diameter, 67 nm; sur-
face area, 26 mZ/g; carbon purity, 99.79 wt%; iron impu-
rity, ca. 2,000 ppm; fiber length, not specified. UICC cro-
cidolite asbestos has been shown that average fiber length,
2.5 wm; average width, 0.33 pm (Kohyama et al. 1996),
reactive surface area measured by BET method, 8 m%/g
(Zalma et al. 1987). Both MWCNTs and crocidolite asbes-
tos were heat-treated at 250 °C for 2 h in an electric furnace
to remove any possible contamination endotoxins. MWC-
NTs were suspended in 10 % endotoxin-free Pluronic
F68 (Sigma). MWCNT suspension was added to the cul-
ture so that the final Pluronic F68 concentration was 1 %
in both the experimental and control wells. Asbestos was
suspended in PBS. MWCNTs and asbestos were ultrasoni-
cated in culture medium for 10 s immediately before use
in the experiments. Representative microscopic images of
MWCNTs and crocidolite asbestos added to the culture
medium are shown in Supplemental Fig. 1.

Cell culture

THP-1, a human monocyte cell line, was obtained from the
American Type Culture Collection (ATCC, Manassas, VA,
USA). THP-1 cells were cultured at 37 °C in a 5 % CO,
atmosphere in RPMI1640 medium (Life Technologies).
The culture media contained 10 % heat-inactivated fetal
bovine serum (FBS), 100 U/ml of penicillin, and 100 pg/
ml of streptomycin. For experiments, cells were plated in
six-well (for Western blot analyses) or 96-well (for analy-
ses by ELISA) plates and differentiated with 100 nM PMA
for 24 h. For priming, the cells were incubated with 10 ng/
ml LPS for the last 3 h of differentiation with PMA. The
cells were washed with Hanks’ balanced salt solution
(HBSS, Life Technologies) and used for the experiments.

Preparation of MSU crystals

MSU crystals were prepared according to McCarty et al.
(McCarty and Faires 1963; Sakamaki et al. 2008). Briefly,
to 336 mg of uric acid, 80 ml of distilled water and 0.08 g
of NaOH were added. After boiling to dissolve the uric
acid, the solution was allowed to cool at room tempera-
ture to 45 °C and was sterilized by filtration (Steriflip, Mil-
lipore, Hayward, CA, USA). The solution was stored at
25 °C to precipitate the MSU crystals.

The obtained MSU crystals were centrifuged and
washed with ethanol twice. After drying, the MSU crystals
were suspended in PBS as the stock solution (10 mg/ml).

The MSU crystal suspension was ultrasonicated (Biorup-
tor UCD-250, Cosmo Bio, Tokyo, Japan) for 0, 20, 60, or
120 s to create short length-MSUs. The length of the MSU
crystals without ultrasonication was about 100 pm and the
length following ultrasonication for 20, 60, or 120 s was
about 50, 10-20, and 5-15 pm, respectively (Supplemental
Fig. 3A).

Determination of IL-1p in culture supernatants

The differentiated THP-1 cells were washed with HBSS
and exposed to 2-10 pg/ml MWCNTs, 20-100 g/ml
asbestos, 1 mg/ml MSU crystal, or 0.1 wg/ml LPS in the
presence or absence of 10 uM Z-YVAD, 10 uM Y27632,
or 1 pg/ml cytochalasin D for 12 h. The concentration of
IL-1f in the culture supernatant was measured using an
IL-1p/IL-1F2 ELISA kit according to the manufacturer’s
instructions. These experiments were replicated three or
four times.

Isolation of proteins in cell culture supernatants

The differentiated THP-1 cells were exposed to 2—10 g/
ml MWCNTs, 100 pwg/ml asbestos, or 0.1 pg/ml LPS for
5 h in the presence or absence of 10 uM Y27632. The
cells were then washed with HBSS and cultured with Opti-
MEM® (Life Technologies) without FBS for 15 h. Proteins
in the cell supernatants were extracted by methanol/chloro-
form precipitation. The proteins in the cell culture superna-
tants were dissolved in PBS and were used for Western blot
analyses.

Western blot analysis

The differentiated and LPS-primed THP-1 cells were
washed with HBSS and exposed to 2-10 pg/ml MWCNTs,
100 pg/ml asbestos, or 0.1 wg/ml LPS in the presence or
absence of 10 wM Y27632 for 15 h. The cells were lysed
with RIPA buffer containing the protease inhibitor, PMSF,
and sodium orthovanadate (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). The whole lysate were ultrasoni-
cated for 1 min and was used for Western blotting. Protein
concentrations were determined using Bradford ULTRA®
reagent (Novexin, Cambridge, UK). Proteins in the whole
lysate or concentrated culture supernatant were resolved
using SDS-PAGE under reducing conditions, then elec-
troblotted onto a PVDF membrane. The membrane was
blocked with PVDF Blocking Reagent (TOYOBO, Osaka,
Japan) and probed with anti-cathepsin B (Santa Cruz Bio-
technology), anti-prolL-18 (Santa Cruz Biotechnology),
anti-caspase-1 (Cell Signaling Technology, Danvers, MA,
USA), anti-ROCK1, or anti-ROCK?2 (BD Biosciences),
followed by peroxidase (POD)-tagged anti-mouse IgG
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antibody (Santa Cruz Biotechnology). The immunoreac-
tions on the membrane were visualized using enhanced
chemiluminescence (ECL, GE Healthcare, Buckingham-
shire, UK). After probing with each antibody, the mem-
brane was incubated with stripping buffer (2 % SDS and
100 mM 2-mercaptoethanol in Tween-PBS) at 56 °C for
20 min to remove the antibodies, and re-probed with POD-
tagged anti-a-tubulin antibody (MBL, Nagoya, Japan).
These experiments were repeated three times.

To examine ROCK protein level changes according to
differentiation, the cells were plated into a six-well culture
dish and treated with or without 100 nM PMA for 24 h.
The cells were washed with HBSS and lysed as described
above. Each lysate was centrifuged at 10,000x g for 5 min
at 4 °C, and the supernatant was used for Western blot anal-
yses. The intensities of the bands were quantified using a
chemiluminescence densitometer (Lumino Imaging Ana-
lyzer, FAS-1100, TOYOBO, Osaka, Japan).

Quantitative measurements of uptake of MWCNTS or
asbestos by differentiated THP-1 cells

Cells were cultured with 100 nM PMA for 1 or 3 days
in six-well culture dishes. The differentiated THP-1 cells
were washed with HBSS and further cultured with or
without 10 pg/ml MWCNTs or 100 pg/ml asbestos in
the presence or absence of 10 uM Y-27632 for 12 h. The
concentration of cellular-associated MWCNTSs or asbes-
tos was evaluated according to a method described previ-
ously (Hirano et al. 2010). Briefly, the cells were washed
twice with HBSS and lysed with 0.2 M NaOH (0.4 ml).
Dimethyl sulfoxide (0.2 ml) was added to each well
and the lysate was pipetted thoroughly. A 250-pl sam-
ple was transferred to a 96-well culture dish, and the
0O.D. (640 nm) was measured with a spectrofluorometer
(POLARstar OPTIMA, BMG Labtech, Offenburg, Ger-
many) to quantify the amount of cell-associated MWCNTSs
or asbestos. Standard MWCNT and asbestos samples were
prepared similarly without the cells.

Cytotoxicity

Cells were plated at a concentration of 2 x 10* cells/well
into a 96-well culture dish and cultured with 100 nM PMA
for 24 h. The cells were washed with HBSS and cultured
with MWCNTs (0.1-100 g/ml) or asbestos (1-1,000 pg/
ml) in the presence or absence of 10 uM Y27632 for 16 h.
Cell viability was evaluated using AlamarBlue® according
to the manufacturer’s instructions. The fluorescence inten-
sity of the medium was measured with a spectrofluorom-
eter (POLARstar OPTIMA) using the excitation and emis-
sion wavelengths of 540 and 588 nm, respectively. The
experiments were replicated four times.
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ROCK1 or ROCK?2 knockdown with small interfering
RNA (siRNA)

Cells were cultured in the presence of 100 nM PMA for
24 h. The differentiated THP-1 cells were washed with
HBSS and transfected with three independent antisense
siRNAs of ROCK1 (S1-3) and ROCK2 (S4-6) (Life Tech-
nologies) or with control siRNA (Stealth RNAi Negative
Control Duplex®, Life Technologies) using Lipofectamine®
RNAIMAX Reagent according to the manufacturer’s pro-
tocol. Primer sequences for ROCK1 and ROCK2 siRNA
are shown in Supplemental Fig. 4A. After transfection, the
protein level of ROCK1 or ROCK2 was examined by West-
ern blotting. We selected two antisense and used them for
exposure experiments. After transfection with siRNA or
control siRNA for 48 h, the cells were further cultured in
fresh RPMI1640 complete medium with 10 pg/ml MWC-
NTs, 100 pg/ml asbestos, or 0.1 pg/ml LPS for 12 h. The
concentration of IL-1p in the culture supernatant was meas-
ured by ELISA as described above.

Statistical analysis

Data are presented as mean &+ SD. Statistical analyses were
performed by ANOVA with Bonferroni/Dunn’s post hoc
analysis (GraphPad Prism 4.0, GraphPad Software, San
Diego, CA, USA). The statistical significance level was set
at p < 0.05.

Results

Changes in ROCK1 and ROCK?2 protein levels according
to differentiation

It is known that THP-1 cells differentiate into mac-
rophages by PMA (Tsuchiya et al. 1982). Thus, we exam-
ined whether expression of ROCKs is affected by dif-
ferentiation with PMA. Treatment with PMA increased
expression of ROCK1, whereas that of ROCK2 was not
changed in THP-1 cells (Fig. 1). These results indicate that
ROCKSs are associated with the functional characteristics of
macrophages.

Effects of caspase-1 inhibitor on IL-1f secretion induced
by MWCNTs, asbestos, or LPS

Caspase-1 is a key protease activated by the NLRP3
inflammasome complex involved in the maturation of
IL-1B. Thus, we confirmed whether caspase-1 is involved
in MWCNT-, asbestos-, and LPS-induced IL-1p secretion
in THP-1 cells. IL-1B secretion was markedly induced
by MWCNTs and asbestos, as well as by LPS, and the
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Fig.1 Western blot analyses for the detection of ROCKI and
ROCK?2 in differentiated and undifferentiated THP-1 cells. Cells were
cultured in the presence or absence of 100 nM PMA for 24 h to dif-
ferentiate THP-1 cells into macrophages. After washing twice with
HBSS, cells were lysed with lysate buffer. The lysate proteins were
resolved by SDS-PAGE and electroblotted onto a PVDF membrane.

induced IL-1P secretion was significantly suppressed by
Z-YVAD, a caspase-1 selective inhibitor, in both primed
(Fig. 2a) and unprimed (Fig. 2a; Supplemental Fig. 2)
THP-1 cells. These results indicate that IL-1 maturation
in response to MWCNTs, asbestos, or LPS was indeed
NLRP3 inflammasome-driven.

Effects of ROCKs inhibitor on IL-1p secretion induced
by MWCNTs, asbestos, or LPS

To understand the induction of inflammasomes by
MWCNTs, asbestos, and LPS in more detail, we focused
on ROCKs which are known to be involved in a wide
range of fundamental cellular functions, such as adhe-
sion, regulation of cytoskeleton, and phagocytosis. We
investigated the effect of Y27632, a selective ROCKs
inhibitor, on IL-1f secretion to examine whether ROCKs
are involved in IL-1P secretion induced by MWCNTs,
asbestos, or LPS. Exposure to MWCNTs and asbestos
increased IL-1B secretion in a dose-dependent manner
(Fig. 2b). Treatment with Y27632 suppressed slightly
but significantly the production of IL-18 evoked by
fibrous particles in both primed (Fig. 2b) and unprimed
(Supplemental Fig. 2) THP-1 cells, although it had less
effect on IL-1P in response to LPS (Fig. 2b; Supplemen-
tal Fig. 2).

ROCK2

The blot was probed with anti-ROCK1 and anti-ROCK2 antibodies,
followed by a corresponding POD-tagged secondary antibody. The
membranes were stripped and re-probed with POD-tagged anti-tubu-
lin antibody. The intensities of the bands were quantified by chemilu-
minescence densitometry. Data are presented as mean £ SD (N = 3)

Effects of ROCKSs inhibitor on IL-1f secretion induced
by MSU crystals

MSU crystals are recognized as endogenous DAMPs
which activate NLRP3 inflammasomes. We examined the
effects of ROCKs inhibitor on MSU-induced IL-1p secre-
tion. As shown in Supplemental Fig. 3A, the original MSU
crystals were disrupted by ultrasonication. Ultrasonication
for longer time periods generated shorter MSU crystals of
non-uniform length. A small amount of the MSU crystals
dissolved rapidly in culture medium even in the absence
of cells. The undissolved MSU looked like needle-like
crystals in the culture medium without an apparent loss
of mass at a concentration of 1 mg/ml. Exposure to each
group of MSU crystals increased IL-1f secretion, and this
IL-1B secretion was inhibited by Y27632 (Supplemen-
tal Fig. 3B). ROCKs inhibitor suppressed IL-18 secretion
induced not only by MWCNTSs and asbestos, but also by
MSU.

Effects of knockdown of ROCK1 and ROCK2 on IL-18
secretion induced by MWCNTs, asbestos, and LPS

To further examine the effect of ROCK1 and ROCK2

on MWCNT- and asbestos-induced IL-1p secretion, dif-
ferentiated THP-1 cells were transfected with siRNA to
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knockdown ROCKSs. The expression was down-regu-
lated by three independent antisense siRNAs for each of
ROCKI1 (S1-S3) or ROCK2 (S4-S6) compared to that of
a non-targeting control siRNA (Supplemental Fig. 4B).
siRNA designed for either ROCK1 or ROCK?2 decreased
MWCNT- and asbestos-induced IL-1fB secretion signifi-
cantly, but did not change LPS-induced IL-1f secretion
(Fig. 3). These results demonstrate that both ROCKs are
implicated in IL-1P secretion induced by fibrous particles,
but that LPS is not implicated.
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Cellular association of MWCNT and asbestos

Phagocytosis is a key event in initiating macrophage-
derived inflammatory responses. Therefore, the effects of
ROCKSs inhibitor on cell-associated MWCNTSs or asbestos
were assayed by turbidimetry. Exposure to MWCNTSs or
asbestos increased the cellular association of both fibrous
particles in a time-dependent manner; interestingly, treat-
ment with Y27632 had no effect on the amount of cellu-
lar-associated particles (Fig. 4). The measured amounts of
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Fig. 4 Measurement of cell-associated MWCNTSs (a) and asbestos
(b). Cells were cultured with 100 nM PMA for 1 or 3 days. The dif-
ferentiated THP-1 cells were washed with HBSS and further cultured
with 10 pg/ml MWCNTs or 100 pg/ml asbestos in the presence or
absence of 10 pM Y-27632 for 12 h. The cells were lysed with the

fibrous particles include both cellular phagocytosed and
membrane-bound particles, as it is difficult to distinguish
between them using conventional methods.

Effect of ROCKSs inhibitor on cell viability
Figure 5 demonstrates the effects of Y27632 on the cytotox-

icity of MWCNTs and asbestos in differentiated THP-1 cells.
Y27632 diminished both MWCNT- and asbestos-induced

Asbestos LPS

trol siRNA. After transfection, the cells were further cultured in fresh
RPMI1640 complete medium with 10 pg/ml MWCNTs, 100 pg/ml
asbestos, or 0.1 pg/ml LPS for 12 h. The concentration of IL-1f in
each culture supernatant was measured by ELISA. Data are presented
as mean & SD (N = 3). ¥p < 0.05, compared to each treatment group
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lysis solution. A 250-pl sample was transferred to a 96-well culture
dish, and the O.D. (640 nm) was measured to quantify the amount
of cell-associated MWCNTSs or asbestos. Data are presented as
mean £+ SD (N = 3)

cytotoxicity. The concentration of MWCNTs (0-10 pg/ml)
and asbestos (0-100 pg/ml) used for other experiments in
this study did not affect the viability of THP-1 cells.

Effects of cytochalasin D on IL-1p secretion induced
by MWCNTs, asbestos and LPS

Cytochalasin D is a disruptor of actin polymerization and is
used commonly as an inhibitor of phagocytosis. We examined
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Fig. 5 Cytotoxicity of MWCNTs (a) and asbestos (b). Cells were
cultured in the presence of 100 nM PMA for 24 h. The cells were
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whether phagocytosis is associated with IL-1f secretion
induced by MWCNTs, asbestos, and LPS. Treatment of
cytochalasin D suppressed MWCNT- and asbestos-induced
IL-1P secretion, but not LPS-induced IL-1 secretion (Fig. 6).
Microscopic examination revealed that treatment with cytoch-
alasin D caused cell morphological changes (data not shown).

Pro-IL-18, caspase-1 and cathepsin B responses in THP-1
cells exposed to MWCNTs, asbestos, or LPS

To understand in more detail how ROCKs regulate fibrous
particle-induced NLRP3 inflammasomes, we investigated

@ Springer

the effects of Y27632 on the protein levels of pro-IL-1p,
activated-caspase-1, and activated-cathepsin B in THP-1
cells exposed to MWCNTs, asbestos, or LPS. Figure 7
indicates that exposure to MWCNTS or asbestos increased
pro-IL-1B, and that their effect was decreased to about
65 % by Y27632 as densitometric analyses of pro-IL-1f/
tubulin, whereas Y27632 did not affect the LPS-induced
increase in pro-IL-1f. These results are consistent with the
results of mature IL-1P secretion using ELISA (Fig. 2b).
Caspase-1 activation involves autocatalytic processing
of the 45 kDa pro-caspase-1 into two subunits, p20 and p10
(Osuka et al. 2012). We next examined activated-caspase- 1
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Fig. 7 Western blot analyses for the detection of prolL-1f in THP-1
cells exposed to MWCNTs, asbestos, or LPS. Cells were cultured in
the presence of 100 nM PMA for 24 h. For priming, the cells were
incubated with 10 ng/ml LPS for the last 3 h of differentiation with
PMA. The cells were washed with HBSS and cultured with 10 pg/
ml MWCNTs, 100 pg/ml asbestos, or 0.1 pg/ml LPS for 5 h in the
presence or absence of 10 pM Y27632. After washing twice with

at p20 in cell lysates and the release of activated-caspase-1
into cell culture supernatants. As shown in Fig. 8a, West-
ern blot analyses of concentrated supernatants revealed that
activated-caspase-1 was released from THP-1 cells exposed
to MWCNTs and asbestos, but not from cells exposed to
LPS. The release of activated-caspase-1 induced by MWC-
NTs and asbestos was reduced by treatment with Y27632.

Western blot analyses of concentrated supernatants
revealed that activated-cathepsin B with a molecular mass
of 27 kDa was released from THP-1 cells after exposure
to MWCNTs and asbestos, but not following exposure to
LPS (Fig. 9a). Treatment with Y27632 reduced the release
of activated-cathepsin B similar to caspase-1. Furthermore,
we examined activated-caspase-1 and activated-cathepsin B
release from cells exposed to MWCNTSs at a concentration
of 2-10 pg/ml (Figs. 8b, 9b, respectively). The release of
both increased in a dose-dependent manner and were sup-
pressed by Y27632.

Discussion

Long fibers, such as asbestos and CNTs, are more potent
activators of inflammation and genotoxicity than short or
tangled fibers (Keka et al. 2014; Schinwald et al. 2012). It
has been reported that long, needle-like CNTs and asbes-
tos induce the secretion of pro-inflammatory cytokines,
such as IL-1p and IL-18, through NLRP3 inflammasomes
(Palomaki et al. 2011). The shape and size of particulate
substances are two of the most important factors affect-
ing their ability to cause NLRP3 inflammasome-mediated
pro-inflammatory responses (Li et al. 2012; Palomaki
et al. 2011; Sandberg et al. 2012). The NLRP3 inflamma-
some is implicated in particulate matter-related pulmonary

HBSS, cells were further cultured in fresh Opti-MEM® for 15 h in
the presence or absence of 10 WM Y27632. The lysate and concen-
trated supernatants were electroblotted onto a PVDF membrane. The
blot was probed with anti-prolL-1p, followed by a corresponding
POD-tagged secondary antibody. The membranes were stripped and
re-probed with POD-tagged anti-a-tubulin antibody. Data are repre-
sentative of three experiments

diseases (Dostert et al. 2008). Several studies have shown
the interaction between cytoskeletal proteins and NLRP3
inflammasomes in primary human monocytes (Meunier
et al. 2012) or THP-1 cells (Dostert et al. 2008). ROCKs
are known to be involved in a wide range of fundamental
cellular functions, such as adhesion, regulation of cytoskel-
eton, and phagocytosis (Olazabal et al. 2002; Shi and Wei
2007; Kanno et al. 2013 #162). Therefore, we speculated
that Rho/ROCKs are possibly involved in IL-18 secretion
through NLRP3 inflammasomes.

We first examined whether ROCKs are associated with
IL-1PB secretion in THP-1 cells using a ROCKs inhibitor
and siRNAs of ROCKs. Interestingly, the ROCKs inhibi-
tor (Fig. 2b) and siRNA designed for both ROCK1 and
ROCK?2 (Fig. 3) markedly decreased MWCNT- and asbes-
tos-induced IL-1p secretion, but did not affect LPS-induced
IL-1B secretion. MSU-induced IL-1f secretion, which was
suppressed by ROCKs inhibitor (Supplemental Fig. 3B). To
confirm whether MWCNTSs, asbestos, or LPS induce IL-18
secretion through the NLRP3 inflammasome, we exam-
ined the effect of Z-YVAD, a caspase-1 selective inhibitor,
on IL-1p secretion. Caspase-1 is a key protease activated
by the NLRP3 inflammasome complex and is involved in
the maturation of IL-18. MWCNT-, asbestos-, and LPS-
induced IL-1p secretion was significantly abrogated by
Z-YVAD (Fig. 2a). These results suggested that fibrous
particles and LPS induced IL-1f secretion by the NLRP3
inflammasome, and that ROCKSs are implicated in fibrous
particle-, but not LPS-, induced IL-1§ secretion.

We next investigated how ROCKs are involved in the
NLRP3 inflammasome pathway. Activation of the NLRP3
inflammasome is subject to several events. Cellular phago-
cytosis of fibrous particles, such as asbestos, CNTs, or
MSU, is required as an initial step for inflammasome
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Fig. 8 Western blot analyses for the detection of p20 mature-form
and 45 kDa pro-form caspase-1 in the culture supernatant and lysate
of THP-1 cells exposed to MWCNTs, asbestos or LPS. Cells were
cultured in the presence of 100 nM PMA for 24 h. For priming, the
cells were incubated with 10 ng/ml LPS for the last 3 h of differen-
tiation with PMA. The cells were washed with HBSS and cultured
with 10 pg/ml MWCNTSs, 100 pg/ml asbestos, or 0.1 pg/ml LPS (a)
or 2-10 pg/ml MWCNTs (b) for 5 h in the presence or absence of

activation (Meunier et al. 2012). Phagocytosis of long fib-
ers most likely leads to lysosomal rupture and phagosomal
destabilization, and the lysosomal damage results in the
release of cathepsin B into the cytosol, which may promote
NLRP3 inflammasome activation. It has been reported that
long CNT- and asbestos-induced NLRP3 inflammasome
activation depends on reactive oxygen species (ROS) pro-
duction and cathepsin B activity (Palomaki et al. 2011),
and that activated-cathepsin B is released from the cells via
the P2X; receptor (Niemi et al. 2011). The inflammasome
assembly activates caspase-1, which cleaves pro-IL-18 and
causes the secretion of mature IL-1p. Caspase-1 activation
involves autocatalytic processing of the 45 kDa pro-cas-
pase-1 into two subunits, p20 and p10 (Osuka et al. 2012).
Here we show that THP-1 cells exposed to MWCNTs or
asbestos result in increased pro-IL-1f protein levels in cell
lysates (Fig. 7) and the release of both activated-caspase-1
(Fig. 8a) and activated-cathepsin B (Fig. 9a) into the cul-
ture medium; in contrast, LPS increased only pro-IL-18
(Fig. 7). Our results are consistent with previous reports
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10 .M Y27632. After washing twice with HBSS, cells were further
cultured in fresh Opti-MEM® for 15 h in the presence or absence
of 10 uM Y27632. The lysate (cells) and concentrated supernatants
(SN) were electroblotted onto a PVDF membrane. The blot was
probed with anti-caspase-1, followed by a corresponding POD-tagged
secondary antibody. The membrane electroblots of the cell lysates
were stripped and re-probed with POD-tagged anti-a-tubulin anti-
body. Data are representative of three experiments

that fibrous particles increased the protein levels of acti-
vated-caspase-1 and activated-cathepsin B in the culture
medium (Dostert et al. 2008; Li et al. 2012; Meunier et al.
2012). In addition, ROCKSs inhibitor suppressed the release
of activated-caspase-1 (Fig. 8a, b) and activated-cathepsin
B (Fig. 9a, b), and suppressed the pro-IL-18 protein level
(Fig. 7) induced by MWCNTs and asbestos, whereas it did
not affect the increase in pro-IL-1f protein level induced by
LPS (Fig. 7). ROCKs inhibitor suppressed the protein lev-
els of activated-cathepsin B and its downstream molecules,
suggesting that ROCKs act at least partially upstream of
lysosomal injury triggered by fibrous particles.

It has been reported that phagocytosis of fibrous parti-
cles is required as an initial step for inflammasome activa-
tion (Meunier et al. 2012). The actin cytoskeleton is nec-
essary to phagocytose long or large materials or particles
(>0.5 pwm diameter) (Kanno et al. 2007; Misawa et al.
2013). Indeed, pretreatment with cytochalasin D, a disrup-
tor of actin polymerization, suppressed IL-18 secretion in
THP-1 cells exposed to MWCNTSs or to asbestos, but not
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Fig. 9 Western blot analyses for the detection of cathepsin B in the
culture supernatant of THP-1 cells exposed to MWCNTs, asbestos,
or LPS. Cells were cultured in the presence of 100 nM PMA for
24 h. For priming, the cells were incubated with 10 ng/ml LPS for
the last 3 h of differentiation with PMA. The cells were washed with
HBSS and cultured with 10 pg/ml MWCNTs, 100 pg/ml asbestos, or
0.1 pg/ml LPS (a) or 2-10 pg/ml MWCNTs (b) for 5 h in the pres-

in cells exposed to LPS (Fig. 6). Previous reports have
been demonstrated that pretreatment with an actin polym-
erization disruptor such as cytochalasin D or latrunculin
A inhibited the stimulation of IL-1f secretion by asbestos
(Dostert et al. 2008), cholesterol crystals (Rajamaki et al.
2010), MSU (Dostert et al. 2008; Yazdi et al. 2010), and
DWCNTs (Meunier et al. 2012). Conversely, LPS is a
potent bacterial effector triggering NLRP3 inflammasomes
following binding with Toll-like receptor 4 (TLR4) (Freche
et al. 2007; Mitchell et al. 2007). Cellular internalization
of LPS is independent of actin cytoskeleton remodeling in
mammalian systems (Soldatos et al. 2003). Consistent with
these previous findings, our results indicate that cytocha-
lasin D suppresses phagocytosis-dependent, but not phago-
cytosis-independent, NLRP3 inflammasome activation, and
that phagocytosis is required for inflammasome activation
by fibrous particles.

It is of interest to note that ROCKSs inhibitor and siRNA
against ROCKs suppressed phagocytosis-dependent, but
not phagocytosis-independent, IL-1pB secretion as well as
cytochalasin D, suggesting the involvement of ROCKs in
the signal cascade following phagocytosis of fibrous par-
ticles. However, the ROCKSs inhibitor did not change the
amount of cell-associated fibrous particles, as determined
by turbidimetry analyses (Fig. 4). Intriguingly, ROCK1
expression increased following differentiation in THP-1
cells (Fig. 1), indicating that ROCKs are associated with
the function of macrophages. Furthermore, viability assays

CNT 5

CNT 10
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43 kDa
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ence or absence of 10 wM Y27632. After washing twice with HBSS,
the cells were further cultured in fresh Opti-MEM® for 15 h in the
presence or absence of 10 uM Y27632. The cell culture supernatants
were collected, and the concentrated supernatants were electroblotted
onto a PVDF membrane. The blot was probed with anti-cathepsin B.
Data are representative of three experiments

demonstrated that ROCKs inhibitor diminished MWCNT-
and asbestos-induced cytotoxicity (Fig. 5). Thus, it is plau-
sible that the ROCKSs inhibitor suppressed the internaliza-
tion of fibrous particles by the cells without affecting the
amount of plasma membrane-bounded particles. Taken
together, ROCKs may be required for the full activation of
inflammasomes induced by fibrous particles. Our micro-
scopic examination revealed that the ROCKs inhibitor did
not affect the morphology of THP-1 cells, in contrast with
the effects of cytochalasin D, which inhibited the extension
of the plasma membranes (data not shown).

Macrophages can endocytose small or short fibrous
materials, whereas macrophages attempt to phagocytose
long fibrous materials. Macrophages often cannot enclose
these long fibers due to their great length and high poten-
tial for aggregation, leading to “frustrated phagocytosis”.
“Frustrated phagocytosis” was observed with silver nanow-
ires >14 pm in length using backscatter scanning electron
microscopy in an in vitro study (Schinwald and Donaldson
2012). It is therefore conceivable that the fibrous particles
used in the present study also trigger both phagocytosis and
“frustrated phagocytosis”. It was recently demonstrated
that the actin cytoskeleton is necessary for both phagocy-
tosis and “frustrated phagocytosis” (Dostert et al. 2008;
Misawa et al. 2013), and both phagocytosis and “frustrated
phagocytosis” of fibrous particles, such as DWCNTs, alum,
asbestos, and silica, are involved in the NLRP3 inflamma-
some (Dostert et al. 2008; Meunier et al. 2012).
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Notably, ROCKs inhibitor also suppressed IL-1f secre-
tion induced by MSU as well as by MWCNTs and asbes-
tos. Gout is triggered when crystals of MSU, a crystallized
form of uric acid, nucleate in joints, the kidneys, and other
tissues (Rock et al. 2013). MSU activates NLRP3 inflam-
masomes (Martinon et al. 2006). Currently, patients suffer-
ing from acute attacks of gout and pseudogout are treated
with anti-inflammatory agents or colchicine, which is an
inhibitor of microtubule assembly (Rock et al. 2013). It has
been demonstrated that colchicine blocks IL-1f matura-
tion by MSU (Martinon et al. 2006). Though further study
is required to elucidate the function of ROCKs on NLRP3
inflammasomes activated by fibrous particles, present find-
ings suggest that ROCKs inhibitor might directly or indi-
rectly abrogate NLRP3 inflammasomes, leading to several
autoinflammatory diseases triggered by fibrous particles.

In conclusion, we have demonstrated that ROCK inhibi-
tor and siRNA designed for both ROCK1 and ROCK2
decreased asbestos- and MWCNT-induced IL-18 secre-
tion in differentiated THP-1 cells, but had no effect on
LPS-induced IL-1P secretion. These findings suggest that
ROCKs are involved in fibrous particle-induced inflamma-
some responses. The present study provides new findings
about the effect of ROCKs on the phagocytosis of fibrous
particles-dependent NLRP3 inflammasomes leading to var-
ious inflammatory diseases.
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