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The inhalation of airborne pollutants, such as asbestos or silica, is linked to inflammation of the
lung, fibrosis, and lung cancer. How the presence of pathogenic dust is recognized and how chronic
inflammatory diseases are triggered are poorly understood. Here, we show that asbestos and silica
are sensed by the Nalp3 inflammasome, whose subsequent activation leads to interleukin-1b
secretion. Inflammasome activation is triggered by reactive oxygen species, which are generated by
a NADPH oxidase upon particle phagocytosis. (NADPH is the reduced form of nicotinamide adenine
dinucleotide phosphate.) In a model of asbestos inhalation, Nalp3–/– mice showed diminished
recruitment of inflammatory cells to the lungs, paralleled by lower cytokine production. Our
findings implicate the Nalp3 inflammasome in particulate matter–related pulmonary diseases and
support its role as a major proinflammatory “danger” receptor.

Inhalation of asbestos or silica in occupational
exposures can result in pulmonary fibrosis
(asbestosis, silicosis), and lung cancer, espe-

cially in smokers (1). Asbestos fibers have been
associated with development of malignant meso-
theliomas after environmental exposures (2). The
mechanisms of injury to cells of the lung and
pleura and disease development by these patho-
genic particulates are unclear (3, 4). Inflamma-
tion is a hallmark of exposure to asbestos or silica
and is observed both in animal models and in the
lungs of patients with asbestos-related lung dis-
ease (1, 3). Bronchial epithelial cells and alveolar

macrophages are in prolonged contact with the
inhaled particulates when clearing them from the
lung and can initiate and sustain inflammatory
responses. Likewise, inflammatory responses are
observed after exposure to other particulates,
such as those found in diesel exhaust (5).

The reported proinflammatory activities of
asbestos and silica prompted us to investigate
the potential of these particulates in activating
the secretion of the proinflammatory cytokine
interleukin-1b (IL-1b) in human macrophages (6).
We indeed observed that the macrophage-like cell
line THP1 secreted mature IL-1b on stimulation
with asbestos or silica (Fig. 1A). In contrast, the
addition of diesel exhaust particles (DEPs) or
cigarette smoke extract (CSE) did not result in the
production of detectable IL-1b when measured
after 6 hours of exposure (Fig. 1A). The secretion
of mature IL-1b induced by asbestos was com-
parable to amounts observed with monosodium
urate crystals (MSU), known to be a potent ac-
tivator of IL-1b processing (7) (Fig. 1, A and B).
Inert particles, such as polystyrene beads, did not
activate IL-1b maturation (Fig. 1B). Primary

human monocyte-derived macrophages also
produced mature IL-1b after stimulation with
asbestos or silica (Fig. 1C), whereas DEP expo-
sure did not result in IL-1b secretion.

Mature IL-1b is produced by cleavage of the
inactive pro-IL-1b precursor by caspase-1, which
is activated within a large multiprotein complex,
termed the inflammasome (8). TheNalp3 inflamma-
some, composed of the Nod-like receptor (NLR)
protein Nalp3 (also called Cryopyrin or NLRP3),
Cardinal, the adaptor ASC (apoptosis-associated
speck-like protein containing a C-terminal cas-
pase recruitment domain), and caspase-1, is im-
plicated in the production of mature IL-1b in
response to a variety of signals. For example, the
presence of bacteria is recognized through bind-
ing of the pathogen-associated molecular pattern
(PAMP) muramyldipeptide (MDP) or via the
action of bacterial toxins (9, 10). In addition to
PAMPs, Nalp3 has the extraordinary capacity of
sensing endogenous stress-associated danger sig-
nals (DAMPs) such as adenosine triphosphate
(ATP) (9) or MSU (7). Because both MSU and
asbestos are crystalline structures, we wondered
whether production of IL-1b by asbestos would
also occur through the Nalp3 inflammasome. To
clarify this, we determined whether the partic-
ulates activate caspase-1 in THP1 cells and, in-
deed, found processing of caspase-1 into the p10
fragment (fig. S1).We thenmeasured IL-1bmatu-
ration in cells in which the different inflamma-
some components were down-regulated. Highly
reduced secretion of mature IL-1b was observed in
cells from which Nalp3, ASC, and caspase-1 had
each been removed (knocked down), similar pat-
terns were observed withMSU or the bacterial tox-
in nigericin (Fig. 2A). The residual IL-1b secretion
observed in these cells is most likely due to
incomplete shutdown of the corresponding pro-
teins (fig. S2). In contrast, Toll-like receptors
(TLRs) or IL-1 receptors do not seem to be es-
sential for asbestos signaling, because the knock-
down or knock-out of MyD88, an intracellular
adaptor protein mediating TLR and IL-1 receptor
signaling, had little or no effect on IL-1b secretion
and caspase-1 activation (Fig. 2A and fig. S3). To
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Fig. 1. Asbestos and silica activate IL-1b secretion in human macro-
phages. (A) THP1 cells were stimulated for 6 hours with the indicated
amounts (mg/ml media) of asbestos, silica, DEPs, CSE (% in solution), or
MSU. (B) THP1 cells were stimulated with 0.2 mg/ml asbestos, 0.5 mg/ml
DEPs, or 0.2 mg/ml MSU for the indicated times. Media supernatants (SN)
were analyzed for the presence of mature IL-1b and cell extracts (Cell),

for the presence of pro-IL-1b by Western blotting. (C) LPS-primed primary
human monocyte-derived macrophages (M-CSF) were stimulated for 6 hours
with asbestos (0.2, 0.1, or 0.05 mg/ml); silica (0.5, 0.2, or 0.1 mg/ml); DEP
(0.2 mg/ml); and MSU (0.2 mg/ml) and were analyzed by enzyme-linked
immunosorbent assay (ELISA) for IL-1b released into the media. Values are
means ± SEM.
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further analyze the requirement for the Nalp3 in-
flammasome in particulate-induced IL-1b process-
ing, we used primarymurine bonemarrow–derived
macrophages primedwith lipopolysaccharide (LPS)
to induce pro-IL-1b synthesis and then stimulated
them with asbestos, silica, or MSU (Fig. 2B).
Caspase-1 was no longer cleaved and secreted in
the presence of the pan-caspase inhibitor zVAD
or inmacrophages fromNalp3- and ASC-deficient
mice, and as a consequence, mature IL-1b pro-
cessing and secretion were abolished (Fig. 2B).
By contrast, IL-1b production was indepen-
dent of the Ipaf inflammasome, which has been
shown to activate caspase-1 and to produce
IL-1b in response to flagellin from Salmonella
typhimurium and Legionella pneumophila (fig.
S4) (11, 12).

The mechanism of Nalp3 inflammasome
activation by PAMPs or DAMPs is still poorly
understood. There are at least two possible
hypotheses: the activating molecules could di-
rectly interact with the LRR domain of Nalp3
after entering the cell, or they could modify one
or more membrane-associated proteins, which
then trigger a signaling cascade leading to Nalp3
activation. In favor of the latter assumption is the
recent finding that potassium (K+) efflux, lower-
ing intracellular K+ levels, is a requirement for
Nalp3 inflammasome activation triggered by all
known activators including MSU (13–15). We
inhibited K+ efflux by adding high concentra-
tions (130 mM) of KCl to the culture medium of
THP1 cells and found that asbestos-induced IL-
1b production was blocked (Fig. 3A).

In order to delineate the asbestos-induced
signaling pathway leading to inflammasome
activation in more detail, we started with the
question of whether asbestos fibers needed to be
endocytosed. Phagocytic cells can endocytose
small particles, whereas bigger crystals or fibers
are subject to so-called WfrustratedW phagocytosis
(16) and remain trapped at the surface (Fig. 3B).
To test the importance of the endocytic process,
we treated THP1 cells with cytochalasin D, which
disrupts actin filaments. Cytochalasin D inhibited
not only secretion of mature IL-1b by asbestos
(Fig. 3C), but also by the particulate MSU,
whereas for noncrystalline Nalp3 activators such
as R837 and nigericin, IL-1b secretion was not
affected (Fig. 3C). Because the mature form of IL-
1b did not accumulate inside the cell (Fig. 3C), we
conclude that the actin cytoskeleton is necessary
for the attempt to phagocytose but does not drive
mature IL-1b secretion. The same effect was
achieved by treating the cells with the inhibitor
of actin polymerization, latrunculin A (fig. S5).

Asbestos fibers have been shown to partici-
pate in redox reactions to generate reactive
oxygen species (ROS) that are widely linked to
signaling pathways and cause inflammation and
carcinogenesis [reviewed in (17)]. The genera-
tion of ROS correlates with toxicity and patho-
genicity of different types of asbestos. Recent
data also suggest a role for ROS in activating
caspase-1 on ATP treatment (18) and in Nalp3
inflammasome activation by MSU and R837
(13). It is, therefore, possible that asbestos par-
ticles, through activation of the reduced form of

nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase triggered by WfrustratedW
phagocytosis, generate ROS, which, in turn,
contribute to inflammasome activation. In order
to test this hypothesis, we investigated whether
asbestos led to ROS generation under our
experimental conditions, which was the case
(fig. S6). We then treated THP1 cells with the
ROS inhibitors N-acetyl-L-cysteine (NAC) or
(2R,4R)-4-aminopyrrolidine-2,4-dicarboxylate
(APDC) to determine whether the redox status of
the cell affected inflammasome activation. IL-
1b production was indeed impaired in response
to asbestos, MSU, and ATP when using these
inhibitors (Fig. 3D), which suggested that ROS
production was a necessary step in inflamma-
some activation. Crocidolite asbestos fibers ap-
pear to be particularly potent ROS producers
because of the presence of iron on the fiber sur-
face. The iron is thought to play an important role
in the generation of free radicals (3).We observed
that iron chelation of asbestos fibers by deferox-
amine strongly reduced IL-1b maturation, al-
though it had no effect in response to MSU
crystals (Fig. 3E). However, uricase treatment
blocked the activity of MSU but not of asbestos.

Our model predicts that inflammasome-
activating ROS are generated by a NADPH
oxidase known to be assembled and activated
on phagocytosis of microbes. In support of this,
IL-1b production was inhibited by the NADPH
oxidase inhibitors diphenylene iodonium (DPI)
and apocynin, but not by rotenone (an inhibitor
of mitochondrial complex I) or TTFA (an inhib-
itor of mitochondrial complex II) (fig. S7). To
further corroborate NADPH oxidase as a source
of ROS production, we knocked down the com-
mon NADPH oxidase subunit p22phox and found
highly diminished IL-1b secretion (Fig. 3F). If
ROS play a central role in NALP3 inflam-
masome activation, ROS detoxifying proteins,
such as thioredoxin (TRX), should play a regulat-
ing role in inflammasome activation. Indeed,
when asbestos and MSU were added to macro-
phages in which TRX was down-regulated by
short hairpin RNA (shRNA), increased IL-1b se-
cretion was observed (Fig. 3G).

Models of asbestos inhalation have revealed
that the airway epithelium and alveolar macro-
phages play important roles in cell proliferation,
inflammation, and fibrogenesis triggered by the
asbestos fibers [reviewed in (1)]. To investigate
the in vivo significance of the Nalp3 inflamma-
some in asbestos-induced inflammation, Nalp3–/–

and Nalp3+/+ littermate mice were exposed for
9 days to chrysotile asbestos and markers of injury,
inflammation, and cytokine production were ana-
lyzed on day 10. As previously shown (19, 20),
asbestos-exposed mice exhibited increased total
cell numbers in bronchoalveolar lavage fluid
(BALF) compared with air-exposed mice. How-
ever, significantly fewer cells were recruited to
the lungs of Nalp3–/– mice after exposure to
asbestos (Fig. 4A). Notably, lymphocyte, eosin-
ophil, and neutrophil infiltration was reduced in
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Fig. 2. Asbestos-induced IL-1b secretion is dependent on Nalp3 inflammasome. (A) THP1 cells stably
expressing shRNA against the indicated target genes were stimulated for 6 hours with 0.2 mg/ml
asbestos, 0.2 mg/ml MSU, and 3.4 mM nigericin. Media supernatants (SN) and cell extracts (Cell) were
analyzed by Western blotting as indicated in the text. (B) LPS-primed, murine bone marrow–derived
macrophages from wild-type (WT), Nalp3- or ASC-deficient mice were stimulated for 6 hours with the
indicated amounts (mg/ml) of asbestos, silica, and MSU, in the presence of 20 mM zVAD where
indicated, and were analyzed for IL-1b secretion and activation of caspase-1 by Western blotting.
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Nalp3–/– asbestos-exposed mice (Fig. 4B). Sev-
eral cytokines were induced by asbestos, such as
IL-1b, KC, and IL-12(p40) (Fig. 4C). KC, a
potent neutrophil chemoattractant, and IL-1bwere
decreased in Nalp3–/– mice, whereas IL-12(p40)
production was independent of Nalp3. Although
mucin production, which parallels inflammatory
changes in lungs and may occur to facilitate
clearance of asbestos fibers (21), was similarly
increased by asbestos in Nalp3–/– and Nalp3+/+

lungs, significant increases in the number ofmucin-
producing distal bronchioles, sites of impact of
chrysotile asbestos fibers after inhalation, oc-
curred in Nalp3–/– mice (table S1).

The Nalp3 inflammasome is implicated in the
pathological increase of IL-1b production in

autoinflammatory syndromes, such as Muckle-
Wells syndrome (22), as well as inflammatory
processes, such as gout and pseudogout (7). Our
findings support the implication of the Nalp3
inflammasome in pulmonary inflammatory dis-
eases that are linked to pathogenic air pollutants
and can ultimately lead to lung cancer and fibro-
sis. Asbestos, MSU, and probably other particles
activate the NALP3 inflammasome in a similar
way, requiring actin-mediated cellular uptake in
contrast to small, nonparticulate molecules such
as R837, ATP, or nigericin. How the phagocy-
tosed fibers, particles, and MSU crystals are
sensed by the Nalp3 inflammasome is not com-
pletely clear. It seems unlikely, however, that
each of the particles is “specifically” recognized

by Nalp3. Rather, our data support a model in
which ROS generated by a NADPH oxidase are
implicated in Nalp3 inflammasome activation
(Fig. 4D). ROS constitute one of themost ancient
danger signals and are generated in large amounts
by NADPH oxidase after microbe (and fine
particle) phagocytosis.

An important role for IL-1b has been
proposed in the pathogenesis of asbestos-induced
mesothelioma because it regulates human meso-
thelial cell proliferation (23), and IL-1b–driven
inflammation is well known to promote the
development and invasiveness of several tumor
types in vivo (24). Moreover, in a mouse model
of bleomycin- or silica-induced pulmonary fi-
brosis, treatment with IL-1 receptor antagonist
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Fig. 3. Nalp3 inflammasome activation after asbestos stimulation is
dependent on endocytosis and ROS production. (A) THP1 cells were stimulated
with the indicated amounts of asbestos or MSU, in the presence of 20 mM
caspase inhibitor zVAD or 130 mM extracellular KCl. (B) THP1 cells were
treated for 6 hours with 0.2 mg/ml asbestos, 0.5 mg/ml silica, or 0.2 mg/ml
MSU. Particles and/or fibers entering cells are marked with arrows and fibers
or particles on cell surface with arrowheads. (C) THP1 cells were stimulated for
6 hours with 0.2 mg/ml asbestos, 0.2 mg/ml MSU, 10 mg/ml R837, or 3.4 mM
nigericin, in the absence or presence of 0.2 mM cytochalasin D. (D) Murine
peritoneal macrophages were stimulated with asbestos, MSU, or ATP, in the

presence of N-acetyl-L-cysteine (NAC) (25mM) or APDC (50 mM). (E) THP1 cells
were stimulated with asbestos (0.1 mg/ml) or MSU (0.1 mg/ml), in the pres-
ence or absence of deferoxamine mesylate (2 mM) or uricase (0.1 U/ml),
respectively. (F) THP1 control cells (WT) or knock-down for the NADPH
oxidase subunit p22phox cells were stimulated for 6 hours with 0.1 mg/ml
asbestos, 0.1 mg/ml MSU or 0.01 mg/ml R837. (G) THP1 control cells
(mock) or cells knocked down by shRNA against TRX were stimulated for
6 hours with 0.1 mg/ml asbestos, 0.1 mg/ml MSU, or 0.5 mg/ml silica. Media
supernatants (SN) or cell extracts (Cell) were analyzed by Western blotting as
indicated in the text.
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(IL-1ra) reduces the proportion of damaged lung
(25). Silicosis and asbestosis continue to be a
common cause of chronic lung disease, despite
evidence that they can be prevented by environ-
mental dust control.

Anakinra (IL-1ra) is efficiently used in the
clinical treatment of autoinflammatory syndromes
(26), as well as for gout patients (27). The present
study suggests that Anakinra may be used to slow
down progression of asbestosis, silicosis, and pos-
sibly other inflammatory lung diseases.
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A Haptoglobin-Hemoglobin Receptor
Conveys Innate Immunity to
Trypanosoma brucei in Humans
Benoit Vanhollebeke,1 Géraldine De Muylder,1 Marianne J. Nielsen,2 Annette Pays,1
Patricia Tebabi,1 Marc Dieu,3 Martine Raes,3 Soren K. Moestrup,2 Etienne Pays1*

The protozoan parasite Trypanosoma brucei is lysed by apolipoprotein L-I, a component of
human high-density lipoprotein (HDL) particles that are also characterized by the presence of
haptoglobin-related protein. We report that this process is mediated by a parasite glycoprotein
receptor, which binds the haptoglobin-hemoglobin complex with high affinity for the uptake and
incorporation of heme into intracellular hemoproteins. In mice, this receptor was required for
optimal parasite growth and the resistance of parasites to the oxidative burst by host macrophages.
In humans, the trypanosome receptor also recognized the complex between hemoglobin and
haptoglobin-related protein, which explains its ability to capture trypanolytic HDLs. Thus, in
humans the presence of haptoglobin-related protein has diverted the function of the trypanosome
haptoglobin-hemoglobin receptor to elicit innate host immunity against the parasite.

Parasites need to evade both the innate and
acquired immunity of their hosts, and this
process results from continuous evolution

of mutual self-defense mechanisms. Such is the
case of human resistance and sensitivity to dif-

ferent subspecies of the African trypanosome
Trypanosoma brucei. Apolipoprotein L-I (apoL1)
is a primate-specific serum apolipoprotein that
mainly exists bound to a subset of high-density
lipoprotein (HDL) particles that also contain

Fig. 4. In vivo inhalation of as-
bestos results in reduced pulmonary
inflammation in Nalp3-deficient
mice. (A) Total and (B) differential
cell counts in BALF in 9-day sham-
and asbestos-exposed groups. (C)
Cytokine and/or chemokine levels
were measured in BALF of 9-day
asbestos-exposed mice. Values are
means ± SEM. *Significantly differ-
ent from sham of same genotype.
†Significantly different from wild
type. (D) A proposed model for
asbestos-induced inflammasome
activation. See text for details.
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