
“fimmu-03-00315” — 2012/10/7 — 14:50 — page 1 — #1

REVIEW ARTICLE
published: 09 October 2012

doi: 10.3389/fimmu.2012.00315

IL-1 family cytokines trigger sterile inflammatory disease
John R. Lukens, Jordan M. Gross and Thirumala-Devi Kanneganti*

Department of Immunology, St. Jude Children’s Research Hospital, Memphis, TN, USA

Edited by:

Anna Rubartelli, National Cancer
Research Institute, Italy

Reviewed by:

Mihai Netea, Radboud University
Nijmegen Medical Center,
Netherlands
Takayuki Yoshimoto, Tokyo Medical
University, Japan

*Correspondence:

Thirumala-Devi Kanneganti,
Department of Immunology, St.
Jude Children’s Research Hospital, MS
#351, 570 St. Jude Place, Suite E7004,
Memphis, TN 38105-2794, USA.
e-mail: thirumala-devi.kanneganti@
stjude.org

Inflammation plays vital roles in protective responses against pathogens and tissue repair,
however, improper resolution of inflammatory networks is centrally involved in the patho-
genesis of many acute and chronic diseases. Extensive advances have been made in recent
years to define the inflammatory processes that are required for pathogen clearance, how-
ever, in comparison, less is known about the regulation of inflammation in sterile settings.
Over the past decade non-communicable chronic diseases that are potentiated by sterile
inflammation have replaced infectious diseases as the major threat to global human health.
Thus, improved understanding of the sterile inflammatory process has emerged as one of
the most important areas of biomedical investigation during our time. In this review we
highlight the central role that interleukin-1 family cytokines play in sterile inflammatory
diseases.
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INTRODUCTION
Infection and cellular injury are the two principal stimuli that
provoke inflammation. Detection of infectious agents and danger
signals by pattern recognition receptors orchestrates a coordinated
series of events that ensure removal of the insult and promote tis-
sue repair. Following recognition of the foreign agents a cascade of
inflammatory cytokines are induced that instruct the recruitment
of neutrophils and macrophages to the site of infection or injury.
Once mobilized to the tissue sites neutrophils and macrophages
engulf and contain the insult, and also recruit additional immune
cells to the site of inflammation through the production of
cytokines and chemokines. Many of the pathogen-derived fac-
tors that trigger inflammation have been formally characterized,
and include conserved molecules that are required for micro-
bial survival. In comparison, sterile activators of inflammation
are structurally diverse and can originate from both endoge-
nous and exogenous sources. For instance; mechanical trauma,
hypoxia, metabolic distress, chemical and environmental insults,
and ischemia can all provoke sterile inflammation. Emerging
data suggests that man-made and environmental irritants (silica,
asbestos, alum, alloy particles, and car exhaust), metabolic fac-
tors (cholesterol, amyloids, saturated fatty acids, and glucose) and
endogenous danger signals that are released as a result of aber-
rant cell death [ATP, reactive oxygen species (ROSs), uric acid, and
interleukin-1α (IL-1α)] can all trigger sterile inflammation (Rock
et al., 2010).

Although inflammatory responses play critical roles in the
eradication of pathogens and sterile insults, excessive and unremit-
ting inflammation causes damage to healthy tissue and centrally
contributes to disease pathology. Dysregulated production of
cytokines, ROSs, proteases, and growth factors by both innate
and adaptive immune cells can lead to collateral damage and
disrupt tissue homeostasis. Sterile inflammation has been impli-
cated in a spectrum of acute and chronic disorders that include

obesity, atherosclerosis, type 2 diabetes, gout, and multiple neu-
rodegenerative diseases (Figure 1). In this review we focus on the
pivotal role of IL-1 family cytokines in various sterile inflammatory
diseases.

IL-1 FAMILY CYTOKINES
The IL-1 family of cytokines consists of 11 members that are
centrally involved in regulating inflammatory responses to both
infections and sterile insults. IL-1 family cytokines include IL-1α,
IL-1β, IL-1Ra, IL-18, IL-33, IL-36Ra, IL-36α, IL-37, IL-36β, IL-
36γ, and IL-38 (Dinarello, 2011). In this review we specifically
focus on the roles of IL-1α, IL-1β, IL-18, and IL-33 in ster-
ile inflammatory disease as these cytokines have been described
to significantly influence disease pathogenesis. The emerging
roles of the other IL-1 family cytokines in biology are beyond
the scope of this review and are described in detail elsewhere
(Dinarello, 2010).

Interleukin-1 has been shown to promote sterile inflamma-
tory disease pathogenesis at multiple levels. For example, IL-1
can directly cause tissue destruction, altered fibroblast prolifera-
tion, and collagen deposition (Schmidt et al., 1984; Zucali et al.,
1986; Ishida et al., 2006; Steer et al., 2006). Moreover, IL-1 recep-
tor (IL-1R) signaling potently induces the production of secondary
inflammatory cytokines and chemokines such as IL-6, TNFα, KC,
and G-CSF (Di Paolo et al., 2009; Orjalo et al., 2009). IL-1 also
contributes to the perpetuation of inflammatory disease by pro-
moting the induction of pathogenic cytokines (IFN-γ, IL-17, and
GM-CSF) by T cells and innate effector cells (Sutton et al., 2009;
Lukens et al., 2012). Much like IL-1, IL-18 has also been shown
to stimulate proinflammatory signaling and has historically been
classified as a potent inducer of IFN-γ production. Likewise, IL-
18 also promotes the activation and recruitment of inflammatory
immune cells including macrophages, neutrophils, natural killer
(NK) cells, and T cells (Nakanishi et al., 2001; Dinarello, 2007).
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FIGURE 1 | Sterile inflammatory diseases. Sterile inflammatory diseases can affect multiple organ systems and are a major threat to global human health.
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IL-33 is one of the newest members of the IL-1 cytokine super-
family and its roles in inflammatory disease are just now being
uncovered (Liew et al., 2010). Engagement of the ST2 receptor
by IL-33 provokes the induction of T helper 2 (Th2) cytokines
including IL-5 and IL-13, and thus IL-33 uniquely contributes to
the pathogenesis of Th2-mediated inflammatory diseases. Below
we describe the molecular mechanisms that control the release
of these potent cytokines and highlight emerging data that sug-
gest central roles for IL-1 family cytokines in sterile inflammatory
diseases.

INFLAMMASOME-DERIVED IL-1β AND IL-18
Over the past decade extensive research from various groups has
shed light on the ability of inflammasome complexes to regulate
the processing and activation of IL-1β and IL-18. Inflammasomes
are comprised of a Nod-like receptor (NLR) or a pyrin- and HIN-
200 domain-containing protein (PYHIN), an adaptor protein, and
caspase-1 (Figure 2). NLRs are sensor molecules that detect both
pathogen- and danger-associated molecular patterns (PAMPs and
DAMPs, respectively). Activation of NLR proteins promotes the
recruitment of the inflammasome-adaptor protein, ASC (also
known as PYCARD), and pro-caspase-1 into a molecular plat-
form known as the inflammasome. These multi-protein complexes
mediate the proximity-induced autoactivation of caspase-1. Active
caspase-1 subsequently cleaves pro-IL-1β and pro-IL-18, which is
required for their secretion and to elicit their inflammatory prop-
erties. The activation of inflammasomes can occur in response
to an array of different stimuli. For instance, inflammasome-
mediated recognition of pathogen-derived molecules is a critical

first line of defense during infection (Kanneganti et al., 2006;
Kanneganti, 2010; Lupfer and Kanneganti, 2012). On the other
hand, inflammasomes are also involved in the detection of danger-
and stress-associated signals that are generated during sterile
inflammation. Sterile stimuli that trigger inflammasome activa-
tion include endogenous danger signals that are released during
aberrant cell death (ATP and uric acid), metabolic factors (satu-
rated fatty acids and cholesterol crystals), and exogenous irritants
(asbestos and silica; Figure 2). Mutations in NLR-inflammasome
proteins are associated with both monogenic and polygenic human
inflammatory disorders. Most of these rare genetic disorders are
associated with mutations that result in exacerbated secretion
of inflammasome-derived cytokines (Aksentijevich et al., 2007).
Importantly, therapeutics that block IL-1 signaling have proven
successful in the treatment of these disorders (Hoffman et al., 2004;
Church and McDermott, 2009).

INFLAMMASOME-INDEPENDENT SOURCES OF IL-1β
Bioactive IL-1β can also be generated by inflammasome-
independent mechanisms, however, the contributions of these
non-canonical sources of IL-1β to the inflammatory environ-
ment and disease pathology are poorly understood. Proteases
that are expressed by neutrophils are primarily responsible for
the majority of caspase-1 independent IL-1β. Examples of neu-
trophilic proteases that have been shown to cleave pro-IL-1β

independently of caspase-1 activity include elastase, proteinase-
3, cathepsin G, granzyme A, and chymase (Dinarello, 2011). Roles
for inflammasome-independent IL-1β in disease pathogenesis
have only been described in a few settings to date. For instance,

FIGURE 2 | Sterile inflammasome activation. Endogenous, metabolic,
and exogenous danger-associated signals activate NLRP3 in the cytosol.
Detection of danger signals by NLRP3 promotes the recruitment of ASC
and caspase-1 into a multi-protein complex known as the inflammasome.
Inflammasome formation provides the necessary molecular platform to
promote self-cleavage and activation of caspase-1. Activated caspase-1

cleaves the pro-forms of IL-1β and IL-18, which is required for their secretion
and biological activity. Inflammasome-derived IL-1β, and IL-1α that is released
from dying cells bind IL-1R, whereas IL-18 has its own receptor. Engagement
of IL-1R or IL-18R promotes the robust production of secondary
proinflammatory molecules (TNFα, IL-6, KC, etc.) that can then trigger
additional immune cell recruitment and activation.
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capase-1 autonomous IL-1β was reported to provoke sterile
inflammation in models of urate crystal-induced peritonitis and
joint damage (Guma et al., 2009; Joosten et al., 2009). Cell death
that ensues in sterile inflammatory environments results in the
passive release of inactive pro-IL-1β. Extracellular pro-IL-1β

can then be cleaved and activated by activated neutrophils that
express surface-bound proteases (Netea et al., 2010). As most ster-
ile inflammatory diseases are associated with enhanced neutrophil
recruitment and tissue damage, it is likely that protease-dependent
activation of IL-1β is involved in pathogenesis at some level. One
possible scenario is that inflammasomes are involved in the ini-
tial sensing of the sterile threat and that caspase-1 independent
sources of IL-1β are important in perpetuating the inflamma-
tory environment later in the response. Regardless, it is clear that
additional studies are needed to elucidate the unique contribu-
tions of inflammasome-independent sources of IL-1β in sterile
disease.

IL-1α RELEASE
Historically, IL-1α and IL-1β have been believed to possess over-
lapping biological functions. Indeed, it is true that recombinant
IL-1α and IL-1β both bind to IL-1R to induce a proinflamma-
tory signaling cascade. However, several lines of evidence point
to distinct biological roles for IL-1α. For one, IL-1α belongs to a
family of “dual function cytokines”, which can exert distinct bio-
logical functions in the nucleus and also when released into the
extracellular compartment. The nuclear location sequence in the
N-terminus of IL-1α allows it to translocate to the nucleus where it
affects transcription (Buryskova et al., 2004; Werman et al., 2004).
Both IL-1α and IL-1β are first synthesized as precursor proteins
that can be enzymatically cleaved. The precursor form of IL-1β

is not biologically active and requires cleavage to elicit its inflam-
matory activity. In comparison, the precursor form of IL-1α is
biologically active. However, under certain poorly defined situa-
tions, precursor IL-1α can also be cleaved by the calcium-activated
protease calpain to release the N-terminal propiece and produce
the mature form of IL-1α. The secreted mature form of IL-1α can
then bind IL-1R to induce inflammation. Why IL-1 exists in three
different biologically active forms is an important question in the
field. Furthermore, the discrete roles of each form of IL-1α (pre-
cursor, propiece, and mature) in disease progression remains to be
formally addressed.

Under homeostatic conditions cells typically undergo apop-
totic cell death, which does not provoke inflammation. However,
cellular stress that occurs in response to trauma, hypoxia, chem-
ical and environmental insults, and complement-mediated lysis
can promote necrotic cell death. During programmed apopto-
sis IL-1α is trafficked to the nucleus to prevent its release into
the extracellular compartment (Cohen et al., 2010). In contrast,
necrosis is associated with the release of IL-1α, which then acts
on macrophages, neutrophils, and parenchymal cells to trigger
production of IL-6, TNFα, KC, G-CSF, and other inflammatory
mediators (Figure 3). The passive secretion of IL-1α by necrotic
cells following trauma or sterile insults orchestrates the recruit-
ment of neutrophils and macrophages to the site of injury where
they are needed to sequester the injurious agent, remove the
dead cells, and initiate the healing process (Chen et al., 2007;

Eigenbrod et al., 2008). However, exacerbated IL-1α release leads
to pathogenic neutrophilic responses and collateral tissue damage,
and thus is centrally involved in disease progression.

A recent report also suggested that IL-1α is secreted in a
caspase-1 dependent fashion (Gross et al., 2012). They showed that
processed IL-1α is secreted in high amounts following stimulation
with various inflammasome activators. Intriguingly, caspase-1
catalytic activity was not required for IL-1α secretion in these
scenarios. In the future it will be important to define the phys-
iological relevance of catalytic independent caspase-1-mediated
IL-1α release in vivo. Regardless, it is clear that a more complete
understanding of the cellular and molecular pathways that regulate
IL-1α processing and secretion is critically needed. These find-
ings will aid in the design of novel autoinflammatory therapeutics
and also provide insight into the etiology of sterile inflammatory
diseases.

IL-33
Interleukin-33 is a newly described member of the IL-1 fam-
ily that is predominantly expressed by non-hematopoietic cells
including endothelial and epithelial cells (Moussion et al., 2008).
Similar to IL-1α, IL-33 has also been characterized as a dual func-
tion cytokine that can exert transcriptional activity in the nucleus
(Carriere et al., 2007). Originally it was thought that caspase-1
is required for the processing and secretion of IL-33, however,
it was later found that active IL-33 release occurs independently
of capsase-1 (Talabot-Ayer et al., 2009). Paradoxically, it has been
formally shown that full-length IL-33 is fully bioactive and that
caspase-mediated cleavage of IL-33 actually results in its inactiva-
tion (Cayrol and Girard, 2009; Luthi et al., 2009). Release of IL-33
is believed to occur passively during cell death (Luthi et al., 2009;
Talabot-Ayer et al., 2009).

Interleukin-33 signals through the ST2 receptor, which is abun-
dantly expressed on Th2 cells, mast cells, and most other immune
cell populations (Ali et al., 2007; Chackerian et al., 2007). Stimula-
tion of Th2 cells with IL-33 induces secretion of the Th2 cytokines
IL-4, IL-5, and IL-13 (Schmitz et al., 2005). In a similar fash-
ion, IL-33 has also been shown to drive potent production of Th2
cytokines by type 2 innate lymphoid cells (ILCs; Spits and Cupedo,
2012). Furthermore, engagement of ST2 by IL-33 on mast cells
has been suggested to centrally contribute to anaphylactic shock
by triggering the production of proinflammatory cytokines and
degranulation (Pushparaj et al., 2009).

ROLE FOR IL-1 FAMILY CYTOKINES IN STERILE
INFLAMMATORY DISEASES
NEURODEGENERATIVE DISEASE
Interleukin-1 is a potent neurotropic cytokine that has been
implicated in numerous neurodegenerative diseases including
Alzheimer’s disease (AD), stroke, Parkinson’s disease, and amy-
otrophic lateral sclerosis (ALS; Allan et al., 2005). These diseases
are typically associated with elevated local and systemic levels of
IL-1. Furthermore, IL-1 can cause neuronal cell injury, breakdown
of the blood–brain barrier, and astrogliosis (Shaftel et al., 2008).
In the case of AD, fibrillar peptide amyloid-β (Aβ) accumulation
that accompanies dementia and neuronal cell death was found to
incite NLRP3 inflammasome-dependent IL-1β production (Halle
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FIGURE 3 | Necrotic cells trigger sterile inflammation. Necrotic cells
potently induce sterile inflammation through multiple mechanisms. IL-1α

that is released from necrotic cells induces the generation of cytokines and
chemokines that are associated with granulopoiesis and neutrophil recruitment

(G-CSF, KC, IL-6, etc.). In addition, multiple danger-associated molecular
pattern molecules (DAMPs) including uric acid, reactive oxygen species
(ROS), and ATP are released during necrosis and can promote the expression
of factors that are involved in inflammation and neutrophil recruitment.

et al., 2008). Genetic deletion of NLRP3/caspase-1/IL-1β axis
molecules markedly attenuated the production of proinflamma-
tory cytokines and neurotoxic factors in responses to Aβ, and also
abrogated microglia activation in the brain. Genetic studies have
also recently identified the Il33 gene as a potential genetic determi-
nant of AD (Chapuis et al., 2009). In this study they show that Il33
expression is markedly reduced in AD patients. Intriguingly, they
demonstrate that IL-33 overexpression hinders the production of
Aβ. Additional studies are needed to follow-up on this exciting link
and also to define how IL-33 mechanistically limits Aβ secretion.

Recent advancements in IL-1 cytokine family biology have also
uncovered important roles for these proinflammatory mediators
in both ALS and Parkinson’s disease. The most common genetic
cause of ALS is dominant gain of function mutations in superox-
ide dismutase 1 (SOD1). Recently it was described that mutant
SOD1 accelerates ALS pathogenesis through the induction of
inflammasome-derived IL-1β (Meissner et al., 2010). In the case
of Parkinson’s disease, polymorphisms in Il1β are associated with
exacerbated neuropathology, and IL-1β was found to increase the
rates of dopamine neuron degeneration in a Parkinson’s disease
mouse model (McGeer et al., 2002; Koprich et al., 2008).

Ischemic or hemorrhagic conditions that are responsible for
strokes result in the rapid induction of proinflammatory cytokines
and inflammatory cells. The initiation of this inflammatory
cascade ultimately causes neuronal cell death and functional
impairment. IL-1 expression is one of the most highly up-
regulated factors in stroke patients, thus randomized clinical trials
using IL-1R antagonist (anakinra) to treat acute stroke were con-
ducted (Rothwell et al., 1997; Wang et al., 1997; Emsley et al.,
2005). Strikingly, stroke patients treated with anakinra exhibited
reduced proinflammatory cytokine levels and improved cognitive
functions.

Collectively, these findings highlight a critical role for
inflammasome-induced inflammation and tissue damage in var-
ious neurodegenerative diseases. Moreover, they have helped to
improve our understanding of the etiology of neurodegenera-
tive disorders and have uncovered novel pathways to target in the
treatment of these debilitating diseases.

PULMONARY DISEASE
The lung is constantly exposed to a multitude of airborne pollu-
tants. Deposition of environmental or man-made irritants in the
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lung is known to cause fibrosis and extensive cellular infiltration.
Prolonged damage can ultimately result in devastating pulmonary
disease. IL-1R signaling has emerged as a crucial regulator of many
irritant-induced lung diseases. For instance, IL-1R deficient mice
are highly resistant to lung damage in a myriad of chemically
induced pulmonary disease models (Gasse et al., 2007). In these
studies, disruption of IL-1 signaling was shown to attenuate proin-
flammatory cytokine production, immune cell recruitment, and
fibrosis in response to a variety of irritants including bleomycin,
cigarette smoke, diesel fuel, silica, and asbestos (Cassel et al.,
2008; Hornung et al., 2008; Wilson et al., 2010; Yazdi et al., 2010).
Moreover, it was clearly demonstrated that NLRP3 is a primary
sensor of airborne pollutants in the lung. Indeed, asbestos and
silica potently induce inflammasome activation and IL-1β secre-
tion following NLRP3 recognition. Aerosolized asbestos-exposure
in NLRP3 deficient mice resulted in diminished recruitment of
inflammatory cells to the lung and concomitant reductions in
proinflammatory cytokines (Dostert et al., 2008). Collectively,
work in this field suggest that IL-1 blocking therapeutics may prove
beneficial in the treatment of asbestos-induced mesothelioma,
silicosis, and potentially other chronic obstructive pulmonary
diseases (COPD).

Important roles for IL-33 in airway inflammation have also
been recently described. In particular, IL-33 has been found to
pivotally contribute to asthma-induced pathology. Expression of
IL-33 is highly up-regulated in the lungs of asthmatic patients
and in mouse models of asthma (Kurowska-Stolarska et al., 2008;
Prefontaine et al., 2009). Damage to epithelial cells lining the air-
ways is believed to be the major source of IL-33 that triggers
asthmatic flares (Schmitz et al., 2005). IL-33 release promotes the
recruitment of dendritic cells, Th2 cells, eosinophils, and mast cells
into the airways and ultimately results in Th2-mediated inflamma-
tion (Liew et al., 2010; Borish and Steinke, 2011). Direct injection
of IL-33 into the lungs of mice has been shown to rapidly in-
duce eosinophilic inflammation and airway-hyperresponsiveness
(AHR; Kondo et al., 2008; Kurowska-Stolarska et al., 2008). Fur-
thermore, in the ovalbumin (OVA)-induced mouse model of
airway inflammation, IL-33 causes exacerbated lung damage and
inflammatory cell infiltration (Kurowska-Stolarska et al., 2008).
Treatment of OVA-induced AHR mice with ST2 and IL-33 block-
ing antibodies was also found to ameliorate airway inflammation,
which highlights the great promise that IL-33 neutralizing thera-
pies hold in the treatment of asthma (Lohning et al., 1998; Coyle
et al., 1999; Liu et al., 2009).

ATHEROSCLEROSIS
Atherosclerosis is an inflammatory disorder that occurs when fats
and cholesterol accumulate around the arterial walls and cause
disruptions in blood flow and heart failure. Numerous lines of
clinical data point to instrumental roles for IL-1 family molecules
in the induction and progression of atherosclerosis. For instance,
the expression of IL-1β and IL-1R are markedly up-regulated in
arterial plaques, and expression levels are linked to disease sever-
ity (Moyer et al., 1991; Galea et al., 1996). Moreover, circulating
IL-18 levels can be utilized to predict the risk of atherosclerosis-
related death in patients (Mallat et al., 2001; Blankenberg et al.,
2002). Recently, the NLRP3 inflammasome has been identified as

a central regulator of atherosclerosis pathogenesis. It was shown
that cholesterol crystals incite NLRP3 inflammasome activation
and subsequent IL-1β and IL-18 secretion (Duewell et al., 2010).
Important roles for inflammasomes have also been established
in other mouse models of atherosclerosis. For example, LDL-
receptor-deficient mice (genetically prone to atherosclerosis) that
are reconstituted with bone marrow cells from mice that lack
NLRP3, ASC, or IL-1β are remarkably resistant to plaque for-
mation (Duewell et al., 2010). The apolipoprotein E (APOE)
mouse model is also routinely utilized to study the events that
are responsible for atherosclerosis pathogenesis. APOE deficient
mice on a high fat diet (HFD) develop severe hypercholesterolemia
and arterial plaques around the heart. Interestingly, blockade of
IL-1 signaling by treatment with IL-1R antagonists or genetic
ablation of IL-1R results in marked resistance to the develop-
ment of atherosclerosis in the APOE model (Chi et al., 2004).
These findings suggest that IL-1 contributes to HFD-induced
arterial plaque formation. However, a recent study also found
that genetically crossing APOE mice to mice that lack NLRP3
does not diminish the severity or incidence of atherosclerosis
(Menu et al., 2011). It remains unclear why these two differ-
ent mouse models of atherosclerosis have produced opposite
findings in regards to the role of the NLRP3-inflammasome in
cardiovascular inflammation. Therefore, additional studies are
needed to formally elucidate the role of IL-1 in atherosclerosis
models.

In contrast to the pathogenic role of IL-1 and IL-18 in
atherosclerosis pathogenesis, IL-33 has been described to attenuate
cardiovascular inflammation and plaque formation (Miller et al.,
2008). Administration of IL-33 to APOE deficient mice promotes
the induction of Th2-associated cytokines (IL-4, IL-5, and IL-13)
that play a protective role in atherosclerotic plaque formation.
Furthermore, IL-33 treatment also limits plaque development and
cardiovascular disease by promoting the production of atheropro-
tective anti-oxidized low-density lipoprotein (oxLDL) antibodies
and limiting macrophage foam cell maturation (Miller et al., 2008;
McLaren et al., 2010).

ISCHEMIA-INDUCED INFLAMMATION
Disruption in blood flow to organs causes aberrant cell death and
is responsible for triggering ischemia-associated disease. Inflam-
mation arises due to aberrant cell death and hypoxia in the organ.
Myocardial infarction, hypoglycemia, hypotension, and surgery
can trigger ischemia-induced inflammation and tissue damage.
Altered IL-1 signaling has been identified to be a major culprit
in the pathology of many ischemia-related diseases (Boutin et al.,
2001; Thornton et al., 2010). Indeed, massive production of both
IL-1α and IL-1β occurs during ischemia, and blockade of IL-1
signaling can significantly attenuate tissue damage and cytokine
production (Shito et al., 1997; Pomerantz et al., 2001; Abbate et al.,
2008; Luheshi et al., 2011). The release of the major alarmin
molecule, IL-1α, following necrosis and hypoxia-induced cell
death is a crucial initiating step of the ischemia-induced inflam-
matory cascade (Chen et al., 2007). In contrast, inflammasome-
mediated IL-1β production by macrophages is believed to play
important roles in sustaining local inflammation later in the
response (Rider et al., 2011).
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Recently emerging data suggests that IL-33 plays a protec-
tive role during ischemia-induced inflammation. IL-33 is highly
expressed in both mice and humans following myocardial infarc-
tion, and studies utilizing mice that are deficient in ST2 suggest
that IL-33 limits tissue destruction that results from myocardial
infarction (Weinberg et al., 2002; Sanada et al., 2007; Seki et al.,
2009). Soluble ST2 levels also directly correlate with impaired left
ventricular function post myocardial infarction and thus circulat-
ing ST2 levels has been proposed as a biomarker for heart failure
(Weinberg et al., 2003).

JOINT AND BONE DISEASE
Chronic inflammatory bone and joint diseases can cause debil-
itating pain, physical impairments, and significant morbidity.
Importantly, the rates of these diseases are projected to rise
substantially in coming years due to increased life expectancies,
sedentary lifestyles, and the ongoing obesity epidemic. IL-1 can
affect various aspects of bone and joint integrity, and as a result IL-
1 is critically involved in the pathogenesis of rheumatoid arthritis
(RA), periodontal disease, osteoarthritis, and gout (Walsh et al.,
2006; Takayanagi, 2007; Jones et al., 2011). For instance, IL-1
stimulates bone resorption bone by directly impinging on osteo-
clast and osteoblast functions (Nguyen et al., 1991; Kwan Tat et al.,
2004). On the other hand, IL-1 signaling contributes to cartilage
deterioration by impairing chondrocyte proteoglycan synthesis
and stimulating the production of joint damaging mediators such
as matrix metalloproteinases and nitric oxide (Joosten et al., 2004;
Zwerina et al., 2007). In the case of RA, insufficient levels of the nat-
urally occurring IL-1R antagonist in the synovium are associated
with joint pathology (Firestein et al., 1994). Treatment of RA with
IL-1 pathway inhibitors has achieved moderate clinical success and
is currently prescribed to limit the progression of joint damage in
individuals with moderate to severe RA (Arend et al., 1998; Bresni-
han et al., 1998). Similar to RA, dysregulated IL-1-mediated events
also impinge on the development of osteoarthritis; however, ther-
apeutic targeting of IL-1 has only provided modest improvements
in clinical trials (Chevalier et al., 2009).

Gout and pseudogout are sterile inflammatory disorders that
occur when monosodium urate (MSU) or calcium pyrophos-
phate dihydrate (CPPD) crystals, respectively, deposit in the joints
and periarticular tissue. These crystalline agents cause aggravated
inflammation and neutrophil recruitment that can result in bone
and joint damage. This sterile inflammatory response is depen-
dent on NLRP3 inflammasome activation both in vitro and in
vivo (Martinon et al., 2006). Moreover, colchicine, which is com-
monly used to treat gout and pseudogout, was found to dampen
inflammasome-triggered IL-1β production. Currently, inhibition
of crystal uptake is targeted to treat gout, however, this recent
data suggests that addition of IL-1R blockade could substantially
improve current therapeutics.

Excessive Th1- and Th17-mediated inflammatory responses
have traditionally been associated with joint destruction, espe-
cially in the case of arthritis. IL-33 has been extensively shown
to potently induce Th2-driven inflammation, and thus it came
as a great surprise that the absence of IL-33-mediated signaling
results in attenuated joint disease (Xu et al., 2008). Appreciable
levels of IL-33 and ST2 can be detected in the synovium of RA

patients (Carriere et al., 2007; Palmer et al., 2009). Furthermore,
the disruption of ST2 activation, either by genetic abrogation
or antibody-induced blockade, resulted in decreased joint dis-
ease in the mouse model of collagen-induced arthritis (CIA; Xu
et al., 2008; Palmer et al., 2009). The lack of functional ST2 con-
tributed to protection in this model through the dampening of
inflammatory cytokine and anti-collagen antibody production. In
contrast, treatment of CIA-induced mice with exogenous IL-33
at the onset of disease resulted in exacerbated joint destruction.
Expression of ST2 on mast cells was shown to be critical for
disease pathology in the CIA model, thus suggesting a critical
role for IL-33-mediated activation of mast cells in joint disease
(Xu et al., 2008).

MACULAR DEGENERATION
Age-related macular degeneration (AMD) is the leading cause
of vision loss and blindness in older adults. It is characterized
by the accumulation of protein aggregates – known as drusen
deposits – between the retina and choroid of the eye. Recently,
the importance of inflammasome-derived IL-18 in this debilitat-
ing eye disease was described (Doyle et al., 2012; Tarallo et al.,
2012). In one study it was shown that the accumulation of
Alu RNA transcripts that are associated with disease progres-
sion in AMD patients can activate the NLRP3 inflammasome
(Tarallo et al., 2012). Using both genetic and pharmacological
inhibition of inflammasome components they found that the
NLRP3/ASC/caspase-1 axis and IL-18, in particular, was required
for ocular damage in response to Alu RNA. Intriguingly, they
showed that regulation of inflammasome activation in ocular-
specific epithelial cells and not immune cells was involved in
disease pathology. A separate study also reported critical roles
for inflammasome-derived IL-18 in AMD. Their findings revealed
that drusen droplets isolated from AMD patients incite inflam-
masome activation and the subsequent release of IL-1β and IL-18
(Doyle et al.,2012). However, in contrast to the other study, NLRP3
inflammasome-induced IL-18 was found to have a protective role
in macular degeneration. It is currently unclear why these two
recent studies have yielded disparate findings, however, differences
in mouse models may account for the different outcomes. Regard-
less, it is clear from these studies that inflammasome-induced
IL-18 critically regulates ocular damage.

MULTIPLE SCLEROSIS
Interleukin-1 signaling has also been found to play instrumen-
tal roles in the pathogenesis of multiple sclerosis (MS) in animal
models and patients. Mice that are deficient in IL-1R are protected
from the development of neuroinflammation and demyelinating
disease in the experimental autoimmune encephalomyelitis (EAE)
mouse model of MS. Disruption in IL-1R was shown to con-
fer protection by abrogating the induction of pathogenic CD4+
T cells and γδ T cells (Matsuki et al., 2006; Sutton et al., 2006;
Chung et al., 2009). Moreover, IL-1R−/− mice exhibit marked
reductions in IL-17 and GM-CSF production (Sutton et al., 2009;
Lukens et al., 2012). Genetic ablation of caspase-1 provided signif-
icant protection during the early phase of the response, however,
inflammasome deficiency did not lead to the same levels of pro-
tection as seen in mice that lack IL-1R (Gris et al., 2010; Shaw
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et al., 2010; Inoue et al., 2012a). This suggests that inflammasome-
independent sources of IL-1 are also important in the pathogenesis
of EAE. Future studies are needed to further characterize these
sources of IL-1 in neuroinflammatory disease.

IFN-β is routinely prescribed to treat MS and the mode of
action of this therapy was recently described to involve inhi-
bition of inflammasome-mediated IL-1β production (Guarda
et al., 2011a). Interestingly, one-third of MS patients do not
respond to this regimen (Inoue et al., 2012b). It is possible that
inflammasome-independent sources of IL-1β drive neuroinflam-
mation in MS patients that are non-responsive to IFN-β. Strategies
that inhibit inflammasome-independent IL-1 generation may hold
great promise for the treatment of MS in this group of patients.

Both protective and pathogenic roles have been recently
assigned to IL-33 in EAE. In one study, it was found that genetic
abrogation of ST2 promotes exacerbated neuroinflammation
(Jiang et al., 2012). They suggest that IL-33 provides neuropro-
tection by dampening IL-17 and IFN-γ production, and also by
promoting the induction of alternatively activated macrophages
that possess suppressive functions. Another study, on the other
hand, showed that blockade of IL-33 during the induction phase
can limit the development of demyelinating disease by curtailing
the expression of pathogenic cytokines (Li et al., 2012). Both stud-
ies agree that IL-33 and its receptor, ST2, are highly expressed in
the central nervous system (CNS) of EAE mice. Additional stud-
ies on the role of IL-33 in EAE are thus needed to clarify these
disparate results.

OBESITY AND METABOLIC SYNDROME
The incidence of obesity worldwide has increased at a staggering
rate in recent decades and as a result the obesity epidemic has
become a major threat to global human health. Obesity is associ-
ated with increased rates of type 2 diabetes, atherosclerosis, and
joint disease. Current strategies to combat obesity that include
lifestyle and dietary changes have been unsuccessful in curtail-
ing the obesity epidemic. Thus, therapies that target the specific
molecular pathways that promote obesity-related diseases are des-
perately needed and are at forefront of biomedical investigation.
Immune cell-mediated inflammation is now recognized to con-
tribute to the development and progression of obesity (Gregor
and Hotamisligil, 2011; Osborn and Olefsky, 2012).

Extensive research has shown that IL-1 family cytokines drive
the development of obesity and related diseases. Of note, obesity
progression in both diet-induced and genetically prone obese mice
coincided with enhanced caspase-1 and IL-1β activity (Stienstra
et al., 2010; Vandanmagsar et al., 2011). Importantly, genetic and
pharmacological abrogation of the inflammasome was demon-
strated to lower obesity-associated inflammation and improve
insulin-sensitivity in HFD fed mice (Masters et al., 2010; Stien-
stra et al., 2010, 2011; Vandanmagsar et al., 2011; Wen et al., 2011).
During obesity the adipose tissue undergoes considerable expan-
sion and remodeling to store excess energy in the form of fat
(Shoelson et al., 2006). Differentiation of adipocytes during adi-
pose tissue expansion is associated with the activation of caspase-1,
and IL-1β has been reported to convert adipocytes into a more
insulin-resistant phenotype (Stienstra et al., 2010). Furthermore,
hypertrophic and hyperplastic changes that occur during weight

gain are typically associated with increased cell death and the
release of cell death-related stimuli (ATP, uric acid, ROS, and dam-
age mitochondria) in metabolic tissue can trigger inflammasome
activation and enhanced secretion of IL-1β and IL-18 (Strissel
et al., 2007; Khan et al., 2009).

Saturated fatty acids and other obesity-related metabolites
that are markedly elevated in obese individuals have long been
suspected to contribute to inflammation and disease pathol-
ogy. However, the mechanistic link connecting metabolic factors
derived from HFDs to chronic inflammation and insulin resis-
tance remained elusive for many years. A collection of recent
studies have identified the NLRP3 inflammasome as a central
sensor that detects obesity-related stress signals and that triggers
IL-1β production and subsequent disease pathogenesis (Masters
et al., 2010; Stienstra et al., 2010, 2011; Vandanmagsar et al., 2011;
Wen et al., 2011; Henao-Mejia et al., 2012). Specifically, it was dis-
covered that saturated fatty acids (i.e., palmitate and ceramide)
elicit NLRP3 inflammasome activation and subsequent release of
IL-1β and IL-18 (Vandanmagsar et al., 2011; Wen et al., 2011).
It is believed that saturated fatty acids disrupt AMPK signaling,
which results in defective autophagy and the accumulation of
dysfunctional mitochondria and ROSs. ROS production is a well-
established activator of the NLRP3 inflammasome and thus the
accumulation of ROS in response to fatty acid-induced impair-
ment of autophagy is believed to be responsible for inflammasome
activation in this setting (Zhou et al., 2009; Wen et al., 2011). Col-
lectively these findings have provided us with important insight
into the immunological underpinnings of obesity and define piv-
otal roles for the NLRP3 inflammasome in obesity-induced sterile
inflammation.

TYPE 2 DIABETES
Type 2 diabetes mellitus (T2DM) is an obesity-related inflamma-
tory disorder characterized by insulin resistance and uncontrolled
glucose levels. It has become increasing clear that inflammasome-
derived cytokines centrally regulate many of the inflammatory
processes that are responsible for the impairment of metabolic
function and the insulin resistance that underlies T2DM. For
example, IL-1β can cause apoptosis of insulin-producing β-cells
in the pancreas and also promotes insulin resistance in adipocytes
(Bendtzen et al., 1986; Lagathu et al., 2006). Moreover, IL-18 is
up-regulated in T2DM patients and has been linked to increased
secondary renal failure and atherosclerosis (Blankenberg et al.,
2002; Thorand et al., 2005). Perhaps the best example of the con-
tribution of IL-1 family cytokines in the pathogenesis of T2DM
comes from the recent clinical success of IL-1R antagonists in the
treatment of this chronic disease (Larsen et al., 2007). In these clin-
ical trials, IL-1 signaling inhibition was found to stabilize blood
glucose levels and improve β-cell function.

Intriguingly, islet amyloid polypeptide (IAPP), was recently
discovered to stimulate inflammasome activation and exacerbate
T2DM (Masters et al., 2010). IAPP is a metabolite secreted at the
same time as insulin by β-cells in the pancreas. IAPP forms amy-
loid deposits in the pancreas during T2DM progression (Wei et al.,
2011). This formation of amyloid plaques is a salient hallmark
of T2DM and has been speculated to influence disease severity.
Recent findings now identify that IAPP amyloid plaques impinge
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on T2DM pathogenesis by activating the NLRP3 inflammasome
and triggering the secretion of IL-1β.

FUTURE PERSPECTIVES AND CONCLUSIONS
Recent discoveries have identified IL-1 family cytokines as piv-
otal regulators of a spectrum of sterile inflammatory diseases.
The effectiveness of IL-1R blockade in the treatment of T2DM
and other diseases suggest that additional therapeutics that tar-
get IL-1 family cytokines may provide effective strategies to treat
other devastating inflammatory disorders. The identification of
the central role of IL-1-associated cytokines in inflammatory
disease progression and the discovery of the specific danger
signals that trigger inflammation has provided an important foun-
dation in our understanding of the etiology of many human
diseases. Despite these recent advancements, numerous impor-
tant questions remain to be addressed in order to gain a more
complete understanding of the role of IL-1 family cytokines in
non-communicable chronic diseases.

For example the ability of inflammasomes to influence autoin-
flammatory pathogenesis in cell types other than macrophages and
dendritic cells has not been studied in detail. Multiple immune
and organ-specific cell types express NLRs and inflammasome-
associated proteins (Guarda et al., 2011b; Kufer and Sansonetti,
2011). Investigation of their contribution to disease should pro-
vide novel insight. Furthermore, up to now our understanding of
the role of inflammasomes in sterile inflammatory disease has
been limited to findings generated from studying the NLRP3
inflammasome. Much of this can probably be attributed to the
unique role that the NLRP3 inflammasome plays in sensing mul-
tiple different stress and danger signals. However, multiple new
NLR–inflammasome complexes have been discovered in recent
years. Evaluation of the involvement of the AIM2, caspase-11,
and caspase-8 inflammasomes in sterile inflammatory disorders is
a very exciting area of future investigation (Maelfait et al., 2008;
Fernandes-Alnemri et al., 2009; Hornung et al., 2009; Kayagaki

et al., 2011; Gringhuis et al., 2012; Vince et al., 2012). We also still
lack a complete understanding of the regulatory pathways and
molecules that help to dampen excessive IL-1-mediated events.
Identification of key molecules and regulatory networks that facil-
itate in suppressing IL-1-induced inflammation is paramount
to the identification of improved therapeutics to treat sterile
inflammatory diseases.

Investigation of the role of commensal bacteria in sterile
inflammatory disease is another burgeoning frontier in this
field. Although by definition sterile inflammation diseases are
non-communicable in the infectious sense, it has become appar-
ent recently that gut microflora can shape sterile inflammatory
responses. Gut commensal bacteria are involved in calibrating the
activation threshold of both adaptive and innate immune cells
(Abt et al., 2012; Hooper et al., 2012). Moreover, lipopolysaccha-
ride that translocates from the gut has been reported to directly
influence both obesity and cardiovascular disease (Michelsen et al.,
2004; Henao-Mejia et al., 2012).

Recent advancements in the field of IL-1 biology have greatly
enhanced our understanding of the etiology of numerous autoin-
flammatory disorders. These studies have positioned IL-1 family
cytokines as central regulators that link cellular stress that results
from danger/stress signals to the induction and progression of ster-
ile inflammatory diseases. These findings and future discoveries in
the IL-1 field should provide novel strategies in the treatment of
autoinflammatory diseases.

ACKNOWLEDGMENTS
We apologize to authors whose work could not be referenced in
this review due to space limitations. Thirumala-Devi Kanneganti
is supported by grants from the National Institute of Arthritis
and Musculoskeletal and Skin Diseases under Award Number
AR056290, the National Institute of Allergy and Infectious Dis-
eases under Award Number AI101935 of the National Institutes of
Health and the American Lebanese Syrian Associated Charities.

REFERENCES
Abbate, A., Salloum, F. N., Vecile, E.,

Das, A., Hoke, N. N., Straino, S., et al.
(2008). Anakinra, a recombinant
human interleukin-1 receptor antag-
onist, inhibits apoptosis in experi-
mental acute myocardial infarction.
Circulation 117, 2670–2683.

Abt, M. C., Osborne, L. C., Monticelli,
L. A., Doering, T. A., Alenghat, T.,
Sonnenberg, G. F., et al. (2012).
Commensal bacteria calibrate
the activation threshold of innate
antiviral immunity. Immunity 37,
158–170.

Aksentijevich, I., D Putnam, C., Rem-
mers, E. F., Mueller, J. L., Le, J., Kolod-
ner, R. D., et al. (2007). The clini-
cal continuum of cryopyrinopathies:
novel CIAS1 mutations in North
American patients and a new cry-
opyrin model. Arthritis Rheum. 56,
1273–1285.

Ali, S., Huber, M., Kollewe, C., Bischoff,
S. C., Falk, W., and Martin, M. U.

(2007). IL-1 receptor accessory pro-
tein is essential for IL-33-induced
activation of T lymphocytes and mast
cells. Proc. Natl. Acad. Sci. U.S.A. 104,
18660–18665.

Allan, S. M., Tyrrell, P. J., and Rothwell,
N. J. (2005). Interleukin-1 and neu-
ronal injury. Nat. Rev. Immunol. 5,
629–640.

Arend, W. P., Malyak, M., Guthridge, C.
J., and Gabay, C. (1998). Interleukin-
1 receptor antagonist: role in biology.
Annu. Rev. Immunol. 16, 27–55.

Bendtzen, K., Mandrup-Poulsen, T.,
Nerup, J., Nielsen, J. H., Dinarello,
C. A., and Svenson, M. (1986). Cyto-
toxicity of human pI 7 interleukin-1
for pancreatic islets of Langerhans.
Science 232, 1545–1547.

Blankenberg, S., Tiret, L., Bickel, C.,
Peetz, D., Cambien, F., Meyer, J., et al.
(2002). Interleukin-18 is a strong pre-
dictor of cardiovascular death in sta-
ble and unstable angina. Circulation
106, 24–30.

Borish, L., and Steinke, J. W. (2011).
Interleukin-33 in asthma: how big
of a role does it play? Curr. Allergy
Asthma Rep. 11, 7–11.

Boutin, H., LeFeuvre, R. A., Horai, R.,
Asano, M., Iwakura, Y., and Rothwell,
N. J. (2001). Role of IL-1alpha and
IL-1beta in ischemic brain damage. J.
Neurosci. 21, 5528–5534.

Bresnihan, B., Alvaro-Gracia, J. M.,
Cobby, M., Doherty, M., Domljan,
Z., Emery, P., et al. (1998). Treatment
of rheumatoid arthritis with recom-
binant human interleukin-1 recep-
tor antagonist. Arthritis Rheum. 41,
2196–2204.

Buryskova, M., Pospisek, M., Grothey,
A., Simmet, T., and Burysek,
L. (2004). Intracellular interleukin-
1alpha functionally interacts with
histone acetyltransferase complexes.
J. Biol. Chem. 279, 4017–4026.

Carriere, V., Roussel, L., Ortega, N.,
Lacorre, D. A., Americh, L., Aguilar,
L., et al. (2007). IL-33, the IL-1-like

cytokine ligand for ST2 receptor, is a
chromatin-associated nuclear factor
in vivo. Proc. Natl. Acad. Sci. U.S.A.
104, 282–287.

Cassel, S. L., Eisenbarth, S. C., Iyer, S.
S., Sadler, J. J., Colegio, O. R., Tephly,
L. A., et al. (2008). The Nalp3 inflam-
masome is essential for the develop-
ment of silicosis. Proc. Natl. Acad. Sci.
U.S.A. 105, 9035–9040.

Cayrol, C., and Girard, J. P. (2009).
The IL-1-like cytokine IL-33 is inacti-
vated after maturation by caspase-1.
Proc. Natl. Acad. Sci. U.S.A. 106,
9021–9026.

Chackerian, A. A., Oldham, E. R.,
Murphy, E. E., Schmitz, J., Pflanz,
S., and Kastelein, R. A. (2007).
IL-1 receptor accessory protein and
ST2 comprise the IL-33 receptor
complex. J. Immunol. 179, 2551–
2555.

Chapuis, J., Hot, D., Hansmannel, F.,
Kerdraon, O., Ferreira, S., Hubans,
C., et al. (2009). Transcriptomic and

www.frontiersin.org October 2012 | Volume 3 | Article 315 | 9

http://www.frontiersin.org/
http://www.frontiersin.org/Inflammation/archive


“fimmu-03-00315” — 2012/10/7 — 14:50 — page 10 — #10

Lukens et al. IL-1 in sterile inflammatory disease

genetic studies identify IL-33 as a can-
didate gene for Alzheimer’s disease.
Mol. Psychiatry 14, 1004–1016.

Chen, C. J., Kono, H., Golenbock, D.,
Reed, G., Akira, S., and Rock, K. L.
(2007). Identification of a key path-
way required for the sterile inflamma-
tory response triggered by dying cells.
Nat. Med. 13, 851–856.

Chevalier, X., Goupille, P., Beaulieu,
A. D., Burch, F. X., Bensen, W.
G., Conrozier, T., et al. (2009).
Intraarticular injection of anakinra
in osteoarthritis of the knee: a mul-
ticenter, randomized, double-blind,
placebo-controlled study. Arthritis
Rheum. 61, 344–352.

Chi, H., Messas, E., Levine, R.
A., Graves, D. T., and Amar, S.
(2004). Interleukin-1 receptor signal-
ing mediates atherosclerosis associ-
ated with bacterial exposure and/or a
high-fat diet in a murine apolipopro-
tein E heterozygote model: pharma-
cotherapeutic implications. Circula-
tion 110, 1678–1685.

Chung, Y., Chang, S. H., Martinez, G.
J., Yang, X. O., Nurieva, R., Kang,
H. S., et al. (2009). Critical regula-
tion of early Th17 cell differentiation
by interleukin-1 signaling. Immunity
30, 576–587.

Church, L. D., and McDermott, M.
F. (2009). Rilonacept in cryopyrin-
associated periodic syndromes:
the beginning of longer-acting
interleukin-1 antagonism. Nat. Clin.
Pract. Rheumatol. 5, 14–15.

Cohen, I., Rider, P., Carmi, Y.,
Braiman, A., Dotan, S., White, M.
R., et al. (2010). Differential release
of chromatin-bound IL-1alpha dis-
criminates between necrotic and
apoptotic cell death by the ability
to induce sterile inflammation. Proc.
Natl. Acad. Sci. U.S.A. 107, 2574–
2579.

Coyle, A. J., Lloyd, C., Tian, J., Nguyen,
T., Erikkson, C., Wang, L., et al.
(1999). Crucial role of the interleukin
1 receptor family member T1/ST2 in
T helper cell type 2-mediated lung
mucosal immune responses. J. Exp.
Med. 190, 895–902.

Dinarello, C. A. (2007). Interleukin-18
and the pathogenesis of inflamma-
tory diseases. Semin. Nephrol. 27,
98–114.

Dinarello, C. A. (2010). IL-1: discov-
eries, controversies and future direc-
tions. Eur. J. Immunol. 40, 599–606.

Dinarello, C. A. (2011). Interleukin-
1 in the pathogenesis and treatment
of inflammatory diseases. Blood 117,
3720–3732.

Di Paolo, N. C., Miao, E. A., Iwakura,
Y., Murali-Krishna, K., Aderem,
A., Flavell, R. A., et al. (2009).

Virus binding to a plasma mem-
brane receptor triggers interleukin-
1 alpha-mediated proinflammatory
macrophage response in vivo. Immu-
nity 31, 110–121.

Dostert, C., Petrilli, V., Van Bruggen,
R., Steele, C., Mossman, B. T., and
Tschopp, J. (2008). Innate immune
activation through Nalp3 inflamma-
some sensing of asbestos and silica.
Science 320, 674–677.

Doyle, S. L., Campbell, M., Ozaki, E.,
Salomon, R. G., Mori, A., Kenna, P. F.,
et al. (2012). NLRP3 has a protective
role in age-related macular degener-
ation through the induction of IL-18
by drusen components. Nat. Med. 18,
791–798.

Duewell, P., Kono, H., Rayner, K.
J., Sirois, C. M., Vladimer, G.,
Bauernfeind, F. G., et al. (2010).
NLRP3 inflammasomes are required
for atherogenesis and activated by
cholesterol crystals. Nature 464,
1357–1361.

Eigenbrod, T., Park, J. H., Harder,
J., Iwakura, Y., and Nunez, G.
(2008). Cutting edge: critical role for
mesothelial cells in necrosis-induced
inflammation through the recogni-
tion of IL-1 alpha released from dying
cells. J. Immunol. 181, 8194–8198.

Emsley, H. C., Smith, C. J., Georgiou, R.
F., Vail, A., Hopkins, S. J., Rothwell, N.
J., et al. (2005). A randomised phase
II study of interleukin-1 receptor
antagonist in acute stroke patients.
J. Neurol. Neurosurg. Psychiatry 76,
1366–1372.

Fernandes-Alnemri, T., Yu, J. W., Datta,
P., Wu, J., and Alnemri, E. S. (2009).
AIM2 activates the inflammasome
and cell death in response to cytoplas-
mic DNA. Nature 458, 509–513.

Firestein, G. S., Boyle, D. L., Yu, C.,
Paine, M. M., Whisenand, T. D.,
Zvaifler, N. J., et al. (1994). Synovial
interleukin-1 receptor antagonist and
interleukin-1 balance in rheuma-
toid arthritis. Arthritis Rheum. 37,
644–652.

Galea, J., Armstrong, J., Gadsdon, P.,
Holden, H., Francis, S. E., and Holt,
C. M. (1996). Interleukin-1 beta in
coronary arteries of patients with
ischemic heart disease. Arterioscler.
Thromb. Vasc. Biol. 16, 1000–1006.

Gasse, P., Mary, C., Guenon, I., Noulin,
N., Charron, S., Schnyder-Candrian,
S., et al. (2007). IL-1R1/MyD88 sig-
naling and the inflammasome are
essential in pulmonary inflammation
and fibrosis in mice. J. Clin. Invest.
117, 3786–3799.

Gregor, M. F., and Hotamisligil, G. S.
(2011). Inflammatory mechanisms in
obesity. Annu. Rev. Immunol. 29,
415–445.

Gringhuis, S. I., Kaptein, T. M., Wevers,
B. A., Theelen, B., van der Vlist, M.,
Boekhout, T., et al. (2012). Dectin-
1 is an extracellular pathogen sensor
for the induction and processing of
IL-1beta via a noncanonical caspase-
8 inflammasome. Nat. Immunol. 13,
246–254.

Gris, D., Ye, Z., Iocca, H. A., Wen,
H., Craven, R. R., Gris, P., et al.
(2010). NLRP3 plays a critical role
in the development of experimen-
tal autoimmune encephalomyelitis by
mediating Th1 and Th17 responses. J.
Immunol. 185, 974–981.

Gross, O., Yazdi, A. S., Thomas, C. J.,
Masin, M., Heinz, L. X., Guarda, G.,
et al. (2012). Inflammasome activa-
tors induce interleukin-1alpha secre-
tion via distinct pathways with dif-
ferential requirement for the protease
function of caspase-1. Immunity 36,
388–400.

Guarda, G., Braun, M., Staehli, F., Tardi-
vel, A., Mattmann, C., Forster, I., et al.
(2011a). Type I interferon inhibits
interleukin-1 production and inflam-
masome activation. Immunity 34,
213–223.

Guarda, G., Zenger, M., Yazdi, A. S.,
Schroder, K., Ferrero, I., Menu, P.,
et al. (2011b). Differential expres-
sion of NLRP3 among hematopoietic
cells. J. Immunol. 186, 2529–2534.

Guma, M., Ronacher, L., Liu-Bryan,
R., Takai, S., Karin, M., and Corr,
M. (2009). Caspase 1-independent
activation of interleukin-1beta in
neutrophil-predominant inflamma-
tion. Arthritis Rheum. 60, 3642–3650.

Halle, A., Hornung, V., Petzold, G.
C., Stewart, C. R., Monks, B. G.,
Reinheckel, T., et al. (2008). The
NALP3 inflammasome is involved
in the innate immune response to
amyloid-beta. Nat. Immunol. 9, 857–
865.

Henao-Mejia, J., Elinav, E., Jin, C.,
Hao, L., Mehal, W. Z., Strowig,
T., et al. (2012). Inflammasome-
mediated dysbiosis regulates progres-
sion of NAFLD and obesity. Nature
482, 179–185.

Hoffman, H. M., Rosengren, S., Boyle,
D. L., Cho, J. Y., Nayar, J., Mueller,
J. L., et al. (2004). Prevention of
cold-associated acute inflammation
in familial cold autoinflammatory
syndrome by interleukin-1 receptor
antagonist. Lancet 364, 1779–1785.

Hooper, L. V., Littman, D. R., and
Macpherson, A. J. (2012). Interac-
tions between the microbiota and the
immune system. Science 336, 1268–
1273.

Hornung, V., Ablasser, A., Charrel-
Dennis, M., Bauernfeind, F., Hor-
vath, G., Caffrey, D. R., et al.

(2009). AIM2 recognizes cytoso-
lic dsDNA and forms a caspase-1-
activating inflammasome with ASC.
Nature 458, 514–518.

Hornung, V., Bauernfeind, F., Halle, A.,
Samstad, E. O., Kono, H., Rock, K.
L., et al. (2008). Silica crystals and
aluminum salts activate the NALP3
inflammasome through phagosomal
destabilization. Nat. Immunol. 9,
847–856.

Inoue, M., Williams, K. L., Gunn, M.
D., and Shinohara, M. L. (2012a).
NLRP3 inflammasome induces
chemotactic immune cell migration
to the CNS in experimental autoim-
mune encephalomyelitis. Proc. Natl.
Acad. Sci. U.S.A. 109, 10480–10485.

Inoue, M., Williams, K. L., Oliver,
T., Vandenabeele, P., Rajan, J. V.,
Miao, E. A., et al. (2012b). Interferon-
beta therapy against EAE is effective
only when development of the disease
depends on the NLRP3 inflamma-
some. Sci. Signal. 5, ra38.

Ishida, Y., Kondo, T., Kimura, A., Mat-
sushima, K., and Mukaida, N. (2006).
Absence of IL-1 receptor antagonist
impaired wound healing along with
aberrant NF-kappaB activation and
a reciprocal suppression of TGF-beta
signal pathway. J. Immunol. 176,
5598–5606.

Jiang, H. R., Milovanovic, M., Allan,
D., Niedbala, W., Besnard, A. G.,
Fukada, S. Y., et al. (2012). IL-
33 attenuates EAE by suppressing
IL-17 and IFN-gamma production
and inducing alternatively activated
macrophages. Eur. J. Immunol. 42,
1804–1814.

Jones, D., Glimcher, L. H., and Alipran-
tis, A. O. (2011). Osteoimmunology
at the nexus of arthritis, osteoporosis,
cancer, and infection. J. Clin. Invest.
121, 2534–2542.

Joosten, L. A., Netea, M. G., Fantuzzi, G.,
Koenders, M. I., Helsen, M. M., Spar-
rer, H., et al. (2009). Inflammatory
arthritis in caspase 1 gene-deficient
mice: contribution of proteinase 3 to
caspase 1-independent production of
bioactive interleukin-1beta. Arthritis
Rheum. 60, 3651–3662.

Joosten, L. A., Smeets, R. L., Koen-
ders, M. I., van den Bersselaar, L.
A., Helsen, M. M., Oppers-Walgreen,
B., et al. (2004). Interleukin-18
promotes joint inflammation and
induces interleukin-1-driven carti-
lage destruction. Am. J. Pathol. 165,
959–967.

Kanneganti, T. D. (2010). Central roles
of NLRs and inflammasomes in viral
infection. Nat. Rev. Immunol. 10,
688–698.

Kanneganti, T. D., Ozoren, N., Body-
Malapel, M., Amer, A., Park, J. H.,

Frontiers in Immunology | Inflammation October 2012 | Volume 3 | Article 315 | 10

http://www.frontiersin.org/Inflammation/
http://www.frontiersin.org/Inflammation/archive


“fimmu-03-00315” — 2012/10/7 — 14:50 — page 11 — #11

Lukens et al. IL-1 in sterile inflammatory disease

Franchi, L., et al. (2006). Bacterial
RNA and small antiviral compounds
activate caspase-1 through cryopy-
rin/Nalp3. Nature 440, 233–236.

Kayagaki, N., Warming, S., Lamkanfi,
M., Vande Walle, L., Louie, S.,
Dong, J., et al. (2011). Non-
canonical inflammasome activation
targets caspase-11. Nature 479,
117–121.

Khan, T., Muise, E. S., Iyengar, P.,
Wang, Z. V., Chandalia, M., Abate,
N., et al. (2009). Metabolic dysregu-
lation and adipose tissue fibrosis: role
of collagen VI. Mol. Cell. Biol. 29,
1575–1591.

Kondo, Y., Yoshimoto, T., Yasuda,
K., Futatsugi-Yumikura, S., Mori-
moto, M., Hayashi, N., et al. (2008).
Administration of IL-33 induces air-
way hyperresponsiveness and goblet
cell hyperplasia in the lungs in the
absence of adaptive immune system.
Int. Immunol. 20, 791–800.

Koprich, J. B., Reske-Nielsen, C., Mithal,
P., and Isacson, O. (2008). Neuroin-
flammation mediated by IL-1beta
increases susceptibility of dopamine
neurons to degeneration in an ani-
mal model of Parkinson’s disease. J.
Neuroinflammation 5, 8.

Kufer, T. A., and Sansonetti, P. J. (2011).
NLR functions beyond pathogen
recognition. Nat. Immunol. 12,
121–128.

Kurowska-Stolarska, M., Kewin, P.,
Murphy, G., Russo, R. C., Stolarski,
B., Garcia, C. C., et al. (2008). IL-
33 induces antigen-specific IL-5+ T
cells and promotes allergic-induced
airway inflammation independent
of IL-4. J. Immunol. 181, 4780–
4790.

Kwan Tat, S., Padrines, M., Theoleyre, S.,
Heymann, D., and Fortun, Y. (2004).
IL-6, RANKL, TNF-alpha/IL-1: inter-
relations in bone resorption patho-
physiology. Cytokine Growth Factor
Rev. 15, 49–60.

Lagathu, C., Yvan-Charvet, L., Bas-
tard, J. P., Maachi, M., Quignard-
Boulange, A., Capeau, J., et al.
(2006). Long-term treatment with
interleukin-1beta induces insulin
resistance in murine and human
adipocytes. Diabetologia 49, 2162–
2173.

Larsen, C. M., Faulenbach, M., Vaag, A.,
Volund, A., Ehses, J. A., Seifert, B.,
et al. (2007). Interleukin-1-receptor
antagonist in type 2 diabetes mellitus.
N. Engl. J. Med. 356, 1517–1526.

Li, M., Li, Y., Liu, X., Gao, X., and Wang,
Y. (2012). IL-33 blockade suppresses
the development of experimental
autoimmune encephalomyelitis in
C57BL/6 mice. J. Neuroimmunol. 247,
25–31.

Liew, F. Y., Pitman, N. I., and McInnes,
I. B. (2010). Disease-associated func-
tions of IL-33: the new kid in the
IL-1 family. Nat. Rev. Immunol. 10,
103–110.

Liu, X., Li, M., Wu, Y., Zhou, Y., Zeng,
L., and Huang, T. (2009). Anti-IL-
33 antibody treatment inhibits airway
inflammation in a murine model of
allergic asthma. Biochem. Biophys.
Res. Commun. 386, 181–185.

Lohning, M., Stroehmann, A., Coyle, A.
J., Grogan, J. L., Lin, S., Gutierrez-
Ramos, J. C., et al. (1998). T1/ST2
is preferentially expressed on murine
Th2 cells, independent of interleukin
4, interleukin 5, and interleukin 10,
and important for Th2 effector func-
tion. Proc. Natl. Acad. Sci. U.S.A. 95,
6930–6935.

Luheshi, N. M., Kovacs, K. J., Lopez-
Castejon, G., Brough, D., and Denes,
A. (2011). Interleukin-1alpha expres-
sion precedes IL-1beta after ischemic
brain injury and is localised to areas
of focal neuronal loss and penum-
bral tissues. J. Neuroinflammation
8, 186.

Lukens, J. R., Barr, M. J., Chaplin, D. D.,
Chi, H., and Kanneganti, T. D. (2012).
Inflammasome-derived IL-1beta reg-
ulates the production of GM-CSF by
CD4(+) T cells and gammadelta T
cells. J. Immunol. 188, 3107–3115.

Lupfer, C., and Kanneganti, T. D.
(2012). The role of inflammasome
modulation in virulence. Virulence 3,
262–270.

Luthi, A. U., Cullen, S. P., McNeela,
E. A., Duriez, P. J., Afonina, I. S.,
Sheridan, C., et al. (2009). Sup-
pression of interleukin-33 bioactiv-
ity through proteolysis by apoptotic
caspases. Immunity 31, 84–98.

Maelfait, J., Vercammen, E., Janssens, S.,
Schotte, P., Haegman, M., Magez, S.,
et al. (2008). Stimulation of Toll-like
receptor 3 and 4 induces interleukin-
1beta maturation by caspase-8. J. Exp.
Med. 205, 1967–1973.

Mallat, Z., Corbaz, A., Scoazec, A.,
Besnard, S., Leseche, G., Chvatchko,
Y., et al. (2001). Expression of
interleukin-18 in human atheroscle-
rotic plaques and relation to plaque
instability. Circulation 104, 1598–
1603.

Martinon, F., Petrilli, V., Mayor, A.,
Tardivel, A., and Tschopp, J. (2006).
Gout-associated uric acid crystals
activate the NALP3 inflammasome.
Nature 440, 237–241.

Masters, S. L., Dunne, A., Subrama-
nian, S. L., Hull, R. L., Tannahill, G.
M., Sharp, F. A., et al. (2010). Acti-
vation of the NLRP3 inflammasome
by islet amyloid polypeptide provides
a mechanism for enhanced IL-1beta

in type 2 diabetes. Nat. Immunol. 11,
897–904.

Matsuki, T., Nakae, S., Sudo, K., Horai,
R., and Iwakura, Y. (2006). Abnormal
T cell activation caused by the imbal-
ance of the IL-1/IL-1R antagonist
system is responsible for the develop-
ment of experimental autoimmune
encephalomyelitis. Int. Immunol. 18,
399–407.

McGeer, P. L., Yasojima, K., and
McGeer, E. G. (2002). Association
of interleukin-1 beta polymorphisms
with idiopathic Parkinson’s disease.
Neurosci. Lett. 326, 67–69.

McLaren, J. E., Michael, D. R., Salter, R.
C., Ashlin, T. G., Calder, C. J., Miller,
A. M., et al. (2010). IL-33 reduces
macrophage foam cell formation. J.
Immunol. 185, 1222–1229.

Meissner, F., Molawi, K., and Zychlin-
sky, A. (2010). Mutant superoxide
dismutase 1-induced IL-1beta accel-
erates ALS pathogenesis. Proc. Natl.
Acad. Sci. U.S.A. 107, 13046–13050.

Menu, P., Pellegrin, M., Aubert, J. F.,
Bouzourene, K., Tardivel, A., Mazzo-
lai, L., et al. (2011). Atherosclerosis in
ApoE-deficient mice progresses inde-
pendently of the NLRP3 inflamma-
some. Cell Death Dis. 2, e137.

Michelsen, K. S., Wong, M. H., Shah,
P. K., Zhang, W., Yano, J., Doherty,
T. M., et al. (2004). Lack of Toll-like
receptor 4 or myeloid differentiation
factor 88 reduces atherosclerosis and
alters plaque phenotype in mice defi-
cient in apolipoprotein E. Proc. Natl.
Acad. Sci. U.S.A. 101, 10679–10684.

Miller, A. M., Xu, D., Asquith, D. L.,
Denby, L., Li, Y., Sattar, N., et al.
(2008). IL-33 reduces the develop-
ment of atherosclerosis. J. Exp. Med.
205, 339–346.

Moussion, C., Ortega, N., and Girard,
J. P. (2008). The IL-1-like cytokine
IL-33 is constitutively expressed in
the nucleus of endothelial cells and
epithelial cells in vivo: a novel
‘alarmin’? PLoS ONE 3, e3331. doi:
10.1371/journal.pone.0003331

Moyer, C. F., Sajuthi, D., Tulli, H., and
Williams, J. K. (1991). Synthesis of
IL-1 alpha and IL-1 beta by arterial
cells in atherosclerosis. Am. J. Pathol.
138, 951–960.

Nakanishi, K., Yoshimoto, T., Tsut-
sui, H., and Okamura, H. (2001).
Interleukin-18 regulates both Th1
and Th2 responses. Annu. Rev.
Immunol. 19, 423–474.

Netea, M. G., Simon, A., van de
Veerdonk, F., Kullberg, B. J., Van
der Meer, J. W., and Joosten, L.
A. (2010). IL-1beta processing in
host defense: beyond the inflamma-
somes. PLoS Pathog. 6, e1000661. doi:
10.1371/journal.ppat.1000661

Nguyen, L., Dewhirst, F. E., Hauschka,
P. V., and Stashenko, P. (1991).
Interleukin-1 beta stimulates bone
resorption and inhibits bone forma-
tion in vivo. Lymphokine Cytokine
Res. 10, 15–21.

Orjalo, A. V., Bhaumik, D., Gengler,
B. K., Scott, G. K., and Campisi,
J. (2009). Cell surface-bound IL-
1alpha is an upstream regulator of
the senescence-associated IL-6/IL-8
cytokine network. Proc. Natl. Acad.
Sci. U.S.A. 106, 17031–17036.

Osborn, O., and Olefsky, J. M. (2012).
The cellular and signaling networks
linking the immune system and
metabolism in disease. Nat. Med. 18,
363–374.

Palmer, G., Talabot-Ayer, D., Lamac-
chia, C., Toy, D., Seemayer, C. A.,
Viatte, S., et al. (2009). Inhibition
of interleukin-33 signaling attenuates
the severity of experimental arthritis.
Arthritis Rheum. 60, 738–749.

Pomerantz, B. J., Reznikov, L. L.,
Harken, A. H., and Dinarello, C.
A. (2001). Inhibition of caspase 1
reduces human myocardial ischemic
dysfunction via inhibition of IL-18
and IL-1beta. Proc. Natl. Acad. Sci.
U.S.A. 98, 2871–2876.

Prefontaine, D., Lajoie-Kadoch, S.,
Foley, S., Audusseau, S., Oliven-
stein, R., Halayko, A. J., et al. (2009).
Increased expression of IL-33 in
severe asthma: evidence of expres-
sion by airway smooth muscle cells.
J. Immunol. 183, 5094–5103.

Pushparaj, P. N., Tay, H. K., H’ng,
S. C., Pitman, N., Xu, D., McKen-
zie, A., et al. (2009). The cytokine
interleukin-33 mediates anaphylactic
shock. Proc. Natl. Acad. Sci. U.S.A.
106, 9773–9778.

Rider, P., Carmi, Y., Guttman, O.,
Braiman, A., Cohen, I., Voronov,
E., et al. (2011). IL-1alpha and IL-
1beta recruit different myeloid cells
and promote different stages of ster-
ile inflammation. J. Immunol. 187,
4835–4843.

Rock, K. L., Latz, E., Ontiveros, F.,
and Kono, H. (2010). The sterile
inflammatory response. Annu. Rev.
Immunol. 28, 321–342.

Rothwell, N., Allan, S., and Toulmond,
S. (1997). The role of interleukin
1 in acute neurodegeneration and
stroke: pathophysiological and ther-
apeutic implications. J. Clin. Invest.
100, 2648–2652.

Sanada, S., Hakuno, D., Higgins, L.
J., Schreiter, E. R., McKenzie, A. N.,
and Lee, R. T. (2007). IL-33 and
ST2 comprise a critical biomechan-
ically induced and cardioprotective
signaling system. J. Clin. Invest. 117,
1538–1549.

www.frontiersin.org October 2012 | Volume 3 | Article 315 | 11

http://www.frontiersin.org/
http://www.frontiersin.org/Inflammation/archive


“fimmu-03-00315” — 2012/10/7 — 14:50 — page 12 — #12

Lukens et al. IL-1 in sterile inflammatory disease

Schmidt, J. A., Oliver, C. N., Lepe-
Zuniga, J. L., Green, I., and Gery, I.
(1984). Silica-stimulated monocytes
release fibroblast proliferation factors
identical to interleukin 1. A potential
role for interleukin 1 in the patho-
genesis of silicosis. J. Clin. Invest. 73,
1462–1472.

Schmitz, J., Owyang, A., Oldham, E.,
Song, Y., Murphy, E., McClana-
han, T. K., et al. (2005). IL-33, an
interleukin-1-like cytokine that sig-
nals via the IL-1 receptor-related pro-
tein ST2 and induces T helper type
2-associated cytokines. Immunity 23,
479–490.

Seki, K., Sanada, S., Kudinova, A.
Y., Steinhauser, M. L., Handa, V.,
Gannon, J., et al. (2009). Interleukin-
33 prevents apoptosis and improves
survival after experimental myocar-
dial infarction through ST2 signaling.
Circ. Heart Fail. 2, 684–691.

Shaftel, S. S., Griffin, W. S., and
O’Banion, M. K. (2008). The role of
interleukin-1 in neuroinflammation
and Alzheimer disease: an evolving
perspective. J. Neuroinflammation
5, 7.

Shaw, P. J., Lukens, J. R., Burns, S.,
Chi, H., McGargill, M. A., and
Kanneganti, T. D. (2010). Cutting
edge: critical role for PYCARD/ASC
in the development of experimen-
tal autoimmune encephalomyelitis. J.
Immunol. 184, 4610–4614.

Shito, M., Wakabayashi, G., Ueda, M.,
Shimazu, M., Shirasugi, N., Endo,
M., et al. (1997). Interleukin 1 recep-
tor blockade reduces tumor necro-
sis factor production, tissue injury,
and mortality after hepatic ischemia-
reperfusion in the rat. Transplanta-
tion 63, 143–148.

Shoelson, S. E., Lee, J., and Goldfine, A.
B. (2006). Inflammation and insulin
resistance. J. Clin. Invest. 116, 1793–
1801.

Spits, H., and Cupedo, T. (2012). Innate
lymphoid cells: emerging insights in
development, lineage relationships,
and function. Annu. Rev. Immunol.
30, 647–675.

Steer, S. A., Scarim, A. L., Cham-
bers, K. T., and Corbett, J.
A. (2006). Interleukin-1 stimulates
beta-cell necrosis and release of the
immunological adjuvant HMGB1.
PLoS Med. 3, e17. doi: 10.1371/jour-
nal.pmed.0030017

Stienstra, R., Joosten, L. A., Koenen, T.,
van Tits, B., van Diepen, J. A., van
den Berg, S. A., et al. (2010). The

inflammasome-mediated caspase-1
activation controls adipocyte differ-
entiation and insulin sensitivity. Cell
Metab. 12, 593–605.

Stienstra, R., van Diepen, J. A., Tack, C.
J., Zaki, M. H., van de Veerdonk, F.
L., Perera, D., et al. (2011). Inflam-
masome is a central player in the
induction of obesity and insulin resis-
tance. Proc. Natl. Acad. Sci. U.S.A.
108, 15324–15329.

Strissel, K. J., Stancheva, Z., Miyoshi,
H., Perfield, J. W. II, DeFuria, J.,
Jick, Z., et al. (2007). Adipocyte
death, adipose tissue remodeling, and
obesity complications. Diabetes 56,
2910–2918.

Sutton, C., Brereton, C., Keogh, B.,
Mills, K. H., and Lavelle, E. C. (2006).
A crucial role for interleukin (IL)-1
in the induction of IL-17-producing
T cells that mediate autoimmune
encephalomyelitis. J. Exp. Med. 203,
1685–1691.

Sutton, C. E., Lalor, S. J., Sweeney, C.
M., Brereton, C. F., Lavelle, E. C., and
Mills, K. H. (2009). Interleukin-1 and
IL-23 induce innate IL-17 production
from gammadelta T cells, amplifying
Th17 responses and autoimmunity.
Immunity 31, 331–341.

Takayanagi, H. (2007). Osteoim-
munology: shared mechanisms and
crosstalk between the immune and
bone systems. Nat. Rev. Immunol. 7,
292–304.

Talabot-Ayer, D., Lamacchia, C.,
Gabay, C., and Palmer, G. (2009).
Interleukin-33 is biologically active
independently of caspase-1 cleavage.
J. Biol. Chem. 284, 19420–19426.

Tarallo, V., Hirano, Y., Gelfand, B. D.,
Dridi, S., Kerur, N., Kim, Y., et al.
(2012). DICER1 loss and Alu RNA
induce age-related macular degener-
ation via the NLRP3 inflammasome
and MyD88. Cell 149, 847–859.

Thorand, B., Kolb, H., Baumert, J.,
Koenig, W., Chambless, L., Meisinger,
C., et al. (2005). Elevated levels of
interleukin-18 predict the develop-
ment of type 2 diabetes: results
from the MONICA/KORA Augsburg
Study, 1984–2002. Diabetes 54, 2932–
2938.

Thornton, P., McColl, B. W., Green-
halgh, A., Denes, A., Allan, S. M.,
and Rothwell, N. J. (2010). Platelet
interleukin-1alpha drives cerebrovas-
cular inflammation. Blood 115,
3632–3639.

Vandanmagsar, B., Youm, Y. H.,
Ravussin, A., Galgani, J. E., Stadler,

K., Mynatt, R. L., et al. (2011).
The NLRP3 inflammasome instigates
obesity-induced inflammation and
insulin resistance. Nat. Med. 17,
179–188.

Vince, J. E., Wong, W. W., Gentle, I.,
Lawlor, K. E., Allam, R., O’Reilly, L.,
et al. (2012). Inhibitor of apoptosis
proteins limit RIP3 kinase-dependent
interleukin-1 activation. Immunity
36, 215–227.

Walsh, M. C., Kim, N., Kadono, Y.,
Rho, J., Lee, S. Y., Lorenzo, J., et al.
(2006). Osteoimmunology: inter-
play between the immune system
and bone metabolism. Annu. Rev.
Immunol. 24, 33–63.

Wang, X., Barone, F. C., Aiyar, N. V., and
Feuerstein, G. Z. (1997). Interleukin-
1 receptor and receptor antagonist
gene expression after focal stroke in
rats. Stroke 28, 155–161; discussion
161–162.

Wei, L., Jiang, P., Xu, W., Li, H., Zhang,
H., Yan, L., et al. (2011). The molec-
ular basis of distinct aggregation
pathways of islet amyloid polypep-
tide. J. Biol. Chem. 286, 6291–
6300.

Weinberg, E. O., Shimpo, M., De
Keulenaer, G. W., MacGillivray, C.,
Tominaga, S., Solomon, S. D., et al.
(2002). Expression and regulation
of ST2, an interleukin-1 receptor
family member, in cardiomyocytes
and myocardial infarction. Circula-
tion 106, 2961–2966.

Weinberg, E. O., Shimpo, M., Hurwitz,
S., Tominaga, S., Rouleau, J. L., and
Lee, R. T. (2003). Identification of
serum soluble ST2 receptor as a novel
heart failure biomarker. Circulation
107, 721–726.

Wen, H., Gris, D., Lei, Y., Jha, S.,
Zhang, L., Huang, M. T., et al.
(2011). Fatty acid-induced NLRP3-
ASC inflammasome activation inter-
feres with insulin signaling. Nat.
Immunol. 12, 408–415.

Werman, A., Werman-Venkert, R.,
White, R., Lee, J. K., Werman, B.,
Krelin, Y., et al. (2004). The precur-
sor form of IL-1alpha is an intracrine
proinflammatory activator of tran-
scription. Proc. Natl. Acad. Sci. U.S.A.
101, 2434–2439.

Wilson, M. S., Madala, S. K., Rama-
lingam, T. R., Gochuico, B. R.,
Rosas, I. O., Cheever, A. W., et al.
(2010). Bleomycin and IL-1beta-
mediated pulmonary fibrosis is IL-
17A dependent. J. Exp. Med. 207,
535–552.

Xu, D., Jiang, H. R., Kewin, P., Li, Y., Mu,
R., Fraser, A. R., et al. (2008). IL-33
exacerbates antigen-induced arthritis
by activating mast cells. Proc. Natl.
Acad. Sci. U.S.A. 105, 10913–10918.

Yazdi, A. S., Guarda, G., Riteau,
N., Drexler, S. K., Tardivel, A.,
Couillin, I., et al. (2010). Nanopar-
ticles activate the NLR pyrin domain
containing 3 (Nlrp3) inflammasome
and cause pulmonary inflammation
through release of IL-1alpha and IL-
1beta. Proc. Natl. Acad. Sci. U.S.A.
107, 19449–19454.

Zhou, R., Tardivel, A., Thorens,
B., Choi, I., and Tschopp, J.
(2009). Thioredoxin-interacting pro-
tein links oxidative stress to inflam-
masome activation. Nat. Immunol.
11, 136–140.

Zucali, J. R., Dinarello, C. A., Oblon,
D. J., Gross, M. A., Anderson, L.,
and Weiner, R. S. (1986). Inter-
leukin 1 stimulates fibroblasts to
produce granulocyte-macrophage
colony-stimulating activity and
prostaglandin E2. J. Clin. Invest. 77,
1857–1863.

Zwerina, J., Redlich, K., Polzer, K.,
Joosten, L., Kronke, G., Distler, J.,
et al. (2007). TNF-induced structural
joint damage is mediated by IL-1.
Proc. Natl. Acad. Sci. U.S.A. 104,
11742–11747.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 24 July 2012; paper pending
published: 23 August 2012; accepted: 22
September 2012; published online: 09
October 2012.
Citation: Lukens JR, Gross JM and
Kanneganti T-D (2012) IL-1 family
cytokines trigger sterile inflammatory dis-
ease. Front. Immun. 3:315. doi: 10.3389/
fimmu.2012.00315
This article was submitted to Frontiers in
Inflammation, a specialty of Frontiers in
Immunology.
Copyright © 2012 Lukens, Gross and
Kanneganti. This is an open-access arti-
cle distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are cred-
ited and subject to any copyright notices
concerning any third-party graphics etc.

Frontiers in Immunology | Inflammation October 2012 | Volume 3 | Article 315 | 12

http://dx.doi.org/10.3389/fimmu.2012.00315
http://dx.doi.org/10.3389/fimmu.2012.00315
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Inflammation/
http://www.frontiersin.org/Inflammation/archive

	IL-1 family cytokines trigger sterile inflammatory disease
	Introduction
	IL-1 family cytokines
	Inflammasome-derived IL-1β and IL-18
	Inflammasome-independent sources of IL-1β
	IL-1α release
	IL-33

	Role for IL-1 family cytokines in sterile inflammatory diseases
	Neurodegenerative disease
	Pulmonary disease
	Atherosclerosis
	Ischemia-induced inflammation
	Joint and bone disease
	Macular degeneration
	Multiple sclerosis
	Obesity and metabolic syndrome
	Type 2 diabetes
	Future perspectives and conclusions

	Acknowledgments
	References


