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Abstract

The acute inflammatory response is a double-edged sword. On the one hand it plays a key role in 

initial host defense particularly against many infections. On the other hand its aim is imprecise and 

as a consequence, when it is drawn into battle, it can cause collateral damage in tissues. In 

situations where the inciting stimulus is sterile, the cost-benefit ratio may be high; because of this, 

sterile inflammation underlies the pathogenesis of a number of diseases. While there have been 

major advances in our understanding of how microbes trigger inflammation, much less has been 

learned about this process in sterile situations. This review focuses on a subset of the many sterile 

stimuli that can induce inflammation – specifically dead cells and a variety of irritant particles, 

including crystals, minerals, and protein aggregates. Although this subset of stimuli is structurally 

very diverse and might appear to be unrelated, there is accumulating evidence that the innate 

immune system may recognize them in similar ways and stimulate the sterile inflammatory 

response via common pathways. Here we review established and emerging data about these 

responses.
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Introduction

Inflammation is one of the oldest recorded medical conditions, presumably because in 

ancient times, as it is now, it was experienced by humans frequently and its signs and 

symptoms were not subtle. Written symbols for inflammation have been identified in 

Sumerian hieroglyphics dating back to 2700 BC and what we recognize today as the 

essential signs and symptoms of inflammation – redness, heat, swelling and pain – were 

described by the Roman academician Aulus Cornelius Celsus in the first century AD (1) (2) 

(3). Pus, which is another sign of inflammation primarily seen in certain infections, has also 

been described since ancient times (4).

We now know that most of the signs and symptoms of inflammation are caused by changes 

in the local vasculature of an affected tissue (5) (6, 7). The smooth muscle of arterioles 

relaxes, leading to vasodilation and the signs of erythema and heat. This also increases 

hydrostatic pressure across the vascular bed, which in combination with changes in the 

permeability of the vascular endothelial barrier, leads to the leakage of protein rich fluid into 
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the tissue, thereby causing edema. Endothelial cells in venules express adhesion molecules 

that allow neutrophils and subsequently monocytes to adhere and migrate between 

endothelial cells into the tissue. If the recruitment of neutrophils into the tissue is sufficiently 

robust it becomes visible to the naked eye as pus (7).

Once triggered, the inflammatory response can develop very rapidly. Vasodilation can occur 

within seconds and fluid leakage and leukocyte extravasation within minutes to hours (8). 

The net result is rapid delivery of many of the body’s innate defenses to the offending site. 

This includes soluble defenses, such as antibody, complement, and collectins, and cellular 

ones, such as granulocytes and monocytes. Once in the tissue these various components 

attempt to neutralize, sequester and/or otherwise contain the inciting stimulus. If this is 

successful, then the innate defenses help clear debris and stimulate tissue repair. Once the 

inciting stimulus is gone, then the inflammatory response resolves.

One of the major triggers of inflammation is infection, with the inciting stimulus being 

certain proinflammatory molecules of the invading microbe (9–11). However, a potpourri of 

sterile stimuli including mechanical trauma, ischemia, toxins, minerals, crystals, chemicals 

and antigens also triggers inflammation. Most of these sterile stimuli can be broadly 

categorized into ones that are injurious, irritant or antigenic.

All of the various triggers of inflammation, whether they are infectious or sterile, ultimately 

lead to the same downstream vascular and cellular manifestations of inflammation. 

However, although the final inflammatory response is similar in all these situations, the 

initial events that elicit and control the response can be very different. This review focuses 

on inflammation that is triggered in sterile situations and in particular on a subset of sterile 

proinflammatory stimuli: Dead cells and irritant particles. The rationale for this focus is 

recent and emerging data that suggest that this diverse subset of proinflammatory stimuli 

may in fact stimulate responses through common mechanisms.

The medical significance of infectious and sterile inflammation

The inflammatory response plays an important role in host defense. It is one of the first lines 

of defense recruited to combat a potential threat. In the case of microbial invasion it often 

plays a critical role in clearing, containing and/or slowing the infection. Consequently 

animals or patients that have defects in mounting adequate inflammatory responses suffer 

from recurrent infections and, if the defects are profound, increased mortality (12). Because 

of this it is thought that infections have been one of the major forces driving the evolution of 

the inflammatory response.

While the inflammatory response is essential for host defense it is very much a double-

edged sword. The effector mechanisms used by the innate immune system to kill microbes 

are extremely potent and can (and in fact do) also damage and kill mammalian cells. The 

recruited leukocytes kill microbes by producing highly reactive chemical species, such as 

reactive oxygen species, sodium hypochlorite (bleach), and other destructive molecules such 

as proteases. While these molecules are generally effective in destroying microbes, some of 

them leak from living and dying leukocytes and in so doing damage adjacent normal cells in 

the tissue. One of the major culprits in causing this collateral damage is the neutrophil, a cell 
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type that is one of the focuses of this present review. In infections, tissue damage is a small 

price to pay to contain potentially life-threatening situations. Moreover, since infections are 

often rapidly cleared by immune mechanisms, the duration of the neutrophilic inflammatory 

response and (hence its attendant damage) are often limited.

However, the cost-benefit ratio may be very different in situations of sterile inflammation. 

Here the inciting stimulus may not be injurious to the host, and in any case, the innate 

immune mechanisms that are mobilized may do little or no good. As a result, the dominant 

effect of the inflammation in these situations may be collateral damage inflicted by the 

inflammatory response on otherwise healthy cells in the tissue. This process, if sufficiently 

robust, can cause acute disease and/or exacerbate damage from other etiologies. Moreover, 

if the sterile stimulus is not resolved this can lead to chronic inflammation and ongoing 

tissue damage that can also lead to and/or exacerbate disease. A number of these acute and 

chronic conditions will be described in the sections below.

Inflammation and disease caused by sterile particulates

A diverse set of sterile particles can stimulate inflammation, in some cases associated with 

prominent fibrosis. These particles include ones whose composition is inorganic (e.g. silica 

dioxide(13), iron oxide (14), calcium pyrophosphate (15), asbestos (13)) and organic (e.g. 

monosodium urate (16), amyloid-β (17), cholesterol (18)) and whose structure can be 

crystalline (e.g. silicates, monosodium urate) or amorphous (e.g. alum and iron oxide).

For many of these particles it is not actually clear whether the inflammatory response is 

subserving a useful role such as host defense. This is because the particles may not 

themselves be injurious and in any case the inflammatory response certainly fails to clear 

them, although it may help to collect and compartmentalize them. On the other hand, the 

damage caused by the sterile inflammatory response and its attendant fibrosis can lead to 

disease.

One of the classic crystal-based diseases, and the oldest to be recognized, is gout (16, 19). In 

this condition a fraction of patients that develop hyperuricemia nucleate crystals of 

monosodium urate (MSU) in their joints (20). The crystals incite an intense acute 

inflammatory response that can be exceedingly painful. These acute episodes wax and wane, 

but over time the recurrent inflammatory responses can damage the affected joint leading to 

chronic arthritis with associated dysfunction. Other crystals that deposit in joints can 

similarly lead to acute arthritis. This is seen for example with crystals of calcium 

pyrophosphate, which can form spontaneously in joints and cause the disease of pseudogout 

(21). In addition to affecting the joint, all of these particles can and do incite inflammation 

when they are deposited in other tissues, either spontaneously or experimentally by injection 

(22, 23).

Environmental and other exogenous particles can cause disease if they deposit in tissues. 

The situation where this most often occurs is when certain particles are inhaled during 

respiration and accumulate in sufficient amounts in the lung. This is typically seen in the 

setting of occupational exposure, the most common of which are with silicates (silica 

dioxide crystals and asbestos) (13). In the lung these particles cause inflammation and can 
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lead to extensive pulmonary fibrosis and other complications. Particles that enter the body in 

other ways, e.g. through a wound or injection, can also cause inflammation. This is seen for 

example with injection of alum (an adjuvant composed of particles of aluminum salt) (24) or 

the introduction of talcum powder (25).

There are other conditions that are not traditionally thought of as particle-based diseases but 

in which particle-stimulated inflammation might play a role. Examples include the diseases 

of atherosclerosis and Alzheimer’s disease. In atherosclerosis chronic inflammation in 

arteries leads to intimal thickening that narrows the vascular lumen and compromises blood 

flow (18). In this condition cholesterol crystals develop in the artery wall and recent data 

suggests that this may be one of the stimulants of sterile inflammation (Duewell, et al. 

manuscript in preparation). In Alzheimer’s disease neurodegeneration occurs in the cortex of 

the brain and leads to dementia (17). This disease is associated with the deposition of 

amyloid peptide aggregates and recent data suggests that these aggregates may stimulate 

microglial cells to make proinflammatory mediators that may contribute to neural damage 

and disease pathogenesis (26).

Thus a wide range of sterile particulates can provoke inflammation and in so doing cause 

disease. Because of this, the sterile inflammatory response is medically important; 

consequently, this process and these particular stimuli are the focus of this review.

Inflammation to sterile cell death

Another kind of proinflammatory “particles”, albeit more complicated ones than those just 

discussed above, are necrotic cells and their debris. When cells die by necrosis they 

stimulate a robust acute inflammatory response in vivo (27, 28). In fact the occurrence and 

progression of the ensuing inflammation is so stereotypical that it can be used forensically to 

date the time of a tissue insult, e.g. in a heart attack (29). This inflammatory response is seen 

irrespective of the specific cause of cell injury and, of importance to this review, is seen in 

situations where cell death is caused by sterile insults e.g. from ischemia or toxins.

If cells are dying from infection, the acute inflammatory response may be beneficial in 

containing this process, as discussed above. However, in situations of sterile cell death, the 

inflammatory response and particularly the infiltration of tissues with neutrophils can 

increase the amount injury, similarly to what was discussed above for diseases caused by 

sterile particles. This has been shown in ischemic or toxic damage to the heart (30), lung 

(31), liver (32), brain (33), and kidney (34). In all these situations, depleting neutrophils with 

antibodies (30–32) or by blocking the signals that lead to their recruitment (33) (34) reduces 

the amount of tissue injury.

How does a cell, which is not inflammatory when alive, become proinflammatory after 

death? This is incompletely understood and there may be multiple different mechanisms. 

One of the presently favored models is that after dying, cells release or expose 

proinflammatory molecules (also called proinflammatory damage-associated molecular 

patterns or “DAMPs”) that are normally intracellular and “hidden” by the plasma membrane 

(35, 36). Indeed one of the common events when cells undergo necrosis from whatever 

cause is a loss of integrity of the plasma membrane. Consistent with this idea, simply 
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rupturing the plasma membrane by freeze-thawing or mechanical stress makes cells 

proinflammatory in vivo (28). Similarly, injecting cytoplasm from healthy cells into mice 

induces inflammation (37). Such findings have led to the hypothesis that the innate immune 

system has evolved mechanisms to sense cell injury by detecting the presence of a subset of 

molecules that are only exposed after death.

The identities of only a few proinflammatory DAMPs are known and it is likely that there 

are others yet to be discovered. Interestingly, there is emerging evidence that one of these is 

uric acid (Kono manuscript in preparation), the same molecule responsible for the 

inflammatory disease is gout (see above), and this may in part account for some of the 

similarities between inflammation to sterile particles and dead cells. Cells contain very high 

levels of uric acid from purine catabolism and can even continue to generate it after death 

(Kono et al., manuscript in preparation). In addition to uric acid there are other known 

DAMPs. DNA and probably more specifically unmethylated CpG rich DNA regions may 

also contribute to death-induced inflammation (38). In addition, a few intracellular 

molecules have also been found to have intrinsic proinflammatory activity including 

HMGB1 (39), SAP130 (40), IL-1α (37), IL-33 (41), DNA (42, 43), S100 proteins (44), heat 

shock proteins (45, 46) and others (47). HMGB1 is normally a chromatin-associated protein 

that is released from necrotic cells and sometimes from living cells by a non-classical 

secretion mechanism (48). SAP130 is a protein found in the U2 small nuclear 

ribonucleoprotein–associated protein complex, which is associated with the splicesome (49). 

Other intracellular proteins may not be proinflammatory directly but work by generating 

other bioactive mediators. This has been reported for non-muscle myosin heavy chain that 

when released into the extracellular fluids binds a natural (preexisting) anti-myosin IgM 

antibody leading to the activation of complement and the production of proinflammatory 

complement split products (50) (51). Similarly, released cellular proteases can cleave 

extracellular matrix components into bioactive fragments (52) . It is also possible that the 

particulate nature of dead cells contributes to triggering inflammation (see below). For a 

more complete discussion of proinflammatory DAMPs interested readers are referred to 

recent reviews (47) (53).

The role of IL-1 in the neutrophilic inflammatory response to sterile 

particulates and cell death

Until recently much more was known about how innate immunity senses infection than 

sterile particles and dead cells. In infections, the innate immune system uses Toll-like 

receptors (TLRs) and other receptors to sense many extracellular microbes and their 

products and trigger an inflammatory response. While TLRs typically recognize unique 

microbial (“non-self”) molecules (AKA pathogen-associated molecular patterns or PAMPs), 

there are also examples where these receptors recognize mammalian molecules. Given this 

and the fact that microbes and sterile particles/dead cells both trigger the same acute 

inflammatory response, it was investigated whether TLRs might be involved in detecting 

and responding to sterile proinflammatory particulates such as MSU and dead cells. While 

initial experiments suggested a potential role for TLR2 and TLR4 in the responses to MSU 

(54), subsequent studies found no role for these or other individual TLRs (22). Similarly, 
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mice deficient in TLR2+4 showed only a minor reduction in the inflammatory response to 

sterile dead cells and animals deficient in other individual TLR had normal responses 

(although not all individual or combinations of TLRs were examined) (28). There is also 

some evidence for a role of TLR3 or TLR9 in sensing cell injury in gut ischemia (55) or in 

the liver toxicity (38), respectively.

Although, it currently appears that TLRs do not play a major role in triggering the 

inflammatory responses to at least some sterile particles and dead cells, the investigations 

into this issue led to an important insight into these responses. It was found that mice that 

lacked the adaptor protein MyD88, which is needed for signal transduction by most TLRs, 

generated almost no neutrophilic inflammation to either MSU or dead cells (22, 28). This 

led to an evaluation of the two other MyD88-dependent cellular receptors, the IL-1 and 

IL-18 receptors. These studies revealed that mice deficient in the IL-1 receptor (IL-1R) were 

similar to those lacking MyD88 and generated almost no neutrophilic inflammation to MSU 

(22) or dead cells (28). Thus investigations into the requirement for MyD88 led to the 

recognition of a key role for the IL-1 pathway in the neutrophilic inflammatory response to 

dead cells and MSU.

Subsequent studies have found a similar requirement for the IL-1 pathway in the generation 

of neutrophilic inflammation to a diverse set of sterile particulate stimuli. This has been seen 

in vivo for silica dioxide crystals (56, 57), alum (24, 58–60), asbestos (57), and cholesterol 

crystals (Duewell et al., manuscript in preparation). In contrast, IL-1 is not required for 

neutrophilic inflammation to at least some microbial stimuli. Thus IL-1R-deficient mice 

respond normally to the yeast cell wall preparation zymosan (28) or muramyl dipeptide (61). 

Interestingly, although IL-1R mutant mice had little neutrophilic inflammation to sterile 

stimuli, the subsequent recruitment of monocytes was less reduced or unaffected (28). This 

difference in IL-1 dependence suggests that different signals were involved in the 

recruitment of the two different leukocytes. Together these results demonstrated that the 

IL-1 pathway plays a key role in the neutrophilic inflammation to diverse sterile stimuli 

including a variety of irritant particles and dead cells.

A brief primer on the IL-1 pathway

Since the IL-1 pathway plays a critical role in the sterile neutrophilic inflammatory response 

and will be discussed further below, it is important to briefly review some of the essential 

features of this cytokine and its receptor. There are three major forms of IL-1: IL-1α, IL-1β, 

and IL-1ra, each of which is encoded by a separate but related gene. The mature forms of 

IL-1α and IL-1β both bind to and stimulate the same receptor, IL-1R1 (referred to here as 

the IL-1R), while IL-1ra is a competitive antagonist for this receptor. There are also other 

IL-1-related cytokine genes that utilize other receptors (e.g. IL-18, IL-33), but there are as of 

yet few studies to investigate whether they are involved in the sterile inflammatory response 

(41, 62, 63).

IL-1β is a potent multifunctional proinflammatory cytokine, whose activity is controlled at 

the transcriptional, translational, maturation and secretion levels (64). There are many cell 

stimuli (including TLR-activators, TNFα and IL-1 or IL18 (65, 66)), which activate the 
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transcription of the IL-1β gene. While most inflammatory cytokines are mainly 

transcriptionally regulated and contain a leader sequence resulting in their release via the 

secretory pathway after translation and transport into the endoplasmic reticulum, the 

regulation and release of IL-1β is more complex. IL-1β is first produced in the cytosol as a 

biologically inactive pro-form (pro-IL-1β), which requires proteolytic cleavage for its 

activation and release from cells. The cleavage of pro-IL-1β to mature IL-1β is catalyzed by 

the cysteine protease caspase-1 (formerly known as IL-1β converting enzyme, ICE) (67). 

While intracellular cleavage of pro-IL-1β is under control of caspase-1, pro-IL-1β can also 

be released from cells and cleaved extracellularly by other proteases into mature IL-1 (68) 

(69).

In resting cells caspase-1 itself is present as a zymogen, pro-caspase-1, and its conversion to 

mature and active caspase-1 is under the control of members of the Nod-like receptor (NLR) 

family. In 2002, an NLR-containing multi-protein complex was isolated that controls the 

cleavage of pro-caspase-1 into the catalytically active form (70). In analogy to the 

apoptosome, which controls the activation of apoptosis-inducing caspases, the NLR protein 

complex that controls the activity of the inflammatory caspase-1 was termed 

“inflammasome” (70). Activation of inflammasomes cleaves caspase-1, which then 

hydrolyzes pro-IL-1β into its mature and active form.

Since the original description of the inflammasome, many more of these complexes have 

been identified and these all differ from one another in their NLR subunits. There are 

inflammasomes containing the NLRP1, NLRP3, NLRC4 and AIM-2 NLR proteins, and 

since there are many more NLR proteins there may be other complexes yet to be discovered 

(71). NLRP1, NLRC4 and AIM-2 inflammasomes are thought to be mainly involved in 

recognizing microbial products, while as it will be discussed below, the NLRP3 complex is 

the one implicated in responses to a number of sterile stimuli. The NLRP3 protein contains a 

C-terminal leucine-rich repeat (LRR)-rich domain, followed by a central nucleotide-binding 

NACHT oligomerization domain, and an N-terminal protein–protein interaction pyrin 

domain (PYD) (72). Upon activation NLRP3 interacts with the adaptor molecule called 

apoptosis-associated speck-like protein (ASC; also termed pycard or TMS1), and induces 

changes in its aggregation status (73). ASC serves as an adaptor protein, linking NLRP3 to 

caspase-1. After ASC interacts with NLRP3 via PYD domain interactions it associates via 

its C-terminal CARD domain with the CARD domain of pro-caspase-1. Induced close 

association of pro-caspase-1 is believed to provoke its self-cleavage into active caspase-1. 

Active caspase-1, in turn, can cleave pro-IL-1β into mature IL-1β (74). ASC also interacts 

with other NLR proteins and is similarly critical for caspase-1 activation in response to a 

broad range of stimuli, although there are some differences in the nature of the 

intermolecular interactions. NLRC4 (also called IPAF) recognizes bacterial flagellin and 

with ASC forms an inflammasome (75). In contrast to NRLP3, NLRC4 lacks a PYD domain 

and instead contains a N-terminal CARD domain, which can directly associate with the 

CARD domain of pro-caspase-1. NALP1 is the only NALP family member that contains 

both a PYD domain and a CARD domain, the latter of which can recruit caspase-5 (76). 

Another inflammasome-forming protein, AIM-2 is a bipartite protein consisting of a DNA 

binding domain (HIN200 domain) and a pyrin domain, which upon activation by 
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intracellular double stranded DNA forms an inflammasome with ASC to activate pro-

caspase-1 (77–79).

The molecular mechanisms that control the inflammasome protein assembly are not fully 

understood. It is believed that the sensor NLR, for example NALP3, is held in an inactive 

conformation in the absence of stimuli. In this conformation self-interaction via the NACHT 

domains is prevented. However, stimulation of the NLR is thought to induce a change in its 

conformation, leading to homoassociation and inflammasome assembly with subsequent 

caspase-1 activation. Indeed, several activating mutations in NLRs have been identified as 

the cause for a number of auto-inflammatory hereditary periodic fever syndromes, which are 

diseases characterized by spontaneous attacks of systemic inflammation, severe local 

inflammation and episodes of fever (80). Many mutations within NALP3 have been 

described in patients with the auto-inflammatory diseases Muckle-Wells syndrome (MWS), 

familial cold autoinflammatory syndrome (FCAS) and chronic neurologic cutaneous and 

articular syndrome (CINCA) (80). These mutations can induce the spontaneous assembly of 

the NALP3 inflammasome with concomitant constitutive release of IL-1β or these mutations 

influence NALP3 to respond to stimuli with a lower threshold than the wild-type protein 

(81). The stimuli that lead to the activation of NLRP3 and potential mechanisms of how 

NLRP3 stimuli induce inflammasome assembly are discussed below.

The production of IL-1α has both similarities as well as differences from that of IL-1β. 

IL-1α can be produced by a broader range of cells and low levels may be expressed in some 

tissues without overt stimulation. Stimulation of these cells activates transcription of the 

IL-1α gene. Like IL-1β, the IL-1α protein is initially synthesized as a longer pro-form, 

which can be cleaved by intracellular proteases into the mature cytokine, and is also released 

from cells by a non-classical secretion mechanism. However, in contrast to IL-1β, this pro-

form is biologically active and a portion of it is also expressed on the plasma membrane (82) 

(83). Furthermore, the proteases involved in cleaving pro- IL-1α into IL-1α may be different 

than for the processing of pro-IL-1β, although this is less well understood (84, 85). This step 

may not require the inflammasome, although reduced IL-1α production has been reported 

from caspase I-deficient cells (74) and physical interactions between pro- IL-1α and 

caspase-1 have been reported (86)

IL-1 has long been known to be a proinflammatory cytokine. In fact it was discovered based 

on its bioactivity in promoting fever (65, 87). It was soon appreciated that in addition to 

inducing fever, IL-1 had a spectrum of other proinflammatory effects that were largely 

similar to those induced by TNF. Injection of IL-1 by itself is sufficient to induce 

inflammation and patients with mutations in inflammasome components that lead to 

overproduction of IL-1β develop autoinflammatory diseases (80). However, in many settings 

of inflammation, IL-1 is just one of the many cytokines produced and probably often not the 

dominant one driving the responses; presumably because of this, neutralizing IL-1 (e.g. with 

IL-1ra), has incomplete or limited efficacy in reducing inflammation in many situations 

(often less effect than blocking other cytokines such as TNF). In contrast, it appears to play 

a much more central role in driving the neutrophilic inflammation to cell death and sterile 

irritant particles, and this had not been appreciated before the studies described above (28, 

37).
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The form and sources of IL-1 in sterile inflammation

While a role for the IL-1R has been shown in the sterile neutrophilic inflammatory response 

in vivo to a large group of sterile particulates and dead cells (see above), reciprocal 

experiments to examine the role of IL-1 in animals have been reported for only a few of 

these stimuli. Antibody neutralization of IL-1 inhibits the neutrophilic inflammatory 

response in mice to dead cells (28) and MSU (22). Similarly, the IL-1R antagonist IL-1ra 

was reported to ameliorate MSU-induced inflammatory symptoms in a small study of 

human patients with gout (88). Given these findings and the observations that other sterile 

particulates induce IL-1 (56, 57), it is almost certain IL-1 is driving the neutrophilic 

inflammation to all of the IL-1R-dependent, sterile proinflammatory particulates.

Information about the contribution of the different forms of IL-1 (i.e. IL-1α versus IL-1β) in 

these sterile inflammatory responses is even more limited. For dead cells, neutralizing anti- 

IL-1α antibodies significantly inhibited the neutrophilic inflammatory response, indicating 

an important role for IL-1α. In contrast, anti-IL-1β antibodies did not inhibit responses (28); 

however, this negative result does not rule out a role for IL-1β because complete blockade 

with antibodies is difficult to achieve and small amounts of residual IL-1β can be sufficient 

to cause biological effects. In fact, more recent studies using IL-1-mutant mice have shown 

a role for both IL-1α and IL-1β (HK, manuscript in preparation). Studies have not yet been 

performed to evaluate the relative roles of IL-1α and IL-1β in the inflammatory response to 

the other sterile particulates. However, in responses to MSU (23) cholesterol crystal 

(Duewell et. al. manuscript in preparation) silica (89) and amyloid β (26), mice lacking 

components of the inflammasome show decreased inflammation in vivo, which suggests a 

role for IL-1β (although these results do not rule out a contribution from IL-1α). There may 

also be caspase I-independent pathways of inflammation (90) (28) (91, 92) (93)(H.K. and 

K.L.R unpublished).

Since IL-1 is critical in these responses, where is it coming from (Fig. 1)? This is an 

important question because it gets at the fundamental issue of how cell death is sensed by 

the innate immune system. In the case of dead cells this cytokine could, on the one hand, be 

generated by host cells. Alternatively, since cells can contain an intracellular pool of IL-1 

molecules, the IL-1 could come from the dead cell itself, released when the cells become 

necrotic. Supporting this latter idea, injection of necrotic dendritic cells (wild type) 

stimulated inflammation in vivo, while necrotic IL-1α -deficient dendritic cells did not (37). 

However, this is unlikely to be the whole story. Necrotic IL-1-deficient and wild type cells 

of other tissues (e.g. brain, liver) stimulate equivalent inflammation (H.K., D.K. and K.L.R 

unpublished). In addition, for sterile particles other than dead cells, the IL-1 must obviously 

come from cells in the host. Newly emerging data suggest that the innate immune system of 

the host also recognizes dead cells and in response produces IL-1. In these experiments 

(H.K. and K.L.R unpublished), inflammation to necrotic wild type cells is markedly 

decreased in IL-1-deficient mice. Therefore the contribution of IL-1 from the dead cell 

versus the host may depend on the particular kind or state of the cell that is dying or other 

factors.
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In situations where the host is making IL-1, what is the cellular source of this cytokine? For 

dead cells, depletion of CD11b+ cells (which include macrophages) in vivo inhibits the 

inflammatory response and, importantly, the response can be reconstituted by transfer of 

wild type but not IL-1-deficient macrophages (H.K. and K.L.R unpublished). Therefore, 

macrophages are at least one important cell in producing IL-1 in response to dead cells. The 

source of IL-1 that drives the acute neutrophilic inflammatory response to sterile particulates 

in vivo has not been elucidated. However, in vitro LPS-primed macrophages have been 

shown to produce IL-1β in response to MSU, silica, alum, cholesterol crystals and asbestos 

(56) (Duewell et. al. manuscript in preparation). Another cell type of the macrophage 

lineage, microglia, produce IL-1β when stimulated with amyloid β aggregates (26). MSU 

has also been shown to stimulate IL-1 production from neutrophils (94, 95) synovial exudate 

cells and human monocytes (96, 97); therefore it is not unlikely that macrophages will be an 

important source of IL-1 that drives neutrophilic inflammation to many of the irritant 

particles.

The role of NLRP3 in the generation of IL-1β to sterile particles

How do the various sterile proinflammatory particles stimulate the production of IL-1 that 

drives the acute neutrophilic inflammatory response? A key observation in beginning to 

understand this problem was the discovery by Tschopp and his colleagues that the NOD-like 

receptor NLRP3 (NALP3) and its associated inflammasome components were required for 

LPS-primed macrophages to produce mature IL-1β when stimulated by MSU crystals (23) 

(Fig. 2). Subsequent studies by a number of groups found that NLRP3-deficient 

macrophages failed to produce mature IL-1β after stimulation with a variety of sterile 

particulate particles including silica (56, 57), alum (24, 56, 58, 59, 98), asbestos (57), and 

cholesterol crystals (Duewell et. al. manuscript in preparation). Similarly NLRP3 was 

required for microglia to produce mature IL-1β when stimulated with beta amyloid 

aggregates (26). Therefore, NLRP3 is a key component in the pathway by which IL-1 is 

generated in response to these various sterile particles.

These findings led to the question of how NLRP3 was actually working in this pathway. 

Since it is a leucine-rich repeat (LRR) protein and other LRR repeat proteins (such as TLRs) 

are involved in ligand recognition, it seemed likely that NLRP3 somehow sensed the 

presence of the sterile particulates, However, it was unclear how this might be occurring 

because NLRP3 and the sterile particles are present, at least initially, in distinct locations – 

the cytosol versus the extracellular fluids. Moreover, the particles that stimulated the 

NLRP3-dependent response were chemically quite diverse, making it unclear how they 

might all bind to the same receptor. Insights into this problem came from a series of studies 

that examined the interaction of particles with macrophages.

It had long been known that particles are avidly internalized into macrophages by 

phagocytosis and it was found that blocking this process with cytochalasin inhibited the 

NLRP3-dependent generation of mature IL-1β. Importantly, blocking phagocytosis inhibited 

IL-1β production stimulated by sterile particles but not by ATP, a soluble stimulator of the 

NLRP3 pathway (56). These findings did not themselves solve the problem of how NLRP3 

might sense the particles, because particles in phagosomes are still segregated from NLRP3 
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in the cytosol. However, the results pointed to a potentially important role of internalization 

of particles in NLRP3 stimulation of macrophages and led to further studies of the events 

occurring in the particle-containing phagosomes.

One of the events that occurs after particles are internalized into phagosomes is the 

activation of NADPH-oxidase and the generation of reactive oxygen species (ROS). 

Tschopp found that NLRP3-dependent IL-1β production was blocked in cells that were 

unable to produce ROS or in which ROS were eliminated with chemical scavengers (57), 

although this was not seen in another system (56). This has raised the possibility that 

NLRP3 senses ROS or a ROS-dependent event. However, the precise connection between 

ROS and NLRP3 stimulation is not presently known.

Another study followed the fate of particles after internalization into phagosomes. It was 

found that surprisingly some of the internalized particles were not in membrane bound 

vesicles but instead free in the cytosol, presumably due to rupture of phagosomes. This 

finding raised the possibility that NLRP3 might be able to recognize the free particles 

directly. However, an alternative possibility was that NLRP3 might somehow sense the 

rupture of the phagosomes. In support of this latter mechanism it was found that 

experimentally rupturing endocytic vesicles that did not contain particles, e.g. by hypertonic 

lysis of pinosomes, stimulated the generation of mature IL-1β and importantly this was 

dependent on NLRP3 (56). Thus, sterile particles cause rupture of vesicles and such rupture 

can be sufficient to trigger the NLRP3 inflammasome. Whether the role of ROS generation 

in NLRP3 activation (see above) is through this mechanism (i.e. by damaging the 

phagosomal membrane and promoting rupture) or independent of it, remains to be 

determined. In any case these findings have led to the hypothesis that one of the things that 

NLRP3 senses is internal cell damage and specifically rupture of endocytic vesicles. This 

model is attractive because it can easily explain how structurally dissimilar particles can all 

lead stimulate NLRP3.

How might NLRP3 sense vesicular rupture? Another event that occurs after phagosomes 

form is that these vesicles acidify. It was found that blocking this acidification inhibited 

NLRP3 activation by particles but not by a soluble stimulus such as ATP (56, 99). Why 

might acidification be required for this process? One of the effects of vesicular acidification 

is to activate acid optimal proteases in the vacuole. Therefore one possibility was that 

activated vacuolar proteases might be involved in NLRP3 activation. Consistent with this 

hypothesis, macrophages in which cathepsin B was inhibited or genetically absent showed a 

partial but significant reduction in IL-1β production to particles but not to ATP(56, 99). 

There is emerging data that cathepsin L may also contribute to this response (Duewell et al. 

manuscript in preparation). These findings have suggested a model (Fig. 3) wherein 

activated cathepsins cleave a substrate, either in the vacuole or the cytosol, and in so doing 

generate a ligand for NLRP3.

The experiments described in this section have all been performed with macrophages in cell 

culture. Do these same mechanisms operate in animals during a sterile inflammatory 

response? There is limited data that sterile inflammation stimulated by MSU (23), silica 

(89), cholesterol (Duewell et al. manuscript in preparation) and dead cells (38) is reduced in 
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NLRP3-mutant mice. However, in the NLRP3-negative animals, responses are often only 

partially reduced and in some cases seem largely independent of the inflammasome 

components (C.J. H.K. and K.L.R. unpublished). Other cellular processes such as autophagy 

may also be involved in IL-1 responses. Mice deficient in the autophagy protein Atg16L1 

are susceptible to dextran sulphate sodium-induced colitis that is at least partially dependent 

on IL-1β. In this system, enhanced secretion of IL-1β is dependent on endotoxin priming. 

((100)). Therefore it is possible that the mechanisms operating in vivo are more complicated 

and may involve redundant pathways.

Priming regulates the NLRP3 inflammasome activity

There are other interesting differences between the conditions needed to stimulate NLRP3-

dependent responses in vivo versus in cell culture. In intact animals, NLRP3 stimuli (e.g. 

crystals, ATP or pore-forming toxins) will elicit a response by themselves but are 

insufficient to stimulate macrophages in culture unless these cells have first received a 

distinct “priming” stimulus. Of note, this priming is not only required for the induction of 

pro-IL-1 (as mentioned above), but also for the activation of caspase-1 (101). This indicates 

that priming induces factors upstream of caspase-1 that are limiting for NLRP3 activation in 

macrophages. One of these factors may be NLRP3 itself as a recent study revealed that 

NLRP3 is present at very low levels in resting macrophages and that “priming” stimuli leads 

to significant upregulation of NLRP3 in an NF-kB-dependent pathway (101). Importantly, 

heterologous expression of NLRP3 in macrophages was sufficient for caspase-1 activation 

in response to crystals, ATP or pore-forming toxins in the absence of prior priming (101).

A key role for NLRP3 levels in regulating the activity of the inflammasome pathway is also 

suggested by clinical data. Certain patients with autoinflammatory syndromes 

(cryopyrinopathies) have mutations in the coding sequence of NLRP3 and it is thought that 

these mutations can lead to overly active NLRP3, resulting in the inflammatory phenotype. 

However, a substantial fraction (~40%) of cryopyrinopathy patients have classical clinical 

symptoms in the absence of any mutations in the coding region of NLRP3 (80). A recent 

promoter analysis of NLRP3 identified various unique sequence variants in the promoter 

region of NLRP3 of cryopyrinopathy patients suggesting that promoter SNPs could lead to 

dysregulated NLRP3 expression (102). Indeed, a unique SNP (-1064T) in the NLRP3 

promoter led to increased promoter activity and therefore dysregulation of NLRP3 

expression levels could be the cause for the clinical inflammatory symptoms found in these 

patients.

These data suggest that, in normal individuals, macrophages only commit to NLRP3 

inflammasome activation and concomitant caspase I-dependent (pyroptotic) cell death after 

they were primed by molecules present during infection (i.e., activator of PRRs), or by 

encountering potent pro-inflammatory cytokines such as TNFα (66). These findings further 

imply that many of the reported NLRP3 inflammasome activators (such as LPS, 

lipopeptides, or imiquimod/resiquimod, etc) that act together with ATP to induce NLRP3 

inflammasome activation are not inflammasome activators per se. Instead these pro-

inflammatory pattern recognition receptor ligands are necessary for priming and assembly of 

the NLRP3 inflammasome rather than being bona fide inflammasome activators.
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The requirement of two or more independent signals for triggering cellular responses is a 

recurrent theme in immune cell activation. In macrophages, these mechanisms may operate 

to prevent uncontrolled NLRP3 activation. Unrestricted NLRP3 inflammasome activation 

could lead to the excessive production of pro-inflammatory IL-1β cytokine family members 

and could additionally induce pyroptotic cell death and the release of a range of additional 

caspase-1 regulated factors other than IL-1β (103). The regulation of the NLRP3 

inflammasome via NF-kB activity provides a secure mechanism of control, because the 

activity of NF-kB itself is controlled by an elaborate set of molecules and by finely regulated 

feedback mechanisms (104).

How the inflammasome is primed in vivo remains to be fully determined. Recent reports 

(38, 105), however, support the hypothesis that priming via a pattern recognition receptor 

might also play a fundamental role for the recognition of danger signals in vivo. It was 

demonstrated that induction of sterile inflammation by pharmacologically induced liver 

damage was dependent on both TLR9 and NLRP3. Studies with TLR9 inhibitors as well as 

with TLR9 deficient mice suggested that TLR9 activation by excessively released host DNA 

provides a priming step for pro-IL-1β synthesis (38). Thus, it appears likely that TLR9 could 

also play a role in NLRP3 priming in vivo allowing NLRP3 inflammasome activation by 

released danger signals, at least in some situations. Similar mechanisms could operate 

during crystal induced NLRP3 activation in vivo, however, these hypotheses have yet to be 

tested.

Other signaling pathways stimulated by sterile stimuli

Particles and dead cells also stimulate macrophages in other ways besides the NLRP3 

pathway described above, although the precise receptors and pathways are poorly 

understood overall. Most of the information on these processes is for MSU crystals because 

these have been the most studied sterile proinflammatory particles. The activation of a 

number of kinases has been described in different cell types. Stimulation of macrophages 

and neutrophils with MSU leads to the activation of ERK1/2 (106) and of TEC (107), 

respectively. Exactly how MSU leads to the activation of these kinases is not clear. This 

may be mediated by membrane receptors. MSU has been reported to stimulate TLR 2 and 4 

((54)), although the inflammatory response is not diminished in TLR 2+4 double mutant 

animals ((28)). It has also been suggested that blockade of the surface markers CD16 and 

CD11b (108) or deficiency in CD14 (109) can reduce or prevent MSU from inducing an 

inflammatory response. More recently, a receptor independent pathway of kinase activation 

has been described ((110)). MSU crystals were shown to bind with high affinity to 

cholesterol in the plasma membrane and in so doing cause aggregation of lipid rafts. This 

clustering of lipid rafts, which contain a number of kinases, led to the activation of the syk 

kinase.

The precise role of these additional signaling events in the generation of the sterile 

inflammatory response is not clear. It is possible that they contribute to some of the events 

reviewed above such as stimulating phagocytosis, triggering the oxidative burst, or priming 

of macrophages to produce pro-IL-1β. Alternatively, there might be many other 

inflammatory mediators that are generated in response to the sterile particulates and these 
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involve signaling pathways distinct from the ones needed to generate IL-1. Unfortunately, at 

this point in time there is not sufficient information available to understand all the various 

signaling pathways and their role in the sterile inflammatory response.

The target of IL-1 in the neutrophilic inflammatory response to sterile 

particles and dead cells

Since IL-1 is required for the neutrophilic inflammatory response to sterile particulates and 

dead cells, where is it acting? The IL-1R is expressed broadly on many tissues (111 and 

therefore IL-1 could affect a large number of cell types. There is at present very limited 

information about which of these cells is the key target(s) in IL-1-stimulated neutrophil 

recruitment. Experiments have been performed with radiation bone marrow chimeras to 

address whether the IL-1R is needed on cells of hematopoietic origin, such as leukocytes, 

and/or on ones of non-hematopoietic origin (referred to herein as parenchymal cells). 

Chimeric mice in which the IL-1R is lacking from all bone marrow-derived elements, but 

not other cells showed no impairment in their neutrophilic inflammatory responses to either 

sterile particles (MSU) {Chen, 2006 #6) or dead cells ((28)). In contrast, chimeras that 

expressed the IL-1R on bone marrow elements, but lacked it on all other cells, showed 

reduced sterile neutrophilic inflammation to both particles ((22)) and dead cells ((28)). 

Therefore, a key target(s) of IL-1 in the sterile inflammatory response to both MSU and 

dead cells is a radioresistant parenchymal cell(s). Presumably these same mechanisms are 

also operative in the response to other sterile particulates, but this has not yet been formally 

tested.

The identity of the key parenchymal target of IL-1 in sterile inflammation in vivo is not 

known. However an in vitro study found that IL-1α stimulated cultured peritoneal 

mesothelial cells to produce the neutrophil chemotactic chemokines KC and MIP-2 (112)

(37)). Based on these findings it was proposed that when dead cells are injected into the 

peritoneum, IL-1α is released and acts on peritoneal mesothelial cells to produce 

chemokines that then recruit neutrophils. Whether these mesothelial cell responses actually 

occur and/or are required in vivo and, if so, whether they are the only target of IL-1 that is 

required is not yet known. However, in other settings there must be other essential cellular 

targets because necrosis-induced neutrophilic inflammation is seen in tissue sites where 

mesothelium is not present, e.g. in the parenchyma of organs.

Therapeutic implications

Since the inflammation stimulated by sterile particles and dead cells contributes to the 

pathogenesis of a number of diseases it would be medically useful to develop therapeutics to 

inhibit this process. It would be ideal if this could be done in ways that would block the 

damaging component of the sterile inflammation without compromising host defense to e.g. 

infection. The findings reviewed in earlier sections raise the possibility that such selective 

inhibition could be obtained and point to some potential molecular targets that might allow 

this to be achieved.
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Blocking IL-1 production or action would be potential therapeutic targets to inhibit sterile 

inflammation because IL-1 is required for the neutrophil recruitment in this setting and this 

cell type is the most damaging component of the response. One such inhibitor is already 

available clinically (IL-1ra) (113) and others are under development (64) There are at least 

two reasons why these targets might give some relative selectivity. First it is clear that 

animals that lack the IL-1 pathway can still mount neutrophilic inflammation to at least 

some microbial components (22, 28). Second, the monocytes-macrophage component of the 

acute inflammatory response is much less dependent on IL-1 ((28)). Therefore, important 

components of the innate immune response to infection may still be intact after the IL-1 

pathway is blocked. Supporting this idea, patients that are treated with IL-1ra have only a 

very small increase in the incidence of infections (113)((88, 114); although it remains to be 

seen if this becomes a greater problem with agents that may block IL-1 responses more 

effectively than IL-1ra. However, blocking IL-1 itself will affect many other responses than 

just those stimulated by dead cells and sterile particulates.

Further selectivity might be achieved by blocking steps in the pathway that are more 

restricted or unique to the production of IL-1 to sterile particles and dead cells. NLRP3 

might be one such target. Moreover, it is possible that the upstream mechanisms by which 

sterile particles trigger NLRP3 would be even more selective ones. Based on the emerging 

data about this process such targets might include phagosomal rupture, specific cathepsins 

and/or the putative endogenous ligand of NLRP3; as far as is known, these steps function 

uniquely in the sterile inflammatory response and not in host defense to microbes.

It is presently unclear whether the overall concept and the specific molecular targets 

considered above would truly be efficacious in treating many of the sterile inflammatory 

diseases. Similarly, it is not known whether and/or how much selectivity these targets would 

provide and whether they would be tractable for drug design. Nevertheless is intriguing that 

there is limited data that inhibition of the IL-1 pathway may be effective in blocking sterile 

inflammation in gout (88). If this holds up and is found to be true in other of the sterile 

inflammatory diseases then there would be a strong rationale to try and develop additional 

and selective inhibitors of this pathway.

Other sterile inflammation

This review has focused on a small subset of the sterile stimuli that can cause inflammation: 

cell death and irritant particles. Sterile inflammation also occurs in response to trauma, 

immunogenic antigens, and autoimmune conditions, to name just a few other examples. In 

these settings, whether and to what extent the inflammation is stimulated by similar IL-1-

inflammasome-dependent mechanisms is mostly unknown at this time. However, in a 

number of situations where the IL-1 pathway is lacking genetically or has been neutralized, 

sterile inflammatory responses still occur (115) (116–118) (28, 119). It is also clear that 

molecules like zymosan that engage scavenger receptors and TLRs can stimulate acute 

neutrophilic inflammation in the absence of the IL-1 pathway. Therefore, while there may be 

a common molecular pathway underlying the inflammation to dead cells and particles, it 

seems likely that for many other sterile stimuli there will be additional and/or distinct 

molecular mechanisms that underlie the sterile inflammatory response.
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Conclusion

There has been major progress in understanding the mechanisms underlying the generation 

of the neutrophilic inflammatory response in response to sterile irritant particles and dead 

cells. An important advance was the finding that all of these diverse stimuli elicit this 

response through the same key mediator, IL-1. Surprisingly, emerging data further 

suggested that there might be common mechanisms through which these diverse stimuli lead 

to IL-1 production. The sterile particulates all stimulate the NLRP3 inflammasome, which 

processes pro-IL-1β to the mature and bioactive form. Moreover these particles may all 

stimulate NLRP3 via the same mechanisms that operate in the phagosomes of macrophages. 

New potential players that function in this process have been identified, including ROS and 

cathepsins (56, 57, 99). These findings are opening up the possibility of developing new 

therapies and therapeutics to treat diseases that are caused by sterile inflammation.

Nevertheless, many of these new insights need further validation, particularly in vivo, and 

there are many missing pieces to the puzzle. For example, in the IL-1 pathway it is unclear 

how phagocytes are “primed” to make pro-IL-1β, how ROS and cathepsins function, what 

causes phagosomal rupture, what are the roles and regulation of IL-1α versus IL-1β, what is 

the potential redundancy of mechanisms, and what are the key targets of IL-1, to name but a 

few of the unresolved issues. Beyond this we don’t understand what controls other aspects 

of the sterile inflammatory response, such as monocyte recruitment, and the role of other 

receptors and signaling pathways. Given the medical importance of the sterile inflammatory 

response, these are key issues that need to be addressed. Solving these issues and developing 

a comprehensive understanding of the mechanisms controlling the sterile inflammatory 

responses will be important to understanding disease pathogenesis and in devising novel 

rationale methods to for treatment.
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Figure 1. 
Source and role of IL-1 in recruiting neutrophils to sterile cell death.

IL-1α in necrotic cells can be released and directly activate parenchmal (radioresistant) 

cells. In addition, necrotic cells release DAMPs (damage associated molecular patterns) that 

are recognized by macrophages, which in turn produce IL-1α and IL-1β to stimulate 

parenchymal cells. IL-1-stimulated parenchymal cells secrete chemokines to recruit 

neutrophils.
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Figure 2. 
The NLRP3 Inflammasome.

The NLRP3 inflammasome is a heterotrimeric protein complex composed of NLRP3, the 

apoptosis associated speck-like protein (ASC) and pro-caspase I. Its NLRP3 subunit is 

composed of three distinct domains. One of these is a leucine-rich repeat region (LRR) that 

is thought to be involved in ligand recognition. The two other domains, NACHT and Pyrin-

domain (PYD), are involved in protein-protein interactions. The PYD domain of NLRP3 

binds to the PYD domain in ASC. Using its CARD domain, ASC recruits pro-caspase 1. 

This complex assembles in the cytosol of cells. Upon activation it cleaves and releases 

activated caspase-1, which then cleaves pro-IL-1β into its mature and active form.
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Figure 3. 
Phagolysosome disruption and activation of the inflammasome.

Phagosomes containing sterile particles acidify, generate reactive oxygen species (ROS) and 

then some of these vesicles rupture. The ROS that are produced have been implicated in the 

activation of NLRP3 inflammasomes through an unknown mechanism, possibly involving 

phagosomal destabilization or direct stimulation of NLRP3. The rupture of phagosomes 

releases activated cathepsins that trigger the NLRP3 inflammasome, possibly by cleaving an 

endogenous NLRP3 ligand into an active form. Dashed lines and question marks are 

hypothetical steps in this pathway.
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