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The NLRP3 inflammasome in kidney disease and autoimmunity
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SUMMARY AT A GLANCE

Recent studies in animal models and cell

culture suggest a broad role for NLRP3

inflammasome activation in renal disease.

Hutton et al provide a timely review of the

latest animal and human data in this

important area, and discuss therapeutic

opportunities afforded by targeting the

inflammasome.

ABSTRACT:

The NLRP3 inflammasome is an intracellular platform that converts the pro-
inflammatory cytokines interleukin (IL)-1β and IL-18 to their active forms in
response to ‘danger’ signals, which can be either host or pathogen derived,
and mediates a form of inflammatory cell death called pyroptosis. This
component of the innate immune system was initially discovered because of
its role in rare autoinflammatory syndromes called cryopyrinopathies, but it
has since been shown to mediate injurious inflammation in a broad range of
diseases. Inflammasome activation occurs in both immune cells, primarily
macrophages and dendritic cells, and in some intrinsic kidney cells such as
the renal tubular epithelium. The NLRP3 inflammasome has been implicated
in the pathogenesis of a number of renal conditions, including acute kidney
injury, chronic kidney disease, diabetic nephropathy and crystal-related
nephropathy. The inflammasome also plays a role in autoimmune kidney
disease, as IL-1β and IL-18 influence adaptive immunity through modulation
of T helper cell subsets, skewing development in favour of Th17 and Th1 cells
that are important in the development of autoimmunity. Both IL-1 blockade
and two recently identified specific NLRP3 inflammasome blockers, MCC950
and β-hydroxybutyrate, have shown promise in the treatment of
inflammasome-mediated conditions. These targeted therapies have the
potential to be of benefit in the growing number of kidney diseases in which
the NLRP3 inflammasome has been implicated.

The inflammasomes are components of the innate immune
system that respond to cellular stress by producing the
pro-inflammatory cytokines interleukin (IL)-1β and IL-18, as
well as mediating an inflammatory form of cell death termed
‘pyroptosis’.1 Aberrant inflammasome activation causes
injurious inflammation in cryopyrin-associated periodic
syndromes (CAPS), rare inherited autoinflammatory diseases
characterized by recurrent fevers, leukocytosis, rashes and
arthralgias.2 Inflammasomes have also been implicated in a
range of more common, complex conditions, including
metabolic disorders such as diabetes, obesity and
atherosclerosis,3 crystal-related diseases, such as siliciosis4 and
gout,5 and autoimmune diseases including multiple sclerosis6

and lupus.7 Inflammation underlies the development of many
renal diseases, including acute kidney injury (AKI) and chronic
kidney disease (CKD).8 Whereas adaptive (antigen specific)

immunity plays a role in the pathogenesis of renal
inflammation in many conditions, the older, phylogentically
preserved, innate immune system is always involved.8 As
inflammasome activation occurs in response to a range
of microbial and non-microbial inflammatory triggers, it
may contribute to inflammation and injury in a diverse
range of kidney diseases. The NLRP3 (NOD-like receptor
family, pyrin containing domain-3) inflammasome is the most
well characterized of the inflammasomes, and its role in kidney
disease will be the focus of this review.

Innate immune cells detect pathogens via germline-encoded
pattern recognition receptors (PRR). They recognize microbial
components known as pathogen-associatedmolecular patterns
that include nucleic acids or components of the cell wall.9 Host
derived stimuli, released as a result of disturbed tissue
homeostasis are also recognized by PRR. These damage-
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associated molecular patterns (DAMPs) include components
from damaged cells such as adenosine triphosphate (ATP), uric
acid crystals, high mobility group box 1 and heat shock
proteins, allowing sensing of ‘stressed’ tissue.1 While the
primary function of PRR is protective, inappropriate or
prolonged activation leads to inflammatory injury. There are
several families of PRR, some of which are transmembrane
proteins sampling antigens in the extracellular space, such as
most toll-like receptors (TLR) and C-type lectin receptors, and
some of which are intracellular, including the RIG-like
receptor, and NOD-like receptor (NLR).1 Collectively, NLR are
involved in NF-κB signalling or the formation of
inflammasomes, multiprotein cytosolic complexes that activate
the cysteine protease caspase 1 with the resultant cleavage of
pro-IL-1β and pro-IL-18 to their active forms. The structure of
selected inflammasomes is outlined in Figure 1. Most of the
inflammasomes described to date contain an NLR sensor
molecule. These NLR sensors are composed of an amino
terminal caspase activation and recruitment domain or pyrin
domain, a central NACHT domain and a carboxy terminal
containing a variable number of leucine-rich repeats.1,10 Two
non-NLR inflammasomes have been described, AIM2 and
IFN-γ inducible protein 16, both of which are composed
of PYHIN family proteins that bind to and are activated
by DNA.10 Each of the NLR family inflammasomes has
a characteristic spectrum of activators (Fig. 1). Most
inflammasomes complex with the adaptor molecule
apoptosis-associated speck-like protein containing a caspase
activation and recruitment domain (ASC), which subsequently

interacts with caspase 1. However, NLRC4 and NLRP1 can
interact directly with caspase 1 without the need for ASC
recruitment.10

ACTIVATIONOF THE NLRP3 INFLAMMASOME

Activation of the NLRP3 inflammasome requires two signals
(Fig. 2). The initial step, often TLR activation, triggers NF-κB-
dependent gene transcription of pro-IL-1β and pro-IL-18.
These pro-inflammatory cytokines are released into the
cytoplasm as pro-IL-1β and pro-IL-18 and require cleavage,
usually by caspases, to become activated and secreted.11,12

Assembly of the NLRP3-ASC inflammasome complex occurs
via a second signal, which causes NLRP3 to oligomerize via
its NACHT domain and recruit ASC, activating caspase 1
and ultimately resulting in the cleavage and secretion of the
pro-inflammatory cytokines. The second step of NLRP3
inflammasome activation can be brought about by broad
range of stimuli, from particulate matter to bacterial toxins.
These findings have stimulated research towards identifying
common underlying mechanistic pathways for this trigger.
While identification of a single unifying mechanism for
inflammasome activation remains elusive, evidence exists for
the role of K+ efflux,13 mitochondrial reactive oxygen species
(ROS) production,14 and the release of mitochondrial DNA15

and cardiolipin.16 P2X7, a ligand-gated ion channel, expressed
on macrophages and some intrinsic kidney cells, also activates
the inflammasome when stimulated by ATP.17

A non-canonical pathway, involving caspase 11 activation,
occurs when certain Gram-negative bacteria stimulate NLRP3.
In this setting, caspase 11 independently stimulates pyroptosis
and IL-1α and also activates caspase 1 with cleavage of
pro-IL-1β and pro-IL-18 to their active forms.18

Fig. 1 Selected inflammasomes and their activators. Inflammasomes of the NLR

family include NLRP1, NLRP3 and NLRC4; AIM2 belongs to the PYHIN family. NLR

family inflammasomes all contain a nucleotide-binding domain (NBD), carboxy-

terminal leucine-rich repeat (LRR) and either a PYD (pyrin domain) or caspase

activation and recruitment domain (CARD) or both. AIM2 has a HIN200

(haematopoietic interferon inducible nuclear antigen with 200 amino acid

repeats) domain that is involved in ligand binding. ASC, apoptosis-associated

speck-like protein containing a CARD; NETs, neutrophil extracellular traps;

ROS, reactive oxygen species.

Fig. 2 Mechanisms of inflammasome activation. Signal one results in NF-κB-
dependent transcription of pro-IL-1β and pro-IL-18. A second signal

subsequently causes NLRP3 to oligomerize and recruit apoptosis-associated

speck-like protein containing a caspase activation and recruitment domain

(ASC), forming the NLRP3-ASC inflammasome. Pro-caspase 1 is then converted

to its active form, caspase 1, which goes on to cleave the pro-cytokines to their

mature forms IL-1 and IL-18. DAMPs, damage-associated molecular pattern; TLR,

toll-like receptor.

Inflammasomes in kidney disease
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EXPRESSION OF INFLAMMASOME
COMPONENTS IN THE KIDNEY

Immune cells in the kidney, primarily the network of intrarenal
mononuclear phagocytes, express all the components necessary
for NLRP3-ASC assembly and production of IL-1β and IL-18.8

However, the expressionof inflammasome components in kidney
tissue cells is not well defined. Kidney-restricted silencing of ASC
attenuates proteinuria, albuminuria and glomerular sclerosis in
mouse models of renal disease.19,20 However, as ASC siRNA
delivered via the renal artery may affect both intrarenal immune
cells and renal tissue cells, this finding does not attribute the
protection observed to intrarenalmacrophages and dendritic cells.

Murine tubular epithelial cells can secrete IL-1β and IL-18,
and it is generally agreed that these cells contain all the
components necessary for inflammasome activation.21–24

While an initial in vitro study in mouse glomerular endothelial
cells, mesangial cells and podocytes suggested that these cells
could not produce IL-1β or activate caspase 1,21 subsequent
studies have shown varying degrees of evidence of
inflammasome activation in podocytes and glomerular
endothelial cells.19,20,25 There is also evidence supporting
inflammasome expression in human podocytes, mesangial
cells and intercalated cells.26,27

HOW DO IL-1β AND IL-18 MEDIATE KIDNEY
INJURY?

The IL-1 is the prototypic pro-inflammatory cytokine. Its two
biologically active isoforms, IL-1α and IL-1β, have similar but not
identical biological actions. Both bind to the IL-1 receptor
(IL-1R) that is expressed on a variety of cell types, both leukocytes
and intrinsic kidney cells. IL-1 (which here refers to IL-1α and
IL-1β) induces the synthesis of a range of inflammatory and
pro-fibrotic mediators, including IL-6, tumour necrosis factor
(TNF), IFN-γ, transforming growth factor-β, prostaglandins and
nitric oxide, as well as IL-1 itself.28,29 The effects of IL-1α and
IL-1β are controlled by several endogenous inhibitors, such as
IL-1RA (a soluble receptor) and IL-1R type II (a cell membrane
bound decoy receptor).29 Oneway that IL-1 contributes to kidney
injury is via inflammatory cell recruitment. In murine ischaemia
reperfusion injury (IRI), IL-1 promoted renal injury via neutrophil
and macrophage recruitment, although the individual effects of
IL-1α and IL-1β were not assessed.28,30 The contribution of IL-1
to experimental glomerulonephritis (GN) has been studied in
experiments using IL-1RA,31 and also IL-1R-deficient and IL-1β-
deficientmice.32 IL-1RA limited injury and leukocyte recruitment,
and IL-1β from leukocytes interacted with IL-1R on intrinsic
kidney cells contribute to leukocyte recruitment and crescent
formation, whereas IL-1α promoted humourallymediated injury.
In addition, IL-1R directly promoted experimental renalfibrosis.33

The IL-18 binds at low affinity to the IL-18 alpha chain
(IL-18Rα), which is expressed on most cells. A high affinity
complex is formed in cells that also express the IL-18Rβ,
commonly T cells and dendritic cells. As with IL-1, its activity

is modulated by an endogenous inhibitor, in this case, IL-18
binding protein.12 IL-18 is a cofactor not only in the
development of Th1 responses but also in some situations can
promote Th2 responses and/or cause increases in chemokine
production, cellular adhesion and nitric oxide synthesis.12

IL-18-deficient mice are protected from IRI, with fewer
intrarenal neutrophils and macrophages and less production
of downstream inflammatory mediators, mediated by bone
marrow-derived IL-18.34 IL-18 contributes to experimental
renal fibrosis35 and has a local pro-inflammatory and pro-
fibrotic role in experimental Th1-mediated GN, promoting
leukocyte recruitment and intrarenal production of pro-
inflammatory cytokines.36 The effects of IL-1 and IL-18 on
adaptive immunity, influencing Th17 and Th1 responses,
respectively, are detailed further in the discussion on renal
autoimmunity.

THE INFLAMMASOME IN ACUTE KIDNEY
INJURY AND CHRONIC KIDNEY DISEASE

Mice deficient in NLRP3 inflammasome components and its
downstream mediators are protected from renal injury in
experimental AKI and CKD (summarized in Table 1).
Inflammation plays a key role in the pathogenesis of AKI. After
an initial septic, ischaemic or nephrotoxic insult, release of
inflammatory cytokines and chemokines by endothelial cells
and the tubular epithelium results in leukocyte recruitment and
amplification of renal injury.44 The role of the inflammasome in
this process is evident in both studies on biomarkers of AKI in
humans,45 in experimental IRI16,28,30,34,37 and cisplatin-mediated
AKI.39–41

Table 1 The inflammasome in selected mouse models of AKI and CKD

Intervention Result Reference

Model of AKI

IRI IL-1RA Equivocal Haq, 199830

IRI Casp1
�/�

Protective Melinkov, 200137

IRI Il1r1�/� Protective Fuiruchi, 200628

IRI Anti-IL-18 Ab Protective Wu, 200834

Il18�/� Protective

IRI Nlrp3
�/�

Protective Iyer, 200938

Asc�/� Protective

Cisplatin Casp1�/� Protective Faubel, 200439

Cisplatin Nlrp3�/� No difference Kim, 201340

Cisplatin Asc�/� Protective Chan, 201341

Model of CKD

UUO P2rx7�/� Protective Goncalves, 200642

UUO Nlrp3�/� Protective Vilaysane, 201043

UUO Anti-IL-18 Ab Protective Bani-Hani, 200935

Ab, antibody; Asc�/�, mice deficient in ASC; AKI, acute kidney injury; ASC,

apoptosis-associated speck-like protein containing a caspase activation and

recruitment domain; Casp1
�/�

, mice deficient in caspase 1; CKD, chronic kidney

disease; IL-1RA, interleukin-1 receptor antagonist; Il1r1�/�, mice deficient in the

IL-1 receptor type 1; IRI, ischaemia reperfusion injury; P2rx7�/�,mice deficient in

P2RX7 receptor; UUO, unilateral ureteric obstruction.
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Experimental IRI highlights the role of IL-1 in initiating
an inflammatory cascade, resulting in the recruitment of
neutrophils and macrophages to the kidney.28,30 IL-18 is a
keymediator in IRI, with caspase 1-deficientmice,mice treated
with IL-18 blocking antibodies and IL-18-deficient mice
exhibiting improved renal function and histology.34,37,46 In
patients with AKI, urinary IL-18 is a marker of tubular
inflammation, a robust marker of early acute tubular necrosis
and is associated with increased severity of AKI.45

DAMPs that are released during renal injury, including ATP,
uric acid, mitochondrial ROS and extracellular matrix
components such as hyaluronan and biglycan can activate the
NLRP3 inflammasome.47 Several studies support the
hypothesis that the inflammasome activation occurring in
response to these stimuli contributes towards the development
of interstitial fibrosis and CKD. Mice deficient in biglycan are
protected against renal injury in a unilateral ureteric
obstruction model of renal fibrosis.48 Liu et al., in an albumin
overload nephropathy model in rats, showed that albuminuria
might contribute towards tubulointerstitial inflammation in
CKD by mitochondrial ROS-mediated inflammasome
activation.49 In patients with non-diabetic kidney disease,
increased intrarenal NLRP3 expression was associated
with lower renal function, suggesting that the NLRP3
inflammasome could contribute to the pathogenesis of CKD.43

DIABETIC NEPHROPATHY

The NLRP3 inflammasome is implicated in the pathogenesis of
common metabolic disorders, such as diabetes, cardiovascular
disease and obesity. Many metabolic products can act as
inflammasome-activating DAMPs, including some fatty acids50

and ROS, the production of which is increased in the adipose
tissue of obese individuals.51 While it is unclear whether
hyperglycaemia has a direct effect on inflammasomes, islet
amyloid polypeptide, a downstream product of elevated blood
glucose produced by pancreatic islet cells, causes
inflammasome activation, contributing to inflammation in
diabetes.52 Hyperuricaemia commonly occurs in the metabolic
syndrome of obesity, hypertension, hyperlipidaemia and
insulin resistance, and monosodium urate crystals are also
likely to act as an inflammasome activating DAMP in this
context.

Observational studies in humans suggest that IL-1β and IL-
18 may contribute to diabetic nephropathy, with both
cytokines being increased in thosewith albuminuria, and levels
correlating with the degree of albuminuria.27,53 Inflammation
is a driver of disease progression in diabetic nephropathy.54

Experimentally, accumulation of inflammatory cells in the
kidney correlates with a decline in renal function and
prevention of their ingress limits disease.55,56 Several studies,
including human ex vivo studies, have identified mitochondrial
ROS as an activator of NLRP3-ASC in diabetes.27,57 A
comprehensive study of the NLRP3 inflammasome’s role in

the pathogenesis of diabetic nephropathy was recently
undertaken by Shahzad et al.27 Intrarenal inflammasome
activation was present in both the db/db mouse (modelling
type 2 diabetes) and murine streptozotocin-induced type 1
diabetes, with elevated intrarenal IL-1β and NLRP3 mRNA. In
the streptozotocin model, mice lacking caspase 1 were
protected from nephropathy.

CRYSTAL-RELATED NEPHROPATHY

Inflammasome activation links crystal formation and
inflammation in a range of renal diseases, including those
induced by calcium oxalate, cholesterol emboli, uric acid, free
light chains, myoglobin and cysteine. Renal injury occurring
in these ‘crystalline nephropathies’ was thought to occur by
tubular obstruction after intratubular crystal precipitation.
However, this explanation has some deficiencies: extensive
tubular obstruction would be necessary to cause impaired
kidney function and experimental evidence cast doubt on this
mechanism.58,59 Crystal-induced, inflammasome-mediated
inflammation offers a new explanation for renal injury in these
diseases. Several crystalline substances, includingmonosodium
urate and calcium oxalate, are well-characterized activators of
the NLRP3 inflammasome.

Monosodium urate crystals are relevant to acute kidney
disease and CKD. ‘Urate nephropathy’, AKI due to
hyperuricaemia and uricosuria, was traditionally thought to be
caused by monosodium urate crystals obstructing distal tubules.
Elevated serum uric acid is epidemiologically associated with
CKD progression.60,61 Multiple mechanisms have been
proposed for uric acid nephrotoxicity, including activation of
the renin–angiotensin aldosterone system, afferent arteriolar
sclerosis causing glomerular hypertension and local effects on
smooth muscle cells.61 However, experimental data implicate
inflammasome activation in uric acid-induced renal injury in
both acute and chronic settings.59 The potential formonosodium
urate crystals to activate the inflammasome is well described in
gout.5 In the kidney, monosodium urate induces lysosomal
rupture when phagocytosed and subsequently causes damage
to mitochondria, generating ROS, known mechanisms of
inflammasome activation.62 Uric acid activates the
inflammasome in rodent diabetic nephropathy, where
allopurinol administration improved renal injury and limited
inflammasome activation, independent of glycaemic
control.63,64 A meta-analysis of randomized controlled trials
assessing the effect of allopurinol on progression of kidney
disease in patients with CKD observed a small, statistically
significant improvement in estimated glomerular filtration rate
(eGFR) in the allopurinol-treated patients. However, this finding
should be interpreted with some caution, as the low quality of
some of the included trials potentially limits the accuracy of this
meta-analysis.60 Larger randomized controlled trials to address
the possible beneficial effects of allopurinol treatment in CKD
patients are currently underway.60

Inflammasomes in kidney disease
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Mechanisms of calcium oxalate nephropathy have been
investigated in two key studies. Mulay et al.,65 in experimental
AKI induced by a high oxalate diet, showed that renal tubular
injury and inflammation were attenuated in mice lacking the
inflammasome components ASC and NLRP3, or their
downstream mediators caspase 1 or the IL-1R, despite
equivalent amounts of intrarenal crystal deposition. ATP,
released because of calcium oxalate-mediated tubular damage,
was postulated to be the inflammasome activator in this setting,
as ATP depletion also attenuated renal injury. The role of renal
mononuclear phagocytes as potential key players in
inflammasome activation was also delineated: in vitro by
showing murine dendritic cells secreted IL-1β in response to
calcium oxalate and in in vivo where clodronate depletion of
mononuclear phagocytes and DC depletion (via the CD11c-
DTR mouse) attenuated renal injury. NLRP3-deficient mice
are also protected in chronic calcium oxalate-induced renal
disease, demonstrating the role of the inflammasome in the
pathogenesis of CKD due to calcium oxalate, as seen in
hereditary conditions such as primary hyperoxaluria.66

AUTOIMMUNE RENAL DISEASE

Although a part of the innate immune system, the
inflammasome sculpts adaptive immune responses, and
dysregulated inflammasome activation has potential to
contribute to loss of tolerance and autoimmunity. Autoreactive
CD4+ T cells are keymediators in the pathogenesis of a number
of autoimmune diseases, including, in the kidney, anti-
neutrophil cytoplasmic antibody (ANCA)-associated vasculitis
(AAV),67 lupus68 and anti-glomerular basement membrane
disease.69,70 Naive CD4+ T cells, when activated by antigen,
differentiate into functionally distinct subsets that are
distinguished by their patterns of cytokine secretion. Th1 and
Th17 cells are key to the development of autoimmune
disease71 and have been shown to actively participate in clinical
and experimental models of GN.72,73

The inflammasome has effects on CD4+ T cell differentiation
via the production of the caspase 1-dependent cytokines, IL-1β
and IL-18, directing Th1 and Th17 responses. IL-18 was
originally called IFN-γ-inducing factor because of its role in
the Th1 response.12 IL-1β is essential for Th17 cell
differentiation from naïve T cells.11 Evidence of the
inflammasome’s ability to influence autoimmune disease by
promoting both Th1 and Th17 responses exists in a mouse
model of multiple sclerosis, experimental autoimmune
encephalomyelitis. Compared with genetically intact mice,
NLRP3-deficient and IL-18-deficient mice were protected from
disease with impaired IL-17A and IFN-γ production.6

LUPUS NEPHRITIS

Increased levels of caspase 1 and NLRP3 are seen in renal
biopsies of patients with lupus nephritis.7 Inhibition of NLRP3,

caspase 1 and IL-18 limits renal injury in murine models of
lupus nephritis, indicating that NLRP3 inflammasome
activation contributes to this disease.7 Shin et al. showed that
dsDNA complexes isolated from patients with lupus activated
the NLRP3 inflammasome in human monocytes, with
activation being dependent on TLR9 activation of NF-κB, as
well as ROS and potassium efflux.74 Neutrophil extracellular
traps (NETs) also activated the NLRP3 inflammasome in both
human and murine macrophages; this NET-mediated
activation was enhanced in macrophages derived from lupus
patients.75 IL-18 induces NETosis in macrophages, potentially
leading to a vicious cycle of NET-induced inflammasome
activation.75 Other inflammasomes also contribute to lupus
and lupus nephritis. The AIM2 inflammasome, activated by
cytosolic ds-DNA, has a role in the pathogenesis of lupus in
mice, and a small study showed increased AIM2 gene
expression in peripheral blood mononuclear cells of patients
with lupus.76 A study of single nucleotide polymorphisms in
seven inflammasome genes found that NLRP1, but not AIM2
or NLRP3 inflammasome polymorphisms, were associated
with lupus and with the development of lupus nephritis.77

ANTI-NEUTROPHIL CYTOPLASMIC
ANTIBODY-ASSOCIATED VASCULITIS

The IL-18 and IL-1β have been shown to be important in the
pathogenesis of AAV, in which the production of ROS by
activated neutrophils causes renal injury. While ANCA causes
isolated TNF-primed human neutrophils to degranulate and
produce ROS,78 IL-18 (which primes neutrophils comparably
with, and independent of, TNF) is upregulated in the kidney
in AAV,79 and serum IL-18 levels are increased in patients with
active vasculitis.80 Work by Schrieber et al.81 showed that
treatment with anakinra, an IL-1R antagonist, protected mice
from the development of anti-myeloperoxidase necrotizing
crescentic GN in their bone marrow transplant model.
However, this work indicated that neutrophil serine proteases,
rather than inflammasomes, were the key source of IL-1β
production, as mice transplanted with bone marrow deficient
in dipeptidyl peptidase, required for neutrophil serine protease
activation, were also protected.

The inflammasomemay also contribute to the induction and
development of autoimmunity in AAV. Both Th1 and Th17
responses, influenced by inflammasome-dependent cytokines
IL-1β and IL-18, are required for the development of
autoimmunity and glomerular injury in experimental anti-
myeloperoxidase GN.72 There are a number of DAMPs or
pathogen-associated molecular patterns that could activate
the inflammasome in AAV, which has a known association
with infections,82 and inwhich the presence of NETs have been
documented.83,84 Disease induction and relapse have been
associated with certain infections. In particular, carriers of
Staphylococcus aureus have an increased risk of AAV relapse.85

NETs could also provide an inflammasome activating ‘signal 2’

HL Hutton et al.
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in AAV, as ANCA induces NETosis,83 NETs are present in
kidneys of people with ANCA-associated GN,83,84and NETs can
activate the inflammasome.75 Silica is a strong inflammasome
activator,8 and silica-induced inflammasome activation may be
the mechanism behind the observed link between silica
exposure and development of AAV.85

Functional studies on the role of the inflammasome in
several forms of experimental GN are summarized in Table 2.
Most studies have examined the effects of neutralizing or
deficiency of IL-1β or IL-18. Studies in lupus nephritis and
autologous phase anti-glomerular basement membrane GN
(where disease is not autoimmune but mediated by immunity
to a planted foreign antigen) have shown protection against
renal injury and inflammatory infiltrates in mice deficient in
P2X7.86,89

OPPORTUNITIES FOR THERAPY

Potential targets for therapy in inflammasome-mediated
diseases include specific inflammasome components such as
ASC and NLRP3, as well as the downstream targets caspase 1,
IL-1β and IL-18. Currently, the only specific treatments
available for NLRP3 inflammasome-driven CAPS (and similar
autoinflammatory syndromes) are directed against IL-1β
signalling anakinra (recombinant human IL-1R antagonist),
rilonacept (recombinant soluble IL-1R) and canakinumab
(humanized anti-IL1β mAb).92 These therapies result in
decreased inflammatory markers and improved clinical
outcomes in patients with CAPS.93 The safety and efficacy of
these drugs led to interest their use in other inflammasome-
driven diseases, such as gout. Several randomized controlled
clinical trials have since shown them to be of benefit in acute

and treatment refractory gout.93 Although rodent models
indicate that IL-1 blockade may be a promising treatment
strategy in a range of kidney pathologies,28,30,32,88,91 there are
no studies evaluating its efficacy in human disease.

Two specific NLRP3-ASC inhibitors have recently been
described. β-hydroxybutyrate, a ketone body produced during
periods of starvation, was shown to specifically inhibit NLRP3
inflammasome activation in both mouse macrophages and
humanmonocytes in vitro. This compound also showed efficacy
in reducing inflammasome activity in mouse models of gout
and gain of function NLRP3-ASC mutations.94 A number of
synthetic disulfonylurea-containing compounds inhibit the
NLRP3 inflammasome, but not other inflammasomes.95 Coll
et al.96 studied one of these compounds, MCC950, and found
that it blocked both canonical and non-canonical pathways
of IL-1β release and the induction of pyroptosis in
mouse macrophages. MCC950 administration attenuated
murine experimental autoimmune encephalomyelitis, rescued
neonatal lethality in murine CAPS and blocked inflammasome
activation in peripheral blood mononuclear cells from
patients with CAPS. A potential advantage of specific NLRP3
inflammasome blockers over IL-1β suppressive therapies is
NLRP3-specific agents could also target IL-18, but would still
allow IL-1β activation by other inflammasomes, important for
response to infection and other cellular processes.92 Specific
inflammasome blockers would also target the non-canonical
effects of the inflammasome, which may be advantageous in
controlling inflammasome-mediated diseases. The recent
discoveries in this area may herald a new era of treatment for
not only CAPS but also the many diseases in which the
inflammasome has been implicated, including a range of
kidney conditions.

Table 2 The inflammasome in experimental GN

Model of GN Intervention Result Reference

Autologous phase anti-GBM GN IL-1RA Protective Lan31

Autologous phase anti-GBM GN Il1r1
�/�

Protective Timoshanko32

Il1b�/�

Autologous phase anti-GBM GN IL18�/� Protective Kitching36

Autologous phase anti-GBM GN P2RX7 antagonist Protective Deplano86

Immune complex GN (BSA) Il18r1
�/�

Protective Sugiyama87

Heterologous phase anti-GBM GN Il1r1�/� Protective Lichtenekert21

Il18�/� Equivocal

Nlrp3�/� No difference

Asc�/� No difference

Casp1
�/�

No difference

Lupus nephritis (MRL/lpr) IL-1RA Protective Schorlemmer88

Lupus nephritis (MRL/lpr) P2RX7 antagonist Protective Zhao89

Lupus nephritis (pristane) Casp1�/� Protective Kahlenberg90

IgA nephropathy IL-1RA Protective Chen91

Anti-MPO GN IL-1RA Protective Schrieber81

Anti-MPO, anti-myeloperoxidase; Asc
�/�

, mice deficient in ASC; ASC, apoptosis-associated speck-like protein containing a caspase activation and recruitment domain;

BSA, bovine serum albumin; Casp1�/�, mice deficient in caspase 1; GBM, glomerular basement membrane; GN, glomerulonephritis; IL-1RA, interleukin-1 receptor

antagonist; IL-1R1, IL-1 receptor type 1; Il1r1�/�, mice deficient in the IL-1 receptor type 1; Il18�/�,mice deficient in IL-18; Il18r1�/� mice deficient in the IL-18 receptor

type 1.

Inflammasomes in kidney disease
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SUMMARY AND FUTURE DIRECTIONS

The NLRP3 inflammasome is the best studied among the
inflammasomes, multiprotein cytosolic complexes that form
part of the NLR family of PRR. The NLRP3 inflammasome is
activated by a ‘sterile inflammation’, and responds to DAMPs
released from injured renal tissue, including ROS, ATP,
extracellular matrix components and crystalline substances.
There is emerging evidence for the inflammasome’s
contribution to injury in a number of renal diseases, although
the exact mechanism of activation and the extent to which
intrinsic renal cells and immune cells participate is yet to be
defined. The NLRP3 inflammasome has potential to sculpt
adaptive immune responses through its effects on Th1 and
Th17 cells and may contribute to the development of
nephritogenic autoimmunity in renal disease.

There aremany unanswered questions about this interesting
and important component of the innate immune system. It will
be critical to link human observational to studies to relevant
mechanistic and functional studies on the tissue and
cell-specific expression and functional roles of the
inflammasome described in animals. As the importance of the
non-canonical pathway, which activates caspase 11 rather than
caspase 1, is currently poorly defined, there could be other non-
canonical effects of the inflammasome. Little is known about
gene expression and which factors negatively regulate
inflammasome activation. These and other questions will form
the basis for future research. Inflammasome inhibition using
anti-IL-1 therapy is safe and beneficial in the treatment of both
CAPS and gouty arthritis. The recent discovery of a specific
NLRP3 inflammasome blocker is an exciting development,
potentially paving the way for targeted therapies to treat the
growing number of renal diseases in which inflammasome
has been implicated.
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