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Cryopyrin-associated periodic 
syndromes
Gain-of-function mutations in NLRP3 are 
associated with autoinflammatory condi-
tions known as the cryopyrin-associated 
periodic syndromes (CAPS) and include 
familial cold autoinflammatory syndrome 
(FCAS), Muckle-Wells syndrome (MWS), 
and neonatal-onset multisystem inflam-
matory disease (NOMID) (1–3). CAPS are 
rare disorders with a prevalence of one to 
two cases per million people in the Unit-
ed States and Europe (4). CAPS patients 
typically present with recurrent fevers, 
arthralgias, conjunctivitis, and neutrophil-
ic urticaria (4). The symptoms associated 
with FCAS are usually the least severe and 
are precipitated by exposure to cold, while 
the symptoms of MWS are intermediate 
and frequently associated with hearing 
loss. Patients with NOMID, on the other 
hand, exhibit symptoms associated with 
MWS and, additionally, develop severe, 
deforming arthropathy and CNS inflam-
mation, with more chronic and continuous 
symptoms. Both germline and somatic 
mutations in NLRP3 can cause CAPS, and 

over 130 mutations, mainly in the cen-
tral nucleotide-binding domain (NBD) 
of NLRP3, have been identified to date. 
IL-1 blockade is the mainstay in the treat-
ment of CAPS patients and is extremely 
effective for most of them. However, in 
clinical practice, an increasing number of 
CAPS patients respond partially to treat-
ment with IL-1 blockers. These failures in 
clinical treatments suggest that additional 
inflammatory pathways may contribute to 
CAPS pathology in specific cases.

The NLRP3 inflammasome
Activation of the NLRP3 inflammasome is 
a two-step process (5). While priming, the 
first step, is mediated through a variety 
of cytokine or pattern recognition recep-
tors and results in the NF-κB–mediated 
transcriptional upregulation of NLRP3 
and pro–IL-1β activation, the second step 
occurs in response to specific NLRP3 ago-
nists, such as silica, monosodium urate 
(MSU), nigericin, or ATP. In a pathway 
that is not fully understood, these two sig-
nals result in the assembly and activation 
of the inflammasome complex composed 

of NLRP3, the adaptor apoptosis-associat-
ed speck-like protein containing a CARD 
domain (ASC), and pro–caspase-1. Com-
mon cellular signals required for NLRP3 
activation include potassium efflux, cal-
cium influx, and mitochondrial dysfunc-
tion, with the generation of mitochondrial 
R0S (5). Activation of the NLRP3 inflam-
masome culminates in the autocatalysis 
of pro–caspase-1 into the active cyste-
ine protease caspase-1, which leads to 
the cleavage of pro–IL-1β and pro–IL-18 
into their mature secreted forms (Fig-
ure 1). NLRP3 inflammasome–mediated 
caspase-1 activation can also lead to a 
gasdermin D–driven pyroptotic cell death 
(6, 7). Importantly, the activation signal is 
not required in patients with CAPS, and 
challenging CAPS macrophages with LPS 
alone can lead to the robust processing 
and secretion of IL-1β (8). Although the 
identification of gain-of-function muta-
tions in NLRP3 in CAPS patients was the 
first indication of the role of NLRP3 in 
human disease, aberrant activation of the 
NLRP3 inflammasome is now implicated 
in a variety of chronic inflammatory and 
metabolic disorders including athero-
sclerosis, Alzheimer’s disease, and type 2 
diabetes mellitus (9). Blockade of the IL-1 
pathway has been actively investigated as 
a potential therapeutic approach for dis-
eases in which the NLRP3 inflammasome 
plays a detrimental role.

A role for TNF-α in CAPS 
pathogenesis
Brydges et al. (10) and Meng et al. (11) 
both used different Nlrp3-mutant knock-
in mouse strains to model human CAPS. 
Brydges et al. generated Nlrp3-mutant 
knockin strains expressing NLRP3A350V 
and NLRP3L351P to model human MWS 
and FCAS mutations, respectively (10). 
Meng et al. generated an Nlrp3-mutant 
mouse that expressed NLRP3R258W to study 
the human MWS mutation (11). Both 
studies demonstrated a central role for 
myeloid cell production of inflammasome- 
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may play a regulatory role upstream of 
the NLRP3 inflammasome–mediated 
production of IL-1β and IL-18. In light of 
these data, the role of TNF-α in NLRP3 
inflammasome priming and activation 
was analyzed in vitro. The mRNA expres-
sion of Casp1 and Il1b was reduced in bone 
marrow–derived DCs from Nlrp3A350V Tnf–/–  
mice, suggesting that the mechanism by 
which TNF modifies the release of IL-1β 
and IL-18 may be through the upregulation 
of the NLRP3 inflammasome components 
and pro–IL-1β (Figure 1). These findings 
are consistent with the earlier work of 
Nakamura et al. showing that treatment 
of Nlrp3R258W-mutant knockin mice with 
a TNF-α–blocking monoclonal antibody 
rescued neonatal Nlrp3R258W mice from the 
development of inflammatory skin disease 
and splenomegaly (13). TNF-α blockade 
in Nlrp3R258W mice also inhibited the pro-
duction of IL-1β. However, treatment of 
adult Nlrp3R258W mice with TNF-α–blocking 
monoclonal antibody failed to abrogate 
ongoing inflammatory skin disease (13).

Conclusions and future 
directions
This study by McGeough and colleagues 
demonstrated that in CAPS mouse strains 
expressing mutant Nlrp3, a caspase-1 and/
or caspase-11 inflammatory phenotype is 
present and is independent of the tradi-
tional NLRP3 inflammasome–dependent 
cytokines IL-1β and IL-18 (12). They fur-
ther showed that blockade of TNF-α using 

p3L351P mice, the NLRP3 inflammasome 
and caspase-1 and/or caspase-11 were 
responsible for driving TNF-α production 
in response to LPS (Figure 1). To con-
firm the relevance of these mouse data to 
patients, McGeough et al. evaluated serum 
samples from NOMID patients before 
and after treatment with the recombinant 
IL-1 receptor antagonist anakinra (12). 
Although CAPS symptoms and chronic 
inflammation in the NOMID patients were 
reduced after anakinra therapy, the drug 
also led to elevated serum TNF-α levels, 
consistent with the elevated TNF-α levels 
observed in the Nlrp3L351P Il1b–/– Il18–/– mice 
following LPS challenge.

As Nlrp3L351P LysM-Cre mice die peri-
natally in the absence of IL-1β/IL-18 
blockade, McGeough et al. used Nlrp3A350V 
LysM-Cre mice, which display a less severe 
phenotype, to investigate the role of TNF-α 
in NLRP3 inflammasome–driven patholo-
gy (12). Treating Nlrp3A350VLysM-Cre mice 
with the TNF-α inhibitor etanercept result-
ed in both a strikingly improved growth 
rate as well as increased survival of mice. 
Consistent with this finding, crossing  
Nlrp3A350V LysM-Cre mice with TNF-α–defi-
cient mice (Nlrp3A350V Tnf–/–) resulted in the 
animals surviving to adulthood, with no 
evidence of the skin erythema and sple-
nomegaly that were observed in Nlrp3A350V 
LysM-Cre mice. Intriguingly, Nlrp3A350V 
Tnf–/– mice also had reduced serum IL-1β 
and IL-18 levels compared with Nlrp3A350V 
LysM-Cre mice, suggesting that TNF-α 

dependent IL-1β in driving disease pathol-
ogy in the Nlrp3-mutant knockin mice. 
Additionally, Meng et al. showed that 
the Nlrp3 gene–targeted mice also devel-
oped Th17-dependent inflammatory skin 
disease (11). Using myeloid-restricted  
Nlrp3L351P-mutant knockin mice crossed 
with IL-1β– and IL-18–deficient mice  
(Nlrp3L351P  Il1b–/– Il18–/–), McGeough et al. 
further evaluated the contribution of IL-1β 
and IL-18 to the pathogenesis of CAPS dis-
ease (12). Not only did they observe a par-
tial phenotypic rescue, they also showed 
that, despite the absence of the classic 
NLRP3 inflammasome–dependent cyto-
kines IL-1β and IL-18, by 6 months of age, 
Nlrp3L351P Il1b–/– Il18–/– mice had evidence 
of persistent systemic inflammation with 
elevated white blood cell counts and sple-
nomegaly with neutrophilic infiltrates. 
Importantly, this chronic inflammation 
was not seen in Nlrp3L351P mice crossed 
with caspase-1/11 knockouts (Nlrp3L351P 
Casp1/11–/–), suggesting that the mutated 
NLRP3 and caspase-1 and/or caspase-11 
were responsible for driving an inflamma-
tory response independently of IL-1β and 
IL-18. When challenged with a sublethal 
dose of LPS, Nlrp3L351P Il1b–/– Il18–/– mice 
succumbed rapidly, while the Nlrp3L351P 
Casp1/11–/– mice did not. There was also 
a significant and specific early elevation 
in serum levels of TNF-α, but not IL-6, 
IL-1α, IL-17, or KC, in Nlrp3L351P Il1b–/– Il18–/– 

 mice as compared with levels in Nlrp3L351P 
Casp1/11–/– mice, suggesting that in Nlr-

Figure 1. Model of IL-1β– and TNF-α–driven 
pathology in CAPS. Gain-of-function muta-
tions in NLRP3 (asterisk denotes the mutant 
protein) result in the formation and activation 
of the NLRP3 inflammasome, composed of 
NLRP3, the adapter protein ASC, and caspase-1, 
in response to a proinflammatory stimulus 
(priming). This results in the autocatalytic 
activation of the cysteine protease pro–
caspase-1 to generate two subunits, p20 and 
p10. Active caspase-1 then processes pro–IL-1β 
into its mature secreted form. Activation of the 
NLRP3 inflammasome in Nlrp3-mutant knockin 
CAPS mice results in the production of TNF-α 
through an unknown mechanism. This TNF-α 
contributes to CAPS disease pathology and 
also transcriptionally regulates caspase-1 and 
pro–IL-1β expression. Anakinra and etanercept 
can diminish CAPS pathology through blockade 
of IL-1β and TNF-α, respectively. CARD, caspase 
activation and recruitment domain; LRR,  
leucine-rich repeat domain; PYD, pyrin domain.
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gests that the subset of CAPS patients who 
fail to respond completely to IL-1 blockade 
may benefit from TNF-α blockade. While 
additional immunomodulation may be 
beneficial to address the symptoms of 
these patients, this combination therapy 
may introduce further issues, as a previ-
ous study of rheumatoid arthritis patients 
treated with a combination of anakinra 
and etanercept had an increased risk of 
infectious complications (20). However, 
while the specifics of the implementa-
tion of this combination therapy in CAPS 
patients may require more consideration, 
the association of TNF with patholo-
gy in CAPS, and potentially with other 
NLRP3-mediated inflammatory diseases, 
opens a door to a new class of therapeutics 
to target this globally important pathway.
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etanercept or genetic knockouts abro-
gated both disease pathology and IL-1β 
production in Nlrp3A350V mice. Although 
clearly dependent on the presence of 
the NLRP3 inflammasome, the cellular 
source of the TNF-α and the mechanism 
by which it is generated remain unclear. 
Since the Nlrp3L351P Casp1/11–/– mice 
used in this study were deficient in both 
caspase-1 and caspase-11, it is possible 
that caspase-11–mediated noncanonical 
inflammasome activation may partici-
pate in driving the production of TNF-α. 
It remains to be determined whether 
the association of TNF-α with NLRP3 
inflammasome activation is specific 
to the gain-of-function mutations or is 
more generally applicable to WT NLRP3 
inflammasome activation, which would 
have broad implications for a variety of 
NLRP3 inflammasome–mediated chron-
ic inflammatory and metabolic diseases 
that may be targeted by IL-1 blockade.

Nlrp3A350V Tnf–/– mice also unexpect-
edly showed impaired IL-1β and IL-18 
production, suggesting that TNF-α plays a 
regulatory role in activation of the NLRP3 
inflammasome. As an explanation for sim-
ilar observations, Nakamura et al. postulat-
ed that mast cells locally produced TNF-α 
in response to commensal microbes and 
that this TNF-α induced the production of 
IL-1β in mast cells with CAPS-associated 
NLRP3 mutations, resulting in an amplifi-
cation of the inflammatory response (13). 
Further work to elucidate the role of the 
commensal microbiota in triggering dis-
ease in CAPS patients, and whether this 
involves the induction of TNF-α, is cer-
tainly warranted.

Importantly, the blockade of IL-1 is 
extremely effective in the treatment of a 
majority of CAPS patients (14–16), while 
the blockade of TNF-α has only shown 
modest benefit (17–19). Despite this gen-
eral efficacy, some CAPS patients only 
partially responded to IL-1 blockade, and 
as we now know, the treatment of NOMID 
patients with anakinra is associated with 
an elevation of serum TNF-α, suggesting 
a more complex underlying pathophysi-
ology (12). While the role of TNF-α in the 
pathogenesis of CAPS requires further 
study, the work by McGeough et al. sug-


