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Abstract    

Autoinflammation as a distinct disease category was first reported in 1999 as a group 

of monogenic disorders characterized by recurrent episodes of systemic and organ-specific 

inflammation, known as periodic fever syndromes. Since this original description, the focus 

has shifted considerably to the inclusion of complex multifactorial conditions with an 

autoinflammatory basis. Furthermore, the boundaries of what are considered to be 

autoinflammatory disorders are constantly evolving, and currently encompass elements of 

immunodeficiency and autoimmunity. Notable developments in the intervening 20 years 

include substantial progress in understanding how the different inflammasomes are activated, 

how infection is sensed by the innate immune system, how intracellular signalling systems are 

consequently activated and integrated with many different cellular functions in the 

autoinflammatory process. With these developments, the field of autoinflammation is moving 

from a gene-centric view of innate immune-mediated disease towards a systems-based concept, 

which describes how various convergent pathways, including pyrin and the actin cytoskeleton, 

protein misfolding and cellular stress, NF-B dysregulation and interferon activation, 

contribute to the autoinflammatory process. The development and adoption of a systems-based 

concept of systemic autoinflammatory diseases is anticipated to have implications for the 

development of treatments that target specific components of the innate immune system.  
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[H1] Introduction  

What defines autoinflammation, and which disorders fit under the umbrella of systemic 

autoinflammatory diseases, are subjects of intense debate that do not have easy answers. In 

part, this difficulty arises from our ever-increasing appreciation of the complex interplay 

between the innate and adaptive immune systems, and of the intricate connection of immunity 

with other cellular processes, such as metabolism, cytoskeletal rearrangements and 

endoplasmic reticulum (ER) stress, amongst many others1,2. Thus, it is not entirely surprising 

that an ‘autoinflammatory signature’ might also be identified in other disease entities (that is, 

other than autoinflammatory diseases) in which the predominant immune dysfunction might 

manifest either as a primary immunodeficiency, autoimmunity or even allergy. 

 

Various attempts to classify systemic autoinflammatory diseases have met with 

difficulties. Grouping of these diseases according to genetic causes, clinical features, response 

to treatment or predominant molecular abnormalities have always encountered some 

exceptions. For example, familial Mediterranean fever (FMF)3,4 and pyrin-associated 

autoinflammation with neutrophilic dermatosis (PAAND)5 are both caused by gain-of-function 

mutations in MEFV, yet the clinical manifestations and response to therapy of these two 

conditions differ considerably. Considering response to therapy, FMF is more like TNF 

receptor (TNFR)–associated periodic syndrome (TRAPS), as these two conditions both show 

a more consistent response to IL-1-blocking therapy than does PAAND6,7. 

 

A classification scheme was proposed in 2006 whereby the majority of inflammatory 

conditions can be placed along an immunological disease continuum, with monogenic 

autoinflammatory disorders at one end and monogenic autoimmune disorders at the opposite 

end8; this classification helped to bring the term autoinflammation to a wider audience and into 

mainstream medical thinking. However, including primary immunodeficiency disorders with 

autoinflammatory features, for example, within this scheme has proved to be quite challenging. 

A 2018 consensus proposal for taxonomy and definition of the autoinflammatory diseases 

refined the definition of these disorders and provided guidelines for naming them, focusing 

mainly on monogenic autoinflammatory diseases9. The expert group that devised the taxonomy 

stringently adhered to the original the original definition of autoinflammation by excluding 

several conditions from the taxonomy that had been considered as autoinflammatory diseases, 

including PLCG2-associated antibody deficiency and immune dysregulation (PLAID) or 

heme-oxidised IRP2 ubiquitin ligase1 (HOIL-1) deficiency, since some of these conditions 
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also have autoimmune features (mainly autoantibody production)). This new classification 

(taxonomy) is mostly limited to monogenic diseases, whereas in this Review we also make 

reference to complex, multifactorial disorders, such as rheumatoid arthritis (RA), in which a 

surprising number of patients exhibit an innate-immune myeloid signature as an RA pathotype, 

defined by synovial histology10.  

 

The aim of this Review is not to produce a new classification of systemic 

autoinflammatory diseases or to redefine the term autoinflammation, but to illustrate the 

complex interplay of the molecular mechanisms and systems that are central to many 

monogenic and polygenic conditions with autoinflammatory features. Previously adopted 

gene-centric classifications of disease have often been somewhat restrictive, and a move 

towards systems-based classification is likely to be beneficial both for improving our 

understanding of these diseases and for effective therapeutic targeting. Technical advances, 

such as next-generation sequencing (also known as high-throughput sequencing), with 

associated bioinformatics, have enabled the recognition of an ever-increasing range of 

conditions. In this Review, we describe the molecular pathogenesis of some of the monogenic 

autoinflammatory conditions and attempt to develop a holistic concept of the synergistic 

contributions of various convergent pathways towards the autoinflammatory process, including 

pyrin activation and the actin cytoskeleton, protein misfolding, NF-B dysregulation and 

interferon activation. We also discuss the search for novel therapies for the broad range of 

autoinflammatory conditions.  

 

[H1] Pyrin and the actin cytoskeleton  

Amongst the numerous mechanisms implicated in monogenic systemic 

autoinflammatory diseases, the activation of inflammasomes and associated inflammatory 

signalling pathways are central constituents of the autoinflammatory phenotype (Box 1). A 

steadily increasing number of inflammasome complexes, built around a range of different 

proteins including NLRP3, NLRC4, AIM2, NLRP6 and pyrin have been recognised. These 

large, multimeric protein complexes link the sensing of microbial products and metabolic stress 

to the production of pro-inflammatory cytokines and associated autoinflammatory pathologies.  

 

[H2] Pyrin-related autoinflammatory diseases.  
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Pyrin, encoded by MEFV, is an intracellular pattern recognition receptor [G]  that 

assembles the pyrin inflammasome complexes in response to pathogenic infections (Figure 1). 

As mentioned earlier, FMF, the most common monogenic autoinflammatory disease, is caused 

by gain-of-function mutations in MEFV11-13, as is PAAND, a condition first described within 

the past few years . The pathogenesis of PAAND is a result of p.S242R, p.S208T, p.S208C and 

E244K substitutions in pyrin5,7,14, which disrupt pyrin phosphorylation at these amino acid 

residues and prevent binding of the inhibitory 14-3-3 protein. The resultant constitutive 

activation of the pyrin inflammasome culminates in release of IL-1ȕ and IL-18 and, ultimately, 

caspase 1-dependent inflammatory cell death, known as pyroptosis13,15. By contrast, 

constitutive activation of the pyrin inflammasome is not seen in FMF, but rather the activation 

threshold is lowered16 (as demonstrated by the robust reaction of the pyrin inflammasome to 

low doses of Clostridium difficile toxin B 17) , which is likely to contribute to the heightened 

inflammatory response in patients with FMF.  

 

Although these conditions are both borne of mutations within the same gene, patients 

with FMF and PAAND differ in their clinical phenotypes, disease severity and response to 

treatment7. Whereas patients with FMF almost universally respond to colchicine and anti-IL-1 

therapy, patients with PAAND have a more severe disease and their treatment response to these 

two medications is less predictable, indicating a more complex pathogenesis, including 

excessive pyroptosis and a role for other pro-inflammatory cytokines, such as TNF7. 

Mevalonate kinase deficiency (MKD), caused by loss-of-function mutations in MVK18,19, is 

another monogenic systemic autoinflammatory disease that has a complex pathogenesis, in part 

because of loss of pyrin inhibition, and a less predictable response to anti-IL-1 therapy 

compared with FMF13. Mevalonate kinase-mediated production of geranylgeranyl phosphate, 

which is required for the prenylation of small GTPases, ensures the localisation of the GTPase 

RhoA at the cell membrane20. Here, RhoA can activate the serine-threonine kinases PKN1 and 

PKN2, which phosphorylate serine residues at positions 208 and 242 of pyrin, mediating 

binding of the inhibitory protein 14-3-3 and thereby suppressing pyrin function. The 

prenylation deficiency in MKD results in RhoA inactivity and subsequent constitutive pyrin 

inflammasome activation13. Although most patients with MKD respond to anti-IL-1 therapy, 

like those with PAAND, some patients with MKD show a better response to anti-TNF or anti-

IL -6 therapy21-23.  

 

[H2] Pyrin-actin interactions  
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Pyrin inflammasome activation is also dependent on the actin cytoskeleton and 

microtubular network, via the interaction of pyrin with both actin and the adaptor protein ASC 

to enable NLRP3 inflammasome assembly24 (Figure 1). Pyrin–ASC interactions occur at sites 

of actin polymerisation25, and microtubule dynamics are vital for ASC recruitment and 

oligomerisation15,16; disturbances of this actin–pyrin network can result in autoinflammation.  

Further evidence for the role of actin cytoskeleton in pyrin activation comes from the 

observation that a massive influx of myeloid cells, primarily neutrophils, is seen during acute 

inflammatory attacks in FMF26. Cell migration is regulated by cytoskeletal reorganisation, 

which results in net displacement of the cells during their effector functions27. These properties 

explain the efficacy of colchicine, the primary treatment for FMF, the therapeutic activity of 

which has been attributed to its ability to bind tubulin, causing microtubule disruption and 

depolymerisation with subsequent inhibition of the cytoskeletal changes required for pyrin 

inflammasome assembly and neutrophil migration28. Similarly, a unifying feature of SAIDs, 

discussed in the following paragraph, is the presence of actin dysregulation, with subsequent 

weakening of the cytoskeleton of the cell leading to cellular instability and lysis.  

 

 Pyogenic arthritis, pyoderma gangrenosum and acne (PAPA) syndrome, which is 

caused by mutations in proline-serine-threonine phosphatase-interacting protein 1 (PSTPIP-

1)29,30, is the first condition in which a pyrin–ASC interaction was reported. The PSTPIP-1 

protein is involved in cytoskeletal organisation via its regulation of the ratio of podosomes and 

filopodia in macrophages31. Mutated forms of PSTPIP-1 are hyperphosphorylated and 

consequently bind with a higher affinity to the autoinhibitory B-box domain of pyrin, compared 

with non-mutated forms. 29,30. The resulting constitutive activation of the pyrin inflammasome 

leads to increased IL-1ȕ production, which is a key constituent of the autoinflammatory 

phenotype32.  

Actin cytoskeleton dysregulation has also been implicated in a syndrome of 

autoinflammatory periodic fevers, immunodeficiency, and thrombocytopenia (PFIT) 

associated with mutations in WD40 repeat protein 1 (WDR1). WDR1 is a ubiquitously 

expressed negative regulator of filamentous actin [G]  (F-actin) and the mutated form of WDR1 

promotes actin filament disassembly33. In a mouse model of PFIT, autoinflammatory 

complications were linked to pyrin-dependent IL-18 production34. In 2019 , defects in actin 

polymerization arising from biallelic mutations in ARPC1B were described in another 

condition with a complex phenotype that includes combined immunodeficiency, bleeding 

tendencies, and various combinations of autoinflammatory, autoimmune and allergic 
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complications35. The protein encoded by ARPC1B, actin-related protein 2/3 complex subunit 

1B (ARPC1B), is a component of the actin-related protein 2 (ARP2)–ARP3 complex, which 

is essential for branching of F-actin. In patients with ARPC1B mutations, defective actin 

polymerization has been shown to negatively affect platelet function (impaired platelet 

spreading), T cell number and function (impaired immune synapse formation and reduced 

regulatory T cell function) and effective chemotaxis35. Al though a direct mechanistic link 

between these immunological abnormalities, inflammasome activation and the 

autoinflammatory complications, seen in these cases of ARPC1B deficiency, including 

macrophage activation syndrome, inflammatory bowel disease (IBD), arthritis and 

leukocytoclastic vasculitis, has not yet been defined, such connections may not be easily 

established given the multitude of cellular functions that rely on actin cytoskeleton. However, 

a link between defective autophagy [G]  and dysregulated inflammasome activation, with 

autoinflammatory complications, has been clearly demonstrated in Wiskott–Aldrich syndrome, 

caused by mutations in the Wiskott–Aldrich syndrome protein (WASp); as with the ARPC1B 

protein, WASp interacts with the ARP2–ARP3 complex, and Wiskott–Aldrich syndrome has 

a phenotype similar to that seen in patients with ARPC1B deficiency36.  

 

 It is evident from these examples that the pyrin inflammasome has a central role in an 

evolutionarily important inflammatory response pathway. Pyrin activity is integrated with 

many different cellular functions, and it is therefore not entirely surprising that many 

autoinflammatory complications, which occur, to varying degrees, in a seemingly disparate 

group of disorders, might result from dysregulated pyrin inflammasome activation. 

 

[H1] Protein misfolding and cellular stress 

The unfolded protein response (UPR) is an intracellular homeostatic signalling 

response, related to ER stress that can be induced by the accumulation of misfolded or 

unfolded proteins in the ER. A variety of mechanisms have evolved in cells in order to 

maintain intracellular protein homeostasis and prevent the spread of inflammation (Figure 2). 

Such mechanisms include the degradation of specific pro-inflammatory protein complexes, 

such as ubiquitinated and oxidated proteins, which can accumulate in the cytoplasm in the 

case of immunoproteasome defects as, for example, found in chronic atypical neutrophilic 

dermatosis with lipodystrophy and elevated temperature (CANDLE) syndrome, usually 

owing to PSMB8 mutations. Another disorder, described in 2018, arising from dysregulated 

protein homeostasis is POMP-related autoinflammation and immune dysregulation disease 
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(PRAID)37. POMP encodes proteasome maturation protein, an essential factor in the 

assembly and folding of various proteasome subunits38. The PRAID phenotype has some 

clinical similarities to CANDLE but is not a direct phenocopy owing to the presence of 

overlapping autoimmunity and immune deficiency components in individuals with truncating 

POMP variants but that are not found in CANDLE syndrome37. Thus, this syndrome further 

emphasizes the overlapping incidence of autoimmunity, immunodeficiency and 

autoinflammation in many autoinflammatory diseases.  

 

Other mechanisms to maintain protein homeostasis include tightly regulated protein 

translation and autophagy. For instance mutations in TRNT1, encoding mitochondrial CCA 

tRNA nucleotidyltransferase 1 (TRNT1), cause aberrant tRNA processing and an autosomal 

recessive autoinflammatory syndrome of congenital sideroblastic anaemia, B-cell 

immunodeficiency, periodic fevers and developmental delay39,40. These mutations disrupt 

normal autophagy in specific cells, and the subsequent accumulation of unprocessed or 

misfolded proteins can cause ER stress that activates the UPR signalling network in TRNT1-

deficient cells with resulting TNF production, which is partly responsive to TNF inhibition41.  

 

Oxidative stress has also emerged as an important trigger of intensified inflammatory 

responses in autoinflammatory conditions. The UPR can be co-opted by Toll-like receptor 

(TLR) signalling and mitochondrial reactive oxygen species (mROS) generation to induce 

inflammatory responses, in monogenic conditions such as TNF receptor (TNFR)-associated 

periodic syndrome (TRAPS) and cystic fibrosis42,43. Defective protein homeostasis and ROS-

mediated inflammation are also associated with the pathogenesis of several polygenic 

conditions with autoinflammatory features, such as type 2 diabetes mellitus, Parkinson disease 

and Alzheimer diseases44-46.  

 

 

[H1] Dysregulation of NF-B activation  

Although the term NF-B originates from the initial discovery of this transcription 

factor in 198647,48, as the main driver of ț-chain expression in B cells, subsequent studies 

revealed that NF-B is expressed in almost all cell types, has a role in diverse cellular functions, 

and regulates the expression of hundreds of thousands of genes49,50. One of its critical roles is 

in mediating a range of immunological functions, particularly inflammatory responses51. In 

this context, NF-B can be activated by a host of mediators and cellular events including, but 

https://www.sciencedirect.com/topics/medicine-and-dentistry/autosomal-recessive-inheritance
https://www.sciencedirect.com/topics/medicine-and-dentistry/autosomal-recessive-inheritance
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not limited to, cytokines (such as IL -1 and TNF)52-54, pathogens (via pattern recognition 

receptors such as TLRs), cell lysis products (for example, damage-associated molecular 

patterns such as ATP)55, physiological insults (ER and oxidative stress)56 and physical stress 

(UV light and cold temperatures)57.  

 

The activation of NF-B via canonical (TNFR or IL-1 receptor), non-canonical (CD40) 

and atypical (genomic stress) pathways has been mapped out in detail (Figure 3)58. It is beyond 

the scope of this Review to describe these pathways in detail, but it is important to emphasise 

that a series of ubiquitinating, deubiquitinating and phosphorylation events can converge, at 

the level of IțB kinases (IKKs), to eventually release NF-B homodimers or heterodimers from 

IB inhibition, leading to translocation of the transcription factor to the nucleus59.  

 

[H2] Phenotypes that are predominantly immunodeficiency, with some autoinflammation.  

One of the first immunological conditions to be associated with dysregulation of the 

NF-B pathway and linked with autoinflammatory complications is NF-B essential 

modulator (NEMO) deficiency60. NEMO is also known as IKK and functions as a regulatory 

component of the IKK complex61. The IKK complex contains two kinases, IKK and 

IKK  which are activated by self-phosphorylation when brought into complex with NEMO, 

leading to subsequent phosphorylation of IB. IB then becomes a target for ubiquitination 

and proteosomal degradation. NEMO is encoded by IKBKG located on the X chromosome62. 

Mutations resulting in complete loss of NEMO function are typically lethal, in utero, in males. 

Hypomorphic mutations [G] , however, result in a complex phenotype with up to 77% of 

affected males presenting with anhidrotic ectodermal dysplasia [G] , but invariably all have 

some degree of immunodeficiency63. A similar phenotype to NEMO deficiency was described 

in a male infant who had a heterozygous mutation in IțBĮ that prevented phosphorylation of 

the mutant IțBĮ64. In this patient, a substitution at serine γβ of IțBĮ, one of two serine residues 

that are targets for IKK phosphorylation and are critical for ubiquitination and degradation of 

phosphorylated IțBĮ, resulted in a dominant gain-of-function inhibitor of NF-țB. The non-

immunological manifestations in these genetic disorders of NF-țB activation are attributable 

to the inability of the ectodysplasin A receptor (a TNFR family member that is distributed in 

ectodermal tissues) to induce NF-țB activation following ligation65.  
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In the largest case series of male patients with NEMO mutations reported to date, up to 

23% of the patients developed autoinflammatory complications, the most common being non-

infectious colitis64. Colitis was associated with variants such as L153R, which results in a more 

profound loss of NEMO function compared to other mutations. This association is in keeping 

with mouse studies in which specific ablation of NEMO in intestinal epithelial cells resulted in 

increased cell apoptosis and microbiota-driven chronic inflammation in the colon66-68. 

Interestingly, a combined deficiency of the NF-țB family members p65 (also known as RelA), 

RelB and proto-oncogene c-Rel resulted in increased intestinal epithelial cell death, but not 

colitis, and this latter complication (that is, colitis) could be prevented by inhibition of receptor-

interacting protein kinase 1 (RIPK1)67. These findings suggest that NEMO has a gut-protective 

function independent of F-, and that RIPK1 could be useful target in treating IBD67.  

 

However, a 2018 report of human RIPK1 deficiency described four patients from three 

unrelated families who presented with a combination of primary immunodeficiency and 

systemic autoinflammatory features, including early-onset IBD and progressive polyarthritis69. 

Functional studies showed a partial reduction in NF-țB activation with a marked decrease in 

p38 mitogen-activated protein kinase and AP-1 phosphorylation, resulting in reduced 

production of IL-6, TNF and IL-12. At the same time, IL-1 production was preserved or 

increased, in studies using various cell sources (whole blood and monocytes) and stimuli such 

as phytohemagglutinin and lipopolysaccharide. This imbalance seems to result from increased 

necroptosis and IL -1 release as a result of diminished pro-survival signals that are necessary 

to sustain the cells during immune activation. During the writing of this Review, two 

manuscripts were simultaneously published describing a novel autoinflammatory disorder, 

without features of immunodeficiency, due to heterozygous mutations in RIPK1.70,71 Two 

groups independently identified families and sporadic cases of an early (childhood) onset 

disorder characterized by episodic high fevers, lymphadenopathy, splenomegaly, oral 

ulceration, and responsiveness to IL-6 blockade. All cases had a heterozygous mutation in 

RIPK1 resulting in the inability of caspase 8 to cleave the mutated protein and, therefore, 

terminate the RIPK1-mediated inflammatory response.70,71  

 

A dysregulation of immune responses and related clinical picture is also seen in patients 

with linear ubiquitin chain assembly complex (LUBAC) deficiencies. LUBAC consists of 

HOIL-1 interacting protein (HOIP; encoded by RNF31) and two accessory proteins: heme-
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oxidized IRP2 ubiquitin ligase 1 (HOIL-1; encoded by RBCK1) and SHANK-interacting 

protein like 1 (SHARPIN; encoded by SIPL1)72,73. After receptor engagement, LUBAC 

attaches linear ubiquitin chains to target proteins, such as NEMO, RIPK1, IL -1 receptor-

associated kinases and MyD88, in order to stabilise various receptor signalling complexes 

associated with TNFR1, TLRs, IL-1 receptor and CD4074. Disruption of LUBAC results in a 

disorganised and disjointed immune response, as evidenced by the inability of stimulated 

fibroblasts and B cells from patients with LUBAC deficiencies to upregulate NF-B activity, 

with exaggerated responsiveness to IL-1 stimulation and excessive production of IL-6 and 

CCL3 by the patients’ fibroblasts and peripheral blood mononuclear cells74.  

 

[H2] Phenotypes that are predominantly autoinflammatory  

A more selective, inflammatory-only phenotype is seen in patients with OTULIN-

related autoinflammatory syndrome (ORAS, or otulipenia) 75. Ubiquitin thioesterase OTULIN, 

encoded by OTULIN, is a deubiquitinase that acts as a negative regulator of LUBAC. The first 

four patients identified with ORAS were found to have rare homozygous mutations in OTULIN 

that led to loss of protein function, with an early onset severe multisystem autoinflammatory 

disorder affecting the skin, gastrointestinal tract and joints75. In a subsequently reported case, 

a patient with a homozygous c.841G>A variant in OTULIN died at 8.5 months of age, after 

developing systemic inflammatory illness and pulmonary oedema76. As anticipated from what 

is known about OTULIN function, peripheral blood mononuclear cells and fibroblasts from 

patients with ORAS had increased degradation of IBĮ and increased phosphorylation of 

IKKĮ, IKKȕ and IBĮ in comparison with cells from healthy individuals, in keeping with NF-

B pathway activation that resulted in increasedproduction of a multitude of cytokines75. 

OTULIN deficiency is associated with cell type-specific LUBAC degradation, dysregulated 

TNF signalling and cell death76. Both the IL-1 receptor antagonist, anakinra, and anti-TNF 

therapy have been shown to be effective in this condition77 and haematopoietic stem cell 

transplantation is potentially curative in severe cases76. 

 

Heterozygote carriers of OTULIN mutations are asymptomatic75, which suggests that 

reduced protein expression of OTULIN can be tolerated and might not be critical for 

maintenance of immune homeostasis. However, this is not the case for A20 (also known as 

TNF alpha-induced protein 3), another protein with deubiquitinating activity74. A20 is encoded 

by TNFAIP3, a highly conserved gene with poor tolerance to genetic variation, in particular to 
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loss-of-function mutations78. A20 is known as a negative regulator of NF-kB79. It has combined 

ubiquitinating and deubiquitinating (E3 ligase) functions. The OTU/DUB (ovarian tumour 

protease/deubiquitinase) domain of A20 catalyses hydrolysis of K63-linked polyubiquitin 

chains, thus destabilising receptor signalling complexes, whilst A20 simultaneously adds K48-

linked polyubiquitin chains to target proteins such as RIPK1 and IțBĮ for proteasomal 

degradation80. Haploinsufficiency of A20 (HA20) due to heterozygous mutations in TNFAIP3, 

principally resulting in reduced (50%) expression of the protein, has been associated with a 

broad range of inflammatory conditions46. In addition to the initially reported Behcet-like 

disease, phenotypes resembling autoimmune lymphoproliferative syndrome, systemic lupus 

erythematosus (SLE), RA, juvenile idiopathic arthritis, adult-onset Still’s disease and cases of 

complex undifferentiated systemic autoimmune or autoinflammatory disorders have all been 

described in association with HA2081,82. The stimulation of cells from patients with HA20 leads 

to increased NF-țB activation associated with increased production of a plethora of pro-

inflammatory cytokines81, which is clinically relevant since no single treatment strategy is 

effective for all patients. Furthermore, genome-wide association studies have found 

associations between low-penetrance variants of TNFAIP3 and a wide range of autoimmune 

and inflammatory conditions. Altogether, these findings suggest that, unlike other monogenic 

conditions in this group of NF-B-associated disorders, the full clinical phenotype of HA20 

might be more dependent on additional genetic and environmental factors. Furthermore, 

making a clinical diagnosis of HA20, or developing set of diagnostic criteria for this condition, 

would be exceptionally difficult.  

 

Heterozygous mutations in RELA (encoding p65) have, since 2017, been shown to 

produce an autoinflammatory condition, named RELA haploinsufficiency, that resembles 

HA20 in many ways83. The patient in the first reported case was found to have a heterozygous 

mutation in RELA that resulted in a premature stop codon and a reduction in RELA mRNA 

expression by 50% (compared with non-mutated RELA). The clinical phenotype of recurrent 

mouth ulceration, fevers, vomiting, acute ileitis and elevated markers of inflammation is 

thought to result from a dysregulated response to TNF. In the context of reduced p65 levels, 

engagement of the TNF signalling pathway results in enhanced cell apoptosis, hence the 

development of mucosal ulcers in RELA haploinsufficiency. The systemic inflammatory 

response was thought to be secondary to effects of the local intestinal microbiome, with the 

ulcerated mucosa stimulating further TNF release. As with HA20, the second case of RELA 
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haploinsufficiency presented with entirely different clinical features, which resembled 

autoimmune lymphoproliferative syndrome rather than Behçet's syndrome84.  

 

[H2] Mixed immunodeficiency and inflammatory phenotypes.  

Lastly, NFKB1 heterozygous mutations have been shown to produce a range of diverse 

clinical phenotypes in a mutation-specific fashion. NFKB1 in effect encodes two transcription 

factors with diverse effects. The full-length protein product, p105, inhibits NF-B signalling 

by preventing nuclear entry of p65, c-Rel and p5085. The short form, p50, which is generated 

by proteosomal degradation of p105, can heterodimerise with c-Rel or RelA to activate 

canonical NF-B signalling or to form homodimers that function as repressors of pro-

inflammatory gene expression. In one case series, patients with a heterozygous NFKB1 

p.I553M variant predominantly showed antibody deficiency and multiorgan autoimmunity; the 

p.H67R variant was associated with autoinflammatory complications resembling Behcet’s 

syndrome, and patients with a p.R157X stop-gain variant [G]  showed increased NLRP3 

inflammasome activation and experienced hyperinflammatory responses to surgery86. 

Functional studies demonstrated that the p.R157X mutation resulted in loss of both short and 

full-length variants, the p.I553M mutation predominantly affected the stability of p105, and 

the p.H67R mutation caused reduced nuclear entry of p5086.  

 

Considering the plethora of upstream signalling pathways that converge at the point of 

NF-B activation, the many cellular functions governed by this transcription factor and the 

complex network regulatory factors controlling this process, it is not surprising that a range of 

immunological conditions with overlapping phenotypes arises from monogenic defects 

affecting this pathway. In the context of a hierarchy of signalling defects, those that are 

upstream, for example RIPK1 deficiency, seem to result in more severe and wide-ranging 

abnormalities, compared with downstream signalling defects. Likewise, conditions in which 

there is complete or near complete loss of a protein, such as NEMO and LUBAC deficiency 

syndromes and otulipenia, are associated with more severe disease than conditions arising from 

partial loss of protein expression. However, considering the varying effects of partial loss of 

expression on the delicate balance between pro-inflammatory, apoptotic and survival signals, 

all of which are governed by the NF-B pathway, the phenotypes associated with partial loss 

of protein expression, such as HA20, are harder to predict. 
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[H1] Dysregulated type I interferon signalling  

The presence of foreign DNA or self DNA in the cytoplasm of mammalian cells is a danger 

signal that triggers a potent innate immune response in the host that is characterized by release 

of type I interferons87. A complex biochemical mechanism (biomedical machinery) has 

therefore evolved to prevent inappropriate activation in response to self-DNA and to prompt 

the recognition of nucleic acids of microbial origin (Figure 4). A great deal of what we have 

learned about this protective system comes from the study of rare disorders collectively named 

interferonopathies. There are currently 26 monogenic conditions that are in some way linked 

to dysregulated type I interferon signalling and considered to belong to this group of conditions; 

however, a direct link between high levels of interferon and the pathogenesis of these disorders 

remains to be established88. It is beyond the scope of this Review to discuss all of these 

conditions in detail; a summary can be found in the table 1 and an in-depth discussion is 

published in ref. 82. Evidence for the role of type I interferon in these diseases comes from 

observations that these disorders are linked with monogenic defects leading to altered nucleic 

acid processing and recognition, or impaired control of expression of interferon-stimulated 

genes (ISGs). These conditions also have overlapping clinical phenotypes resulting from 

different genotypes, and accumulating evidence indicates that therapeutic strategies targeting 

interferon signalling (with inhibitors of Janus kinase 1 (JAK1) and JAK2) are efficacious in 

some patients89-91.  

  

Notably, an interferon signature is also frequently found in autoimmune conditions such as 

SLE92,93 as well as in a variety of systemic autoimmune rheumatic diseases in which the 

signature might be present but is usually less prominent compared to the signature in 

interferonopathies, such as primary Sjögren syndrome94, systemic sclerosis95 and also in a 

subset of patients with RA95,96. Distinct interferon signatures have also been reported to stratify 

inflammatory myopathies 97; dermatomyositis can present with a strong type I interferon (IFNĮ 

and IFNȕ) signature, whereas anti-synthetase syndrome and inclusion body myositis are more 

commonly associated with a type II IFNȖ signature.  
 

 

[H2] SAVI phenotypes with autoinflammation and immunodeficiency  

The challenge of delineating the various pathways and biological processes involved in the 

pathogenesis of these conditions associated with dysregulated type I interferon signalling is 

illustrated by a condition called STING-associated vasculopathy with onset in infancy 
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(SAVI)98,99. This autoinflammatory disorder is caused by gain-of-function mutations 

in TMEM173, encoding stimulator of interferon genes protein (STING), which lead to 

constitutive activation of the protein. STING is typically activated by binding of cyclic GMP-

AMP (cGAMP), which is produced by cGAMP synthase (cGAS) after cGAS binds to DNA of 

microbial or host origin. Consequently, activated STING transmigrates from the ER membrane 

to the Golgi where it activates the kinases IKK and serine/threonine-protein kinase TBK1 and, 

eventually, interferon regulatory factor 3 (IRF3), resulting in the expression of ISGs and the 

production of type I interferons100. Patients harbouring pathogenic STING mutations present 

with a severe inflammatory disorder characterised by interstitial lung disease, peripheral 

vascular inflammation and severe ulceration and necrosis of the skin. Although most of these 

clinical manifestations are considered to be attributable to the effects of high levels of 

interferon activity, a mouse model revealed that animals with the N153S STING mutation 

develop lung disease independently of type I interferon but requiring the involvement of T 

cells101. A similar observation was made previously in another mouse study.102 Relevant to 

these findings, STING signalling is known to modulate adaptive immunity and affect T cell 

priming103,104. This requirement for fully functioning adaptive immunity in order to achieve 

complete disease penetrance is also suggested by the identification of stromal interaction 

molecule 1 (STIM1) as a negative regulator of STING105,106. STIM1 is involved in T cell 

activation, proliferation and cytokine production via its role in activation of calcium release-

activated calcium channels on T cells, and loss of function or reduced expression of STIM1 

can result in combined immune deficiencies of varying severity107. STIM1 is usually located 

at the ER membrane, where it serves as an intracellular calcium sensor to regulate plasma 

membrane calcium channel activation. However, STIM1 is also able to retain STING within 

the ER to regulate its activation. Pathogenic mutations associated with SAVI interfere with 

STING–STIM1 interactions, with subsequent release of STING from the ER and its 

constitutive activation105. Interestingly, patients with STIM1 deficiency also have highly 

elevated concentrations of type I interferon and ISG expression, but their clinical phenotype is 

unusual as none of those studied had substantial lung disease and only one had cutaneous 

manifestations suggestive of SAVI106. Moreover, all of the patients had demonstrable 

deficiencies of T cell activation but remarkably did not get many infections106. In the setting of 

STIM1 deficiency, therefore, high concentrations of type I interferon seem to provide 

protection against common infections, whilst deficient T cell function might prevent 

development of the inflammatory complications typical of SAVI. However, this interpretation 

might oversimplify a complex interplay between the molecular pathways involved in STING 
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activation and downstream signalling. For example lymphopenia has been described both in 

patients with SAVI99,108 and also in a mouse model102 of the disease. In addition, reports exist 

of patients with clinical features of immunodeficiency associated with reduced T cell activation 

and yet who went on to develop inflammatory complications typical of SAVI109,110.  

  

 

[H1] Towards a systems-based classification 

Classification of autoimmune and autoinflammatory disorders has been moving gradually 

from a gene-centric view towards more systems-based classifications111,112 (Figure 5), with the 

ultimate goal of providing personalized diagnoses and medicine for each patient. In the 2018 

taxonomy9, autoinflammatory disorders are defined as “clinical disorders caused by defect(s) 

or dysregulation of the innate immune system, characterized by recurrent or continuous 

inflammation (elevated acute phase reactants-APR) and the lack of a primary pathogenic role 

for the adaptive immune system (autoreactive T-cells or autoantibody production)." However, 

when taking into consideration the complex interplay between the innate and adaptive immune 

systems, a number of conditions do not fit readily into this taxonomy. A number of 

interferonopathies, for example, have features of autoimmunity and autoinflammation, with 

overlapping phenotypes from different genotypes113. An alternative approach, using a systems 

approach to examine signalling pathway dysregulation profiles in autoimmunity and 

autoinflammation111, found that although all of the diseases studied involved activation of 

certain common inflammatory processes, disease-specific variation in the relative 

representations of these inflammatory processes was also identified. For instance, there is 

increasing evidence, particularly from genome-wide association studies and transcriptomic 

analyses, that innate immune-mediated inflammation has an essential role in the pathogenesis 

of some of the more common chronic systemic conditions, such as Crohn’s disease114, type 2 

diabetes mellitus115 and a myeloid pathotype of RA 116 (see Box 2). However, our 

understanding of how these different disease categories develop and progress remains very 

incomplete. 

 

One recommendation has been the development of a multidimensional immunological 

continuum, with diseases being ordered along gradients of measurable variables, to include 

first-line variables that reflect innate immune involvement, such as levels of the acute-phase 

reactants (for example, C-reactive protein and serum amyloid A), in addition to first-line 
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variables of the adaptive immune system, such as levels of serum ȕ2 microglobulin and total 

lymphocyte count112. Furthermore, individual axes for discrete properties, such as the 

presence of inflammatory amyloid A amyloidosis, could also be incorporated in such a 

continuum, to enable the location of each individual patient’s disease signature within the 

resulting multidimensional space and a diagnosis specific to the individual in question 

(Figures 5 and 6). A real-life example of this might be the classification of RA (a particularly 

complex, heterogeneous disorder with an innate immune-mediated subtype) in an individual 

patient based on a series of parameters, including HLA genotype, the presence or absence of 

shared epitope alleles, seropositivity for anti-citrullinated protein antibodies and/or 

rheumatoid factor, synovial histology (to determine if the inflammatory cell infiltrate is 

predominantly myeloid or lymphoid), radiological changes and other investigations relevant 

to the patient’s presentation. The logical progression and conclusion of this approach is that 

each patient would emerge with a specific diagnosis unique to their condition, and an 

associated therapeutic regimen adapted to their individual needs – in other words, 

personalised or individualised medicine.  

 

[H1] Implications for new therapies  

Each discovery in the field of autoinflammation increases the possibility of developing better 

treatments to target specific components of the innate immune system that might be overactive 

in systemic autoinflammatory diseases 117. With the recognition of the various signalling 

defects involved, it is likely that drugs, such as targeted small-molecule therapeutics, will be 

developed to block the various dysregulated signals that trigger inflammation mediated by 

innate immune cells. For example, inhibition of mROS production within dopaminergic 

neurons is already one of the neuroprotective strategies currently being studied for the 

management of Parkinson disease118, and improved understanding of these complex systems 

is also likely to result in the use of specific ROS inhibitors as adjunct therapies in 

autoinflammation.  Furthermore, the recognition that itaconate [G]  is an important anti-

inflammatory metabolite119 highlights its potential  as a metabolic reprogrammer120 to restore 

homeostasis in specific cells of the innate immune system, for instance by driving pro-

inflammatory M1 macrophages towards an anti-inflammatory M2 phenotype120,121. Finally, 

microbial modulation of the gut microbiome is another promising therapeutic avenue for 

treating autoinflammation, but these approaches are still in their infancy122,123.  
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[H1] Conclusions 

Twenty years have elapsed since the term autoinflammation was introduced to 

encompass some of the distinct clinicopathological features of the hereditary periodic fevers, 

which are characterised by recurrent episodes of inflammation without high-titre 

autoantibodies or antigen-specific T cells124. During that time, it has become increasingly 

apparent that dysregulation of innate immune responses lies at the heart of these disorders125. 

More than 30 monogenic diseases are currently listed in the Infevers Database of 

autoinflammatory disorders, with a vast range of clinicopathological entities falling under the 

umbrella of autoinflammatory disorders 126. This diverse group of disorders has already 

provided many unique insights into the biological mechanisms and treatment of inflammation, 

and it seems plausible that many other conditions remain to be discovered.  

 

In this Review we have attempted to show how the field of autoinflammation is moving 

towards a systems-based concept and description of innate immune-mediated disease. With the 

application of current and emerging technological advances, the complex mechanisms 

involved in initiation, progression and disease resolution will be further defined, with the 

potential to enable the prevention, diagnosis and treatment of these conditions in the form of 

personalised medicine in the near future. 
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Key points  

• The definition of autoinflammatory disease has evolved since its original description, with 

increasing awareness of the influence of various processes in the pathogenesis, including 

metabolism, cytoskeletal perturbation and infection 

• The scope of what is considered autoinflammation is widening, and now includes not only 

monogenic periodic fever syndromes, but also polygenic conditions and disorders with 

autoimmune and immunodeficiency components. 

• Gene-centric classifications of disease have often been quite restrictive, and a move towards 

systems-based classifications would be beneficial in the investigation and management of 

these disorders. 

• Many autoinflammatory disorders arise, either partly or fully, because of ‘collateral damage’ 

caused by the innate immune system striving to maintain cellular homeostasis, such as in 

pyrin-linked cytoskeletal imbalance. 

• Appreciation of the complex overlap between the manifold systems related to 

autoinflammation, autoimmunity and immunodeficiency can enable the exploration of 

therapeutic interventions that were not previously considered. 
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Table 1: Monogenic autoinflammatory syndromes by main biological systems involved.
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 Disease  Gene  Protein Inheritance Main 

symptoms/signs 

Main therapy 

Inflammasomopathies 

FMF MEFV Pyrin AR/AD Peritonitis, joint 

attacks and joint pain 

Colchicine, IL-1 

blockade 

PAAND MEFV Pyrin AD Neutrophilic 

dermatosis 

(Pyoderma 

gangrenosum) 

arthralgia, myalgia 

IL-1 blockade, 

TNF blockade 

MKD MVK Mevalonate kinase AR Lymphadenopathy, 

abdominal and joint 

pain, diarrhoea, skin 

rashes, and headache 

 NSAIDs, 

glucocorticoids, 

IL-1 blockade, 

TNF blockade 

NLRP3-AID  NLRP3 NLRP3 

 

ADa Conjunctivitis, general 

malaise, headaches, 

rash, joint pain 

IL-1 blockade 

NLRP12-AIDc NLRP12 Monarch-1 protein AD  Skin rash, lympha-

denopathy, aphthous 

ulcers, abdominal 

complaints 

IL-1 blockade, 

glucocorticoids 

NLRC4-AID NLRC4 NLRC4 AD Infantile enterocolitis,  

macrophage 

activation syndrome 

IL-1 blockade, 

IL-18 blockaded  

NLRP1-AIDc NLRP1 NLRP1 AD Dyskeratosis, arthritis Acitretin, IL-1 

blockade 

Actinopathies (actin cytoskeleton dysregulation) 

 

PAPA syndrome  PSTPIP1 CD2 binding 

protein-1 

AD Juvenile-onset 

arthritis, painful 

ulcers and acne 

Glucocorticoids, 

IL-1 blockade, 

TNF blockade 

PFIT WDR1 WD repeat domain 

1 

AR Autoinflammatory 

periodic fevers, 

immunodeficiency 

and 

thrombocytopenia  

N/A 

ARPC1B deficiency ARPC1B Actin-related 

protein 2/3 

complex subunit 

1B 

AR Combined 

immunodeficiency, 

bleeding tendencies 

and 

autoinflammatory, 

autoimmune and 

allergic complications  

 N/A 

Interferonopathies 

Aicardi-Goutières 

syndrome 

TREX1 

 

RNASEH2A 

RNASEH2B 

RNASEH2C 

 

SAMHD1 

Exonuclease, 

subunits of RNase 

H2 endonuclease 

complex 

 

 

SAM domain and 

HD domain 1  

 

AD/AR Encephalopathy, 

hepatosplenomegaly,  

 skin lesions  

Symptomatic 

treatment,  

JAK inhibition, 

reverse 

transcriptase 

inhibitors  

 

 

DNASE2 

deficiencyc  

DNASE2 Deoxyribonuclease  

 

AR Neonatal anaemia, 

deforming 

arthropathy, GN, liver 

fibrosis, 

 

 

PRAAS, CANDLEc PSMB3 

PSMB4 

PSMB8 

PSMB9 

Proteasome AR  Skin eruptions, 

progressive 

lipodystrophy, 

Oral 

glucocorticoids, 

JAK inhibition  

https://www.sciencedirect.com/topics/medicine-and-dentistry/exanthem
https://www.sciencedirect.com/topics/medicine-and-dentistry/lymphadenopathy
https://www.sciencedirect.com/topics/medicine-and-dentistry/lymphadenopathy
https://www.sciencedirect.com/topics/medicine-and-dentistry/aphthous-stomatitis
https://www.sciencedirect.com/topics/medicine-and-dentistry/aphthous-stomatitis
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POMP hepatosplenomegaly, 

myositis,  

SAVI TMEM173 STING AD Vasculopathy, skin 

lesions (leading to 

ulcers and necrosis), 

Raynaud 

phenomenon 

JAK inhibition 

 

 

 

Other 

interferonopathies  

POLA1, ADAR1, 

IFIH1, RIG-1, 

SKIV2L, PNTP1, 

NGLY1, ATM, 

DCLRE1C, 

ISG15, UPS18, 

ACP5, C1q 

Proteins related to 

RNA sensing, 

editing and 

metabolism, DNA 

synthesis and 

repair 

inhibition of ISG 

transcription, 

phosphatase 

activity, 

alternative 

complement 

pathway activity 

X-linked 

recessive, 

AR or AD 

Complex mixture;  

for details please see 

ref. 82 

JAK inhibition is 

efficacious in 

some patients  

NF-ʃB dysregulation 

HA20 TNFAIP3 A20 ADa 

 

Oral, gastrointestinal 

and genital ulcers; 

arthralgia 

Colchicine, 

systemic 

glucocorticoids, 

IL-1 blockade, 

IL-6 blockade, 

TNF blockade 

Biallelic RIPK1 

mutations  

RIPK1 Receptor-

interacting 

serine/threonine 

kinase 1 

N/A Early-onset 

inflammatory bowel 

disease, and 

progressive 

polyarthritis 

HSCT successful 

in one patient 

HOIL-1 or HOIP 

deficiency  

 HOIL-1, HOIP  LUBAC 

components (HOIP, 

HOIL-1, SHARPIN)  

 

AR Amylopectinosis, 

increased 

susceptibility to viral 

and bacterial 

infections 

HSCT  

 (ORAS) OTULIN Otulin 

(de-ubiquitinator 

protease) 

AR Panniculitis, 

diarrhoea, swollen 

joints 

Anti-TNF 

RELA (p65) 

haploinsufficiency  

RELA/p65 REL-associated 

protein 

AD Abdominal pain, 

mucocutaneous 

ulceration vomiting, 

leucocytosis 

Anti-TNF 

Protein misfolding and ER stress 

TRAPSc TNFRSF1A TNF receptor 1 AD Skin rash, abdominal 

pain, myalgia  

Glucocorticoids, 

IL-1 blockade, 

TNF blockade  

Cystic fibrosis CFTR Cystic fibrosis 

transmembrane 

conductance 

regulator 

AR Recurrent lung 

infections (mainly P. 

aeruginosa and B. 

cepacia), poor 

growth, salty-tasting 

skin 

Antibiotics, 

CFTR 

chaperones and  

potentiators, 

mucolytic 

agents 

PRAAS, CANDLEc PSMB3 

PSMB4 

PSMB8 

PSMB9 

POMP 

Proteasome AR  Skin eruptions, 

progressive 

lipodystrophy, 

hepatosplenomegaly, 

myositis 

Oral 

glucocorticoids, 

JAK inhibition  
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 0 

 1 

 2 

Main clinical features aside from apparent high fever are included in the table. Key references 3 

used to construct this table: 127 82 128 129 130 131 83. AD, autosomal dominant; AID, associated 4 

inflammatory disease; AR: autosomal recessive; CANDLE, chronic atypical 5 

neutrophilic dermatosis with lipodystrophy and elevated temperature syndrome; DADA2, 6 

deficiency of adenosine deaminase 2; DIRA, deficiency of IL-1Ra; DITRA, deficiency of IL-7 

36 receptor antagonist; FCAS2, familial cold autoinflammatory syndrome 2; FMF, familial 8 

Mediterranean fever; HSCT, haematopoietic stem cell transplantation; IL-1Ra, IL-1 receptor 9 

antagonist; IL-36Ra, IL-36 receptor antagonist; LUBAC, linear ubiquitin chain assembly 10 

complex; MKD, mevalonate kinase deficiency; N/A. not applicable; ORAS, otulin-related 11 

autoinflammatory syndrome; PAAND, pyrin-associated autoinflammation with neutrophilic 12 

dermatosis; PAPA syndrome, pyogenic arthritis, pyoderma gangrenosum, and acne syndrome; 13 

SAVI, STING-associated vasculopathy with onset in infancy; TRAPS, TNF receptor-14 

associated periodic fever syndrome.  15 

aReports of sporadic cases as well.  16 

bThese diseases are included for informational purposes, but not discussed in the Review. 17 

Readers are encouraged to research these pathways in the literature.  18 

cAnti-IL-18 therapy is currently in clinical trials and not routinely available.  19 

SIFDc TRNT1 TRNA nucleotidyl 

transferase 1 

AR  Delayed psychomotor 

development, variable 

neurodegeneration, 

recurrent fevers 

 

Othersc 

 DADA2 CECR1  Adenosine 

deaminase 2 

AR Mottled rash (livedo 

reticularis), anaemia, 

joint pain, fatigue 

Anti-TNF, HSCT  

DIRA IL-1RN IL-1Ra AR Painful joint swelling, 

pustular rash, 

hepatosplenamegaly 

IL-1 blockade 

LACC1-mediated 

ŵŽŶŽŐĞŶŝĐ Sƚŝůů͛Ɛ 
disease 

LACC1 NSAIDs  AR Quotidian fever, 

characteristic rash 

 

IL-1RN variation 

(systemic JIA) 

IL1RN IL-1Ra AR  Homozygous IL1RN 

high expression 

alleles correlated with 

lack of response to 

anakinra therapy 

IL-6 blockade,  

 IL-1 blockade, 

glucocorticoids 

DITRA IL-36RN IL-36Ra AR Pustular psoriasis, 

asthenia 

IL-1 blockade, 

TNF blockade 

https://www.sciencedirect.com/topics/medicine-and-dentistry/dermatosis
https://www.sciencedirect.com/topics/medicine-and-dentistry/lipodystrophy
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Box 1 | What are inflammasomes?  

A fundamental element of the innate immune response is inflammasome activation. 

Inflammasomes are multimeric complexes consisting of various cytosolic proteins, which 

assemble in response to a range of pathogenic or physiological stimuli, including damage-

associated molecular patterns (endogenous signals released as a result of cell or tissue damage) 

and pathogen-associated molecular patterns (molecules such as lipopolysaccharide that are 

largely produced by microbes)132. These stimuli are detected by sensors known as pattern 

recognition receptors, which include nucleotide-binding domain–like receptors (NLRs), absent 

in melanoma 2–like receptors (ALRs) and pyrin133. These pattern recognition receptors 

combine with other structural components to make up the inflammasome; typically, the other 

components are the adaptor protein ASC (apoptosis-associated speck-like protein containing a 

caspase-activation and recruitment domain (CARD)) and the cysteine protease pro-caspase-1. 

Inflammasome activation leads to the oligomerisation of ASC into large protein complexes 

known as ‘specks’, which engage pro-caspase-1 and convert it into caspase-1 via proximity-

induced autocatalytic cleavage. The active caspase-1 subunits p10 and p20 then cleave the 

inactive cytokine precursors pro-IL-1ȕ and pro-IL-18 to produce the mature inflammatory 

cytokines IL-1ȕ and IL-18134. The active inflammasome also results in pyroptosis, a specific 

form of inflammatory cell death promoted by the pore-forming protein gasdermin D135,136.  

The prototypic inflammasome, NLRP3, consists of the sensor NLRP3 (NOD-, LRR- and pyrin 

domain-containing protein 3), ASC and pro-caspase-1. The NLRP3 inflammasome is the most 

widely studied inflammasome, partly owing to the nature of its response to a wide range of 

different stimuli but also because of its involvement in disease states137,138. NLRP3 inhibition 

has been found to be disrupted in NLRP3-associated autoinflammatory disease (formerly 

referred to as cryopyrin-associated periodic syndromes (CAPS)); this group of 

autoinflammatory disorders is caused by gain-of-function mutations in NLRP3 and is one 

example of the important role that inflammasomes may have in disease, in general. 139. Various 

syndromes that are related to dysregulation of the different inflammasomes, including the 

NLRC4 and pyrin inflammasomes, are described in depth elsewhere in this Review.  

 

 

Box 2 | Autoinflammation in complex disorders 

Although the main focus of this Review is monogenic diseases, evidence is increasing that 

immune-mediated inflammation has an essential role in the pathogenesis of some chronic 

systemic conditions such as Crohn’s disease114, type 2 diabetes mellitus115 and a myeloid 
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pathotype of rheumatoid arthritis (RA)116. Much of the evidence supporting this suggestion has 

come from genome-wide association studies, and several such studies investigating groups of 

patients with RA have provided support for the existence of a myeloid subtype of RA. Two 

studies from Japan that interrogated whole-blood gene expression data as a source of 

biomarkers to predict drug response in patients with RA found innate immune signatures 140,141. 

In a study that categorized patients into remission and non-remission groups, the expression of 

both neutrophil-specific and natural killer (NK) cell-specific genes was upregulated in patients 

treated with abatacept in the non-remission group140. A multiomics study identified highly 

upregulated gene transcripts in neutrophils of patients with RA141, which is consistent with a 

2016 study of paediatric patients with SLE, in which a neutrophil signature was associated with 

disease progression to active nephritis92.  

Further to these studies is the burgeoning concept of osteoarthritis (OA) as an example of a 

mechanically-driven disease that could be considered as an autoinflammatory disease142,143. 

OA pathogenesis results from mechanical stress activating cells, primarily joint cells such as 

chondrocytes and osteocytes, via mechanoreceptors144. This results in innate immune 

activation which ultimately results in activation of kinases, such as MAPK, and a subsequent 

increase in the expression of ROS, pro-inflammatory cytokines and metalloproteinases145,146. 

This immune response is exacerbated by the metalloproteinase-induced release of matrix 

fragments such as fibronectin into the synovial fluid, causing activation of the innate immune 

system in the synovium147. As such, an autoinflammatory component can be seen in OA, which 

has in the past been considered primarily a mechanically driven disease143.  

Together, these reports underline the central role of the innate immune system in both the 

pathogenesis of these complex polygenic conditions and the diversity of systems that can 

converge to result in an autoinflammatory response. 
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Figures  1 

 2 

Figure 1 | Pyrin and the cytoskeleton in systemic autoinflammatory diseases. 3 

Mevalonate kinase (MVK) mediates the production of geranylgeranyl phosphate, leading to 4 

prenylation of RhoA GTPases and their subsequent localisation to the cell membrane. RhoA 5 

GTPases activate protein kinase N1 (PKN1) and PKN2, which facilitate binding of the 6 

inhibitory protein 14-3-3 to pyrin by phosphorylating it at serine residues 208 and 242 (S208 7 

and S242), resulting in inactive pyrin. Pyrin becomes active when bacterial proteins that 8 

inactivate RhoA GTPases, such as Clostridium difficile toxin B (TcdB), reduce PKN1 and 9 

PKN2 activity, causing pyrin dephosphorylation and loss of 14-3-3 inhibition. Active pyrin 10 

forms the mature pyrin inflammasome via a cytoskeleton-dependent interaction with ASC, 11 

consisting of a pyrin domain (PYD) and a caspase activation and recruitment domain (CARD), 12 

allowing caspase-1 to be recruited. Dysregulation of this pathway is implicated in the recently 13 

defined diseases highlighted. 14 

 15 
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 16 

Figure 2 | The unfolded protein response  17 

Under usual conditions, the accumulation of misfolded protein in the ER lumen causes the 18 

protein to undergo endoplasmic reticulum-associated degradation (ERAD). This is mediated 19 

by proteasome maturation protein (POMP), an ER membrane-associated molecular chaperone 20 

required for the assembly of proteasomes. The mature cytosolic proteasome can subsequently 21 

degrade the misfolded protein, reducing the cellular burden. If the accumulated protein is not 22 

sufficiently cleared to restore normal function of the cell, the unfolded protein response (UPR) 23 

is triggered. The UPR is initiated by three transmembrane stress receptors localised to the 24 

endoplasmic reticulum (ER); inositol-requiring protein 1Į (IRE1Į), protein kinase R (PKR)-25 

like endoplasmic reticulum kinase (PERK) and activating transcription factor 6 (ATF6). These 26 

sensors activate downstream events through different mechanisms to increase protein folding 27 

and reduce misfolded proteins in the ER. IRE1Į dimerization and subsequent phosphorylation 28 

activates this receptor’s RNase activity, allowing it to process the mRNA encoding un-spliced 29 

X box-binding protein 1 (XBP1), generating the transcription factor spliced XBP1 (XBP1s). 30 
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Activation of PERK causes it to phosphorylate eukaryotic translation initiator factor βĮ 31 

(eIFβĮ), which in turn leads to the production of activating transcription factor 4 (ATF4). ATF6 32 

is transported to the Golgi apparatus, where it undergoes proteolysis to release its cytosolic 33 

domain fragment (ATF4f) which contains a transcription factor. The three resulting 34 

transcription factors control the transcription of genes vital to the UPR; genes regulated by 35 

XBP1s are related to ER-associated degradation (ERAD), lipid synthesis and protein folding, 36 

ATF4 influences genes underlying redox enzymes, autophagy and apoptosis, whereas ATF6f 37 

primarily regulates genes related to ERAD. These transcriptional responses collectively 38 

increase protein-folding capacity in the ER. Perturbations of this pathway which are implicated 39 

in disease are highlighted, with disease names shown in boxes outlined in red.  40 

 41 

Figure 3 | Defects in NF-B pathway-related genes 42 
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TNF binds to TNF receptor 1 (TNFR1) and initiates the formation of complex 1, consisting 43 

of TNFR1-associated death domain (TRADD), TNFR-associated factor 2/5 (TRAF2/5), 44 

cellular inhibitor of apoptosis protein 1 or 2 (CIAP1/2) and receptor-interacting 45 

serine/threonine-protein kinase 1 (RIPK1). Lys-63-linked and linear ubiquitination of RIPK1 46 

by the the linear ubiquitin chain assembly complex (LUBAC) (comprised of HOIP, HOIL, 47 

and SHARPIN) and CIAP1/2, respectively, activate the transforming growth factor ȕ 48 

(TGFȕ)-activated kinase 1 (TAK1) complex (consisting of TGFȕ-activated kinase 1 and 49 

mitogen-activated protein kinase (MAPK)-binding protein 2 and 3 (TAB2 and 3) and TAK1) 50 

and the IțB kinase (IKK) complex (NEMO and IKKĮ/ȕ). The TAK1 complex 51 

phosphorylates p38 mitogen-activated protein kinase (MAPK), Jun N-terminal kinase (JNK), 52 

and the IțB kinase (IKK) complex, causing the translocation of NF-kB transcription factors 53 

(p50/p60) and AP1 into the nucleus and subsequent gene transcription. A20 and Otulin 54 

cleave ubiquitin chains from RIPK1 and the IKK complex, inhibiting NF-B signalling. 55 

Perturbations of the pathway which are implicated in disease are highlighted; disease names 56 

are shown in boxes outlined in red, whereas NFKB1 mutations, which represent a series of 57 

mutations related to clinical phenotypes, is outlined in blue. 58 
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 59 

Figure 4 | The interferon pathway. Double stranded DNA (dsDNA) acts as a pathogen-60 

associated molecular pattern when introduced via infection, or a danger-associated molecular 61 

pattern when the source is from self-dsDNA, such as dead cells or damaged mitochondria. 62 

Cyclic GMP-AMP (cGAS) is activated by dsDNA binding and synthesises cyclic GMP-AMP 63 

(cGAMP) from adenosine triphosphate (ATP) and guanosine triphosphate (GTP). cGAMP 64 

binds and activates the adaptor protein STING on the ER surface; STING subsequently 65 

activates TANK-binding kinase 1 (TBK1), which phosphorylates STING, allowing STING to 66 

recruit IFN regulatory factor 3 (IRF3) which is phosphorylated by TBK1. Dimerised IRF3 67 

translocates to the nucleus and stimulates type 1 interferon (IFN-1) expression. IFN binds to 68 

IFN receptors, consisting of a dimer of interferon Į/ȕ receptor subunit 1 and β (IFNAR1 and 69 

IFNAR2), which activates the Janus-family tyrosine kinases JAK1 and TYK2, leading to 70 

phosphorylation of the signal transducers and activators of transcription (STAT) proteins 71 

STAT1 and STAT2. Phosphorylated STATs bind Interferon Regulatory Factor-9 (IRF9) to 72 
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form the Interferon-stimulated transcription factor-3 complex, which migrates to the nucleus 73 

and initiates interferon-stimulated gene expression. White boxes denote parts of the pathway 74 

implicated in disease. 75 

 76 

 77 

Figure 5 | The autoinflammatory disease landscape. The course of the immunological 78 

disease continuum river is shaped by the adjacent landscape, which is inherently dynamic and 79 

subject to multiple driving forces, such as environment, microbiome (diet-related), genetic 80 

predisposition, and stochastic factors, amongst many others. The flagged elements relate to 81 

important discoveries since 2016, and, for that reason, some other major system perturbations 82 

in autoinflammatory disease, such as inflammasomes and nucleic acid dysregulation, have not 83 

been highlighted. Varying levels of contributory input from the tributaries may lead to different 84 

degrees of autoinflammation, autoimmunity and immunodeficiency in the final disease 85 

phenotype.  86 
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 87 

Figure 6 | The overlapping therapeutic options in autoinflammatory disease. The diseases 88 

described in this Review and found in Table 1 can be classified by the predominant therapies 89 

used in their treatment. Therapies are shown in white boxes. 90 

aAnti-IL-18 therapy is in clinical trials and is not routinely available. bOther anti-cytokine 91 

therapies (anti-IL-1 and anti-IL -6) can also have therapeutic benefit in selected cases.  92 
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 436 

Glossary  437 

Pattern recognition receptor: Proteins that recognise conserved molecular structures either 438 

found in pathogens, such as bacteria and viruses (pathogen-associated molecular patterns; 439 

PAMPs), or released by damaged cells (damage-associated molecular patterns; DAMPs). 440 

 441 

Filamentous actin: Actin is the most abundant protein in eukaryotic cells; can be present as 442 

either a linear polymeric form, filamentous (F-actin). 443 

 444 

Autophagy: A highly regulated process of ‘self-eating’ whereby cell organelles and their 445 

contents can be repurposed for other uses 446 

 447 

Hypomorphic mutation: A type of mutation that causes a partial loss of gene function, or in 448 

which the wild-type gene product is expressed at a reduced level. 449 

 450 
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Anhidrotic ectodermal dysplasia: A form of ectodermal dysplasia characterized by abnormal 451 

development of ectodermal tissues including the skin, hair, teeth, and sweat glands, resulting 452 

in an inability to sweat (anhidrosis). 453 

 454 

Stop-gain variant: A mutation resulting in a premature termination codon (that is, a stop was 455 

gained), which signals the end of translation and results in a shortened protein product. 456 

Itaconate: A derivate of the tricarboxylic acid cycle, this endogenous metabolite has a key role 457 

in the regulation of macrophage function; it has been shown to decrease production of pro-458 

inflammatory mediators in lipopolysaccharide-treated macrophages and to ameliorate sepsis 459 

and psoriasis in animal models, revealing a novel biological action beyond its regular roles in 460 

antimicrobial defences.  461 

 462 

Blurb for of Table Contents 463 

The concept of autoinflammation has evolved to include multifactorial conditions and 464 

disorders with autoimmune and immunodeficiency components. An appreciation of the 465 

contributions of various molecular mechanisms and systems could improve our understanding 466 

and treatment of the systemic autoinflammatory diseases.  467 
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