
This is a repository copy of TNF receptor signalling in autoinflammatory diseases.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/144552/

Version: Accepted Version

Article:

Jarosz-Griffiths, HH orcid.org/0000-0001-5154-4815, Holbrook, J, Lara-Reyna, S et al. (1 
more author) (2019) TNF receptor signalling in autoinflammatory diseases. International 
Immunology, 31 (10). pp. 369-348. ISSN 0953-8178 

https://doi.org/10.1093/intimm/dxz024

(c) 2019, The Japanese Society for Immunology. All rights reserved. This is an author 
produced version of a paper published in International Immunology. Uploaded in 
accordance with the publisher's self-archiving policy. 

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


 

© The Japanese Society for Immunology. 2019. All rights reserved. For permissions, please e-mail: 

journals.permissions@oup.com 

TNF receptor signalling in autoinflammatory diseases 

 

Heledd H. Jarosz-Griffiths
1,2,3

, Jonathan Holbrook
1,2,3

, Samuel Lara-Reyna
1,2,3

 and Michael F. 

McDermott
1,3*

. 

 

1
Leeds Institute of Rheumatic and Musculoskeletal Medicine (LIRMM), 

2
Leeds Institute of Biomedical 

and Clinical Sciences, 
3
Leeds Cystic Fibrosis Trust Strategic Research Centre. 

 

*Corresponding author: Professor Michael F. McDermott 

Leeds Institute of Rheumatic and Musculoskeletal Medicine (LIRMM), Wellcome Trust Brenner 

BƵŝůĚŝŶŐ͕ “ƚ JĂŵĞƐ͛Ɛ UŶŝversity Hospital, University of Leeds, Leeds, LS9 7TF, UK. 

Phone: +44 133 343 8641 Fax: +44 113 343 8702 

 

Keywords: TNF therapeutics, TNFR signalling, ubiquitination 

 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/in

tim
m

/d
x
z
0
2
4
/5

3
6
9
8
9
5
 b

y
 g

u
e
s
t o

n
 0

6
 M

a
rc

h
 2

0
1
9



 

 

Abstract 

Autoinflammatory syndromes are a group of disorders characterised by recurring episodes 

of inflammation as a result of specific defects in the innate immune system. Patients with 

autoinflammatory disease present with recurrent outbreaks of chronic systemic inflammation that 

are mediated by innate immune cells, for the most part. A number of these diseases arise from 

defects in the tumour necrosis factor (TNF) receptor signalling pathway leading to elevated levels of 

inflammatory cytokines. Elucidation of the molecular mechanisms of these recently defined 

autoinflammatory diseases has led to a greater understanding of the mechanisms of action of key 

molecules involved in TNFR signalling, particularly those involved in ubiquitination, as found in 

haploinsufficiency of A20 (HA20), otulipenia/otulin-related autoinflammatory syndrome (ORAS) and 

linear ubiquitin chain assembly complex (LUBAC) deficiency. In this review we also address other 

TNFR signalling disorders such as (TNF) receptorʹassociated periodic syndrome (TRAPS), RELA 

haploinsufficiency, RIPK1-associated immunodeficiency and autoinflammation, X-linked ectodermal 

dysplasia and immunodeficiency (X-EDA-ID) and we review the most recent advances surrounding 

these diseases and therapeutic approaches currently used to target these diseases. Finally, we 

explore therapeutic advances in TNF-related immune based therapies and explore new approaches 

to target disease-specific modulation of autoinflammatory diseases. 
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Introduction: molecular control of TNFR1-mediated signalling 

TNFR Signalling 

TNF is a potent inflammatory cytokine which signals via two distinct receptors, TNF receptor 

1 (TNFR1) and TNFR2, and mediates a number of physiological functions essential for immune 

regulation, cell proliferation, survival and death. TNF is expressed as a trimeric type II 

transmembrane protein (mTNF) which can be cleaved by TNF-converting enzyme (TACE, or 

ADAM17) to give rise to a soluble extracellular TNF (sTNF) (1,2). Both mTNF and sTNF exert their 

physiological functions by binding to either TNFR1 or TNFR2, on target cells. Following activation by 

TNF, TNFR1 recruits both receptor-interacting serine/threonine protein kinase 1 (RIPK1) and TNF-

receptor-associated death domain (TRADD) to the cytoplasmic death domain (DD) of the receptor 

(3) whereas TNFR2 does not have a death domain and, instead, signals through recruitment of TNFR-

associated factor 2 (TRAF2) protein (4,5). Both TNFR1 and TNFR2 signalling pathways can lead to 

activation of the classical nuclear factor-B (NF-B) signalling pathway leading to cell survival and 

cell proliferation, whereas TNFR1 can also lead to the initiation of cell death pathways leading to 

apoptosis or necroptosis, depending on the metabolic state of the cell (6).  

 

Ubiquitination in TNF-signalling 

Post-translational ubiquitination in TNF signalling plays a major role in regulating immune 

cell fate and directs the formation of distinct signalling complexes following activation of TNFR1, 

namely complex I, IIa, IIb and IIc, all of which contain the core proteins TNFR1, TRADD and RIPK1 

(7,8). Ubiquitin (Ub) chains are highly conserved and assembled in response to activation before 

being covalently attached to target proteins via E3 Ub-ligase enzymes, to reinforce protein stability 

and activation or enable protein degradation (For detailed reviews see (9,10)). Ubiquitination is a 

reversible process whereby Ub chains can be hydrolysed by a class of enzymes known as 

deubiquitinases (DUBs) (11). Several DUBs, including A20, OTULIN, cylindromatosis (CYLD) and 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/in

tim
m

/d
x
z
0
2
4
/5

3
6
9
8
9
5
 b

y
 g

u
e
s
t o

n
 0

6
 M

a
rc

h
 2

0
1
9



 

 

Cezanne, function as negative regulators of NF-B signalling (12). Dysregulation in ubiquitin 

proteasome signalling (UPS) has been reported in a number of autoinflammatory disorders, 

including linear ubiquitin chain assembly complex (LUBAC) deficiency (13,14), haploinsufficiency of 

A20 (HA20) (15), and otulipenia/otulin-related autoinflammatory syndrome (ORAS) (15,16) and 

these will be discussed in detail in this review. 

 

TNFR signalling via complex I 

Complex I is composed of TRADD (3), RIPK1 (17), TRAF2/5 (18), cellular inhibitor of apoptosis 

protein 1 (cIAP1) or cIAP2 and LUBAC (19). LUBAC is composed of three proteins, heme-oxidised 

IRP2 ubiquitin ligase 1 (HOIL-1), shank-associated RH domain-interacting protein (SHARPIN) and 

HOIL-1 interacting protein (HOIP) (reviewed in (7)). Initially, cIAP1/2 and TRAF2/5 attach K63-linked 

Ub chains to RIPK1 (20,21) which subsequently leads to LUBAC-mediated attachment of M1-linked 

chains to RIPK1 (19,22). This assembly leads to the recruitment of two signalling complexes, with 

transforming growth factor (TGF)-activated kinase (TAK) 1 complex (consisting of TAK1 and TAK-

binding protein 2/3 (TAB2/3)) K63-linked chains, and the inhibitor of B (IB) (IKK) complex 

(consisting of IKK, IKK and NF-B-essential modulator (NEMO)), via M1-linked chains (19,22-24).  

The polyubiquitin chains present on NEMO and RIPK1 are bound by the TAK1 complex; this 

is essential as it phosphorylates and stimulates the catalytic IKK subunit to phosphorylate and 

degrade IʃBɲ thereby activating NF- which, in turn, promotes the transcription of target genes 

required for cell survival and proliferation (20,25,26). The TAK1 complex also phosphorylates 

mitogen-activated kinases (MAPK), p38 MAPK and c-Jun N-terminal kinase (JNK) in a signalling 

cascade which leads to transcription of AP1 target genes (Figure 1) (20,23). The various types and 

concentration of polyubiquitin chains attached to RIPK1 have been shown to modulate the activity 

of recruited proteins which signal via complex I; although RIPK1 attachment to NEMO is 

preferentially mediated by M1-linked chains, NEMO can also bind via K63- and K11-linked chains. 
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This differential offers up several possibilities for fine-tuning ubiquitin dependent signalling 

mediated by TNF and also for IL-1 mediated activation of NF-B via the IL-1 receptor (IL-1R) (for 

detailed review see (7)).  A recent study shows that ubiquitination also ƌĞŐƵůĂƚĞƐ ‘IPKϭ͛Ɛ ĐǇƚŽƚŽǆŝĐ 

potential, not only through activation of the NK-B pathway but also by directly supressing RIPK1 

kinase activity, via ubiquitin-dependent inactivation (27). 

 

IL-1 Receptor signalling 

NF-B activation is modulated via a complex cross-talk of several signalling pathways with 

shared components for activating and inhibiting this pathway. The pro-inflammatory cytokine, IL-1 

(along with IL-1 and IL-1 receptor antagonsist, IL-1Ra) binds to the IL-1R leading to the downstream 

activation of NF-B (28,29). Following ligand binding, the IL-1R complex leads to the recruitment of 

the E3-ligase TNF receptor associated factor (TRAF6) and the ubiquitin E2 ligase complex which 

conjugates K63-linked chains to interleukin-1 receptorʹactivated protein kinase (IRAK1) (30,31). This 

ubiquitination process allows for binding and activation of TAK1 and IKK through phosphorylation 

in a similar manner to TNFR signalling pathway (32). Interestingly, the DUB, A20 also regulates the 

ubiquitin status of TRAF6 and therefore regulates activation of this pathway (33). 

TNFR signalling via complex IIa, IIb, IIc 

Termination of TNF-induced NF-B activation requires breakdown of the Ub network of 

complex I. As immune responses must be tightly controlled to avoid chronic inflammation, DUBs are 

present to regulate this process and target cells for regulated apoptosis, where appropriate. For the 

formation of complex IIa, DUBs remove K63 and M1-linked chains from RIPK1 allowing it to 

dissociate from membrane bound complex I and interact with TRADD and FAS-associated death 

domain (FADD) and pro-caspase-8, and the cellular FLICE-like inhibitory protein long (cFLIPL) (34). 

Alternatively, complex IIb formation occurs when RIPK1 is not ubiquitinated due to degradation of 
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cIAPs. As a result, RIPK1 dissociates from complex I to interact with RIPK3, pro-caspase-8 and FLIPL 

(6,35).  

Apoptosis is executed on generation of active caspase-8 by both complex IIa and complex 

IIb. At the same time, deubiquitinated RIPK1 and RIPK3 must be cleaved by pro-caspase-8-FLIPL-

heterodimer or active caspase 8 to prevent cells from undergoing necroptosis (6,35,36). If RIPK1 and 

RIPK3 are not cleaved, they form complex IIc which activates mixed lineage kinase domain-like 

protein (MLKL), and induces necroptosis by disrupting the integrity of the plasma membrane (3,37). 

This, in turn, leads to the release of damage associated molecular patterns (DAMPs), which can lead 

to a prolonged immune response, as may occur with trauma and severe infections (38). 

 

Autoinflammatory diseases with dysregulated TNF signalling 

Aberrant TNFR signalling, through uncontrolled production or function of TNF, has been 

linked to a number of inflammatory diseases, including rheumatoid arthritis (RA), ankylosing 

spondylitis (AS), juvenile idiopathic arthritis (JIA), psoriasis, psoriatic arthritis (PsA) and inflammatory 

bowel disease (IBD). In this review we discuss autoinflammatory diseases which arise from 

mutations in genes encoding components of the TNF signalling pathway. 

 

Tumour Necrosis Factor Receptor Associated Periodic Syndrome (TRAPS) 

Tumour necrosis factor (TNF) receptorʹassociated periodic syndrome (TRAPS) is a rare 

autosomal dominant multisystem genetic disorder caused by mutations in the TNFRSF1A (tumour 

necrosis factor receptor superfamily member 1A) gene, which encodes TNFR1 (39), which result in 

an autoinflammatory phenotype. Several pathogenic mechanisms operate synergistically in TRAPS 

pathogenesis, including non-canonical unfolded protein response (UPR), mitochondrial reactive 
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oxygen species (mtROS), and impaired autophagy. It is likely that some mechanisms are mutation 

and cellʹtype specific, thereby explaining some of the clinical heterogeneity of TRAPS and the 

manifold underlying pathological processes (reviewed in (40)).  

Upregulation of UPR response genes has been reported in TRAPS patients (41), with 

activation of the endoplasmic reticulum (ER)-associated endonuclease, inositol-requiring enzyme 1 

(IRE-1), which is one of the three ER stress sensors, resulting in hyper-responsiveness to 

lipopolysaccharide (LPS) with release of pro-inflammatory cytokines, IL-ϭɴ͕ TNF ĂŶĚ IL-6. This 

enhanced inflammatory cytokine production is mediated by sustained phosphorylation of JNK and 

p38 MAPK, and maintained by mtROS from dysfunctional mitochondria (42). Furthermore, mtROS 

may inactivate MAPK phosphatases and perpetuate MAPK activation (43) in cells from these 

patients. A number of recent studies have suggested other mechanisms to explain LPS hyper-

responsiveness, whereby activated IRE1, exerts its endonuclease function to target a number of 

mRNA and miR species, thereby constraining protein production and resolving ER stress (44). Two 

miRNA species in particular, miR155 and miR146a, are specific targets of IRE1 and these two miRNA 

species have been identified as regulators of cellular response to LPS (45).  

 Selective therapies targeting the TNF signalling pathway were the first biologics to be used in 

TRAPS. Despite its biological plausibility in a disease involving constitutive TNF signalling the TNF 

blocker, etanercept proved to have limited efficacy in treating these patients. The initial clinical 

response to TNF blockade was followed by gradual loss of clinical efficacy in subsequent months and 

year(s), suggesting that these patients develop tachyphylaxis to anti-TNF therapy by acquiring 

alternative poorly understood pathways of TNFR1 signalling.  

Over the years IL-1 blocking agents have become the preferred therapy in TRAPS with a 

number of case reports of sustained response to anakinra (46). The first results of a trial of 

canakinumab in familial mediterranean fever (FMF), mevalonate kinase deficiency (MKD) and TRAPS 

were reported in 2016 (47) and the follow-up publication was in 2018 (48). The 2018 paper reported 
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that significantly more patients receiving canakinumab had a complete response than the placebo 

group at week 16, and the risk of developing potentially fatal amyloidosis has been substantially 

reduced by the use IL-1 blockade in these patients.  

 

A20 haploinsufficiency (HA20) 

The tumour necrosis factor alpha induced protein 3 (TNFAIP3) gene encodes for the A20 

protein which is a potent anti-inflammatory signalling molecule involved in negative regulation of 

TNF-NF-B signalling. Genetic ablation of A20 in mice leads to multi-organ inflammation, cachexia, 

and perinatal death (49), whereas cell specific deletions of A20 in B cells/ T cells and/or epithelial 

cells give rise to a spectrum of disease phenotypes which closely resemble human autoimmune 

diseases (50).  

In 2016, Zhou and colleagues described a new autoinflammatory disease caused by 

dominantly inherited loss of function mutations in the TNFAIP3 gene, leading to A20 

haploinsufficiency, designated as HA20 (15). They identified mutations in six unrelated families with 

early-onset systemic inflammation resembling the polygenic disorders, Behçet͛Ɛ disease (BD) and 

systemic lupus erythematosus (SLE). Classically, people with HA20 present with childhood-onset 

episodic fevers, recurrent oral, genital and/or gastrointestinal ulcers, ocular inflammation and 

arthralgia/arthritis (15,51). Since the initial discovery, a number of additional HA20 cases have been 

documented (51-56). The occurrence of an autoimmune phenotype in some patients is not 

surprising given that several autoimmune conditions have been associated with TNFAIP3 gene 

polymorphisms, such as RA, JIA, psoriasis, SLE, IBD, type 1 diabetes (T1D) and coronary artery 

disease (57-64). It is thought that HA20 might synergise with other genetic factors, such as HLA-B27, 

which is a known susceptibility locus PsA, AS and reactive arthritis (65), and also that autoimmunity 

may develop as a complication of HA20, due to increased differentiation of TH17 cells (53). In a 
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recent study, large deletions on chromosome 6 comprising 50 genes, including TNFAIP3, were 

identified in patients with systemic inflammation, psychomotor and growth delay (66) providing 

further support for anti-inflammatory therapy as a treatment option for these patients.  

 A20 is a 790-residue ubiquitin editing enzyme which contains an ovarian tumour (OTU) 

domain in the amino-terminal followed by seven zinc-finger (ZnF) domains (67). The majority of 

HA20-associated mutations are located within the OTU domain, leading to truncated mutant 

proteins of different length domains (15,53,56). Defective removal of K63-linked Ub from the 

adaptor proteins, after stimulation with TNF, was observed in HEK cells expressing mutant A20, and 

this finding has been corroborated in patient-derived cells, whereby defective A20 leads to increased 

ƉŚŽƐƉŚŽƌǇůĂƚŝŽŶ ŽĨ IKKɲͬIKKɴ with enhanced IBɲ degradation alongside increased NF-Bʹmediated 

proinflammatory cytokine release (15). Interestingly, TNF stimulated PBMCs and serum samples of 

patients with active disease have high levels of a range of proinflammatory cytokines, irrespective of 

mutation type and position, suggesting the presence of constitutive activation of both NF-B and 

NLRP3 inflammasome pathways (15,53,58); in murine models, A20/Tnfaip3 was shown to 

downregulate the NLRP3 inflammasome (68,69).  

This inflammatory state has led to successful treatment of patients with cytokine inhibitors, 

such as anti-TNF (infliximab), anti-IL-1 (anakinra) and anti-IL-6 (tocilizumab), which have all shown 

efficacy in controlling systemic inflammation in patients with HA20 (51). It is likely that a number of 

other HA20 cases will emerge due to revised diagnoses with successful therapeutic interventions, as 

with a patient recently diagnosed with Adult-OŶƐĞƚ “ƚŝůů͛Ɛ DŝƐĞĂƐĞ ;AOSD), in whom a novel 

heterozygous variant in TNFAIP3 was found and successfully treated with anti-IL-6 therapy, 

tocilizumab (70).  
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OTULIN (also called gumby), is a highly conserved deubiquitinase enzyme, regulating the 

ubiquitination status of signalling pathway proteins via the hydrolysation of M1-linked Ub chains, 

resulting in specific protein deubiquitination. Novel homoallelic mutations in the FAM105B gene that 

encodes OTULIN were found in three unrelated patients of Pakistani and Turkish origin, and the 

name otulipenia was adopted to indicate a decreased expression of mutant proteins (71). 

Simultaneously, another group described the same Pakistani family and named the disease as otulin-

related autoinflammatory syndrome (ORAS). These patients present with neonatal-onset systemic 

inflammation, joint swellings, prolonged fevers, diarrhoea, sterile neutrophilia, growth deficiency 

and lipodystrophy (16,71). OTULIN regulates inflammatory signals via deubiquitination of M1-linked 

Ub chains formed on LUBAC complex targets, such as NEMO, RIPK1, TNFR1, nucleotide-binding 

oligomerization domain-containing protein 2 (NOD-2) and apoptosis-associated speck-like protein 

containing a CARD (ASC), which regulate of the NF-B and MAPK pathways (71-73). Similar to HA20, 

disease-associated mutations also reside in the OTU domain of OTULIN and are predicted to affect 

binding of OTULIN to linear Ub chains, thereby preventing the deubiquitination of target substrates. 

Although A20 and OTULIN have roles in attenuating ubiquitination in common signalling 

pathways, patients with otulipenia have a more severe phenotype as a result of two factors; (i) 

otulin has a unique non-redundant function in regulating the linear Ub pathway and (ii) patients 

have a more profound protein deficiency (71). Similar to HA20, patient-derived primary cells 

(monocytes, dendritic and T cells) secrete TNF, IL-6, IL-12, IL-18, IL-1 and IFN cytokines upon 

stimulation with LPS, TNF or IL-1. Infliximab proved to be highly effective in reducing these 

inflammatory markers, as well as erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) 

in one patient with OTULIN deficiency; however, neither etanercept or anakinra were effective in 

reducing active disease symptoms (71). Mice models with OTULIN knock out mutations exhibit a 

similar phenotype, with severe TNF-associated inflammation due to overactivation of NF-B in 

myeloid cells, but also downregulation of the LUBAC complex in lymphoid cells (16). OTULIN has also 

been shown to be a key regulator of the canonical Wnt signalling pathway, thereby playing an 

Otulipenia/OTULIN-related autoinflammatory syndrome (ORAS) 
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important role in craniofacial and neuronal development, as well as angiogenesis (74). A recent 

study proposed that LUBAC activity is promoted by OTULIN, rather than being counteracted, thus 

preventing LUBACs auto-ubiquitination (75). Furthermore, mice that express inactive OTULIN 

present with features associated with deficient LUBAC activity and die at mid-gestation as a result of 

TNFR1-mediated cell death (76).  

 

LUBAC deficiency (HOIP/HOIL) 

 Several autoinflammatory disorders are associated with mutations in various components of 

LUBAC, such as HOIP and HOIL. It was first shown that Hoip
-/- 

mice die during embryogenesis, due to 

aberrant TNFR1 driven cell death; furthermore, mice can be rescued from embryonic lethally by 

ablation of TNFR1 (76). Peltzer et al. demonstrated that HOIL-1 is a fundamental component of 

LUBAC and this subunit is required for healthy embryonic development (77). Hoil-1
-/-

 mice die during 

embryogenesis due disruptions in blood vessels formation. Interestingly, Tnfr1/Hoil-1 double-

knockout (DKO) mice did not prevent embryonic lethality, but just delayed it (77). The authors found 

that only combined loss of caspase-8 with MLKL resulted in viable Hoil-1-deficient mice, elucidating 

the protective role of HOIL-1 in the NF-ʃB signalling pathway (77). 

 HOIL-1 and HOIP deficiencies are recessively inherited diseases caused by mutations in the 

highly conserved PUB domain, resulting in truncated mutants which ultimately destabilise the entire 

LUBAC complex (13,14). Patients with mutations in HOIP or HOIL-1 present with similar clinical 

manifestations of systemic autoinflammation, recurrent infections, muscular amylopectinosis and 

periodic fevers (78). HOIL/HOIP deficient fibroblasts from patients, showed decreased NF-B 

activation in response to TNF and IL-1 administration; however, ƉĂƚŝĞŶƚƐ͛ ŵŽŶŽĐǇƚĞƐ ĚŝƐƉůĂǇĞĚ Ă 

selective response to IL-1 but not to TNF, suggesting cell-type specificity (13,14). It was also 

recently reported that LUBAC confers a protective role on keratinocytes, and that conditional 
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deletion of Hoip and Hoil-1 results in severe dermatitis and postnatal lethality, mainly induced by 

TNF, TNF-related apoptosis-inducing ligand (TRAIL) and CD95L (79). TNFR1 ablation did not prevent 

the development of dermatitis, but rather delayed it into adulthood, when triggered by RIPK1 

kinase-driven apoptosis (79). In contrast, a naturally occurring mutation that ablates SHARPIN 

expression in the cpdm strain of mice resulted in chronic proliferative dermatitis (80) which can be 

prevented by crossing the mice with Tnf
-/-

 or Tnfr
-/-

 mice, suggesting that this inflammatory condition 

is TNF dependent (81,82). In addition, it appears that complete ablation of SHARPIN in the cpdm 

mice can be rescued when crossed with a mouse expressing kinase-inactive RIPK1 or RIPK3-null mice 

which suggests that SHARPIN and M1-linked polyubiquitination are negative regulators of RIPK1-

dependent necroptosis signalling (7,81).  

These findings suggest a different mechanism by which dermatitis can occur, with potential 

implications for the treatment of autoinflammatory disorders. Although not yet reported in the 

clinic, SHARPIN mutations are likely to represent a similar problem to that encountered in HOIL and 

HOIP deficiencies. LUBAC deficiencies still represent an unexplored territory in the clinical field; 

however, the scientific contributions presented here advance our understanding of 

autoinflammation and the treatment of these rare conditions. Whereas TNF-inhibitory treatment 

only temporarily ameliorated pathology in one HOIL-deficient patient, the benefit to OTULIN-

deficient patients was far more substantial (14). It is possible that TNF inhibition, in combination 

with RIPK1, TRAIL or CD95L inhibitors would be a better therapeutic approach for patients with 

LUBAC deficiencies. 
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The transcription factor p65, also known as RelA, is a NF-B family member associated with 

NF-B heterodimer formation, alongside either p50 or p52 subunits, with consequent nuclear 

translocation and activation (83). The RelA subunit is encoded by the RELA gene, also known as p65 

or NFKB3, and the transcriptomic function of RelA is conserved in mammalian cells (84). RelA
-/-

 mice 

die during embryogenesis due to the toxic effects of TNF in hepatic cells (85). Interestingly, RelA
-/-

 

mice can be rescued from embryonic lethality by creating a RelA/TNF DKO mouse, showing the 

importance of RelA subunit in activating anti-apoptotic genes, and the susceptibility of RelA
-/-

 mice 

to the cytotoxic effects of TNF (86). TNF stimulation of RelA
-/- 

mouse macrophages and fibroblasts 

resulted in TNF-related apoptosis, mediated mainly by TNFR1, which was rescued by reintroduction 

of RelA into the system (85).  

Recently, Chou et al. elucidated the importance of biallelic expression of RelA in maintaining 

human mucosal integrity (87). The article reported a paediatric patient who presented at the age of 

3 with periodic episodes of abdominal pain, vomiting, fever, leucocytosis, and elevated inflammatory 

markers, without evidence of infection or autoantibodies (87). At the age of 5 the patient was 

treated with infliximab and methotrexate (MTX), and went into remission for two years; the disease 

flared after the patient gained weight, which resulted in lower infliximab levels (87). Moreover, the 

ƉĂƚŝĞŶƚƐ͛ ĨŝďƌŽďůĂƐƚƐ͕ ďƵƚ ŶŽƚ ůǇŵƉŚŽĐǇƚĞƐ͕ ƐŚŽǁĞĚ ŚŝŐŚĞƌ ůĞǀĞůƐ ŽĨ ĐǇƚŽƚŽǆŝĐŝƚǇ ĂĨƚĞƌ TNF 

administration, with low levels of IL-6 and anti-apoptotic proteins, suggesting that RelA 

haploinsufficiency mainly affects stromal cells (87). Finally, the authors elegantly demonstrated that 

RelA
+/- 

mice developed cutaneous ulceration after TNF exposure, and the RelA
+/-

 phenotype was not 

rescued by bone marrow transplantation from a WT mice donor (87). These results indicate that 

RelA haploinsufficiency arises from epithelial and stromal cell intrinsic defects affecting NF-B 

activation, resulting in ulceration of mucosal barriers due to cytotoxic effects of TNF. It is remarkable 

that this patient went into remission when receiving infliximab, highlighting the protective effects of 

the RelA subunit and the cytotoxic effects of TNF in stromal cells. 

RELA haploinsufficiency 
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RIPK1-associated immunodeficiency and autoinflammation 

RIPK1 kinase activity is a key determinant of whether a cell activates NF-B signalling or 

initiates cell death signalling pathways, apoptosis and necroptosis (88,89). Necroptosis and RIPK1 

have been implicated in a number of major human neurodegenerative diseases, including 

AůǌŚĞŝŵĞƌ͛Ɛ ĚŝƐĞĂƐĞ͕ ĂŵǇŽƚƌŽƉŚŝĐ ůĂƚĞƌĂů ƐĐůĞƌŽƐŝƐ͕ PĂƌŬŝŶƐŽŶ͛s disease, and multiple sclerosis (MS) 

(90). Under pathological conditions, upregulation of TNF can sensitise cells in the CNS to necroptosis 

mediated by RIPK1, with necroptosis promoting further neuroinflammation. Necrostatin-1 (Nec-1), 

an inhibitor of necroptosis has been shown to inhibit RIPK1 kinase activity and block complex II 

formation in response to TNF (91). Nec-1 and the improved analogue Nec-1s have been shown to 

effectively inhibit RIPK1 and also modulate necroptosis in various cellular and animal models of 

human disease (92,93). Other RIPK1 inhibitors, including GSK2982772, have been advanced into 

phase IIa clinical trials for the treatment of non-neurological diseases, including psoriasis, RA and 

ulcerative colitis (UC) (90). 

A recent study by Cuchet-Lourenco et al. describes four patients from three unrelated 

families with homozygous loss-of-function mutations in RIPK1 gene. These patients demonstrated 

immune deficiency, gut inflammation with variable onset and severity and also polyarthritis. In 

contrast to RIPK1-deficient mice, which die shortly after birth, these patients survived for 3 to 13 

years, indicating that, in humans, RIPK1 is not essential for survival (94), which is reminiscent of the 

findings that HOIP- and HOIL-1-deficiencies are lethal in mice but not in humans (76).  

In order to assess the function of TNFR1 signalling, patientƐ͛ skin fibroblasts were stimulated 

with TNF; both MAPK phosphorylation and pathway activation were impaired, with reduced 

cytokine production and increased phosphorylation of complex IIc necroptosis pathway 

components, RIPK3 and MLKL (94). Consistent with this result, inhibitors of necroptosis prevented 

cell death, while pan-caspase inhibitors of apoptosis had no effect. Interestingly, LPS-stimulated 
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patient monocytes showed reduced production of IL-6, TNF and IL-12, consistent with the fibroblast 

data, but with increased IL-1 levels. IL-1 production was also increased following 

phytohaemagglutinin (PHA) stimulation suggesting IL-1 production by T cells. Functional studies 

showed RIPK1 knockout THP-1
RIPK1-/-

 cells secreted reduced amounts of IL-6 and IL-10 with an 

increased amount of IL-1 which resembled the cytokine response of the patients. Additionally, 

necroptosis of THP-1
RIPK1-/-

 cells was accompanied with release of caspase-1 and IL-1 suggesting 

concomitant NLRP3 inflammasome activation (94). High pro-inflammatory IL-1 and low anti-

inflammatory IL-10 could therefore contribute to the IBD and arthritis in these patients and should 

thus be considered for treatment with IL-1 inhibitors. One of the patients who received a 

haematopoietic stem cell transplant (HSCT) resolved IBD and arthritis and reduced the frequency of 

infection suggesting an immune cell dysfunction rather than any other cell type (94). RIPK1 functions 

as a critical regulator of immunity and inflammation in both mice and humans; however, the 

mechanisms balancing inflammatory and cell death signalling require further investigation for the 

development of better treatments. 

 

X-linked ectodermal dysplasia and immunodeficiency (X-EDA-ID) 

 Mutations in the IKBKG/NEMO gene, encoding NEMO, cause X-linked recessive ectodermal 

dysplasia and immunodeficiency (EDA-ID), which is characterised by abnormal development of 

ectodermal tissues alongside immune deficiency, low antibody levels and natural killer cell 

dysfunction (95). Defects in IKBKG/NEMO cause defective NF-B activation and impaired pro-

inflammatory responses. Around 20% of individuals with EDA-ID have disorders involving abnormal 

inflammation including IBD and SLE, and while the clinical aspects of immune deficiency are well 

characterised, the inflammatory responses are less clear.  In these patients, enterocolitis is 

prominent and epithelial cell shedding is present (96). In patients who received allogenic bone 

marrow transplants the immunodeficiency was corrected but the colitis remained, and exacerbated 
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in some cases (97-99). This successful immune restoration suggests that different factors may be 

driving the colitis and immunodeficiency in these patients.  

The importance of NEMO in intestinal epithelia barrier function has been demonstrated in 

an epithelium-specific IKBKG-deficient mouse whereby the mice develop spontaneous colitis, despite 

having a normal immune system, which is prevented when TNF production is abolished (100). These 

findings suggest that when the epithelial barrier is disrupted, and the normal innate immune 

response to this exacerbates inflammation and sustains the colitis. This suggests that NF-B 

signalling in epithelial cells is required to prevent excessive epithelial cell apoptosis and to maintain 

the epithelial barrier to protect against colitis in human subjects (97). TNF blockade would therefore 

be a promising target, as suggested by the case of an 11 year old boy with X-EDA-ID with severe 

colitis, to whom infliximab was administered, with dramatic improvement of symptoms. Following 

one year͛Ɛ infliximab treatment, mucosal inflammation had almost disappeared and the number of T 

cells carrying the reverted gene was also reduced (99).  

 

TNF therapeutic alternatives 

Anti-TNF therapeutics have revolutionised treatment for a number of inflammatory diseases 

with dysregulated TNF levels. At present, 25 drugs which inhibit or modulate the effects of TNF, are 

approved clinically by the Food and Drug Administration (FDA) and European Medicines Agency 

(EMA) for the treatment of RA, AS, psoriasis, PsA, JIA, CD and UC (101). Although many patients 

benefit from treatment with anti-TNF drugs, a number of patients do not respond well to the 

therapy (102) and it is of some concern that prolonged use of anti-TNF biologics has also been 

shown to increase the prevalence of neurological diseases, such as MS, with several reports showing 

increased CNS demyelination as a possible contribution to disease onset (103). Research suggests 
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that early identification in addition to considering clinical, genetic and immuno-pharmacological 

variables are all important in assessing whether a patient responds well to therapy (104).  

Lessons learnt from anti-TNF therapeutics in these approved diseases have helped to inform 

therapeutic strategies to resolve TNFR/TNF signalling defects in the autoinflammatory diseases 

discussed in this review (Figure 1). For example, patients with diagnoses of HA20 and RELA 

haploinsufficiency, respectively, have been successfully treated with a combination of infliximab and 

MTX (51,87). MTX is an immunosuppressive agent which was initially used to improve clinical 

outcomes of patients with IBS and CD who had developed anti-drug antibodies (ADA) when 

administered anti-TNF biologics (infliximab, adalimumab or golimumab) (105,106).  

Anti-TNF therapeutics have advanced significantly since the discovery of infliximab with 

improvements in antibody specificity, as well as the development of nanoantibodies (107), alongside 

the next generation of cheaper anti-TNF ƌĞĂŐĞŶƚƐ ŬŶŽǁŶ ĂƐ ͞ďŝŽƐŝŵŝůĂƌƐ͟ (108,109); all of these have 

provided some promising results for the treatment of chronic inflammatory diseases, such as RA and 

UC (110). Selective targeting of TNFR1 or TRNF2 is another therapeutic strategy which is being 

explored for the treatment of RA, as specific targeting of TNFR1 will block pro-inflammatory effects 

while preserving expansion and activation of Tregs and also maintain protective effects of the TNFR2 

signalling (111,112).  

An alternative approach is to target proteins which form part of the intercellular signalling 

pathways of TNFR. Selectively blocking p38 MAPK directly resulted in a poor clinical response with 

toxicity (113,114); however, a recent study explored the use of an 11-mer TNF peptide (TNF70-80) to 

modulate p38 MAPK indirectly. TNF70-80 binds to TNFR1 and signals through TRAF2 and p38 MAPK, 

which in turn primes neutrophils to initiate a respiratory burst (115). Mukaro et al. generated 

peptides from the TNFR1 sequence which blocked the binding of TNF70-80 and prevented p38 

MAPK activation and subsequent inflammatory response in models of immunity and infection. 

Interestingly, the TNFR peptide does not prevent the binding of TNF to TNFR1 and other signalling 
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molecules it normally activates, but, instead, selectively inhibits p38 MAPK activation and function 

(115). By improving drug targeting, in this way, the rate of potential side-effects of other anti-TNF 

biologics will decrease, but specificity will increase and this will also serve as a valuable tool for 

elucidating mechanisms of disease pathogenesis in vivo.  

An interesting investigative approach has been developed for TRAPS, whereby new 

technologies, ƐƵĐŚ ĂƐ ͚ƌĞǀĞƌƐĞ-ƉŚĂƐĞ͛ ƉƌŽƚĞŝŶ ŵŝĐƌŽĂƌƌĂǇ ;‘PPA), can be used to detect and quantify 

intracellular signalling molecules associated with a particular disease phenotype (116). Using cell line 

models depicting TRAPS, as well as PBMC lysates from C33Y-TRAPS patients relative to controls, the 

RPPA approach was combined with the screening of existing pharmacologically active compounds to 

identify key compounds which modulate the TRAPS signalome. The fluoroquinolone antibiotic, 

lomefloxacin, as well as others from the same class of compounds was found to have the most 

significant effects on pro-inflammatory pathways in TRAPS (116). This approach would be useful for 

other autoinflammatory diseases to identify cellular pathways in the disease state as well as 

candidates for drug repurposing. 

 

Conclusions 

The discovery of autoinflammatory diseases, such as LUBAC deficiency and HA20, has aided 

our understanding of the regulatory components of TNF signalling, and, in particular, highlighted the 

importance of ubiquitination in modulating RIPK1-mediated cell death. Current drugs are not 

disease specific, and aim to target the secondary mediators of inflammation rather than the primary 

processes that drive disease. This can lead to unexpected outcomes, as observed with TRAPS, 

whereby anti-TNF biologics resulted in a dramatic initial response, but with gradual loss of clinical 

efficacy over time in a number of patients. In this situation, epigenetics may play a role in disease 

modulation during biologics-mediated TNF blockade in these patients, a phenomenon which is yet to 

be explored. Although our understanding of TNFR signalling has dramatically improved over the last 
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decade, developing disease specific therapeutics for the rarer autoinflammatory conditions will be 

challenging. 
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Figure Legend 

Figure 1: TNFR signalling defects, autoinflammatory diseases and therapeutics. TNF binding to 

TNFR1 leads to the recruitment of complex I (composed of TRADD, TRAF2/5, cIAP1/2 and RIPK1). 

cIAP1/2 and LUBAC complex add K63-Ub and M1-Ub chains respectively onto RIPK1. K63-Ub chains 

on RIPK1 recruit TAK1 complex (composed of TAK1, TAB2/3), and the M1-Ub chains recruit IKK 

ĐŽŵƉůĞǆ ;ĐŽŵƉŽƐĞĚ ŽĨ NEMO͕ IKKɲͬɴͿ͘ TAKϭ ĐŽŵƉůĞǆ ƉŚŽƐƉŚŽƌǇůĂƚĞƐ Ɖϯϴ MAPK ĂŶĚ JNK ĂŶĚ IKKɴ 

leading to the translocation of transcription factors, AP1 and NF-kB into the nucleus. A20, CLYD and 

OUTLIN negatively regulate NF-kB signalling to avoid chronic inflammation, by cleaving K63-Ub and 

M1-Ub chains from RIPK1 and the IKK complex and target cells for regulated apoptosis via complex 

IIa. Autoinflammatory diseases detailed in this review are a result of defects in different components 

of the TNFR signalling pathway. TRAPS mutations result in upregulated UPR leading to sustained 

MAPK phosphorylation and cytokine secretion. Treatment consists of anti-TNF or anti-IL-1; but 

recent investigations propose the antibiotic, lomefloxacin, as a potential alternative therapy. RIPK1 

deficiency results in reduced cytokine production but with increased necroptosis. Treatments 

include necroptosis and RIPK1 inhibitors, with suggestions that IL-1 inhibitors could be beneficial. 

Decreased expression of A20 (HA20) or OTULIN (ORAS) lead to activation of NF-kB pathway. 

Treatments include anti-TNF therapies, for ORAS, and both anti-TNF and anti-IL-1 for HA20. LUBAC 

deficiency is due to mutations in LUBAC components, HOIP/HOIL/SHARPIN lead to reduced K63-Ub, 

decreased NF-kB activation and increased RIPK1-mediated apoptosis which is currently treated with 

anti-TNF, but RIPK1 inhibitors could also be of benefit. X-EDA-ID and RELA haploinsufficiency both 

lead to defective NF- kB activation and are both treated with anti-TNF therapies. 

Anti-TNF: Infliximab, Etanercept; Anti-IL-1: anakinra, canakinumab; Anti-IL-6: tocilizumab 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/in

tim
m

/d
x
z
0
2
4
/5

3
6
9
8
9
5
 b

y
 g

u
e
s
t o

n
 0

6
 M

a
rc

h
 2

0
1
9



 

 

References 

 

1 Black, R. A., Rauch, C. T., Kozlosky, C. J., Peschon, J. J., Slack, J. L., Wolfson, M. F., Castner, B. 

J., Stocking, K. L., Reddy, P., Srinivasan, S., Nelson, N., Boiani, N., Schooley, K. A., Gerhart, M., 

Davis, R., Fitzner, J. N., Johnson, R. S., Paxton, R. J., March, C. J., and Cerretti, D. P. 1997. A 

metalloproteinase disintegrin that releases tumour-necrosis factor-alpha from cells. Nature 

385:729. 

2 Kriegler, M., Perez, C., DeFay, K., Albert, I., and Lu, S. D. 1988. A novel form of TNF/cachectin 

is a cell surface cytotoxic transmembrane protein: ramifications for the complex physiology 

of TNF. Cell 53:45. 

3 Hsu, H., Xiong, J., and Goeddel, D. V. 1995. The TNF receptor 1-associated protein TRADD 

signals cell death and NF-kappa B activation. Cell 81:495. 

4 Medvedev, A. E., Sundan, A., and Espevik, T. 1994. Involvement of the tumor necrosis factor 

receptor p75 in mediating cytotoxicity and gene regulating activities. Eur J Immunol 24:2842. 

5 Probert, L. 2015. TNF and its receptors in the CNS: The essential, the desirable and the 

deleterious effects. Neuroscience 302:2. 

6 Wang, L., Du, F., and Wang, X. 2008. TNF-alpha induces two distinct caspase-8 activation 

pathways. Cell 133:693. 

7 Brenner, D., Blaser, H., and Mak, T. W. 2015. Regulation of tumour necrosis factor signalling: 

live or let die. Nat Rev Immunol 15:362. 

8 Pasparakis, M. and Vandenabeele, P. 2015. Necroptosis and its role in inflammation. Nature 

517:311. 

9 Komander, D. and Rape, M. 2012. The ubiquitin code. Annu Rev Biochem 81:203. 

10 Holbrook, J., Lara-Reyna, S., Jarosz-Griffiths, H., and McDermott, M. 2019. Tumour necrosis 

factor signalling in health and disease. F1000Research. doi:10.12688/f1000research.17023.1 

11 Komander, D. 2009. The emerging complexity of protein ubiquitination. Biochem Soc Trans 

37:937. 

12 Harhaj, E. W. and Dixit, V. M. 2012. Regulation of NF-kappaB by deubiquitinases. Immunol 

Rev 246:107. 

13 Boisson, B., Laplantine, E., Dobbs, K., Cobat, A., Tarantino, N., Hazen, M., Lidov, H. G., 

Hopkins, G., Du, L., Belkadi, A., Chrabieh, M., Itan, Y., Picard, C., Fournet, J. C., Eibel, H., 

Tsitsikov, E., Pai, S. Y., Abel, L., Al-Herz, W., Casanova, J. L., Israel, A., and Notarangelo, L. D. 

2015. Human HOIP and LUBAC deficiency underlies autoinflammation, immunodeficiency, 

amylopectinosis, and lymphangiectasia. J Exp Med 212:939. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/in

tim
m

/d
x
z
0
2
4
/5

3
6
9
8
9
5
 b

y
 g

u
e
s
t o

n
 0

6
 M

a
rc

h
 2

0
1
9



 

 

14 Boisson, B., Laplantine, E., Prando, C., Giliani, S., Israelsson, E., Xu, Z., Abhyankar, A., Israel, 

L., Trevejo-Nunez, G., Bogunovic, D., Cepika, A. M., MacDuff, D., Chrabieh, M., Hubeau, M., 

Bajolle, F., Debre, M., Mazzolari, E., Vairo, D., Agou, F., Virgin, H. W., Bossuyt, X., Rambaud, 

C., Facchetti, F., Bonnet, D., Quartier, P., Fournet, J. C., Pascual, V., Chaussabel, D., 

Notarangelo, L. D., Puel, A., Israel, A., Casanova, J. L., and Picard, C. 2012. Immunodeficiency, 

autoinflammation and amylopectinosis in humans with inherited HOIL-1 and LUBAC 

deficiency. Nat Immunol 13:1178. 

15 Zhou, Q., Wang, H., Schwartz, D. M., Stoffels, M., Park, Y. H., Zhang, Y., Yang, D., Demirkaya, 

E., Takeuchi, M., Tsai, W. L., Lyons, J. J., Yu, X., Ouyang, C., Chen, C., Chin, D. T., Zaal, K., 

Chandrasekharappa, S. C., E, P. H., Yu, Z., Mullikin, J. C., Hasni, S. A., Wertz, I. E., Ombrello, A. 

K., Stone, D. L., Hoffmann, P., Jones, A., Barham, B. K., Leavis, H. L., van Royen-Kerkof, A., 

Sibley, C., Batu, E. D., Gul, A., Siegel, R. M., Boehm, M., Milner, J. D., Ozen, S., Gadina, M., 

Chae, J., Laxer, R. M., Kastner, D. L., and Aksentijevich, I. 2016. Loss-of-function mutations in 

TNFAIP3 leading to A20 haploinsufficiency cause an early-onset autoinflammatory disease. 

Nat Genet 48:67. 

16 Damgaard, R. B., Walker, J. A., Marco-Casanova, P., Morgan, N. V., Titheradge, H. L., Elliott, 

P. R., McHale, D., Maher, E. R., McKenzie, A. N. J., and Komander, D. 2016. The 

Deubiquitinase OTULIN Is an Essential Negative Regulator of Inflammation and 

Autoimmunity. Cell 166:1215. 

17 Hsu, H., Huang, J., Shu, H. B., Baichwal, V., and Goeddel, D. V. 1996. TNF-dependent 

recruitment of the protein kinase RIP to the TNF receptor-1 signaling complex. Immunity 

4:387. 

18 Tada, K., Okazaki, T., Sakon, S., Kobarai, T., Kurosawa, K., Yamaoka, S., Hashimoto, H., Mak, 

T. W., Yagita, H., Okumura, K., Yeh, W. C., and Nakano, H. 2001. Critical roles of TRAF2 and 

TRAF5 in tumor necrosis factor-induced NF-kappa B activation and protection from cell 

death. J Biol Chem 276:36530. 

19 Haas, T. L., Emmerich, C. H., Gerlach, B., Schmukle, A. C., Cordier, S. M., Rieser, E., Feltham, 

R., Vince, J., Warnken, U., Wenger, T., Koschny, R., Komander, D., Silke, J., and Walczak, H. 

2009. Recruitment of the linear ubiquitin chain assembly complex stabilizes the TNF-R1 

signaling complex and is required for TNF-mediated gene induction. Mol Cell 36:831. 

20 Ea, C. K., Deng, L., Xia, Z. P., Pineda, G., and Chen, Z. J. 2006. Activation of IKK by TNFalpha 

requires site-specific ubiquitination of RIP1 and polyubiquitin binding by NEMO. Mol Cell 

22:245. 

21 Li, H., Kobayashi, M., Blonska, M., You, Y., and Lin, X. 2006. Ubiquitination of RIP is required 

for tumor necrosis factor alpha-induced NF-kappaB activation. J Biol Chem 281:13636. 

22 Tokunaga, F., Nakagawa, T., Nakahara, M., Saeki, Y., Taniguchi, M., Sakata, S., Tanaka, K., 

Nakano, H., and Iwai, K. 2011. SHARPIN is a component of the NF-kappaB-activating linear 

ubiquitin chain assembly complex. Nature 471:633. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/in

tim
m

/d
x
z
0
2
4
/5

3
6
9
8
9
5
 b

y
 g

u
e
s
t o

n
 0

6
 M

a
rc

h
 2

0
1
9



 

 

23 Kanayama, A., Seth, R. B., Sun, L., Ea, C. K., Hong, M., Shaito, A., Chiu, Y. H., Deng, L., and 

Chen, Z. J. 2004. TAB2 and TAB3 activate the NF-kappaB pathway through binding to 

polyubiquitin chains. Mol Cell 15:535. 

24 Lo, Y. C., Lin, S. C., Rospigliosi, C. C., Conze, D. B., Wu, C. J., Ashwell, J. D., Eliezer, D., and Wu, 

H. 2009. Structural basis for recognition of diubiquitins by NEMO. Mol Cell 33:602. 

25 Israel, A. 2010. The IKK complex, a central regulator of NF-kappaB activation. Cold Spring 

Harb Perspect Biol 2:a000158. 

26 Wang, C., Deng, L., Hong, M., Akkaraju, G. R., Inoue, J., and Chen, Z. J. 2001. TAK1 is a 

ubiquitin-dependent kinase of MKK and IKK. Nature 412:346. 

27 Annibaldi, A., Wicky John, S., Vanden Berghe, T., Swatek, K. N., Ruan, J., Liccardi, G., Bianchi, 

K., Elliott, P. R., Choi, S. M., Van Coillie, S., Bertin, J., Wu, H., Komander, D., Vandenabeele, 

P., Silke, J., and Meier, P. 2018. Ubiquitin-Mediated Regulation of RIPK1 Kinase Activity 

Independent of IKK and MK2. Mol Cell 69:566. 

28 Schreuder, H., Tardif, C., Trump-Kallmeyer, S., Soffientini, A., Sarubbi, E., Akeson, A., Bowlin, 

T., Yanofsky, S., and Barrett, R. W. 1997. A new cytokine-receptor binding mode revealed by 

the crystal structure of the IL-1 receptor with an antagonist. Nature 386:194. 

29 Weber, A., Wasiliew, P., and Kracht, M. 2010. Interleukin-1 (IL-1) pathway. Sci Signal 3:cm1. 

30 Deng, L., Wang, C., Spencer, E., Yang, L., Braun, A., You, J., Slaughter, C., Pickart, C., and 

Chen, Z. J. 2000. Activation of the IkappaB kinase complex by TRAF6 requires a dimeric 

ubiquitin-conjugating enzyme complex and a unique polyubiquitin chain. Cell 103:351. 

31 Newton, K., Matsumoto, M. L., Wertz, I. E., Kirkpatrick, D. S., Lill, J. R., Tan, J., Dugger, D., 

Gordon, N., Sidhu, S. S., Fellouse, F. A., Komuves, L., French, D. M., Ferrando, R. E., Lam, C., 

Compaan, D., Yu, C., Bosanac, I., Hymowitz, S. G., Kelley, R. F., and Dixit, V. M. 2008. 

Ubiquitin chain editing revealed by polyubiquitin linkage-specific antibodies. Cell 134:668. 

32 Windheim, M., Stafford, M., Peggie, M., and Cohen, P. 2008. Interleukin-1 (IL-1) induces the 

Lys63-linked polyubiquitination of IL-1 receptor-associated kinase 1 to facilitate NEMO 

binding and the activation of IkappaBalpha kinase. Mol Cell Biol 28:1783. 

33 Heyninck, K. and Beyaert, R. 1999. The cytokine-inducible zinc finger protein A20 inhibits IL-

1-induced NF-kappaB activation at the level of TRAF6. FEBS Lett 442:147. 

34 Kovalenko, A., Chable-Bessia, C., Cantarella, G., Israel, A., Wallach, D., and Courtois, G. 2003. 

The tumour suppressor CYLD negatively regulates NF-kappaB signalling by deubiquitination. 

Nature 424:801. 

35 Micheau, O. and Tschopp, J. 2003. Induction of TNF receptor I-mediated apoptosis via two 

sequential signaling complexes. Cell 114:181. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/in

tim
m

/d
x
z
0
2
4
/5

3
6
9
8
9
5
 b

y
 g

u
e
s
t o

n
 0

6
 M

a
rc

h
 2

0
1
9



 

 

36 Oberst, A., Dillon, C. P., Weinlich, R., McCormick, L. L., Fitzgerald, P., Pop, C., Hakem, R., 

Salvesen, G. S., and Green, D. R. 2011. Catalytic activity of the caspase-8-FLIP(L) complex 

inhibits RIPK3-dependent necrosis. Nature 471:363. 

37 Sun, L., Wang, H., Wang, Z., He, S., Chen, S., Liao, D., Wang, L., Yan, J., Liu, W., Lei, X., and 

Wang, X. 2012. Mixed lineage kinase domain-like protein mediates necrosis signaling 

downstream of RIP3 kinase. Cell 148:213. 

38 Sharma, S. K. and Naidu, G. 2016. The role of danger-associated molecular patterns (DAMPs) 

in trauma and infections. J Thorac Dis 8:1406. 

39 McDermott, M. F., Aksentijevich, I., Galon, J., McDermott, E. M., Ogunkolade, B. W., Centola, 

M., Mansfield, E., Gadina, M., Karenko, L., Pettersson, T., McCarthy, J., Frucht, D. M., 

Aringer, M., Torosyan, Y., Teppo, A. M., Wilson, M., Karaarslan, H. M., Wan, Y., Todd, I., 

Wood, G., Schlimgen, R., Kumarajeewa, T. R., Cooper, S. M., Vella, J. P., Amos, C. I., Mulley, 

J., Quane, K. A., Molloy, M. G., Ranki, A., Powell, R. J., Hitman, G. A., O'Shea, J. J., and 

Kastner, D. L. 1999. Germline mutations in the extracellular domains of the 55 kDa TNF 

receptor, TNFR1, define a family of dominantly inherited autoinflammatory syndromes. Cell 

97:133. 

40 Sedger, L. M., Ranasinghe, C., McDermott, M. F., and Asvadi, P. 2017. Therapeutic 

AŶƚŝďŽĚǇͲBĂƐĞĚ DƌƵŐƐ ŝŶ ƚŚe Treatment of Human Inflammatory Disorders. In 

Immunotherapy, Krassimir Metodiev, . IntechOpen. 

41 Dickie, L. J., Aziz, A. M., Savic, S., Lucherini, O. M., Cantarini, L., Geiler, J., Wong, C. H., 

Coughlan, R., Lane, T., Lachmann, H. J., Hawkins, P. N., Robinson, P. A., Emery, P., 

McGonagle, D., and McDermott, M. F. 2012. Involvement of X-box binding protein 1 and 

reactive oxygen species pathways in the pathogenesis of tumour necrosis factor receptor-

associated periodic syndrome. Ann Rheum Dis 71:2035. 

42 Bulua, A. C., Simon, A., Maddipati, R., Pelletier, M., Park, H., Kim, K. Y., Sack, M. N., Kastner, 

D. L., and Siegel, R. M. 2011. Mitochondrial reactive oxygen species promote production of 

proinflammatory cytokines and are elevated in TNFR1-associated periodic syndrome 

(TRAPS). J Exp Med 208:519. 

43 Kamata, H., Honda, S., Maeda, S., Chang, L., Hirata, H., and Karin, M. 2005. Reactive oxygen 

species promote TNFalpha-induced death and sustained JNK activation by inhibiting MAP 

kinase phosphatases. Cell 120:649. 

44 Maurel, M. and Chevet, E. 2013. Endoplasmic reticulum stress signaling: the microRNA 

connection. Am J Physiol Cell Physiol 304:C1117. 

45 Schulte, L. N., Westermann, A. J., and Vogel, J. 2013. Differential activation and functional 

specialization of miR-146 and miR-155 in innate immune sensing. Nucleic Acids Res 41:542. 

46 Ozen, S., Kuemmerle-Deschner, J. B., Cimaz, R., Livneh, A., Quartier, P., Kone-Paut, I., Zeft, 

A., Spalding, S., Gul, A., Hentgen, V., Savic, S., Foeldvari, I., Frenkel, J., Cantarini, L., Patel, D., 

Weiss, J., Marinsek, N., Degun, R., Lomax, K. G., and Lachmann, H. J. 2017. International 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/in

tim
m

/d
x
z
0
2
4
/5

3
6
9
8
9
5
 b

y
 g

u
e
s
t o

n
 0

6
 M

a
rc

h
 2

0
1
9



 

 

Retrospective Chart Review of Treatment Patterns in Severe Familial Mediterranean Fever, 

Tumor Necrosis Factor Receptor-Associated Periodic Syndrome, and Mevalonate Kinase 

Deficiency/Hyperimmunoglobulinemia D Syndrome. Arthritis Care Res (Hoboken) 69:578. 

47 Vitale, A., Insalaco, A., Sfriso, P., Lopalco, G., Emmi, G., Cattalini, M., Manna, R., Cimaz, R., 

Priori, R., Talarico, R., Gentileschi, S., de Marchi, G., Frassi, M., Gallizzi, R., Soriano, A., 

Alessio, M., Cammelli, D., Maggio, M. C., Marcolongo, R., La Torre, F., Fabiani, C., 

Colafrancesco, S., Ricci, F., Galozzi, P., Viapiana, O., Verrecchia, E., Pardeo, M., Cerrito, L., 

Cavallaro, E., Olivieri, A. N., Paolazzi, G., Vitiello, G., Maier, A., Silvestri, E., Stagnaro, C., 

Valesini, G., Mosca, M., de Vita, S., Tincani, A., Lapadula, G., Frediani, B., De Benedetti, F., 

Iannone, F., Punzi, L., Salvarani, C., Galeazzi, M., Rigante, D., and Cantarini, L. 2016. A 

Snapshot on the On-Label and Off-Label Use of the Interleukin-1 Inhibitors in Italy among 

Rheumatologists and Pediatric Rheumatologists: A Nationwide Multi-Center Retrospective 

Observational Study. Front Pharmacol 7:380. 

48 De Benedetti, F., Gattorno, M., Anton, J., Ben-Chetrit, E., Frenkel, J., Hoffman, H. M., Kone-

Paut, I., Lachmann, H. J., Ozen, S., Simon, A., Zeft, A., Calvo Penades, I., Moutschen, M., 

Quartier, P., Kasapcopur, O., Shcherbina, A., Hofer, M., Hashkes, P. J., Van der Hilst, J., Hara, 

R., Bujan-Rivas, S., Constantin, T., Gul, A., Livneh, A., Brogan, P., Cattalini, M., Obici, L., 

Lheritier, K., Speziale, A., and Junge, G. 2018. Canakinumab for the Treatment of 

Autoinflammatory Recurrent Fever Syndromes. N Engl J Med 378:1908. 

49 Lee, E. G., Boone, D. L., Chai, S., Libby, S. L., Chien, M., Lodolce, J. P., and Ma, A. 2000. Failure 

to regulate TNF-induced NF-kappaB and cell death responses in A20-deficient mice. Science 

289:2350. 

50 Martin, F. and Dixit, V. M. 2011. A20 edits ubiquitin and autoimmune paradigms. Nat Genet 

43:822. 

51 Aeschlimann, F. A., Batu, E. D., Canna, S. W., Go, E., Gul, A., Hoffmann, P., Leavis, H. L., Ozen, 

S., Schwartz, D. M., Stone, D. L., van Royen-Kerkof, A., Kastner, D. L., Aksentijevich, I., and 

Laxer, R. M. 2018. A20 haploinsufficiency (HA20): clinical phenotypes and disease course of 

patients with a newly recognised NF-kB-mediated autoinflammatory disease. Ann Rheum Dis 

77:728. 

52 Duncan, C. J. A., Dinnigan, E., Theobald, R., Grainger, A., Skelton, A. J., Hussain, R., Willet, J. 

D. P., Swan, D. J., Coxhead, J., Thomas, M. F., Thomas, J., Zamvar, V., Slatter, M. A., Cant, A. 

J., Engelhardt, K. R., and Hambleton, S. 2018. Early-onset autoimmune disease due to a 

heterozygous loss-of-function mutation in TNFAIP3 (A20). Ann Rheum Dis 77:783. 

53 Kadowaki, T., Ohnishi, H., Kawamoto, N., Hori, T., Nishimura, K., Kobayashi, C., Shigemura, 

T., Ogata, S., Inoue, Y., Kawai, T., Hiejima, E., Takagi, M., Imai, K., Nishikomori, R., Ito, S., 

Heike, T., Ohara, O., Morio, T., Fukao, T., and Kanegane, H. 2018. Haploinsufficiency of A20 

causes autoinflammatory and autoimmune disorders. J Allergy Clin Immunol 141:1485. 

54 Ohnishi, H., Kawamoto, N., Seishima, M., Ohara, O., and Fukao, T. 2017. A Japanese family 

case with juvenile onset Behcet's disease caused by TNFAIP3 mutation. Allergol Int 66:146. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/in

tim
m

/d
x
z
0
2
4
/5

3
6
9
8
9
5
 b

y
 g

u
e
s
t o

n
 0

6
 M

a
rc

h
 2

0
1
9



 

 

55 Shigemura, T., Kaneko, N., Kobayashi, N., Kobayashi, K., Takeuchi, Y., Nakano, N., Masumoto, 

J., and Agematsu, K. 2016. Novel heterozygous C243Y A20/TNFAIP3 gene mutation is 

responsible for chronic inflammation in autosomal-dominant Behcet's disease. RMD Open 

2:e000223. 

56 Takagi, M., Ogata, S., Ueno, H., Yoshida, K., Yeh, T., Hoshino, A., Piao, J., Yamashita, M., 

Nanya, M., Okano, T., Kajiwara, M., Kanegane, H., Muramatsu, H., Okuno, Y., Shiraishi, Y., 

Chiba, K., Tanaka, H., Bando, Y., Kato, M., Hayashi, Y., Miyano, S., Imai, K., Ogawa, S., Kojima, 

S., and Morio, T. 2017. Haploinsufficiency of TNFAIP3 (A20) by germline mutation is involved 

in autoimmune lymphoproliferative syndrome. J Allergy Clin Immunol 139:1914. 

57 Ma, A. and Malynn, B. A. 2012. A20: linking a complex regulator of ubiquitylation to 

immunity and human disease. Nat Rev Immunol 12:774. 

58 Aksentijevich, I. and Zhou, Q. 2017. NF-kappaB Pathway in Autoinflammatory Diseases: 

Dysregulation of Protein Modifications by Ubiquitin Defines a New Category of 

Autoinflammatory Diseases. Front Immunol 8:399. 

59 Boonyasrisawat, W., Eberle, D., Bacci, S., Zhang, Y. Y., Nolan, D., Gervino, E. V., Johnstone, 

M. T., Trischitta, V., Shoelson, S. E., and Doria, A. 2007. Tag polymorphisms at the A20 

(TNFAIP3) locus are associated with lower gene expression and increased risk of coronary 

artery disease in type 2 diabetes. Diabetes 56:499. 

60 Fung, E. Y., Smyth, D. J., Howson, J. M., Cooper, J. D., Walker, N. M., Stevens, H., Wicker, L. 

S., and Todd, J. A. 2009. Analysis of 17 autoimmune disease-associated variants in type 1 

diabetes identifies 6q23/TNFAIP3 as a susceptibility locus. Genes Immun 10:188. 

61 Nair, R. P., Duffin, K. C., Helms, C., Ding, J., Stuart, P. E., Goldgar, D., Gudjonsson, J. E., Li, Y., 

Tejasvi, T., Feng, B. J., Ruether, A., Schreiber, S., Weichenthal, M., Gladman, D., Rahman, P., 

Schrodi, S. J., Prahalad, S., Guthery, S. L., Fischer, J., Liao, W., Kwok, P. Y., Menter, A., 

Lathrop, G. M., Wise, C. A., Begovich, A. B., Voorhees, J. J., Elder, J. T., Krueger, G. G., 

Bowcock, A. M., Abecasis, G. R., and Collaborative Association Study of, P. 2009. Genome-

wide scan reveals association of psoriasis with IL-23 and NF-kappaB pathways. Nat Genet 

41:199. 

62 Plenge, R. M., Cotsapas, C., Davies, L., Price, A. L., de Bakker, P. I., Maller, J., Pe'er, I., Burtt, 

N. P., Blumenstiel, B., DeFelice, M., Parkin, M., Barry, R., Winslow, W., Healy, C., Graham, R. 

R., Neale, B. M., Izmailova, E., Roubenoff, R., Parker, A. N., Glass, R., Karlson, E. W., Maher, 

N., Hafler, D. A., Lee, D. M., Seldin, M. F., Remmers, E. F., Lee, A. T., Padyukov, L., Alfredsson, 

L., Coblyn, J., Weinblatt, M. E., Gabriel, S. B., Purcell, S., Klareskog, L., Gregersen, P. K., 

Shadick, N. A., Daly, M. J., and Altshuler, D. 2007. Two independent alleles at 6q23 

associated with risk of rheumatoid arthritis. Nat Genet 39:1477. 

63 Thomson, W., Barton, A., Ke, X., Eyre, S., Hinks, A., Bowes, J., Donn, R., Symmons, D., Hider, 

S., Bruce, I. N., Wellcome Trust Case Control, C., Wilson, A. G., Marinou, I., Morgan, A., 

Emery, P., Consortium, Y., Carter, A., Steer, S., Hocking, L., Reid, D. M., Wordsworth, P., 

Harrison, P., Strachan, D., and Worthington, J. 2007. Rheumatoid arthritis association at 

6q23. Nat Genet 39:1431. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/in

tim
m

/d
x
z
0
2
4
/5

3
6
9
8
9
5
 b

y
 g

u
e
s
t o

n
 0

6
 M

a
rc

h
 2

0
1
9



 

 

64 Trynka, G., Zhernakova, A., Romanos, J., Franke, L., Hunt, K. A., Turner, G., Bruinenberg, M., 

Heap, G. A., Platteel, M., Ryan, A. W., de Kovel, C., Holmes, G. K., Howdle, P. D., Walters, J. 

R., Sanders, D. S., Mulder, C. J., Mearin, M. L., Verbeek, W. H., Trimble, V., Stevens, F. M., 

Kelleher, D., Barisani, D., Bardella, M. T., McManus, R., van Heel, D. A., and Wijmenga, C. 

2009. Coeliac disease-associated risk variants in TNFAIP3 and REL implicate altered NF-

kappaB signalling. Gut 58:1078. 

65 Tavares, R., Wells, G. A., Scarf, J., Cagaanan, R., Bykerk, V. P., and Bell, M. J. 2010. 

Classification of rheumatologic opinion on early inflammatory arthritis: harmonization of a 

heterogeneous standard. Arthritis Care Res (Hoboken) 62:1407. 

66 Franco-Jarava, C., Wang, H., Martin-Nalda, A., Alvarez, S. D., Garcia-Prat, M., Bodet, D., 

Garcia-Patos, V., Plaja, A., Rudilla, F., Rodriguez-Sureda, V., Garcia-Latorre, L., Aksentijevich, 

I., Colobran, R., and Soler-Palacin, P. 2018. TNFAIP3 haploinsufficiency is the cause of 

autoinflammatory manifestations in a patient with a deletion of 13Mb on chromosome 6. 

Clin Immunol 191:44. 

67 Hymowitz, S. G. and Wertz, I. E. 2010. A20: from ubiquitin editing to tumour suppression. 

Nat Rev Cancer 10:332. 

68 Duong, B. H., Onizawa, M., Oses-Prieto, J. A., Advincula, R., Burlingame, A., Malynn, B. A., 

and Ma, A. 2015. A20 restricts ubiquitination of pro-interleukin-1beta protein complexes 

and suppresses NLRP3 inflammasome activity. Immunity 42:55. 

69 Vande Walle, L., Van Opdenbosch, N., Jacques, P., Fossoul, A., Verheugen, E., Vogel, P., 

Beyaert, R., Elewaut, D., Kanneganti, T. D., van Loo, G., and Lamkanfi, M. 2014. Negative 

regulation of the NLRP3 inflammasome by A20 protects against arthritis. Nature 512:69. 

70 Lawless, D., Pathak, S., Scambler, T. E., Ouboussad, L., Anwar, R., and Savic, S. 2018. A Case 

of Adult-Onset Still's Disease Caused by a Novel Splicing Mutation in TNFAIP3 Successfully 

Treated With Tocilizumab. Front Immunol 9:1527. 

71 Zhou, Q., Yu, X., Demirkaya, E., Deuitch, N., Stone, D., Tsai, W. L., Kuehn, H. S., Wang, H., 

Yang, D., Park, Y. H., Ombrello, A. K., Blake, M., Romeo, T., Remmers, E. F., Chae, J. J., 

Mullikin, J. C., Guzel, F., Milner, J. D., Boehm, M., Rosenzweig, S. D., Gadina, M., Welch, S. B., 

Ozen, S., Topaloglu, R., Abinun, M., Kastner, D. L., and Aksentijevich, I. 2016. Biallelic 

hypomorphic mutations in a linear deubiquitinase define otulipenia, an early-onset 

autoinflammatory disease. Proc Natl Acad Sci U S A 113:10127. 

72 Damgaard, R. B., Nachbur, U., Yabal, M., Wong, W. W., Fiil, B. K., Kastirr, M., Rieser, E., 

Rickard, J. A., Bankovacki, A., Peschel, C., Ruland, J., Bekker-Jensen, S., Mailand, N., 

Kaufmann, T., Strasser, A., Walczak, H., Silke, J., Jost, P. J., and Gyrd-Hansen, M. 2012. The 

ubiquitin ligase XIAP recruits LUBAC for NOD2 signaling in inflammation and innate 

immunity. Mol Cell 46:746. 

73 Shimizu, Y., Taraborrelli, L., and Walczak, H. 2015. Linear ubiquitination in immunity. 

Immunol Rev 266:190. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/in

tim
m

/d
x
z
0
2
4
/5

3
6
9
8
9
5
 b

y
 g

u
e
s
t o

n
 0

6
 M

a
rc

h
 2

0
1
9



 

 

74 Rivkin, E., Almeida, S. M., Ceccarelli, D. F., Juang, Y. C., MacLean, T. A., Srikumar, T., Huang, 

H., Dunham, W. H., Fukumura, R., Xie, G., Gondo, Y., Raught, B., Gingras, A. C., Sicheri, F., 

and Cordes, S. P. 2013. The linear ubiquitin-specific deubiquitinase Gumby/Fam105b 

regulates angiogenesis. Nature 498:318. 

75 Heger, K., Wickliffe, K. E., Ndoja, A., Zhang, J., Murthy, A., Dugger, D. L., Maltzman, A., de 

Sousa, E. M. F., Hung, J., Zeng, Y., Verschueren, E., Kirkpatrick, D. S., Vucic, D., Lee, W. P., 

Roose-Girma, M., Newman, R. J., Warming, S., Hsiao, Y. C., Komuves, L. G., Webster, J. D., 

Newton, K., and Dixit, V. M. 2018. OTULIN limits cell death and inflammation by 

deubiquitinating LUBAC. Nature 559:120. 

76 Peltzer, N., Rieser, E., Taraborrelli, L., Draber, P., Darding, M., Pernaute, B., Shimizu, Y., Sarr, 

A., Draberova, H., Montinaro, A., Martinez-Barbera, J. P., Silke, J., Rodriguez, T. A., and 

Walczak, H. 2014. HOIP deficiency causes embryonic lethality by aberrant TNFR1-mediated 

endothelial cell death. Cell Rep 9:153. 

77 Peltzer, N., Darding, M., Montinaro, A., Draber, P., Draberova, H., Kupka, S., Rieser, E., 

Fisher, A., Hutchinson, C., Taraborrelli, L., Hartwig, T., Lafont, E., Haas, T. L., Shimizu, Y., 

Boiers, C., Sarr, A., Rickard, J., Alvarez-Diaz, S., Ashworth, M. T., Beal, A., Enver, T., Bertin, J., 

Kaiser, W., Strasser, A., Silke, J., Bouillet, P., and Walczak, H. 2018. LUBAC is essential for 

embryogenesis by preventing cell death and enabling haematopoiesis. Nature 557:112. 

78 Steiner, A., Harapas, C. R., Masters, S. L., and Davidson, S. 2018. An Update on 

Autoinflammatory Diseases: Relopathies. Curr Rheumatol Rep 20:39. 

79 Taraborrelli, L., Peltzer, N., Montinaro, A., Kupka, S., Rieser, E., Hartwig, T., Sarr, A., Darding, 

M., Draber, P., Haas, T. L., Akarca, A., Marafioti, T., Pasparakis, M., Bertin, J., Gough, P. J., 

Bouillet, P., Strasser, A., Leverkus, M., Silke, J., and Walczak, H. 2018. LUBAC prevents lethal 

dermatitis by inhibiting cell death induced by TNF, TRAIL and CD95L. Nat Commun 9:3910. 

80 Seymour, R. E., Hasham, M. G., Cox, G. A., Shultz, L. D., Hogenesch, H., Roopenian, D. C., and 

Sundberg, J. P. 2007. Spontaneous mutations in the mouse Sharpin gene result in multiorgan 

inflammation, immune system dysregulation and dermatitis. Genes Immun 8:416. 

81 Rickard, J. A., Anderton, H., Etemadi, N., Nachbur, U., Darding, M., Peltzer, N., Lalaoui, N., 

Lawlor, K. E., Vanyai, H., Hall, C., Bankovacki, A., Gangoda, L., Wong, W. W., Corbin, J., 

Huang, C., Mocarski, E. S., Murphy, J. M., Alexander, W. S., Voss, A. K., Vaux, D. L., Kaiser, W. 

J., Walczak, H., and Silke, J. 2014. TNFR1-dependent cell death drives inflammation in 

Sharpin-deficient mice. Elife 3 doi: 10.7554/eLife.03464  

82 Gerlach, B., Cordier, S. M., Schmukle, A. C., Emmerich, C. H., Rieser, E., Haas, T. L., Webb, A. 

I., Rickard, J. A., Anderton, H., Wong, W. W., Nachbur, U., Gangoda, L., Warnken, U., Purcell, 

A. W., Silke, J., and Walczak, H. 2011. Linear ubiquitination prevents inflammation and 

regulates immune signalling. Nature 471:591. 

83 Li, Q. and Verma, I. M. 2002. NF-kappaB regulation in the immune system. Nat Rev Immunol 

2:725. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/in

tim
m

/d
x
z
0
2
4
/5

3
6
9
8
9
5
 b

y
 g

u
e
s
t o

n
 0

6
 M

a
rc

h
 2

0
1
9



 

 

84 Moore, P. A., Ruben, S. M., and Rosen, C. A. 1993. Conservation of transcriptional activation 

functions of the NF-kappa B p50 and p65 subunits in mammalian cells and Saccharomyces 

cerevisiae. Mol Cell Biol 13:1666. 

85 Beg, A. A. and Baltimore, D. 1996. An essential role for NF-kappaB in preventing TNF-alpha-

induced cell death. Science 274:782. 

86 Doi, T. S., Marino, M. W., Takahashi, T., Yoshida, T., Sakakura, T., Old, L. J., and Obata, Y. 

1999. Absence of tumor necrosis factor rescues RelA-deficient mice from embryonic 

lethality. Proc Natl Acad Sci U S A 96:2994. 

87 Badran, Y. R., Dedeoglu, F., Leyva Castillo, J. M., Bainter, W., Ohsumi, T. K., Bousvaros, A., 

Goldsmith, J. D., Geha, R. S., and Chou, J. 2017. Human RELA haploinsufficiency results in 

autosomal-dominant chronic mucocutaneous ulceration. J Exp Med 214:1937. 

88 Weinlich, R., Oberst, A., Beere, H. M., and Green, D. R. 2017. Necroptosis in development, 

inflammation and disease. Nat Rev Mol Cell Biol 18:127. 

89 O'Donnell, J. A., Lehman, J., Roderick, J. E., Martinez-Marin, D., Zelic, M., Doran, C., 

Hermance, N., Lyle, S., Pasparakis, M., Fitzgerald, K. A., Marshak-Rothstein, A., and Kelliher, 

M. A. 2018. Dendritic Cell RIPK1 Maintains Immune Homeostasis by Preventing 

Inflammation and Autoimmunity. J Immunol 200:737. 

90 Yuan, J., Amin, P., and Ofengeim, D. 2019. Necroptosis and RIPK1-mediated 

neuroinflammation in CNS diseases. Nat Rev Neurosci 20:19. 

91 Cho, Y., McQuade, T., Zhang, H., Zhang, J., and Chan, F. K. 2011. RIP1-dependent and 

independent effects of necrostatin-1 in necrosis and T cell activation. PLoS One 6:e23209. 

92 Takahashi, N., Duprez, L., Grootjans, S., Cauwels, A., Nerinckx, W., DuHadaway, J. B., 

Goossens, V., Roelandt, R., Van Hauwermeiren, F., Libert, C., Declercq, W., Callewaert, N., 

Prendergast, G. C., Degterev, A., Yuan, J., and Vandenabeele, P. 2012. Necrostatin-1 

analogues: critical issues on the specificity, activity and in vivo use in experimental disease 

models. Cell Death Dis 3:e437. 

93 Smith, N., Gadsby, K., Butt, S., and Deighton, C. 2007. The impact of the NICE appraisal 

consultation document on anti-TNF therapy for ankylosing spondylitis. Rheumatology 

(Oxford) 46:1044. 

94 Cuchet-Lourenco, D., Eletto, D., Wu, C., Plagnol, V., Papapietro, O., Curtis, J., Ceron-

Gutierrez, L., Bacon, C. M., Hackett, S., Alsaleem, B., Maes, M., Gaspar, M., Alisaac, A., Goss, 

E., AlIdrissi, E., Siegmund, D., Wajant, H., Kumararatne, D., AlZahrani, M. S., Arkwright, P. D., 

Abinun, M., Doffinger, R., and Nejentsev, S. 2018. Biallelic RIPK1 mutations in humans cause 

severe immunodeficiency, arthritis, and intestinal inflammation. Science 361:810. 

95 Mancini, A. J., Lawley, L. P., and Uzel, G. 2008. X-linked ectodermal dysplasia with 

immunodeficiency caused by NEMO mutation: early recognition and diagnosis. Arch 

Dermatol 144:342. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/in

tim
m

/d
x
z
0
2
4
/5

3
6
9
8
9
5
 b

y
 g

u
e
s
t o

n
 0

6
 M

a
rc

h
 2

0
1
9



 

 

96 Hanson, E. P., Monaco-Shawver, L., Solt, L. A., Madge, L. A., Banerjee, P. P., May, M. J., and 

Orange, J. S. 2008. Hypomorphic nuclear factor-kappaB essential modulator mutation 

database and reconstitution system identifies phenotypic and immunologic diversity. J 

Allergy Clin Immunol 122:1169. 

97 Pai, S. Y., Levy, O., Jabara, H. H., Glickman, J. N., Stoler-Barak, L., Sachs, J., Nurko, S., Orange, 

J. S., and Geha, R. S. 2008. Allogeneic transplantation successfully corrects immune defects, 

but not susceptibility to colitis, in a patient with nuclear factor-kappaB essential modulator 

deficiency. J Allergy Clin Immunol 122:1113. 

98 Fish, J. D., Duerst, R. E., Gelfand, E. W., Orange, J. S., and Bunin, N. 2009. Challenges in the 

use of allogeneic hematopoietic SCT for ectodermal dysplasia with immune deficiency. Bone 

Marrow Transplant 43:217. 

99 Mizukami, T., Obara, M., Nishikomori, R., Kawai, T., Tahara, Y., Sameshima, N., Marutsuka, 

K., Nakase, H., Kimura, N., Heike, T., and Nunoi, H. 2012. Successful treatment with 

infliximab for inflammatory colitis in a patient with X-linked anhidrotic ectodermal dysplasia 

with immunodeficiency. J Clin Immunol 32:39. 

100 Nenci, A., Becker, C., Wullaert, A., Gareus, R., van Loo, G., Danese, S., Huth, M., Nikolaev, A., 

Neufert, C., Madison, B., Gumucio, D., Neurath, M. F., and Pasparakis, M. 2007. Epithelial 

NEMO links innate immunity to chronic intestinal inflammation. Nature 446:557. 

101 Steeland, S., Libert, C., and Vandenbroucke, R. E. 2018. A New Venue of TNF Targeting. Int J 

Mol Sci 19. 

102 Ding, N. S., Hart, A., and De Cruz, P. 2016. Systematic review: predicting and optimising 

response to anti-TNF therapy in Crohn's disease - algorithm for practical management. 

Aliment Pharmacol Ther 43:30. 

103 Kaltsonoudis, E., Voulgari, P. V., Konitsiotis, S., and Drosos, A. A. 2014. Demyelination and 

other neurological adverse events after anti-TNF therapy. Autoimmun Rev 13:54. 

104 Kopylov, U. and Seidman, E. 2016. Predicting durable response or resistance to antitumor 

necrosis factor therapy in inflammatory bowel disease. Therap Adv Gastroenterol 9:513. 

105 Olesen, C. M., Coskun, M., Peyrin-Biroulet, L., and Nielsen, O. H. 2016. Mechanisms behind 

efficacy of tumor necrosis factor inhibitors in inflammatory bowel diseases. Pharmacol Ther 

159:110. 

106 Vermeire, S., Noman, M., Van Assche, G., Baert, F., D'Haens, G., and Rutgeerts, P. 2007. 

Effectiveness of concomitant immunosuppressive therapy in suppressing the formation of 

antibodies to infliximab in Crohn's disease. Gut 56:1226. 

107 Fleischmann, R. N., S.; Louw, I.; Rojkovich, B.; Fu, C.; Udata, C. 2011. A multiple ascending 

dose/proof of concept study of ATN-103 (ozoralizumab) in rheumatoid arthritis subjects on a 

background of methotrexate. Arthritis Rheum 63:2630. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/in

tim
m

/d
x
z
0
2
4
/5

3
6
9
8
9
5
 b

y
 g

u
e
s
t o

n
 0

6
 M

a
rc

h
 2

0
1
9



 

 

108 Yoo, D. H., Racewicz, A., Brzezicki, J., Yatsyshyn, R., Arteaga, E. T., Baranauskaite, A., Abud-

Mendoza, C., Navarra, S., Kadinov, V., Sariego, I. G., Hong, S. S., Lee, S. Y., and Park, W. 2016. 

A phase III randomized study to evaluate the efficacy and safety of CT-P13 compared with 

reference infliximab in patients with active rheumatoid arthritis: 54-week results from the 

PLANETRA study. Arthritis Res Ther 18:82. 

109 von Richter, O., Skerjanec, A., Afonso, M., Sanguino Heinrich, S., Poetzl, J., Woehling, H., 

Velinova, M., Koch, A., Kollins, D., Macke, L., and Wuerth, G. 2017. GP2015, a proposed 

etanercept biosimilar: Pharmacokinetic similarity to its reference product and comparison of 

its autoinjector device with prefilled syringes. Br J Clin Pharmacol 83:732. 

110 Harris, M. S., Hartman, D., Lemos, B. R., Erlich, E. C., Spence, S., Kennedy, S., Ptak, T., Pruitt, 

R., Vermeire, S., and Fox, B. S. 2016. AVX-470, an Orally Delivered Anti-Tumour Necrosis 

Factor Antibody for Treatment of Active Ulcerative Colitis: Results of a First-in-Human Trial. J 

Crohns Colitis 10:631. 

111 Schmidt, E. M., Davies, M., Mistry, P., Green, P., Giddins, G., Feldmann, M., Stoop, A. A., and 

Brennan, F. M. 2013. Selective blockade of tumor necrosis factor receptor I inhibits 

proinflammatory cytokine and chemokine production in human rheumatoid arthritis 

synovial membrane cell cultures. Arthritis Rheum 65:2262. 

112 McCann, F. E., Perocheau, D. P., Ruspi, G., Blazek, K., Davies, M. L., Feldmann, M., Dean, J. L., 

Stoop, A. A., and Williams, R. O. 2014. Selective tumor necrosis factor receptor I blockade is 

antiinflammatory and reveals immunoregulatory role of tumor necrosis factor receptor II in 

collagen-induced arthritis. Arthritis Rheumatol 66:2728. 

113 Bonilla-Hernan, M. G., Miranda-Carus, M. E., and Martin-Mola, E. 2011. New drugs beyond 

biologics in rheumatoid arthritis: the kinase inhibitors. Rheumatology (Oxford) 50:1542. 

114 Dambach, D. M. 2005. Potential adverse effects associated with inhibition of p38alpha/beta 

MAP kinases. Curr Top Med Chem 5:929. 

115 Mukaro, V. R., Quach, A., Gahan, M. E., Boog, B., Huang, Z. H., Gao, X., Haddad, C., 

Mahalingam, S., Hii, C. S., and Ferrante, A. 2018. Small tumor necrosis factor receptor 

biologics inhibit the tumor necrosis factor-p38 signalling axis and inflammation. Nat 

Commun 9:1365. 

116 Todd, I., Negm, O. H., Reps, J., Radford, P., Figueredo, G., McDermott, E. M., Drewe, E., 

Powell, R. J., Bainbridge, S., Hamed, M., Crouch, S., Garibaldi, J., St-Gallay, S., Fairclough, L. 

C., and Tighe, P. J. 2017. A signalome screening approach in the autoinflammatory disease 

TNF receptor associated periodic syndrome (TRAPS) highlights the anti-inflammatory 

properties of drugs for repurposing. Pharmacol Res 125:188. 

 

 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
tim

m
/a

d
v
a
n
c
e
-a

rtic
le

-a
b
s
tra

c
t/d

o
i/1

0
.1

0
9
3
/in

tim
m

/d
x
z
0
2
4
/5

3
6
9
8
9
5
 b

y
 g

u
e
s
t o

n
 0

6
 M

a
rc

h
 2

0
1
9



  F
ig

u
re

 1
 

 

Downloaded from https://academic.oup.com/intimm/advance-article-abstract/doi/10.1093/intimm/dxz024/5369895 by guest on 06 March 2019


