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Abstract | Ubiquitylation is an essential post-translational modification that regulates intracellular
signalling networks by triggering proteasomal substrate degradation, changing the activity of sub-
strates or mediating changes in proteins that interact with substrates. Hundreds of enzymes parti-
cipate in reversible ubiquitylation of proteins, some acting globally and others targeting specific
proteins. Ubiquitylation is essential for innate immune responses, as it facilitates rapid regulation of
inflammatory pathways, thereby ensuring sufficient but not excessive responses. A growing number
of inborn errors of immunity are attributed to dysregulated ubiquitylation. These genetic disorders
exhibit broad clinical manifestations, ranging from susceptibility to infection to autoinflammatory
and/or autoimmune features, lymphoproliferation and propensity to malignancy. Many autoinflam-
matory disorders result from disruption of components of the ubiquitylation machinery and lead
to overactivation of innate immune cells. An understanding of the disorders of ubiquitylation in

Since the identification in the early 1980s of the ubiqui-
tin pathway as the major component of intracellular pro-
teolysis, it has emerged as an essential regulator of most
cellular systems'~*. Ubiquitylation is a post-translational
modification (PTM) that temporally, spatially and spe-
cifically regulates substrate stability and signalling,
and is therefore fundamental to health and disease®.
Ubiquitylation is central to many dynamically regulated
processes such as cell-cycle progression, DNA-damage
response and inflammatory and immune signalling
pathways. Not surprisingly, dysregulation of the ubiqui-
tylation cascade is associated with many disease states,
from infantile neurodevelopmental disorders to inborn
errors of immunity”®.

In the past decade, evidence has linked monogenic
autoinflammatory diseases, which result from the hyper-
activation of the innate immune system, to alterations
in the ubiquitin-proteasome machinery. Although these
disorders are rare, they provide important insights into
the complex mechanisms regulating innate immune
responses’. A broader understanding of the multifacto-
rial role of ubiquitylation in chronic inflammatory dis-
ease could enable the development of new therapeutic
modalities for both rare and common rheumatological
diseases. In this Review, we outline the known disorders
of ubiquitylation that lead to excessive innate immune
activation, describe the molecular pathogenesis of these
conditions, and propose that disruption of the ubiquitin
pathway is a key contributor to inflammation through
both dysregulation of specific signalling networks and
induction of generalized stress pathways.

autoinflammatory diseases could enable the development of novel management strategies.

Ubiquitin, inflammation and disease

Ubiquitin machinery

Ubiquitin is a 76-amino acid protein that is covalently
attached to substrates through the concerted activities
of three different sets of enzymes (BOX 1). First, struc-
turally related ubiquitin E1 enzymes (ubiquitin-like
modifier-activating enzymes UBA1 and UBAG6) utilize
ATP to activate ubiquitin'’. Second, the activated ubiq-
uitin moiety is transferred to the cysteine residue in
the active site of one of around 40 human ubiquitin E2
carrier enzymes. In the final step, ubiquitin-charged
E2 enzymes co-operate with ubiquitin E3 ligases (a pro-
tein family with around 600 members in humans), which
catalyse ubiquitin transfer to specific substrate proteins
by forming an isopeptide bond between the C-terminal
carboxyl group of ubiquitin and the e-amino group of
a lysine residue of the target protein'’. Ubiquitin can
also be conjugated via a peptide bond to the N-terminal
amino group of a substrate, or via esterification to a
threonine or serine residue of a protein substrate, and
ubiquitin can even be joined to non-proteinaceous
substrates''~'?. Typically, one E3 ligase can modify sev-
eral substrates, and conversely one protein can be ubig-
uitylated by several E2/E3 combinations, resulting in a
diversity of ubiquitylation sites and patterns'".

The ubiquitylation cascade is organized in a hier-
archical manner (BOX 1). Ubiquitin activation by
E1 enzymes is essential for all cellular ubiquitylation,
whereas activity of E2 enzymes that bind specific sets
of E3 ligases is required for ubiquitylation of many
substrates and contributes to generation of particular
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Key points

* Autoinflammatory diseases are disorders of overactivation of the innate immune
system, and some of these conditions are caused by pathogenic mutations affecting
components of the ubiquitylation pathways.

e Ubiquitylation is a reversible post-translational modification that is essential for
regulation of cellular responses to immune signals, in particular NF-kB and interferon
pathways, as well as the unfolded protein response.

* Dysregulation of ubiquitylation leads to autoinflammation through both disruption of
specific signalling networks and induction of generalized stress pathways.

* Mutations affecting ubiquitylation pathway components that regulate large sets of
substrates (UBA1 and the proteasome) and components regulating specific substrates
(E3 ligases and deubiquitylases) can result in overlapping phenotypes.

* Consideration of ubiquitylation disorders as a group could provide additional insights
into these diseases and suggest novel treatment avenues.

ubiquitylation patterns. The nature of the ubiqui-
tin modification determines the fate of a particular
substrate: ubiquitin can be attached as a monomer to
one or several sites within a substrate (monoubiq-
uitylation or multi-monoubiquitylation), or it can be
attached in the form of ubiquitin chains (polyubiqui-
tylation). Polyubiquitin chains can be interconnected
by ubiquitin conjugation to one or more of the seven
lysine residues or the N-terminal methionine (K6, K11,
K27, K29, K33, K48, K63, M1) of any ubiquitin mono-
mer, resulting in a staggering complexity of homo-
typic and heterotypic architectures, each of which has
the biochemical capacity to elicit distinct downstream
functional consequences'” (BOX 1). Notable ubiquitin
modifications are the homotypic K48-linked ubiquitin
chains that mediate degradation by the proteasome',
and the homotypic and heterotypic M1-Ké63-linked
ubiquitin chains that assemble multi-protein signalling
platforms during immune responses'”'®. Different types
of ubiquitylation are recognized by a variety of proteins
with ubiquitin-binding domains (ubiquitin receptors)
that translate specific ubiquitin linkages into cellular
responses' . Ubiquitylation is reversed or edited by deu-
biquitylases (a family of around 100 proteins in humans),
which catalyse either the removal of ubiquitin from sub-
strates or the trimming of polymeric modifications®'.
In addition, there are many ubiquitin-like modifica-
tions that use analogous biochemical pathways for
activation and conjugation, including SUMO (small
ubiquitin-like modifier), FAT10 (human leukocyte
antigen-F adjacent transcript, also known as ubiquitin D),
ISG15 (interferon-stimulated gene 15), UFM1 (ubiq-
uitin fold modifier 1), URM1 (ubiquitin-related modi-
fier 1) and NEDD8 (neuronal precursor cell-expressed
developmentally down-regulated protein 8)*.

The consequences of the ubiquitylation pathways
even within a single cell are hard to fathom, with thou-
sands of proteins undergoing modification at a time,
each at a particular combination of target residues, with
varying chain types and lengths, to achieve precisely
coordinated functions. In addition, cell-specific and
temporally dynamic patterns of ubiquitylation indi-
cate the importance of ubiquitylation as a regulatory
mechanism for interpretation of signalling changes
and changes in the cellular environment. These precise
functions are demonstrated by the subtle perturbations

that can happen in human disease following the loss of
a specific enzyme®**. In many ways, this requirement for
proper ubiquitylation to maintain continuity of physio-
logical functions is an elegant example of “destruction

25

for the sake of construction

Autoinflammation and ubiquitylation

Dysregulation of ubiquitylation is linked to many dis-
tinct disorders of recurrent systemic inflammation that
are collectively known as systemic autoinflammatory
diseases (SAIDs)*. Studies of patients with SAIDs and
of animal models that phenocopy these conditions have
revealed basic mechanisms related to innate immunity
that are widely applicable across many different disease
states’. SAIDs are caused by genetic mutations that
lead to enhanced or constitutive inflammation, either
gain-of-function mutations in activators or sensors of
immune responses (such as NLRP3, mutation of which
results in cryopyrin-associated periodic syndrome)”*,
or loss-of-function mutations in inflammatory repres-
sors (such as ILIRN, mutation of which results in defi-
ciency of IL-1 receptor antagonist)**". Identification of
the molecular causes of such diseases is important to
enable correct clinical diagnosis and selection of targeted
therapies.

SAIDs can be categorized according to a number of
parameters, such as clinical manifestation™, genetics™
and molecular pathogenesis™; however, in this Review,
we focus on the biochemical pathways of ubiquityla-
tion in autoinflammatory diseases as a defining feature.
Depending on which step in the ubiquitylation hier-
archy is compromised, dysregulation of ubiquitylation
can directly affect a particular signalling pathway (for
example, through mutations affecting E3 ligases and
deubiquitylases) that will ultimately result in activation
of cellular stress responses, or it can cause general cel-
lular stress as an immediate consequence (for example,
through mutations affecting E1 enzymes or the pro-
teasome). We focus here on existing data from human
genetic diseases and supporting evidence from relevant
model organisms to review the current understanding
of the pathology and molecular basis of associated
phenotypes. Strikingly, defects in general components
of the ubiquitin-proteasome system (UPS) and in highly
substrate-specific ubiquitin ligation and deconjugation
enzymes can lead to overlapping clinical presentations,
suggesting commonalities that are not apparent at the
level of known molecular aetiology. Given the highly
targetable nature of the ubiquitin pathway, concep-
tually connecting these diseases may be important for
designing rational therapeutics across diagnoses.

In the following sections, we describe multiple specific
inflammatory pathways that are known to be dysregu-
lated in inflammatory disease, organized by the type of
ubiquitylation enzyme that is affected in human disease,
with information on clinical manifestations, genetics and
molecular signalling (TABLE 1). Importantly, given the pleio-
tropic role of many of these regulatory enzymes, we briefly
highlight supporting evidence relating to other genes
where possible. In many cases, ubiquitylation coordinates
multiple signalling pathways during immune responses,
and mutations that affect ubiquitylation enzymes often
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Box 1| Overview of the ubiquitin conjugation and deconjugation machinery
and ubiquitin signals

Ubiquitin is conjugated by a hierarchical, three-step enzymatic cascade involving
ubiquitin activation and thioester formation by an E1 activating enzyme, ubiquitin
transthiolation to an E2-conjugating enzyme and E3 ligase-assisted attachment of
ubiquitin to substrates. Depending on the class of E3 ligase, ubiquitin conjugation to
substrates either involves transthiolation to the E3 ligase (for the classes ‘homologous
to E6AP C-terminus’ (HECT) and ‘RING between RING’ (RBR)) or occurs directly from the
E2 enzyme (for the class of ‘really interesting new gene’ (RING) E3 ligases). Ubiquitin can
be deconjugated from substrates via deubiquitylases (DUBs). The concerted action of
E1, E2 and E3 enzymes and DUBs generates specific ubiquitylation patterns. Substrates
can be mono-ubiquitylated or multi-ubiquitylated, or ubiquitin can be further ubiqui-
tylated on one of its seven lysine residues (K6, K11, K27, K29, K33, K48 and K63) or its
N-terminus (M1, for linear ubiquitylation). Polyubiquitin chains can either contain one
linkage type (homotypic), several linkage types (heterotypic), or they can be branched,
if at least one ubiquitin in the chain is subject to modification at multiple sites. These
different types of ubiquitin modification encode diverse messages and are interpreted
by ubiquitin-binding proteins that distinguish between different signals and initiate

the correct cellular responses. For example, homotypic K48-linked ubiquitin chains
mediate recognition and degradation of substrates by the 26S proteasome.

E1: ubiquitin activation

E2/E3/DUBs:
reversible modification of 'S
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ubiquitin signals
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alter various cellular processes that contribute to disease
manifestations.

UBA1 E1 enzyme, mutations and disease

VEXAS syndrome

Vacuoles, E1 activating enzyme, X-linked autoinflamma-
tory somatic (VEXAS) syndrome is the first example of an
autoinflammatory disease arising exclusively from somatic
mutations, and one of an emerging class of acquired
errors of immunity. Although this disorder was only first
reported in 2020, hundreds of patients have already been
identified”. VEXAS syndrome is caused by pathogenic
variants in UBA1, a gene located on the X chromosome
that encodes ubiquitin-like modifier activating enzyme 1
(UBAL); these mutations are restricted to myeloid-lineage
cells™ (FIC. 1). UBAL is the E1 enzyme that is required for
initiation of most cellular ubiquitylation, and it has two
well-characterized isoforms, UBAla and UBA1b**".
UBAla is a long isoform that is localized to the nucleus,
whereas UBA1D is a shorter isoform, without a nuclear
localization signal. Individuals with VEXAS have acquired
missense mutations that abrogate expression of UBA1b
and initiate translation of a new catalytically impaired iso-
form in mutant cells. These loss-of-function mutations are
primarily found at, or around, the start codon for UBA1b
(p-Met41), leading to a reduction in protein isoform
production®. Individual variants at p.Met41 confer par-
ticular phenotypes and levels of disease severity through
differential UBA1D translation” (D. Beck, personal com-
munication). Several other deleterious mutations that
affect the sequence of the N-terminal domain can also
reduce UBAL1D protein expression or activity’* . Nearly
all instances of VEXAS syndrome are identified in men,
but it can also occur in women with inherited or acquired
monosomy of the X chromosome*~**. UBALI function is
essential in model organisms, and pathogenic mutations
are only physiologically tolerated in somatic form in
haematopoietic stem cells and myeloid lineages, whereas
they are lethal in other tissues™*.

Patients with VEXAS syndrome have multisystem
inflammation involving primarily the skin, cartilage and
lungs (although the clinical spectrum also includes many
other disease manifestations), with onset in middle age
or later”~*. VEXAS syndrome can present in a similar
manner to a variety of haematological and inflamma-
tory conditions™, and patients with VEXAS syndrome
are likely to meet diagnostic criteria for relapsing poly-
chondritis, systemic lupus erythematosus, rheumatoid
arthritis, polyarteritis nodosa and Sweet’s syndrome,
along with haematological diseases including multiple
myeloma and myelodysplastic syndrome®. However,
VEXAS syndrome can be distinguished by the presence
of the distinct genetic mutation, and by unique clinical
characteristics including histopathological vacuoles and
late-onset treatment-refractory disease.

The mechanism by which mutation in UBAI causes
disease has remained elusive, although preliminary
evidence suggests activation of the unfolded protein
response (UPR) and of multiple inflammatory pathways,
including the IFNa and IFNP pathways. Activation of
the UPR can lead to a type I interferon response, which
is a feature of proteasomopathies (FIC. 1). The proteasome
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Table 1 | Disorders of ubiquitylation: genetics, mechanisms and phenotypes

Gene

OTULIN

POMP

PSMA3

PSMB4

PSMB8

PSMB9

PSMB10

PSMD12

PSMG2

RBCK1

RNF31

TNFAIP3

UBA1

XIAP

Genomic
location

5p15.2

13q12.3

14q23.1

1921.3

6p21.32

6p21.2

16q22.1

17q24.2

18p11.21

20p13

14q21

6q23.3

Xp11.23

Xq25

Protein name

Ubiquitin
thioesterase otulin

Proteasome
maturation
protein

Proteasome
subunit alpha
type 3

Proteasome
subunit beta
type 4

Proteasome
subunit beta
type 8

Proteasome
subunit beta
type 9

Proteasome
subunit beta
type 10

26S proteasome
non-ATPase
regulatory
subunit 12

Proteasome
assembly
chaperone 2

RanBP-type and
C3HC4-type zinc
finger-containing
protein 1

E3 ubiquitin-
protein ligase
RNF31/HOIL-1-
interacting protein

Tumour
necrosis factor
alpha-induced
protein 3

Ubiquitin
activating
enzyme 1

E3 ubiquitin-
protein ligase
XIAP

Inheritance

AR

AD

Digenic

AR, digenic

AR, digenic

AR, digenic,

heterozygous

de novo

AR

AD

AR

AR

AR

AD

Somatic

XLR

Disease
mechanism

Loss-of-function

Dominant negative

Hypomorphic

Hypomorphic

Hypomorphic

Hypomorphic

Hypomorphic

Haploinsufficiency

Hypomorphic

Loss-of-function

Loss-of-function

Haplo-insufficiency,
aberrant
phosphorylation

Hypomorphic

Hypomorphic,
loss-of-function

Phenotype

Early-onset recurrent fever,
erythematous rash with
nodules, joint swelling,
lipodystrophy

Early-onset
autoinflammatory disease
with erythematous plaques,
lipodystrophy, fever and
immunodeficiency

Early-onset
autoinflammatory disease
with erythematous plaques,
lipodystrophy and fever

Early-onset
autoinflammatory disease
with erythematous plaques,
lipodystrophy and fever

Early-onset
autoinflammatory disease
with erythematous plaques,
lipodystrophy and fever

Early-onset
autoinflammatory disease
with erythematous plaques,
lipodystrophy, fever and
immunodeficiency

Early-onset
autoinflammatory disease
with erythematous plaques,
lipodystrophy and fever

Rash, arthritis, uveitis,
neurodevelopmental,
various congenital defects

Early-onset
autoinflammatory disease
with erythematous plaques,
lipodystrophy and fever

Progressive proximal
muscle weakness,
cardiomyopathy, severe
immunodeficiency,
autoinflammation

Severe immunodeficiency,
autoinflammation,
myopathy

Early-onset systemic
inflammation, arthralgia,
oral and genital ulcers,
uveitis, autoimmunity,
immunodeficiency

Late-onset systemic,
skin, lung and cartilage
inflammation, also
associated with
haematological
abnormalities

Haemophagocytic
lymphohistiocytosis,
splenomegaly and
inflammatory bowel
disease

OMIM disease
nomenclature

Autoinflammation,
panniculitis, and
dermatosis syndrome;
otulipenia; ORAS

Proteasome-associated
autoinflammatory
syndrome 2

Proteasome-associated
autoinflammatory
syndrome

Proteasome-associated
autoinflammatory
syndrome 3

Proteasome-associated
autoinflammatory
syndrome 1

Proteasome-associated
autoinflammatory
syndrome 3

Proteasome-associated
autoinflammatory
syndrome 5

Stankiewicz—Isidor
syndrome

Proteasome-associated
autoinflammatory
syndrome 4

Polyglucosan

body myopathy

1 with or without
immunodeficiency

HOIP deficiency

Familial Behget-like
autoinflammatory
syndrome; HA20

Vacuoles, E1
activating, X-linked,
Autoinflammatory,
somatic syndrome;
VEXAS

Lymphoproliferative
syndrome, X-linked, 2

OMIM
identifier

617099

618048

NA

617591

256040

617591

619175

617516

619183

615895

NA

616744

301054

300635

AD, autosomal-dominant; AR, autosomal-recessive; HA20, haploinsufficiency of A20; HOIP, HOIL-1-interacting protein; NA, not available; OMIM, Online Mendelian
Inheritance in Man; ORAS, OTULIN-related autoinflammatory syndrome; XLR, X-linked recessive.
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Fig. 1| Mutations affecting the major ubiquitin activating enzyme UBA1 and
proteasome subunits result in type | interferon production and inflammation.

Reduction of cytoplasmic ubiquitylation by mutations affecting ubiquitin-like modifier-
activating enzyme UBA1 (resulting in vacuoles, E1 activating enzyme, X-linked auto-

Typel
interferons

Nucleus

inflammatory somatic (VEXAS) syndrome) or of proteasome activity by mutations affecting

particular proteasomal subunits (resulting in proteasome-associated autoinflammatory
syndromes (PRAAS)) decreases the efficiency of endoplasmic reticulum (ER)-associated
degradation (ERAD). This alteration results in imbalances in cellular proteostasis and
accumulation of unfolded and unnecessary proteins, which activate the three different
sensors of the unfolded protein response (UPR), PERK, IRE1a and ATF6. Sensor activation
initiates signalling cascades that culminate in the production of specific transcription
factors (TFs) that mediate upregulation of expression of ERAD components and chaper-
ones as well as type | interferons, which drive the autoinflammation in VEXAS syndrome
and PRAAS. Red stars denote proteins affected by mutation. Blue circles denote K48

linked polyubiquitin chains destined for proteasomal degradation.

acts at the completion of the degradative ubiquitylation
pathway, and, as with the initiation of the cascade by
UBAL, it represents a bottleneck in the regulation of
the vast majority of ubiquitylated proteins, so that loss
of either step disrupts protein homeostasis (proteo-
stasis)’’. Therefore, it is no surprise that similar clinical
manifestations occur in patients with different protea-
somopathies (such as proteasome maturation protein
(POMP)-related autoinflammation and immune dys-
regulation, a disease with prominent neutrophilic der-
matosis), interferonopathies (such as STING-associated
vasculopathy with onset in infancy or COPA syndrome,
inherited disorders with prominent interstitial lung dis-
ease)”” and VEXAS syndrome. Finally, there is emerg-
ing evidence that blocking Janus kinases (JAKs), which
are downstream effectors in interferon signalling, might
be an important approach to treatment for VEXAS

syndrome™. However, as is seen with other disorders of
constitutive inflammation, and depending on the disease
stage in individual patients, allogenic haematopoietic
stem cell transplantation (HSCT) could end up being
the only therapy with sustained efficacy*>*>*.

UBA1 and spinal muscular atrophy
In contrast to VEXAS syndrome, germline missense and
synonymous mutations affecting the C-terminal portion
of UBA1 occur in patients with a neuromuscular dis-
ease that resembles spinal muscular atrophy (SMA)>.
The reported mutations cluster within the active ade-
nylation domain that is required for catalytic activity
in UBAla and UBA1D, although not all of the muta-
tions have a demonstrable effect on enzyme activity.
Loss of Ubal in zebrafish causes impairment of move-
ment, and exogenous expression of UBA1 can improve
symptoms related to classic SMA in mouse models
with pathogenic hypomorphic variants in the spliceo-
some biogenesis factor survival motor neuron protein
(Smn1)**, The precise molecular connection between
UBAI1-dependent ubiquitylation and SMN1-driven
spliceosome assembly remains elusive. However,
given the manifold mechanisms by which ubiquitylation
regulates spliceosome function®, it is likely that an
essential ubiquitin-dependent pathway coordinates
splicing during neurodevelopment.

Predisposition to phenotypically varied disorders as
a result of mutations affecting differentially expressed
protein isoforms (such as UBA1) also occurs in other
diseases such as CDC42-associated or POMP-associated
phenotypes® . For VEXAS syndrome and SMA, the
relationship between UBA1 functions in neurodevelop-
ment and innate immunity is still unclear and it remains
to be seen whether UBA1-related SMA is effected by
severe inflammation. Further characterization of these
disparate UBA1-related conditions may provide a bet-
ter understanding of the cell-specific and tissue-specific
functions of this protein.

Proteasome, mutations and disease
Proteasome-associated SAIDs

The proteasome is a multisubunit complex that is
required for degradation of ubiquitylated substrates,
enabling the removal of misfolded and unnecessary
proteins®. The proteasome consists of a 20 S core particle
with proteolytic activity (caspase-like, trypsin-like and
chymotrypsin-like)*® and 19 S regulatory particles that
can associate with either or both ends of the core parti-
cle. The regulatory particle consists of ‘base’ and lid” sub-
complexes and serves to recruit ubiquitylated substrates.
The proteasome is constitutively expressed, but the core
particle can also contain multiple tissue-specific subu-
nits, generating immune-specific, thymus-specific and
testis-specific proteasomes®.

Biallelic loss-of-function mutations affecting compo-
nents of the proteasome lead to a class of SAIDs called
proteasome-associated autoinflammatory syndromes
(PRAAS), which are also known as Nakajo-Nishimura
syndrome, CANDLE (chronic atypical neutrophilic der-
matosis and lipodystrophy and elevated temperature)
or joint contractures, muscular atrophy, microcytic
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anaemia and panniculitis-induced lipodystrophy®’.
Patients with these conditions present with symptoms
that include early-onset fevers, skin manifestations,
intracranial calcifications, neurological impairment,
arthritis and lipomuscular dystrophy®*.

Most of the identified causative genetic changes
affect subunits that constitute the immunoproteas-
ome (such as PSMB8, PSMB9 and PSMB10), although
some affect core proteasome subunits (such as PSMA3
and PSMB4) or regulatory proteins (such as POMP,
PSMG2 and PSMD12)%7°_ This observation suggests
the involvement of tissue-specific expression of protea-
some core and/or regulatory subunits, and/or a high
demand for proteasome activity in specific cells”’, which
could explain why, even though proteasome activity is
essential for most cellular pathways, loss of proteasome
function can lead to inflammation without other broad
pathological conditions.

Initial clues to the pathophysiological mechanism
in PRAAS came from the demonstration that defects in
the immunoproteasome, both in patient-derived cells
and in cells from healthy individuals with proteasome
knockdown or inhibition, lead to production of type I
interferons® (FIC. 1). Further studies of POMP-related
autoinflammation and immune dysregulation, with
heterozygous dominant-negative mutations in POMP,
demonstrated that the UPR is activated in cells from
affected patients, thereby providing further evidence
for a link between proteasome-dependent quality con-
trol and interferon production, which is consistent with
the observation of clinical response to JAK inhibition
in patients with PRAAS®. Furthermore, evidence indi-
cates that protein kinase R (PKR) functions as an innate
immune sensor for proteotoxic stress triggered by pro-
teasome dysfunction”. Interestingly, knockout of the
catalytic 5i/LMP7 subunit of the immunoproteasome
in mice does not result in spontaneous inflammation,
limiting efforts to further model these diseases”.

Neurodevelopmental disease

Mutations in PSMD12, which encodes one of the 19§
regulatory proteasomal subunits, are linked to neurode-
velopmental disease, with heterozygous loss-of-function
alleles identified in patients with intellectual disabil-
ity, congenital malformations and autistic features™.
Interpretation of the effects of these mutations is com-
plicated by the variability of the severity of disease pres-
entation among affected family members”>’. Reduced
penetrance of pathogenic variants is a common feature
of many primary interferonopathies”. In the same way
that distinct UBA I mutations can lead to either VEXAS
syndrome or SMA, there may be a link between the
neurodevelopmental and inflammatory phenotypes
associated with PSMD12 (REF”). Proteasomal regulatory
proteins, such as PSMD12, might also have previously
unrecognized cell-specific or tissue-specific functions,
which are now being discovered by human genetics
studies. Whether inflammation associated with the
haploinsufficiency of PSMDI12 contributes to the neuro-
developmental phenotype has yet to be identified but
might be an important consideration for optimization
of treatment strategies.

E3 ligases and deubiquitylases

Ensuring a proper innate immune response requires
rapid and highly regulated remodelling of signalling
networks, for which immune cells often utilize PTMs. In
particular, ubiquitylation has emerged as a critical means
of fine-tuning the strength and duration of immune sig-
nals. In this respect, it is not surprising that mutations
that affect the enzymatic machinery catalysing ubiquityl-
ation (E3 ligases) and deubiquitylation (deubiquitylases)
can lead to alteration of many cytokine pathways.

NF-«B signalling pathway

NF-kB is a transcription factor that lies at the centre of
multiple innate and adaptive immune pathways’®. NF-«xB
has both canonical and non-canonical pathways that
regulate activation of immune responses’. In general,
the canonical NF-«B pathway utilizes an abundance of
cell-specific and stimulus-specific regulators to acti-
vate immune responses, including pathogen-associated
molecular patterns (PAMPs) and cytokines such as TNF
and IL-1p, whereas the non-canonical pathway responds
mainly to ligands of the TNF superfamily. Although the
non-canonical pathway has important roles in inflam-
mation, it is canonical signalling that is essential for
rapid regulation of host responses. Inhibitors of the
pathways (IxB proteins) directly bind to NF-«xB family
members and prevent activation of signalling®. Activity
of NF-«B pathways is extensively regulated by a variety of
PTMs, including phosphorylation and ubiquitylation.
The central importance of NF-kB to human disease is
supported by an abundance of evidence from in vitro
experiments, cellular systems, model organisms and
observations in human disease®. Pathogenic variants of
proteins that are involved in NF-kB pathways can behave
either as gain-of-function or as loss-of-function alleles
and, depending on the affected domain and the func-
tion of the altered protein, can cause either immunode-
ficiency or systemic inflammation. Nevertheless, all the
diseases resulting from disruption of NF-«xB pathways
present with a continuum of clinical features, including
immunodeficiency, autoinflammation, autoimmun-
ity and atopy’®. A strong additional piece of evidence
comes from identification of an autoinflammatory dis-
ease caused by haploinsufficiency of RELA (encoding
a subunit of NF-kB)®, which has overlapping clinical
features with the disease caused by dysregulated ubiqui-
tylation, termed haploinsufficiency of A20 (HA20; A20
is encoded by TNFAIP3). This condition is discussed in
greater detail in the following section.

TNFAIP3-associated diseases. A20 is a bi-functional
ubiquitin-modulating enzyme with both ubiquitin E3
ligase and deubiquitylase activities, which can also act
as a linear ubiquitin effector®>* (FIC. 2a). Because A20
functions as an inhibitor of inflammation, mutations
that result in loss of function of this protein are linked
to autoimmune and autoinflammatory phenotypes.
A20 has deubiquitylase activity towards K63-linked
ubiquitin chains on various proteins, including RIPK1
(receptor-interacting serine/threonine protein kinase 1)
and NEMO (NF-«B essential modulator), and this activ-
ity results in disassembly of inflammatory complexes and
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Fig. 2 | Mutations affecting substrate-specific E3 ligases and deubiquitylases lead to
dysregulation of immune signalling networks and inflammation. a| Simplified model
of how the linear-ubiquitylation pathway regulates NF-kB and cell-death signalling dur-
ing responses to immune stimuli. Upon immune stimulation, the linear-ubiquitin assem-
bly complex (LUBAC), which consists of HOIL-1 (haem-oxidized IRP2 ubiquitin ligase 1),
HOIP (HOIL-1-interacting protein) and SHARPIN (SHANK-associated RH domain interac-
tor), assembles linear ubiquitin chains on specific substrates. This is counteracted by

the linear-ubiquitin-specific deubiquitylase OTULIN, which also reverses autoubiquityla-
tion and thus stabilizes LUBAC in a cell-type-specific manner. Linear ubiquitin chains

are recognized and interpreted by dedicated binding proteins that initiate NF-xB or
cell-death signalling pathways. One such linear-ubiquitin reader is the hybrid deubiqui-
tylase—E3 ligase enzyme A20. In this model, LUBAC is a ubiquitin ‘writer’, OTULIN is a
ubiquitin ‘eraser’ and A20 is a ubiquitin ‘reader’. b | Loss-of-function mutations affecting
subunits of the linear-ubiquitin writer LUBAC, the linear-ubiquitin eraser OTULIN and
the linear-ubiquitin effector protein A20 result in autoinflammatory diseases. HA20,
haploinsufficiency of A20; ORAS, OTULIN-related autoinflammatory syndrome.

suppression of immune responses”. Similarly, A20 has
ubiquitin ligase activity, and modifies RIPK1 and other
substrates with proteasome-targeting K48 chains, again

halting NF-«B signalling. These contrasting, yet syner-
gistic, functions of A20 are carried out by specific protein
domains. The ovarian tumour (OTU) domain harbours
deubiquitylase activity, whereas C-terminal zinc finger
(ZnF) domains have ubiquitin-binding functions, with
the ZnF4 domain binding K63 and K48 chains, and the
ZnF7 domain binding M1 ubiquitin chains®*. Although
both the deubiquitylase and ubiquitin-ligase domains
of A20 are implicated in regulatory functions, results
from in vitro experiments and transgenic knock-in
mice deficient in one or other of these activities fail to
recapitulate the spontaneous inflammatory phenotype
of Tnfaip3 knockout mice or of patients with TNFAIP3
loss-of-function mutations®. Results from studies of
mouse models indicate that the anti-inflammatory role
of A20 is also the result of its non-catalytic function in
protecting cells from cell death®. Specifically, the activity
of ZnF7 is essential for the inhibitory function of A20 by
preventing TNF-induced necroptosis via inflammasome
activation®*". Although these models do not completely
recapitulate the knockout mouse, they clearly demon-
strate the importance of linear ubiquitin binding in A20
function in vivo. Moreover, only the combined inactiva-
tion of ZnF4 and ZnF7 phenocopied the perinatal lethal-
ity and severe multiorgan inflammation of A20-deficient
mice”. In addition, A20 phosphorylation is critical for its
anti-inflammatory function®. Hypomorphic missense
mutations that diminish A20 phosphorylation can be
evolutionarily advantageous to humans because they
induce a subtle hyperinflammatory phenotype in leuko-
cytes. The ancient Denisovan A20 haplotype carrying
p-Thr108Ala and p.Ile207Leu variants, which are com-
mon in populations in Southeast Asia and Oceania, are
associated with greater NF-kB response and heightened
immune responsiveness®.

TNFAIP3 coding and non-coding genetic variants
are implicated in many different human diseases™, at the
level of both common, low-penetrance (single-nucleotide
polymorphisms (SNPs)), and rare, high-penetrance
variants. TNFAIP3 SNPs are associated with conditions
including systemic lupus erythematosus’, rheumatoid
arthritis’> and psoriatic arthritis”. Some of these SNPs
result in downregulation of A20 protein expression. Rare
nonsense and frameshift variants are associated with a
severe dominantly inherited autoinflammatory disease,
HA20 (REF’*); somatic TNFAIP3 variants are also found
in up to 30% of B cell lymphomas®. Patients with HA20
present with childhood-onset systemic disease manifest-
ing with oral and genital ulcers, musculoskeletal, gastro-
intestinal and integumentary (skin) inflammation, and
features of autoimmunity®. Immune profiling of these
patients has identified high concentrations of numerous
cytokines, many of which result directly from upregula-
tion of NF-«B signalling” (FIC. 2b). Patients with HA20
tend to respond to cytokine inhibitors, although severe,
refractory cases may require more extensive combined
therapies” or HSCT. What is abundantly clear is that A20
acts as a central regulator of many pathways with various
functions in particular cell types, and its perturbations
underlie a spectrum of rheumatological and haemato-
logical diseases. In summary, although ‘mild’ hypomor-
phic A20 variants can be beneficial to human health by
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enhancing immune responses, more-detrimental vari-
ants can overactivate inflammatory signalling, resulting
in a spectrum of autoinflammatory and autoimmune
phenotypes®.

Diseases linked to dysregulation of linear ubiquityla-
tion. Ubiquitylation frequently involves the addition
of protein chains, with the most proximal ubiquitin
attached to the substrate, typically to a lysine reside. An
important chain subtype is the linear ubiquitin chain,
in which the N-terminal a-amino group of Met1 of the
growing chain is used for linkage to the C terminus of
the previous ubiquitin moiety. Linear (M1) ubiquitin
chains are critical for innate immune signalling and
are conjugated by the E3 ligase complex LUBAC (linear
ubiquitin chain activating complex) and removed by the
deubiquitylase OTULIN (ubiquitin thioesterase otulin),
which exclusively hydrolyses M1 ubiquitin chains,
and CYLD (ubiquitin carboxyl-terminal hydrolase),
which is less specific and can hydrolyse K63-linked
chains and other ubiquitin linkages®® (FIG. 2a). SPATA2
(spermatogenesis-associated protein 2) acts as activator
for the K63 and Met1 deubiquitylase function of CYLD
in the TNFRI1 signalling pathway”. Intriguingly, defi-
ciencies of either LUBAC or OTULIN are implicated
in monogenic autoinflammatory diseases™. LUBAC is
composed of three proteins, HOIL-1 (haem-oxidized
IRP2 ubiquitin ligase 1), HOIP (HOIL-1-interacting
protein) and SHARPIN (SHANK-associated RH
domain interactor), and mutations affecting HOIL-1
and HOIP lead to an autosomal-recessive immuno-
deficiency with concomitant autoinflammation'*'".
Autosomal-recessive mutation resulting in the loss
of OTULIN expression causes a rare, potentially fatal
disease manifesting with constitutive severe systemic
inflammation'*>"'". Notably, although LUBAC and
OTULIN have opposing functions, their deficiencies
lead to overlapping clinical manifestations, possibly
(atleast partly) as a result of the role of OTULIN in regu-
lation of LUBAC activity. In the mouse model, OTULIN
was shown to prevent autoubiquitylation of LUBAC,
thereby promoting its E3 ligase function'* (FIG. 2a).
Many components of TNF receptor (TNFR) signalling
cascades are modified with, or can directly bind to,
linear ubiquitin chains, so linear ubiquitylation is an
important regulator of many aspects of innate and adap-
tive immunity. M1-linked ubiquitin chains are not only
essential for TNFR-dependent NF-kB signalling but are
also required for NOD2 (nucleotide-binding oligomeri-
zation domain-containing protein 2)-dependent NF-kB
signalling and proteasome function'®-'*. Patients
with otulipenia present with severe inflammation of
the skin, adipose tissue and joints, whereas immuno-
deficiency is a more prominent feature of LUBAC
deficiencies®™. These differences reflect cell-specific and
tissue-specific functions of individual components of
the linear ubiquitin system. In general, patients with
OTULIN deficiency respond to therapy with cytokine
inhibitors, provided that treatment is initiated early in
life. Alternatively, a substantial resolution of systemic
inflammation and/or immunodeficiency is possible
using HSCT'".

As described above, because the binding of A20
to linear ubiquitin chains is important for its anti-
inflammatory function, we hypothesize that HA20 man-
ifestations might in part result from dysregulation of
linear ubiquitylation (FIC. 2).

Disease linked to dysregulation of the E3 ligase XIAP.
E3 ubiquitin-protein ligase XIAP (also known as
X-linked inhibitor of apoptosis) regulates cell-death
pathways and NF-«kB-dependent immune signalling
events''". The multiple functions of XIAP are mediated by
its modular domain architecture, which harbours three
zinc-binding baculovirus IAP repeat (BIR) domains, a
ubiquitin-associated (UBA) domain and a C-terminal
RING ubiquitin E3 ligase domain. The BIR2 and BIR3
domains bind to and inhibit caspases, enabling XIAP
to exert anti-apoptotic effects that are important dur-
ing expansion of adaptive immune cells in the setting
of viral infection'">. The UBA domain of XIAP binds
directly to K63-linked ubiquitin chains on NEMO,
to activate NF-«B signalling'"’. Through its ubiqui-
tin E3 ligase activity, XIAP prevents TNF-mediated
and RIPK3-dependent cell death (via ubiquitylation
of RIPK1)'"* and promotes NOD2 pro-inflammatory
signalling by mediating K63-linked polyubiquityla-
tion of RIPK2 within the NOD2 signalling complex,
to recruit LUBAC and to enhance NF-kB-dependent
and MAPK-dependent cytokine production'””'>. Thus,
XIAP is important for the clearance of pathogens and
for broad regulation of inflammatory and immune
responses.

The XIAP gene is located on the X chromosome,
and loss-of-function mutations (including point
mutations affecting the RING domain) in males lead
to a broad spectrum of immune dysregulation char-
acterized by cytopenia, hypogammaglobulinaemia
and/or recurrent infection, splenomegaly, colitis and
a propensity to haemophagocytic lymphohistiocyto-
sis, often triggered by Epstein-Barr virus infection''’.
The inflammatory phenotypes are in part attributed
to inflammasome activation and secretion of various
pro-inflammatory cytokines and chemokines. Disease
onset and presentation is highly variable, and some men
with loss-of-function mutations in XIAP remain asymp-
tomatic, suggesting that environmental factors, such as
exposure to infection, contribute to the disease expres-
sivity. Elucidation of these factors will be important, as
HCST is the only curative treatment described to date,
and it has poor outcomes''.

Interferon signalling pathway

Type I interferons are cytokines that mediate host
responses to pathogens, in particular viruses. These
cytokines are produced in response to stimulation of
host pathogen sensors by binding of specific PAMPs,
primarily through nucleic acid sensing''”''*. PAMP rec-
ognition initiates a cascade of signalling, through JAK-
signal transducer and activator of transcription (STAT)
pathways that lead to activation of ISGs, which is a hall-
mark of type I interferon-mediated inflammation'".
This transcriptional programme leads to antiviral activ-
ities including apoptosis of infected cells, and maturation
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and proliferation of lymphocytes as a coordinated means
of clearing pathogens. Furthermore, secretion of type I
interferons leads to autocrine and paracrine signalling,
which enhances anti-viral effects. In this pathway, inher-
ited genetic defects or acquired defects in the form of
anti-interferon autoantibodies result in a compromised
responsiveness to infections, including SARS-CoV-2
(REFS'**"'%). Notably, some viruses have evolved strate-
gies whereby, upon infection, they attenuate interferon
responses by use of specific enzymes that can cleave the
ubiquitin-like modifier ISG15 from proteins such as
IRF3 (REF'™).

Type | interferonopathies

Type I interferonopathies are a class of monogenic auto-
inflammatory diseases characterized by mutations that
lead to constitutive activation of the type I interferon
pathway. These disorders have substantial overlap of
phenotypes, including arthritis, necrotizing vasculitis,
intracranial calcifications, interstitial lung disease and
lipodystrophy, with similar molecular signatures at
the transcriptional and cytokine level'*. Evidence of the
importance of this signalling pathway is abundant, and
derives from both inherited diseases and acquired con-
ditions that lead to hyperinflamed or immunodeficient
states'”. Similar to the activation in NF-«B signalling,
mutations in ubiquitin E3 ligases and deubiquitylases
can cause constitutive activation of the type I interferon
pathway'*°.

The OTU domain-containing protein 1 (OTUD1)
deubiquitylase was implicated as a potential disease-
causing gene in multiple systemic inflammatory dis-
eases in a small-scale case—control study'”’. OTUD1
enzymatically controls inflammation by inhibiting
IRF3-dependent transcriptional activity and activation
of RIG-I (antiviral innate immune response receptor
RIG-I). In experiments in vitro and in vivo in mice,
OTUDI repressed type I interferon-mediated disease'".
Other ubiquitylation enzymes identified in mice as
being critical to regulation of interferon signalling are
not yet known to be associated with human disease'”.
Upregulation of type I interferon pathways also occurs in
OTULIN-deficient humans and mice'*, and in patients
with HA20 (REF”).

Diseases linked to dysregulation of the ubiquitin-like
modifier ISG15. ISG15 is expressed in response to
type I interferon signalling and has important roles in
anti-pathogenic responses’'*’. In a similar manner to
ubiquitylation, ISG15 undergoes cycles of conjugation
and deconjugation to substrates, and there is thought to
be considerable crosstalk between ISG15 and ubiqui-
tylation pathways'’'. Historically, ISG15 was thought to
function as a pro-inflammatory antiviral effector. Results
from studies in patients who lack ISG15 showed that,
depending on the circumstances and target substrates,
ISG15 can either suppress or activate the interferon
pathway. ISG15 loss by recessively inherited mutations
leads to a disease manifesting with basal ganglia calcifi-
cations and sporadic seizures that is similar to Aicardi-
Goutiéres Syndrome (AGS), as a result of upregulation
of the expression of ISGs'”. Interestingly, patients with

ISG15 deficiency also have susceptibility to mycobacte-
rial disease, which is likely to be explained by loss of the
extracellular function of ISG15 to induce IFNy produc-
tion in lymphocytes'**'**. Thus, patients have manifesta-
tions of both autoinflammation and immunodeficiency.
Similarly, autosomal-recessive loss-of-function muta-
tions affecting the ISG15-specific deconjugating enzyme
ubiquitin specific peptidase 18 (USP18) also result in
primary interferonopathy. Loss of USP18 is primar-
ily thought to cause disease in a manner that does not
rely on its catalytic activity but rather on its ability to
bind and inhibit signalling through the IFNa recep-
tor (IFNAR)'*. The binding between free intracellular
ISG15 and USP18 increases the stability of USP18 by pre-
venting its degradation. Although loss of ISG15 is com-
patible with life, USP18 deficiency is a potentially lethal
disease with a phenotype similar to that of severe AGS
as a result of brain calcification. Both USP18-deficient
and ISG15-deficient patients have a strong interferon
gene-expression signature in their peripheral blood
leukocytes and cerebrospinal fluid, which can be effec-
tively ameliorated with JAK inhibitors'”". Interestingly,
deficiency of ISG15 results in specific immunodeficiency
in humans but not in mice, and as there is minimal
conservation between species of the gene and path-
way, ISG15-deficient patients are potentially a critical
resource for further studies of this pathway'**.

Stress and cell death in immune cells

In contrast to the many specific pathways described
above, there are a few examples of human diseases that
are caused by dysregulated ubiquitylation leading to dis-
ruption of general cellular functions. These general path-
ways are probably not causing inflammation because
of aberrant levels of a single downstream effector but
instead through activation of stress or cell-death path-
ways with many potential triggers (FIG. 3). These factors
might also have a role in some of the specific pathways,
as a downstream consequence of inflammation.

The UPR and autoinflammation

The UPR is a cellular stress pathway that regulates
immune responses'*”'*’. The UPR is activated when
protein-folding requirements exceed the process-
ing capacity of the endoplasmic reticulum (ER), and
misfolded and unfolded proteins accumulate. The
UPR is composed of three major pathways that use
inositol-requiring enzyme la (IREla), PRKR-like ER
kinase (PERK) and activating transcription factor 6a
(ATF6a) as sensors, all of which are activated by mis-
folded proteins'**'*. Stimulation of these pathways
can directly result in activation of multiple innate
immune responses, including NF-xB pathways, with
reciprocal activation of the UPR as a consequence of
pathogen-receptor activation. Studies of autoimmune
and autoinflammatory diseases such as inflammatory
bowel disease have implicated the UPR and ER integrity
in disease mechanisms'*"'*2. Dysregulation of both ubiq-
uitin activation (in VEXAS) and processing of degrada-
tive ubiquitylation signals (in PRAAS) lead to activation
of the UPR. As further evidence of the importance of the
UPR in inflammation, mutations in APS13 (REF.'*) and
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Fig. 3| Disorders of ubiquitylation lead to systemic inflammation and have potential
for therapeutic intervention. Mutations that affect enzymes involved in ubiquitylation
pathways (indicated here by red stars) can lead to activation of cell death, unfolded pro-
tein response and inflammatory pathways that result in inflammatory disease. Therapeutic
intervention might be possible at the levels of enzyme-specific activation and inhibition,
pathway-specific inhibition and cytokine inhibition. LUBAC, linear-ubiquitin assembly
complex; OTULIN, ubiquitin thioesterase otulin; UBA1, ubiquitin-like modifier-activating
enzyme 1.

COPA', which encode proteins that maintain Golgi-ER
trafficking of TLR3 and STING proteins, respectively,
can lead to monogenic autoinflammatory diseases with
distinct features, likely through altered proteostasis.
How these proteins directly contribute to specific forms
of inflammation (such as pustular psoriasis in APS13
deficiency) remains unclear, but it might involve inap-
propriate processing of a key factor, such as STING'*,
or regulation of a number of other cell-specific proteins.

Cell death and autoinflammation

Cell death is an essential process that is required for
proper tissue homeostasis and development. Many
forms of programmed cell death exist, including apop-
tosis, necroptosis, pyroptosis and NETosis, and extensive
reviews of these processes are available elsewhere'**'"’.
Instead of death bringing finality, it has manifold roles,
depending on the context of cell type and stimuli, in
preventing, causing and perpetuating inflammation’*.
Programmed cell death can result directly in the release
of cytokines, as is the case for pyroptosis, or it can result
in the presentation of damage-associated molecular
patterns (DAMPs), which then promote inflammation.
In particular, apoptosis and necroptosis integrate exter-
nal signals, such as binding of death-receptor ligands
(including TNE, FASL and TRAIL), either directly or
indirectly resulting in a pro-inflammatory milieu. These
mechanisms can involve cell-intrinsic and cell-extrinsic
processes.

A number of inborn errors of immunity are caused
by mutations in genes encoding key regulators of cell
death, including CASP8 (REF.'*) and RIPKI (REFS'*-"%"),
or receptor-ligand combinations, such as FAS and
FASLG (also known as TNFSF6)'>>. These disorders
can present with a combination of immunodeficiency
and/or autoinflammation, similar to LUBAC-related
disorders. FAS and TNFRI directly mediate immune
signalling upon specific cytokine binding and activate
cell-death pathways, and dysregulation of either activ-
ity contributes to disease pathogenesis. These diseases
directly involve cell death, whether through lack of
apoptosis in autoimmune lymphoproliferative syn-
drome caused by FAS mutations'*>'*, or via increased
cell death in RIPK1-related disorders. In addition, many
of the downstream ubiquitylation enzymes and ubiqui-
tylated substrates in programmed cell death are impor-
tant for regulation of inflammation as they mediate the
balance between TNFR1-induced apoptosis complex 1
(membrane-bound TNFR1 complex) and complex 2
(cytoplasmic RIPK1-associated complex)’. Notably,
because of the overlap between the signals that mod-
ulate inflammation and cell death, many factors have
pleiotropic effects on inflammation.

PTMs such as ubiquitylation are important down-
stream changes that enable dynamic modulation of
cell-death processes, and alteration of PTM machinery
has varied physiological consequences, particularly in
immunity. For example, loss of the E3 ligase LUBAC leads
to autoinflammation, although the reduction of NF-kB
signalling is a major feature of disease in patients with
HOIL-1 loss of function'®, which seems paradoxical,
given that increased NF-«B signalling would be expected
in autoinflammation. Nevertheless, the downregulation in
NEF-kB pro-survival signalling can shift the balance
towards RIPK1-mediated pro-death pathways, resulting
in increased sensitivity of LUBAC-deficient cells to
TNF-induced cell death. Evidence from mouse models
indicates that programmed cell death, whether apopto-
sis or necroptosis, is pro-inflammatory in these LUBAC
deficiencies'*. LUBAC prevents cell death in response
to TRAIL, FAS, TLR and TNF signalling, and A20, in
addition to its inhibitory role in TNF-dependent inflam-
mation, is implicated in dysregulation of cell death®.
Another deubiquitylase, CYLD, has a role in an autoin-
flammatory disease that is caused by deficiency of TANK
binding kinase 1 (TBK1)"**. Although TBK1 is known to
regulate the type I interferon pathway, TBK1-deficient
individuals maintain hypomorphic but sufficient inter-
feron induction via the RIG-I-MAVS pathway, and pres-
ent with severe systemic inflammation resulting from
dysregulation of TNF-induced RIPK1-mediated cell
death'™. Fibroblasts derived from patients with TBK1
deficiency display heightened sensitivity to necroptosis
that results from the lack of inhibitory phosphorylation
on CYLD, which increases its deubiquitylation activity
towards RIPK1. CYLD is phosphorylated by TBK1 to
restrain the pro-death propensity of RIPK1'*. A sim-
ilar mechanism may operate in patients with HA20.
The contribution of dysregulated cell death to broader
classes of inflammatory disease remains poorly under-
stood, but it is likely to be an under-recognized effector
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of pathogenesis that could also act in VEXAS syndrome
and PRAAS as a secondary effect. In the future, it will be
important to study the contribution of these pathways in
a cell-specific context and in human cells.

Conclusions
Innate immune sensing and activation requires the
concerted ability to detect pathogens or stimuli and
rapidly trigger production of cytokines or mediators of
inflammation. In turn, efficient inactivation is critical
to prevent prolonged inflammation once the threat is
neutralized. In many cases, activation is accomplished
by sensors or receptors that bind specific molecules and
trigger highly targeted transcriptional, translational or
post-translational programmes to promote clearance of
pathogens'*. In SAIDs, and rheumatological disorders as
awhole, these pathways can be inappropriately co-opted
and lead to recurrent or continued inflammation.
Genetic discovery of Mendelian disorders of auto-
inflammation has revealed new insights into the molec-
ular mechanisms that are important for fine tuning of
the innate immune system. Many disorders are linked
to enzymes that regulate ubiquitylation, which is a
pleiotropic set of processes that regulate many differ-
ent aspects of immunity. Despite being linked to spe-
cific pathways of inflammation, ubiquitylation-related
disorders cannot be easily treated with single
cytokine-targeting therapies. Notably, the most proximal
enzyme (UBA1) and some of the most distal enzymes
(A20 and OTULIN) of ubiquitylation, when affected by
mutation, can have similar effects in disease manifes-
tation (resulting in VEXAS syndrome, HA20 and otu-
lipenia) (FIC. 3). This observation suggests that shared
mechanisms of disease exist for disorders of ubiquityl-
ation, beyond systemic cytokine production, although
the nature of these shared mechanisms is not yet fully
known. They could involve specific shared substrates or
pathways, many different substrates with similar effects,
global shifts in cytoplasmic ubiquitin machinery, or

combinations of these factors. In particular, the contri-
bution of dysregulation of cell-death pathways warrants
further investigation. Studying diseases caused by ubiq-
uitylation defects consistently in humans and in animal
models will help to further our understanding of poten-
tial commonalities, and could lead to more general ther-
apies than are available at present (FIC. 3). For example,
we propose that developing small-molecule activators
of UBA1 or the proteasome that counterbalance dys-
regulation in protein turnover might not only provide
a treatment option for PRAAS and VEXAS syndromes,
but these drugs might also be beneficial for amelioration
of autoinflammatory phenotypes caused by mutations
affecting substrate-specific ubiquitin-system compo-
nents. Other general treatment strategies could involve
the use of inhibitors of the UPR and cell-death pathways
that are frequently overactivated in SAIDs.

The genes that are currently implicated in disorders
of ubiquitylation are likely to be just the first of many,
and associations of further elements of the ubiqui-
tylation machinery with human immunological and
non-immunological disorders might soon be identified.
Given the identification of disease-causing variants in
E1 enzymes, E3 ligases and deubiquitylases, there could
also be phenotypes that are associated with variants in
E2 enzymes, ubiquitin sensors or effector proteins, and
other cell-specific deubiquitylases. In addition, given
the disease manifestations related to ISG15 and UPS18,
we predict that variants in the ISG15 conjugation or
ubiquitin-like machineries could also contribute to
human immunological diseases. Similarly, other forms
of protein degradation, such as autophagy, are likely to be
implicated in the pathogenesis of autoinflammation’.
Although we have focused here on germline causes,
additional, both germline and somatic, pathogenic
mutations causing aberrant ubiquitylation will likely be
uncovered in the future.
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