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Hereditary systemic autoinflammatory diseases and
Schnitzler’s syndrome

Mark Kacar'2, Shelly Pathak' and Sinisa Savic ®'*?

Abstract

The systemic autoinflammatory diseases are disorders of the innate immune system distinguished by
severe inflammation resulting from dysregulation of the innate immune system. Hereditary fever syn-
dromes, such as FMF, TNF receptor-associated periodic syndrome, cryopyrin-associated periodic syn-
dromes and mevalonate kinase deficiency, were the first group of systemic autoinflammatory diseases for
which a genetic basis was established, between 1999 and 2001. Currently according to the latest report of
the international union of immunological societies, 37 separate monogenic disorders were classified as
autoinflammatory. In addition to the abovementioned monogenic conditions, we describe Schnitzler’s
syndrome, a well-defined, acquired autoinflammatory condition without a clear genetic basis. For the
purposes of this review, we discuss several conditions defined by the latest consensus process as sys-
temic autoinflammatory diseases. We focus on those disorders where recent studies have contributed to
further phenotypic characterization or had an impact on clinical management.

Key words: pyrin-associated autoinflammatory diseases, NLRP3-related autoinflammatory diseases, relopa-
thies, A20 haploinsufficiency, RELA haploinsufficiency, Schnitzler's syndrome

Rheumatology key messages

e The number of monogenic SAIDs has grown significantly since their initial discovery in the late 1990s.

o Improved understanding of key inflammatory pathways has led to development of effective targeted therapies.

e Schnitzler’'s syndrome is a rare acquired, IL1-blockade responsive, SAID whose immunopathogenesis remains
elusive.

Introduction differ from typical autoimmune disorders in that dysregu-
lation of the innate immune system, rather than the adap-
tive immune system, underpins their pathogenesis. The
term autoinflammation was coined by McDermott et al. in
1999 [1] to emphasize this difference.

Increasing use of whole genome or exome sequencing
in the investigation of patients with suspected SAID has
led rapidly to the identification of many more monogenic
disorders. According to the latest report of the
International Union of Immunological Societies, 37 separ-
ate monogenic disorders were classified as autoinflam-
matory [2]. However, as the number of conditions
identified as SAID increases, as well as the number of
molecular pathways implicated in autoinflammatory dys-

The systemic autoinflammatory diseases (SAIDs) are dis-
orders of the innate immune system distinguished by
severe inflammation and fever and a propensity towards
serositis, arthritis and rashes but often with poorly defined
phenotypes beyond severe systemic upset. Hereditary
fever syndromes, such as FMF, TNF receptor-associated
periodic syndrome, cryopyrin-associated periodic syn-
dromes (CAPS) and mevalonate kinase deficiency, were
the first group of SAIDs for which a genetic basis was
established, between 1999 and 2001. These disorders
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along an immunological disease continuum has been sug-
gested [3]. Classical monogenic SAID lies at one end of
this spectrum, autoimmune disorders at the other, and all
other conditions somewhere in between depending on
their predominant pathological process. Although this
allowed for most of the immunologically mediated dis-
orders to be classified in some way, it has been argued
that in some cases this has also led to blurring of the
boundaries between autoimmunity and autoinflammation.
More recently, a number of disorders that have autoin-
flammatory features were also found to have an overlap-
ping immunodeficiency phenotype, complicating matters
further [4].

Consequently, the most recent definition of SAID aims
to reaffirm the distinction between autoinflammatory and
autoimmune diseases. According to the international
expert group: ‘Autoinflammatory diseases are clinical dis-
orders caused by defect(s) or dysregulation of the innate
immune system, characterized by recurrent or continuous
inflammation (elevated acute phase reactants) and the
lack of a primary pathogenic role for the adaptive
immune system (autoreactive T cells or autoantibody pro-
duction)’ [5].

For the purposes of this review we will discuss several
conditions defined by the latest consensus process as
SAIDs. We will focus on those conditions where recent
studies have contributed to further phenotypic character-
ization or had an impact on clinical management. It is
beyond the scope of this review to discuss all conditions
in detail and where appropriate we will direct the reader to
other relevant literature. We will also only touch briefly on
the immunopathogenesis of these conditions, mainly for
the purposes of understanding clinical features of the dis-
eases and rationale for their treatment. The innate immune
pathways involved in the pathogenesis of SAID are re-
viewed in detail elsewhere in this edition. Lastly, we will
provide an overview of Schnitzler’'s syndrome (SchS), an
acquired SAID, which has retained its original name since
its pathogenesis remains obscure.

The inflammasomopathies

Inflammasomes are multimolecular intracellular com-
plexes which, when activated in response to pathogens
or danger-associated molecular patterns, catalyse con-
version of the potent proinflammatory cytokines IL-1 and
IL-18 into their mature forms. Gain-of-function mutations
resulting in monogenic SAIDs have been reported in four
different inflammasomes (Table 1). Here we provide an
update on diseases associated with pyrin, NLR family
pyrin domain containing 3 protein (NLRP3) and NLR
family CARD domain-containing protein 4 (NLRC4)
inflammasomes.

Pyrin (pathway)-associated autoinflammatory
diseases

FMF became the first SAID with an identified genetic basis
in 1997. However, the biological function of pyrin, the pro-
tein encoded by the MEFV gene, was only fully revealed
recently [6]. This was helped by the identification of a
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novel SAID that had autosomal dominant inheritance,
with clinical features atypical of FMF but was caused by
gain of function mutations in MEFV. The condition was
named pyrin-associated autoinflammation with neutro-
philic dermatosis (PAAND), and it is now classified
together with FMF under an umbrella term, pyrin-asso-
ciated autoinflammatory diseases [7]. There were prior
clues to suggest that MEFV mutations associated with
FMF can also result in gain of function, despite the appar-
ently autosomal recessive inheritance of this condition.
Firstly, around 30% of patients with FMF only have a het-
erozygous mutation in MEFV, and there were also previ-
ous reports of an apparent autosomal dominant mode of
inheritance in some families [8, 9]. Murine studies have
shown that the FMF phenotype can only be reproduced
in experimental animals by ‘knocking in’ the causative
MEFV mutations, whereas the pyrin-deficient mice do not
have the typical phenotype [10]. Lastly, the vast majority of
125 variants in MEFV associated with FMF are missense
mutations, while null mutations are extremely rare [11].

The molecular pathway governing the activation and
regulation of the pyrin inflammasome has recently been
mapped out (for a detailed review, see other articles in this
edition). The pyrin inflammasome is maintained in its in-
active state by interaction between inhibitory 14-3-3 pro-
tein with phosphorylated serine residues S242 and S208
found on pyrin. The pyrin inflammasome can be activated
by bacterial toxins, such as Clostridium difficile toxin B
(TcdB) via dephosphorylation of S242 and S208, which
releases pyrin from 14-3-3 inhibition and eventually
leads to release of IL-1p and IL-18.

The original series of patients with PAAND were all
found to have heterozygous C-to-G substitution at c.726
in exon 2 of MEFV [12]. This results in a serine-to-arginine
substitution at position 242 (S242R) in the pyrin protein.
They presented with a clinical picture that was both atyp-
ical and more severe than that seen in FMF, including
childhood-onset pyoderma gangrenosum, neutrophilic
dermatosis, myalgia, prolonged fevers, arthralgia and per-
sistently raised acute phase reactants. The S242R muta-
tion resulted in constitutive activation of the pyrin
inflammasome, since the loss of serine at position 242
prevents phosphorylation of pyrin and interaction with
the inhibitory protein, 14-3-3. In contrast, mutations asso-
ciated with FMF are thought to reduce the threshold for
inflammasome activation, rather than causing constitutive
activation [12].

Since the original description of PAAND, two additional
reports have been published describing a new MEFV mu-
tation. The index case in one of these reports was a 43-
year-old male with 30-year history of chronic and severe
pustular acne, recurrent pyoderma gangrenosum, severe
hidradenitis suppurativa, recurrent long-lasting febrile epi-
sodes, neutrophilic panniculitis, as well as polyarthralgia
and oligoarthritis of small and large joints [7]. A clinical
diagnosis of pyogenic arthritis, pyoderma gangrenosum
and acne syndrome was considered, but genetic testing
later revealed a heterozygous mutation in MEVF
¢.730G>A leading to p.E244K substitution. Although this
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mutation does not affect the serine at position 242, the
mutation is +2 from the phosphorylation site and affects
the binding motif for 14-3-3 [RXX(pS)XP] resulting in con-
stitutive activation of the pyrin inflammasome.

More recently three patients of Pakistani consanguin-
eous background were found to have a homozygous mu-
tation at the other serine phosphorylation site on pyrin
(S208) important for interaction with 14-3-3. Two patients
had homozygous c¢.623 G > C (p.S208T) and one was
homozygous for ¢.622 A>T (p.S208C) MEFV mutation.
The clinical phenotype here was somewhat different
from the original description of PAAND. All patients had
a remitting-relapsing course of disease, characterized by
high fevers and acute phase reactants. Other features
included eosinophilia, oral ulceration, intestinal inflamma-
tion and lymphadenopathy [13].

In all PAAND cases, functional ex vivo and in vitro stu-
dies clearly show spontaneous activation of the pyrin
inflammasome with enhanced production of IL-13 and
IL-18; IL-1p inhibition, while effective in colchicine resist-
ant FMF [14], is not always effective for PAAND. The pa-
tient with a p.E244K substitution had the best response to
anti-TNF therapy (good disease control for 8years on
infliximab) while anakinra was largely ineffective. There
are several possible explanations for this, but one offered
by the authors is intriguing. They suggest that the
increased cell death observed in PAAND might result in
enhanced release of danger-associated molecular pat-
terns that trigger local production of cytokines including
TNF in tissues such as skin [7].

Another monogenic condition under the umbrella of
pyrin-associated autoinflammatory diseases is mevalonate
kinase deficiency, where the lack of enzyme activity leads
to impaired function of RhoGTPase. In the case of autoin-
flammatory periodic fever, immunodeficiency and thrombo-
cytopenia, mutation of WD40 repeat protein 1 (WDR1),
which is an actin-depolymerization cofactor, results in cyto-
skeletal abnormalities and pyrin-mediated autoinflamma-
tory diseases, although the precise mechanism for this
remains unknown [15, 16]. For more details, see [17]).

NLRP3-related autoinflammatory diseases

Previously also known as cryopyrin-associated periodic
fever (CAPS), NLRP3-AID is an umbrella term for the con-
tinuum of three syndromes of varying severity, namely the
mild familial cold autoinflammatory syndrome, the moder-
ate Muckle-Wells syndrome and the severe early-onset
chronic infantile neurological, cutaneous and articular syn-
drome/neonatal onset multisystem inflammatory disease
(CINCA/NOMID). All these disorders are due to gain of
function mutations in NLRP3, also known as cryopyrin.

It has long been known that low levels of mutated
NLRP3, due to somatic mosaicism, were responsible for
what appeared to be genetically negative cases of CINCA/
NOMID [18]. However more recently, acquired forms of
CAPS were found in adult patients, resulting from somatic
mutations in NLRP3 that have arisen in later life within the
bone marrow [19, 20]. The average age of disease onset in

https://academic.oup.com/rheumatology

these patients is 50years. In terms of symptomatology
and response to treatment they were similar to patients
with a germline form of CAPS. This disease mechanism is
not limited to NLRP3, and there are reports of other genes
associated with SAID acting in a similar fashion [21, 22].

A change of terminology was recently proposed to
better reflect the biological and clinical characteristics of
these conditions. The term ‘periodic’ was deemed in-
accurate since in some forms of CAPS (particularly
CINCA/NOMID) the conditions tend to have a chronic in-
flammatory course [5].

A novel consensus method was recently used to estab-
lish the diagnostic criteria for NLRP3-AID. These include
elevated inflammatory markers (CRP/serum amyloid) and
at least two of the following six clinical manifestations:
urticaria-like rash, cold/stress-triggered episodes, sen-
sorineural hearing loss, chronic aseptic meningitis, mus-
culoskeletal symptoms (arthritis, arthralgia, myalgia) and
skeletal abnormalities (frontal bossing, epiphyseal over-
growth). The proposed diagnostic criteria have a sensitiv-
ity of 81% and a specificity of 94% across the entire
severity spectrum of NLRP3-AID [23].

There are frequent neurological manifestations of
NLRP3-AID and several studies have investigated this
aspect of the condition. Two studies examined the neuro-
logical and cognitive sequelae of NLRP3-AID, with learn-
ing difficulties affecting a large proportion of both the adult
(61%, n=11) and paediatric (50%, n=3) population.
Leptomeningeal or dural enhancement on MRI was asso-
ciated with a lower 1Q [24]. The second study assessed
the neurological manifestations of 17 patients with vari-
able-penetrance NLRP3 mutations of unknown signifi-
cance (Q703K and V198M) in a cohort of patients
presenting with limited autoinflammatory symptoms.
Among these 65% suffered from severe headaches and
53% had a concomitant diagnosis of multiple sclerosis.
Three additional relatives carrying the pathogenic gene
mutation were also found to have multiple sclerosis [25].

Interestingly, a study by Rodriguez-Smith et al. estab-
lished that among nine cytokines examined, only IL-6 and
IP-10/CXCL10 (interferon-gamma-inducible 10kDa pro-
tein) levels were increased in the Cerebrospinal fluid
(CSF) relative to their serum levels, indicating a future
role for these cytokines as markers of CNS inflammation
in CAPS. Anakinra was found to be more effective than
canakinumab at decreasing CSF levels of IL-6, IP-10/
CXCL10 and IL-18, as well as CSF granulocyte counts;
however, complete normalization of CSF did not occur
even in cases of complete clinical remission [26].

Lately, an ever increasing number of ‘common’ dis-
orders are being found to have an important autoinflam-
matory component. A study describing NLRP3 mutations
as the driving mechanism behind sensorineural hearing
loss (through their effect on cochlear function), both
within and without the context of a systemic autoinflam-
matory phenotype. What is more, IL-1 blockade in these
cases has led to a reversal or reduction of hearing loss,
indicating a possible role for anti-IL-1 therapy in a variety
of ‘idiopathic’ hearing loss disorders [27].
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Almost all clinical manifestations associated with
NLRP3-AID are due to inappropriate and/or excessive re-
lease of IL-1B resulting from gain of function mutations in
NLRP3. Targeted IL-1p blockade is therefore the mainstay
of treatment, and its remarkable efficacy is well estab-
lished; biological therapies such as anakinra (recombinant
IL-Ra) and canakinumab (monoclonal anti-IL-1 antibody)
are both licenced for NLRP3-AID. The first retrospective
analyses of the real-life effectiveness of canakinumab
among 68 CAPS patients revealed that a treat-to-target
approach with regard to drug dosing is needed, as only
53% of the affected patients achieved complete remis-
sion on the standard 150mg 8-weekly dose, with a sig-
nificant proportion of patients requiring a 2-4-fold dose
increase [28].

There are several recent studies that have looked at
other aspects of treatment including safety. A recent
retrospective study examined the effect of IL-1 blockade
on breastfeeding and pregnancy, also taking into account
paternal exposure to IL-1-blocking medication at concep-
tion, in pregnancy and breastfeeding. The study found
that both anakinra and canakinumab were safe in preg-
nancy, with anakinra being the therapeutic of choice due
to its shorter half-life and homology to naturally occurring
IL-1Ra. Paternal exposure and breastfeeding were both
found to be safe with either canakinumab or anakinra ther-
apy. There were no cases of rilonacept exposure in preg-
nancy and its use remains contraindicated due to
evidence of teratogenicity in animals [29].

A retrospective study assessed the safety of tetanus/
diphtheria, influenza and pneumococcal vaccines in pa-
tients with CAPS; 70% were able to mount a response to
pneumococcal vaccine, with an odds ratio to mount a
response to influenza and tetanus/diphtheria vaccine of
31.0 (95% CI: 8, 119) and 10.8 (95% CI: 2, 74), respect-
ively. The vaccination responses tended to be of a longer
duration and also included instances of severe autoinflam-
matory reactivation. It was suggested that an in-depth,
individual risk-benefit assessment be made prior to vac-
cinating to pneumococcus and that the pneumococcal
conjugate vaccine might be safer than the pneumococcal
polysaccharide vaccine [30].

NLRC4-related autoinflammatory diseases

The early reports of NLRC4-related autoinflammatory dis-
eases (NLRC4-AID) described clinical phenotypes ranging
from cold-induced urticaria to early-onset enterocolitis
and macrophage activation syndrome [31-33]. The gain
of function mutations in these cases were all confined to
the nucleotide binding and oligomerization domain of the
protein, a domain similar to that found in NLRP3-AID.
Mutated NLRP3 and NLRC4 have an increased tendency
towards oligomerization and can activate spontaneously
or at least require only partial upstream signalling for full
activation. When activated, NLRC4, like NLRP3, associ-
ates with ASC (apoptosis-associated speck-like protein
containing a caspase activation and recruitment domains)
resulting in the assembly of a caspase-1-activating inflam-
masome. However, the predominant cytokine produced
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by NLRC4 inflammasome is IL-18. Although IL-13 and
IL-18 were both elevated in patients with NLRC4-AID
compared with healthy controls, the levels of IL-18 were
several-fold higher and this was also the case when com-
pared with patients with NOMID/CINCA [25].

A report describing novel mutations affecting the leu-
cine-rich-repeat domains of the NLRC4 molecule reveals
how point mutations in the leucine-rich-repeat domain
can affect interactions between adjacent leucine-rich-
repeat domains, leading to enhanced oligomerization
and activation of the NLRC4 inflammasome. This in turn
leads to caspase-1-driven cleavage of pro-IL-1f and pro-
IL-18 into their activated states, as well as increased ASC
speck formation, resulting in potentially lethal macro-
phage activation syndrome [34].

There have been multiple reports on the use of immu-
nomodulatory drugs and biologics in NLRC4-AID-asso-
ciated macrophage activation syndrome, with anakinra,
infliximab, high-dose corticosteroids and vedolizumab all
proving to be largely ineffective. It wasn’t until the imple-
mentation of an experimental IL-18 binding protein that
clinical and/or biochemical improvement was seen, con-
firming the importance of this cytokine in the pathogenies
of NLRC4-AID [34, 35].

Relopathies

‘Relopathy’ is a newly coined term for autoinflammatory
diseases caused by inappropriate activation of nuclear
factor kappa-light-chain-enhancer of activated B cells
(NF-xB; Fig. 1) [17]. NK-«B plays a key role in the regula-
tion of various immunological responses, and is found in
almost all cell types. Among other functions, NF-kB regu-
lates B cell survival (non-canonical pathway), but it is also
critical for generating inflammatory responses, and can be
activated by TNF, IL-1 and pattern recognition receptors
(classical or canonical pathway). NF-kB activation is lar-
gely governed by the process of ubiquitination whereby
certain proteins are targeted for proteasome- or lyso-
some-mediated degradation. Ubiquitination results in in
release of NF-«xB inhibition and transmigration of the tran-
scription factor to the nucleus [16]. Loss of NF-kB activity
has historically been linked to the pathogenesis of certain
human primary immunodeficiencies (PIDs) [36]. More re-
cently several monogenic diseases resulting from dysre-
gulation of NF-xB have been linked with purely
autoinflammatory phenotypes, or have been shown to
have mixed PID and autoinflammatory clinical features.

A20 haploinsufficiency

Multiple mutations of the Tumor necrosis factor, alpha-
induced protein 3 (TNFAIP3) gene, also know as A20,
have been reported in a novel disease entity —haplosinsuffi-
ciency of A20 (HA20). Most of the disease-causing muta-
tions in A20 (a negative regulator of NFkB) result in a
truncated protein, which is usually not expressed, leading
to reduced (50%) expression of the wild-type functional
A20. Consequently there is increased activation of NFkB
in stimulated cells, resulting in enhanced release of various
cytokines including IL-1B, TNF, IL-6, IL-18 and IL-17 [37].
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Fic. 1 Disease-associated enzymes involving TNF and IL-1 pathways leading to NF-«xB activation
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marked with lightning symbol. Ubiquitin ligase activity indicated by dotted lines, deubiquitinase activity by scissor
symbols. A20: TNF-induced protein 3; clAPs: cellular inhibitor of apoptosis proteins; HOIL-1L: haem-oxidized IRP2
ubiquitin ligase 1L; HOIP: HOIL-1 interacting protein; IkBa: NF-«B inhibitor o; IKKa/b: inhibitor of NF-kB kinase a/b; IRAK
4/1: IL-1 receptor-associated kinase 4/1; MyD88: myeloid differentiation primary gene 88; NEMO: NF-«xB essential
modulator; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells; OTULIN: ovarian tumor (OTU) deu-
biquitinase with linear linkage specificity; RIPK1: receptor-interacting serine/threonine protein kinase 1; SHARPIN:
SHANK-associated RH-domain-interacting protein; TAB1/2/3: TAK binding protein 1/2/3; TAK1: TGF- activated kinase
1; TNFR: TNF receptor; TRADD: TNF receptor-associated death domain; TRAF2: TNF receptor-associated factor 2;

TRAF6: TNFR-associated factor 6.

Murine models have also hinted at the existence of a direct
effect of A20 function on NLRP3 functioning, with HA20 re-
sulting in NFkB-independent increase in ASC speck forma-
tion and IL-1B release [38]. Interestingly, cell-specific
ablation of A20 in mice results in different clinical pheno-
types. The mice with homozygous A20 deficiency have
severe, early-onset systemic autoinflammatory diseases
[39]. However, selective knock-out in myeloid cells results
in an RA-like phenotype [40], while enterocyte-specific de-
ficiency results in selective intestinal inflammation [41].
Lastly, deficiency of A20 in B or dendritic cells results in
production of autoantibodies with tissue-dependent re-
sponses [42].

It is not therefore surprising that HA20 can be asso-
ciated with a wide array of clinical presentations from a
Behget’s-like syndrome characterized by systemic inflam-
mation, oral and genital ulceration, arthralgia/arthritis and

https://academic.oup.com/rheumatology

ocular symptoms, to autoinflammatory conditions such as
sJIA and adult-onset Still’'s disease, to classic autoim-
mune conditions including SLE [38, 43-45]. Patients with
autoimmune lymphoproliferative syndrome-like condition
and a label of undifferentiated complex autoimmune dis-
ease have also been described, illustrating the complexity
of phenotypes associated with this condition.

With such disease heterogeneity, treatment options
must be tailored to the patient; these include colchicine,
anti-IL-1 and anti-IL-6 therapy [37]. One patient under-
went bone marrow transplant with most of the clinical fea-
tures resolving following the procedure.

OTULIN-related autoinflammatory syndrome/
otulipenia

Like A20, ovarian tumor (OTU) deubiquitinase with linear
linkage specificity (OTULIN) functions as a deubiquitinase
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and loss of function mutations result in accumulation of
ubiquitinated target proteins such as receptor-interacting
serine/threonine protein kinase 1 (RIPK1), NF-xB essential
modulator (NEMO) and TNF receptor (TNFR) with asso-
ciated elevation of pro-inflammatory cytokines, IL-6 and
TNF. The condition is characterized by early-onset sys-
temic inflammation and fevers, sterile neutrophilia, failure
to thrive, neutrophilic dermatosis, lipodystrophy and pan-
niculitis [46]. To date patients with OTULIN-related auto-
inflammatory syndrome have not shown clinical features
associated with PID. Biological therapies targeting IL-1f3
and TNF have been used successfully in selected cases.

RELA (p65) haploinsufficiency

A monogenic disorder phenotypically resembling HA20,
but with a different underlying abnormality of the NF-xB
pathway is RELA haploinsufficiency. NF-kB is typically a
hetero- or homodimer made up of several subunits—RelA,
RelB, c-Rel, NF-xB1, NF-kB2—in different combinations.
A heterodimer consisting of RelA and NF-kB1 is the most
frequent form of NF-«xB.

Badran et al. [47] described a single family in which the
index case presented at 3years old with a history of re-
current mouth ulceration, fevers, vomiting, acute ileitis
and elevated inflammatory markers. The patient eventu-
ally responded to a combination of methotrexate and
infliximab (anti-TNF). Their mother and sibling also had
mucocutaneous lesions responsive to infliximab. Genetic
testing of the family eventually revealed a heterozygous
mutation in RELA ¢.559 + 1G>A, resulting in a premature
stop codon and reduction in wild-type RELA mRNA ex-
pression by 50%.

In the context of TNF signalling, which can promote
both apoptosis and cell survival, NF-kB has a role in pro-
moting the latter and therefore limiting the toxic effects of
TNF. Testing of the fibroblasts from patients with RELA
haploinsufficiency showed increased apoptosis and im-
paired NF-xB activation in response to TNF. RELA hap-
loinsufficiency therefore leads to impaired stromal and
epithelial cell recovery following a mucosal injury; this
has been demonstrated in murine models. The authors
suggest that the systemic autoinflammatory features of
this condition might result from effects of the local micro-
biome on the ulcerated oral, gastrointestinal and vaginal
mucosa acting as inflammatory stimuli for further TNF
release.

The clinical phenotypes associated with RELA haploin-
sufficiency have recently been expanded. There is a report
of a 5-year-old boy who was misdiagnosed with autoim-
mune lymphoproliferative syndrome [48]. The initial pres-
entation was with splenomegaly, refractory immune
thrombocytopenic purpura, anaemia and neutropenia.
Other features included headaches and aseptic meningi-
tis, but no oro-genital ulcers or recurrent fevers. The
immune thrombocytopenic purpura responded to rituxi-
mab, but there was no effect on headaches. Genetic test-
ing revealed a de novo heterozygous nonsense mutation
(NM_021975.3: ¢.736C>T, p.Arg246*) in RELA resulting in
reduced p65 mMRNA and protein expression.
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It is fascinating that both potentiation and reduction of
NF-xB activation can lead to monogenic SAIDs with over-
lapping clinical phenotypes. It is likely that in conditions
such as HA20 and RELA haploinsufficiency, other genetic
variants and environmental factors are important in deter-
mining the overall phenotypes.

HOIL-1L/HOIP deficiency

Loss of function mutations in haem-oxidized IRP2 ubiqui-
tin ligase 1L (HOIL-1L) and HOIL-1 interacting protein
(HOIP) have been described, manifesting as systemic
autoinflammation with increased propensity for viral and
bacterial infections, as well as amylopectinosis [4].

HOIL-1L, SHANK-associated RH-domain-interacting
protein (SHARPIN) and HOIP form an oligomer known as
the linear ubiquitin chain assembly complex. This is re-
sponsible for the attachment of Lys63-linked ubiquitin
chains to various proteins; one of these target proteins
inhibits the NF-kB kinase subunit y/NF-xB essential
modulator (IKK y/NEMO) responsible for inhibiting IKKao/
IKKBKB. Ubiquitination of IKKy/NEMO leads to increased
IKK activity and results in the translocation of NF-kB com-
ponents p50 and p65 into the nucleus, leading to
increased transcription of various pro-inflammatory
cytokines.

Loss of function mutations lead to absent NF-kB activity
in fibroblasts and B cells (partly explaining the immune
deficiency), whereas NF-kB activity was increased in
monocytes and was likely responsible for the autoimmune
phenotype [4].

Biallelic RIPK1 mutations

RIPK1 is a critical regulator of many signalling pathways
including toll-like receptor 3 and 4 and TNF-mediated NF-
kB activation. Typically, upon TNF binding to TNFR,
RIPK1, TNF receptor-associated death domain protein
and E3 ubiquitin ligases (e.g. TNF receptor-associated
factor 2 and cellular inhibitor of apoptosis proteins) are
recruited to the tumor necrosis factor receptor 1 and as-
sociate to form the TNF receptor complex I. With the help
of RIPK1, linear ubiquitin chain assembly complex is also
recruited resulting in eventual phosphorylation and activa-
tion of IKK kinase and NF-kB activation.

A recent report describes four patients from three un-
related families who presented with a combination of PID
and systemic autoinflammatory features, which included
early-onset inflammatory bowel disease and progressive
polyarthritis [49]. All four patients were found to have bial-
lelic RIPK1 mutations (deletions or frameshift) that re-
sulted in RIPK1 deficiency. Functional studies using
patients’ fibroblasts demonstrated marked reduction in
mitogen-activated protein kinase p38 and activator pro-
tein 1 phosphorylation, and partial reduction in NF-xB ac-
tivation. This was associated with reduced production of
proinflammatory cytokines (TNF, IL-6 and IL-12) by pa-
tients’ monocytes following stimulations with lipopolysac-
charide (LPS). However, production of IL-1p was
preserved or significantly increased using various cell
sources (whole blood and monocytes) and stimuli such
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Fic. 2 Urticarial-like rash typical of Schnitzler’s syndrome

as phytohaemagglutinin and LPS. Further studies demon-
strated that LPS stimulation of RIPK1-deficient mono-
cytes resulted in increased necroptosis (inflammatory
cell death) and IL-1p release; this has also been observed
in animal models.

As with RELA haploinsufficiency, the proinflammatory
clinical features of RIPK1 deficiency result from reduced
cell viability; however, there is additional release of a
potent inflammatory mediator. Overall, RIPK1 deficiency
therefore results in a more pronounced negative effect on
inflammatory pathways, leading to clinically evident PID.
One case was treated successfully with haematopoietic
stem cell transplantation and this might be considered for
similar cases in the future.

Schnitzler’s syndrome

SchS is a rare, acquired SAID with two major defining fea-
tures; IgM-k (rarely IgG) paraprotein and recurrent urticarial
rash (Fig. 2). Clinical features constituting minor diagnostic
criteria include recurrent fever, leucocytosis and/or elevated
CRP, neutrophilic dermal infiltrate on skin biopsy, and bone
remodelling with or without bone pain [50]. Symptoms of
headache, myalgia, arthralgia, fatigue, peripheral neur-
opathy, weight loss and lymphadenopathy are frequently
reported but are not included in the Strasbourg diagnostic
criteria for SchS (Fig. 3). Patients typically present in the fifth
decade, without positive family history [51]. Around 15-20%
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develop overt lymphoproliferative disease, specifically
Waldenstrom’s macroglobulinaemia [52-54].

The aetiology of SchS remains largely unknown, but
there are clues regarding molecular mechanisms that
might be relevant for the disease pathogenesis.
Phenotypically, SchS resembles NLRP3-AIDs; there are
overlapping clinical features and both show an excellent
response to IL-1 inhibition. The fact that acquired forms of
NLRP3-AID have recently been identified suggests that
similar mechanisms could be responsible for some
cases of SchS. A large study of 21 patients with SchS
failed to identify any patients with germline or mosaic
pathogenic variants in NLRP3 nor in 32 other genes typ-
ically associated with SAID [51]. A follow-on study also
failed to find any germline or somatic NLRP3 mutations
in another 11 patients [55]. It is therefore highly unlikely
that the gain of function mutations in NLRP3 play an im-
portant role in the pathogenesis of SchS. In fact, it is more
likely that the previous reports of SchS patients with som-
atic NLRP3 mutations and transient IgG paraprotein [56],
or SchS patients without paraprotein [57, 58], are all cases
of acquired forms of NLRP3-AID.

Other studies have found increased secretion of IL-1 and
IL-6 by peripheral blood mononuclear cells following stimu-
lation with LPS [59, 60]. In addition, IL-6 but not IL-1p is
increased in serum and might correlate with disease activity.
A recent study found higher levels of ASC aggregates (typ-
ically released following inflammasome activation), IL-6 and
IL-18 in the sera of 21 patients, comparing with controls [61].
Interestingly, levels were similar to those measured in CAPS
patients, again clearly suggesting activation of inflamma-
somes although the underlying mechanism remains ob-
scure. The latest study to examine specific biomarkers of
SchS found that CCL2, a monocytic attractant, was signifi-
cantly higher in serum of SchS patients comparing with
healthy controls [62]. However, levels of this chemokine
were decreased upon IL-1 inhibition, suggesting that this
finding is a consequence of elevated IL-1p levels rather
than a manifestation of SchS itself.

The link between SchS and Waldenstrom’s macroglo-
bulinaemia suggest another mechanism. Around 90% of
patients with Waldenstrom’s macroglobulinaemia are re-
ported to have a somatic MYD88 L265P mutation [63].
When present in B cells this gain of function mutation
drives development of lymphoid malignancy via toll-like
receptor signalling pathways. However, MYD88 is also
an adaptor protein involved in IL-1R activation. If this
same variant was present in cells of myeloid origin this
could result in excessive IL-1 release. This notion is sup-
ported by the recent description of an inflammatory dis-
order caused by a germline gain-of-function mutation in
MYD88 characterized by a skin rash resembling the rash
seen in SchS [55]. However, a recent study showed that
the presence of MYD88 L265P mutation was found only in
9/30 patients, implying that if the L265P variant indeed
had a role in the pathogenesis of SchS, this did not
appear to be a universal mechanism [55].

Lastly the role of IgM paraprotein itself remains unclear.
For example, there appears to be no relationship between
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Fic. 3 Strasbourg diagnostic criteria of Schnitzler’'s syndrome adapted from Simon et al. [50]
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described as ‘neutrophilic urticarial dermatosis’ (Medicine 2009; 88: 23-31); absence of fibrinoid necrosis; and significant
dermal oedema. “Neutrophils >10 000/mm?® and/or CRP >30 mg/l.

the quantity of IgM paraprotein and severity of SchS or
response to IL-1 inhibition [61]. There is a report of a pa-
tient where paraprotein only became visible 4 years after
the first clinical symptoms were reported, suggesting
that the paraprotein was a consequence rather than
cause of the disease. However, decreases in the IgM
paraprotein even after prolonged successful anti-IL-1
treatment have not been reported and a recent article
reports a patient successfully treated with ibrutinib, a
Burton tyrosine kinase inhibitor, which targets B cell re-
ceptor signalling and is known to reduce the burden of
IgM paraprotein [65].

At present IL-1 inhibition remains the mainstay therapy
for SchS. The support for this treatment comes from case
reports, case series and randomized trials [28, 66-70]. In
the UK anakinra has been approved by NHS England fol-
lowing adoption of the clinical commissioning policy for
periodic fever syndromes and SchS (NHS England
Reference: 170062P). Tocilizumab (RoActemra™) target-
ing IL-6 has also been used successfully in selected SchS
patients with an apparently incomplete response to IL-1
blockers [71]. There is currently one active study testing
the effects of Dapansutriie (Clinical Trial ID:
NCT03595371), an oral NLRP3 inflammasome inhibitor
that theoretically halts the processing and release of IL-
1B and IL-18.
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Conclusions

The continued discovery of monogenic SAIDs provides
fascinating insights into functioning of the immune
system. For disorders such as NLRP3-AID, future devel-
opments will focus on optimization of already existing and
effective therapies. New therapeutics such as oral NLRP3
inhibitors are in development and trials in patients should
start soon. Relopathies demonstrate how a fine balance
between proinflammatory and compensatory mechan-
isms is maintained using the same signalling pathways.
Some of the pathological mechanisms, clinical manifest-
ations and outcomes seen in these conditions were pre-
dictable based on animal models and the known functions
of the proteins; however, the diverse clinical phenotypes
associated with relopathies suggest an important role for
other genetic and environmental modifiers that we are yet
to fully understood. Finally, the pathogenesis of SchS lar-
gely remains unresolved and the role of anti-IL-1 therapy
in reducing complications such as progression to lymph-
oid malignancy needs to be systematically studied. As
always for rare diseases, such questions are best ad-
dressed by collaborative international studies.
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