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Abstract

The concept of autoinflammation arose from
the recognition of monogenic disorders with
seemingly unprovoked inflammation without
the high-titer autoantibodies or antigen-
specific T cells seen in classic autoimmune
diseases. During the first decade of the ‘auto-
inflammatory era’, a clear connection was
established between autoinflammatory dis-
ease and the innate immune system, with tar-
geted therapies providing a powerful
affirmation of mechanistic hypotheses.
Although the ‘inflammasomopathies’, which
are associated with marked interleukin (IL)-1
production, were some of the earliest recog-
nized autoinflammatory diseases, it soon
became clear that autoinflammation can be
caused by a variety of genetic lesions affecting
a range of innate immune pathways, including
nuclear factor kappa B (NF-kB) activation and
type I interferon production. The advent of
next-generation sequencing has resulted in the
discovery of multiple new diseases, genes, and
pathways, while genome-wide association
studies (GWAS) have shed light on the patho-
genesis of genetically complex autoinflamma-

tory diseases, such as Behcet disease. During
the next decade, the universe of autoinflam-
matory diseases will continue to expand, but it
is likely that distinctions between clinical dis-
ease and normal variation will blur, and that
treatments developed for autoinflammation
will be applied to a much broader range of
human illnesses.
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CINCA  Chronic infantile neurologic cutane-
ous and articular syndrome

CNO Chronic non-bacterial osteomyelitis

CRMO Chronic recurrent multifocal
osteomyelitis

DIRA Deficiency of interleukin-1 receptor
antagonist
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FMF Familial Mediterranean fever
GWAS Genome-wide association studies
HIDS Hyperimmunoglobulinemia D with

periodic fever syndrome
IL Interleukin

ISSAID  International Society for Systemic
Autoinflammatory Diseases

MKD Mevalonate kinase deficiency

MWS Muckle-Wells syndrome

NF-xB Nuclear factor kappa B

NLR Nucleotide-binding domain, leucine-
rich repeat

NLRP3  NLR family, pyrin domain contain-
ing 3

NOMID  Neonatal-onset multisystem inflam-
matory disorder

PAAND  Pyrin-associated autoinflammation
with neutrophilic dermatosis

PAPA Pyogenic arthritis, pyoderma gan-
grenosum and acne

PFAPA Periodic fever, aphthous stomatitis,
pharyngitis, cervical adenitis

SAVI STING-associated vasculopathy
with onset in infancy

SIFD Sideroblastic anemia with immuno-
deficiency, fevers, and developmen-
tal delay

STING Stimulator of interferon genes

TNF Tumor necrosis factor

TRAPS  TNF receptor-associated periodic
syndrome

Key Points

e The autoinflammatory diseases were ini-
tially recognized for seemingly unprovoked
inflammation, but were soon discovered to
be disorders of innate immunity

¢ Next-generation sequencing has led to an
explosion of discovery of monogenic auto-
inflammatory diseases and newly recog-
nized innate immune pathways

¢ Genome-wide association studies (GWAS)
provide insight into the etiology of geneti-
cally complex autoinflammatory diseases

¢ In addition to continued discovery of new
diseases, genes, and pathways, the next
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decade promises to draw connections
between autoinflammatory diseases and the
‘range of normal’ phenotypes, and to apply
the treatments developed for autoinflam-
matory diseases to a broad spectrum of
illnesses

1.1 ‘Ancient’ History

For over a century, medical science has been fas-
cinated with the questions of if, when, and how
the immune system might turn against its host. At
the beginning of the twentieth century, the Nobel
Prize-winning immunologist Paul Ehrlich pro-
posed the concept of horror autotoxicus to argue
that the consequences of autoimmunity would be
so dire that an organism would have multiple
mechanisms in place to prevent self-reactivity
from ever happening [1]. However, the subse-
quent decades provided ample evidence that
there are in fact numerous human illnesses in
which such safeguards break down, giving rise to
either systemic or organ-specific autoimmunity.
Self-reactive antibodies and T lymphocytes have
been implicated in the pathogenesis of many of
these disorders.

By the latter half of the twentieth century
there remained a group of illnesses characterized
by episodes of seemingly unprovoked systemic
or localized inflammation, without the apparent
involvement of high-titer autoantibodies or
antigen-specific T lymphocytes. Astute clinicians
recognized that for several of these illnesses,
recurrent fevers were a prominent feature, and
that they appeared to be hereditary. These
included familial Mediterranean fever (FMF),
familial Hibernian fever, hyperimmunoglobu-
linemia D with periodic fever syndrome (HIDS),
Muckle-Wells syndrome (MWS), and familial
cold urticaria. The advent of the Human Genome
Project provided the tools to search for the under-
lying genes in a hypothesis-neutral, comprehen-
sive fashion known as positional cloning,
enabling the discovery of previously unknown
regulators of immunity gone awry in these ill-
nesses (see Chap. 2).
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First Discoveries: The Birth
of Autoinflammation

1.1.1

Owing both to its relatively well-defined pheno-
type and to the availability of the large numbers of
families needed for high-resolution genetic map-
ping, FMF was the first of the recurrent fever syn-
dromes to be analyzed in this way. In the summer
of 1997 two independent consortia discovered
recessive mutations in the causative gene, MEFV,
which encodes what was then a novel protein
denoted pyrin (or marenostrin) ([2, 3]; see Chap.
16). Although not known at the time, pyrin forms
the nucleus of a macromolecular complex
(denoted the pyrin inflammasome) that activates
interleukin-(IL)1p, IL-18, and the executioner
protein gasdermin D in response to certain bacte-
rial toxins ([4, 5]; see Chap. 5). FMF-associated
mutations in pyrin lower the threshold for activa-
tion. The ~90 N-terminal residues of pyrin consti-
tute a motif that is the prototype for a cognate
interaction domain (the PYRIN domain) found in
some 20 immune-related human proteins. The
discovery of MEFV not only fulfilled the promise
of positional cloning, but also allowed the
unequivocal determination that certain other peri-
odic fever syndromes were not FMEF, thus opening
up a new area of clinical investigation. In 1999,
mutations in TNFRSFIA, encoding the 55 kDa
tumor necrosis factor receptor, were shown to
define a recurrent fever syndrome now called the
tumor necrosis factor (TNF) receptor-associated
periodic syndrome (TRAPS), which subsumed
familial Hibernian fever and several other domi-
nantly-inherited fever syndromes seen in multiple
ethnicities ([6]; see Chap. 18).

The authors of the paper describing TRAPS
proposed the term ‘autoinflammatory’ to denote
what appeared to be an emerging family of ill-
nesses characterized by seemingly unprovoked
systemic or localized inflammation, but without
the cardinal features of autoimmunity. A year
later the concept was refined and extended, with
the proposal of a classification scheme that
included the recurrent fever syndromes, certain
complement disorders (such as hereditary angio-
edema), familial urticarial syndromes (familial

cold urticaria, MWS—see Chap. 19), granuloma-
tous disorders (Blau syndrome—see Chap. 20),
metabolic disorders (crystalline arthropathies—
see Chap. 34), storage diseases (Gaucher disease,
Hermansky-Pudlak syndrome), fibrosing disor-
ders, and Behget disease ([7]; see Chap. 35).
Recognizing the heterogeneity of human disease,
this analysis included both monogenic and genet-
ically complex illnesses. However, at this early
stage the schema was based solely on the whim-
sical notion of a family of diseases manifesting
unprovoked inflammation without high-titer
autoantibodies or antigen-specific T cells, in the
absence of more detailed genetic or functional
insight.

1.2  The’Eureka’Decade

During the next decade, two independent lines of
investigation converged to corroborate the concept
of autoinflammation. On the one hand, the field of
human genetics accelerated the discovery of genes
underlying the newly recognized autoinflamma-
tory diseases. On the other hand, advances in basic
immunology firmly established the role of the
innate immune system in host defense [8]. Whereas
the adaptive immune system is mediated by lym-
phocytes with membrane receptors encoded by
genes that somatically rearrange and mutate, the
evolutionarily more ancient innate immune system
utilizes myeloid effector cells with both extracel-
lular and intracellular receptors that are ‘hard-
wired” in the genome to  recognize
‘pathogen-associated molecular patterns’ (see
Chap. 4). Genetics and immunobiology advanced
hand-in-hand, with the growing realization that
many of the disorders defined clinically as ‘autoin-
flammatory’ are caused by genetic mutations that
perturb the innate immune system. Disease-gene
discoveries provided clinical relevance for innate
immunity, and advances in immunology explained
newly recognized autoinflammatory illnesses.
Highly successful trials of therapies predicted to
target the relevant pathways were the heady affir-
mation of an emerging understanding of a new
field of medicine ([9—11]; see Chaps. 41 and 42).


https://doi.org/10.1007/978-3-319-98605-0_16
https://doi.org/10.1007/978-3-319-98605-0_5
https://doi.org/10.1007/978-3-319-98605-0_18
https://doi.org/10.1007/978-3-319-98605-0_19
https://doi.org/10.1007/978-3-319-98605-0_20
https://doi.org/10.1007/978-3-319-98605-0_34
https://doi.org/10.1007/978-3-319-98605-0_35
https://doi.org/10.1007/978-3-319-98605-0_4
https://doi.org/10.1007/978-3-319-98605-0_41
https://doi.org/10.1007/978-3-319-98605-0_42

D. L. Kastner

Nowhere was this paradigm more evident than
in the elucidation of the cryopyrin-associated
periodic syndromes (CAPS). In 2001 Hal
Hoffman and his colleagues discovered
dominantly-inherited mutations in the gene
encoding a PYRIN domain-containing protein
(denoted cryopyrin) as the cause of both familial
cold autoinflammatory syndrome (formerly
familial cold urticaria) and MWS ([12]; see Chap.
19). Within a year, two other groups discovered
mutations in the same gene as the cause of
neonatal-onset multisystem inflammatory disor-
der (NOMID; also called (mainly in Europe)
chronic infantile neurologic cutaneous and artic-
ular [CINCA] syndrome), a devastating disorder
manifesting chronic aseptic meningitis [13, 14].
All of these diseases are collectively denoted
CAPS. Independently and nearly simultaneously,
other groups discovered a role for cryopyrin
(alternatively termed ‘PYPAF1, ‘NALP3, and
now ‘NLRP3’) in the activation of IL-1 [15, 16].
The late Jiirg Tschopp and his colleagues pro-
posed a macromolecular complex they termed
the inflammasome, one variant of which includes
nucleotide-binding domain, leucine-rich repeat
(NLR) family, pyrin domain containing 3
(NLRP3), that leads to the autocatalysis of cas-
pase-1 and the release of biologically active
IL-1p from leukocytes ([17]; see Chap. 5).
CAPS-associated mutations were soon found to
cause constitutive activation of the NLRP3
inflammasome, thus suggesting a possible role
for IL-1 inhibition in the treatment of CAPS. The
life-altering effects of IL-1 inhibition in CAPS
have been a triumph of molecular medicine and a
true vindication of the importance of IL-1 in
human immunobiology [9-11].

1.2.1 Expanding the Discovery
of Diseases Caused by Genetic

Mutations

The early years of the ‘autoinflammatory era’
witnessed the discovery of several new disease-
causing genes (Table 1.1), the deepening of our
understanding of innate immune pathways, and
further therapeutic advances. Given the genomic

technologies of the time, the new disease gene
discoveries were the result of either positional
cloning or candidate gene approaches, sometimes
suggesting extensions of known innate immune
pathways (see Chap. 2). For example, the discov-
ery of loss-of-function mutations in ILIRN,
encoding the endogenous IL-1 receptor antago-
nist (a recombinant form of which is anakinra, a
biologic used in the treatment of CAPS), causing
the disease deficiency of IL-1 receptor antagonist
(DIRA), highlighted the need for tight IL-1 regu-
lation in normal homeostasis ([18, 19]; see Chap.
25). The discovery of dominantly inherited muta-
tions in PSTPIP, which encodes a pyrin-binding
protein also involved in regulating the cytoskele-
ton, in pyogenic arthritis, pyoderma gangreno-
sum and acne (PAPA) syndrome [20, 21],
suggested a connection between innate immunity
and the cytoskeleton that is still under active
investigation (see Chap. 22). The discovery of
autoinflammatory phenotypes associated with
CARDI15/NOD? (see Chap. 20) and NLRP12 (see
Chap. 29) expanded the spectrum of disorders
associated with this large family of NACHT-
domain-containing proteins, raising the possibil-
ity of even more [22-24]. The discovery of
mevalonate kinase (MVK) mutations in HIDS
[25, 26], now called mevalonate kinase defi-
ciency (MKD) due to this discovery, established
a link between metabolism and autoinflammation
that has only recently been explained.

1.2.2 Early Thoughts
on Pathophysiologic
Mechanisms

During this first decade, many of the advances in
disease mechanism and treatment centered on
IL-1p and related proteins, leading some to sug-
gest an equivalence of autoinflammation with
IL-1-mediated disease (see Chaps. 5 and 10).
Evidence emerged that the prototypic autoin-
flammatory disease, FMF, is driven by IL-1p
[27], and that uric acid crystals activate the
NLRP3 inflammasome, thus supporting the
hypothesis that gout, a genetically complex dis-
order, is also autoinflammatory and driven by
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Table 1.1 Timeline of monogenic autoinflammatory disease gene discoveries
Disorder Gene Protein Year Chapter
FMF MEFV Pyrin/Marenostrin 1997 16
TRAPS TNFRSFIA TNFR1 1999 18
HIDS/MKD MVK Mevalonate kinase 1999 17
CAPS NLRP3 Cryopyrin/NLRP3 2001 19
Blau NOD?2 NOD2 2001 20
Cherubism SH3BP2 SH3BP2 2001 25
PAPA PSTPIPI PSTPIP1 2002 22
Majeed LPIN2 LPIN2 2005 25
Hydatidiform mole NLRP7 NLRP7 2006 27
FCAS2 NLRPI2 NLRP12 2008 29
Histiocytosis- SLC29A3 hENT3 2008 NIB
lymphadenopathy plus
DIRA ILIRN IL-1 receptor 2009 25
antagonist
VEOIBD ILIORA, ILIORB IL10 IL-10 receptor 2009 21
IL-10 2010
DITRA IL36RN IL-36 receptor 2011 26
antagonist
JMP/NNS/CANDLE PSMBS8 B5i 2010- |24
Immunoproteasome 2012
CAMPS/PSORS?2 CARD14 CARD14 2012 26
APLAID PLCG2 PLCy2 2012 28
HOIL-1 deficiency RBCK1 HOIL-1 2012 28
DADA2 ADA?2 (formerly CECRI) ADA2 2014 23
SAVI TMEM173 STING 2014 24
NLRC4-MAS NLRC4 NLRC4 2014 29
SIFD TRNTI TRNT1 2014 28
TRAPS11 TNFRSF11A TNFRSF11A 2014 29
HOIP deficiency HOIP HOIP 2015 28
sIIA LACCI FAMIN 2015 32
PRAAS PSMA3, PSMB4, PSMBY; digenic Proteasome 2015 24
inheritance components
Adult-onset CAPS NLRP3 NLRP3 2015 19, 37
HA20 TNFAIP3 A20 2016 29
PAAND MEFV Pyrin/Marenostrin 2016 29
Vibratory urticaria ADGRE?2 ADGRE2 2016 NIB
MSPC/FKLC NLRP1 NLRP1 2016 29
Otulipenia, ORAS OTULIN OTULIN 2016 29
NAIAD NLRP1 NLRP1 2017 29
PFIT WDRI1 WDRI1 2017 28
PRAID POMP POMP 2018 NIB

Diseases: FMF Familial Mediterranean fever, TRAPS Tumor necrosis factor receptor associated periodic syn-
drome, HIDS Hyperimmunoglobulinemia D with periodic fever syndrome, MKD Mevalonate kinase deficiency,
CAPS Cryopyrin-associated periodic syndromes, PAPA Pyogenic arthritis, pyoderma gangrenosum and acne,
FCAS2 Familial cold autoinflammatory syndrome 2, DIRA Deficiency of IL-1 receptor antagonist, VEOIBD Very-
early onset inflammatory bowel disease, DITRA Deficiency of IL-36 receptor antagonist, JMP Joint contractures,
muscle atrophy, microcytic anemia and panniculitis-induced lipodystrophy syndrome, NNS Nakajo-Nishimura
syndrome, CANDLE Chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature,
CAMPS Caspase activation and recruitment domain (CARD) 14 mediated psoriasis, PSORS2 Psoriasis suscepti-
bility locus 2, APLAID Autoinflammatory PLCy2-associated antibody deficiency and immune dysregulation,
HOIL-1 Heme-oxidized IRP2 ubiquitin ligase 1, DADA2 Deficiency of adenosine deaminase 2, SAVI Stimulator of

(continued)
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Table 1.1 (continued)

interferon genes (STING)-associated vasculopathy with onset in infancy, NLRC4-MAS NLRC: Nucleotide oligo-
merization domain (NOD)-like receptor family CARD domain-containing protein 4-macrophage activation syn-
drome, SIFD Sideroblastic anemia with immunodeficiency, fevers, and developmental delay, TRAPS 11 TRAPS
due to mutations in TNFRSF11A, HOIP HOIL-1 interacting protein, sJIA systemic juvenile idiopathic arthritis,
PRAAS Proteasome-associated autoinflammatory syndromes, HA20 A20 haploinsufficiency, PAAND Pyrin-
associated autoinflammation with neutrophilic dermatosis, MSPC Multiple self-healing palmoplantar carcinoma,
FKLC Familial keratosis lichenoides chronica, ORAS Otulin-related autoinflammatory syndrome, NAIAD NLRP1-
associated autoinflammation with arthritis and dyskeratosis, PFIT Periodic fever, immunodeficiency and thrombo-
cytopenia, PRAID Proteasome maturation protein (POMP)-related autoinflammation and immune dysregulation
disease

Proteins: TNFRI Tumor necrosis factor receptor 1, NLRP Nucleotide oligomerization domain (NOD)-like receptor
family, leucine rich repeat, pyrin domain, SH3BP2 SH3 binding protein 2, PSTPIP Proline-serine-threonine phospha-
tase interacting protein, LPIN2 Lipin 2 gene symbol, hENT3 Human equilibrative nucleoside transporter-3, IL
Interleukin, CARD Caspase activation and recruitment domain, PLCy2 Phospholipase Cy2, HOIL-1 Heme-oxidized
IRP2 ubiquitin ligase 1, ADA2 Adenosine deaminase 2, STING Stimulator of interferon genes, NLRC Nucleotide oligo-
merization domain (NOD)-like receptor family CARD domain-containing protein, TRNT tRNA nucleotidyltransferase,
TNFRSF11A TNF receptor superfamily 11a, HOIP HOIL-1 interacting protein, FAMIN Fatty acid metabolic immune
nexus, ADGRE2 Adhesion G protein-coupled receptor E2, WDR! WD domain repeat containing protein 1, POMP

Proteasome maturation protein
NIB Not in book

IL-1P ([28]; see Chap. 34). Nevertheless, even
during this early era there was mounting evidence
for other molecular mechanisms, such as nuclear
factor kappa B (NF-kB) activation in Blau syn-
drome ([29]; see Chap. 20). This is not surpris-
ing, given the broad scope of innate immune
sensing and signaling. As was noted a decade
ago, the autoinflammatory diseases are a sam-
pling from the universe of natural variation in the
innate immune system that is severe enough to
cause illness, but not so severe to be embryonic
lethal [30]. The ensuing decade has given us a
glimpse of just how diverse a universe this is.

Horror Autoinflammaticus:
The Golden Age
of Autoinflammation

1.3

The second decade of the autoinflammatory era
began in 2009 with the publication of ‘Horror
Autoinflammaticus: The Molecular
Pathophysiology of Autoinflammatory Disease,’
a comprehensive review of the field that proposed
a classification scheme based on molecular
insights garnered to that point ([30]; see Chap.
10). Autoinflammation had come of age. Building
on this foundation, the last decade has witnessed
a genomic explosion, catalyzed in large part by a

revolution in next-generation sequencing tech-
nology that has led to drastic reductions in costs
and a concomitant boom in the availability of
whole-exome and now whole-genome sequenc-
ing (see Chap. 2). The number of monogenic
autoinflammatory diseases has gone up dramati-
cally, shedding light on new innate immune path-
ways and disease mechanisms. While the cases
have become ever rarer, they are ‘experiments of
nature’ by which, as Sir William Harvey noted
four centuries ago, “Nature is nowhere [more]
accustomed to display her secret mysteries than
in cases where she shows traces of her workings
apart from the beaten path” [31].

New Discoveries of Rare
Mongenic Autoinflammatory
Diseases

1.3.1

Some of the newly recognized disease-causing
genes encode known innate immune sensors for
which a monogenic human disease had not already
been discovered. NLRC4 encodes the lynchpin of
an inflammasome that senses bacterial flagellin;
gain-of-function mutations have now been shown
to cause colitis, a CAPS-like spectrum, and an
increased risk of macrophage activation syndrome
(MAS) ([32, 33]; see Chap. 29). NLRP1 encodes a
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protein that nucleates the main inflammasome in
the skin; activating mutations were shown to cause
dyskeratosis with or without arthritis ([34, 35]; see
Chap. 29). TMEM173 encodes the stimulator of
interferon genes (STING), a major sensor of intra-
cellular double-stranded DNA; de novo gain-of-
function mutations are now known to cause
vasculopathy, peripheral gangrene, and interstitial
fibrosis (STING-associated vasculopathy with
onset in infancy, SAVI) ([36]; see Chap. 24).
MEFV encodes pyrin, the protein mutated in FMF;
mutations in a critical phosphorylation site have
been shown to cause a dominantly-inherited
chronic neutrophilic dermatosis termed pyrin-
associated autoinflammation with neutrophilic
dermatosis (PAAND) ([37]; see Chap. 29).

In other cases, next-generation sequencing has
led to the identification of genes defining entirely
new mechanisms of innate immune regulation.
WDRI encodes a protein that regulates the actin
cytoskeleton; loss-of-function mutations lead to
activation of the pyrin inflammasome and
increased IL-18 production ([38]; see Chap. 28).
ADA?2 (formerly CECR1) encodes what is thought
to be a growth factor expressed in myeloid cells;
loss-of-function mutations cause recurrent fevers,
early-onset strokes, vasculopathy, and sometimes
bone marrow failure and immunodeficiency ([39,
40]; see Chap. 23). PSMBS encodes a component
of the immunoproteasome that degrades K48-
ubiquitinated proteins; biallelic loss-of-function
mutations cause a syndrome of fevers, panniculi-
tis, and lipodystrophy ([41-44]; see Chap. 24).
TNFAIP3, OTULIN, HOIL-1, and HOIP encode
proteins that regulate ubiquitination, a major
form of post-translational protein modification.
Haploinsufficiency of TNFAIP3 or biallelic loss-
of-function mutations at the other three loci cause
a spectrum of autoinflammatory phenotypes
([45-48]; see Chap. 29). PLCG?2 encodes a sig-
naling molecule expressed in hematopoietic
cells; heterozygous gain-of-function missense
mutations cause an autoinflammatory syndrome
of rash, ocular inflammation, mild immunodefi-
ciency, and interstitial lung disease ([49]; see
Chap. 28). ADGRE? encodes a membrane mech-
anosensor expressed on mast cells; heterozygous
loss-of-function mutations in an autoinhibitory

domain cause vibratory urticaria [50]. LACCI
encodes a key regulator of metabolism in macro-
phages; biallelic loss-of-function mutations
cause a monogenic form of systemic juvenile
idiopathic arthritis ([51]; see Chap. 32). Perhaps
most surprising of all, TRNTI encodes a ubiqui-
tously expressed enzyme that adds the 3-nt CCA
sequence to the 3’ ends of all tRNA molecules.
Biallelic hypomorphic mutations cause an auto-
inflammatory syndrome denoted sideroblastic
anemia with immunodeficiency, fevers, and
developmental delay (SIFD) ([52]; see Chap. 28).

1.3.2 Expanded Understanding
of Disease Pathophysiology
Related to the Innate Inmune
System and Novel Genetic
Mechanisms

Over the last decade there have also been sub-
stantial advances in our understanding of the
biology of innate immunity and in targeted ther-
apies, although, not surprisingly, these have not
kept pace with new disease gene discoveries. It
is no secret that the timeline for functional and
mechanistic analysis is much slower than for
monogenic disease gene discovery, especially in
the world of next-generation sequencing and
large clinics dedicated to undiagnosed autoin-
flammatory patients. As a case in point, it took
almost 20 years to understand the role of pyrin
in the sensing of bacterial toxins that inactivate
RhoA and the pathway by which the pyrin
inflammasome is activated [4, 53]. It took an
even longer time to discover gasdermin D and
its role in IL-1pP release from leukocytes [54—
56]. Nevertheless, the advances of the last
decade have made it abundantly clear that, not-
withstanding the great importance of IL-1 in
human biology, there is much more to autoin-
flammation than this cytokine. For example, the
type I interferons play a central role in the
pathogenesis of several autoinflammatory dis-
eases, such as SAVI and PRAAS [36, 57], and
targeted therapies with JAK inhibitors show
great promise in a number of these disorders
([58]; see Chap. 24).
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The last decade has witnessed not only a dizzy-
ing expansion in the quantity of monogenic dis-
eases and innate immune pathways, but new
qualitative insights into broader mechanisms of
human disease, driven by the study of autoinflam-
mation. Of extraordinary potential impact is the
careful documentation of somatic mosaicism (see
Chaps. 2 and 12) not only in infantile-onset forms
of NOMID/CINCA [59] but also in adult-onset
CAPS and Schnitzler syndrome ([60, 61]; see
Chap. 37). We simply do not know how many
adult-onset cases of (nonmalignant) unexplained
recurrent fever and/or autoinflammation are due to
somatic mutations, but the precedent of cancer
teaches us that such events are not rare. Of similar
general import is the recent documentation of
digenic inheritance (see Chap. 12) in the
proteasome-associated —autoinflammatory syn-
dromes (PRAAS) [57]. Consideration of the multi-
molecular proteasome complex gave rise to the
hypothesis of digenic inheritance in unexplained
cases of PRAAS, but it is eminently possible that
similar gene-gene interactions are operative in
other multistep pathways, offering potential expla-
nations for unsolved cases (see Chap. 24). Finally,
and not surprisingly, with the discovery of ever
more genes underlying monogenic autoinflamma-
tion, there are now an increasing number of cases
in which there is an overlap among autoinflamma-
tion, autoimmunity, and immunodeficiency ([47,
48]; see Chaps. 28 and 38). In the case of the ubig-
uitination disorders, this has been shown to be due
to the differential effects of regulatory events in
multiple cell types. It would be absurd to believe
that such overlaps would not be found.

1.3.3 Expansion
of Autoinflammation to Non-
monogenic and Common
Diseases

Nearly since the outset, it has been clear that not
all of the illnesses that fit under the autoinflam-
matory rubric are monogenic. As noted above,
some are now known to exhibit a digenic mode of
inheritance, but still others are genetically com-
plex. The latter include Behget disease (see Chap.
35), systemic juvenile idiopathic arthritis, adult-
onset Still disease (see Chap. 32), chronic non-

bacterial osteomyelitis (CNO), previously called
chronic recurrent multifocal osteomyelitis
(CRMO) (see Chap. 31), the syndrome of peri-
odic fever with aphthous stomatitis, pharyngitis,
and cervical adenitis (PFAPA) (see Chap. 30), the
crystalline arthropathies (see Chap. 34), sarcoid-
osis, fibrosing diseases, and, by some definitions,
atherosclerosis, type 2 diabetes, cancer, and neu-
rodegenerative diseases (see Chap. 39). Probably
the best-studied is Behget disease, which presents
with the classic triad of painful oral ulcers, ocular
inflammation, and genital ulcers. Advances in
genotyping chips have begun to shape our under-
standing of genetically complex autoinflamma-
tory diseases. Through the careful collection of
well-phenotyped patients and ethnically-matched
controls, combined with genome-wide associa-
tion studies (GWAS) and targeted deep-
resequencing, a total of 17 susceptibility loci for
Behcet disease have been identified: HLA-B*51,
ERAPI, IL10, IL23R, STAT4, CCRI-CCR3,
KLRC4, CEBPB-PTPNI, ADO-EGR2, IRFS,
RIPK2, LACCI, FUT2, ILI2A, MEFV-p.
Met694Val, ILIA-ILIB, and TNFAIP3 [62-66].
Although it often has been observed that most
GWAS ‘hits’ confer relatively little risk to dis-
ease susceptibility in any given individual, there
nevertheless is a remarkable convergence among
GWAS studies in immune diseases, suggesting
commonalities in pathogenesis among disorders,
and the possibility of targeted therapies. GWAS
studies of Behget disease indicate a role for adap-
tive immunity (given the remarkable epistasis
between HLA-B*51 and ERAPI), shared patho-
genesis with spondyloarthropathies and certain
infectious diseases, and the possibility of thera-
pies targeting the IL-23 axis (see Chap. 38). As
noted below, GWAS also draws a shocking but
totally logical connection between Behcet dis-
ease and everyday life.

Nomenclature
of the Autoinflammatory
Diseases

1.4

As a consequence of the burgeoning list of auto-
inflammatory diseases, there are now vigorous
discussions about nomenclature and nosology.
Since language is very much a matter of
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convention, it would be presumptuous for one
individual to impose any specific naming scheme.
In any area of discourse, history matters, and thus
it would be difficult to advocate against terms
like ‘familial Mediterranean fever,” regardless of
whether all cases are familial, or Mediterranean,
or exhibit fever, simply because FMF is thor-
oughly entrenched in our lexicon. For similar
reasons, it is sometimes difficult to dislodge
firmly established eponyms. Nevertheless, going
forward I do subscribe to the view that eponyms
should be avoided, so as not to torment our junior
colleagues with a litany of people who didn’t
actually have the diseases attached to their names.
Instead, I favor disease names and classification
schemes that reflect the underlying biology,
whether that is best reflected in a gene name or
the name of its encoded protein — or even a path-
way (‘inflammasomopathy,”  ‘interferonopa-
thy’)—rather than a string of clinical
manifestations that spell out a memorable acro-
nym. Just as we classify and name infectious dis-
eases by their causative microorganisms, so too
should we classify and name autoinflammatory
diseases according to their underlying etiology.
Such a schema shapes our thinking, stimulates
hypotheses, and suggests targeted therapies. As
noted above, as we learn more there will be an
inevitable blurring of the boundaries between
autoinflammatory and autoimmune or immuno-
deficiency (see Chaps. 28 and 38). That is simply
the nature of nature, and any useful schema will
need to deal with it. The responsibility for estab-
lishing naming conventions should rest with the
community that uses them most. In this particular
case, that is probably the International Society
for Systemic Autoinflammatory  Diseases
(ISSAID) or its designees.

1.5 Quo vadis? Autoinflammation

and the Human Condition

The third decade of the autoinflammatory era
will begin auspiciously with the publication of
this, the first medical text on autoinflammation.
Anticipating what is in store for this next decade,
it is fitting to recall the observation of the twenti-
eth century American ‘philosopher’, the baseball
player Yogi Berra: “It’s tough to make predic-

tions, especially about the future.” Nevertheless,
the developments of the last 10 years likely fore-
shadow the next ten, and so it would be reason-
ably safe to predict more disease genes, more
pathways, more biology, and more targeted thera-
pies. There has been no evidence that we are
approaching an asymptote in new discoveries in
this arena, and it is likely that as we peel the
onion we will be greeted with successive layers
of regulatory complexity. There is nothing wrong
in prognosticating ‘more of the same’ for the next
decade. And it would be grand.

However, two recent advances augur addi-
tional more profound tectonic shifts. The first is
an abstract presented by the direct-to-consumer
genomic testing company 23andMe at the 2017
annual meeting of the American Society of
Human Genetics [67]. This abstract presented a
GWAS of canker sores/aphthous ulcers in 178,409
affected individuals and 66,609 controls.
Individuals were scored as affected through their
response to a questionnaire (“Have you ever had a
canker sore [an open sore on the soft tissue inside
the mouth]? Yes/No/Not sure”). There was no
medical or dental examination, no review of med-
ical records. Remarkably, 47 loci reached
genome-wide significance, including 8 loci
known to be associated with Behcet disease (/L10,
STAT4, CCR3, ILI2A, RIPK2, NOD?2, IRFS,
CEBPB). Whereas the 23andMe study had very
large numbers of subjects but little opportunity for
clinical observation, the studies of Behcet disease
were roughly 100 times smaller, but relied on
meticulous phenotyping. The fact that there was
significant overlap between the two studies sug-
gests that, at least for some phenotypes, a yes-no
questionnaire applied to many subjects may reach
the same conclusions as a careful clinical study of
a much smaller number of subjects. The overlap
between the two GWAS studies also suggests that
some of the same loci that confer susceptibility to
severe diseases may also confer susceptibility to
more common, ‘every day’ problems like canker
sores. It is tempting to speculate that the loci that
were not in common between the two studies
(such as HLA-B*51, ERAPI1, and IL23R), deter-
mine who gets Behget disease rather than simple
canker sores. It is also possible that other disor-
ders manifesting with oral ulcers may share some
of these susceptibility loci, and that the knowledge
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of these loci will eventually lead to targeted thera-
pies for aphthae.

With the increasing dissemination of genomic
sequencing and genotyping across the population,
and the advent of large cohort studies such as the
All of Us Research Program, it will be increasingly
possible to connect genes and loci associated with
autoinflammatory diseases with phenotypes that
we would consider in the range of normal experi-
ence. While the experience to date with targeted
therapies for rare autoinflammatory diseases could
certainly be considered to be personalized or pre-
cision medicine, the more universal approach will
take the field to an entirely new level.

A second advance was the publication, in
August 2017, of two papers summarizing the ini-
tial results of a randomized, double-blind,
placebo-controlled trial of canakinumab (a human
monoclonal anti-IL-1f antibody) in 10,061 sub-
jects with a previous myocardial infarction and an
elevated C-reactive protein level of 2 mg or more
per liter. In a paper published in the New England
Journal of Medicine, canakinumab at a dose of
150 mg given every 3 months significantly low-
ered the rate of recurrent cardiovascular events,
relative to placebo, regardless of lipid-level low-
ering ([68]; see Chap. 39). The same research
group simultaneously published a paper in The
Lancet demonstrating reductions in lung cancer
and total cancer mortality among subjects treated
with canakinumab in the same clinical protocol
([69]; see Chap. 39). Together, these papers sug-
gest an important role for inflammation in both
cardiovascular disease and cancer, and the possi-
bility of therapies targeting innate immunity in
preventing or treating these common illnesses.

These two advances promise a much greater
role for autoinflammation in the general human
condition. Not only will the boundaries blur
between autoinflammation and autoimmunity or
immunodeficiency, but the boundaries between
health and disease will also blur.

1.6 Questions for the Next

Decade

There also remain a number of questions for the
field to address in the next decade. Ten of those I
consider of primary importance are listed below:

1. What accounts for the intermittent nature of
many of the autoinflammatory diseases?

2. What is the molecular basis of phenotypic
heterogeneity among individuals with the
same or similar genotypes?

3. What is the penetrance of monogenic autoin-
flammatory  variants in the general
population?

4. To what extent does somatic mutation
explain late-onset autoinflammatory disease
(see Chaps. 2 and 12)?

5. What is the role of the microbiome in autoin-
flammatory disease?

6. To what extent do epigenetic factors (see
Chap. 3) influence the course of monogenic
and genetically complex autoinflammatory
disorders?

7. How do the various inflammasomes differ in
their processing of IL-1f, IL-18, and gasder-
min D, and how do these differences corre-
late with disease phenotype (see Chaps. 5
and 6)?

8. To what extent do monogenic diseases
inform our understanding of genetically
complex autoinflammatory diseases (see
Chap. 38)?

9. How will disease discovery evolve with new

technologies, such as whole genome
sequencing (see Chap. 2) and
metabolomics?

10. What will be the relative roles of biologics,
small molecules, and bone marrow trans-
plantation in the therapy of these illnesses
(see Chap. 42)?

It is an exciting time to be working in the field
of autoinflammation. This textbook offers a mul-
tidisciplinary approach to a maturing discipline
that truly transcends the arenas of internal medi-
cine, pediatrics, genetics and genomics, clinical
and basic immunology, and cell biology, and I
expect that practitioners and trainees from all of
these fields will derive great benefit from its com-
prehensive and systematic approach. I hope that
you, too, will find yourself as captivated as [ am,
and that this text will be your passport to an
exhilarating journey in autoinflammation.

Dan Kastner, MD, PhD

Bethesda, Maryland

July 1, 2018
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