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The concept of precision medicine came to the fore in early 2015 when President 
Barack Obama proposed a new Precision Medicine Initiative in his State of the 
Union Address, which was soon followed by a more detailed exposition from NIH 
Director Francis Collins and NCI Director Harold Varmus in the New England 
Journal of Medicine. Simply put, the concept of precision medicine entails “preven-
tion and treatment strategies that take individual variability into account,” and is 
based upon the availability of high-dimensional tools for analyzing human biology 
that have been developed over the last three decades. Of course, the best established 
of these tools is genomics, which created a human reference sequence through the 
Human Genome Project, and now includes databases of DNA sequences from lit-
erally hundreds of thousands of individuals and a rich set of bioinformatics tools 
to analyze those data. The functional consequences of genomic variability have 
been dramatically magnified through the lenses of cell biology, proteomics, and 
metabolomics. Precision medicine refers not only to a new NIH initiative, but, in a 
broader sense, to a systematic approach to biomedical science that began to emerge 
in the 1990s, entailing both an understanding of the genomic basis of human illness 
and a detailed accounting of how that inherited variability translates into disease 
phenotypes.

The concept of autoinflammation is a creature of this era, originally invoked almost 
exactly twenty years ago to describe two inherited diseases characterized by seem-
ingly unprovoked inflammation, but without the high-titer autoantibodies or antigen-
specific T cells seen in autoimmune diseases. Over time the concept has evolved to 
denote a much larger group of diseases, most of which were unknown twenty years 
ago, in which the innate immune system plays a primary role in disease pathogenesis. 
The refinement of the idea of autoinflammation, and the rapid expansion of its range, 
is a case study in how the tools of precision medicine have transformed our under-
standing of human disease and our approach to patients. Genomic analyses of patients, 
families, or cohorts have provided key insights into the underlying biology, which 
have, in turn, had profound implications for new diagnoses and targeted therapies. In 
the 1990s, genomic studies relied upon linkage analysis in families and the laborious 
process of positional cloning, but more recently the field has exploded with the advent 
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of next-generation sequencing technologies and whole-exome sequencing (WES) or 
even whole-genome sequencing (WGS) that enable breakthrough discoveries based 
on small numbers of patients. Through these advances, clinical medicine and basic 
science have informed one another in a virtuous feedback loop to give rise to our cur-
rent understanding of autoinflammatory disease.

Throughout this process, monogenic disease gene discovery has highlighted the 
importance of some of the newly discovered building blocks of the innate immune 
system, leading to predictions regarding targeted therapeutic trials that have vindi-
cated emerging biologic concepts. For example, the discovery of gain-of-function 
NLRP3 mutations in the three cryopyrin-associated periodic syndromes (CAPS; 
familial cold autoinflammatory syndrome [FCAS], Muckle-Wells syndrome 
[MWS], and neonatal-onset multisystem inflammatory disease [NOMID]) in 2001 
and 2002 suggested the clinical relevance of Jürg Tschopp’s concept of the NLRP3 
inflammasome, and led directly to the targeted trials of anakinra, an IL-1 receptor 
antagonist, in all three conditions. The dramatic success of IL-1 inhibition in these 
disorders vindicated the concept of the NLRP3 inflammasome as an important 
driver of IL-1 production and provided the first well-documented example of an 
inflammasomopathy. More recently, the discovery of the intracellular double-
stranded DNA sensor STING (stimulator of interferon genes) and shortly thereafter 
the description of SAVI, a devastating autoinflammatory disorder caused by gain-
of-function mutations in STING, highlighted the importance of this molecule in 
human biology and has led to therapies targeting the JAK-STAT pathway down-
stream of type I interferons. Both the CAPS/NLRP3 and the SAVI/STING stories 
are excellent examples of the bedside to bench to bedside feedback loop made pos-
sible in the current era of precision medicine.

Identification of patients with mutations in new monogenic disease genes has 
also led to the discovery that some individuals with similar clinical phenotypes do 
not have mutations in that newly discovered gene, leading to the eventual identifica-
tion of a second gene mutated in the patients without mutations in the first. For 
example, after the positional cloning of MEFV, the gene mutated in familial 
Mediterranean fever (FMF), it became clear that some recurrent fever patients do 
not have mutations in MEFV, even though they had been regarded as having an 
“FMF-like” illness. A subset manifesting prolonged attacks unresponsive to colchi-
cine were found to have dominantly inherited mutations in TNFRSF1A, thus defin-
ing an entirely new autoinflammatory disorder, the TNF receptor-associated periodic 
syndrome (TRAPS). Similarly, the discovery of mutations in IL1RN, encoding the 
IL-1 receptor antagonist, led to the recognition of the deficiency of the IL-1 receptor 
antagonist (DIRA) in NLRP3 mutation-negative patients initially thought to have 
NOMID. Moreover, some of the first patients described with the deficiency of ade-
nosine deaminase 2 (DADA2) were also first thought to have NOMID before they 
were found to be NLRP3 mutation-negative. In all of these examples, new diseases 
are defined through the progression from bedside to bench to bedside catalyzed by 
the tools of precision medicine.

The field of autoinflammation has also advanced through molecular discoveries 
that sometimes led to the lumping of seemingly disparate clinical syndromes into 
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common monogenic disorders, rather than the splitting of similar cases into distinct 
illnesses. One of the earliest examples was the recognition that FCAS, MWS, and 
NOMID represent a spectrum of phenotypes all caused by mutations in NLRP3. 
This discovery not only simplified the understanding of these diseases, but (cor-
rectly) suggested that there might be patients manifesting illness on the continuum 
between FCAS and MWS or between MWS and NOMID and hastened clinical tri-
als of IL-1 inhibitors across the disease spectrum. Later, the application of targeted 
deep resequencing of NLRP3 in leukocyte subpopulations extended the CAPS spec-
trum to individuals with somatic mutations in NLRP3 perhaps occurring even in 
adulthood, thus providing a scientific rationale for the successful use of IL-1 inhibi-
tors in these patients. In another recent example, the discovery of mutations in 
ADA2 (formerly CECR1) both in children with fevers and recurrent strokes and in 
an inherited form of polyarteritis nodosa led to the recognition that both are mecha-
nistically related and part of the same spectrum of disease (DADA2). Molecular 
genetic testing has further extended the spectrum of DADA2 to include patients 
presenting with pure red cell aplasia, immunodeficiency, and bone marrow failure. 
Molecular genetics has dramatically accelerated the understanding that these 
patients are causally related long before the potential observation of individuals 
with disparate clinical manifestations in the same family.

While the tools of precision medicine have had the most obvious impact on our 
understanding of monogenic autoinflammatory diseases, they are now beginning to 
elucidate genetically complex disorders. The difference in pace is largely owing to 
the fact that the monogenic disorders, although rare, are caused by high-penetrance 
mutations with relatively easily discernible biologic effects, while the genetically 
complex disorders are often caused by combinations of common susceptibility vari-
ants each with relatively subtle biologic effects, combined with environmental stim-
uli that are often difficult to document. Although the genetically complex diseases 
are more common, their analysis requires many more subjects to analyze, primarily 
through genome-wide association studies (GWAS).

Among the genetically complex autoinflammatory diseases, Adamantiades-
Behçet’s disease (A-BD) stands out as a case in which the patient collections are 
sufficient to at least begin to scratch the surface of understanding pathophysiology. 
There are three major findings worth highlighting. The first is that GWAS performed 
in both Turkish and Japanese patient collections suggests a complex interaction 
between the microbiome and the host response in determining disease susceptibil-
ity. This includes host structural variants in the major histocompatibility complex 
and antigen-processing molecules, as well as additional variants controlling muco-
sal barrier function and the host inflammatory response. Taken individually, these 
genetic polymorphisms do not predict A-BD susceptibility, but, taken together, they 
begin to provide testable hypotheses regarding disease pathogenesis. The second 
major finding is that, at least to the current level of understanding, A-BD is not a 
collection of high-penetrance monogenic disorders. To date, the only documented 
monogenic subset is the haploinsufficiency of A20 (HA20), which appears only to 
comprise a small percentage of sporadic A-BD. The third intriguing finding is that, 
in comparing A-BD GWAS results with a GWAS of common canker sores (oral 
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aphthae) conducted by the direct-to-consumer genetic testing company 23andMe, 
there are several susceptibility loci in common, suggesting that A-BD falls on a 
spectrum that includes a phenotype often considered within the range of normal. 
The implications are significant, suggesting the eventual reach of autoinflammatory 
precision medicine into everyday life.

Finally, the fruits of the studies of monogenic autoinflammatory diseases have 
also begun to extend to genetically complex disorders with an inflammatory compo-
nent, such as atherosclerosis, type II diabetes, and gout, in which there are other 
well-documented non-inflammatory pathogenic factors. For several of these dis-
eases, IL-1 has been documented to have an important role in disease progression 
and severity, leading to clinical trials of IL-1 inhibitors in these illnesses. With 
proper stratification, such targeted therapies will further extend the scope of autoin-
flammatory precision medicine.

The publication of this important text is a milestone in the field, permitting even 
wider dissemination of the key concepts of autoinflammatory diseases into the med-
ical community. The history of the autoinflammatory diseases has featured a highly 
productive dialogue between clinicians, geneticists, and basic scientists. I am confi-
dent that this text will be the catalyst for an even more fruitful discourse in the 
 coming years.

Bethesda, Maryland Dan Kastner, MD, PhD
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Autoinflammatory disease is a newly established and ever-expanding field within 
the domains of rheumatology and clinical immunology. These inborn disorders of 
the innate immune system are characterized by episodes of systemic inflammation 
that are mediated largely by myeloid cells. The field of autoinflammatory diseases 
was established in 1999, when the tectonic plates of rheumatology moved and a new 
subfield emerged following the identification of the first genes underlying periodic 
fever syndromes.

This volume is divided in two parts. The first part deals with the monogenic 
autoinflammatory diseases, while the polygenic syndromes are addressed in the sec-
ond part, although the list of the diseases outlined is by no means exhaustive. In 
order to make this information more accessible and easy-to-use, we selected syn-
dromes that a clinician may encounter in day-to-day practice. This task proved to be 
challenging in a dynamic and rapidly expanding field where new syndromes and 
genetic associations are being added with an explosive pace.

The contributing authors were selected because of their expertise and specific 
interests. Many are widely considered to be international thought leaders in the field 
of adult and pediatric rheumatology. Beyond being inspirational pioneers in their 
fields, they are all involved in direct clinical care. Since this publication is aimed 
toward busy clinicians, the contributors were asked to provide, in concise form, the 
same practical and clinically relevant information they would convey to physicians 
who refer patients to them for consultation.

The intended audience for the book is practicing adult and pediatric rheumatolo-
gists, clinical immunologists, rheumatology fellows, internists, and pediatricians. 
However, it is our belief that interested individuals at all levels of medical training 
may find the content of this book useful and hopefully it will assist them in improv-
ing patient care.

New York, NY, USA Petros Efthimiou

Preface
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Chapter 1
Immunology of Auto-inflammatory  
Syndromes

Grant S. Schulert

 Introduction to Innate Immunity and Autoinflammation

Our first line of defense against the microbial world is referred to as the innate 
immune system. Innate immunity represents an ancestrally ancient system that 
coevolved with microbes and has elements that are remarkably similar to that found 
in insects, fish, and even plants. Importantly, the innate immune system is distinct 
from the adaptive immune system, which encompasses effector T cells and antibody 
producing B cells with a near limitless functional diversity that when dysregulated 
leads to pathogenic autoimmunity. The primary functions of the innate immune 
system are to rapidly contain and/or eliminate potential pathogens, remove dam-
aged cells and initiate tissue repair, and activate and regulate specific adaptive 
immune responses. At the heart of innate immunity are host germline-encoded sen-
sors or pattern recognition receptors (Fig. 1.1). During infection, conserved struc-
tural moieties or pathogen-associated molecular patterns (PAMPs) are recognized 
by these pattern recognition receptors, which triggers the production of inflamma-
tory chemokines and cytokines including IL-1β, IL-6, TNFα, and type I interferons 
[1]. Alternatively, signs of tissue injury known as damage-/danger-associated 
molecular patterns (DAMPs) are similarly recognized to further amplify this sig-
naling loop [2]. Innate immune responses lead to the cardinal signs of inflammation: 
rubor (redness), tumor (swelling), calor (warmth), and dolor (pain), including 
recruitment of immune effector cells, particularly neutrophils. The paradigm for 
pattern recognition receptors are the large family of Toll-like receptors (TLR), 
which are extracellular and intravesicular sensors that evolved from invertebrate 
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proteins and recognize an array of bacterial and viral products [3]. In most cases, 
innate immune responses lead to prompt removal of the infectious agent and resolu-
tion of inflammation. In other cases, this innate immune activation serves to initiate 
an adaptive immune response, ultimately leading to elaboration of T effector cells 
and specific antibodies directed against the infectious insult.

In contrast, autoinflammation represents a disordered and inappropriate innate 
immune response (Fig. 1.1). Inborn errors in one or more elements of innate immu-
nity lead to chaotic or spontaneous immune activation, with excessive production of 
inflammatory cytokines. These defects in turn lead to prolonged and persistent acti-
vation of immune effector cells, causing the systemic and/or organ-specific features 
characteristic of autoinflammatory disorders. The concept of autoinflammation was 
first proposed by Kastner and colleagues in 1999, to describe the hereditary periodic 
fever syndromes causing systemic inflammation in the absence of classic autoim-
mune features [4]. It was more formally stated by Masters and colleagues as “seem-
ingly unprovoked, recurrent episodes of fever, serositis, arthritis, and cutaneous 
inflammation, in the absence of high-titer autoantibodies and antigen-specific T 
cells” [5] and has since expanded beyond the periodic fever syndromes to include a 
wide range of monogenic, polygenic, and sporadic diseases.

In this chapter, the innate immune system will be examined, with a particular 
focus on how defects in these immune sensors and their associated signaling path-
ways are linked to autoinflammation. This review will focus primarily on the 
monogenic autoinflammatory syndromes, as their discovery has largely paralleled 
a revolution in understanding of innate immunity. Genetic diseases can serve as 

Infection and/or
tissue damage

Inborn errors of the
innate immune system

Recognition of PAMPs
and DAMPSs

Activation by minor
stimuli and/or

failure to resolve

Production of inflammatory
cytokines
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inflammatory cytokines
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Removal of
infectious agents

Autoinflammatory
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Recruitment & activation
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Fig. 1.1 Parallel functions 
of innate immunity and 
development of 
autoinflammation
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so- called experiments of nature, expanding the understanding of normal host 
responses while defining disease-specific pathogenic mechanisms. However, simi-
lar immune dysfunction likely underlies more complex autoinflammatory disorders 
discussed throughout this book. It is the hope that this overview of innate immune 
responses will provide a framework for understanding autoinflammation and 
inform both clinical diagnosis and rationally directed therapies.

 Microbial Sensors: NODs, NOD-Like Receptors, 
and the Inflammasomopathies

The central molecules of innate immunity are cellular pattern recognition receptors 
able to sense conserved patterns associated with microbial invaders and/or signs of 
tissue damage and trigger a rapid inflammatory response. Among these pattern rec-
ognition receptors are large families of related intracellular sensors, which are highly 
conserved evolutionarily, and serve as key mediators in both innate immunity and 
autoinflammation. These sensors, which include the nucleotide-binding oligomer-
ization domain (NOD) proteins and the NOD-like receptor (NLR) proteins, have 
been an intense focus of research over the past 15 years [6, 7]. These distinct pro-
teins were recognized to have a shared domain structure, with a variable assembly 
of so-called pyrin domains, caspase activation and recruitment domains (CARD), 
and NACHT or NOD domains, suggesting linked roles in inflammation and cell 
death [8, 9]. These key roles in innate immunity were formally shown in 2002 by 
Martinon and colleagues, demonstrating that pyrin-domain containing proteins form 
large, macromolecular complexes able to activate inflammatory caspases and release 
IL-1β, which they called the inflammasome. The subsequent finding that both NOD 
and NLR proteins can recognize and respond to microbial products [10–12] further 
defined the emerging paradigm that these molecules represented intracellular pat-
tern recognition receptors with key roles in innate immunity. However, it was also 
found that dysfunction of these receptors could lead to autoinflammatory diseases. 
The discovery of the key roles of cytosolic pattern recognition receptors in autoin-
flammation stems from the initial discovery of MEFV, encoding pyrin, as the cause 
of familial Mediterranean fever (FMF) [13, 14]. This was shortly followed by the 
linkage of NOD2 mutations to both the monogenic disease Blau syndrome [15] and 
as risk alleles for inflammatory bowel disease [16, 17] and the discovery of cryopyrin 
(now referred to as NLRP3) as the causative gene for a family of autoinflammatory 
conditions now called cryopyrin-associated periodic syndromes (CAPS) [18].

Indeed, many described monogenic autoinflammatory disorders converge at the 
level of inflammasome assembly and activation (Fig. 1.2). The best characterized of 
these is NLRP3/cryopyrin, which has key roles in host defense due to its ability to 
form an inflammasome in response to diverse signals [7]. NLRP3 consists of an 
N-terminal pyrin domain, a central NOD/NACHT domain, and a C-terminal 
leucine- rich repeat (LRR) domain. NLRP3 protein expression is rapidly induced in 
response to proinflammatory stimuli, most notably TLR engagement, often referred 
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to as signal 1. Assembly of NLRP3 into an inflammasome is then triggered by a 
second signal, provided by a diverse array of PAMPs from bacteria, viruses, and 
parasites, as well as DAMPS such as free ATP and urate crystals [19]. These PAMPs 
and DAMPs are not believed to directly bind to NLRP3, but rather induce several 
cellular triggers that collectively release the autoinhibitory LRR domain [20, 21]. 
Release of autoinhibition allows for NLRP3 oligomerization, mediated by the NOD 
domain, and binding of the pyrin domain to the inflammasome adapter protein ASC, 
forming a large filamentous complex. The inflammasome then recruits inactive pro-
caspase- 1 through homotypic interactions between its CARD domain and that of 
ASC, forming the inflammasome complex that can be visualized as a so-called 
speck of nearly 1 μm in size [22]. Activated caspase-1 then mediates the key inflam-
masome effector functions, namely, proteolytic processing of inactive pro-IL-1β 
and pro-IL-18 into their bioactive forms, which are released from cells and help 
initiate host inflammatory responses (Table 1.1). In addition, caspase-1 also acti-
vates gasdermin D, a pore-forming protein which leads to a proinflammatory form 
of cell death known as pyroptosis [23–25]. Collectively, these inflammasome func-
tions and in particular IL-1 lead to endothelial activation, synthesis of acute-phase 
response proteins by the liver, and initiation of T lymphocyte and natural killer 
(NK) cells responses, all contributing to successful inflammatory responses to 
infection or injury [22]. In contrast, autoinflammatory-associated mutations in 
NLRP3 function in a dominant, gain-of-function manner, leading to spontaneous or 
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Fig. 1.2 NOD proteins, NLRs, and the inflammasome. Cells express a wide array of innate 
immune pattern recognition receptors of the NOD and NLR family to recognize pathogens or signs 
of tissue damage. Upon activation, sensors such as NLRP3/cryopyrin assemble with ASC and 
caspase-1 into the large inflammasome complex. Inflammasome activation allows for cleavage and 
release of proinflammatory cytokines including IL-1β and IL-18 and triggers a pro-inflammatory 
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RhoA inactivation, PSTPIP1, and actin networks including WDR1. Genetic variants in many of 
these pathways lead to autoinflammation
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excessive inflammasome activation. Patients with these variants present as the clinical 
spectrum of CAPS, with systemic inflammatory episodes of fever, rash, and arthri-
tis/arthralgia, and in some patients more severe symptoms of destructive arthritis, 
deafness, and CNS inflammation [26].

Several additional NOD and NLR proteins have been linked to autoinflamma-
tion (Fig. 1.2). The sensor NLRC4 belongs to a subfamily of receptors which con-
tain N-terminal CARD domains rather than the pyrin domains found in NLRP 
proteins. NLRC4 detects a variety of bacterial components including flagellin and 
parts of type 3 secretion systems, through their binding to related Naip proteins. 
These activated Naips interact with NLRC4, relieving autoinhibition and allowing 
oligomerization and ultimate inflammasome assembly [19]. Several gain-of-function 
variants in NLRC4 have recently been described, which likely interrupt the LRR 
domain and cause constitutive inflammasome activation and release of cytokines, 
most notably IL-18. Clinically these variants are associated with enterocolitis [27] 
and recurrent macrophage activation syndrome [28], a life-threatening episode of 
systemic hyperinflammation causing a cytokine storm [29]. There are also 
inflammasome- independent roles for NOD proteins in autoinflammation. NOD2 is 
one of the best characterized PRRs in these families and has a similar structure to 
NLRC4 but with two N-terminal CARD domains. It senses bacterial muramyl 
dipeptide through its C-terminal LRR domain; however, it has not been shown to 
directly form an inflammasome [6]. Rather, NOD2 triggers activation of the kinase 
RIPK2, which activates NF-κB proinflammatory signaling pathways and release of 
cytokines, including IL-1β [30, 31]. Mutations in NOD2 near the nucleotide-binding 

Table 1.1 Cytokines with key roles in innate immunity and autoinflammation

Cytokine Key functions Produced by Targeted therapy

Interleukin-1 
(IL-1)

Endothelial activation, 
fever, acute phase response

Macrophages, 
endothelial cells

Monoclonal antibodies, 
recombinant antagonist, 
inflammasome inhibitors 
(preclinical)

Interleukin-18 
(IL-18)

IFNγ production from NK 
and T cells

Macrophages Recombinant antagonist 
(preclinical)

Tumor necrosis 
factor (TNFα)

Neutrophil activation, 
endothelial activation, 
fever

Macrophages, T 
cells

Monoclonal antibodies

Interleukin-6 
(IL-6)

Acute phase response Macrophages, T 
cells, endothelial 
cells

Monoclonal antibodies

Type I interferon 
(IFNα/β)

Antiviral state, MHC 
expression

Macrophages, 
dendritic cells, 
fibroblasts

JAK kinase inhibitors

Interleukin-10 
(IL-10)

Inhibits cytokine 
production and 
costimulatory molecules

Macrophages, 
regulatory T cells

Recombinant cytokine 
(preclinical)

Interferon- 
gamma (IFNγ)

Macrophage activation NK and T cells JAK kinase inhibitors, 
monoclonal antibodies 
(preclinical)
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domain are gain-of- function, leading to spontaneous activation and clinically to 
Blau syndrome and early-onset sarcoidosis [15]. In contrast, variants in the LRR 
domain of NOD2 are strong genetic risk factors for inflammatory bowel disease 
[16, 17] and have recently been reported in association with adult-onset autoin-
flammatory disorders [32]. In addition to these receptors, several additional mem-
bers of the NLR family including NLRP1, NLRP7, and NLRP12 are linked to 
inflammatory disorders, further illustrating the central role of these PRRs in link-
ing innate immunity to autoinflammation [7].

 Pyrin Inflammasome Dysfunction as a Common Feature 
of Autoinflammation

An additional inflammasome with key roles in both innate immunity and autoin-
flammation is the pyrin inflammasome. The pyrin inflammasome is somewhat dif-
ferent, as pyrin is not a member of the NOD/NLR family. Similar to NLRP family 
members however, pyrin contains its eponymous N-terminal pyrin domain but has 
an otherwise distinct structure, including a C-terminal B30.2 domain which likely 
has roles in autorepression [19]. Pyrin also has a novel mechanism of activation, 
sensing certain bacterial toxins through their ability to inactivate RhoA GTPase 
[33]. Active RhoA leads to phosphorylation of pyrin, which maintains inhibition of 
the pyrin inflammasome [34]. Inactivation of RhoA by toxins produced by patho-
gens such as Burkholderia, Clostridium difficile, and C. botulinum causes dephos-
phorylation of pyrin and allows for inflammasome assembly [33]. Variants in pyrin 
cause FMF, the most common monogenic periodic fever syndrome, which occurs 
primarily in patients with Middle Eastern/Mediterranean background and character-
ized by episodes of fever, pericarditis, and peritonitis. While originally hypothe-
sized to be recessive and loss-of-function mutations, FMF-associated variants are 
now felt to be gain-of-function with a gene dosage effect. Pathogenic pyrin variants 
are primarily in the B30.2 domain and allow for spontaneous inflammasome activa-
tion [26], and recent work has confirmed that FMF-associated mutations decrease 
the activation threshold of pyrin in a dose-dependent manner [35].

Recent work has defined pyrin inflammasome activation as a shared feature in 
several other autoinflammatory disorders and in the process highlighted key cellular 
pathways with central roles in regulating innate immune responses. Deficiency of 
mevalonate kinase was one of the earliest recognized autoinflammatory periodic 
fever syndromes, and represents a disease spectrum ranging from hyper-IgD syn-
drome (HIDS) to the severe metabolic disorder mevalonic aciduria [36]. It has been 
well established that this syndrome is due to a lack of flux through the mevalonate 
biosynthetic pathway, leading to deficiency in key isoprenoids necessary for proper 
function of Rho-family GTPases, such as geranylgeranyl pyrophosphate (GGPP), 
but how this triggered autoinflammation had remained elusive [37]. Recent work 
highlighting the key role of RhoA in pyrin inflammasome assembly may provide a 
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mechanistic answer (Fig. 1.2). Mutations in mevalonate kinase cause loss of GGPP, 
which inactivates RhoA and potentiates pyrin inflammasome assembly while also 
increasing pyrin gene expression [33, 34, 38]. Regulation of pyrin inflammasome 
assembly underlies other recently described autoinflammatory disorders as well. 
Mutations in the adapter protein PSTPIP1 have been linked to pyrogenic arthritis 
with pyoderma gangrenosum and acne (PAPA) syndrome [39], as well as a recently 
described autoinflammatory syndrome with hyperzincemia and hypercalprotec-
tinemia [40]. PSTPIP1 binds pyrin, releases its autoinhibition, and allows for 
inflammasome assembly [41]. Pyrin inflammasomes have also been shown to 
assemble in association with actin [42], and loss of the actin-depolarizing factor 
WD repeat-containing protein-1 (WDR1) causes excessive pyrin activation in mice 
[43]. Recently loss-of-function mutations in WDR1 have also been shown to cause 
an autoinflammatory periodic fever syndrome in humans [44]. These autoinflamma-
tory disorders illustrate the complex cellular pathways that contribute to pyrin 
inflammasome function.

 Cytokines as Key Mediators of Innate Immunity 
and Autoinflammation

Recognition of PAMPs and DAMPs by sensors including inflammasomes triggers 
rapid immune responses, mediated in large measure by cytokines (Table  1.1). 
Cytokines influence cellular function by signaling through their receptors, which 
include at least five families with broadly similar functional properties. Among 
these receptors are type I and type II receptors that signal through the Jak/STAT 
pathways, TNF and IL-1 superfamily that signal through the NF-κB pathway, and 
IL-17 family leading to activation of multiple pathways including both NF-κB and 
C/EBP transcription factors [45]. Together, the function of proinflammatory cyto-
kines induced by pattern recognition receptors leads to activation of both leukocytes 
and endothelial cells, coagulation, fever, and induction of the acute-phase response 
by the liver. The innate immune system utilizes similarly diverse mechanisms to 
attenuate and resolve the effects of proinflammatory cytokines. Among these mech-
anisms are inhibitory and decoy receptors, soluble receptor antagonists, shedding or 
downregulation of receptors, and functions of anti-inflammatory cytokines such as 
IL-10 [45]. Regarding IL-1, the central cytokine linked to autoinflammation, there 
exists a natural cytokine antagonist, IL-1 receptor antagonist (IL-1RA), which neu-
tralizes the cytokine in vivo (Fig. 1.2). Indeed, recombinant IL-1RA (anakinra) is a 
highly effective treatment for a broad spectrum of autoinflammatory disorders [46]. 
Genetic loss of IL-1RA leads to a systemic autoinflammatory disorder known as 
deficiency of IL-1RA (DIRA) [47]. IL-10 is a type II cytokine with key anti- 
inflammatory functions, signaling through its receptor to decrease expression of 
proinflammatory cytokines including IL-1β [48]. Patients deficient in IL-10 itself or 
the two components of its receptor, IL10RA and IL10RB, present with early-onset 
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inflammatory bowel disease [49, 50], highlighting the key role of this system in 
regulating innate immunity.

One of the earliest recognized autoinflammatory disorders was termed familial 
Hibernian fever due to its association with Scottish/Irish families and distin-
guished from FMF by longer duration episodes of fever, conjunctival and perior-
bital inflammation, rash, and arthritis [51]. Ultimately familial Hibernian fever 
was linked to dominantly inherited mutations in the 55 kDa receptor for TNFα, 
TNFR1 (encoded by TNFRSF1A), and renamed TNFα receptor associated peri-
odic syndrome (TRAPS) [4]. The pathophysiology of how mutations in TNRF1 
lead to systemic autoinflammation remains unclear. TRAPS patients have a dra-
matic clinical response to IL-1 blockade therapy [52], but inflammasome dysfunc-
tion in this syndrome remains largely unexplored. Patients with TRAPS carry 
heterozygous missense mutations, typically in the extracellular domain of the 
receptor, while deletions or frameshift mutations have not been reported, strongly 
suggesting that TRAPS variants confer a gain-of-function phenotype [53]. These 
variants do not appear to lead to constitutive receptor activation or increased 
ligand binding affinity [4]. TRAPS variants may impair the shedding of TNFR1 
after ligand binding and causing sustained proinflammatory signaling, but this is 
not the case for all disease- associated mutations [54, 55]. More recent work has 
suggested that TRAPS variants can cause impaired intracellular oligomerization 
of TNFR1, leading to misfolding and retention in the endoplasmic reticulum [56]. 
Indeed, TRAPS variants have been shown to sensitize cells to PAMPs such as the 
TLR4 ligand lipopolysaccharide, leading to excessive inflammatory cytokine pro-
duction [57, 58].

Local effects of cytokines on immune cells and the endothelium have key 
roles in limiting tissue damage and controlling infections. However, overwhelm-
ing and dysregulated cytokine responses on a systemic level can lead to life 
threatening complications, as seen in sepsis. These states of immunopathology 
have been termed “cytokine storm syndromes,” with massive and deleterious pro-
duction of proinflammatory cytokines [59]. When such cytokine storms occur in 
the context of rheumatic diseases or autoinflammation, it is classified as macro-
phage activation syndrome (MAS). MAS occurs most commonly in patients with 
systemic juvenile idiopathic arthritis, a chronic childhood arthropathy with fea-
tures of autoinflammation including uncontrolled IL-1β production [29]. 
However, MAS has been reported in patients with numerous other rheumatic 
diseases, including the monogenic periodic fever syndromes [60]. While the 
underlying mechanisms that trigger MAS are complex and multifactorial [61], 
patients with MAS display remarkably high levels of numerous cytokines includ-
ing IL-1, IL-6, IL-10, IL-18, TNFα, and IFNγ, which drive immune dysfunction 
and lead to end-organ damage [29]. In particular, it is felt that excessive activa-
tion of IFNγ, likely due to IL-18, has a central role in MAS pathogenesis [28, 
62–64]. While the mainstay of treatment for MAS is high-dose corticosteroids, 
there is increasing interest in using cytokine-directed therapy against IL-1, IL-18, 
and IFNγ [65–69].

G. S. Schulert



9

 Type I Interferon Response and Interferonopathies

A distinct innate immune pathway from the inflammasome-induced IL-1 cascade is 
the type I interferon response (Fig. 1.3). Type I interferons (particularly IFNα and 
IFNβ) are rapidly induced in response to a wide array of PAMPs but in particular 
nucleic acids from viral pathogens including both single-stranded and double- stranded 
RNA and DNA. Type I interferons then elicit a potent antiviral response, signaling 
through interferon receptors in an autocrine manner to inhibit viral replication in 
infected cells. In addition, interferons also have paracrine effects to produce an anti-
viral state in neighboring cells [70]. Interferon receptor activation induces the JAK/
STAT signaling pathway, leading to activation of interferon regulatory factor 9 (IRF9) 
and amplification of this interferon loop [71]. Type I interferon also serves as a key 
link between innate immunity and effector cells of the adaptive immune system. Type 
I interferons enhance cytotoxicity of NK cells [72, 73], induce maturation of dendritic 
cells [74, 75], and impact generation of effector and memory B and T cells [76, 77]. 
Endogenous RNA and DNA can also serve as DAMPs to activate the interferon 
response in response to cellular injury. In these settings, interferons are felt to play a 
key pathogenic role in some autoimmune disease, most notably lupus, where overpro-
duction of type I interferons are central to disease onset and flare [78].
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Fig. 1.3 Type I interferon response and the interferonopathies. The innate immune system is trig-
gered by both viral and host-derived cytosolic nucleotides, including RNA and DNA, to initiate the 
type I interferon response. These nucleotides are detected through several systems, including 
cGAS activation of STING, as well as RIG-1 and MDA5, which together with MAVS activate 
IRF3/7. IRF activation produces IFNα and IFNβ, which amplify this loop by signaling through 
their receptor and JAK/STAT pathways to further enhance interferon production. The type I inter-
feron response is limited by several proteins which degrades cytosolic nucleotides, including 
TREX1, SAMHD1, and RNAsae H2. Genetic variants in these sensors and regulatory mechanisms 
cause excessive interferon production, autoinflammation, and in some cases autoimmunity
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While the interferon response has been recognized as a potent inflammatory 
cascade for more than half a century, the specific pattern recognition receptors 
and molecular pathways that induce interferon have only recently been under-
stood [79]. Central to this response is the stimulator of IFN genes (STING), which 
was identified as an ER-associated adapter essential for induction of type I inter-
feron by intracellular DNA [80, 81] (Fig.  1.3). STING directly senses cyclic 
GMP-AMP (cGAMP) [82], which are produced by an intracellular DNA sensor 
known as cGAMP synthase (cGAS) [83, 84]. STING then triggers activation of 
IRF3 and production of type I interferons. Recently, de novo variants in STING 
have been described in patients with systemic inflammation and severe vasculopa-
thy affecting the skin, lungs, and other organs and termed STING-associated vas-
culopathy of infancy (SAVI) [85]. SAVI variants cause a gain-of-function 
phenotype, leading to constitutive STING activation and high type I interferon 
signature. Interferon signaling can be blocked through selective JAK kinase inhib-
itors [85] and subsequently has been shown that SAVI patients have good clinical 
response to such treatment [86, 87]. As SAVI involves dysfunctional innate 
immune mechanisms leading to autoinflammation, but distinct from classic 
inflammasome-mediated disorders, it was proposed to represent an autoinflamma-
tory interferonopathy [88, 89].

Indeed, an expanding class of autoinflammatory conditions involve similar 
defects in innate immune sensing, leading to excessive type I interferon activation. 
Viral RNA are recognized by the retinoic acid-inducible (RIG) like receptors includ-
ing RIG-1 and MDA5, which contain CARD domains as found in NLR proteins 
(Fig. 1.3). RIG-1 primarily recognizes short, double-stranded RNA, while MDA5 
(encoded by IFIH1) recognizes longer RNA molecules [90, 91]. Upon activation, 
RIG-like receptors undergo a conformational change allowing homotypic binding 
of CARD domains to those in the mitochondrial-localized MAVS1 or interferon 
promoter stimulator 1 [92]. Interactions with MAVS1 lead to formation of a large 
functional aggregate that induces type I interferon production [93, 94]. Numerous 
proteins play key roles in limiting and resolving the cytosolic nucleic acids that are 
key stimulators for both STING and the RIG-like receptors. Among these mecha-
nisms are DNA repair exonucleases such as TREX1 and ribonucleases such as 
RNase H2 complex, as well as SAMHD1, which restricts the availability of free 
deoxynucleotides. Recessive defects in many of these suppressive pathways lead to 
Aicardi-Goutieres syndrome (AGS), a childhood onset encephalopathy with nota-
bly high IFN production and risk for autoimmunity [95–98]. Activating mutations 
in several of these, including TREX1 and MDA5, can also cause monogenic lupus 
[99]. Finally, the immunoproteasome has central roles in innate immunity by 
degrading intracellular proteins tagged for disposal by ubiquitination (Fig.  1.3). 
PSMB8 is an inducible proteasome catalytic component, mutations in which cause 
defective assembly and accumulation of ubiquitinated proteins [100, 101]. PSMB8 
dysfunction leads to a syndrome known as chronic atypical neutrophilic dermatosis 
with lipodystrophy and elevated temperature (CANDLE), and additive defects in 
these subunits lead to activation of the type I interferon pathway through unknown 
mechanisms [102].
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 Conclusions and the Road Ahead

Innate immunity represents the host’s essential first line of defense against the 
microbial world, linking recognition of microbial patterns with immediate inflam-
matory responses. Multicellular organisms have evolved numerous overlapping and 
redundant families of pattern recognition receptors to detect signs of damage and 
invasion, potent cytokine messengers to mediate inflammatory responses, and 
mechanisms to resolve and limit pathogenic inflammation. While an inadequate 
innate immune response can leave a host vulnerable to possibly fatal infections, 
excessive or uncontrolled responses also lead to significant pathology that we now 
recognize as autoinflammation. As the various pattern recognition systems largely 
converge at the level of cytokine production, cytokine-directed therapies have been 
greatly beneficial in treating autoinflammation (Table  1.1). Next-generation 
sequencing and other high-throughput technologies have increased the pace of dis-
covery, with numerous new autoinflammatory conditions identified annually [103]. 
While newly discovered syndromes allow for better diagnosis and treatment of indi-
vidual patients, in parallel, they further expand our understanding of the underlying 
biology of innate immunity.
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Chapter 2
Mevalonate Kinase Deficiency (MKD)/
Hyperimmunoglobulin D Syndrome (HIDS)

Olga Petryna and Neha Purat

 Introduction

Mevalonate kinase deficiency (MKD)/hyperimmunoglobulin D syndrome (HIDS) 
is a rare autoinflammatory disease which was first discovered by Rowe and Fahey 
in 1965 [1]. Being an autosomal recessive disease, it is believed to result from a 
mutation in mevalonate kinase (MVK) gene  – an enzyme involved in the phos-
phorylation of mevalonic acid, a component in the isoprenoid and cholesterol bio-
synthesis pathway [2]. Isoprenoids, including farnesyl, geranyl, and ubiquinone, are 
essential compounds in diverse cellular functions, and isoprenoid compounds affect 
the stability and maturation of MVK [3].

On the more severe end of the spectrum, mevalonic aciduria (MVA) usually 
occurs in childhood, during the first decade of life, and is often fatal, whereas HIDS 
manifestations are much milder and not life-threatening. There have been cases of 
adult onset HIDS described in literature. Observational study by Durel et al. [4] 
describes 23 patients with adult HIDS with mean age at diagnosis being 40 years. 
In this study significant amount of adult patients (65%) presented with abating 
severity and frequency of attacks with age, but only 35% were able to achieve 
remission.

Because of extreme rarity of the condition, with only close to 300 cases reported 
worldwide, very little has been published about incidence and prevalence of MKD 
and HIDS in particular. With the largest cohorts of patient registered in Northern 
Europe, some studies report prevalence of 5 cases of HIDS per 1,000,000  in the 
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whole population in the Netherlands [5]. Highest prevalence of HIDS was observed 
in patients of Dutch and French descent.

The symptoms can be very nonspecific; hence, it becomes challenging to differ-
entiate with other periodic fever syndromes. Wide spectrum of disease severity is 
defined by the severity of the enzymatic defect stemming from a variety of MVK 
gene mutations [6].

Increased levels of immunoglobulin D (IgD) as well as high levels of the cyto-
kines, mainly IL 1, IL 6, and tumor necrosis factor-α (TNFα) are usually observed 
in majority of the patients.

Differential diagnoses include tumor necrosis factor (TNF) receptor-associated 
periodic syndrome (TRAPS), juvenile systemic granulomatosis, juvenile idiopathic 
arthritis, familial Mediterranean fever (FMF), and Behçet disease.

 Pathophysiology and Genetics

HIDS is considered a classic monogenic recessively inherited disease resulting 
from a defect in the gene encoding mevalonate kinase (MVK), an enzyme in which 
the end products include cholesterol, protein isoprenylates (including the prenylated 
Ras/Rho proteins), dolichol, and ubiquinone [7].

The most common mutation in MKD is p.V377I (G1129A); this mutation is 
observed primarily among heterozygous individuals with HIDS [8]. Less frequently 
observed mutations are I268T, H20PIN, and P167L, but their associations with 
the frequency or severity of febrile attacks have not been demonstrated (Table 2.1). 
One study found that the vast majority of V377I alleles from MKD patients who 
were geographically clustered in Western Europe shared a common ancestral origin 
[9]. The carrier frequency of any MVK mutation in the Dutch population is 1:65 
[10]. Although MKD is a recessive disorder, it may also exhibit a pseudodominant 
pattern of inheritance; in one study, a mother and her two monozygotic twins had 
MKD [11].

The exact pathogenesis of HIDS still remains unclear. However, several of the 
isoprenoid end products have been involved in posttranslational events affecting 
lipid synthesis, protein degradation, and apoptosis [14]. A link between the  isoprenoid 
pathway and apoptosis was also suggested by Nagashima et al. [15] who also showed 
that inhibition of this pathway by statins induced apoptosis in rheumatoid arthritis 

Table 2.1 Most common MVK mutations

Most common MVK gene mutations from  
van der Hilst registry [12]

Most common MVK gene mutations from 
Eurofever registry [13]

V377I
I268T
H20P/N
P167L
H380R
R215Q
W188X

p.V377I + p.V377I
p.V377I + p.I268T
p.V377I + p.G335A
p.V377I + p.G336S
p.V377I + p.L264F
p.V377I + p.L265R
p.V377I + p.P165L
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synoviocytes. This finding also mirrored in MVD and could offer an explanation for 
the beneficial effect of statins seen in patients with HIDS as well [16].

A deficiency of MVK resulting in shortage of the isoprenoid downstream 
compounds leads to systemic inflammation through mediation by interleukin 
(IL)-1β [17]. Lack of geranylgeranyl phosphate leads to caspase-1 activation 
through Rac1 signaling and subsequent conversion of pre-IL-1β to an active 
IL-1β (Fig. 2.1) [18].

In another observational study, it was determined that the increased cytokine 
response in HIDS patients is specific for TLR4, TLR2, and NOD2 ligation and 
involves other pro-inflammatory cytokines along with IL-1b. Exposing PBMCs 
from patients with HIDS to LPS (TLR4 ligand) for 24 h in this study resulted in 
increased IL-1α and IL-1β secretion, while stimulation with TLR2 (Pam3Cys) and 
NOD2 (MDP) ligands lead to increased IL-1α, IL-1β, IL-6, and TNF secretion. 
Authors assumed that more easier secretion of IL-1b resulted in the increased ratio 
between active and inactive caspase-1 protein in HIDS patients. The study favored 
multi-cytokine mechanism in HIDS pathophysiology [19].

 Organ Manifestations

The most common clinical characteristics of the disease are fever above 103F which 
can last up to 3–7 days with periods of well-being between the cycles, lymphadenopa-
thy mainly in cervical region, aphthous ulcers, gastrointestinal symptoms (nausea, 
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Fig. 2.1 Hypothetical pathogenesis of HIDS.  Adapted from Normand et  al. [35]. HMG-CoA 
3′-hydroxy-3′-methylglutaryl coenzyme A; PP pyrophosphate, GDP guanosine diphosphate, GTP 
guanosine triphosphate, IL interleukin. (Adapted from Kostjukovits et al. [18])
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vomiting), maculopapular rash, and arthralgias. Other symptoms such as headache, 
shortness of breath, chest pain, and splenomegaly have been reported [12].

The most common manifestations outlined in Table 2.2 can be grouped by organ 
systems as follows:

Systemic Complains Periodic febrile attacks lasting up to a week at a time are 
more common in childhood. Even though severity and frequency of attacks may 
subside with age with very few or no attacks off treatment in some cases, in majority 
of the patients, fevers rarely resolve completely [12]. Most of the time, patients 
remain symptomatic, experiencing more than six febrile attacks per year. A French 
and Belgian study reported nearly 55% of their patients surviving into adulthood 
with severe disease (disease activity scores of 2), characterized by frequent severe 
febrile episodes with major organ involvement [20].

Skin and Mucous Membranes Skin manifestations of HIDS vary from most 
commonly reported maculopapular eruption, urticaria, and periorbital erythema to 
rare cases of erythema nodosum and purpura. Aphthous ulcers and pharyngitis are 
typical during the attacks.

Lymphadenopathy Lymphadenopathy is seen in almost 90% of the patients dur-
ing attacks. The enlarged lymph nodes were generally located primarily in the cervi-
cal region. Axillary and inguinal lymphadenopathy is less frequent [13].

Splenomegaly and Hepatomegaly Hepatosplenomegaly is highly prevalent in 
majority of HIDS patients. From the published reports, it was found in >30% of 
cases, with majority of the patient experiencing accompanying lymphadenopathy. 
International HIDS database reports 22% of patient experiencing isolated hepato-
megaly. A few pediatric cases report cholestatic hepatitis.

Table 2.2 Frequency of most common clinical manifestations of HIDS from three largest cohorts

Symptoms

% of patients
103 patient cohort by van 
der Hilst et al. [12]

% of patients
114 patients by Ter 
Haar et al. [13]

% of patients
23 patients by 
Durel et al. [4]

Skin lesions 68.9 Maculopapular rash 39
Urticarial rash 15

82.6

Lymphadenopathy 87.4 85 82.6
Hepato/
splenomegaly

Hepatomegaly 21.6
Splenomegaly 32.4

38 47.8

Arthralgia 83.5 71 87.0
Arthritis 55.3 28 47.8
Abdominal pain 85.4 88 82.6
Diarrhea 71.6 84 47.8
Vomiting 70.9 69 30.4
Headache 63.3 38 34.8
Aphthous ulcers 48.5 60 30.4

O. Petryna and N. Purat



23

Gastrointestinal Symptoms Most common GI symptoms of HIDS are flares of 
abdominal pain, vomiting, and/or diarrhea happening in parallel with febrile attacks 
and occasionally resembling acute abdomen in most severe cases. Occasional cases 
of aseptic peritonitis and abdominal adhesions have been reported.

Musculoskeletal Involvement Inflammatory polyarthritis and arthralgia affecting 
predominantly large peripheral joints and hand joints in RA distribution (MCPs and 
PIPs) are highly prevalent in HIDS. In some larger published reviews, inflammatory 
polyarthritis was observed in over 50% of the patients and arthralgia was present in 
83.5% of HIDS cases [12].

A handful of cases of osteitis, contractures, and bone deformities have been 
reported [13].

Myalgias are not uncommon and were described in close to 50% of HIDS 
patients. No cases of inflammatory myopathy were reported to date.

Neurologic Manifestations CNS involvement is not uncommon in MVD. Cases of 
mental retardation, retinitis pigmentosa, and cerebellar disease that are more preva-
lent in severe phenotypes (MVA)  where disease manifested in childhood [13, 21].

In HIDS cases headaches, dizziness, and mood disorders are common during the 
attacks, and in some 25% tend to happen in periods between the attacks. Etiology of 
mood disorders remains obscure, although psychological impact of the disease 
tends to play a role.

 Rare Manifestations

Macrophage activation syndrome and AA amyloidosis tend to be uncommon in 
HIDS and were described in only a handful of case reports. The first patient with 
amyloidosis in HIDS was described by Obici et al. [22] in a case report of a 27-year- 
old male of Italian descent. In this case the patient presented with proteinuria 
accompanied by febrile attacks which lasted 3–7  days, lymphadenopathy and 
abdominal symptoms. Kidney biopsy with Congo red stain confirmed AA amyloi-
dosis. In this patient, two mutations in the mevalonate kinase gene were identified, 
one of which, the leucine-to-arginine substitution at codon 265, was novel.

Pseudotumors are very uncommon to HIDS but nonetheless described in a few 
cases. One of the case studies reported an 11-year-old patient with several 
hypoechoic pseudotumoral hepatosplenic masses. Similar nodular lesions, sugges-
tive of metastases, disseminated in the liver and spleen as well as lung consolida-
tions were detected with the thoracoabdominal CT (T1-weighted). Extensive 
screening for infection was nevertheless negative and empiric antibiotic therapy 
unsuccessful. The lesions were completely reversible with corticosteroids [23].

A few reports of pneumonia and interstitial lung disease were described but not 
widely prevalent in HIDS.
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Another rare complication reported in HIDS was pauci-immune crescentic glo-
merulonephritis [24]. Glomerular inflammation was believed to be induced by 
HIDS-related cytokine release. Larger cohort studies did not observe glomerular 
disease in HIDS.

 Pregnancy

HIDS in pregnancy has not been described vastly, mostly because based on avail-
able data, HIDS does not cause any complication during pregnancy, labor, and post-
partum, nor it is known to cause disturbance in fetal outcome. Interestingly enough 
frequency of febrile attacks tends to subside during pregnancy. Nausea and vomit-
ing were described in certain cases, which can make differential with hyperemesis 
gravidarum difficult. Immunoglobulin D levels tend to remain high in pregnant 
women with HIDS. Due to relatively mild manifestations during this time, HIDS 
rarely requires treatment during pregnancy [25].

Laboratory parameters although nonspecific include increased level of acute- 
phase reactants (ESR, CRP, ferritin, SAA) during febrile attacks. High-serum inter-
leukin- 1 and interleukin-6 and TNFa and increased level of IgD (>140 mg/dl) along 
with high level of mevalonic acid in the urine during the attacks comprise more 
specific laboratory findings. Increase in Ig A levels was noted in some cases as well 
[26].

Genetic confirmation of the defect in the protein coding for mevalonate kinase 
enzyme is a gold standard in diagnosis of HIDS [26]. Less commonly used immu-
noblot analysis was performed in some cases and demonstrated a deficiency of MK 
protein in patient fibroblasts, indicating a protein-destabilizing effect of the muta-
tions [27].

 Treatment

There is no standard therapy for MKD/HIDS and treatment protocols have changed 
since the last decade. Conventional DMARDS, such as methotrexate, azathioprine, 
tacrolimus, dapsone, and intravenous immunoglobulins, demonstrated very limited 
success in HIDS.

Corticosteroids are useful in management of acute febrile attacks but demon-
strate suboptimal efficacy in prevention subsequent flares. One larger cohort reports 
only 24.4% patients with good response and 37.8% with some response in reduction 
in severity and duration of attacks with continuous use of steroids [12].

Observational study by Durel et  al. showed limited efficacy of colchicine, 
NSAIDs, and HMG-CoA reductase inhibitors in treatment of HIDS [4]. In some 
milder cases, zaragozic acid A demonstrated efficacy, suggesting a role for modula-
tion of isoprenoid biosynthesis in treatment of HIDS [28].
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Published reports have suggested notable decrease in disease activity and 
decrease in inflammatory markers with a TNF receptor blocker etanercept. Data 
varies from report to report and no large trials are available. It is known that onset 
of action of etanercept may be delayed up to 36 h, and even though severity of the 
attacks decreases, etanercept does help achieve full remission in many instances. 
The retrospective analysis of data on both adult and pediatric cases form the 
Eurofever registry revealed more patients responded to IL-1 inhibitor anakinra 
(89%) than to etanercept (65%) [29].

IL-1 blocking agent should be preferred in patients with frequent attacks and in 
patients with chronic active disease and long-term complications. Some studies sug-
gest dose escalation of IL-1 agents should be tried first before switching to other 
biologic therapies [30].

Anakinra (a recombinant, human IL-1 receptor antagonist) was first described to 
reduce the overall number and severity of febrile attacks in a 7-year-old girl with 
MKD in 2006 [31]. Two prospective trials and others series confirm the effective-
ness of anakinra in MKD [20]. In retrospective analysis of 67 MKD patients from 
Eurofever cohort anakinra therapy resulted in impressive responses in 89% of the 
patients. However, complete remission was observed in much smaller percentage of 
the patients (22%).

Canakinumab, a human immunoglobulin G1 monoclonal antibody directed 
against IL-1b, has been extensively studied in the treatment of HIDS in the last 
decade. There have been studies showing improvement of the febrile attacks and 
also some cases of complete remission.

Most recently phase 2 open-label single-arm study with two treatment phases 
and one withdrawal phase has demonstrated complete response (physician’s global 
assessment of disease activity score of 0 or 1 and C-reactive protein levels less than 
10 mg/liter) to canakinumab in all nine patients enrolled in the study [32].

Recent literature suggests targeting the IL-6 pathway being effective in 
HIDS. Larger studies are lacking, but there have been a few reports supporting use 
of humanized monoclonal antibody against IL-6R tocilizumab in HIDS patients 
with inadequate response to IL-1 [beta] or TNF-[alpha] [33, 34].

 Conclusion

MKD, a rare monogenic autosomal recessive auto-inflammatory disease resulting 
from loss of function mutation in MVK gene, presents with the spectrum of disor-
ders from milder HIDS to severe and often life-threatening mevalonic aciduria 
(MVA). While MVA can lead to death in early childhood, HIDS in general does not 
reduce life expectancy. Regardless of spectrum of the disease, MKD has negative 
impact on patient’s daily activities, education, and employment. Early diagnosis and 
treatment may improve quality of life and prevent long-term complications and irre-
versible organ damage. Development of effective targeted therapies remains one of 
the main unmet needs in management of MKD.
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Chapter 3
The TNF Receptor-Associated 
Autoinflammatory Syndrome (TRAPS)

Marco Gattorno

 Introduction

The TNF receptor-associated autoinflammatory syndrome (TRAPS, MIM 142680), 
formerly known as familial Hibernian fever [1], is a rare dominantly inherited dis-
order, caused by mutations in the p55 TNF receptor (or TNFR1), encoded by the 
TNF superfamily receptor 1A (TNFRSF1A) gene [2]. The disease was originally 
identified in families of Northern European ancestry but has been described in 
almost all ethnic groups, including those living in Mediterranean countries and 
Asia. Fever is often prolonged and can be accompanied by serositis, arthritis, a skin 
rash with underlying fasciitis and periorbital oedema.

 Pathogenesis

A total of 158 sequence variants of the TNFRSF1A have been recorded so far; of these 
75 are associated with a TRAPS phenotype [3] (http://fmf.igh.cnrs.fr/infevers/).

The first TRAPS-related mutations analysed were missense mutations resulting 
in single amino acid substitutions in the cysteine-rich domains (CRD), CRD1, 
CRD2 or CRD3 of the ectodomain of the mature TNFR1 (also called p55 TNFR) 
protein [3–5]. These CRDs are involved in disulphide bond formation and in the 
folding of the extracellular portion of the protein. Here hence mutations resulting in 
cysteine substitutions demonstrate a higher penetrance being usually associated 
with a more aggressive phenotype (see below). In contrast, other variants, such as 
R92Q and P46L, that are associated with a milder phenotype have a less severe 
impact on the structure of the protein [4].
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In some patients, plasma concentrations of the soluble form of the receptor are 
low or paradoxically normal during attacks and may also be low in between [2]. 
This suggested a quantitative or qualitative abnormality of the soluble form of the 
receptor. The shedding of free TNFRs from the membrane produces a pool of solu-
ble receptors that may scavenge circulating TNF by competing with membrane- 
bound receptors. This latter phenomenon was considered as a possible strategy for 
the regulation of the effect of circulating free TNF during acute inflammation. In 
fact some TNFRSF1A mutations display a defect of shedding [2] leading to a lack 
of appropriate TNF inhibition and therefore to uncontrolled inflammation (Fig. 3.1a).

At variance with the p75 receptor, p55 TNFR is also able to induce cell apopto-
sis, via activation of the caspase cascade. In fact, TNFR1 can trigger cellular activa-
tion via NF-kB or apoptosis via activation of pro-apoptotic caspases. A defect of 
TNF-induced apoptosis has been identified in TRAPS patients [6, 7].

The transfection of the mutant form of TNFRI protein in different cell types 
allowed to identify an additional relevant pathogenic mechanism related to the dis-
ease. In fact the mutated TNFRI display a defect of trafficking to the cell membrane 
with a clear accumulation in the endoplasmic reticulum [8] (Fig. 3.1b). As a conse-
quence, elevated levels of mitochondrial reactive oxygen species (ROS) lead to an 
overactivation of some intracellular pro-inflammatory pathways such as mitogen- 
activated protein kinase (MAPK) [9, 10] (Fig.  3.1c). These data coming from 
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TRAPS confirm therefore that the accumulation of unfolded proteins in ER may 
represent a relevant trigger for the activation of inflammation [11].

In a recent study, the gene expression signature in blood of active TRAPS 
patients was compared to healthy controls [12]. The disease-causing gene 
TNFRSF1A was upregulated in TRAPS patients by 1.4-fold compared to the 
healthy volunteers. Other genes relevant to inflammation were also upregulated 
among TRAPS patients including MAPK14 (2-fold), NFKB1 (1.3-fold), TLR5 
(2.4-fold) and MMP9 (2.4- fold), among others. The upregulation of genes in the 
apoptosis and survival, endoplasmic reticulum stress response pathway and autoph-
agy pathway maps was also observed [12].

TRAPS monocytes try to override the accumulation of unfolded with a process 
called autophagy [13]. Autophagy is the main mechanism responsible for elimina-
tion of both damaged cellular compartments in physiological conditions and insol-
uble aggregates of mutant proteins which accumulate under pathological 
circumstances. Interestingly, downregulation of autophagy has been observed to 
enhance the inflammatory response, such as in mice lacking autophagy-related pro-
teins [14], thus suggesting that an autophagy defect may be a common pathogenic 
event underlying a number of autoinflammatory syndromes.

TRAPS patients display an exhaustion of the autophagy system due to the over-
load of the unfolded mutated protein that represents a further “stress signal” for the 
cells [13]. This may lead to the activation of the NLRP3 inflammasome [15] 
(Fig. 3.1d), consistent with the oversecretion of active IL-1β observed in TRAPS 
patents [13]. In the meanwhile, it is possible that ROS and the consequent antioxi-
dant response could represent a further stimuli for the activation of NLRP3 inflam-
masome [16, 17] (Fig. 3.1e). Of note, IL-1β and other four genes in the IL-1 immune 
response signalling were upregulated at the gene expression level in TRAPS patients 
when compared to healthy controls [12].

These observations may explain the apparent paradox of a better response to 
anti-IL-1 rather than to anti-TNF treatment observed in TRAPS patients (see below).

 Clinical Presentation

Disease onset is usually reported during the paediatric age but is often misdiag-
nosed. Data from an international registry (Eurofever, www.printo.it/eurofever) 
shows a mean delay of diagnosis in TRAPS patients of 18 years [18]. On the other 
hand, in a relevant percentage of patients (almost 20%), disease onset is reported in 
adult age [19].

The main differential diagnosis of TRAPS is against the other periodic fevers 
(Table 3.1). The classical disease presentation of TRAPS in childhood is character-
ized by fever attacks lasting from 1 to 3 weeks. However, shorter episodes can be 
observed in up to 20% of patients [5, 19]. Fever onset is often abrupt and associated 
with shiver. Fever episodes are spaced by variable intervals of complete well-being. 
No clear periodicity is usually observed [5, 7, 19].
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Table 3.1 Autoinflammatory diseases presenting as periodic or recurrent fever: differential 
diagnosis

Disease (year of 
identification)

Gene (year of 
identification) Protein Inheritance Main clinical features

FMF (1945) MEFV (1997) Pyrin AR Short duration of fever 
episodes: 24–48 h. Severe 
serositis with abdominal and 
chest pain. Erysipelas-like 
erythema. Good response to 
colchicine

Hyper-IgD 
(1984)

MVK (1998) MVK AR Very early onset (usually 
<12 months). Mean duration 
of episodes: 4–5 days. Poor 
conditions during fever 
episodes. Abdominal pain, 
vomiting and diarrhoea. 
Splenomegaly. Variable 
response to steroids on 
demand

TRAPS (1982) TNFRSF1A 
(1999)

TNFR1 AD Prolonged fever episodes: 
1–3 weeks. Periorbital 
oedema, monocytic fasciitis. 
Incidence of renal 
amyloidosis: 15–25%. Better 
response to IL-1 rather than to 
TNF blockade

FCAS, MWS, 
CINCA (1940, 
1962, 1982)

NLRP3 (2000) Cryopyrin AD FCAS: rash, fever and 
arthralgia after cold exposure. 
MWS: recurrent or subchronic 
urticaria-like lesions, 
sensorineural hearing loss, 
amyloidosis. CINCA: as above 
+ mental retardation, chronic 
aseptic meningitis and bone 
deformities, with a chronic 
course. All: dramatic response 
to IL-1 blockade

FCAS 2 (2008) NLRP12 (2008) NLPR12 AD Mild inflammatory phenotype. 
Periodic fever and rash after 
cold exposure. Possible 
hearing loss

PFAPA (1987) n/a n/a n/a Early onset (<5 years). Clear 
periodicity. Predominance of 
pharyngotonsillitis and 
latero- cervical lymph node 
involvement. Good response to 
steroids on demand and 
tonsillectomy

FMF familial Mediterranean fever, FCAS familial cold autoinflammatory syndrome, MWS 
Muckle-Wells syndrome, CINCA chronic infantile neurological cutaneous and articular syndrome, 
TRAPS TNF receptor-associated autoinflammatory syndrome, PFAPA periodic fever, aphthous 
stomatitis, pharyngitis and adenitis, AR autosomal recessive, AD autosomal dominant, n/a not 
applicable (multifactorial)
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Limb pain is frequently observed and is more prominent than arthritis, which 
may involve large joints (hips, knees, ankles). Abdominal and chest pain are fre-
quently observed and are due to acute peritoneal or pleural inflammation. Ocular 
involvement, characterized by periorbital oedema and conjunctivitis, is frequent, 
especially in children [5, 19].

The cutaneous manifestations associated with TRAPS are extremely variable. A 
wide spectrum of skin rashes can be observed in most patients: urticaria-like, 
plaques and patches [20, 21].

The most distinctive lesion is an erythematous, swollen, warm and tender plaque 
of various sizes with hazy edges. It rather involves the upper and lower limbs but 
can be observed at the chest. Usually, the rash has a migratory course from the root 
to the extremity of the limbs [21].

This pseudo-cellulitis is often accompanied by painful myalgias due to a mono-
cytic fasciitis, which constitute one of the most distinctive manifestations of TRAPS 
attacks. These cutaneous lesions are histologically characterized by deep perivascu-
lar infiltrates of mononuclear cells [22].

Attacks are associated with important rise in acute-phase reactants (ESR, CRP), 
increased neutrophils’ count and variable degree of hypochromic anaemia.

In adulthood, fever episodes may become less frequent, and patients may experience 
a subchronic disease course characterized by flares of abdominal pain, arthro- myalgia, 
ocular manifestations and a slight but persistent elevation of acute-phase reactants, 
including serum amyloid A (SAA). Renal AA amyloidosis represents the most serious 
long-term complication, with a prevalence ranging from 14 to 25% [5, 20].

Evidence-based classification criteria for TRAPS and other monogenic recurrent 
fevers have been recently developed on the basis of data coming from the Eurofever 
Registry [23]. According to these criteria, either “positive” or “negative” (presence 
or absence of a given variable) are associated with each inherited recurrent fever, 
with a high accuracy. The presence of a positive family history, long-lasting fever 
episodes, periorbital oedema, migratory rash and myalgia together with the absence 
of vomiting and aphthosis is strongly associated with TRAPS (Table 3.2) [23].

Mutations of the TNFRSF1A gene that result in cysteine substitutions demon-
strate a higher penetrance of the clinical phenotype and are characterized by a severe 
disease course and by an increased probability of developing renal amyloidosis. In 
contrast, other low-penetrance mutations (such as the R92Q and P46L mutations) 

Table 3.2 The Eurofever 
classification criteria for 
TRAPS (Ref. [23])

Presence Score
Periorbital oedema 21
Duration of episodes >6 days 19
Migratory rash^ 18
Myalgia 6
Relatives affected 7
Absence
Vomiting 14
Aphthous stomatitis 15
Cut-off ≥43

^ Centrifugal migratory, erythematous patches most typically 
overlying a local area of myalgia, usually on the limbs or trunk
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are usually associated with a more heterogeneous clinical presentation, with a 
milder disease course and lower prevalence of amyloidosis [5].

This observation was confirmed also in study conducted on a paediatric popula-
tion of 21 TRAPS patients [7]. Children carrying a R92Q substitution displayed a 
milder disease course in term of duration of flares (mean duration 4.1 days) and 
intensity of disease-associated symptoms. The majority of these patients respond 
well to steroid on demand and do not need continuous biologic treatment to control 
disease activity. As observed in other studies, the allele frequency in normal popula-
tion ranges from 2% to 4%. Interestingly, in most of paediatric R92Q patients, the 
mutation is inherited from one asymptomatic parent, thus confirming the low pen-
etrance of this substitution [7].

 Treatment

Corticosteroids, when given at the onset of an attack, can attenuate its length and 
severity. This strategy is used in a relevant percentage of patients, especially if few 
episodes per year are experienced by the patients [24].

In the most severe forms of the disease, clinical signs of inflammation are 
extremely frequent or permanent and require daily use of corticosteroids, leading to 
dependency and requiring the use of other anti-inflammatory drugs. Colchicine 
does not seem to prevent recurrences of TRAPS attacks, even if some effect has 
been reported in patients with low-penetrance mutations [24].

The use of immunosuppressive drugs has been reported to be ineffective [20, 24]. 
Since the molecular defect of p55 TNFR is associated with an impaired shedding of 
the receptor from the membrane surface, the use of etanercept (Enbrel), fusion pro-
tein of the soluble TNF receptor 2 and the Fc component of human immunoglobulin, 
has been proposed [2]. However, although there is anecdotal evidence of the efficacy 
of etanercept in the prevention of disease flares and in the treatment of long-term 
renal complications [20, 25–28], others have shown that this biological agent is inef-
fective in some patients and unable to completely control inflammation in others 
[29–33].

Bulua et al. reported the experience of 15 TRAPS patients enrolled in a prospec-
tive, open-label, dose escalation study using etanercept. The treatment significantly 
attenuated the total symptom score, as well as reduced the frequency of symptoms 
and reduced acute-phase reactants during asymptomatic periods. However, during a 
10-year follow-up period, most of the patients discontinued treatment (with a 
median of treatment of 3.3 years). The main reasons for discontinuation were injec-
tion reactions and lack of efficacy [34].

Of note, the use of anti-TNF monoclonal antibodies (infliximab and adalim-
umab) has been shown to worsen the inflammatory manifestations in TRAPS 
patients [33, 35, 36].

On the other hand, after these disappointing experiences with anti-TNF blockers, 
some preliminary anecdotic observations showed the excellent response to anti- 
IL- 1 treatments, such as IL-1anakinra in some patients [30, 36].
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In a preliminary study, four children and one adult with TRAPS were treated 
with anakinra due to the high frequency of fever episodes or the development of a 
chronic disease course [37]. All patients had a dramatic response, with disappear-
ance of symptoms and normalization of acute-phase reactants. In all paediatric 
patients, anakinra was withdrawn after 15 days of treatment. After a few days, a 
disease relapse occurred, with a prompt new response to the reintroduction of 
anakinra. During the following year, the patients were treated continuously with 
anakinra and did not experience any disease-related clinical manifestations or any 
increase in acute-phase reactants [37].

Data from Eurofever Registry has supported the better performance of IL-1 
blockade on anti-TNF treatment in TRAPS patients. In fact, even if etanercept was 
beneficial in 32 of the 37 patients, only 11 (30%) experienced a complete response. 
Conversely anakinra was able to induce a complete response (absence of clinical 
manifestations and normalization of acute-phase reactants) in 26 of 33 patients 
(79%) and a partial response in 5 others [24]. The same good results have been 
preliminary reported in one patients treated with the anti-IL-1 monoclonal antibody 
(canakinumab) [38].

Canakinumab is a fully human monoclonal selective anti-IL-1β antibody with a 
half-time of 4 weeks. Interim data of open-label 4-month canakinumab therapy and 
5-month follow-up involving 20 active TRAPS patients has been recently presented 
[39]. A 4-month open-label 150 mg (2 mg/kg) of canakinumab every 4 weeks fol-
lowed by up to 5-month treatment withdrawal was performed. On day 8, 16 (80%) 
achieved complete/almost complete response, and 18 (90%) achieved clinical 
remission. Clinical remission was maintained by all patients from day 15 onwards. 
After withdrawal of treatment at month 4, the patients presented a relapse of the 
disease after a median period of 3 months. All patients regained complete/almost 
complete response 8–27 days after canakinumab redose. All patients completed the 
following 24-month open-label period. Only two serious adverse events, an upper 
respiratory infection and a TRAPS relapse, were reported [39].

These latter data supported the pivotal role of IL-1β in the pathogenesis of 
TRAPS and prompted the elaboration of a large registrative trial. Indeed, a random-
ized, double-blind, placebo-controlled trial recently confirmed the efficacy of 
canakinumab in TRAPS and in other two monogenic periodic fevers (colchicine- 
resistant FMF and mevalonate kinase deficiency) [40].

In all the diseases, canakinumab has demonstrated highly significant differences 
vs placebo in the primary outcome (resolution of the index flare by day 15 and no 
subsequent flares up to week 16) in the first phase of the trial, after randomization. 
Most of the TRAPS patients displayed a complete response at the dose of 150 or 
300 mg every 4 week. Moreover, in the subsequent 40-week phase of the study, 
patients were further randomized in order to evaluate canakinumab at a prolonged 
dosing interval (every 8 weeks) [40].

Notably 53% of the TRAPS patients randomized with a prolonged dosing inter-
val (150 mg q8w) maintained a complete control of the disease [40]. This drug is 
now registered for these three new indications in the USA and Europe.

Among other possible alternative treatments, some anecdotal reports have recently 
showed the good response to anti-IL-6 treatment in some TRAPS patients (refs).

3 The TNF Receptor-Associated Autoinflammatory Syndrome (TRAPS)



36

References

 1. Williamson LM, Hull D, Mehta R, Reeves WG, Robinson BH, Toghill PJ. Familial Hibernian 
fever. Q J Med. 1982;51(204):469–80.

 2. McDermott MF, Aksentijevich I, Galon J, McDermott EM, Ogunkolade BW, Centola M, et al. 
Germline mutations in the extracellular domains of the 55 kDa TNF receptor, TNFR1, define 
a family of dominantly inherited autoinflammatory syndromes. Cell. 1999;97(1):133–44.

 3. Touitou I, Lesage S, McDermott M, Cuisset L, Hoffman H, Dode C, et al. Infevers: an evolving 
mutation database for auto-inflammatory syndromes. Hum Mutat. 2004;24(3):194–8.

 4. Aksentijevich I, Galon J, Soares M, Mansfield E, Hull K, Oh HH, et al. The tumor-necrosis- factor 
receptor-associated periodic syndrome: new mutations in TNFRSF1A, ancestral origins, genotype-
phenotype studies, and evidence for further genetic heterogeneity of periodic fevers. Am J Hum 
Genet. 2001;69(2):301–14.

 5. Aganna E, Hammond L, Hawkins PN, Aldea A, McKee SA, van Amstel HK, et al. Heterogeneity 
among patients with tumor necrosis factor receptor-associated periodic syndrome phenotypes. 
Arthritis Rheum. 2003;48(9):2632–44.

 6. Siebert S, Amos N, Fielding CA, Wang EC, Aksentijevich I, Williams BD, et al. Reduced 
tumor necrosis factor signaling in primary human fibroblasts containing a tumor necrosis 
factor receptor superfamily 1A mutant. Arthritis Rheum. 2005;52(4):1287–92.

 7. D'Osualdo A, Ferlito F, Prigione I, Obici L, Meini A, Zulian F, et al. Neutrophils from patients 
with TNFRSF1A mutations display resistance to tumor necrosis factor-induced apoptosis – 
Pathogenetic and clinical implications. Arthritis Rheum. 2006;54(3):998–1008.

 8. Lobito AA, Kimberley FC, Muppidi JR, Komarow H, Jackson AJ, Hull KM, et al. Abnormal 
disulfide-linked oligomerization results in ER retention and altered signaling by TNFR1 
mutants in TNFR1-associated periodic fever syndrome (TRAPS). Blood. 2006;108(4):1320–7.

 9. Simon A, Park H, Maddipati R, Lobito AA, Bulua AC, Jackson AJ, et al. Concerted action 
of wild-type and mutant TNF receptors enhances inflammation in TNF receptor 1-associated 
periodic fever syndrome. Proc Natl Acad Sci U S A. 2010;107(21):9801–6.

 10. Bulua AC, Simon A, Maddipati R, Pelletier M, Park H, Kim KY, et al. Mitochondrial reactive 
oxygen species promote production of proinflammatory cytokines and are elevated in TNFR1- 
associated periodic syndrome (TRAPS). J Exp Med. 2011;208(3):519–33.

 11. Hasnain SZ, Lourie R, Das I, Chen AC, McGuckin MA. The interplay between endoplasmic 
reticulum stress and inflammation. Immunol Cell Biol. 2012;90(3):260–70.

 12. Torene R, Nirmala N, Obici L, Cattalini M, Tormey V, Caorsi R, et al. Canakinumab reverses 
overexpression of inflammatory response genes in tumour necrosis factor receptor-associated 
periodic syndrome. Ann Rheum Dis. 2017;76(1):303–9.

 13. Bachetti T, Chiesa S, Castagnola P, Bani D, Di ZE, Omenetti A, et al. Autophagy contributes to 
inflammation in patients with TNFR-associated periodic syndrome (TRAPS). Ann Rheum Dis. 
2013;72(6):1044–52. https://doi.org/10.1136/annrheumdis-2012-201952. Epub 2012 Oct 31.

 14. Saitoh T, Fujita N, Jang MH, Uematsu S, Yang BG, Satoh T, et al. Loss of the autophagy protein 
Atg16L1 enhances endotoxin-induced IL-1beta production. Nature. 2008;456(7219):264–8.

 15. Nakahira K, Haspel JA, Rathinam VA, Lee SJ, Dolinay T, Lam HC, et al. Autophagy proteins 
regulate innate immune responses by inhibiting the release of mitochondrial DNA mediated by 
the NALP3 inflammasome. Nat Immunol. 2011;12(3):222–30.

 16. Tassi S, Carta S, Delfino L, Caorsi R, Martini A, Gattorno M, et al. Altered redox state of 
monocytes from cryopyrin-associated periodic syndromes causes accelerated IL-1beta secre-
tion. Proc Natl Acad Sci U S A. 2010;107(21):9789–94.

 17. Rubartelli A, Gattorno M, Netea MG, Dinarello CA.  Interplay between redox status and 
inflammasome activation. Trends Immunol. 2011;32(12):559–66.

 18. Toplak N, Dolezalova P, Constantin T, Sediva A, Pasic S, Ciznar P, et al. Periodic fever syn-
dromes in Eastern and Central European countries: results of a pediatric multinational survey. 
Pediatr Rheumatol Online J. 2010;8:29.

M. Gattorno

https://doi.org/10.1136/annrheumdis-2012-201952


37

 19. Lachmann HJ, Meini A, Touitou I, Obici L, Finetti M, Minden K, et al. Demographic and 
Genetic Results From the EUROFEVERS/EUROTRAPS Consortia in the Largest Series of 
Patients with TRAPS Yet Reported. Arthritis Rheum. 2011;63(10):S386–7.

 20. Hull KM, Drewe E, Aksentijevich I, Singh HK, Wong K, McDermott EM, et al. The TNF 
receptor-associated periodic syndrome (TRAPS): emerging concepts of an autoinflammatory 
disorder. Medicine (Baltimore). 2002;81(5):349–68.

 21. Yao Q, Englund KA, Hayden SP, Tomecki KJ.  Tumor necrosis factor receptor associated 
periodic fever syndrome with photographic evidence of various skin disease and unusual 
phenotypes: case report and literature review. Semin Arthritis Rheum. 2012;41(4):611–7.

 22. Hull KM, Wong K, Wood GM, Chu WS, Kastner DL.  Monocytic fasciitis: a newly rec-
ognized clinical feature of tumor necrosis factor receptor dysfunction. Arthritis Rheum. 
2002;46(8):2189–94.

 23. Federici S, Sormani MP, Ozen S, Lachmann HJ, Amaryan G, Woo P, et al. Evidence-based 
provisional clinical classification criteria for autoinflammatory periodic fevers. Ann Rheum 
Dis. 2015;74(5):799–805.

 24. Ter Haar N, Lachmann H, Ozen S, Woo P, Uziel Y, Modesto C, et al. Treatment of autoin-
flammatory diseases: results from the Eurofever Registry and a literature review. Ann Rheum 
Dis. 2013;72(5):678–85. https://doi.org/10.1136/annrheumdis-2011-201268. Epub 2012 
Jun 29. Review.

 25. Drewe E, McDermott EM, Powell PT, Isaacs JD, Powell RJ. Prospective study of anti-tumour 
necrosis factor receptor superfamily 1B fusion protein, and case study of anti-tumour necrosis 
factor receptor superfamily 1A fusion protein, in tumour necrosis factor receptor associated 
periodic syndrome (TRAPS): clinical and laboratory findings in a series of seven patients. 
Rheumatology. 2003;42(2):235–9.

 26. Drewe E, Huggins ML, Morgan AG, Cassidy MJ, Powell RJ.  Treatment of renal amyloi-
dosis with etanercept in tumour necrosis factor receptor-associated periodic syndrome. 
Rheumatology (Oxford). 2004;43(11):1405–8.

 27. Kallinich T, Briese S, Roesler J, Rudolph B, Sarioglu N, Blankenstein O, et al. Two famil-
ial cases with tumor necrosis factor receptor-associated periodic syndrome caused by a 
non- cysteine mutation (T50M) in the TNFRSF1A gene associated with severe multiorganic 
amyloidosis. J Rheumatol. 2004;31(12):2519–22.

 28. Jesus AA, Oliveira JB, Aksentijevich I, Fujihira E, Carneiro-Sampaio MM, Duarte AJ, et al. 
TNF receptor-associated periodic syndrome (TRAPS): description of a novel TNFRSF1A 
mutation and response to etanercept. Eur J Pediatr. 2008;167(12):1421–5.

 29. Weyhreter H, Schwartz M, Kristensen TD, Valerius NH, Paerregaard A. A new mutation caus-
ing autosomal dominant periodic fever syndrome in a Danish family. J Pediatr. 2003;142(2): 
191–3.

 30. Simon A, Bodar EJ, van der Hilst JC, van der Meer JW, Fiselier TJ, Cuppen MP, et al. Beneficial 
response to interleukin 1 receptor antagonist in traps. Am J Med. 2004;117(3):208–10.

 31. Arostegui JI, Solis P, Aldea A, Cantero T, Rius J, Bahillo P, et  al. Etanercept plus colchi-
cine treatment in a child with tumour necrosis factor receptor-associated periodic syndrome 
 abolishes auto-inflammatory episodes without normalising the subclinical acute phase 
response. Eur J Pediatr. 2005;164(1):13–6.

 32. Jacobelli S, Andre M, Alexandra JF, Dode C, Papo T. Failure of anti-TNF therapy in TNF 
Receptor 1-Associated Periodic Syndrome (TRAPS). Rheumatology (Oxford). 2007;46:1211.

 33. Drewe E, Powell RJ, McDermott EM. Comment on: Failure of anti-TNF therapy in TNF 
receptor 1-associated periodic syndrome (TRAPS). Rheumatology (Oxford). 2007;46(12): 
1865–6.

 34. Bulua AC, Mogul DB, Aksentijevich I, Singh H, He D, Muenz L, et al. Efficacy of etaner-
cept in the tumor necrosis factor receptor-associated periodic syndrome (TRAPS). Arthritis 
Rheum. 2012;64(3):908–13. https://doi.org/10.1002/art.33416.

 35. Siebert S, Amos N, Lawson TM. Comment on: Failure of anti-TNF therapy in TNF receptor 
1-associated periodic syndrome (TRAPS). Rheumatology (Oxford). 2008;47(2):228–9.

3 The TNF Receptor-Associated Autoinflammatory Syndrome (TRAPS)

https://doi.org/10.1136/annrheumdis-2011-201268
https://doi.org/10.1002/art.33416


38

 36. Sacre K, Brihaye B, Lidove O, Papo T, Pocidalo MA, Cuisset L, et al. Dramatic improvement 
following interleukin 1beta blockade in tumor necrosis factor receptor-1-associated syndrome 
(TRAPS) resistant to anti-TNF-alpha therapy. J Rheumatol. 2008;35(2):357–8.

 37. Gattorno M, Pelagatti MA, Meini A, Obici L, Barcellona R, Federici S, et al. Persistent effi-
cacy of anakinra in patients with tumor necrosis factor receptor-associated periodic syndrome. 
Arthritis Rheum. 2008;58(5):1516–20.

 38. Brizi MG, Galeazzi M, Lucherini OM, Cantarini L, Cimaz R. Successful treatment of tumor 
necrosis factor receptor-associated periodic syndrome with canakinumab. Ann Intern Med. 
2012;156(12):907–8.

 39. Gattorno M, Obici L, Cattalini M, Tormey V, Abrams K, Davis N, et  al. Canakinumab 
treatment for patients with active recurrent or chronic TNF receptor-associated periodic 
syndrome (TRAPS): an open-label, phase II study. Ann Rheum Dis. 2017;76(1):173–8.

 40. De Benedetti F, Anton J, Gattorno M, Lachmann H, Kone-Paut I, Ozen S, et al. A phase III 
pivotal umbrella trial of canakinumab in patients with autoinflammatory periodic fever    
syndromes (Colchicine Resistant FMF, HIDS/MKD and TRAPS). Ann Rheum Dis. 
75(Suppl 2):615–6.

M. Gattorno



39© Springer Nature Switzerland AG 2019 
P. Efthimiou (ed.), Auto-Inflammatory Syndromes, 
https://doi.org/10.1007/978-3-319-96929-9_4

Chapter 4
PAPA Syndrome and the Spectrum 
of PSTPIP1-Associated Inflammatory Diseases

Dirk Holzinger and Johannes Roth

 Introduction

PAPA syndrome (OMIM #604416) was initially described by two different groups 
a couple of years apart. In 1997, a new autosomal dominant disorder of pyogenic 
arthritis, pyoderma gangrenosum, and acne was described in a multigenerational 
family [1], whereas a second group described the disease as “familial recurrent 
arthritis” in 2000 [2]. In both families the symptom complex of recurrent arthritis, 
sterile but purulent synovial fluid, and cutaneous manifestations such as pyo-
derma gangrenosum (large, open purulent lesions) and severe cystic acne was 
described.

Also in 2000, the disease locus was mapped to chromosome 15 [3], and finally 
mutations (p.A230T and p.E250Q) in proline-serine-threonine phosphatase- 
interacting protein 1 (PSTPIP1, also known as CD2BP1) were identified as the 
cause of PAPA syndrome [4]. PSTPIP1 interacts with a PEST [rich in proline (P), 
glutamic acid (E), serine (S), and threonine (T)]-type protein tyrosine phosphatase 
(PTP-PEST). Initially, it was shown that the mutations that cause PAPA syndrome 
diminish the interaction of PSTPIP1 with PTP-PEST, but the relevance of this find-
ing for the promotion of autoinflammation was unclear [4].

PSTPIP1 is a cytoskeleton-associated adaptor protein that modulates T-cell 
activation [5], phagocyte activation, cytoskeletal organization, and interleukin 
(IL)-1ß release [6]. Initial experimental approaches helped to localize PAPA within 
the spectrum of autoinflammatory diseases. It could be shown that mutated 
PSTPIP1 markedly increased pyrin-binding and IL-1ß production by peripheral 
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blood  leukocytes (PBMCs) from a PAPA patient and in cell lines transfected with 
PAPA- associated mutants [6]. Moreover, PAPA-associated PSTPIP1 mutants pro-
mote the interaction of pyrin with apoptosis-associated speck-like protein contain-
ing a carboxy- terminal CARD (ASC) promoting ASC oligomerization into an 
active ASC pyroptosome [7]. Despite identifying the genetic background of PAPA 
and first insights into its pathogenesis, the treatment of the disease is still difficult, 
as therapeutic approaches with tumor necrosis factor (TNF) [8–10] or IL-1 [11] 
inhibition have been reported with varying success.

In the last years, the spectrum of autoinflammatory diseases due to mutations in 
PSTPIP1 with distinct clinical phenotypes has been expanded [12–14] indicating 
that the PAPA syndrome is only one clinical entity within the spectrum of PSTPIP1- 
associated inflammatory diseases (PAID). The identification of endogenous Toll- 
like receptor (TLR) 4 ligands as hallmark of PAPA and PSTPIP1-associated 
myeloid-related proteinemia inflammatory (PAMI) syndrome [13], the association 
of PSTPIP1 with the cytoskeleton, the modulation of cell motility, and finally the 
results from mice ectopically expressing human PSTPIP1 mutant proteins [15] offer 
new insights in the pathogenesis of PAID.

 Spectrum of PSTPIP1-Associated Inflammatory Diseases

PSTPIP1 mutations are associated with periodic inflammatory flares reflected by 
systemic symptoms like fever or an acute phase response and local inflammation of 
the skin, joints, and in many cases other internal organs (Table 4.1). Until now 25 
sequence variants have been reported for the PSTPIP1 gene in the Infevers database 
(see the Infevers website: http://fmf.igh.enrs.fr/ISSAID/infevers/). PAID are rare 
diseases, and the systematic registration of cases in Eurofever shows a prevalence of 
16 cases in Europe (see the Eurofever website: https://www.printo.it/eurofever/cor-
relation.asp).

 Pyogenic Arthritis, Pyoderma Gangrenosum, and Acne  
(PAPA) Syndrome

PAPA syndrome has been described as first PAID characterized by pyogenic arthri-
tis, pyoderma gangrenosum, and acne [1]. However, in this initial report, the syn-
drome was already characterized as pleiotropic disorder and manifested in ten 
affected family members with variable expression of an arthritis that began in child-
hood, whereas pyoderma gangrenosum and severe cystic acne began in adolescence 
and beyond [1]. Thirty-six more cases are reported in the literature demonstrating a 
high variability in clinical presentation and penetrance of PAPA syndrome with 
heterozygous mutations p.A230T and p.E250Q (Table 4.1). Meanwhile, p.D246N 
[17], pE256G [18], and p.D266N have been identified as additional PAPA-causing 
mutations [19].

D. Holzinger and J. Roth

http://fmf.igh.enrs.fr/ISSAID/infevers
https://www.printo.it/eurofever/correlation.asp
https://www.printo.it/eurofever/correlation.asp


41

Ta
bl

e 
4.

1 
Sp

ec
tr

um
 o

f 
PS

T
PI

P1
-a

ss
oc

ia
te

d 
in

fla
m

m
at

or
y 

di
se

as
es

 (
PA

ID
)

Sy
nd

ro
m

e

Py
og

en
ic

 a
rt

hr
iti

s,
 

py
od

er
m

a 
ga

ng
re

no
su

m
,

an
d 

ac
ne

sy
nd

ro
m

e
PS

T
PI

P1
-a

ss
oc

ia
te

d 
m

ye
lo

id
-r

el
at

ed
 

pr
ot

ei
ne

m
ia

 in
fla

m
m

at
or

y 
sy

nd
ro

m
e

Py
og

en
ic

 a
rt

hr
iti

s,
 

py
od

er
m

a 
ga

ng
re

no
su

m
, 

ac
ne

, a
nd

 h
id

ra
de

ni
tis

 
su

pp
ur

at
iv

a
sy

nd
ro

m
e

Py
og

en
ic

 a
rt

hr
iti

s,
 

py
od

er
m

a 
ga

ng
re

no
su

m
,

an
d 

ac
ne

 s
yn

dr
om

e

Py
od

er
m

a 
ga

ng
re

no
su

m
, a

cn
e,

 
an

d 
ul

ce
ra

tiv
e 

co
lit

is
sy

nd
ro

m
e

A
cr

on
ym

PA
PA

PA
M

I
PA

PA
SH

PA
PA

-l
ik

e
PA

C

M
ut

at
io

n
p.

A
23

0T
 (

n 
=

 2
3)

p.
E

25
0Q

 (
n 

=
 2

4)
p.

E
25

6G
 (

n 
=

 2
)

p.
D

24
6N

 (
n 

=
 1

)
p.

D
26

6N
 (

n 
=

 1
)

no
t s

pe
ci

fie
d 

(n
 =

 2
)

p.
E

25
0K

 (
n 

=
 1

7)
p.

E
25

7K
 (

n 
=

 1
)

p.
E

27
7D

p.
G

25
8A

ho
m

oz
yg

ou
s

p.
G

40
3R

R
ep

or
te

d 
ca

se
s 

(n
)

53
18

1
1

1

R
he

um
at

ic
 

sy
m

pt
om

s
A

rt
hr

iti
s 

(t
ot

al
 7

8%
; 

53
%

 r
ep

or
te

d 
as

 
py

og
en

ic
)

A
rt

hr
al

gi
a 

(1
3%

)
Te

nd
in

iti
s 

(2
%

)
Pe

ri
os

tit
is

 w
ith

 
os

te
ol

yt
ic

 le
si

on
 

(2
%

)

A
rt

hr
iti

s 
(t

ot
al

 n
 =

 6
1%

; 1
7%

 r
ep

or
te

d 
as

 p
yo

ge
ni

c)
A

rt
hr

al
gi

a 
(1

1%
)

M
or

ni
ng

 s
tif

fn
es

s 
(6

%
)

O
st

eo
m

ye
lit

is
 (

17
%

)

Py
og

en
ic

 a
rt

hr
iti

s
A

rt
hr

al
gi

a

(c
on

tin
ue

d)

4 PAPA Syndrome and the Spectrum of PSTPIP1-Associated Inflammatory Diseases



42

Ta
bl

e 
4.

1 
(c

on
tin

ue
d)

Sy
nd

ro
m

e

Py
og

en
ic

 a
rt

hr
iti

s,
 

py
od

er
m

a 
ga

ng
re

no
su

m
,

an
d 

ac
ne

sy
nd

ro
m

e
PS

T
PI

P1
-a

ss
oc

ia
te

d 
m

ye
lo

id
-r

el
at

ed
 

pr
ot

ei
ne

m
ia

 in
fla

m
m

at
or

y 
sy

nd
ro

m
e

Py
og

en
ic

 a
rt

hr
iti

s,
 

py
od

er
m

a 
ga

ng
re

no
su

m
, 

ac
ne

, a
nd

 h
id

ra
de

ni
tis

 
su

pp
ur

at
iv

a
sy

nd
ro

m
e

Py
og

en
ic

 a
rt

hr
iti

s,
 

py
od

er
m

a 
ga

ng
re

no
su

m
,

an
d 

ac
ne

 s
yn

dr
om

e

Py
od

er
m

a 
ga

ng
re

no
su

m
, a

cn
e,

 
an

d 
ul

ce
ra

tiv
e 

co
lit

is
sy

nd
ro

m
e

A
cr

on
ym

PA
PA

PA
M

I
PA

PA
SH

PA
PA

-l
ik

e
PA

C

D
er

m
at

ol
og

ic
al

 
sy

m
pt

om
s

A
cn

e 
(5

6%
)

PG
 (

27
%

)
U

lc
er

s 
(1

3%
)

Pu
st

ul
os

is
 (

11
%

)
A

bs
ce

ss
es

 (
16

%
)

E
P 

(8
%

)
Ps

or
ia

si
s 

(6
%

)
C

ut
an

eo
us

 e
de

m
a 

(4
%

)
H

id
ra

de
ni

tis
 (

3%
)

R
os

ac
ea

 (
2%

)
T

P 
(2

%
)

U
rt

ic
ar

ia
 (

2%
)

PG
 (

39
%

)
U

lc
er

at
iv

e 
/n

ec
ro

tic
 le

si
on

 (
33

%
)

A
cn

e 
(2

8%
)

Pu
st

ul
ar

 r
as

h 
(1

7%
)

A
bs

ce
ss

es
 (

13
%

)
R

as
h 

(1
1%

)
E

M
 (

6%
)

M
ild

 a
cn

e
A

bs
ce

ss
es

PG H
S

A
cn

e
PG

A
cn

e
PG R

ec
al

ci
tr

an
t P

us
tu

la
r 

ra
sh

H
SM

–
89

%
–

–
–

C
yt

op
en

ia
A

ne
m

ia
 (

8%
)

N
eu

tr
op

en
ia

 (
94

%
)

A
ne

m
ia

 (
89

%
)

T
hr

om
bo

cy
to

pe
ni

a 
(4

4%
)

–
A

ne
m

ia
–

A
dd

iti
on

al
 

Fi
nd

in
gs

E
le

va
te

d 
M

R
P8

/
M

R
P8

14
 

(1
16

 ±
 7

4 
μg

/m
L

) 
(2

1%
)

H
yp

er
ca

lp
ro

te
ct

in
em

ia
 (

M
R

P8
/

M
R

P8
14

 2
07

0 
±

 1
19

0 
μg

/m
L

) 
(8

9%
) 

H
yp

er
zi

nc
em

ia
 (

>
50

 μ
m

ol
/l)

 (
89

%
)

A
da

pt
ed

 a
nd

 u
pd

at
ed

 f
ro

m
 H

ol
zi

ng
er

 a
nd

 R
ot

h 
[1

6]
C

lin
ic

al
 s

ym
pt

om
s 

an
d 

la
bo

ra
to

ry
 fi

nd
in

gs
 in

 P
A

ID
. P

at
ie

nt
s 

re
po

rt
ed

 in
 m

ul
tip

le
 s

tu
di

es
 h

av
e 

on
ly

 b
ee

n 
in

cl
ud

ed
 o

nc
e

E
M

 e
ry

th
em

a 
m

ul
tif

or
m

e,
 E

P
 e

ry
th

em
at

ou
s 

pl
aq

ue
s,

 H
SM

 h
ep

at
os

pl
en

om
eg

al
y,

 H
S 

hi
dr

ad
en

iti
s 

su
pp

ur
at

iv
a,

 P
G

 p
yo

de
rm

a 
ga

ng
re

no
su

m
, T

P
 th

ro
m

bo
ph

le
bi

tis

D. Holzinger and J. Roth



43

PAPA syndrome is characterized by autosomal dominant inheritance of early- 
onset, destructive, recurrent inflammation of the joints, skin, and muscle. It typi-
cally presents with recurrent sterile, erosive arthritis in childhood, occurring 
spontaneously or after minor trauma. The arthritis is oligoarticular, affecting one to 
three joints at a time, and is characterized by recurring inflammatory episodes that 
resemble septic arthritis and lead to accumulation of pyogenic, neutrophil-rich 
material within the affected joints, which ultimately results in significant synovial 
and cartilage destruction. Episodic inflammatory arthritis typically does not resolve 
spontaneously and must be treated with intraarticular steroids or surgical drainage 
of the infiltrate. An associated infectious or environmental agent responsible for 
triggering these flares could not be identified [1, 4, 16].

By puberty, joint symptoms tend to subside, and cutaneous symptoms increase. 
Dermatologic manifestations are also episodic and recurrent with onset usually dur-
ing the second decade of life and are characterized by debilitating, aggressive, and 
ulcerative skin lesions, usually of the lower extremities. Cutaneous manifestations 
include pathergy, frequently with abscesses at the sites of injections, severe cystic 
acne, and recurrent non-healing sterile ulcers, often diagnosed as pyoderma gan-
grenosum. Cultures of the skin and joints of these patients are sterile. Synovial tis-
sue biopsy reveals massive polymorphonuclear infiltrate without the presence of 
immunoglobulin or complement deposits [1, 2, 20].

Standard laboratory findings typically reflect systemic inflammation but are oth-
erwise non-diagnostic; however, elevated levels of proinflammatory cytokines and 
especially high levels of proinflammatory alarmins myeloid-related protein (MRP) 
8/14 within the range of familial Mediterranean fever (FMF) and systemic juvenile 
idiopathic arthritis (SJIA) have been reported [13]. Some individuals report signifi-
cant psychosocial impairment due to physical disability, steroid-induced cushingoid 
appearance, and permanent, widespread cutaneous scarring [20].

 PSTPIP1-Associated Myeloid-Related Proteinemia 
Inflammatory (PAMI) Syndrome

In 2015 it could be shown that a single amino acid charge switch defines clinically 
distinct (PSTPIP1)-associated inflammatory diseases. Patients with a p.E250K and 
p.E257K mutations showed a distinct clinical phenotype when compared to patients 
with classical PAPA syndrome. Conclusively, PAMI syndrome was defined as dis-
tinct autoinflammatory disorder presenting clinical and biochemical features not 
found in patients with classical PAPA syndrome. In addition to prominent skin 
inflammation and arthralgia/arthritis, PAMI is characterized by severe chronic sys-
temic inflammation, hepatosplenomegaly, pancytopenia, and failure to thrive. In 
addition to the presence of a severe course and early-onset disease, hepatospleno-
megaly, failure to thrive, cytopenia, hyperzincemia, and extremely high levels of 
MRP8/MRP14 separate PAMI syndrome from PAPA. Interestingly, in the control 
cohort of patients with PAPA syndrome (n = 11), the most relevant clinical findings 
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of anemia, neutropenia, thrombocytopenia (hepato)splenomegaly, and failure to 
thrive were absent [13].

The mutations p.E250K and p.E257K result in charge reversal in the y-domain 
of PSTPIP1 (E → K) and increased interaction with pyrin compared to p.E250Q 
mutants. 12 of 14 patients had a de novo mutation, and only in the two rare familial 
cases variable expressivity of disease was noted as described in PAPA syndrome 
[13]. Both mutants, p.E250K and p.E257K, substantially affect a negative patch on 
wild-type PSTPIP1 protein, whereas the influence of PAPA mutant p.E250Q upon 
the electrostatic potential is much less pronounced. Functionally, relative to the 
E250Q mutation, the E250K mutant exhibits markedly increased binding to pyrin 
[13]. In addition to the clinical symptoms, PAMI can be distinguished from PAPA 
and healthy controls by serum protein expression levels [13]. Interestingly, many of 
these proteins play a role in positive inflammatory feedback mechanisms between 
innate immune cells and the epithelium [21–23].

Besides this cohort three other cases with de novo p.E250K mutation were 
described which presented with a different and more complex phenotype compared 
to cases of classical PAPA syndrome [24–26]. Additionally, another familial case 
was reported with a phenotype distinct from classical PAPA.  The patient had a 
milder phenotype, with no skin features, minor episodes of arthritis with no sequelae, 
and normal growth [27]. Compared to the patients with de novo mutations, the two 
familial cases seem to have a milder phenotype. Furthermore a cerebral arterial 
vasculopathy or vasculitis and a posterior cerebral artery dissecting aneurysm have 
been reported in a patient with p.E257K mutation, which have never been found 
before in a patient with PAID [28].

 Pyoderma Gangrenosum, Acne, and Ulcerative Colitis (PAC); 
Pyogenic Arthritis, Pyoderma Gangrenosum, Acne, 
and Hidradenitis Suppurativa (PAPASH); and PAPA-Like 
Syndrome

In the last years, the spectrum of PAID has been expanded, and three other pheno-
types with PSTPIP1 mutations have been described.

In a 33-year-old man with a long-standing history of ulcerative colitis, severe 
acne and recurrent skin ulcerations, and recalcitrant pustular rash, the mutation 
p.G403R in PSTIPIP1 was detected, and the term pyoderma gangrenosum, acne, 
and ulcerative colitis (PAC) syndrome was suggested. Treatment with a human IL-1 
receptor antagonist IL-1Ra (anakinra) led to a dramatic improvement in the patient’s 
condition [29].

In a 16-year-old patient with the PSTPIP1 mutation p.E277D, a pyogenic 
arthritis, pyoderma gangrenosum, acne, and hidradenitis suppurativa (PAPASH) 
syndrome was defined as a new entity [14]. This term has been chosen because of 
its resemblance to pyoderma gangrenosum, acne, and hidradenitis suppurativa 
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(PASH) syndrome that has been described in two unrelated patients as autoin-
flammatory diseases of the skin [30]. Despite mutations in PSTPIP1 could be 
excluded initially, an increased repetition of the CCTG microsatellite motif was 
present in the PSTPIP1 promotor on one allele in both patients with PASH syn-
drome [30]. Additionally, a p.A405C mutation could be identified in a PASH 
patient. However, the same study reported 12 PASH syndrome cases without 
mutations in PSTPIP1 [31].

Finally, “PAPA-like syndrome” was defined in a 22-year-old male who presented 
with skin ulcers and acne lesions since the age of 14 as well as recurrent episodes 
of arthralgia and fever that did not respond to the administration of high-dose anti-
biotics from early childhood. The patient was diagnosed as having features of a 
“PAPA- like syndrome” in which cutaneous manifestations, such as pyoderma gan-
grenosum and acne fulminans, predominated. Here, a homozygous p.G258A muta-
tion could be identified, and the skin lesions responded well to canakinumab 
treatment. Two of nine family members carrying the mutant allele heterozygously 
exhibit active acne- like lesions [12]. The patient was treated with canakinumab, a 
human anti- interleukin 1β monoclonal antibody, which led to rapid remission of the 
symptoms. “PAPA-like syndrome” is the only entity within PAID with an autoso-
mal recessive heredity.

Interestingly, a heterozygous p.G258A mutation, which may affect the structure 
and function of the PSTPIP1 protein, was described before in 1 of 14 patients with 
pyoderma gangrenosum [32] indicating that this mutation might have a pathophysi-
ological relevance.

At the moment it is still uncertain whether PAC, PAPASH, and PAPA-like syn-
drome are only single observations or part of an expanding spectrum of PAID in 
contrast to classical PAPA and PAMI syndrome that have been characterized by 
different groups and in larger patient cohort.

 Pathogenetic Mechanisms

PSTPIP1 is a protein with complex functions and interactions. Therefore, the under-
lying molecular mechanism of the inflammatory processes in PAID is currently not 
clear, but there is experimental evidence for a complex pathogenesis of this autoin-
flammatory entity.

 Structure and Functions of PSTPIP1

PSTPIP1 is a cytoskeletal adaptor protein that was originally identified in the mouse 
through its interaction with PEST (rich in proline (P), glutamic acid (E), serine (S), 
and threonine (T) residues)-type protein tyrosine phosphatase (PTP-PEST, also 
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known as PTPN12) [33]. Its human homolog, called CD2BP1, was identified by 
interaction with the T-cell surface protein CD2 [34]. Meanwhile the gene and pro-
tein are now generally cited as PSTPIP1.

The structure of PSTPIP1 consists of a N-terminal Fer-CIP4 homology 
(FCH) domain, a central coiled-coil region, through which it binds to PEST-
type phosphatases [35, 36] and a C-terminal SH3 domain that is important for 
the binding of several PEST phosphatase substrates, including c-abl and WASP 
[36, 37]. PSTPIP1 and several related proteins share an extended region con-
taining a coiled-coil downstream of the FCH domain. Proteins with these shared 
domains comprise the F-BAR (FCHBAR) class of the BAR domain superfamily 
(BAR is named for Bin- Amphiphysin- Rvs). The BAR domain proteins function 
to link cellular membranes to the actin cytoskeleton and are involved in endocy-
tosis [38].

Interestingly, all mutations of PAID cluster in the coiled-coil region of PSTPIP1 
suggest that the PTP-PEST interaction mediated through this domain is central to 
pathology.

Indeed, the p.E250Q and p.A230T variants of PSTPIP1 found in PAPA severely 
abrogated binding to PTP-PEST leading to hyperphosphorylation of PSTPIP1 itself 
[4]. This hyperphosphorylated state was also demonstrated for the p.E250K muta-
tion of PAMI [13]. Accordingly it could be shown that binding of PTP-PEST to 
PSTPIP1 is essential for its dephosphorylation and tyrosine 344 is the primary 
phosphorylation site of PSTPIP1 [6, 39, 40].

PSTPIP1 interacts through its SH3 domain with other immune-related proteins 
such as WASP, c-Abl kinase, and Fas ligand (FasL) [35, 40, 41]. These proteins 
bind primarily via the PSTPIP1 SH3 domain to be delivered to PTP-PEST for 
dephosphorylation [5, 42, 43]. Until now there are no conclusive studies demon-
strating whether PAID mutations in PSTPIP1 may directly alter these interactions 
or may mediate effects due to hyperphosphorylation of these proteins or of 
PSTPIP1 itself. In case of the PSTPIP1/WASP interaction, it could be shown that 
this is phosphorylation- dependent and PAPA mutations consequently predict 
reduced interaction in  vivo. Thus WASP-mediated cytoskeletal reorganization 
events might be implicated in PAPA pathogenesis via posttranslational mecha-
nisms [4, 40].

In summary, multiple functions for a PSTPIP1/PTP-PEST complex in hemato-
poietic cells are discussed that may have direct consequences for immune cell adhe-
sion, invasion, and migration [5, 35, 40, 41, 43–45]. Besides that PSTPIP1 also 
interacts with other PTP-PEST homologs such as PTP hematopoietic stem cell fac-
tor (HSCF) [33], which might be a link to pancytopenia, as observed in PAMI 
patients [13].

Finally, PSTIPIP1 forms homodimers and generates membrane-associated cyto-
solic filamentous structures. The F-BAR region is necessary and sufficient for its 
self-aggregation. This PSTPIP1 filament network is dependent upon an intact tubu-
lin cytoskeleton, and the distribution of this network can be modulated by pyrin, 
indicating that this is a dynamic structure. However, p.A230T and p.E250Q did not 
alter the self-binding capacity of PSTPIP1 [46].
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 Interaction with Pyrin and the Inflammasome

Interestingly PSTPIP1 directly interacts with pyrin, which is mutated in another 
autoinflammatory disease, FMF, thus suggesting potential molecular mechanisms 
for the inflammatory mechanisms of PAID. Interestingly, FMF shows some clinical 
similarities to PAID, including a neutrophil-rich sterile infiltrate of the joints and 
neutrophilic dermatoses. The relationship of FMF and PAPA was clarified by the 
discovery of molecular interaction, when a pyrin bait identified PSTPIP1 in yeast 
two hybrid screens of a monocyte library [20]. PAPA-associated p.A230T and 
p.E250Q mutations in PSTPIP1 significantly increase binding of PSTPIP1 to pyrin 
[6]. The increased interaction with pyrin is most likely because the PSTPIP1 vari-
ants bind PTP-PEST less avidly and are therefore hyperphosphorylated and because 
the avidity of PSTPIP1 for pyrin varies with PSTPIP1 phosphorylation status. This 
binding is even increased with p.E250K mutant proteins and might be due to the 
charge switch of the PSTPIP1 surface caused by the mutation [13]. There is now 
increasing experimental evidence that this PSTPIP1-pyrin interaction has signifi-
cant consequences for the innate immune response. Pyrin has been described to 
form an alternative inflammasome and that mutations in pyrin may lead to an 
uncontrolled activation of this pathway resulting in an overwhelming production of 
active IL-1ß [47]. In a cellular model, it has been shown that this process can be 
triggered by the interaction of PSTPIP1 with pyrin. PSTPIP1 mutants found in 
PAPA show a stronger effect on pyrin-inflammasome activation than wild-type 
PSTPIP1 [7]. This mechanism is regulated by p38 mitogen-activated protein 
kinases (MAPK) signaling and depends on an intact microtubule network [48]. 
While PAPA mutations affect pyrin-mediated pathways, the reverse is apparently 
not the case since FMF causal mutations do not affect binding to PSTPIP1. This is 
explained by the fact that causal mutations for FMF almost always occur outside 
the PSTPIP1-binding site of pyrin, a B-box domain that mediates pyrin autoinhibi-
tion in the absence of PSTPIP1 [49].

In a mouse model ectopic expression of human PSTPIP1 p.A230T mutant pro-
tein induced an inflammatory phenotype with a strong induction of IL-1 and TNF 
expression [15].

 Increased Interleukin (IL)-1ß Secretion

Due to variable methodologies and limited case numbers in different studies, the 
relevance of IL-1β secretion in PAPA has not been clarified yet [6, 24]. In different 
studies both in vitro and ex vivo, PAPA-associated mutations were associated with 
increased IL-1β production. This could be due to increased sequestration and 
impairment of pyrin function, thereby diminishing its inhibition of inflammation 
[6]. On the other hand, the domain of pyrin to which PSTPIP1 binds (the B box) is 
an autoinhibitory domain that constrains ASC binding [7]. Another study analyzed 
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IL-1β secretion from monocytes isolated from 13 patients at baseline and following 
activation. The IL-1β secretion in PAPA was increased, required NLRP3, and cor-
related with disease activity. Consistent with the literature, IL-1β assessments were 
heterogeneous, and the analysis failed to disclose any significant difference between 
active PAPA and HC for released IL-1a, IL-18, IL-6, and TNF-a [50]. Interestingly 
Il-1ß secretion was only apparent after stimulation with the exogenous TLR-4 
ligand lipopolysaccharide (LPS), which points to a putative role of endogenous 
TLR-4 ligands like MRP8 and MRP14 (see below) for the release of IL-1ß from 
PAPA monocytes.

 Role of Myeloid-Related Proteins (MRP) 8 and 14

Another hallmark of PAID is a very high (PAPA: 116 ± 74 μg/mL vs. 0.5 ± 0.1 μg/
mL in healthy controls (HC)) or exorbitant (PAMI: 2070 ± 1190 μg/mL) expression 
of two proinflammatory proteins of the S100 family, MRP8 (S100A8) and MRP14 
(S100A9) [13]. These proteins belong to the family of so-called alarmins or danger- 
associated molecular patterns (DAMPs), which are released during cell stress or 
damage at local sites of inflammation [51, 52]. Hypersecretion of S100 proteins can 
result in a sterile inflammatory environment, which triggers proinflammatory cyto-
kine as well as further S100 expression [53, 54]. During inflammatory attacks, 
serum levels of S100 proteins are massively elevated in FMF, and the excessive 
amount of these proteins suggests its involvement in the pathogenesis [13, 53]. 
MRP8 and MRP14 promote inflammation via activation of TLR4, and knockout of 
this molecular system has an inhibitory effect in many inflammatory conditions [52, 
55, 56]. MRP8 and MRP14 are lacking structural elements required for secretion 
via the classical endoplasmic reticulum and Golgi-dependent secretory pathway. 
Thus, one of the primary, though passive, release “mechanisms” involves necrotic 
cell death. Further, there is evidence for active cytoskeleton-dependent nonclassical 
secretion [57–59] (Fig. 4.1), which are similarly used by cytokines such as interleu-
kin (IL)-1 [60].

Recently, a genome-wide expression analysis revealed that the MRP-induced 
response in human monocytes is mainly related to immune cell activation, NF-kB 
signaling, cell migration, as well as leukocyte activation and signal transduction 
which fits very well to the clinical picture of PAID patients [61]. Beside phagocytes 
keratinocytes seem to be a major source of MRPs in PAMI patients [13]. Although 
the exact role of these molecules in the pathogenesis of PAID is yet not clear, there 
are several interesting links to the molecular processes described above for PSTPIP1 
and pyrin, and MRP8 and MRP14 show a high overexpression and release in FMF 
(110 ± 82 μg/mL) as well [13].

Like PSTPIP1, MRP8 and MRP14 are highly expressed in phagocytes. Both 
proteins bind to both the subcellular actin network and microtubules in a calcium- 
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dependent manner. Knock-out of these molecules induces a migratory phenotype 
in phagocytes with reduced recruitment of phagocytes in a wound model [58]. 
Extracellular MRP8 and MRP14 form a positive inflammatory feedback loop 
with IL-1ß, and all three proteins seem to play a significant role in the autoinflam-
matory process of PAPA, PAMI, and FMF as well [13, 62]. Interestingly, the 
mechanism of release of IL-1ß and MRP8 and MRP14 show some striking simi-
larities. All three molecules lack a leader sequence necessary for the classical 
secretory pathway via endoplasmic reticulum and Golgi complex. The release of 
these proteins follows a so-called alternative pathway, which is purely character-
ized so far. However, MRP8 and MRP14 are not processed by the inflammasome/
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Fig. 4.1 Location of mutations in PSTPIP1 and its clinical manifestations. Mutations causing 
pyogenic arthritis, pyoderma gangrenosum (PG), and acne syndrome (PAPA); PSTPIP1-associated 
myeloid-related proteinemia inflammatory (PAMI) syndrome; pyogenic arthritis, pyoderma gan-
grenosum, acne, and hidradenitis suppurativa (PAPASH) syndrome; and PAPA-like syndrome 
mutations reported in pyoderma gangrenosum (PG) are located within the CDC15 domain, 
whereas the pyoderma gangrenosum, acne, and ulcerative colitis (PAC) syndrome-causing muta-
tion and the mutation reported in pyoderma gangrenosum, acne, and hidradenitis suppurativa 
(PASH) syndrome are located within the SH3 domain. Interaction partners of each domain are 
indicated. c-Abelson tyrosine kinase (c-Abl); cluster of differentiation 2 (CD2); Fas ligand (FASL); 
Fes/CIP4 homology (FCH); protein tyrosine phosphatase non-receptor type 6 (PTPN6); protein 
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nine (T) residue-type motif (PTP PEST); Src-homology 3 (SH3); Wiskott-Aldrich syndrome pro-
tein (WASP)
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caspase 1 like IL-1ß indicating that the mechanism dominant for secretion in 
PAPA and FMF is downstream of the activation of the inflammasome [63]. The 
release of MRP8 and MRP14 is energy dependent, needs an active microtubule 
system, and can be blocked by colchicine, the first-choice drug for the treatment 
of FMF [57, 63].

 Organization of Cytoskeletal Structures and Cellular Dynamics

Several reports point to a more general role of PSTPIP1 in the organization of cyto-
skeletal structures and cellular dynamics in leukocytes. PSTPIP1 forms a membrane- 
associated filament network, which is dependent on intact microtubules. Dynamics 
of this network are modulated by pyrin [46]. PSTPIP1 serves as a scaffold molecule 
for a molecular complex with WASP, a main regulator of the actin cytoskeleton, and 
a phosphatase (PST-PEST) regulating WASP phosphorylation [40]. This complex 
inhibits WASP-driven actin polymerization [44]. In stimulated leukocytes PSTPIP1 
colocalized with pyrin and polymerized actin at the leading edge of the migrating 
cell [64]. Actin polymerization, but not the microtubule network, is necessary for 
the polarized distribution of PSTPIP1 [45]. Consequently mutations of PSTPIP1 
lead to a complex migratory phenotype in phagocytes regulating the balance of the 
formation of podosomes and filopodia [65, 66].

 Regulation of Osteoclast Activity

As mentioned above PSTPIP1 plays an important role in podosome formation. Just 
recently the impact of PSTPIP1 and PSTPIP2 on podosome dynamics specifically 
in osteoclasts has been addressed. Bone resorption relies on the ability of osteo-
clasts to assemble F-actin-rich podosomes that condense into podosomal belts, 
forming sealing zones. Sealing zones segregate bone-facing ruffled membranes 
from other membrane domains and disassemble when osteoclasts migrate to new 
areas. Whereas PSTPIP2 regulates podosome and sealing zone assembly, PSTPIP1 
regulates their disassembly. PSTPIP1 recruits, through its F-BAR domain, the pro-
tein tyrosine phosphatase non-receptor type 6 (PTPN6) that dephosphorylates the 
phosphatidylinositol 5-phosphatases SHIP1/SHIP2 bound to the SH3 domain of 
PSTPIP1. Depletion of any component of this complex prevents sealing zone disas-
sembly and increases osteoclast activity. In conclusion, a PSTPIP1-/PTPN6-/
SHIP1-/SHIP2-dependent negative feedback mechanism controls osteoclast cell 
polarity and activity during bone resorption [67]. The impact of PAID mutations has 
not been tested in this setting. However, it is imaginable that an increase of osteo-
clast activity by mutated pyrin might cause bone damage as seen in sterile osteomy-
elitis in some of these patients.
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 Interactions with the Adaptive Immune System

Although clinical and laboratory signs of autoimmunity are not dominant in the 
pathogenesis of PAID, there are some reports indicating that PSTPIP1 has an addi-
tional function in the formation of the immunological synapse in T cells in a WASP- 
dependent manner [42]. In addition, PSTPIP1 interacts with CD2 and Fas ligand 
(FasL) [5, 41, 42]. PSTPIP1 binding inhibits WASP phosphorylation, which is 
required for activated T-cell transcriptional activity and immunologic synapse for-
mation. However, PSTPIP1 p.A230T and p.E250Q mutations did not affect WASP 
binding in yeast. Whether such mutations may decrease binding and increase T-cell 
activation in mammalian cells is still unclear [4]. Although the effect of PAID- 
associated PSTPIP1 mutants on T-cell function in vivo is unknown, the adaptive 
immune response could provide at least a trigger for PAPA flares. Interestingly in 
some individuals with PAMI, an autoimmune neutropenia has been noted [13]. The 
interaction with T-cell proteins is obviously dependent on the SH3 domain of 
PSTPIP1 indicating that this effect does not involve interaction with the PST-PEST 
phosphatase described above [68].

 Treatment

PAID are due to their rarity, clinical heterogeneity, and the complex pathogenesis 
difficult to treat. Physicians are dealing not only with different phenotypes of PAID 
but also interindividually differences within one syndrome. Furthermore, as in 
PAPA, clinical symptoms might change with age, and therefore another therapeutic 
target, e.g., arthritis or pyoderma gangrenosum, has to be addressed. In contrast to 
other autoinflammatory diseases with a straightforward treatment concept as IL-1 
blockade in CAPS, patients with PAID still lack an evidence-based therapeutic 
approach. More clinical experience with PAID should help to clarify and prioritize 
best treatment options in the face of varying symptoms in specific target organs.

Until now, steroids, anti-TNF-a [8, 10, 69], and anti-IL-1 agents [11, 24] have 
been proposed for the treatment especially of PAPA. The recombinant IL1 receptor 
antagonist anakinra has proven to be effective in controlling flares for PAPA syn-
drome patients [11, 70] and seems to be effective in resolving joint inflammation at 
least for some patients. On the other side, the anti-TNF monoclonal antibody, inflix-
imab, induces dramatic resolution of severe pyoderma gangrenosum in some PAPA 
patients [8–10]. In contrast, cystic acne, the second cutaneous symptom of PAPA 
syndrome, does not seem as responsive to IL1 and TNF blockade [20].

In Table 4.2 used agents and reported effects in almost all published cases with 
PAID are summarized and might give an orientation about the efficacy and target of 
different therapeutic options. Significant variability in response has been observed, 
and biologics have not been consistently effective in all cases and do not necessarily 
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induce remission of all the disease manifestations. Reflecting the evidence that 
PSTPIP1 functions in multiple pathways and in several immune-related cells, this is 
not surprising.

Three reports reviewed treatment of PAPA and PAMI in the largest cohorts 
described so far [13, 24, 50]. In the first report, five patients (four PAPA and one 
PAMI) were presented. Infliximab showed efficacy in two of three treated patients. 
Treatment with adalimumab was successful in two patients, whereas response to 
anakinra varied. Of the four patients who received anakinra, two patients (one 
with PAMI) had inadequate responses to the treatment, and one discontinued the 
therapy due to adverse effects. The fourth patient exhibited a good response to 
anakinra [24].

In the second report, the pattern of IL-1β secretion in PAPA patients was ana-
lyzed in an attempt to provide evidence-based insights supporting the application 
of an anti-IL-1 regimen. The long-term efficacy of anti-IL-1 treatment in PAPA 
patients was retrospectively investigated in five PAPA patients (four patients 
received anakinra and one patient anakinra, followed by canakinumab), three of 
them had already been unresponsive to treatment with anti-TNFα mAb for a 
mean follow-up of 28 months without benefit. All patients showed a significant 
decrease in frequency of disease flares and normalization of acute phase reac-
tants. Three patients displayed a complete resolution of the clinical manifesta-
tions and could withdraw steroids. Interestingly, one PAMI patient with p.E250K 
was included, who displayed a response to anakinra with an incomplete control 
of severe pyoderma gangrenosum, and shift to canakinumab led to a complete 
resolution [50].

In the third report, response to treatment was evaluated in 10 PAMI patients. 
Interestingly, no consistently effective therapy was observed. Best responses were 
noted when using IL-1 inhibitors, either anakinra (n = 4) or canakinumab (n = 1), 
but there were also five patients who were unresponsive to this therapy. Treatment 
with cyclosporine A (CsA) (n  =  4) or prednisolone (n  =  5) resulted in a partial 
response. Anti-TNF showed a response in one patient (infliximab), whereas it was 
ineffective in two patients (adalimumab and etanercept). Of note, cutaneous symp-
toms, arthritis, anemia, and systemic inflammation improved, but neutropenia per-
sisted in all patients following treatment. In three patients (hepato)splenomegaly 
resolved with treatment [13]. Response to CsA was also reported in the first study 
in a PAMI patient [24] and was the most effective treatment in a recent report about 
a PAMI patient with severe pyoderma gangrenosum. Infliximab, canakinumab, and 
secukinumab were ineffective, but introduction of CsA almost completely healed 
the PG [25].

Based on all observations anti-IL-1, and in some cases with PG as main symp-
tom, anti-TNF treatment seems to be a therapeutic option (Table 4.2). Nevertheless, 
IL-1 inhibition is probably not as effective in PAID as for cryopyrin- associated 
periodic syndrome (CAPS) patients underlying the fact that PSTPIP1 mutations 
have additional pathophysiologic effects like induction of inflammatory 
alarmins.
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 Summary

PSTPIP1-associated diseases are associated with a range of clinical phenotypes 
and show variable expressivity. Therefore, the term PSTPIP1-associated inflam-
matory diseases (PAID) encompasses PAPA (p.A230T, p.E250Q, p.E256G, 
p.D246N, p.D266N) and PAMI (p.E250K, p.E257K) [13] syndrome and possi-
bly PAPASH (p.E277D) [14], PAC (p.G403R) [29], and PAPA-like syndrome 
(homozygous p.G258A) [12] if these phenotypes can be confirmed in other 
patients [16].

Interestingly, all mutations despite p.G403R are located within the region, which 
interacts with pyrin and PTP PEST (Fig. 4.1) indicating the pathophysiological rel-
evance of these interactions. However, PSTPIP1 functions are complex and include 
interaction with pyrin and the inflammasome, organization of cytoskeletal struc-
tures and cellular dynamics, interactions with the adaptive immune system, and 
regulation of osteoclast activity. In particular, monocytes from PAPA patients show 
an oversecretion of IL-1ß during the active phase of the disease, which seems to be 
dependent on the NLRP3 inflammasome [50]. However, this finding was not consis-
tent in all patients, and despite anti-IL-1 treatment-induced control of clinical mani-
festations in PAPA patients, therapies targeting IL1 lack efficacy in some individuals 
with PAID. Recent data indicate that a complex dysregulation of the innate immune 
system leads to an uncontrolled release of cytokines as IL-1 and IL-18 and 
DAMPs/alarmins as MRP8 and MRP14 driving the autoinflammatory process 
responsible for the clinical picture of PAID patients.

These findings and the complex interactions of PSTPIP1 with other proteins involved 
in the immune response (e.g., WASP, FASL, CD3) might explain the clinical peculiarity 
of PAID in terms of variability in clinical presentation and response to treatment.
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Chapter 5
Blau Syndrome

Rebecca Trachtman and Karen B. Onel

 Introduction

In 1985, Blau syndrome was initially described simultaneously by both Blau and 
Jabs. Based on studies of two distinct families, they described a phenotype consist-
ing of arthritis, uveitis, and dermatitis with neuropathy [1, 2]. Similar to sarcoidosis, 
on pathology patients are found to have non-caseating granulomas, with epithelioid 
and giant cells. In 2001, NOD2 mutations were discovered to be the genetic defect 
in Blau syndrome, differentiating Blau syndrome from sporadic early-onset sar-
coidosis (EOS) [3]. Although Blau syndrome classically involves a clinical triad of 
(1) dermatitis, (2) arthritis, and (3) uveitis, other manifestations may be present 
(Table  5.1). Here, we will describe the clinical characteristics, pathophysiology, 
diagnosis, management, and prognosis of Blau syndrome.

 Clinical Features

 Dermatitis

Rash is typically the presenting feature of Blau, occurring within the first year of 
life. Classically, this rash is a fine, erythematous, maculopapular, scaly exanthem 
on the trunk and extremities [4]. Given that these findings can be indistinct, this 

R. Trachtman
Icahn School of Medicine at Mount Sinai, New York, NY, USA

K. B. Onel (*) 
Pediatric Rheumatology, Hospital for Special Surgery/Weill Cornell Medicine,  
New York, NY, USA
e-mail: onelk@hss.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-96929-9_5&domain=pdf
mailto:onelk@hss.edu


62

rash is often misdiagnosed initially as atopic dermatitis. Later, this rash remains 
scaly but tends to become more tan-colored in appearance. This often helps in 
making a diagnosis, as the findings are more specific; however, skin biopsy can 
be very useful when the diagnosis remains unclear. Skin biopsy findings typically 
reveal granulomatous inflammation.

 Arthritis

The arthritis of Blau syndrome tends to present in the first 2–4 years of life, follow-
ing the development of rash. Classically, arthritis tends to be polyarticular and 
boggy (approximately 96% and 75%, respectively), due to deposition of granulo-
mas in the articular spaces [5]. Arthritis tends to affect peripheral joints, especially 
the wrists, knees, ankles, and proximal interphalangeal joints, and involves both 
synovitis and tenosynovitis [6]. Although this arthritis can be deforming, it tends to 
be nonerosive, and joint destruction is rare. However, contractures over affected 
joints are common long-term sequelae. In addition, dysplastic bony changes have 
been noted in many patients with Blau syndrome-associated arthropathy, although 
the etiology for this finding remains unknown [6].

 Uveitis

Of the classical triad of symptoms, uveitis is typically the last to present, often 
occurring around 4–5 years of age. Approximately 80% of patients with Blau syn-
drome develop uveitis; of these, 75% develop panuveitis, with posterior uveitis and 
multifocal choroiditis. The uveitis of Blau syndrome tends to be insidious in onset 
and is usually bilateral in nature. This uveitis is severe and requires intensive treat-
ment, with resulting high rates of blindness without treatment. Of note, nodules 
representing granulomas are often seen on slit lamp examination, differentiating it 
from other types of uveitis that present in children.

 Other Manifestations

The triad described above encompasses the classical findings in Blau syndrome. 
However, many other clinical manifestations have been noted, including fever, 
lymphadenopathy, and splenomegaly in upwards of 30% of all patients. Although 
the rash described above is classic, other rashes have been associated with Blau 

Table 5.1 Major clinical 
manifestations

Clinical manifestations Approximate prevalence (%)

Arthritis 96
Dermatitis 81
Uveitis 81
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syndrome, especially erythema nodosum, which is the second most common cuta-
neous manifestation. In addition, neuropathy, especially of the facial nerve, has 
been described in association with Blau syndrome.

Additional manifestations have been described in very small numbers of 
patients, including leukocytoclastic vasculitis and arteritis, granulomatous nephri-
tis, pericarditis, granulomatous hepatitis, hypertension, and pulmonary hyperten-
sion [4]. However, as the syndrome has been described relatively recently, additional 
manifestations may become apparent over time.

 Pathophysiology

 Genetic Mutations

It has been established that NOD2 is the causative mutation in Blau syndrome [3]. 
NOD2, also known as CARD15, is located on chromosome 16q12 and encodes the 
NOD2 protein [7]. The NOD2 protein belongs to the family of pattern recognition 
molecules that is expressed on many myeloid cells and is important for pathogen 
recognition by cells of the innate immune system [8, 9]. The NOD2 protein has 
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three domains: (1) the CARD domain for caspase activation and recruitment, (2) the 
NOD/NACHT domain for central binding, and (3) the C-terminal region [10].

Multiple different causative mutations have been discovered in NOD2, and 
more are continuing to be found (Fig. 5.1) [11–16]. Most studies and registries 
have found mutations in 90–100% of patients and families; however, some affected 
families do not have known NOD2 mutations [6, 17, 18]. Although mutations are 
varied, most are found within or near the NOD/NACHT domain of the NOD2 pro-
tein [14]. These NOD2 mutations are thought to involve gain of function, likely 
through hyperactivation of NFκB, although this mechanism remains incompletely 
understood [19, 20]. This results in an autoinflammatory disease with a pronounced 
and exuberant inflammatory response. This is in contrast to the mutations that are 
seen in inflammatory bowel disease that are associated with loss-of-function muta-
tions, despite the location being very close.

It is also interesting to note that despite high expression of the NOD2 protein, there 
is incomplete penetrance of disease secondary to NOD2 mutations suggesting the 
mutation to be necessary but not sufficient. As discovered by Saulsbury et al., some 
members of a family with a NOD2 mutation were asymptomatic and did not develop 
the Blau syndrome phenotype, while other members developed overt disease [21].

 Histology and Morphology

Similar to sarcoidosis and Crohn’s disease, Blau syndrome is characterized by 
development of non-caseating granulomas. However, granulomas in Blau syndrome 
are distinct, characterized by large polycyclic granulomas with dense lymphocytic 
coronas or halos [4]. These coronal lymphocytes are largely of the Th17 phenotype 
[6]. This is thought to reflect the vigorous inflammatory response that is associated 
with the gain-of-function NOD2 mutation that exists in Blau syndrome [22]. In 
addition, Janssen et al. observed high levels of multiple cytokines, including the type 
2 interferon IFN-γ and the pro-inflammatory cytokines IL-6, TGF-β, and IL-17 [22].

 Diagnosis

The diagnosis of Blau syndrome is primarily clinical, based on history, especially 
family history and presenting symptoms, as well as physical examination consistent 
with this disease. Additional testing that is most useful toward diagnosis includes 
biopsy and genetic testing.

Biopsy of the skin is most accessible, and the finding of granulomatous inflam-
mation in the skin can therefore be helpful in making a diagnosis. In addition, evalu-
ation of the NOD2 gene can be very helpful in establishing a diagnosis of Blau 
syndrome, although as previously mentioned, genetic abnormality alone is not suf-
ficient in the absence of clinical features.
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 Management

As described above, mutations in a single gene have been implicated in the etiology 
of Blau syndrome, and these mutations lead to dysregulated inflammation and gran-
uloma formation. As a result, Blau syndrome has been classified as one of the 
monogenic autoinflammatory disorders and is generally treated as such.

There is little evidence regarding appropriate and effective treatment strategies 
for Blau syndrome, largely because this disease remains rare. The primary goal of 
treatment is prevention of progression of eye disease and resulting vision loss and 
blindness. One important secondary goal of treatment is avoidance of joint defor-
mation and development of dysplastic bone changes.

Treatment with nonsteroidal anti-inflammatory drugs has been tried, 
although symptomatic relief is usually temporary, and disease progression is 
not affected [23]. Corticosteroids are often used for management of disease 
flares, as well as maintenance of a quiescent state; however, steroid sequelae 
are unfavorable, and steroid-sparing agents are preferred [24]. To date, main-
stays of therapy include methotrexate, azathioprine, and thalidomide [24, 25]. 
Recently anti-TNF medications have been used with increasing frequency, 
especially to avoid ocular complications, and these medications have had some 
success [23, 26, 27, 28]. Most recently, with the recognition that IL-1 plays a 
role in disease activity in Blau syndrome, IL-1 inhibition has become a treat-
ment goal for management of specific and systemic manifestations of Blau syn-
drome, also with some success [29, 30]. However, it is important to note that 
some studies so far do not support this claim for excessive IL-1 activity in Blau 
syndrome [31].

 Prognosis

The natural history and disease course of Blau syndrome are not well known. 
Recently, registries of patients with Blau syndrome have been started, with the 
goal of determining natural history of disease. It is understood that mortality 
from Blau syndrome is low, while morbidity from disease can be high, especially 
in the form of vision loss and joint contractures. High rates of ophthalmologic 
complications have been noted in patients followed prospectively, with approxi-
mately 67% developing significant vision loss. In addition, over 50% of patients 
develop joint deformities with time. Health and pain assessments also reveal 
significant morbidity and disability as a result of Blau syndrome. Using the 
Health Assessment Questionnaire and the Childhood Health Assessment 
Questionnaire, approximately 33% of patients reported mild impairment, and 
33% reported moderate to severe impairment. There were also high rates of pain 
in these cohorts and high scores for impact of disease on global health and qual-
ity of life.
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 Summary

Blau syndrome is a monogenic, familial form of early-onset sarcoidosis, caused by 
multiple different mutations on the NOD2 gene. This disease entity is characterized 
by the triad of granulomatous uveitis, arthritis, and skin disease. The most problem-
atic long-term manifestations are ocular disease and profound vision loss and joint 
contractures, which both carry significant morbidity and stress the need for more 
effective treatments. Therapeutic management remains a primary area for further 
study, as treatment continues to be varied and based on little evidence.
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Chapter 6
Deficiency of the Interleukin-1 Receptor 
Antagonist (DIRA)

Arturo Diaz

DIRA is a rare autosomal recessive autoinflammatory disease that may have been first 
clinically described by Leung in 1985 [1] as a syndrome of infantile cortical hyperos-
tosis and intramedullary lesions suggestive of osteomyelitis, and by Ivker in 1993 [2] 
as a syndrome of unknown etiology characterized by infantile pustular psoriasis asso-
ciated with bone lytic lesions. The phenotype and genotype of DIRA, also called 
osteomyelitis, sterile multifocal, with periostitis and pustulosis OMIM:612852, were 
defined in 2009 by two groups reporting 10 patients that linked the disease to homo-
zygous loss of function germ line mutations in IL1RN, the gene encoding the interleu-
kin-1 (IL-1) receptor antagonist (IL-1Ra) [3, 4]. The unopposed effect of IL-I1α and 
IL-1β leads to increased IL-1 signaling and systemic inflammation.

 Clinical Manifestations

Most patients with DIRA have presented with the first manifestations of the disease 
from birth to 8 weeks of age. The latest onset of disease has been reported in one 
case at 1 year of age [5]. Thirty percent of pregnancies had resulted in premature 
births, the infants may be small for gestational age, and some have had evidence of 
fetal distress suggesting that the disease may start in utero. A single case of an 
aborted fetus with manifestations of DIRA has given support to an intrauterine 
onset of disease [6].

Characteristic clinical features are localized to the skin, oral mucosa, joints, and 
bone (Fig. 6.1). Patients present with growth retardation and failure to thrive, but 
unlike other autoinflammatory diseases, most patients with DIRA do not have fever. 
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DIRA is a severe inflammatory disease that, if untreated, can evolve to systemic 
inflammatory response syndrome (SIRS) and death.

Dermatologic Manifestations The skin disease is characterized by a pustular der-
matitis that can evolve from crops, to a generalized pustulosis or ichthyosiform 
lesions. Some patients present with nail changes, onychomadesis, anonychia, or 
pitting. Pathergy and mouth ulcers have been observed, and one case presented with 
pyoderma gangrenosum [3].

Skin biopsies have shown infiltration of the epidermis and dermis by neutrophils, 
formation of subcorneal pustules reminiscent of pustular psoriasis, infundibulo- 
folliculitis, intracorneal and intraepidermal microabscesses, acanthosis, and hyper-
keratosis. Neutrophilic eccrine hydradenitis, neutrophil-imbued parakeratosis with 
loss of granular cell layer have also been described. Immunofluorescence has been 
negative when tested [3, 4, 7].

Musculoskeletal Manifestations Patients present with severe joint pain on 
range of motion, joint swelling, sterile joint effusions, and prominent enlargement 

a

d e f

b c

Fig. 6.1 Inflammatory skin and bone manifestations in patients with deficiency of IL-1Ra. The 
skin manifestations range from groupings of small pustules (Panel a) to a generalized pustulosis 
(Panel b). The bone manifestations include epiphyseal ballooning of multiple distal and proximal 
long bones in a patient from Puerto Rico (Panel c); the more typical radiographic manifestations 
include widening of multiple ribs (with affected ribs indicated with asterisks) and the clavicle 
(arrows) (Panel d), heterotopic ossification or periosteal cloaking of the proximal femoral metaph-
ysis (arrows) and periosteal elevation of the diaphysis (arrowheads) (Panel e), and an osteolytic 
lesion with an sclerotic rim (Panel f, arrow). (From Aksentijevich et al. [3], with permission)
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of joints (ballooning). Later changes include joint contractures, muscle atrophy, 
and growth retardation.

The most common radiographic features include diffuse osteopenia, epiphyseal 
ballooning of long bones, widening of anterior segments of ribs near the costochon-
dral junctions, periostitis of long bones, and multifocal osteolytic lesions consistent 
with multifocal osteomyelitis affecting more frequently ribs, clavicles, and long 
bones. Less frequent features are heterotopic calcifications of proximal femurs, 
widening of the clavicles, metaphyseal erosions of long bones, osteolytic lesions in 
the skull, collapse of vertebral bodies with fusion, corner fractures on the distal 
femur and proximal tibia, odontoid nonfusion leading to atlantoaxial subluxation, 
and cervical vertebral fusion. The bone abnormalities including the osteolytic 
lesions can progress rapidly, and changes can be observed in a matter of few weeks.

The bone scintigraphy shows radiotracer uptake suggestive of osteomyelitis.
Bone biopsies have shown a non-specific inflammatory reaction, reactive woven 

bone, scattered osteoclasts, increased neutrophils, purulent osteomyelitis, fibrosis, 
and sclerosis. The cultures have been consistently negative for bacteria, fungi, and 
mycobacteria.

Other Manifestations Less commonly reported manifestations are:

Hepatosplenomegaly and interstitial lung disease [3].
Respiratory distress, with ground glass opacities and atelectasis on CT of the 

chest. The lung biopsy showed alveoli filled with macrophages and few neutro-
phils. This patient had also deep vein thrombosis on extremities, a screening for 
thrombophilic conditions (factor V of Leiden, protein C, protein S, and anti-throm-
bin III activity, lupus anticoagulant, and antiphospholipid antibodies), was all nega-
tive [4].

Dilated cardiomyopathy, corneal ulcerations, portal vein thrombosis with ascitis, 
and caput medusa [7].

DVT and internal jugular thrombosis after jugular catheterization [8, 9].
Two cases with CNS vasculitis, associated with the 175 Kb deletion [3, 4].
Episcleritis, conjunctivitis.
Systemic inflammatory response syndrome.
A fetus that died in utero at 27 weeks of gestation (with) had skin edema, ascites, 

short ribs, narrow thorax, polyhydramnios, necrotizing abscess in thymus, adrenal 
glands, and myocardium [6].

 Laboratory

Laboratory testing reflects a severe inflammatory process with leukocytosis with 
neutrophilia, anemia, thrombocytosis, and highly elevated ESR up to 100 mmHg 
and CRP up to100 ng/ml. Cultures of skin lesions have shown contamination by 
staphylococcus, but no other bacteria has been recovered. Cultures of bone lesions 
have been negative for aerobic and anaerobic bacteria, fungi, and mycobacteria. 
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Screening for viral infections (CMV, HBV, HCV, rubella, HIV), syphilis, and 
toxoplasmosis, when tested, has been negative. Tests for rheumatoid factor (RF), 
antinuclear antibodies (ANA), antineutrophil cytoplasmic antibodies (ANCA), 
lymphocyte subsets, and immunoglobulin levels have been normal or negative. 
Tests for thrombophilic conditions have been negative.

 Genetics

IL1RN, the mutated gene in DIRA, resides on the long arm of chromosome 2q13. 
Twenty patients have been reported so far who carry ten different loss of function 
germ line mutations. These mutations comprise four homozygous single point- 
nonsense mutations, five homozygous deletions (one in frame), and one compound 
heterozygous. All mutations except one result in either non-expressed or truncated 
proteins without biologic activity (Table 6.1). Heterozygous carrier relatives were 
asymptomatic conforming to a recessive pattern of inheritance (Table 6.1).

c229G>T is a nonsense mutation resulting in the amino acid mutation E77X. 
This mutation encodes for a truncated protein that is not secreted. The first five 
cases described were homozygous for the mutation and belonged to three Dutch 
unrelated families. The parents of the three families were carriers for the same 
mutation. Although no carriers were found among 351 Dutch controls (from a dif-
ferent area of the country), a founder effect is supported by the fact that the same 
mutation was found in 3 unrelated families [3].

c160C>T is a nonsense mutation resulting in the amino acid mutation Q54X. 
This mutation encodes a mutated protein that is not secreted. The mutation was 
found in two homozygous siblings from a consanguineous Lebanese family [3].

c355C>T is a nonsense mutation in exon four resulting in the amino acid muta-
tion Q119X. This mutation creates a premature TAG stop codon that is expected to 
encode for a truncated protein. This mutation was found in the heterozygous parents 
of a Turkish consanguineous family. One pregnancy resulted in a fetal death at 
27 weeks of gestation and the other on a premature infant born at 31 weeks of gesta-
tion who died at 4 months of age, both with features consistent with DIRA. No 
biological material was available for genetic analysis, but the prediction is that both 
were homozygous because both parents were heterozygous for the mutation. 
Modeling predicted a protein with defective binding to the receptor because the loss 
of amino acids A152, D153, Y172, and E175 that bind directly to the receptor; in 
addition the β-barrel is unable to fold properly because the β8, β9, and β12 strands 
are missing disrupting folding and impairing the ability of IL1Ra to bind to the 
receptor. Therefore, it predicts a nonfunctioning protein [6].

c76C>T is a nonsense mutation that results in the amino acid mutation R26X, 
reported in a single homozygous patient in a Turkish family [5].

64_1696del;p.IL1F9_IL1RNdel. This is a 175 Kb genomic deletion of the IL1RN 
locus encoding the IL-1Ra- and 5 IL-1-related genes: ILF9, ILF6, ILF8, IL 5, ILF10 
(antagonist IL36RN, agonists IL36α, IL36β, and IL36γ of the IL36 receptor, and 
IL38), resulting in a non-expressed IL-1Ra. The deletion was reported in four homo-

A. Diaz



73

zygous patients from Puerto Rico. The mutation was found in 3 unrelated carriers in 
a panel of 119 controls from the same Northern part of Puerto Rico resulting in an 
allele frequency of 1.3% consistent with a founder effect. This frequency predicts an 
incidence of DIRA of 1 in 6300 births in Northern Puerto Rico [3]. A second patient 
with 175 Kb deletion (Reddy) [4] was the son of consanguineous parents who were 
heterozygous for the deletion and healthy [4] (Fig. 6.2). Three more cases have been 

Table 6.1 Summary of the published patients diagnosed with DIRA, their disease-causing 
mutations, and outcomes

Gender

Age at first 
symptoms 
(days)

Age of disease 
outcome at the 
time of report

Country of 
origin Mutation Reference

Male 0 Deceased Netherlands c.229G>T;p.Gly77* [3]
Female 14 7.2 years Netherlands c.229G>T;p.Gly77* [3]
Male 0 Deceased Netherlands c.229G>T;p.Gly77* [3]
Female 2 Deceased Netherlands c.229G>T;p.Gly77* [3]
Female 17 2 months Netherlands c.229G>T;p.Gly77* [3]
Male 5 1.8 years Lebanon c.160C>T;p.Gln54* [3]
Male 2 4 months Lebanon c.160C>T;p.Gln54* [3]
Female – Aborted Turkey c355C>T;p.Gln119* [6]
Male 7 Deceased Turkey c355C>T;p.Gln119* [6]
Female 12 months 13 years Turkey c.76C>T;p.Arg26* [5]
Male 8 9.5 years Puerto Rico -64_1696del;p.IL1F9

_IL1RNdel
[3]

Male 10 18 months Puerto Rico -64_1696del;p.IL1F9
_IL1RNdel

[4]

Male 14 15 years Puerto Rico -64_1696del;p.IL1F9
_IL1RNdel

[7]

Male 60 5 months Puerto Rico -64_1696del;p.IL1F9
_IL1RNdel

[10]

Female 7 Puerto Rican 
descent

-64_1696del;p.IL1F9
_IL1RNdel

[11]

Female 0 30 months Brazil c.213_227del;pAsp72_
Ile76del

[8]

Female 0 27 months Brazil c.213_227del;p.Asp72_
Ile76del

[8]

Male 14 13 months Canada c.156_157del;p.
Asn52Lysfs*25

[3]

Female 21 17 months Indian Chr2_
hg19_113,865,011_
113,887.227del

[12]

C396delC;p.
Thr133Profs*118

Berdeli, 
Infevers

Male 12 23 days USA c.229G>T;p.Gly*77 and
c.140delC;p.T47TfsX4

[9]

*aminoacid position
Modified from Mendonca et al. [12]
Bardeli’s mutation is registered in the Infevers database (http://fmf.igh.cnrs.fr/ISSAID/infevers/)

6 Deficiency of the Interleukin-1 Receptor Antagonist (DIRA)

http://fmf.igh.cnrs.fr/ISSAID/infevers


74

reported from consanguineous and non-consanguineous parents [7, 10, 11]. All 
patients with the 175 Kb deletion are Puerto Rican or of Puerto Rican descent.

c.213_227del;pAsp72_Ile76del. This is a 15-bp in-frame deletion reported in 
two Brazilian unrelated patients, who were homozygous for the deletion suggesting 
a founder effect. The parents of both patients were heterozygous for the deletion. 
This mutation was not found in 200 ethnically matched and 200 not ethnically 
matched control chromosomes. This deletion encodes for a nonfunctional protein 
with no affinity for the IL-1R1. Ribbon modeling showed that the missing amino 
acids are in strand β4; loss of strand β4 can destabilize the other strands and disrupt 
formation of the β barrel and the binding to IL-1R1 [8].

c.156_157del;p.Asn52Lysfs*25. This mutation consists of a 2 bp deletion result-
ing in a frame shift, after which there is incorporation of 24 aberrant amino acids and 
a termination codon resulting in a truncated protein. This Newfoundland patient is 
homozygous and both parents heterozygous. Screening of 555 controls from the same 
country revealed 2 carriers of the mutation, resulting in an allele frequency 0.2% [3].

Chr2_hg19_113,865,011_113,887.227del. This is a 22.216 bp Kb deletion at the 
centromeric end of the IL1RN encompassing the first 4 exons (Fig.  6.3). It was 
described in an Indian patient who was homozygous for the deletion. The parents 
were non-consanguineous heterozygous for the deletion. The analysis of the 
patient’s SNP array was suggestive of a “distant” relatedness o the parents and a 
founder effect [12].

c.229G>T;p.Gly*77/c.140delC;p.T47TfsX4. This is the first reported compound 
heterozygous for disease-causing mutations in DIRA.  The c.229G>T;p.Gly*77 
mutation is the same reported in families from the Netherlands. It is a nonsense 
mutation resulting in the amino acid mutation E77X that encodes for a truncated 
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Fig. 6.2 Genetic characteristic of a patient with the 175 Kb deletion. Variation in genomic copy 
number in chromosome 2q13for the patient and his mother and father, showing a homozygous 175 
Kb deletion in the patient and heterozygous in his parents. The deletion includes genes encoding 
sis members of the interleukin-1 family: the interleukin-1 receptor antagonist (IL1RN) and the 
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protein that is not secreted. The second mutation c.140delC;p.T47TfsX4 is a one 
base pair deletion in exon 2 of the IL1RN. The deletion results in a frame shift and 
a premature e termination codon that encodes for a truncated protein. Both muta-
tions were inherited in trans as the mother was carrier for the c.229G>T;p.Gly*77 
and the father for the c.140delC;p.T47TfsX4 [9].

 Functional Implications

Unlike other autoinflammatory diseases where elevated production of mature IL-1β 
drives the inflammatory process, in DIRA, the deficiency of the negative regulator 
IL-1Ra allows for unopposed signaling of IL-1 even at physiologic levels resulting 
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Fig. 6.3 Genetic analysis for the detection of the 22,216 bp IL1RN deletion. (a) SNP array data 
showing a homozygous deletion of IL1RN. The region deleted is indicated by a red box on the 
chromosome diagram. The B allele frequency (BAF) plot conveys the zygosity of a given SNP 
(blue dot), while the log R ratio (LRR) plot conveys the intensity or copy number. The homozy-
gous deletion (shaded red) is indicated by the loss of intensity in the LRR plot and the absence of 
a coherent signal in the BAF plot. The deleted region includes the first four exons (two coding 
exons) of IL1RN (NM_173843). (b) Schematic representation of the deleted region of IL1RN gene 
predicted by SNP array. (c) Multiplex PCR products generated with three pairs of primers that 
amplify the wild-type allele, the breakpoint junction of the deletion or an internal control (GAPDH) 
were run in 2% agarose gel. Upper band indicates the presence of the wild-type (WT) allele, 
middle band indicates the presence of the deleted allele (Brk pt), and lower band serves as an 
internal control (GAPDH). (d) Sanger sequencing electropherogram depicting the breakpoint of 
the IL1RN deletion. (From Mendonca et al. [12] with permission)
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in enhanced, sustained inflammation. Since IL-1Ra is capable of binding both IL-1α 
and IL-1β, it has been thought that the sum of their effects results in the severe 
inflammation observed in DIRA.

The nonsense mutations encode for truncated proteins that would have less 
affinity for the IL-1R but are not secreted. In whole blood cells, these mutations 
resulted in lower levels of IL-1Ra mRNA and, as expected, absent in a patient with 
the 175 Kb genomic deletion. The homozygous patients had no detectable secreted 
IL-1Ra, and the heterozygous relatives had lower levels than normal. Experiments 
with transfected cells suggested that the leader sequence of the mutant protein was 
not cleaved and the mutated IL-1Ra was retained in the cell and not secreted 
(Fig. 6.4).

Under stimulation with IL-1β, mononuclear cells from patients with these 
nonsense mutations, produced higher levels of IL-1α, macrophage inflamma-
tory protein 1α (MIP-1α), TNFα, IL-8, and IL-6, all with pro-inflammatory 
effects. The increase in the production of these cytokines is expected to amplify 
the unopposed pro-inflammatory effects of IL-1α and IL1β in DIRA. In addi-
tion, skin biopsies showed more IL-17-secreting cells and a higher percentage 
of Th17 cells [3] in peripheral blood. This suggests that unopposed IL-1 sig-
naling likely stimulates the differentiation of Th17 cells, which contribute to 
the inflammatory process by driving the expression of pro-inflammatory cyto-
kines [3].

The transcriptome of unstimulated mononuclear cells from a patient with the 
175 Kb deletion was more similar to that of a patient with neonatal-onset multisys-
temic inflammatory disease (NOMID/CINCA) but different from controls. 
However, the transcriptome of lipopolysaccharide (LPS)-stimulated mononuclear 
cells from this patient was more similar to that of the cells from a normal subject 
than to a NOMID/CINCA patient, with increase in the levels of transcripts for 
IL-1β, IL-1α, IL6, and IL-8 (Fig. 6.5). Measurement of cytokine levels in superna-
tants from LPS-stimulated monocytes confirmed a remarkable increase in the levels 
of IL-1β, IL-6, IL-8, IL-10, and TNFα in a control and the patient with the deletion, 
but not in a patient with NOMID/CINCA. Unstimulated mononuclear cells from 
the patient produced higher levels of IL-1β as compared to control cells and the par-
ent’s cells. These findings show that patients with DIRA maintain constant and 
chronic elevated levels of IL-1β. In addition, LPS-stimulated mononuclear cells 
from the parents of the patient with the deletion (both carriers) produced elevated 
levels of IL-1β, similar to those of the patient, and above the normal, demonstrating 
that haplo-insufficiency of the gene cluster on chromosome 2q13 results in an 
increase in IL-1β production [4]. The lower production of IL-1β in the patient with 
NOMID/CINCA may be the result of the rapid apoptosis of mononuclear cells in 
this condition triggered by LPS [14].

It has been hypothesized that the signaling of IL-1α may explain the different 
phenotypes of DIRA compared with NOMID/CINCA, which is driven by IL1β. The 
expression of IL-1α and IL-1β are different in the skin and bone [15]. IL-1α may 
play a role in the osteomyelitis in DIRA due to its ability to activate osteoclasts [16] 
and the development of neutrophilic pustulosis, as IL-1α and IL-1Ra are highly 
expressed in keratinocytes [17], stimulate their migration [18], and modulate anti-
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Fig. 6.4 Mechanism of disease caused by deficiency of interleukin-1 receptor antagonist. Relative 
messenger RNA (mRNA) levels of IL1RN, encoding the interleukin-1 receptor antagonist, in 
whole blood were determined by means of quantitative polymerase-chain-reaction assay (Panel a). 
Levels are shown for seven controls, one Newfoundland subject heterozygous for the N52KfsX25 
mutation, three Dutch subjects heterozygous for the E77X mutation, two Puerto Rican subjects 
heterozygous for the 175 Kb genomic deletion, and one patient homozygous for each of these three 
mutations. T bars indicate the standard deviations, where applicable. In Panel b whole blood speci-
mens from homozygotes and heterozygotes for each of these three mutations, as well as controls 
(with the wild-type sequence) were stimulated ex vivo with lipopolysaccharide to induce secretion 
of glycosylated interleukin-1-receptor antagonist by leukocytes. Resultant protein levels, detected 
by means of Western blot using an antibody specific for the N-terminal are shown. (From 
Aksentijevich et al. [3], with permission)

microbial responses [19]. In addition, IL-1-induced TNFα has been proposed as the 
driver of skin lesions, because treatment of the IL1RN knockout mouse with TNF 
inhibitors improved the skin lesions [20].
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It has been speculated whether the patients with the 175 Kb deletion may have 
a more aggressive phenotype due to the cluster of genes deleted along with IL1RN 
locus. Four of these genes encode IL-36 and its receptor antagonist, IL-36Ra. 
Deficiency of the IL-36Ra has been associated with another autoinflammatory 
disease, manifested as generalized pustular psoriasis (DITRA) [21]. However, 
since both, the agonist and the antagonist of the IL-36 receptor are not expressed, 
it seems unlikely that their deficiency may add an additional pro-inflammatory 
stimulus in DIRA.

The Brazilian 15 bp in-frame deletion resulted in low levels of the mRNA of the 
mutated IL-1RN and the secreted protein, which when expressed in vitro, had low 
affinity for the receptor with absence of binding, and lacked antagonistic activity in 
an IL-1β mediated phospho-JNK nuclear translocation assay. Total WBCs stimu-
lated with IL-1α, Il-1β or LPS produced increased levels of TNFα, MIP-1α, IL-6, 
IL-8, IL-1α and IL-1β. Both patients had severe disease [8].

In summary, the overall outcome of the deficiency of the IL1Ra is not only a 
positive feed-back in the production of IL-1α and IL-1β, but also an increase in 
the production of other pro-inflammatory cytokines such as IL-6, IL-8, TNFα, 
MIP-1α.

It has been remarkable the high frequency (30%) of preterm delivery in DIRA 
and the report of a case with likely onset of disease in utero. These facts suggest 
that increase in the IL-1 signaling must have a role in these outcomes. This pos-
sibility is supported by the previously documented association of elevated levels 
of IL-1β with preterm labor. It has been hypothesized that the high concentration 
of IL-1Ra in the amniotic fluid could be protective for the fetus. Both, the elevated 
IL-1 in the fetus and mother (an obligated heterozygous), and the deficiency of 
IL1Ra in amniotic fluid may play a role in the prematurity observed in DIRA 
[22–24].
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Fig. 6.5 Gene expression characteristics of a patient with deletion of the IL1RN locus and a 
patient with neonatal-onset multisystem inflammatory disease (NOMID). The gene expression 
profiles of peripheral-blood mononuclear cells from a control, a patient IL1RN deletion, and a 
patient with NOMID are shown before and after stimulation with lipopolysaccharide for 4 h. Red 
represents an increase in transcription, and green a decrease, with the intensity of the color indicat-
ing the degree of increase or decrease. (From Reddy et al. [4], with permission)
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 Animal Models

The IL1rn-knockout murine models have failed to recapitulate the characteristic 
neutrophilic pustulosis and sterile osteomyelitis of DIRA.

The IL1ra knockout mouse model develops arthritis, psoriasis-like skin lesions and 
arteritis but not the bone abnormalities characteristic of DIRA. The mouse phenotype 
is influenced by its genetic background; it exhibits psoriatic-like skin lesions and arthri-
tis in BALB/cA, and aortitis and small vessel vasculitis in BALBc/C57BL [25, 26].

In these models it appears that the enhanced IL-1 signaling with elevated levels 
of IL-8 and IL-6 drives the expansion of Th17 cells, which have an impact in the 
development of inflammation by inducing pro-inflammatory cytokines and neutro-
phil accumulation [27, 28]. From the animal models it appears that IL-17 plays a role 
in the inflammatory arthritis of the IL1ra knockout mice. The animal models and the 
finding of increased expression of IL-17 in the skin lesions of patients with DIRA 
support a role for IL-17 in the pathogenesis of inflammation in this condition.

The role of IL-1α in the pathogenesis of DIRA has not been resolved by the ani-
mal models. The IL1rn knockout mice does not develop the severe skin or bone 
inflammation characteristic of DIRA, suggesting that tissue expression of IL-1α and 
IL-1β may be different in humans and mice.

 Diagnosis and Differential Diagnosis

The diagnosis of DIRA is established by the demonstration of mutations in the 
IL1RN locus.

The diagnosis of DIRA should be suspected in an infant presenting in the neona-
tal period with pustular lesions, osteitis, and systemic inflammation. Infectious and 
noninfectious diseases should be included in the differential diagnosis of DIRA.

From the dermatologic perspective, the cutaneous pustular lesions of DIRA can 
be incorporated in the group of diffuse infantile pustulosis [29]. Diffuse infantile 
pustulosis is the presentation of multiple dermatologic conditions including bullous 
impetigo, tinea, bacterial folliculitis, scabies, miliaria, pustular psoriasis, IgA pem-
phigus, acrodermatitis enteropathica, eosinophilic pustular folliculitis, erythema 
toxicum neonatorum, and transient neonatal pustular melanosis. These conditions 
should be considered in the differential diagnosis of the cutaneous component of 
DIRA and make a skin biopsy necessary.

A condition that presents with bone abnormalities similar to DIRA is infantile 
cortical hyperostosis. This is an autosomal dominant disease associated with muta-
tions in COL1A1. Infantile cortical hyperostosis is a self-limiting disease that lacks 
the systemic inflammation and pustulosis of DIRA. Considering that the bone mani-
festation of DIRA could be by imaging indistinguishable from infectious osteomy-
elitis, a bone biopsy for microscopic analysis and cultures is recommended.

Among the autoinflammatory diseases, two present with skin and bone inflamma-
tion in the neonatal period: the NOMID/CINCA and Majeed syndromes. NOMID/
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CINCA is associated with dominant gain of function mutations in NLRP3 that allow 
for spontaneous assembly of the NLRP3 inflammasome and overproduction of 
IL-1β. Patients with NOMID/CINCA have signs of systemic inflammation and a 
skin dermatosis at birth that is urticarial with perivascular inflammation on biopsy 
but no the pustulosis characteristic of DIRA. NOMID/CINCA patients lack the mul-
tifocal osteomyelitis, respiratory involvement, and thrombosis seen in DIRA. On the 
counterpart, DIRA lacks the hearing loss and aseptic meningitis of NOMID/CINCA.

Majeed syndrome presents with chronic recurrent multifocal osteomyelitis, 
neutrophilic dermatosis (from Sweet’s syndrome to chronic pustulosis), periodic 
fever, and dyserythropoietic anemia, and is associated with mutations in LPIN2. 
The dyserythropoietic anemia is a characteristic and unique manifestation of 
Majeed’s syndrome and differentiates it from DIRA. A third condition, although 
not frequently of neonatal onset, is synovitis, acne, pustulosis, hyperostosis, and 
osteitis syndrome (SAPHO); no mutations have been associated with this condi-
tion. Mevalonate kinase deficiency MVKD may present in infants, but unlike 
DIRA, patients have fever, prominent lymphadenopathy, abdominal pain, and a 
non-pustular exanthema. Finally, the differential diagnosis includes the deficiency 
in the interleukin-36 receptor antagonist (DITRA), a related condition character-
ized by generalized pustular psoriasis (Marrakchi) [21].

 Prognosis

DIRA is a severe autoinflammatory disease. About 30% of these patients start life 
as small for gestational-age premature infants. Untreated patients not only suffer 
pain, prolonged hospitalizations, and organ damage but the progressive inflamma-
tion can evolve to respiratory distress, SIRS with multi-organ failure, and death. Of 
the 20 reported cases, 25% have died at variable ages. There are no patients reported 
that have survived to adulthood without amti-IL-1treatment. It has been observed 
that disease flares can be triggered by infections or stress.

Untreated bone lesions result in severe functional limitations due to bone defor-
mities, joint contractures, vertebral collapse, and muscle atrophy. One child died in 
later life from pulmonary hemosiderosis with interstitial fibrosis. One case of intra-
uterine death possible related to in utero DIRA has been reported [6]. Because of the 
dire prognosis of untreated patients, early diagnosis is critical, and genetic testing 
should be done in suspected cases, especially in areas with known founder muta-
tions, as is the case of Northern Puerto Rico.

 Treatment

Attempts to treat with NSAIDs, steroids, and disease-modifying antirheumatic 
drugs such as methotrexate, azathioprine, cyclosporine, thalidomide, IVIG, and 
interferon gamma have resulted in partial or no response. Steroid treatment results 
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in transient control of the inflammation with reduction of ESR and CRP.  Some 
patients have required high doses of IV methylprednisolone up to 5 mg/Kg. None of 
these agents has induced long-term remission of the disease.

Treatment with anakinra, a recombinant human IL-1Ra, which replaces the defi-
cient endogenous IL-1Ra, has resulted in a rapid and remarkable response some-
times within hours. The pustulosis improves within days and later fully resolves. 
The arthritis and musculoskeletal pain improves rapidly, and there is radiologic 
improvement of bone lesions within a few months. The inflammatory indices, WBC, 
ESR and CRP have normalized in all but one patient with the 175 Kb deletion. All 
treated patients have reached remission and discontinued steroids. The discontinua-
tion of anakinra has resulted in a rapid relapse of the disease that has resolved with 
reinitiation of treatment. The patients treated early in infancy have developed nor-
mally while maintaining treatment with anakinra. The bone mineral density has 
improved reflecting the relevance of IL-1 in osteoclast activation and bone loss [16].

Two patients have developed an allergic reaction to anakinra, one of them 
expressing a truncated IL-1Ra and another expressing no IL-1Ra. Both patients 
were desensitized and able to continue treatment [12]. It is hypothesized that the 
lack of endogenous IL-1Ra may predispose these patients to develop an allergic 
reaction to a neo-antigen.

A single patient has been reported to respond to canakinumab, a monoclonal 
antibody to IL-1β [5]. There is no long-term follow-up available, or more extensive 
use of canakinumab to assess whether it would be as effective as the IL-1α and 
IL-1β blokade by anakinra.

Rilonacept is a long-acting soluble decoy receptor engineered as a dimeric fusion 
protein that contains of the ligand-binding domains of the extracellular portion of 
the human IL-1R linked to the Fc region of a human IgG1. It captures both IL-1α 
and IL-1β, blocking their binding to the cellular receptor [13], making it equivalent 
to the mechanism of action of anakinra and the native IL-1Ra. Because of its half- 
life of 8 days, it has been an attractive option for IL-1 blockade.

A recently study was conducted to assess the efficacy of rilonacept in maintain-
ing remission of DIRA in children treated with anakinra, to determine necessary 
doses, and to evaluate safety [30]. Six mutation-positive children were enrolled in 
this open-label pilot study of weekly injections of rilonacept 2.2 mg/Kg with dose 
escalation to 4.4 mg/Kg. Five of six patients required dose escalation due to skin 
lesions. After dose escalation, all patients remained in remission for the 24 months 
of the study maintaining normal laboratory inflammatory indices (WBC, ESR, CRP, 
Platelets). All patients maintained normal growth as determined by height and 
weight. No serious adverse events were reported, and no patients discontinued treat-
ment due to adverse events. This study demonstrates that capture of IL-1α and IL-1β 
by a monoclonal antibody, is an effective treatment for DIRA.  The response to 
rilonacept was similar to that of anakinra, but patients and parents were inclined to 
prefer a weekly injection.

Given the severity of the disease and its potential lethality, treatment with 
IL-I- 1inhibiton should be started as early as possible and maintained for life, 
because none of the untreated patients has survived to adult life.
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Chapter 7
Deficiency of the Interleukin-36 Receptor 
Antagonist (DITRA) and Generalized 
Pustular Psoriasis

Arturo Diaz

Interleukin-36 receptor antagonist deficiency, DITRA MIM:614204, and general-
ized pustular psoriasis are life-threatening diseases characterized by a disseminated 
dermatitis, pustular psoriasis, and fever. The link of DITRA to loss-of-function 
recessive mutations in the interleukin-36 receptor antagonist IL23RN locus was first 
described by Marrakchi et al. in 2011 [1]. The mutations encode for an unstable 
protein with poor interaction with its receptor allowing for an unopposed effect of 
IL-36 that results in enhanced production of pro-inflammatory cytokines and sys-
temic inflammation.

 Epidemiology

Psoriasis is a relatively common disease affecting up to 8.5% of individuals in 
some populations, being more frequent in populations living more distant from the 
equator [2]. There are several forms of psoriasis; the most common is chronic 
plaque psoriasis (vulgaris) present in approximately 80% of the patients with pso-
riasis. Psoriasis vulgaris may present with extracutaneous manifestations such as 
psoriatic arthritis, a spondyloarthropathy affecting axial and peripheral joints, 
enthesitis, and iritis.

Pustular psoriasis is a rare disease that has been classified in generalized and local-
ized forms. The generalized forms include acute generalized pustular psoriasis (GPP), 
also known as generalized pustular psoriasis of von Zumbusch, and annular pustular 
psoriasis (subacute). Localized forms of pustular psoriasis include acrodermatitis 
continua of Hallopeau that affects mostly the fingers, and palmoplantar pustulosis.
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Generalized pustular psoriasis (GPP) is a multisystemic life-threatening 
inflammatory disease characterized by recurrent episodes of sudden onset, 
although subacute and chronic courses have been described [3]. It affects mostly 
adults in the middle age (40–60 years) and infrequently affects children. However 
in patients with DITRA, GPP occurs at earlier age and even in childhood; in the 
initial report, 12 of 19 patients had disease onset in childhood [1]. While there is 
no sex predominance [4, 5], a form of GPP called impetigo herpetiformis has been 
observed to occur in pregnancy, suggesting a hormonal influence in the disease 
[6]. Several series have reported history of previous plaque psoriasis from 30% to 
78%, but it appears that the subgroup of patients with IL36RN mutations have less 
frequent history of plaque psoriasis [7].

Several precipitating factors have been identified; the most common is the with-
drawal of systemic or potent topical steroids as well as other agents such as cyclo-
sporine [3]. Triggering of GPP by other agents such as treatment with ustekinumab, 
TNF inhibitors, and pegylated interferon-alpha-2b have been reported sporadically 
[8–11]. Infections, particularly respiratory streptococcal infections, have been 
reported as a trigger in 15% of cases [3, 5]. Menstruation and pregnancy have been 
also identified as triggers.

 Mucocutaneous Manifestations

The typical presentation of GPP is characterized by the sudden onset of a diffuse 
and painful erythema, followed by the formation of minuscule pustules that 
eventually coalesce to form large sterile purulent collections. The purulent 
lesions resolve in about 1 week leaving a residual erythema with scaling. As is 
typical of the disease, recurrence of pustular lesions in other areas occurs. The 
annular form has similar course but the erythema is surrounded by a ring of 
pustules. Patients with GPP may present with mucocutaneous involvement that 
may include oral pustules, cheilitis, geographic tongue, and nail changes. 
Mucosal involvement appears to be more frequent in patients with IL36RN 
mutations [12].

 Extracutaneous Manifestations

Patients with GPP and DITRA present with manifestations of systemic inflamma-
tion such as high-grade fever up to 42  °C, chills, and malaise, joint pain. Liver 
dysfunction occurring in about 50% of patients is a prominent complication with 
jaundice, elevated transaminases and bilirubin, and histologic features of neutro-
philic or sclerosing cholangitis [13, 14]. The spectrum of ocular inflammation 
includes uveitis, iritis, and conjunctivitis. Renal dysfunction with oliguric renal fail-
ure has been reported as well as neutrophilic pneumonitis, acute respiratory distress 
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syndrome, and sepsis. Frequently, patients require management in the ICU to treat 
fluid and electrolyte imbalances, and deaths secondary to sepsis have been reported.

 Laboratory

Laboratory abnormalities include elevation of acute phase reactants such as leuko-
cytosis that can be highly elevated, elevated ESR, and CRP. There is elevation of 
liver function tests and hypoalbuminemia in 50% of patients that tends to correlate 
with the level of leukocytosis. Fluid and electrolyte imbalances are present in 
patients with extensive areas of skin involved [13]. Elevated antistreptolysins have 
been reported in patients with history of an upper respiratory infection as the trigger. 
There are no serologic markers for DITRA.

 Pathology

Skin biopsies show psoriasiform changes, spongiform pustules of Kogoj (aggre-
gates of neutrophils between degenerated keratinocytes within the upper Malpighian 
layer of the epidermis, forming a subcorneal macropustule), acanthosis with elonga-
tion of rete ridges, and parakeratosis in the stratum corneum. Immunostaining 
shows infiltration of the skin with CD8 T cells, CD3 T cells, and macrophages [1]. 
Acute generalized exanthematous pustulosis (AGEP) is in the differential and is 
suggested by the presence of eosinophils and necrotic keratinocytes.

 Genetics

The IL36RN gene resides on chromosome 2q13-q14.1. In 2011, Marrakchi et al. 
communicated the linkage of a recessive missense mutation in the IL36RN locus in 
16 affected members from 9 Tunisian families with GPP. IL36RN encodes for the 
IL36Ra; the mutation predicted the substitution of a proline for leucine at position 
27 (L27P). Initial studies were consistent with a reduction of function of the mutated 
protein; therefore, the term “deficiency of the interleukin-36 receptor antagonist” 
(DITRA) was proposed to refer to this disease. All the families had a disease with 
an autosomal recessive pattern of inheritance, and all but one (family 6), had some 
degree of consanguinity. Co-segregation of the disease and a common 1.2 Mb hap-
lotype suggested a founder effect. It was estimated that the most recent common 
ancestor carrying the mutation lived 13 generations ago [1].

Twenty variants in the IL36RN locus have been registered in the Infevers database 
(http://fmf.igh.cnrs.fr/ISSAID/infevers/). The gene contains five exons. Nineteen 
variants consist of a substitution and one of a deletion localized on exons 2, 3, and 4. 
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One variant is localized in intron 3. The countries of origin of the registered cases are 
Algeria China, Germany, Iraq, Japan, Pakistan, Spain, Tunisia, and the UK; IL36RN 
mutations have been reported in more than 70 cases worldwide.

Three important questions are whether patients with non-familial GPP carry 
IL36RN mutations, whether patients with other forms of psoriasis carry mutations, 
and whether patients with IL36RN mutations form a homogeneous group/disease.

Regarding the first question, it has been found that some patients with non- familial 
sporadic GPP carry IL36RN mutations. In a study in unrelated patients with sporadic 
GPP, 7/84 (8%) were homozygous or compound heterozygous IL36RN mutations 
[15], while another smaller study found more frequent mutations in 7/19 patients 
(39%) [16]. These studies demonstrate that most patients with non-familial sporadic 
GPP do not harbor IL36RN mutations and should not be classified as DITRA.

Patients with other forms of psoriasis such as acrodermatitis chronica of Hallopeau, 
and palmoplantar pustulosis [15, 17, 18], and even in drug reactions manifested as 
acute generalized exanthematous pustulosis [19, 20] have been found although rarely 
to carry IL36RN mutations; therefore, these mutations are not exclusive of GPP.

It has been suggested that patients that present with GPP without having before 
other forms of psoriasis are more likely to harbor IL36RN mutations [21]. A Japanese 
study of patients with GPP found IL36RN mutations in only 2/20 (10%) patients 
with a history of plaque psoriasis compared with 9/11 (81%) patients without history 
of plaque psoriasis [7] supporting this impression. Overall it appears that IL36RN 
mutations underline a spectrum of psoriatic phenotypes [15], which suggests that the 
IL-36 pathway may direct the predisposition to several forms of psoriasis.

Other factors, genetic, epigenetic, and environmental, may contribute to the pheno-
type in DITRA. Gain-of-function mutations and polymorphisms in caspase recruitment 
domain family member 14 (CARD14), an epidermal regulator of NF-kB, have been 
reported in plaque psoriasis as well as in GPP [22, 23]. The mutations appear to be 
associated with cases of GPP with plaque psoriasis, but not with GPP alone, which is 
more associated with IL36RN mutations. These data suggested that GPP alone is genet-
ically different from GPP with plaque psoriasis, at least in the Japanese population.

Loss-of-function mutations in the adaptor protein complex 1 (AP-1) subunit σ1C 
(AP1S3) have been linked to GPP. AP-1 is a heterotetramer that promotes vesicular 
trafficking between the trans-Golgi network and the endosomes. AP1S3 silencing in 
keratinocytes disrupted the endosomal translocation of the innate pattern recogni-
tion receptor TLR-3 (Toll-like receptor 3), resulting in inhibition of downstream 
signaling [24].

 Functional Studies

The region surrounding amino acid 27 (the first reported mutated) is highly con-
served across species, and the leucine at this position is conserved on mammalian 
species, suggesting that is functionally important. IL36RN shares a 44% analogy 
with the IL1RN, the mutated gene in DITRA.
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The L27P mutation did not affect the stability or rate of degradation of the 
IL-36Ra mRNA. However, structural modeling suggested that the mutation affects 
the stability of the protein and the interaction with its receptor (interleukin-1 
receptor- related protein 2). The mutated protein had a very low expression and 
was less effective than the wild-type protein at inhibiting an IL-36γ-induced 
response in an IL-8 reporter assay. This impaired function resulted in increased 
production of pro-inflammatory cytokines specially IL-8 by the patient’s keratino-
cytes homozygous for the mutation stimulated with IL-1β, IL-36α, IL-36β, and 
IL-36γ. In addition IL-36γ was overproduced in keratinocytes stimulated with 
IL-1β. This enhanced inflammatory response was confirmed by measuring cyto-
kines in serum of patients during a flare; patients had 25-fold increase in IL-8 
production as compared to controls. In full correlation, biopsies of skin lesions 
from patients showed an increase in staining for IL-36α, Il-36β, and more robustly 
IL-36γ [1].

The three IL-36 agonists signal through the IL36R which recruits the IL-1R 
accessory protein IL-1RAcP, triggering downstream activation of the pro- 
inflammatory nuclear factor-kB (NF-kB) and mitogen-activated protein kinase 
(MAPK) pathways [25, 26], leading to enhanced transcription and release of pro- 
inflammatory cytokines. The IL-36 cytokines and their receptor are highly expressed 
in skin [27] and other epithelial tissues and likely to play a role in innate immunity 
(Fig. 7.1).

Keratinocytes from patients with the L27P mutations produced higher 
amounts of IL-8 in response to stimulation with polyinosinic-polycytidylic acid 
(poly[L-C]), a synthetic ligand for Toll-like receptor 3, involved in response to 
infections; it is speculated that this may explain the frequent triggering of flares 
of GPP by common infections [1]. The role of IL-36 in GPP has been supported 
by a mouse model overexpressing IL-36α which develops pustular lesions; these 
lesions exacerbate by simultaneous deficiency of IL-36Ra [28, 29], recapitulat-
ing the human disease.

Based on the evidence that homozygous and compound heterozygous for 
IL-36RN mutations are associated with different forms of pustular psoriasis (GPP, 
palmoplantar pustular psoriasis, acrodermatitis continua of Hallopeau, and acute 
generalized exanthematous pustular eruption), Tauber et  al. [30] investigated the 
outcome of different mutations in the function of the protein and their correlation 
with the various phenotypes, to establish genotype-phenotype correlations. They 
used site-directed mutagenesis to generate the mutants and expression in HEK293T 
cells. They found three groups:

 1. Null mutations with complete absence of IL-36Ra protein expression
 2. Mutations with decreased protein expression
 3. Mutations with unchanged protein expression

In a functional assay measuring the ability to repress the IL-36-dependent acti-
vation of NF-kB, it was found complete functional impairment in null mutations, 
and partial or no impairment was observed in other mutations, then considered 
hypomorphic.
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Null mutations were associated with severe clinical phenotype GPP and 
AGEPE, while the hypomorphic mutations were associated with localized dis-
ease (PPP ACH) and generalized variants. The detection of the same mutations in 
generalized and localized pustular phenotypes implies that other factors may play 
a role in determining the phenotype, such as disease-modifying genes, environ-
mental factors, or epigenetic events. In addition, it was proposed that long-term 
follow-up is necessary to assess the true expression of the disease in each 
individual.

It was found that there was a lack of altered protein expression or function for 
Lys35Arg and Arg102Trp, suggesting that these are indeed polymorphisms. The 
fact that no mutations were found on two GPP families and ten patients with spo-
radic disease suggested a genetic heterogeneity of the disease.

Interleukin-36
receptor

Interleukin-36Ra

In patients with DITRA

Accessory
protein
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Cell
membrane

Cytoplasm

Transcription of genes (e.g., IL8)
that mediate inflammatory responses
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MAP kinases

NF-kB
MAP kinases

NF-kB
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Fig. 7.1 Disinhibition of the signaling pathway activated by interleukin-1 family proteins in 
generalized pustular psoriasis. Interleukin-36α, interleukin-36β, and interleukin-36γ exert their 
actions by binding to the interleukin-36 receptor, interleukin-1 receptor-like 2. Ligand binding to 
this receptor enables the recruitment of the interleukin-1 receptor accessory protein, leading to 
signal transduction involving activation of nuclear factor-kB (NF-kB) and mitogen-activated 
protein (MAP) kinases. The interleukin-36 receptor antagonist (interleukin-36Ra) also binds to 
the interleukin- 36 receptor, which blocks binding by the agonist ligands but fails to recruit acces-
sory protein and therefore does not lead to biologic activity. Interleukin-36Ra antagonizes their 
action and inhibits downstream inflammatory signaling (NF-kB and MAP kinases) avoiding 
exacerbated inflammatory responses. DITRA denotes deficiency on interleukin-36 receptor 
antagonist
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 Diagnosis

The diagnosis of DITRA is established by the presence of GPP in any of its varieties 
and the demonstration of mutations in the IL36RN locus. Skin biopsies are neces-
sary to rule out other pustular diseases.

 Prognosis

DITRA is a life-threatening multisystemic inflammatory disease marked by lifelong 
relapses. The severity of the disease is reflected by its high mortality; in the initial 
report by Marrakchi, there were 5 deaths from septicemia among 16 affected indi-
viduals. Infections, drugs, and other factors trigger relapses.

 Treatment

There are no trials assessing the treatment of DITRA. Current treatment is based on 
the experience and recommendations for GPP and small series and case reports of 
treatment of patients with DITRA.

Treatment of GPP has included topical and systemic therapies. Topical treat-
ments have a limited efficacy and practicality in GPP. The first-line systemic ther-
apy recommended by the 2012 consensus statement from the task force of the 
National Psoriasis Foundation Medical Board [31] includes acitretin, methotrexate, 
the TNF inhibitor infliximab, and cyclosporine. Acitretin and methotrexate are used 
for stable non-severe disease. Methotrexate appears to be effective in about 70% of 
patients [32]. For severe disease, infliximab and cyclosporine tend to induce a faster 
response. However, the experience with infliximab is limited to a small retrospec-
tive report showing fast and excellent response in 8 of 10 patients [33]. Case reports 
have communicated the efficacy of the TNF inhibitors etanercept and adalimumab. 
Combination therapy of a TNF inhibitor with a non-biologic agent has been reported 
as effective.

Second-line therapy includes inhibitors of the Th17 pathway, photochemother-
apy, and combination therapy. The IL-17 inhibitor monoclonal antibody secukinumab 
has been proved effective in plaque psoriasis, but there is limited experience in 
GPP. In a 52-week analysis from a phase III open-label multicenter Japanese study 
that included 12 patients, according to a clinical global impression, 10 patients 
(83%) had a rating of “very much improved,” and one patient showed no improve-
ment. Although small, this trial shows efficacy of this agent.

A case report has shown efficacy of secukinumab, in a patient with DITRA whose 
flow cytometry of cells from affected skin showed 25-fold more IL-17A- producing 
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CD4+ T cells [34]. It has been reported a correlation between elevated IL-36 levels 
in psoriatic lesions and increased levels of IL-17, but the relationship between IL-36 
and Th17 differentiation remains unknown [35].

Two pediatric cases of DITRA unresponsive to multiple treatments responded to 
high dose ustekinumab, a monoclonal antibody to the p40 subunit of IL-12 and 
IL-23 [36], suggesting that blockade of the IL-23/Th17 axis is effective in 
DITRA. IL-12/IL-23 inhibition appears to be effective in pustular psoriasis regard-
less of the presence of IL36RN mutations [37]. The role of IL-17 is supported from 
an animal model in which psoriasiform lesions were induced by imiquimod via 
Toll-like receptor 7; in this model, IL-36-deficient mice were protected from the 
disease in an IL-1 independent manner. This in turn suggests a cross talk between 
IL-36 and the IL-23/Th17 axis [38].

The unopposed effect of IL-36 in DITRA upregulates the NF-kB and MAPK 
pathways resulting in enhanced production of IL-1 and other pro-inflammatory 
cytokines. Case reports have shown the efficacy of anakinra an IL-1 receptor antag-
onist [39, 40] in patients with DITRA. It is unclear at present time whether blocking 
the IL-23/Th17 axis or the IL-1 or TNFa pathways would be more effective or safer 
for DITRA.

Two cases of late-onset DITRA were successfully treated with granulocyte and 
monocyte apheresis using an adsorbent column of cellulose acetate beds. The mech-
anism of action is unclear, although immunoglobulins and complement are also 
removed [41].

Based on the observation that TLR4 activators such as bacterial infections trigger 
relapses of GPP and activate the NF-kB and MAPK pathways resulting in production 
of pro-inflammatory cytokines, Shibata et al. developed an animal model in which 
IL36rn −/− mice were treated with the TLR4 agonist LPS [42]. The mice developed 
pustulosis, liver inflammation with sterile abscesses, and hind paw enthesitis, highly 
resembling GPP.  Treatment of these animals with the TLR4 antagonist TAK-242 
(resatorvid) which binds the intracellular domain of the TLR4 and inhibits the produc-
tion of LPS-induced inflammatory mediators, resulted in improvement of all symp-
toms related to GPP. Treatment with intraperitoneal anti-IL-17 antibodies had minimal 
effect. Although the role of TLR4 in the development of GPP has not been elucidated, 
blocking the TLR4 pathway appears an attractive therapeutic option to explore.
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Chapter 8
Cryopyrin-Associated Periodic Syndromes 
(CAPS)

Marinka Twilt and Susanne M. Benseler

 Introduction

Cryopyrin-associated periodic syndrome (CAPS) is an autoinflammatory disease 
spectrum characterized by chronic systemic and organ inflammation due to an 
abnormal regulation of the innate immune system. Goldbach-Mansky characterized 
autoinflammatory diseases in general as disorders of amplified danger sensing and 
cytokine dysregulation [1]. CAPS has most commonly an autosomal dominant 
inheritance and is caused by single germline or somatic gain-of-function mutations 
in the NLRP3 (nucleotide-binding domain, leucine-rich repeat family, pyrin domain 
containing 3) gene formerly known as CIAS1 (cold-induced autoinflammatory syn-
drome 1) gene encoding the protein cryopyrin on chromosome 1q44 [2]. The dis-
covery of this gene linked three different phenotypes, which were initially described 
as independent disease entities: familial cold autoinflammatory syndrome (FCAS) 
[3], Muckle-Wells syndrome (MWS) [4, 5], and neonatal-onset multisystem inflam-
matory disorder (NOMID), initially described as chronic infantile neurologic, cuta-
neous and articular (CINCA) syndrome [6, 7]. In addition, patients can present with 
overlapping symptoms of the identified CAPS severity phenotypes. Therefore, 
CAPS is now considered as a clinical continuum rather than three distinct clinical 
phenotypes [5, 8].
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 Epidemiology

CAPS is a rare disease. In 2010, German study estimated the prevalence of CAPS 
at 1 per million [9], while a year later a French publication reported an estimated 
prevalence of 1 in 360,000 [10]. In 2016, Mehr et al. reported Australian data con-
firming an estimated population prevalence of 1 per million persons [11]. Toplak 
et al. documented that the availability of genetic testing has resulted in increased 
recognition and significantly reduced delay to diagnosis of all autoinflammatory 
diseases since the identification of the MEFV gene, the first gene associated with 
autoinflammation in 1997 [12].

 Genetics and Pathophysiology

In 2001, Hoffman et al. first reported gain-of-function mutations in the NRLP3 gene 
(CIAS1) encoding the “putative pyrin-like protein”  – subsequently labeled as 
cryopyrin – in FCAS and MWS patients [2]. Initial cases were based on multiplex 
families; however sporadic cases due to de novo mutations have also been described, 
in particular for the severe phenotype CINCA/NOMID. Gain-of-function mutations 
in the NLRP3 gene result in the loss of an important gatekeeper of the IL-1 inflam-
masome. Increase in cryopyrin function, which regulates the activation and cleav-
age of caspase-1, causes increased cleavage of the pro-inflammatory cytokines, 
IL-1β and IL-18 [13, 14]. Other functions attributed to the NLRP3 inflammasome 
include NF-κB activation and pyroptotic cell death [15]. In NOMID/CINCA about 
60% of patients were found to have missense mutations in the NLPR3 gene [16].

To date, 205 heterozygous non-synonymous variants in NLRP3 have been 
reported in patients with clinical features of CAPS (Infevers database: http://fmf.
igh.cnrs.fr/ISSAD/infevers/). Some mutations associated with clinical phenotypes 
of CAPS have been confirmed to be caspase-1 activating in vitro, but the majority 
has not been tested. Large pedigrees with pathogenic NLPR3 variants have been 
report. In 2016, Sobolewska et al. described the predominant phenotype of skin rash 
and ocular involvement in a five-generation family with the AV439V mutation, 
which is associated with a heterogeneous clinical spectrum of FCAS/MWS-overlap 
syndrome [17]. Many authors including Kuemmerle-Deschner emphasized the poor 
genotype-phenotype correlation and high degree of variability in the phenotype 
within families [18]. However, distinct risk alleles have been identified for severe, 
early organ manifestations such a sensorineural hearing loss and early deafness [19].

Patients with low-penetrance variants of autoinflammatory genes remain a clin-
ical challenge [20]. Recently, Kuemmerle-Deschner et al. described the clinical 
phenotype and in vitro functional impact of the low-penetrance variants of NLPR3, 
Q703K, R488K, and V198 M in patients with a clinical phenotype of autoinflam-
mation [21]. Patients had an atypical clinical phenotype with prominent fevers and 
gastrointestinal symptoms, less hearing loss, eye disease, and renal involvement. 
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Anti-IL-1 treatment appeared to be less effective, with complete resolution of 
symptoms occurring in only 50% of patients [21]. Notably, patients were found to 
have an intermediate biologic phenotype, including IL-1β- and non-IL-1β-
mediated inflammatory pathway activation. To confuse matters even further, 
recent reports have identified pathogenic and low-penetrance NLRP3 variants in 
animal models and patients with distinct inflammatory organ diseases such as 
inflammatory brain diseases and multiple sclerosis in the absence of CAPS typical 
symptoms [22, 23].

A significant proportion of patients have a defined CAPS phenotype, but no con-
firmed mutation when assessed in routine fever panels. In some patients, disease 
causing somatic mutations can be found. In fact, in 33% of NOMID/CINCA 
mutation- negative patients and 12% of patients with a clinical diagnosis of MWS in 
the absence of a NLRP3 mutation, next-generation sequencing techniques identified 
somatic mutations [24]. This approach is commonly limited to research setting and 
not routine clinical care environments. It is also important to note that access to 
genetic testing varies between countries and healthcare systems.

 Clinical Phenotypes

CAPS is a systemic inflammatory disease with characteristic organ inflammation 
and dysfunction [25]. Systemic features include fatigue, fever, and irritability. 
Historically, autoinflammatory diseases were termed periodic fever syndromes, a 
terminology that was often difficult to reconcile in CAPS, since distinct episodes 
followed by symptom-free intervals are often missing and fever may be absent, 
especially in adult patients [26]. Systemic inflammation, while constitutively pres-
ent in CAPS patients, dramatically worsens with endogenous and exogenous trig-
gers such as cold and infections. Organ disease varies in severity across the disease 
spectrum and includes predominant skin, eye, renal, musculoskeletal, and CNS 
involvement. Skin disease is characterized by an urticaria-like rash, which is com-
monly triggered by cold temperature, stress, or infections [27]. The rash is typically 
not itchy and does not respond to antihistamine therapy. Histologically a predomi-
nantly neutrophilic dermatitis is seen [2, 28]. Eye involvement is common in patients 
with CAPS including the highly prevalent non-purulent conjunctivitis, uveitis, and 
less frequently papilledema due to CNS inflammation, which is a hallmark of 
CINCA/NOMID [29, 30]. Mucous membranes can be involved in CAPS including 
oral and nasal hyperemia and ulcers. Chest symptoms can be seen; in particular 
CAPS-associated pericarditis have been reported [31]. Abdominal symptoms 
including stomach pains and vomiting or diarrhea are seen particular in children 
with CAPS and in patients with low-penetrance variants [21]. The spectrum of renal 
manifestations includes proteinuria and impaired renal function due to amyloidosis 
ultimately requiring renal replacement, if untreated [32, 33]. Musculoskeletal mani-
festations range from arthralgia, myalgia, and arthritis to severe bone inflammation 
resulting in skeletal deformities due to disruption of directional growth and marrow 
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expansion due to inflammation. Typical clinical findings are patellar overgrowth 
and frontal bossing as seen in CINCA/NOMID patients [34]. Short stature is com-
monly seen in children with severe CAPS; its etiology is multifactorial including 
severe systemic inflammation, failure to thrive, and growth disturbances due to 
inflammation. CNS manifestations are seen primarily in the moderate to severe phe-
notypes including typically headaches, aseptic meningitis, raised intracranial pres-
sure and secondary papilledema, hydrocephalus, focal deficits due to focal 
inflammatory lesions, and impaired cognition [35].

Sensorineural hearing loss due to inner ear inflammation is the hallmark of 
CAPS [36]. Hearing loss typically first affects the higher frequencies above 4KHz 
(see Fig.  8.1). Over time, the hearing threshold increases across all frequencies. 
Untreated it results in irreversible deafness. The mechanism is not completely 
understood. Nakanishi et al. recently explored CAPS syndromic and non-syndromic 
families with NLRP3 missense mutations and confirmed that resident macrophage-/
monocyte-like cells within the cochlea can mediate local autoinflammation via acti-
vation of the NLRP3 inflammasome resulting in secretion of IL-1beta, even in the 
absence of systemic features of CAPS [37].

 Diagnosis and Classification

Characteristic clinical features are the cornerstone of diagnosing and classifying 
CAPS [38]. Classification criteria were recently proposed aiming to identify 
patients with CAPS within cohorts of patients with autoinflammation for 
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Fig. 8.1 Natural history of early high-frequency hearing loss in a 13-year-old boy with moderate 
CAPS. Bilateral progression of high-frequency sensorineural hearing loss over a 12-month period 
in an untreated adolescent patient with CAPS. Each line represents the hearing threshold measure-
ment documented in 6-month intervals. The dotted line represents the normal hearing threshold
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participation in research studies [38]. In 2017, diagnostic criteria for CAPS 
were proposed. The most important aspect of these criteria is the coupling of 
characteristic clinical features with raised CAPS-typical inflammatory markers, 
which helps distinguishing CAPS from CAPS-mimics even when the genetic 
testing is negative or unavailable (Table 8.1). Criteria with low specificity such 
as urticaria-like rash may in doubt require additional histological confirmation 
of perivascular and/or periadnexal neutrophilic infiltration. These criteria per-
formed well for all CAPS patients independent of NLPR3 mutation presence or 
absence [39].

 Inflammatory Markers

C-reactive protein (CRP) and serum amyloid A (SAA) are the most widely available 
inflammatory markers relevant for monogenic diseases of the innate immunity such 
as CAPS [40, 41]. In active CAPS, inflammatory makers are coupled with clinical 
features. During the seemingly symptom-free interval, they may be close to normal 
in patients on the mild end of the severity spectrum, yet continuously elevated in 
patients with the severe phenotype. In trials, both CRP and SAA were found to cor-
relate well with disease activity and treatment response [42–44].

The neutrophil-derived protein S100A12 and its homologues MRP8/14 
(S100A8/9) may provide additional precision to detecting inflammation in autoin-
flammatory diseases such as CAPS [45, 46] and may increase the ability to detect 
subclinical inflammation over CRP and SAA [46]. Pro-inflammatory cytokine pro-
files have been measured in patients with CAPS [44, 46]; their clinical utility is 
currently limited. Rodriguez-Smith et al. demonstrated that CSF cytokines correlate 
well with aseptic meningitis and blood-brain barrier dysfunction in CINCA/NOMID 
and may serve as biomarkers of inflammation [47]. Equally, microarray-based gene 
expression profiling that has been reported to define a CAPS disease-related 
 signature and predict treatment responsiveness is currently primarily utilized in the 
research context [48].

Table 8.1 CAPS diagnostic 
criteriaa

Raised inflammatory markers (CRP/SAA)
Coupled with ≥2 of 6 CAPS typical signs or 
symptoms
  Urticarial-like rash
  Cold-/stress-triggered episodes
  Sensorineural hearing loss
  Musculoskeletal symptoms including 

arthralgia/arthritis/myalgia
  Chronic aseptic meningitis
  Skeletal abnormalities including 

epiphyseal overgrowth/frontal bossing
aAdapted from Kuemmerle-Deschner et al. [39]
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In everyday practice, CRP and in many places SAA remain the key accessible 
biomarkers of CAPS. In addition, complete blood counts and differential commonly 
demonstrate raised neutrophils and platelets in active CAPS.  The sedimentation 
rates are raised, while autoantibodies are typically negative and complement levels 
are normal or mildly raised. Spinal taps reveal raised opening pressures and raised 
white blood counts and protein levels in children with CNS involvement [49].

 Additional Testing

Beyond serial inflammatory markers, patients with CAPS required routine monitor-
ing of organ inflammation and function [50]. Screening for early, high-frequency 
hearing loss is critically important to detect sensorineural hearing loss at an early, 
potentially reversible stage [51]. Modified audiograms including higher frequencies 
beyond the routine so-called 4-pure tone averages (4-PTA) of 0.5-4KHz are impor-
tant to request [36]. Early sensorineural hearing loss in CAPS first occurs at fre-
quencies of 6–10KHz and is best detected when conducting a so-called 
high-frequency pure tone averages (HF-PTA) [51]. Ophthalmological assessments 
are required to detect inflammatory manifestations of CAPS in the eye and inflam-
matory sequelae. Urine analysis should screen for proteinuria; frequently protein/
creatinine ratios are determined. CNS manifestations should be explored using 
magnetic resonance imaging, spinal taps including opening pressures and cell 
counts, and formal cognitive assessments, when indicated [50]. Different strategies 
are available to monitor amyloidosis including biopsies and amyloid scans; these 
are required in advanced disease states [50].

 Monitoring of Children and Adults with CAPS

In 2015, the international community of pediatric rheumatologists unified in the 
European Union-funded SHARE initiative published evidence-based recommenda-
tions for the management of children and adults with CAPS [50, 52]. Overarching 
principles include the need for patient- and family-centered care models provided 
by multidisciplinary teams in a tertiary center with expertise in CAPS, where avail-
able. Access to genetic counseling and attention to completion of attenuated vac-
cines as appropriate was mandated. Of note, vaccination against Streptococcus 
pneumoniae has been shown to result in severe, life-threatening systemic inflamma-
tion due to CAPS reactivation in some patients [53]. Clinicians are therefore required 
to balance potential benefits of pneumococcal immunization against safety con-
cerns. In CAPS, the 13-valent pneumococcal conjugate vaccine might be favorable 
over the polysaccharide vaccine [54]. The SHARE experts emphasized the need for 
standardized monitoring of disease activity and damage. Disease activity is com-
monly monitored by patient diary-based approaches such as the autoinflammatory 
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diseases activity index (AIDAI) and its score [55]. A disease damage instrument for 
all autoinflammatory diseases, the autoinflammatory diseases damage index 
(ADDI), has been developed [56].

Regular monitoring visits of children and adults with CAPS are required. General 
assessments including review of children’s growth and development, disease activ-
ity, and damage instruments should be partnered with inflammatory markers and 
CAPS-specific testing of hearing, eye, and renal involvement. Patient with severe 
disease phenotypes require monitoring of CNS and bone involvement. A strong 
emphasis should be given to disease burden and impact on well-being, functioning, 
and social participation [56]. Psychosocial support for patients and families is com-
monly needed [57].

 Treatment

The treatment of CAPS aims to control the IL-1-driven inflammation, prevent organ 
dysfunction and damage, and improve the overall health-related quality of life. In 
2003 Hawkins et al. were the first to treat CAPS patients (MWS)  with anti-IL-1 
therapy [58]. The group reported rapid improvement of clinical signs and symptoms 
and improved inflammatory markers within days of starting treatment with anakinra 
[58]. Ever since, a composite measure is used to determine disease activity control 
in CAPS. Treatment studies typically define complete response as (1) the absence 
of CAPS typical symptoms, (2) the normalization of CRP and/or SAA levels, and 
(3) low/normal disease activity estimated on a 10 cm visual analog scale [43].

To date, anti-IL-1 therapy options for CAPS include (1) canakinumab, the mono-
clonal, human anti-IL-1β antibody; (2) anakinra, the recombinant human anti-IL-1 
receptor antibody; and (3) rilonacept, the soluble IL-1 decoy receptor [59]. Access 
to the different anti-IL-1 treatment options varies dramatically across healthcare 
systems and countries.

All three anti-IL-1 regimens have been studied and found to be effective in 
patients with CAPS [27, 43, 60–62]. The European Medicines Agency (EMA) 
approved canakinumab for CAPS patients ≥2 years of age and ≥7.5 kg body weight 
including all CINCA/NOMID, MWS, and severe FCAS. EMA also approved 
anakinra for all CAPS patients ages ≥8  months and ≥10  kg. Rilonacept has no 
EMA approval. The US Food and Drug Administration (FDA) approved all three 
anti-IL-1 therapies, canakinumab for CAPS patients ≥4 years of age, anakinra for 
CINCA/NOMID, and rilonacept for FCAS and MWS in patients ≥12 years of age. 
It remains uncertain if a preference should be given to one specific anti-IL-1 regi-
men based on the CAPS severity or specific organ disease. For the mild phenotypes 
of FCAS, the initial studies confirm the effectiveness of rilonacept [27, 63–65]; 
subsequently both anakinra and canakinumab have been shown to be effective. For 
MWS and the moderate spectrum of CAPS, first anakinra [44, 58, 66–69] and then 
canakinumab [44] have been used more commonly to control disease activity. 
Interestingly, there are case reports documenting reversibility of what is thought 
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to be CAPS-related damage following treatment with anti-IL-1 therapy such as 
hearing loss [19, 36] and renal amyloidosis [70]. Finally for the severe phenotype of 
CINCA/NOMID, anakinra was first shown to be effective [34, 62, 71–73]; subse-
quently Sibley et al. demonstrated effectiveness of canakinumab [61]. There remain 
concerns about the ability of all anti-IL-1 therapies to cross the blood-brain barrier 
effectively. Studies in nonhuman primate models without meningitis revealed that 
anakinra drug levels in the CSF were only a third of serum levels; however declines 
were slower in the CSF compared to serum providing a rationale for increased 
anakinra doses in patients with ongoing CNS inflammation [30].

Recent studies have highlighted the effectiveness of anti-IL-1 therapy in real-life 
settings and suggested a “treat-to-target” approach including an iterative assessment 
of disease activity and anti-IL-1 dose adjustments being the most effective approach 
to achieve control of inflammation and prevent organ damage (see Fig. 8.2) [74, 75]. 
It was documents that younger patients consistently needed higher doses of anti-IL-1 
therapy to achieve disease activity control [74]. Beyond the often access-option-driven 
selection of the anti-IL-1 regimen, considerations should be given to continuous ver-
sus interval treatment, dose and interval adjustments, intolerance and patient prefer-
ences, as well as specific circumstances such as pregnancy and breastfeeding [76].

The 2015 SHARE recommendations specify that IL-1 inhibition is indicated for 
the whole spectrum of CAPS and at any age [50]. Furthermore, IL-1 inhibition 
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should be started as early as possible in CAPS patients with active disease to prevent 
organ damage. The recommendations state that there is no evidence for the effi-
cacy of disease-modifying antirheumatic drugs (DMARDs) or biological therapy 
other than anti-IL-1 therapy for children and adults with CAPS.  However, for 
symptomatic adjunctive therapy, short courses of NSAIDs and corticosteroids may 
be used. Importantly adjunctive therapy such as physiotherapy, orthotic devices, 
and hearing aids is recommended as appropriate. Access to psychosocial support 
for school, workplace, and family are essential for patients with rare diseases 
including CAPS.

 Outcome

The long-term outcome of patients with CAPS has dramatically improved with 
increased awareness and subsequent clinical diagnosis, access to genetic testing, 
and effective and safe anti-IL-1 therapies [77]. A rapid diagnosis and early start of 
therapy remains critically important, since CAPS patients accrual organ damage 
over time, if inflammation remains uncontrolled. Control of inflammation typically 
results in resolution of CAPS-associated clinical signs and symptoms, normaliza-
tion of inflammatory markers, and halt of damage progression.

Trial-based long-term efficacy and safety of canakinumab in CAPS was reported 
at 24 months [78]. Complete remission was achieved in 78% (85/109) canakinumab- 
naive patients, of whom 93% were already asymptomatic within 8 days of therapy. 
The relapse rate of all responders was 10%, and dose adjustments were required in 
24%, primarily children and patients with severe CAPS. Adverse events were mild 
to moderate, commonly infections noted in 66%, while 10% had severe infections 
all response to standard therapies. Increased dosing did not correlate with a higher 
risk of adverse events. A total of 92% of patient reported no injection side reactions 
(79). Real-life-based treatment effectiveness was found to be significantly lower in 
a recent multicenter study across Germany [74]. Overall complete remission was 
attained in only 53% of CAPS patients ranging from 14% in severe and 79% in mild 
CAPS phenotypes. Centers with “treat-to-target” approaches and treatment dose 
adjustment strategies had dramatically higher rates of complete remission (90 ver-
sus 50%) [74]. These and other studies made several important points: (1) IL-1 
inhibition in CAPS is effective; however younger patients and those with more 
severe phenotypes need higher treatment doses to achieve control of disease activ-
ity; (2) treatment responses are sustained in 90% of patients; and (3) infections are 
the main adverse event to watch for in patients with CAPS treated with IL-1 
inhibition.

Limited data is available for disease- and treatment-related long-term damage in 
CAPS.  Only recently an instrument was developed to systematically capture 
 damage, the autoinflammatory diseases damage index (ADDI) [56]. Long-term out-
come appears to be strongly correlated to the severity of the phenotype and the 
delay to starting effective treatment.
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Children with CINCA/NOMID are commonly symptomatic in the first year of 
life with fevers, rashes, and CNS manifestations. In 2015, Levy et al. reported the 
characteristics of 136 CAPS patients from the cross-sectional Eurofever Registry of 
contemporary outcomes and documented neurological manifestations in 54 patients 
(40%) including headaches in 70%, papilledema in 52%, meningitis in 26%, hydro-
cephalus in 18%, and mental retardation in 16% [79]. Mamoudjy et al. reported the 
contemporary neurological outcome of 24 patients of 9 children and 15 adults with 
CAPS followed for a median time of 10 years. The vast majority had an onset of 
symptoms within the first year of life, however was diagnosed between 0 and 
53 years of age. A total 71% had neurological involvement. The most common find-
ings were learning difficulties requiring educational support in 58% [80]. Neven 
et al. documented the contemporary outcome of 10 patients with CINCA/NOMID 
ages 3  months to 19.8  years at start of anakinra therapy and followed for 
26–42 months [62]. At the last follow-up, 50% had residual aseptic meningitis. In 
the vast majority, dose adjustments were made due to ongoing CNS inflammation. 
Deficits were strongly associated with delay to effective therapy. Growth parame-
ters were only assessed in five of the eight older children, in whom anakinra was 
started before completion of puberty; a dramatic increase in median growth which 
improved from 3 (0.5–4.5) to 7 (7–7.5) cm/year was documented [62]. Amyloidosis 
was present in two patients at baseline and did not change; however proteinuria 
improved in all affected patients and no new renal damage occurred [62]. These 
studies suggest several important points when caring for CINCA/NOMID patients: 
(1) early start of therapy may prevent neurological deficits, (2) CNS inflammation 
requires higher anti-IL-1 treatment doses, (3) effective IL-1 inhibition can result in 
growth in patients with growth potential, and (4) effective treatment improves early 
renal damage and prevents amyloidosis.

Historically, children and adults with moderate CAPS/MWS have suffered from 
debilitating fatigue, rashes, sensorineural hearing loss, and renal failure [4]. 
Contemporary, treated outcomes of moderate CAPS are dramatically better. Similar 
to other autoinflammatory diseases, moderate CAPS has two phases, systemic and 
organ inflammation and organ damage (see Fig. 8.3). Treatment started in the first 

Childhood Adulthood

Systemic inflammatory phenotype

Organ-disease phenotype 

Fig. 8.3 The clinical phenotype changes across the age spectrum: the example of moderate CAPS/
Muckle-Wells syndrome. The clinical presentation of patients with autoinflammatory syndromes 
may vary depending on the age of the patient. While children commonly present with clinical and 
laboratory features of systemic inflammation including fever, older patients may have organ dysfunc-
tion and damage as the leading clinical phenotype. (*Modified from Kuemmerle-Deschner [26])
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phase has been shown to effectively prevent organ damage such as deafness and 
renal amyloidosis [26]. Anti-IL-1 therapy was also found to dramatically improve 
fatigue and result in better health-related quality of life [81]. There appear to remain 
several unmet needs in CAPS that need to be addressed in order to improve partici-
pation and achieve the best possible outcomes.
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Chapter 9
Familial Mediterranean Fever

Selcan Demir, İlkin Elif Günel, and Seza Özen

Familial Mediterranean fever is the most common autoinflammatory disease (AID) 
over the world. FMF affects primarily the ethnic groups from the eastern 
Mediterranean basin such as Turks, Armenians, Arabs, and non-Ashkenazi Jews [1]. 
FMF is associated with mutations of the MEFV gene on chromosome 16p, which 
codes for the pyrin protein [2, 3]. Mutated pyrin causes an excessive inflammatory 
response via uncontrolled production of interleukin (IL)-1 [4]. Although the respon-
sible gene for FMF has been identified, the molecular and genetic studies showed 
that the pathogenesis, inheritance, and penetrance of FMF are more complicated. It 
has been 20 years since the gene associated with FMF has been defined. However, 
the past 20 years have taught us that the chapter is not closed and that there is still 
much to be investigated.

Clinically FMF is characterized by recurrent and self-limited attacks of fever and 
polyserositis. The most significant complication of the chronic inflammation in 
FMF is secondary amyloidosis.

Colchicine is still the mainstay of FMF treatment. The regular use of colchicine 
can reduce the severity and frequency of inflammatory attacks and suppress chronic 
subclinical inflammation and prevent complications [5–8]. Recent advances in 
molecular studies have led new therapeutic options in FMF. If colchicine fails, anti- 
IL- 1 therapy is a promising second-line therapy.
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 Genetics

The mutations in the MEFV gene, which are composed of 10 exons, were first 
described in 1997. The MEFV gene is located on chromosome 16 (16p 13.3) and 
encodes a protein consisting of 781 amino acids termed pyrin or marenostrin [2, 3, 
9], which is a part of the NLRP3 inflammasome complex. Mutant pyrin causes an 
exaggerated inflammation with excessive production of IL-1 [4]. To date, there are 
about 300 known sequence variants of MEFV, and all reported mutations and the 
associated phenotypes are recorded in the INFEVERS database (http://fmf.igh.cnrs.
fr/ISSAID/infevers/) [10]. However, some of them are not associated with the FMF 
phenotype and their significance is not clear. The most common pathogenic muta-
tions worldwide are the p.M694V, M694I, M680I, and V726A. In 2009, Booty et al. 
showed that screening for the set of most common mutations appears sufficient to 
diagnose FMF in presence of clinical symptoms [11]. In 2012, Shinar et al. proposed 
recommendations for interpretation of genetic testing for FMF [12]. The consensus 
was set to test for 14 variants (the first 9 are defined as clearly pathogenic, and the 
other 5 are variants of uncertain significance): M694V, M694I, M680I, V726A, 
R761H, A744S, E167D, T267I, I692del, K695R, E148Q, P369S, F479L, and 
I591T. In 2015, the SHARE (Single Hub and Access point for pediatric Rheumatology 
in Europe) initiative has established evidence-based recommendations for genetic 
diagnosis of FMF [10]. These recommendations are presented in Table 9.1.

Table 9.1 Recommendations for familial Mediterranean fever (FMF) genetic diagnosis

Recommendation Strength of evidence

1. FMF is a clinical diagnosis, which can be supported but not excluded 
by genetic testing

B

2. Consider patients homozygous for M694V at risk of developing, with 
very high probability, a severe phenotype

B

3. FMF patients carrying two of the common mutated alleles 
(homozygotes or compound heterozygotes), especially for M694V 
mutation or mutations at position 680–694 on exon 10, must be 
considered at risk of having a more severe disease

B

4. The E148Q variant is common, of unknown pathogenic significance, 
and as the only MEFV variant does not support the diagnosis of FMF

B

5. Patients homozygous for M694V mutation are at risk of early-onset 
disease

C

6. Individuals homozygous for M694V who are not reporting symptoms 
should be evaluated and followed closely in order to consider therapy

A

7. For individuals with two pathogenic mutations for FMF who do not 
report symptoms, if there are risk factors for AA amyloidosis (such as 
the country, family history, and persistently elevated inflammatory 
markers, particularly serum amyloid A protein), close follow-up should 
be started and treatment considered

B

8. Consultation with an autoinflammatory disease specialist may be 
helpful in order to aid in the indication and interpretation of the genetic 
testing and diagnosis

C

Adapted from Ref. [10]
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The MEFV gene mutations in exon 10 are associated with the most severe form 
of disease, and genetic variants on exon 2 and on exon 3 are associated with milder 
form of disease. M694V is the most common mutation, which has been associated 
with severe disease, early onset, and a higher risk of AA amyloidosis [10, 13]. 
According to the SHARE recommendations, the patients carrying two mutated 
alleles in position 680–694 on exon 10 must be considered at risk of having more 
severe disease [10]. The second most frequent mutation after M694V is the E148Q 
on exon 2, and its pathogenic role is still controversial. E148Q is a common variant 
in the general population. Ben-Chetrit et al. showed a similar frequency for E148Q 
mutation in patients and healthy controls [14]. Tchernitchko et al. demonstrated that 
E148Q allele frequency was comparable among patients and asymptomatic rela-
tives, and they concluded E148Q as a benign polymorphism [15]. However, some 
reports suggest that patients with homozygous E148Q might have FMF phenotype 
[16, 17]. In 2012, Shinar et al. has defined E148Q as a variant of unknown signifi-
cance in a consensus conference [12], and according to the SHARE recommenda-
tions, this fact is also highlighted [10].

The inheritance of FMF is autosomal recessive inheritance. However, a substan-
tial number of clinically FMF patients have only one MEVF mutation. Furthermore, 
10–20% of patients who meet the diagnostic criteria for FMF have no demonstrable 
MEFV mutations [11, 13]. Because of the incomplete penetrance and the varying 
expression of FMF phenotype, it has been suggested that there are additional fac-
tors like modifier genes, epigenetics, or environmental factors affecting the expres-
sion of the disease. Marek et  al. studied the clinical and genetic features of 
heterozygous FMF patients and performed haplotype studies. They showed that the 
heterozygous patients tend to have milder disease, but the disease could not be 
practically distinguished clinically from that in homozygous patients [18]. Federici 
et al. suggested a “dose effect” associated with the MEFV gene mutations. They 
demonstrated an increasing symptom frequency from patients carrying a single 
low-penetrance mutation to patients with high-penetrance mutations [19]. 
Lachmann et al. demonstrated that both basal and peak acute phase protein concen-
trations were higher in MEFV heterozygotes than in wild-type controls, demon-
strating a “pro- inflammatory” condition among FMF carriers [20]. In addition, 
Kalyoncu et al. showed that acute rheumatic fever, arthralgia, and febrile episodes 
of more than four times per year were more frequent in asymptomatic heterozygous 
parents of children with FMF [21]. It has been shown that serum amyloid could 
increase the severity of the symptoms of FMF by activating NLRP3 inflammasome, 
resulting in excessive IL-1B secretion [22]. Supporting this observation, the pres-
ence of SAA1 allele was strongly associated with renal amyloidosis in FMF patients 
[23, 24].

The first study showing the effect of environment on FMF was in 1974. Schwabe 
et al. reported that the Armenian FMF patients who lived in the USA did not develop 
renal amyloidosis [25]. In the same line, Touitou et al. analyzed the features of 2482 
FMF patients from 14 different countries, and they concluded that the country 
recruitment, rather than MEFV genotype, was the most important risk factor for 
renal amyloidosis in FMF [26]. Our group has shown that Turkish FMF children 
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who live in Germany have a milder disease phenotype compared with the ones 
 living in Turkey [16]. This observation was subsequently confirmed in the Eurofever 
registry [16].

 Pathogenesis

The MEFV gene encodes pyrin, 781 amino acid protein, expressed mainly in cells 
polymorph nuclear neutrophils, eosinophils, and monocyte series [27]. Pyrin is 
essential to form inflammasomes, multiprotein complexes playing a major role in 
both innate and adaptive immune systems [28]. Pyrin consists of three fundamental 
domains: N-terminal RING domain, B-box domain, and C-terminal coiled-coil 
domain. It has an additional C-terminal. B30.2/rfp/PRY/SPRY domain is where 
most of the major disease associated mutations are clustered [29]. Pyrin interacts 
with the inflammasome adaptor protein (ASC) and modulates caspase-1 and IL-1 
activation [30]. Mutation of pyrin causes an exaggerated inflammation via excessive 
IL-1 production [4]. Until recently there were conflicting results on whether the 
mutations on MEFV gene were gain-of-function mutations [11, 31] or loss-of- 
function [32, 33] mutations. In 2011, with the generation of knock-in mice harbor-
ing the mouse pyrin protein fused to the human B30.2 domain containing 
FMF-associated mutations, large amounts of IL-1β secretion have been shown in an 
ASC and caspase- 1-dependent, NLRP3-independent manner [34]. These data [34] 
and several later studies [35, 36] supported that FMF-associated mutations are gain 
of function and pyrin itself promotes ASC oligomerization and forms a caspase-1- 
activating complex.

Twenty years after the identification of the gene, we recently have understood the 
function of pyrin. Xu et al. have also demonstrated that the modification and inacti-
vation of Rho GTPases by different pathogenic bacteria toxins induce the activation 
of the pyrin inflammasome [36]. They suggested that pyrin senses a downstream 
event in the actin cytoskeleton pathway rather than directly recognizing Rho modi-
fication [36]. Park et al. has enlightened these mechanisms further. They demon-
strated that pyrin is phosphorylated by RhoA-activated serine-threonine kinases 
(PKN1 and PKN2) and binds to regulatory 14-3-3 protein leading to inactivation of 
the pyrin inflammasome formation. In the presence of several bacterial toxins and 
FMF causing MEFV mutations, RhoA is inactivated resulting in a lowered threshold 
for activation of the pyrin inflammasome [37]. Gao et al. have observed that site- 
specific dephosphorylation and microtubule dynamics influenced activation of pyrin 
inflammasome. Targeting drugs, including colchicine, blocked activation of the 
pyrin inflammasome by inhibiting oligomerization of pyrin with ASC.  It did not 
affect pyrin dephosphorylation and 14-3-3 dissociation [38]. Moreover, Gorp et al. 
have showed that pyrin inflammasome activation led by microtubules formation is 
not effective in FMF patients that harbor mutations in B30.2/SPRY domain [39]. 
Although recent studies have elucidated more about the mechanism of pyrin, there 
are still many questions that we need to answer about the pathogenesis of FMF.
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 Clinical Manifestations

Clinical episode usually starts during childhood or adolescence, 90% of them having 
had an onset of the disease by age 20 [1, 40, 41]. FMF attacks can last for 12–72 h. 
Attacks are characterized by fever and serositis along with an increase in acute phase 
reactants. The serositis may manifest as peritoneal, pleural, joint, or skin inflammation, 
sometimes in combination. Abdominal pain with fever is the most frequent presenta-
tion. Pain can be generalized or focused in a quadrant, sometimes mimicking acute 
appendicitis, and the range is from mild to severe [1, 41, 42]. Pleural pain is generally 
unilateral. Rarely, a small effusion, friction rub, or atelectasis may be present [42]. Joint 
manifestations, especially arthralgia which is more common than arthritis, can some-
times be the first sign of the disease in children [43]. FMF arthritis is usually monoar-
ticular; however in children, it may have involvement of several joints symmetrically or 
asymmetrically, with pain and large effusions [41, 44, 45]. The aspirate will be sterile 
but may have leukocyte counts as high as 100,000/mm3. Three clinical phenotypes have 
been suggested for FMF: type 1, which is usually associated with recurrent short epi-
sodes of inflammation and serositis; type 2, characterized by the evidence of reactive 
amyloid-associated (AA) amyloidosis, the most common complication of FMF, as the 
first clinical manifestation of the disease in an otherwise asymptomatic individual; and 
type 3, known as the “silent” homozygous or compound heterozygote state, in which 
two MEFV mutations are found without signs or symptoms of FMF nor of AA amyloi-
dosis [46]. Twenty percent of patients have the so-called exertional leg pain, muscle 
pain in the lower extremities after physical exercise [47]. Colchicine-induced myopathy 
is a very rare side effect [47, 48]. The only cutaneous finding in FMF is the erysipeloid 
erythematous rash on the dorsum of the foot, ankle, or lower leg [41, 44, 49, 50].

Pericarditis is a rare condition [51]. In prepubescent boys, unilateral acute scrotal 
pain episodes may rarely occur [41, 52]. In patients with FMF, certain rheumatic 
diseases such as Behçet disease [53, 54], polyarteritis nodosa [53, 55], microscopic 
polyarteritis [56], and glomerulonephritis [57, 58] are more frequent as compared to 
the healthy population. The increase in these rheumatic diseases has been suggested 
to be due to the inflammatory milieu [21]. Neurological symptoms are rare; how-
ever headache may rarely occur in pediatric patients.

 Laboratory Investigations

Acute phase reactants such as ESR, C-reactive protein, and serum amyloid A (SAA) 
increase during FMF attacks [44]. Elevation of acute phase serum proteins in 
between attacks is accepted to reflect ongoing inflammation and susceptibility to 
develop systemic amyloidosis, which is the most serious sequela of FMF [59–61]. 
Systemic amyloidosis presents with SAA deposition mainly in the kidney but also 
in many organs such as the gastrointestinal tract, spleen, kidneys, adrenals, thyroid, 
and lungs [1]. There are some predisposing risk factors for amyloidosis such as a 
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positive family history of this complication, male sex, the α/α genotype at the SAA1 
locus, and poor compliance with colchicine therapy. Many studies confirm that 
M694V mutation is more common in patients with amyloidosis, arthritis, and ery-
sipeloid erythema [43, 62–65]. Microalbuminuria is an early indicator of impaired 
renal function. It is recommended to do periodic urinalysis which is an important 
part of continuing care for FMF patients. Amyloidosis can be confirmed by biopsy 
of the kidney or rectum, if proteinuria is detected [66].

 Diagnosis

Since FMF usually requires lifelong treatment, it is crucial to establish a timely, cor-
rect diagnosis. The diagnosis of FMF relies mainly on clinical findings, and molecu-
lar analysis of the MEFV gene provides genetic confirmation [46]. The presence of 
short (12–72  h), recurrent (three or more) febrile episodes and abdominal, chest, 
joint, or skin manifestations with no discernible infectious cause suggest a clinical 
diagnosis of FMF [67, 68]. The supportive factors can be positive family history, 
onset before the age of 20, ethnicity, and favorable response to colchicine therapy. 
There are some sets of classification and diagnostic criteria for FMF. The first set of 
criteria was created for adults by the experts in Tel Hashomer Hospital [1]. Livneh 
et  al. [67] revised the criteria in 1997, excluding some manifestations of the Tel 
Hashomer criteria especially amyloidosis. However, there were clear differences 
between adult and pediatric FMF cases such as the fever-only attacks in some chil-
dren and inability of some pediatric patients to express the severity and exact location 
of the pain. Although the Tel Hashomer criteria were very successful in diagnosing 
the patients, the specificity was low (54.6%) in children [69] In 2009, Turkish pedia-
tricians [69] defined criteria for children with FMF as well (Table 9.2) [68]. Among 
Turkish children, the criteria (two out of five criteria for diagnosis) reached a sensi-
tivity and specificity of 88.8% and 92.2%, respectively [68]. There are more than 50 
mutations described in MEFV [70]; however a number of sequence variants are not 
pathogenic. The exchange of valine or isoleucine for methionine at position 694 
(M694V and M694I), the substitution of alanine for valine at position 726 (V726A) 
and the substitution of isoleucine for methionine at residue 680 (M680I) are the most 
common mutations among patients. Exon 2 of MEFV includes a number of missense 
substitutions, most of which are variants of unknown significance; the most well 

Table 9.2 Turkish FMF pediatric criteria

Fever (axillary, >38 °C, ≥ 3 attacks of 6–72-h duration)
Abdominal pain (≥3 attacks of 6–72-h duration)
Chest pain (≥3 attacks of 6–72-h duration)
Arthritis (oligoarthritis, ≥3 attacks of 6–72-h duration)
Family history of FMF

Adapted from Ref. [68]
Diagnosis: 2 out of 5 criteria
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known is the substitution of glutamine for glutamic acid at residue 148 (E148Q). 
Despite complete sequencing of the coding region of MEFV, it is more likely 30 % 
of patients with clinical signs of FMF just have one demonstrable mutation [11, 18, 
71]. Recently mutations in exon 2 of MEFV (S242R and E244K) have been associ-
ated with neutrophilic dermatoses, inherited in a dominant fashion [72].

 Treatment

An international group of experts published recommendations for the management 
of FMF in 2016 [73]. These recommendations are presented in Table 9.3. According 
to these recommendations, the main goal of treatment should be complete control of 
unprovoked attacks and minimizing subclinical inflammation between attacks. 
Colchicine has been the mainstay of FMF treatment since 1972 [74]. Colchicine can 
reduce the frequency and severity of attacks and suppress subclinical inflammation 
between attacks and improve quality of life [5–7]. Furthermore, it prevents the 
development of secondary amyloidosis in patients with FMF [8]. Colchicine is gen-
erally safe and well tolerated in children [75]. Colchicine is known to prevent 
microtubule elongation by binding to tubulin monomers and inhibit polymer forma-
tion, which is necessary for pyrin inflammasome assembly [76]. It is recommended 
that colchicine should be started as soon as the patient is clinically diagnosed. 
Physicians should follow up these asymptomatic individuals regularly [73]. If the 
asymptomatic patient has M694V homozygous mutations, which is more com-
monly associated with the secondary amyloidosis, the physician may start colchi-
cine treatment, especially in countries where amyloidosis is frequent [12]. Colchicine 
treatment is generally started at the subtherapeutic dose of 0.5 mg/day (or 0.6 mg/
day depending on the available drug formulation) and monitored according to dis-
ease activity and the patient’s tolerance. Higher doses up to 2 mg/day can be used to 
control ongoing disease activity and amyloidosis [73]. The major side effects of 
colchicine are gastrointestinal, diarrhea, and transient elevation of transaminases.

A minority group of FMF patients do not respond to colchicine or are intolerant 
to the drug because of its side effects. Since the mutation in the pyrin protein has 
been clearly associated with increased IL-1 production, anti-IL-1 treatment has 
emerged as a promising second-line therapy in patients with resistant disease [30, 
77]. Several studies have reported successful results in colchicine-resistant patients 
with IL-1-blocking agents [78–80]. IL-1 blockade can also reverse proteinuria in 
patients with secondary amyloidosis [77, 79, 80]. However, there is no evidence for 
using anti-IL-1 treatment without colchicine to prevent amyloidosis. Thus, a maxi-
mal tolerated dose of colchicine is recommended with anti-IL-1 treatment [73]. 
Anti-TNF treatment can be successful, especially in patients with FMF and chronic 
arthritis and sacroiliitis [81].

The Autoinflammatory Disease Activity Index (AIDAI), which is a patient-based 
symptom diary, is used to monitor disease activity in FMF and other autoinflamma-
tory diseases. AIDAI contains 13 symptoms, and it should be scored daily by 
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Table 9.3 The European League Against Rheumatism recommendations for the management of 
FMF with grade of recommendation

Recommendation Grade

1. Ideally, FMF should be diagnosed and initially treated by a physician with 
experience in FMF

D

2. The ultimate goal of treatment in FMF is to reach complete control of unprovoked 
attacks and minimizing subclinical inflammation in between attacks

C

3. Treatment with colchicine should start as soon as a clinical diagnosis is made A
4. Dosing can be in single or divided doses, depending on tolerance and compliance D
5. The persistence of attacks or of subclinical inflammation represents an indication 
to increase the colchicine dose

C

6. Compliant patients not responding to the maximum tolerated dose of colchicine 
can be considered nonrespondent or resistant; alternative biological treatments are 
indicated in these patients

B

7. FMF treatment needs to be intensified in AA amyloidosis using the maximal 
tolerated dose of colchicine and supplemented with biologics as required

C

8. Periods of physical or emotional stress can trigger FMF attacks, and it may be 
appropriate to increase the dose of colchicine temporarily

D

9. Response, toxicity, and compliance should be monitored every 6 months D
10. Liver enzymes should be monitored regularly in patients with FMF treated with 
colchicine; if liver enzymes are elevated greater than twofold the upper limit of 
normal, colchicine should be reduced and the cause further investigated

D

11. In patients with decreased renal function, the risk of toxicity is very high, and 
therefore signs of colchicine toxicity, as well as CPK, should be carefully monitored 
and colchicine dose reduced accordingly

C

12. Colchicine toxicity is a serious complication and should be adequately suspected 
and prevented

C

13. When suspecting an attack, always consider other possible causes. During the 
attacks, continue the usual dose of colchicine and use NSAID

C

14. Colchicine should not be discontinued during conception, pregnancy, or 
lactation; current evidence does not justify amniocentesis

C

15. In general, men do not need to stop colchicine prior to conception; in the rare 
case of azoospermia or oligospermia proven to be related to colchicine, temporary 
dose reduction or discontinuation may be needed

C

16. Chronic arthritis in a patient with FMF might need additional medications, such 
as DMARDs, intra-articular steroid injections, or biologics

C

17. In protracted febrile myalgia, glucocorticoids lead to the resolution of symptoms; 
NSAID and IL-1-blockade might also be a treatment option; NSAIDs are suggested 
for the treatment of exertional leg pain

C

18. If a patient is stable with no attacks for more than 5 years and no elevated APR, 
dose reduction could be considered after expert consultation and with continued 
monitoring

D

Adapted from Ref. [73]
APR acute phase reactants, CPK creatinine phosphokinase, DMARDs disease-modifying antirheu-
matic drugs, FMF familial Mediterranean fever, IL-1 interleukin-1, NSAID nonsteroidal anti- 
inflammatory drugs
Grades of recommendation: A high, B moderate, C low, D very low
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patients or by parents as yes or no (Fig. 9.1). AIDAI score is very easy to use, and it 
provides to assess disease activity and response to therapy [82].

The research in the past 20 years has taught us a lot about the clinical and patho-
genic characteristics of FMF. However much remains to be investigated. Why do 
some patients have more severe disease? Why do some heterozygotes display the 
phenotype? What is the phenotype-genotype correlation in regard to the many vari-
ants that have been identified? Are all pyrin mutations associated with a FMF phe-
notype? What is the effect of environment? These are questions that will keep us 
working on the field in the years to come.
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Chapter 10
Type I Interferonopathies: 
From Pathophysiology to Clinical 
Expression

Christina Maria Flessa, Evangelia Argiriou, and Clio P. Mavragani

 Introduction

Type I interferonopathies are a heterogeneous group of autoinflammatory and auto-
immune diseases characterized by distinct genetic and phenotypic features and hall-
marked by activation of type I interferon (IFN) pathway [1]. IFNs have been first 
described in 1957 by Isaacs and Lindenmann as soluble factors that “interfere” with 
viral replication in host cells [2, 3]. IFNs are classified into three subgroups, known 
as types I, II, and III, based on their structure, chromosomal location, and receptor 
specificity. In particular, type I interferons consist of 13 functional α-genes and 
single genes for interferon-β, interferon-ε, interferon-κ, and interferon-ω [4].

In 1979, it has been first reported that circulating IFN levels are increased in 
patients with several autoimmune diseases including systemic lupus erythematosus 
(SLE), Sjogren’s syndrome and systemic sclerosis [5], a finding extensively repli-
cated during the last decades [6–9]. An interesting early observation reported by 
Gresser et al. on experimental models implied a putatively harmful role of type I 
IFNs in developing embryos, which resulted in growth retardation, several organ 
damage, and necrosis [10]. Subsequently, it has been recognized a subset of patients 
presenting with progressive neurological problems resembling transplacental infec-
tions in the absence of an infectious agent. These abnormalities were  transmit-
ted following an autosomal recessive Mendelian pattern [11]. Of interest, serum and 
cerebrospinal fluid (CSF) of these patients suffering from the so-called Aicardi- 
Goutieres syndrome (AGS) demonstrated increased IFNα activity [12]. In 2003, the 
shared phenotypes between AGS, SLE and the utero-human immunodeficiency 
virus (HIV) infection, led Crow and colleagues to support type I IFN upregulation 
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as a common denominator in these distinct clinical entities [13]. However, 
whether deregulation of type I IFN system is directly related to clinical manifesta-
tions remains to be further explored. Nevertheless, experimental and clinical evi-
dence supports neurotoxic effects of IFNs in mice models and associations with 
thrombotic microangiopathy [14–16].

Over the past decade, it has been increasingly appreciated that certain clinical 
entities occurring early in life were characterized by a constellation of clinical fea-
tures including chilblain-like skin lesions, lung inflammation, and intracranial cal-
cifications together with overexpression of IFN-related genes. The latter has been 
shown to occur as a result of genetic aberrations of key molecules of the type I IFN 
pathway. Despite the fact that type I IFN activation is a common denominator in 
these disorders – the so-called interferonopathies – several differences in both clini-
cal expression and underlying genetic background have been recognized. It seems 
that the observed variability relates to the presence of multiple biological effects of 
the type I IFN pathway molecules, the timing of IFN-related effects, as well as the 
impact of environmental stressors, such as cold or infections [1].

As mentioned above, interferonopathies are characterized by a mixture of autoin-
flammatory and autoimmune characteristics. Upregulation of type I IFNs results not 
only in the mobilization of innate immunity mechanisms, but also in chemokine expres-
sion and loss of self-tolerance, which ultimately leads to activation of autoreactive B 
and T cells and autoantibody production. Thus according to Crow and colleagues, type 
I interferonopathies can be considered “as autoinflammatory in origin with spill over 
into autoimmunity” [1], especially when there is a phenotypic overlap to SLE.

Nowadays, the current understanding of the mechanism contributing to the activa-
tion of innate immunity system against viral invasion, along with the identification of 
specific genetic aberrations leading to type I IFN activation, highlights the pivotal con-
tribution of nucleic acid metabolism and signaling to type I IFN overexpression.

 Type I IFN Pathway Signaling

Type I IFNs activate intracellular antimicrobial programs and influence the develop-
ment of both innate and adaptive immune responses [17]. They are polypeptides 
that are secreted by infected cells, and their role can be summarized in three basic 
functions:

 1. Limitation of the spread of microbial insults and especially viral pathogens by 
inducing an “antiviral state” in infected and neighboring cells.

 2. Modulation of innate immune responses such as enhancement of antigen presen-
tation and natural killer cell function together with restraining pro-inflammatory 
pathways.

 3. Activation of the adaptive immune system, thus promoting the development of 
high-affinity antigen-specific T- and B-cell responses and immunological mem-
ory [17].
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Canonical type I IFN signaling activates the Janus kinase (JAK)-signal transducer 
and activator of transcription (STAT) pathway, leading to transcription of IFN- 
stimulated genes (ISGs) [17]. More specifically, IFN acts as a ligand and binds a 
heterodimeric transmembrane protein receptor called IFNα/β receptor (IFNAR) 
which is composed of IFNAR1 and IFNAR2 subunits [17]. Recent data indicate 
that the signal can be transmitted through IFNAR1 alone, through specific binding 
of IFNβ to IFNAR1, which is independent of IFNAR2 [18]. In the canonical type I 
IFN pathway, IFN binding to its receptor activates the receptor-associated protein 
tyrosine kinases JAK1 and tyrosine kinase 2 (TYK2), which in turn phosphorylate 
the cytoplasmic transcription factors signal transducer and activator of transcription 
1 (STAT1) and STAT2. The latter subsequently dimerize and translocate to the 
nucleus, where they associate with IFN-regulatory factor 9 (IRF9). As a result, they 
form a complex called IFN-stimulated gene factor 3 (ISGF3), which binds to its 
cognate DNA sequences, the IFN-stimulated response elements (ISREs), part of 
the IFN-stimulated genes (ISGs), and directs transcription of ISGs [19–22] 
(Fig. 10.1).

Recent evidence point toward the presence of a STAT2-/IRF9-dependent IFNα 
but STAT1-independent signaling pathway [23]. In this case, STAT2 is capable of 
forming stable homodimers, when phosphorylated in response to IFNα, and these 
homodimers interact with IRF9 and can activate transcription of ISGs that carry 
ISRE sequences [23, 24]. Beyond the canonical pathway, IFN stimulates other path-
ways as well, such as STAT3 (especially in the absence of STAT1), p38 and ERK, 
PI-3K cascades, as well as the mTOR-Akt-S6K axis [19, 25].

 Activation of Type I IFN Pathway: Role of Toll-Like 
Receptors (TLRs) and Cytosolic Nucleic Acid Sensors

Activation of type I IFN system has been shown to occur either by sensing of 
exogenous or endogenous nucleic acids that can be recognized by two distinct 
categories of sensors: a. endosomal Toll-like receptors (TLRs) and b. cytosolic 
nucleic acid sensors. It is important that the immune system can distinguish 
between exogenous and self-nucleic acids in order to avoid unnecessary reactions 
against self.

 Toll-Like Receptors (TLRs)

The main TLRs identifying nucleic acids include TLR3 which recognizes dsRNA, 
TLR7, and TLR8 triggered by ssRNA and TLR9 that senses unmethylated CpG 
DNA sequences. It is of note that mutations of these molecules have not been so far 
associated with type I interferonopathies [26–28].
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Fig. 10.1 Cytosolic nucleic acid sensing machinery resulting in type I IFN production (upper 
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 RNA Sensors

Three Toll-like receptors function in the endosomes to recognize pathogen-derived 
RNA: TLR3, TLR7, and TLR8 [29, 30]. TLR3 activates TIR-domain-containing 
adapter-inducing IFNβ (TRIF), whereas TLR7 and TLR8 activate MyD88. Both 
adaptor proteins lead to the activation of nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-κB), whereas IFN-regulatory factor 3 (IRF3) is activated by 
the TRIF pathway and IRF7 by the MyD88 pathway [31].

 DNA Sensors

CpG DNA was initially found to be able to induce type I IFNs through TLR9 liga-
tion in plasmacytoid dendritic cells (pDCs) [30]. TLR9 activates MyD88, which in 
turn leads to the activation of NF-κB and IRF7 in pDCs [31]. Nevertheless, cyto-
plasmic DNA of many other cell types that do not express TLR9 can also robustly 
produce type I IFNs [30] and will be discussed below.

 Cytosolic Sensors

 RNA Sensors

Cytosolic viral RNA is identified by retinoic acid-inducible gene I (RIG-I) and its 
homolog melanoma differentiation-associated gene 5 (MDA5) [30]. RIG-I is the 
founding member of the RIG-I-like receptor (RLR) family of cytosolic RNA sen-
sors. The other two members are MDA5 and laboratory of genetics and physiology 
2 (LGP2) [32]. Downstream of RIG-1, the adaptor protein mitochondrial antiviral 
signaling (MAVS) induces the cytosolic kinases IκB kinase (IKK) and TANK- 
binding kinase 1 (TBK1) which, in turn, activate the NF-κB, IRF3, and IRF7 path-
ways to induce type I IFNs [33]. Before the discovery of RLRs, two other proteins 
were implicated in the recognition of viral RNA: a. the  IFN-inducible 2′–5′-oli-
goadenylate synthetase (OAS), an activator of the ribonuclease RNAse L [34] which 
degrades viral RNA inducing type I IFN production through the RIG-I pathway [30] 

factor 9; ISG IFN-stimulated gene; ISG15 interferon-stimulated gene 15; ISGF3 IFN-stimulated 
gene factor 3; ISRE IFN-stimulated response element; JAK Janus kinase; MAVS mitochondrial 
antiviral signaling; MDA5 melanoma differentiation-associated gene 5; NF-κB nuclear factor 
kappa-light-chain-enhancer of activated B cells; POLA1 polymerase-α1; RIG-I retinoic acid- 
inducible gene I; RNAse H2, RNase H2A, RNase H2B, and RNase H2C ribonuclease H2 subunits 
A, B, and C; SAMHD1 deoxynucleoside triphosphate triphosphohydrolase and ribonuclease SAM 
domain and HD domain 1;STAT signal transducer and activator of transcription; STING stimulator 
of IFN genes; TBK1 TANK-binding kinase 1; TREX1 three prime (3′) repair exonuclease 1; TYK2 
tyrosine kinase 2; USP18 ubiquitin-specific peptidase 18
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and b. the dsRNA-dependent protein kinase R (PKR) which suppresses translation 
initiation and also induces type I IFN production as a response to dsRNA in some 
cell types [35].

 DNA Sensors

The mechanisms through which the immune system senses DNA were not eluci-
dated until recent years. The activated pathway in this case is the RNA polymerase 
III/RIG-I pathway. More specifically, double-stranded poly(dA-dT) DNA is con-
verted by the DNA-dependent enzyme RNA polymerase III (Pol III) to an RNA 
species in the cytosol that bears 5′-triphosphate and forms a double-stranded RNA 
[36]. This form of RNA acts as a ligand for RIG-I which triggers type I IFN pro-
duction through MAVS [30, 36]. The strict dependence of Pol III on AT-rich 
sequence as well as the DNA-induced IFN production in a sequence-independent 
manner pointed toward the presence of another more general cytoplasmic DNA-
sensing pathway [30]. In 2008, a molecule was identified as a crucial signaling 
adaptor for type I IFN induction and was named stimulator of IFN genes (STING) 
[37]. STING [also known as transmembrane protein 173 (TMEM173)] is a pre-
dominantly endoplasmic reticulum-localized protein which when stimulated with 
dsDNA relocalizes to Golgi apparatus and assembles into punctate structures that 
contain the kinase TBK1 [38]. Subsequently, the C-terminal tail (CTT) of the car-
boxy-terminal domain of STING provides a scaffold to bring IRF3 in close prox-
imity to TBK1, leading to TBK1-dependent phosphorylation and activation of 
IRF3, which can subsequently induce the expression of type I IFN genes [28, 38]. 
Upstream activators of STING include pathogen-derived nucleotides [cyclic (3′–
5′) diguanylate (c-di-GMP) and cyclic (3′–5′) diadenylate (c-di-AMP)] [39, 40] as 
well as second messengers (cyclic GMP-AMP or cGAMP) produced by the enzyme 
cyclic GMP-AMP synthase (cGAS) through an enzymatic degradation of cytosolic 
DNA [30, 41–43]. Additionally, genetic variants of DNAse II – an endonuclease 
located in lysosomes and expressed in a variety of cells  – and three prime (3′) 
repair exonuclease 1 (TREX1), the most abundant 3′➔5′ DNA exonuclease in 
cells, have been both shown to promote autoimmune responses by inability of 
degrading cytoplasmic DNA [30, 44, 45]. TREX1 specifically targets and digests 
DNA reverse- transcribed from endogenous retroelements or replication debris [30, 
44]. If not degraded, these endogenous DNA substrates further activate the STING-
dependent cytosolic DNA-sensing pathway, triggering type I IFN-dependent auto-
immune diseases [30].

Finally, the presence of DNA in the cytosol of macrophages can activate the 
inflammasome, a multiprotein complex that activates the proteolytic enzyme cas-
pase- 1 and leads to the maturation of IL-1β [30]. The receptor for cytosolic DNA in 
the inflammasome pathway is the protein absent in melanoma 2 (AIM2) [46].
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 Type I Interferonopathies: Genetic Defects and Clinical 
Phenotypes

A growing body of evidence points toward an activated type I IFN pathway in sev-
eral autoimmune diseases, possibly as a result of inappropriate immune reactions 
against endogenous nucleic acids. Overproduction of type I IFN can be attributed to 
three main events [47] including (a) increased availability of endogenous nucleic 
acids as a result of defective clearance or impaired silencing mechanisms, (b) 
enhanced activation or sensitivity of an innate immune sensor or adaptive molecule, 
and (c) dysregulation of type I IFN response negative feedback loops. Inappropriate 
expression of endogenous nucleic acids as a result of defective epigenetic silencing 
such as methylation has been shown to be able to induce type I IFNs in both SLE 
and Sjogren’s syndrome [48, 49] through TLR-dependent and TLR-independent 
pathways. More specifically, it has been suggested that L1 RNA can transduce the 
signal through both endosomal TLRs and the RIG-I and MDA5 pathways [49].

Next, we wished to present genetic, clinical, and laboratory characteristics of the 
main type I interferonopathies. Mutations in genes mainly affecting the recognition 
of DNA and RNA by cytosolic sensors as well as deregulation of type I IFN produc-
tion seem to be causally linked with the so far recognized type I interferonopathies 
(Table 10.1, Figs. 10.1 and 10.2).

 Phenotypes Related to Aberrant Nucleic Acid Sensing

 DNA Sensors

 STING-Associated Vasculopathy, Infantile Onset (SAVI)

STING-associated vasculopathy with onset in infancy (SAVI) is a monogenic auto-
inflammatory disorder with an autosomal dominant type of inheritance, due to de 
novo, heterozygous gain-of-function mutations in TMEM173 gene. Of note, newly 
recognized mutations in exons 6 and 7 of TMEM173 have recently been reported 
[50]. As a result, activation of type I IFN pathway occurs, through cGAS-STING- 
TBK1-IRF3 pathway. In a recent experimental model, it was shown that upregula-
tion of IFN-related genes in the context of SAVI occurs independently of IRF3 
stimulation [51].

Similarly to other interferonopathies such as AGS, TREX1-related familial chil-
blain lupus, and CANDLE syndrome, the main clinical manifestations  – which 
occur in early childhood – include vasculitic skin manifestations. These are mainly 
manifested as ulcerating acral skin lesions in fingers, toes, ears, and nose following 
cold exposure. SAVI patients frequently present with pulmonary involvement as 
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Table 10.1 Classification of type I interferonopathies according to the underlying genetic 
abnormality and pathophysiology

Responsible 
gene/protein Protein function Phenotypes Pathway activation

Type of 
inheritance

Nucleic acid sensors

DNA
TREX1 (TREX1) Cytosolic DNAse AGS, RVCL, 

FCL, SLE
cGAS-STING- 
TBK1-IRF3

Autosomal 
dominant or 
recessive

RNA
RIG-1 (RIG-1) dsRNA sensor Atypical 

SMS
MAVS Autosomal 

dominant (gain of 
function)

IFIH1 (MDA5) dsRNA sensor AGS, SP, 
SMS

MAVS Autosomal 
dominant (gain of 
function)

ADAR1 (ADAR1) RNA editing AGS, DSH, 
BSN, SP

MAVS Autosomal 
recessive/
dominant negative

DNA-RNA
SAMHD1 
(SAMHD1)

dNTP 
triphosphohydrolase

AGS, FCL, 
CVD

cGAS-STING- 
TBK1-IRF3

Autosomal 
recessive

TMEM173 
(STING)

Pattern-recognition 
receptor

SAVI, FCL cGAS-STING- 
TBK1-IRF3

Autosomal 
dominant (gain of 
function)

POLA1 (POLA1) DNA polymerase XLPDR Reduced synthesis 
of inhibitory DNA/
RNA cytosolic 
hybrids

X-linked 
recessive

RNASE H2-A/B/C 
(ribonuclease H2, 
subunit A, B,C)

Ribonuclease AGS cGAS-STING- 
TBK1-IRF3

Autosomal 
recessive

Deregulation of type I IFN pathway
ACP5 (TRAP) Dephosphorylation 

of osteopontin
SPENCD Increased TLR9-/

Myd88-mediated 
IRF7 signaling

Autosomal 
recessive

PSMB8, PSMA3, 
PSMB4, PSMB9, 
POMP (20S core 
proteasome)

ATP-dependent 
protease

CANDLE 
syndrome

MAVS Autosomal 
recessive

USP18 (USP18) ISG15-specific 
protease

USP18 
deficiency 
(pseudo- 
TORCH)

High type I IFN 
production

Autosomal 
recessive

ISG15 (ubiquitin- 
like modifier)

Conjugation to 
intracellular target 
proteins/negative 
type I IFNs regulator

ISG15 
deficiency

USP-18-mediated 
type I IFN 
overexpression

Autosomal 
recessive
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Fig. 10.2 Main organ systems affected in type I interferonopathies. Indicative manifestations are 
displayed. (a1) Vasculitic-like cutaneous lesions in a patient with SAVI syndrome (Source: 
Manoussakis et al. [101]). (a2) Face lipodystrophy in a patient with CANDLE syndrome (Source: 
Torrelo A et al., J Am Acad Dermatol. 2010;62:489–95). (b) Cotton woollike spots in a patient with 
RVCL syndrome (Source: Stam AH et al., BRAIN. 2016;139: 2909–22). (c1) Growth retardation in 
a patient suffering from CANDLE syndrome (Source: Torrelo A et al., J Am Acad Dermatol. 2010; 
62: 489–95). (c2) Skeletal dysplasias in a patient with SPENCD syndrome (Source: Lausch et al. 
[81]). (d) Calcifications in the left ventricle, aortic valve and ascending aorta, postmortem speci-
men in a patient with SMS syndrome (Source: Rutsch et al. [60]). (e) Interstitial lung disease- 
honeycombing- ground gland opacities in a patient with SAVI syndrome (Source: Manoussakis 
et al. [101]). (f) Cerebral calcifications within basal ganglia and the cerebral white matter (Source: 
Lausch et al. [81]). AGS Aicardi-Goutieres syndrome, CANDLE chronic atypical neutrophilic der-
matosis with lipodystrophy and elevated temperature, CNS central nervous system, FCL familial 
chilblain lupus, ISG15 deficiency interferon-stimulated gene 15 deficiency, MSK musculoskeletal 
system, PAN polyarteritis nodosa, RVCL retinal vasculopathy with cerebral leukodystrophy, SAVI 
STING-associated vasculopathy, infantile onset, SMS Singleton-Merten syndrome, SPENCD 
spondyloenchondrodysplasia, USP18 deficiency ubiquitin-specific peptidase 18 deficiency, 
XLPDR X-linked reticulate pigmentary disorder
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well, mainly interstitial lung disease associated with fever attacks. Neurological 
complications have not been observed so far. Transiently increased autoantibody 
titers such as anti-neutrophil cytoplasmic antibody (ANCA) and anti-cardiolipin 
have been reported. Extensive perivascular inflammation with IgM and C3 deposi-
tion is a common finding in skin tissues from these patients [52, 53]. SAVI has been 
related to increased mortality rates due to pulmonary involvement in the context of 
infections in the lower respiratory system [54].

 Retinal Vasculopathy with Cerebral Leukodystrophy (RVCL)

Retinal vasculopathy with cerebral leukodystrophy (RVCL) previously considered 
to encompass distinct clinical entities, namely, cerebroretinal vasculopathy (CVR), 
hereditary vascular retinopathy (HVR), and hereditary endotheliopathy, retinopathy, 
nephropathy, and stroke (HERNS), has been shown to result from a common auto-
somal dominant-type heterozygous TREX1 mutation. The latter leads to C-terminal 
truncation of TREX1, with preservation of the N-terminal DNAse domain resulting 
in impaired DNA clearance.

The main characteristics of RVCL include the middle-age onset, the progressive 
visual loss due to retinal vasculopathy (telangiectasias, microaneurysms, and retinal 
capillary obliteration around the macula), and variable neurological manifestations 
such as dementia or migraine. Neuroimaging studies demonstrate cerebral white 
matter abnormalities, including small infarcts resembling pseudotumors, as well as 
contrast-enhancing lesions similar to multiple sclerosis white matter alterations. 
Raynaud’s phenomenon, micronodular cirrhosis, and glomerular dysfunction have 
been also reported [55, 56].

 RNA Sensors

 Singleton-Merten Syndrome (SMS)

Singleton-Merten syndrome (SMS) – inherited in an autosomal dominant manner – 
is caused by heterozygous gain-of-function mutations in interferon-induced heli-
case C domain-containing protein 1 (IFIH1) encoding the cytosolic pattern 
recognition receptors for dsRNA MDA5 or RIG-I, resulting in constitutive type I 
IFN activation [57–60].

Though there is extensive phenotypic variability, the core characteristics of the 
syndrome include aortic and valvular calcifications, dental anomalies (early-onset 
periodontitis and root resorption), abnormal ossification (mainly distal limbs), alve-
olar bone loss, skeletal abnormalities as well as osteoporosis, osteopenia, and acro- 
osteolysis. Psoriasis, glaucoma, muscle weakness, abnormal ligaments of joints and 
muscle, photosensitivity, recurrent respiratory infections and typical face features 
can also frequently occur [57, 59, 60]. MDA-5 mutations have been particularly 
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linked to Jaccoud’s arthropathy, also observed in patients with systemic lupus ery-
thematosus (SLE) [61].

 DNA and RNA Sensors

 Aicardi-Goutieres Syndrome (AGS)

Aicardi-Goutieres syndrome (AGS) is a hereditary neurodegenerative disorder of 
inflammatory etiology, characterized by early-onset progressive encephalopathy 
with increased levels of IFNα in the CSF. It is regarded as the prototypic disease in 
the context of interferonopathies [59]. Clinical manifestations occur between 3 and 
7 months of age and sometimes during the first week after birth. Especially, in cases 
of intrauterine onset, newborns are presented with microcephaly.

The main symptoms observed are vomiting, irritability with feeding difficulties, 
dystonia, epileptic seizures, fever episodes, and a rather subacute onset leading 
gradually in motor and social skills retardation. With regard to extra-neurological 
symptoms, patients may present with skin manifestations, like acral chilblain lesions 
upon cold exposure, raised intraocular pressure and sometimes overlapping lupus- 
like symptoms, such as hepatosplenomegaly, thrombocytopenia, lymphopenia, and 
positive antinuclear antibodies (ANA) [62].

Given that mild fever attacks are frequently combined with neurological fea-
tures, AGS might be misdiagnosed as congenital encephalitis or meningitis caused 
by TORCH (toxoplasma, other agents, rubella, cytomegalovirus, herpes simplex) or 
HIV infection. It is estimated that about 25% of patients will die between 1 and 
17 years [63].

MRI imaging findings mainly include basal ganglia calcification, white matter 
abnormalities and brain atrophy, while CSF lymphocytosis and increased IFNα lev-
els are characteristic laboratory manifestations. Similarly to lupus and other autoim-
mune diseases [8, 64, 65], overexpression of IFN-related genes in peripheral blood 
samples, known as interferon (IFN)-signature, has been detected in almost every 
patient at any age [62].

Aberrations of a number of genes have been found to account for AGS. These 
include TREX1, the three subunits of the ribonuclease H2 (RNAse H2), endonucle-
ase complex (RNase H2A, RNase H2B and RNase H2C), the deoxynucleoside tri-
phosphate triphosphohydrolase and ribonuclease SAM domain and HD domain 1 
(SAMHD1), adenosine deaminase acting on RNA (ADAR; also known as DRADA), 
and the double-stranded RNA (dsRNA) cytosolic sensor IFIH1, also known as 
MDA5.

Biallelic loss-of-function mutations both for TREX1 and for each subunit of 
RNAse H2 complex result in intracellular accumulation of endogenous nucleic acid 
products, whose source is considered to be either chronic DNA damage, especially 
during DNA replication, or human genome-derived retroelements [66]. Eventually, 
single-stranded DNA (ssDNA) products trigger the activation of type I IFN axis 
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through cGAS/TBK1/IRF3 pathway [67]. The latter has been also recently shown 
to be the downstream pathway activated by RNase H2 sensors [68].

Furthermore, biallelic loss-of-function mutations of SAMHD1 lead to chronic 
DNA damage, activation of type I IFN pathway as well as cerebrovascular aneu-
rysms or stenosis, early-onset strokes and increased malignancy risk [69, 70], 
through a so far unexplored mechanism. It is of note that SAMHD1 and TREX1 
enzymes are implicated in long interspersed nuclear element-1 (LINE-1) retroele-
ments metabolism. Recent findings report activation of the cGAS/STING pathway 
as the downstream effectors for type I IFN production [71].

With regard to ADAR enzyme, both biallelic and heterozygous mutations lead to 
excessive recognition of endogenous double-stranded RNA (dsRNA) and to IFN 
release, via defective editing of short interspersed element (SINES) retroelements, 
which account for 10% of human genome [72, 73]. In particular, mutations of 
ADAR1 are implicated in expression of neurological defects, such as bilateral stria-
tal necrosis (BSN) and spastic paraparesis (SP) as well. Additionally, they are related 
to dyschromatosis symmetrica hereditaria (DSH), a rare autosomal dominant disor-
der, detected in East Asian population, characterized by mixed hyper- and 
 hypopigmented macules on the dorsal aspect of the hands and feet and freckle-like 
macules on the face [74].

 Lastly, gain-of-function mutations of IFIH1, which encodes the MDA5 sensor, 
have also an increased affinity to dsRNA molecules and through MAVS activation 
result eventually in IFN overexpression [75, 76]. Similar to ADAR1 and SAMHD1 
mutations, patients demonstrate especially neurological complications, such as SP 
[66].

 Familial Chilblain Lupus (FCL)

Familial chilblain lupus (FCL) is a rare monogenic form of cutaneous lupus erythe-
matosus, which is inherited in an autosomal dominant way. It affects patients in 
early childhood in a more rapidly progressive way compared to spontaneous lupus 
erythematosus, which is presented in middle-aged women. Patients suffer from 
partly ulcerating acral lesions or painful bluish-red papules located in the fingers, 
toes, nose and ears. These lesions are exacerbated by cold exposure and usually 
improve during summer. They can also be accompanied by arthralgias, affecting 
mainly large joints, without evidence of true arthritis, photosensitivity, or mouth 
ulcers.

Laboratory testing revealed slightly elevated antinuclear antibody (ANA) titers 
and/or lymphopenia, without any other specific serological marker. Given that 
nailbed alterations seem to be specific in a subset of FCL patients, capillaroscopy 
may be a promising modality to be implemented. Histopathological findings in 
affected skin tissues include perivascular inflammatory infiltrates with granular 
deposits of immunoglobulins and complement along the basement membrane.

Several genetic defects have been so far related to FCL. Heterozygous TREX1 
mutations (implicated in AGS and impairment of susceptibility to granzyme-A- 
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mediated cell death) as well as of SAMHD1 and STING molecules lead to FCL, 
through activation of the known cGAS-cGAMP-STING-TBK1-IRF3 pathway 
[77–79].

 Type I IFN Deregulation

 Spondyloenchondrodysplasia (SPENCD)

Spondyloenchondrodysplasia (SPENCD) is inherited in an autosomal recessive 
manner and it is caused by biallelic mutations in acid phosphatase 5 (ACP5), encod-
ing tartrate-resistant acid phosphatase (TRAP) [80]. TRAP dephosphorylates and 
inactivates the protein osteopontin (OPN)  – a bone matrix protein which upon 
dephosphorylation by TRAP leads a. to reduced osteoclast binding to different sub-
strates [81], and b.  dampened IFNα production by plasmacytoid dendritic cells 
(pDCs) through disruption of TLR-9/myeloid differentiation factor 88 (MyD88) 
mediated IFN regulatory factor 7 (IRF-7) activation [82]. Patients with SPENCD 
present constitutively activated osteopontin, which is probably responsible for 
increased bone resorption and immune dysregulation that leads to overproduction 
of type I IFN [59, 83].

Spondyloenchondrodysplasia (SPENCD)  – first identified by Schorr et  al. in 
1976 – is a skeletal dysplasia characterized by enchondromatous radiolucent, irreg-
ular spondylar and metaphyseal lesions which represent islands of cartilage tissue 
within bone leading to platyspondyly. The severity of the lesions varies, but slow 
progression during childhood is most frequently observed, resulting in significantly 
short stature. It appears that SPENCD is clinically heterogeneous, as some SPENCD 
patients are neurologically intact, while others present with neurological dysfunc-
tion including spasticity, mental retardation and cerebral calcifications in different 
combinations. In addition, signs of immune dysregulation and systemic autoimmu-
nity, such as arthritis, antinuclear antibodies and recurrent infections, are often 
observed in patients with SPENCD [59, 80, 84–87].

 Interferon-Stimulated Gene 15 Deficiency (ISG15 Deficiency)

Deficiency of the IFNγ-inducing molecule named interferon-stimulated gene 15 
(ISG15) leads to a clinical phenotype characterized by a prominent type I IFN sig-
nature in peripheral blood and increased susceptibility to mycobacterial disease 
possibly as a result of dampened IFNγ production. Absence of intracellular ISG15 
prevents the accumulation of ubiquitin-specific peptidase 18 (USP18), a potent neg-
ative regulator of type I IFN signaling, resulting in the enhancement and amplifica-
tion of type I IFN responses [88]. ISG15 deficiency is inherited in an autosomal 
recessive manner. Similarly to AGS and SPENCD, ISG15-deficient individuals also 
display marked intracranial calcification [59, 88, 89].

10 Type I Interferonopathies: From Pathophysiology to Clinical Expression



138

 Ubiquitin-Specific Peptidase 18 Deficiency (USP18 Deficiency)

This disorder also known as pseudo-TORCH syndrome is caused by autosomal 
recessive homozygous mutations of the gene USP18, encoding the protein ubiquitin- 
specific protease 18, which cleaves the ubiquitin-like ISG15 protein from its conju-
gated proteins [59, 90]. Given the negative regulatory role of this molecule in type I 
IFN activation, type I IFN overexpression occurs. The clinical spectrum resembling 
a congenital infection but in the absence of an infectious agent includes micro-
cephaly, enlarged ventricles, and cerebral calcification.

 Chronic Atypical Neutrophilic Dermatosis with Lipodystrophy 
and Elevated Temperature (CANDLE)

CANDLE – a proteasome-associated autoinflammatory syndrome (PRAAS) – has 
been shown to occur in the context of several defects in catalytic activity of 
proteasome- immunoproteasome system related to mutations of genes encoding dis-
tinct protein subunits (β5i, β7, β1i, α3) [59, 91, 92]. It is inherited in an autosomal 
recessive pattern and characterized by enhanced peripheral blood ISG expression 
and constitutive STAT1 phosphorylation [59]. The latter seems to be related to pre-
vious observations supporting that proteasome inhibition led to activation of type I 
IFN pathway through enhancement of MAVS activity [93]. Recurrent fevers in the 
first months of life, along with characteristic skin lesions, lipodystrophy, violaceous 
swollen eyelids, arthralgias, extremity contractures, and delayed physical develop-
ment as well as systemic inflammation markers have been identified as CANDLE- 
related clinical manifestations [92, 94]. CANDLE has been linked to early mortality 
rates due to cardiomyopathy, infections, and cardiac arrhythmias [54].

 X-Linked Reticulate Pigmentary Disorder (XLPDR)

XLPDR is caused by an intronic mutation of the POLA1 gene, which encodes the 
catalytic subunit of DNA polymerase-α, an enzyme necessary for the synthesis of 
RNA-DNA primers during DNA replication. Unexpectedly, it was found that 
POLA1 is required for the synthesis of cytosolic RNA-DNA hybrids as well, which 
display an inhibitory action on type I IFN activation. In the setting of XLPDR, mis-
splicing and disruption of POLA1 expression occur, leading to heightened type I 
IFN production through constitutive activation of IRF- and NF-κB-dependent genes 
[95] and a constellation of clinical features distinct between male and female carri-
ers. Thus affected male individuals present with generalized hyperpigmentation 
intermingled with small hypomelanotic macules during early childhood, a distinc-
tive face characterized by an upswept frontal hairline and arched eyebrows, as well 
as severe photophobia, recurrent respiratory infections and severe gastrointestinal 
disorders. In female carriers, the type and distribution of the pigmentation mimic 
that of incontinentia pigmenti (patchy pigmentary skin lesions along the lines of 
Blaschko), without any systemic manifestations [59, 96, 97].
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 Childhood-Onset Polyarteritis Nodosa: ADA2 Deficiency

Childhood-onset polyarteritis nodosa (PAN) is an autosomal recessive systemic 
vascular inflammatory disorder affecting mainly the brain and skin caused by bial-
lelic mutations of the cat eye syndrome chromosome region, candidate 1 (CECR1). 
CECR1 encodes the enzyme adenosine deaminase 2 (ADA2) which deaminates 
adenosine to inosine. Patients with ADA2 deficiency exhibit constitutive type I IFN 
activation in blood, although the underlying mechanism is unclear [59, 98].

Fever, necrotizing vasculitis of the gastrointestinal tract, and renal aneurysms as 
well as varying degrees of immunodeficiency and autoimmunity have been described 
and related to this disorder. The ensuing tissue ischemia can affect any organ, 
including the skin, musculoskeletal system, kidneys, gastrointestinal tract, and the 
cardiovascular and nervous systems [59, 98].

 Therapeutic Implications

The delineation of pathogenetic mechanisms, implicated in type I IFN-related dis-
eases, has provided promising prospects for the development of new therapeutic 
strategies, given the relative ineffectiveness of conventional immunosuppressive 
treatment. Since gene expression products of TREX1, SAMHD1, RNAse H2, and 
ADAR are involved in metabolism of endogenous retrovirus-derived nucleic acids, 
it has been postulated that the use of reverse transcriptase inhibitors might be effec-
tive in controlling inflammatory activity of the disease. In fact, the successful effect 
of reverse transcriptase inhibitors in an experimental TREX1-deficient mouse 
model has been reported [99], while a pilot phase II study is in progress, in pediatric 
population, using as treatment modalities zidovudine, lamivudine, and abacavir 
[NCT02363452].

In the context of interferonopathies, the common pathogenetic mechanism, 
leading to ISGs upregulation, is the JAK/STAT activation through triggering of the 
IFNAR receptor. Given the possibility of a potential therapeutic target, in 2016, 
Fremond and his colleagues described three cases of children, carrying TMEM173 
mutations, who were successfully treated with Janus kinase 1/2 inhibitor ruxoli-
tinib [100]. Furthermore, another case of patient with TMEM173-related FCL was 
treated with JAK (1/3) inhibitor tofacitinib for a very short period of time with 
doubtful results [101] [102]. Moreover, JAK-inhibitor baricitinib, previously shown 
to be successful in a case of CANDLE syndrome with alopecia areata [103], is cur-
rently tested in an ongoing clinical trial including patients with SAVI, juvenile 
dermatomyositis, and proteasome-related autoinflammatory syndrome 
[NCT01724580].

In the same context, targeted therapies against IFNAR receptor (anifrolumab) 
and IFNα itself (sifalimumab) – with promising so far results in lupus populations 
though [104–106], as well as hydroxychloroquine recently shown to inhibit cGAS 
stimulation by dsDNA molecules [107] – seem to be additional future options for 
patients with interferonopathies.
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 Conclusions

Type I interferonopathies is a recently discovered group of genetic disorders hall-
marked by activation of type I IFN pathway and a wide variety of clinical pheno-
types possibly related to tissue-specific gene or protein, together with the effects of 
environmental triggers. Major issues to be resolved also include the underlying 
mechanistic relationship between type I IFN pathway, tissue damage, and clinical 
phenotype as well the specific molecules along the extended type I IFN pathway 
that need to be targeted. To conclude, further investigations to better clarify the 
underlying mechanisms on excessive activation of type I IFN system are required 
leading to novel discoveries enabling more effective treatment strategies in the 
future.

ADAR1 adenosine deaminase acting on RNA 1; AGS Aicardi-Goutieres syn-
drome; BSN bilateral striatal necrosis; CANDLE chronic atypical neutrophilic der-
matosis with lipodystrophy and elevated temperature; cGAS cyclic GMP-AMP 
synthase; CVD cerebrovascular disease; DSH dyschromatosis symmetrica heredi-
taria; FCL familial chilblain lupus; IFIH1 interferon-induced helicase C domain- 
containing protein 1; IFN type I interferon; IRF3 IFN-regulatory factor 3; IRF7 
IFN-regulatory factor 7; ISG15 deficiency interferon-stimulated gene 15 defi-
ciency; ISG15 interferon-stimulated gene 15; MAVS mitochondrial antiviral sig-
naling; MDA5 melanoma differentiation-associated gene 5; POLA1 polymerase-α1; 
RIG-I retinoic acid-inducible gene I; RNase H2A, RNase H2B, and RNase H2C 
RNAse H2 ribonuclease H2 subunits A, B, and C; RVCL retinal vasculopathy with 
cerebral leukodystrophy; SAMHD1 deoxynucleoside triphosphate triphosphohy-
drolase and ribonuclease SAM domain and HD domain 1; SAVI STING-associated 
vasculopathy, infantile onset; SLE systemic lupus erythematosus; SMS Singleton-
Merten syndrome; SP spastic paraparesis; SPENCD spondyloenchondrodysplasia; 
STING stimulator of IFN genes; TBK1 TANK-binding kinase 1; TLR Toll-like 
receptor; TMEM173 transmembrane protein 173; TORCH toxoplasma, other 
agents, rubella, cytomegalovirus, herpes simplex; TREX1 three prime (3′) repair 
exonuclease 1; USP18 deficiency ubiquitin-specific peptidase 18 deficiency; 
USP18 ubiquitin-specific peptidase 18; XLPDR X-linked reticulate pigmentary 
disorder
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Chapter 11
Deficiency of Adenosine Deaminase 2 
(DADA2)

Andreas Reiff

 Introduction

The past two decades have witnessed an unprecedented expansion of clinically 
distinct autoinflammatory syndromes through the identification of single-gene 
defects in different pathways of the innate immune system. In contrast to the tradi-
tional mostly monogenic periodic fever syndromes, recently discovered genes and 
cellular pathways have identified new, often polygenic autoinflammatory syn-
dromes that are L-1 independent and among others can lead to a chronic interferon 
type I (IFN) overproduction, an aberrant IL-18 production, or impaired endothelial 
keratinocyte development. Others affect protein misfolding, homeostasis or 
impaired differentiation, and development of myeloid cells. As a result, the clinical 
presentation of many patients with autoinflammatory diseases has become much 
more complex, and a substantial number of patients who are treatment refractory to 
IL-1 blocking agents remain undiagnosed.

One of these new complex monogenic autoinflammatory syndromes defined by 
features of autoinflammation, vasculitis, varying degrees of immunodeficiency, bone 
marrow failure, and autoimmunity is based on a deficiency of adenosine deaminase 
type 2 (DADA2) and typically presents as childhood-onset vasculopathy resembling 
polyarteritis nodosa. First described in 2014  in patients with mild immune defi-
ciency, systemic inflammation, and central nervous system vasculopathy, initially 
suspected to have polyarteritis nodosa (PAN), DADA2 has now been established as 
a separate disease entity in over 125 patients including children. DADA2 appears not 
to be limited to any specific ethnic group, although important founder effects for 
specific mutations in select populations are described [1–3]. Patients with DADA2 
characteristically present with an early-onset vasculopathy with livedo racemosa, 
purpura, leg ulcers, Raynaud’s phenomenon, and digital necrosis and in more severe 

A. Reiff (*) 
Division Head Rheumatology, Children’s Hospital Los Angeles, USC Keck School  
of Medicine, Los Angeles, CA, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-96929-9_11&domain=pdf


148

cases with peripheral neuropathy or early-onset hemorrhagic and ischemic strokes. 
Other symptoms include subcutaneous nodules, recurrent fevers, hepatosplenomeg-
aly, ophthalmologic manifestations, hypertension, arthritis, arthralgia, myalgia, and 
laboratory abnormalities [4–6].

 Pathogenesis

The enzyme adenosine deaminase exists in two major isoforms: ADA1, which can 
be the cause of a severe combined immunodeficiency (SCID) phenotype when defi-
cient or absent [7], and ADA2, which has partial structural homology with ADA1. 
The two isoforms are mainly differentiated by the fact that ADA2 is a dimer and 
exocytosed into the extracellular environment, while ADA1 is largely an intracel-
lular monomer [8, 9]. While both isoforms convert adenosine to inosine and 
2′-deoxyadenosine to 2′-deoxyinosine, a key step in purine metabolism, the affinity 
of ADA2 for adenosine is substantially lower than that of ADA1 [10, 11]. Adenosine 
is an important signaling modulator in inflammation that rises in conditions such as 
ischemia and cellular stress. The accumulation of adenosine can influence the 
inflammatory response by binding several receptors leading to inflammation, tissue 
damage, and fibrosis [10]. Adenosine has been postulated as one of the targets of the 
anti-inflammatory effects of methotrexate [12, 13].

Whereas ADA1 is expressed in all cell types, ADA2 is mainly produced by 
myeloid cells [14]. ADA2 belongs to a family of cell growth and differentiation 
factors that are critical for the maintenance of vascular development and integ-
rity of endothelial cells and leukocytes. ADA2 regulates neutrophil activation 
and differentiation through its interaction with neutrophil surface receptors and 
acts as a growth factor for endothelial and leukocyte development and differen-
tiation [15]. Deficiency of ADA2 leads to an upregulation of neutrophil-expressed 
gene transcripts with a subsequent negative impact on the endogenous anti-
inflammatory adenosine feedback loop [15, 16]. Even though the exact patho-
physiologic mechanism remains unclear, it is assumed that this chronic 
uncontrolled activation of neutrophils ultimately leads to endothelial cell dys-
function and secondary release and accumulation of proinflammatory cytokines 
resulting in tissue injury [9, 16].

Another important aspect in the pathogenesis and clinical presentation of 
DADA2 is dysregulated macrophage differentiation resulting in reduced numbers 
of anti-inflammatory M2-like macrophages and divergence toward more proinflam-
matory M1-like macrophages and monocytes [7, 17, 18] (Fig. 11.1).

DADA2 is caused by autosomal recessive loss-of-function mutations in the 
CECR1 gene (cat eye syndrome chromosome region 1), on chromosome 22q11.1, 
encoding for the enzymatic protein adenosine deaminase 2 (ADA2) [1, 2]. The gene 
contains a receptor-binding domain, a catalytic domain, a signal sequence domain, 
and a dimerization domain. So far a total of 39 pathogenic mutations with variable 
prevalence across various ethnicities have been described [Infevers.com].
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Even though endothelial cells do not express the CECR1 gene, it has been found 
to be important for vascular integrity and neutrophil development [15]. Interestingly 
the knockdown zebrafish model for the CECR1 gene exhibits cerebral hemorrhages 
without morphologic alteration in the vascular structure [1, 18]. Ultimately it 
remains to be determined what exact role ADA2 plays in endothelial homeostasis of 
the innate and adaptive immune response and next-generation sequencing technolo-
gies will be helpful further clarifying its role.

 Clinical Presentation

The clinical course of patients with DADA2 appears to evolve over time and is 
highly variable in regard to age at onset (ranging from 2 months to 59 years), dis-
ease severity, and organ involvement suggesting a strong regulatory influence by 
modifying alleles and epigenetic factors [18]. In a recent case series summarized by 
Caorsi et al. including 65 DADA2 patients of mainly Russian, Caucasian, or Turkish 
descent, the median age at onset was 2 years [18]. Disease manifestations can range 
from mild limited skin disease to severe, often fatal multiorgan involvement that can 
occur at a very early age (<5 years) [19–21] (Table 11.1). Some patients might only 

Low pH
High temperature

2’-deoxyadenosine

2’-deoxyinosine

Adenosine

Inosine

ADA2

ADA2

ADA2

ADA2

ADA2ADA2
ADA2

Extracellular space

MPO
Endothelial

integrity

Endothelial
cells

C
BA

Monocytes Neutrophils

Cytokines

MPO

MPO

ADA2

Cell of myeloid lineage

proliferation

Macrophage
differentiation M2 macrophage

differentiation

ADA2

Extracellular
space

Hypoxia
Inflammation
Oncogenesis

Fig. 11.1 The physiological role of adenosine deaminase type 2  in inflammation, endothelial 
integrity, and macrophage differentiation. (Adapted from Caorsi et al. [18])
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be identified in the context of family screening following identification of an index 
case as they are either asymptomatic or present with very subtle disease manifesta-
tions despite confirmed low ADA2 activity.

Interestingly, the clinical presentation of the disease can vary widely even among 
patients with the same mutations in the CECR1 gene.

Symptoms at presentation are often clinically undistinguishable from systemic 
polyarteritis nodosa (PAN), and many children with DADA2 present with symp-
toms or histological findings fulfilling the criteria of childhood-onset PAN [22]. 
Similar to other patients with IL-1 independent autoinflammatory diseases, the prior 

Table 11.1 Clinical Manifestations of DADA2

Organ involvement Clinical manifestation

Central nervous system Transitory ischemic attacks (TIA)
Transient mononeuritis
Polyneuropathies
Cranial nerve involvement
Sensorineural hearing loss
Optic neuritis
Ischemic or hemorrhagic lacunar strokes

Skin Livedo reticularis
Livedo racemosa
Maculopapular rash
Erythema nodosum
Subcutaneous nodules
Purpura
Raynaud’s phenomenon
Ulcers
Digital necrosis
Alopecia

Musculoskeletal Myalgia
Arthralgia
Arthritis

Gastrointestinal Abdominal pain,
Chronic gastritis,
Weight loss
Hepatosplenomegaly
Portal hypertension
Bowel perforation
Bowel obstruction

Renal Nephrogenic hypertension
Focal glomerulosclerosis
Amyloidosis

Systemic Recurrent fevers
Laboratory findings Anemia,

Leukopenia
Pancytopenia
Neutrophilic leukocytosis
Elevated markers of inflammation (ESR, CRP)
Hypogammaglobulinemia
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medical history is often noncontributory, but patients may have some evidence of 
recurrent bacterial and viral infections or a positive family history of consanguinity/
endogamy [23].

In early childhood, clinical symptoms typically include recurrent fevers with 
skin manifestations (mainly livedo racemosa) and laboratory evidence of systemic 
inflammation with elevated acute phase reactants. Other skin manifestations can 
include maculopapular rashes, erythema nodosum, subcutaneous nodules, purpura, 
Raynaud’s phenomenon, skin ulcers, and digital necrosis [1, 2].

One of the most serious disease manifestations of DADA2 is the involvement of 
the peripheral and central nervous system. Peripheral neurologic involvement can 
consist of transient mononeuritis or more permanent polyneuropathies. CNS mani-
festations can vary and range from transitory ischemic attacks (TIA), cranial nerve 
involvement with transient paralysis or sensorineural hearing loss, and optic neuritis 
to ischemic or hemorrhagic lacunar strokes. In the case series summarized by Caorsi 
et al. mentioned above, 60% of the patients had CNS involvement [1, 2, 18]. It has 
been suggested that patients with strokes appear to have lower ADA2 activity when 
compared to those without [24].

Gastrointestinal involvement also can vary widely with mild symptoms such as 
weight loss, abdominal pain, chronic gastritis, and hepatosplenomegaly but can also 
lead to more serious complications such as portal hypertension, bowel perforation, 
or stenosis. In the case series summarized by Caorsi et al., 54% of the patients had 
GI involvement ranging from mild hepatosplenomegaly to bowel perforation [18, 
21].

As can be expected based on the nature of an autoinflammatory syndrome, renal 
involvement with focal glomerulosclerosis and renal amyloidosis has been described 
in few patients. On the other hand, nephrogenic hypertension appears rather com-
mon in DADA2 [18, 25].

Pulmonary involvement seems to be rather rare, and to my knowledge only one 
patient with fatal necrotizing pneumonia has been reported in the literature [25].

Some patients may present with features resembling Castleman’s disease with 
fevers, night sweats, fatigue, nausea, vomiting, weight loss, hepatosplenomegaly, 
peripheral neuropathy, ascites, renal failure, as well as bruising, bleeding, and risk 
of infection due to bone marrow failure.

Lastly, the clinical findings in those patients with more predominant features of 
immunodeficiency who may ultimately require hematopoietic stem cell transplanta-
tion, would include delayed growth and development, increased susceptibility to 
longer lasting more difficult to treat infections, as well as opportunistic infections or 
development of malignancies [30, 32].

Due to the close clinical similarity, ADA2 deficiency may also account for some 
patients diagnosed with Sneddon’s syndrome (SS), a rare noninflammatory throm-
botic vasculopathy [26, 27]. SS is characterized by the combination of livedo race-
mosa (LR) and TIAs or cerebral infarcts with or without cerebral hemorrhage 
typically affecting women between the ages of 20 and 42 years. Distinct histopatho-
logical findings on skin biopsy and focal neurological deficits are required for the 
diagnosis. Similar to DADA2, patients may present with multiorgan involvement 

11 Deficiency of Adenosine Deaminase 2 (DADA2)



152

including renal, cardiac, and ophthalmologic as well as neurological symptoms 
such as headaches, seizures, and neurocognitive and psychiatric symptoms. 
However there are also subtle differences when compared to DADA2. The skin pat-
tern of LR in patients with DADA2, which can precede the onset of stroke by years, 
is broken up in larger irregular branch-like patterns indicative of more localized 
impairment of blood flow and appears less sensitive to temperature changes [9, 25]. 
In addition, the presence of antiphospholipid antibodies appears to be more com-
mon in SS patients, supporting a hypercoagulable state and intrinsic small-vessel 
vasculopathy of small- to medium-sized arteries as the underlying cause [26, 27].

 Diagnosis

The diagnosis of DAD2 is mainly based on clinical criteria after careful exclusion 
of other conditions and other vasculitides that can mimic these symptoms as 
described below.

Genetic testing for autosomal recessive loss-of-function mutations in the CECR1 
gene is essential to confirm the diagnosis. Measurements of serum or plasma ade-
nosine deaminase type 2 activity and/or levels, which according to preliminary data 
seem to be higher in children than in adults, are not yet commonly available through 
commercial laboratories [28, 29]. In addition to anemia or pure red cell aplasia 
mimicking Blackfan-Diamond anemia, neutrophilic leukocytosis, and elevated 
markers of inflammation (ESR, CRP), laboratory workup can demonstrate hypo-
gammaglobulinemia that may affect all immune globulin subclasses, while other 
autoantibodies are usually negative. On the other hand, pancytopenia and/or leuko-
penia was a rather common finding in a recent case series of nine DADA2 patients 
with a homozygous R169Q mutation [24]. Additional laboratory tests to exclude 
other conditions should include a basic immunodeficiency and hypercoagulability 
workup, ANCA titers (negative in DADA2 and PAN), antiphospholipid, anticardio-
lipin, and beta 2 glycoprotein antibodies.

There are conflicting results regarding the serum profiles of patients with 
DADA2. While in one study elevated serum levels of IL-1β, IL-6, and TNFα were 
detected especially in patients with a homozygous deletion of 22q11.1, another 
study performed at the NIH with cultured whole blood cell supernatants failed to 
replicate these results when compared to healthy donors [1, 30]. Similar conflicting 
results have been reported concerning the T cell function in these patients. While the 
same NIH study mentioned above was not able to ascertain any differences in T 
lymphocyte numbers and activation, a recent case report in one patient with DADA2 
described an increase of regulatory T cells, a decrease of CD8+ and CD4 + memory 
T cells, and a reduced number of Th1, Th2, and follicular T helper (Tfh) cells [1, 
30]. On the other hand, an increased mortality of B cells, decreased numbers of 
memory B cells, terminally differentiated B cells, and plasma cells has been 
described in patients with DADA2 [1, 7]. This may explain why patients with 
DADA2 only present with a mild immune deficiency phenotype when compared to 

A. Reiff



153

patients with ADA1 deficiency and suggests a role of this protein in the adaptive 
immune response [1, 37].

While a skin biopsy might be helpful to differentiate DADA2 from other forms 
of necrotizing vasculitis, histologic findings commonly demonstrate a non- 
granulomatous small- and midsized vasculitis with the same histopathologic fea-
tures as polyarteritis nodosa or more unspecific findings such as a small-vessel 
leukocytoclastic vasculitis or panniculitis [1, 2, 19].

Neuroimaging in the form of conventional angiography, CT and/or MRI, is 
essential even though findings may initially be negative. MRI appears to be most 
useful to detect the full extent of smaller lacunar strokes and can demonstrate ven-
tricular hemorrhage, aneurisms, and/or stenoses in the midsized arteries that may 
otherwise have been missed by CT scan or conventional angiography [21, 24].

As mentioned above, a clinical separation between PAN and especially cutaneous 
polyarteritis nodosa (cPAN) to DADA2 might be challenging. Polyarteritis nodosa 
(PAN) is defined as an ANCA-negative necrotizing arteritis of medium or small arter-
ies that does not involve arterioles, capillaries, or venules [22, 23, 32]. While PAN 
can involve the skin, musculature, gastrointestinal system, kidneys, and the periph-
eral nervous system, cPAN is typically devoid of systemic organ involvement. Similar 
to DADA2, cPAN can present as a relapsing-remitting necrotizing, non-granuloma-
tous, medium-sized vessel arteritis with an isolated skin phenotype encompassing 
subcutaneous nodules, ulcers, and livedo racemosa and/or livedo reticularis.

Angiographic evidence of stenosis and/or aneurysms of the renal, hepatic, celiac, 
and/or mesenteric artery and its branches might be more common in patients with 
PAN than in those with DADA2. It has been proposed that based on its genetic 
nature, DADA2 should be incorporated in the Chapel Hill classification of vasculi-
tides [22, 31]. Other diseases that should be considered in the differential diagnosis 
include other forms of vasculitis such as Kawasaki’s disease, Takayasu’s arteritis, or 
Aicardi-Goutières syndrome, common variable immunodeficiency (CVID), 
antiphospholipid antibody syndrome, and Castleman’s disease.

 Treatment

Due to its novelty and the limited experience from small patient series, treatment 
recommendations for DADA2 remain based on anecdotal evidence. As a result, 
decisions about therapy should be based on the individual presentation and severity 
of the disease and made on a case-by-case basis. Similar to other autoinflammatory 
disorders and patients with PAN, high-dose steroids have been used and are effec-
tive to at least control the acute symptoms. With the exception of sirolimus, which 
reduces M1 macrophage differentiation and IL-6 production, traditional disease- 
modifying antirheumatic drugs (DMARDs) such as cyclophosphamide, azathio-
prine, or methotrexate appear to be ineffective [1, 2, 5, 6, 15, 23–25, 33].

Infusion of fresh frozen plasma (which contains ADA2) or direct enzymatic 
replacement therapy with ADA1 (ADA2 enzyme replacement is not yet available) 
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has been attempted with mixed results [20, 28]. Treatment results with various 
biologic agents are controversial, and treatment responses are often partial. 
Interestingly, treatment with anti-TNF drugs appears to be most beneficial and is 
probably explained by the skewing toward an M1 pro-inflammatory macrophage 
immunophenotype, although this requires further study [18, 20, 34, 35]. In one of 
the published case series examining the role of anti-TNF therapy in DADA2 includ-
ing nine DADA2 patients treated with either etanercept, adalimumab, or infliximab, 
a complete response was noted in eight patients, despite prior DMARD failure [24]. 
Other therapeutic options include anti-interleukin 1 or interleukin 6-blocking 
agents, which may not work for all but have been reported to be at least partially 
successful in a few patients with DADA2 [1, 3, 6, 25, 28].

Due to the nature of DADA2 being at least a partial immunodeficiency, hemato-
poietic stem cell transplantation (HSCT) has been proposed as a potentially curative 
approach by introducing new cell lines with a subsequent normalization of ADA2 
plasma levels. This treatment approach has been performed with a complete and 
sustained response for up to 13  years in several patients with severe disease. 
However some patients experienced complications from GVHD and/or cytopenias 
[36–39].

Similar to DADA2, optimal treatment for patients with SS has also not been 
established.

For patients with thromboembolic cerebral ischemic complications, long-term 
anticoagulation has been recommended, while the use of immunomodulatory agents 
remains controversial [26, 27].

 Outcome

Due to the lack of long-term data and the significant variability in the clinical symp-
tomatology ranging from neonatal onset with severe multisystem organ involve-
ment to adult patients with minimal skin involvement, the overall outcome of 
patients with DADA2 remains unknown. The reported mortality rate in the literature 
is about 10% citing complications of intracranial hemorrhage with subsequent 
respiratory failure, necrotizing pneumonia, gastrointestinal perforation, and sepsis 
as the main causes of death [30, 33].

 Conclusion

The discovery of new clinically distinct autoinflammatory syndromes is rapidly 
expanding. The newer syndromes are far more complex than the traditional mostly 
monogenic periodic fever syndromes encompassing elements of immunodeficiency, 
autoinflammation, and autoimmunity.

DADA2 is a relatively young member of this family of genetic conditions that 
is mainly characterized by an inflammatory vasculopathy resembling PAN. The 
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phenotype of this disease is still emerging, and what we know so far about DADA2 
is based on small case series in adult and pediatric patients. DADA2 appears to be 
highly variable in regard to age at onset, disease severity, and organ involvement. 
It seems almost apparent that some patients with PAN but especially those with 
cPAN and younger patients with CNS involvement have probably not been prop-
erly recognized as having DADA2. Consequently, testing for ADA2 levels, genetic 
analysis of CECR1 gene mutations, and an underlying immunodeficiency should 
be part of the basic workup facilitating an expedited diagnosis and early treatment. 
The reason for the phenotypic variability of this condition even among patients 
with same gene mutations remains to be investigated.

Therapeutic decisions should be based on the individual presentation and sever-
ity of the disease since general treatment guidelines do not yet exist.
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Chapter 12
Yao Syndrome

Qingping Yao

Abbreviations

NOD2 Nucleotide-binding, oligomerization domain 2
SAID Systemic autoinflammatory disease
YAOS Yao syndrome

 Clinical Phenotype

YAOS was initially reported by us from the Cleveland Clinic, United States, in 2011 
[1], and its clinical phenotype has been well characterized since [2–6]. This disease 
possesses clinical features of systemic autoinflammatory diseases (SAIDs) with 
absence/lower titer of antinuclear antibodies or antigen specific T cells. YAOS is a 
polygenic systemic disease, and its phenotype and genotype are described below.

 Demographics and Population Genetics

Patients with YAOS are predominantly white adults with a female to male ratio of 
2:1 at an estimated disease prevalence of 1–10/100,000 [3]. The disease is relatively 
common when compared with monogenic SAIDs like cryopyrin-associated 
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periodic syndrome in the American adult patient population [7]. Pediatric cases of 
YAOS have been reported also [8]. Disease occurrence is primarily sporadic, though 
a minority of patients may have a positive family history.

 Fever

Patients usually present with flu-like symptoms, fatigue, and weight loss. Besides 
these constitutional symptoms, recurrent or intermittent fever of varying degrees is 
common, and febrile episodes occur every a few weeks to months with a duration of 
several days to a few weeks with spontaneous resolution.

 Dermatitis

Patients present with episodic rash in 90% of cases, and it is described as erythema-
tous patches or plaques on the face, trunk, and limbs (Fig. 12.1). The rash is mostly 
non-itchy or minimally itchy and occurs every a few weeks to months with a 

a b

c d

Fig. 12.1 Clinical features of YAOS patients. (a) Patchy erythema on upper chest. (b) Erythematous 
plaques on face. (c) Subacute spongiotic dermatitis. (d) Distal lower extremity swelling
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duration of several days to weeks. The cutaneous histopathology is consistent with 
spongiotic dermatitis in a majority of cases, and granulomatous dermatitis is 
extremely rare.

 Inflammatory Arthritis

Patients (90%) present with intermittent inflammatory arthritis, manifesting as olio- 
or polyarthralgia with variable morning stiffness in the peripheral joints, particu-
larly in the lower extremities. A quarter of patients have unilateral or bilateral distal 
lower extremity swelling intermittently. Radiographs of affected joints show soft 
tissue swelling without erosions or joint narrowing. A magnetic resonance image of 
the ankle can show periarticular soft tissue swelling.

 Gastrointestinal Symptoms

Patients present with gastrointestinal symptoms in 60% of cases, often manifesting 
as episodic mild to moderate abdominal cramping pain with bloating and non- 
bloody diarrhea. Upper and lower gastrointestinal endoscopy with pathology reveals 
no findings of inflammatory bowel disease like Crohn disease, but nonspecific coli-
tis may be seen occasionally.

 Sicca-Like Symptoms

Approximately 60% of patients complain of sicca-like symptoms with a positive 
Schirmer test sometimes, but there is no serological (anti-SSA/SSB antibodies) or 
pathological evidence of primary Sjögren syndrome on a minor salivary gland 
biopsy. Patients can present with eyelid rash and swelling but without uveitis. 
Ocular myositis can rarely happen.

 Others

Patients can complain of chest pain, and pleuritis/pericarditis can happen. Recurrent 
oral ulcers occur in 20% of cases, and these patients generally have no genital 
ulcers. Lymphadenopathy can occur without evidence of malignancy.

12 Yao Syndrome
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 Laboratory and Genetic/Molecular Testing

Generally, white blood cell count is normal; mild leukocytosis and anemia can be 
seen. Liver and renal functions are generally normal. Urinalysis is pristine. Acute 
phase reactants, such as erythrocyte sedimentation rate and C-reactive protein, can 
be elevated in approximately 50% of cases.

All patients carry NOD2 variants as tested by targeted DNA or next-generation 
sequencing; nearly all patients carry NOD2 IVS8+158 variant, and up to 25% of 
patients have concurrent NOD2 R702W. Haplotype of NOD2 IVS8+158 with L1007 fs 
or G908R can be seen in some cases. Other rarer NOD2 variants have been reported 
as well.

 Diagnosis and Differential Diagnosis

YAOS is different than inflammatory bowel disease, Blau syndrome, primary 
Sjögren syndrome, and monogenic hereditary SAIDs [2] (Table 12.1).

The diagnosis of YAOS is dependent on the characteristic phenotype and geno-
type, as well as exclusion criteria (Table 12.2) [4].

 Pathophysiology

Nucleotide-binding, oligomerization domain 2 (NOD2) is an intracellular bacterial 
sensor protein of the NOD-like receptor (NLR) family [9]. The NOD2 gene is 
mapped to chromosome 16q12-21, and several genetic variants are known to predis-
pose individuals to the development of inflammatory diseases, such as Crohn dis-
ease, Blau syndrome, and YAOS [10] (Fig.  12.2). NOD2 as an innate immune 
receptor in the cytosol detects a component of the bacterial cell wall and muramyl 
dipeptide (MDP) and stimulates signal transduction cascades. These in turn activate 
NF-κB and mitogen-activated kinases (MAPKs) and result in the secretion of pro- 
inflammatory cytokines (Fig.  12.3). Normally, NOD2 proteins serve as defense 
against microbial infections, regulation of the inflammatory process, and apoptosis 
[10], as well as enhance autophagy to dispose damaged organelles and protect cells.

In disease state like YAOS, as a result of the genetic defects, NOD2 expression 
and its signal transduction are aberrant, and this in turn leads to imbalanced inflam-
matory process, such as overproduction of certain pro-inflammatory cytokines like 
IL-6 [11]. These data underscore the significance of the abnormal innate immune 
response as a hallmark of the disease. It is postulated that YAOS as a genetically 
complex disease may occur due to the interplay between the defective NOD2 and 
environmental factors or triggers. Future study of a broader immune function in the 
disease is warranted.
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Table 12.2 The diagnostic criteria for Yao syndrome

Clinical 
criteria Comments

Major
1 Periodic occurrence ≥ twice
2 Recurrent fever and/or dermatitis
Minor
1 Oligo- or polyarthralgia/inflammatory arthritis or distal extremity swelling
2 Abdominal pain and/or diarrhea
3 Sicca-like symptoms
4 Pericarditis and/or pleuritis
Molecular 
criterion

NOD2 IVS8+158 and/or R702W or other rare variants

Exclusion 
criteria

High titer ANAs, inflammatory bowel disease, Blau syndrome, adult 
sarcoidosis, primary Sjögren syndrome, and monogenic autoinflammatory 
diseases

Reprinted with permission from Yao and Shen [4]
Yao syndrome is diagnosed if 2 major criteria, ≥1 minor criteria, the molecular criterion, and 
exclusion criteria are fulfilled

16q 12-21

2 3

R334W R703C
R702W

NOD2/CARD15 gene

N-terminal

b

a

CARD CARD NBD LRR
C-terminal

NACHT

IVS8 + 158
G908R 1007 fs

4 5 6 7 8 9 10 11 12

Fig. 12.2 NOD2 protein structure
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 Therapy and Prognosis [4]

Therapeutic regimen for YAOS consists of glucocorticoids and/or sulfasalazine in 
general. For refractory symptoms, both IL-1 and IL-6 antagonists, such as 
canakinumab and tocilizumab, may be tried with effectiveness. As a systemic 
inflammatory disease, YAOS involves multiorgans but with rare influence on the 
internal solid organs. It can cause chronic pain syndrome, fibromyalgia, and even 
disability in some cases. Relatively common comorbidities are fibromyalgia, 
asthma, and urinary stones. Early and prompt recognition of the disease can mini-
mize duplication of extensive and expensive testing, and with a correct diagnosis, 
physicians are able to manage the patients with assurance.

Acknowledgment I am grateful to my collaborators in both clinical and translational studies of 
the disease over the last several years. I am also thankful to the Cleveland Clinic and Stony Brook 
University, where the disease was discovered and has been studied.
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Chapter 13
Systemic Juvenile Idiopathic Arthritis

Ricardo A. G. Russo and María Martha Katsicas

 Introduction

Systemic juvenile idiopathic arthritis (SJIA) is a disease of unknown etiology char-
acterized by arthritis and systemic symptoms such as highly spiking daily fever, 
evanescent skin rash, organomegaly, and serositis. There is evidence that SJIA rep-
resents a diverse group of clinically and genetically distinct illnesses [1]. Due to the 
prominent abnormalities observed in the innate immunity components, dramatic 
response to IL-1 inhibitors, occurrence at very young age, equal frequency among 
males and females, and absence of pathogenic autoantibodies, the disease is consid-
ered to be a complex, polygenic autoinflammatory disorder by many researchers 
[2–5].

In this chapter, pathogenetic mechanisms, clinical features, clues to diagnosis, 
and classification as well as treatment approaches will be discussed.

 Epidemiology

The prevalence of SJIA is 3.5 per 100,000 children, and its incidence ranges between 
0.4 and 0.9 per 100,000 children per year [6, 7]. There is no specific ethnic predilec-
tion; a large number of studies have demonstrated equal distribution between girls and 
boys. While the disease can start at any age before the 16th birthday, its onset more 
common in children below 6 years; the peak age of onset occurs at age 3 years [8, 9]. 
SJIA represents nearly 5–25% of patients with juvenile idiopathic arthritis (JIA) in 
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cohort studies, but this proportion differs in different parts of the world. However, 
SJIA accounts for nearly two-thirds of the total mortality rate in JIA [10, 11].

 Classification

SJIA is classified among the complex autoinflammatory diseases of unknown etiol-
ogy and also as a category of the JIA as defined by the International League of 
Associations for Rheumatology (ILAR) classification criteria [2, 12]. According to 
this set of criteria, classification of SJIA requires the presence of arthritis and a 
documented quotidian fever of at least 2 weeks´ duration, plus one of the following: 
typical rash, generalized lymphadenopathy, enlargement of liver or spleen, or sero-
sitis. The disease spectrum includes both those patients with mild, monocyclic 
forms and those with a severe, destructive course. SJIA is clinically heterogeneous 
and involves patients who exhibit the purely systemic features but never develop 
arthritis (or the joint component appears months or years after the disease onset). 
These patients cannot be classified according to the ILAR criteria but may fit the 
Yamaguchi criteria for adult-onset Still’s disease [13–15].

 Pathogenesis

The pathogenic mechanisms of SJIA are poorly understood. Growing evidence sug-
gests a major disbalance in innate immunity pathways: disturbed proinflammatory 
cytokine expression patterns and inappropriate downregulation of immune activa-
tion are major determinants of the immunological abnormalities of the disease [3].

There is ample evidence supporting the autoinflammatory nature of SJIA, at least 
in its early phases. Expansion and dysfunction of circulating innate immune effector 
cells – neutrophils, monocytes, and natural killer (NK) cells – and increased expres-
sion of proinflammatory molecules and innate immune receptors, as well as lower 
expression of regulatory mediators, are frequently reported and proposed as key 
pathogenic mechanisms of the disease [16–18]. Some authors propose that SJIA 
could evolve in a biphasic fashion, from a disease of predominantly autoinflamma-
tory features in its early stages to one in which interleukin (IL)-17-mediated auto-
immunity may have a role in joint-related outcomes [19–21].

Cytokines Several studies support the predominant pathogenic roles of IL-1β, 
IL-6, and IL-18 in SJIA. Disbalance of IL-10, IL-17, interferon (IFN)-γ, and tumor 
necrosis factor (TNF)-α is also involved [22–24]. Shimizu et al. supported the het-
erogeneity of the disease by describing different plasma cytokine profiles in patients 
with SJIA: an IL-6-dominant group (with predominant arthritic symptoms and good 
response to IL-6 inhibitors) and an IL-1β-/IL-18-dominant group (with mainly 
 systemic symptoms, predisposition to develop macrophage activation syndrome 
[MAS], and good response to IL-1 blockers) [25, 26].
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There is substantial evidence that IL-1β plays a major role in SJIA. Pascual et al. 
not only showed high levels of IL-1β in supernatants of stimulated peripheral blood 
mononuclear cells (PBMCs) of SJIA patients but also demonstrated that serum of 
SJIA patients induced transcription and secretion of IL-1β by healthy PBMCs [22]. 
However, other researchers could not observe the same phenomena [27, 28]. Gene 
expression profiling in PBMCs demonstrates upregulation of components of the 
IL-1, IL-18, and toll-like receptor (TLR) signaling pathways and of components of 
the NLRP3 inflammasome [22, 29, 30]. Moreover, therapeutic benefit of IL-1 block-
ing agents also supports the pathogenic role of IL-1 [22, 31].

IL-18  – another IL-1 family member  – also has a disease-promoting role in 
SJIA. Excessive IL-18 plasma levels reflect disease activity, and they may persist 
even during inactive disease phases [23, 24, 28, 32, 33].

IL-6 is also believed to be a central pathogenic cytokine. Elevated IL-6 levels 
have been demonstrated in synovial fluid as well as in plasma of SJIA patients in 
several studies. Their levels correlated with disease activity and with systemic 
symptoms and laboratory abnormalities (anemia and thrombocytosis) [34–36]. 
Also, IL-6 inhibition through the use of anti-IL-6 receptor-monoclonal antibod-
ies has proven highly efficacious in controlling systemic and arthritic symptoms 
in SJIA [37]. Additionally, there is in  vitro evidence demonstrating a reduced 
inhibition of IL-6 by IL-10 in patients with SJIA as compared to healthy controls 
[38, 39].

Animal models of SJIA endorse the pathogenic role of IL-1β, IL-6, and IL-18 as 
well [40–43]. Finally, while IFNγ levels are not particularly elevated during active 
phases of SJIA, this cytokine seems to be central in the development of MAS [44].

NK Cells NK cell number and function are abnormal at least in a proportion of 
patients with SJIA. Some investigators have found decreased numbers of NK cells 
in whole-blood samples of SJIA patients as compared to patients with other cat-
egories of JIA or healthy controls [45–48]. Grom et al. demonstrated reduced per-
forin expression and suppressed cytolytic activity of NK cells in a number of SJIA 
patients [47]; the same group also showed that a proportion of patients with SJIA 
who have not yet had an episode of MAS exhibit decreased NK cytolytic function 
and absence of circulating CD56bright population [48]. Wulffraat et al. found simi-
lar defects in a group of SJIA patients, and these abnormalities were reversible 
upon autologous stem cell transplantation [49]. Put et al. [50] did not find these 
defects but demonstrated decreased granzyme K expression in CD56bright NK 
cells. These authors also analyzed the gene expression in NK cells and found 
increased expression of components of innate pathways, such as TLR-4 and S100 
proteins, and decreased expression of granzyme K and IL-10 receptor, which have 
immune regulatory properties [50]. It has been proposed that the characteristic 
inflammatory environment of SJIA (with abundant IL-6 and IL-18) alters NK cell 
function leading to decreased NK cell numbers, decreased production of IFNγ, 
perforin and granzyme K, and the simultaneous increased production of proin-
flammatory cytokines [51, 52]. Interestingly, de Jager et  al. found that the 
decreased NK cell responses to IL-18 are associated with decreased phosphoryla-
tion of the IL-18 receptor [53].
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Monocytes/Macrophages Monocytes seem to be a key effector cell in the 
pathogenesis of the disease. Expansion and activation of monocytes in active 
SJIA, likely related to increased monocyte resistance to apoptosis, have been 
clearly demonstrated by Macaubas et al. [54]. Monocytes from SJIA patients 
appear to have a mixed polarization phenotype, with features of both classi-
cally (M1) and alternatively (M2) activated populations [55]. Activated macro-
phages with M1 phenotype are potential sources of proinflammatory cytokines, 
while those with M2 phenotype would be responsible for an anti-inflammatory, 
compensatory, regulatory mechanism during inactive state. According to one 
study, the microRNA miR-125a-5p contributes to regulatory macrophage 
polarization with expression of both inflammatory cytokines and M2-associated 
markers [56].

The predominant role of the innate immune system in SJIA is also demonstrated 
by the uniquely high serum concentrations of products of activated granulocytes 
and monocytes, the proteins S100A8 (or myeloid-related protein [MRP]8) and 
S100A9 (or MRP14) and the neutrophil-derived S100A12, which may act as endog-
enous TLR ligands [57–59].

 Genetics

There are few demonstrated HLA associations with SJIA. A large genome-wide 
association study of SJIA has showed an association with the HLA class II locus, 
consistent with T cell autoimmunity. This study of 988 SJIA patients from different 
regions of the world identified several SJIA-associated risk loci: the MHC locus on 
chromosome 6 (HLA-DRB1*11 was strongly associated with SJIA) and another 
susceptibility locus on the short arm of chromosome 1 (1p36.32) [60]. Another 
study on a smaller sample supported the HLA-DRB1*11 association [61]. On the 
other hand, polymorphisms in non-HLA genes such as TNF, IL-1, IL-6, macro-
phage inhibitory factor (MIF), interferon regulatory factor (IRF) 1, and IL-10 have 
been reported to be associated with the disease [62–69]. Similarly, polymorphisms 
in IRF5 have been associated with susceptibility to MAS [70]. Additional genetic 
abnormalities affecting other components of the innate immune system, such as 
P2X7 (encoding an ATP receptor involved in IL-1 regulation), have also been 
reported [28].

Polymorphisms in the MEFV gene and duplications in the NLRP gene cluster 
have been reported in patients with SJIA [71–73]. The implications of such associa-
tions on the phenotypical expression of SJIA are still unknown.

Several polymorphisms and protein-altering variants in gene coding for proteins 
involved in the cytolytic pathway have been described in patients with SJIA. Variants 
in perforin, LYST, MUNC13–4, and STXBP2 genes may be related to susceptibility 
to develop MAS [16, 74–77].
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Finally, a monogenic, autosomal-recessive form of SJIA has been described in 
six consanguineous families from southern Saudi Arabia and Lebanon. A missense 
mutation in the gene FAMIN (Fatty Acid Metabolism-Immunity Nexus, formerly 
also referred to as LACC1) was found by whole-exome sequencing and confirmed 
by Sanger sequencing in patients with a SJIA-like disease that satisfied ILAR clas-
sification criteria [78, 79].

 Clinical Features

Typical clinical features are fever, arthritis, rash, lymphadenopathy, serositis, and 
hepatosplenomegaly.

Fever Fever is present in 95–98% of patients [8]. In many cases, it may precede the 
onset of arthritis by weeks or months. The fever pattern is typically quotidian, and 
it occurs once or twice daily, more often during the evening. Commonly reaching 
39 °C axillary, temperature exceeding 40,5 °C is rare. Fever is coincident with the 
rash in 80% of patients. The classic fever pattern is only present in 37% of patients; 
morning (12%), bi-daily (15%), intermittent (27%), and unremitting (5%) fever pat-
terns are also observed [8].

Arthritis Arthritis is present at onset in 88% of patients, and it may appear months 
or years after disease onset [8, 80]. The most frequently involved joints at presenta-
tion are wrists, knees, ankles, cervical spine, and hips. The joint pattern is usually 
symmetrical, polyarticular (45%), or oligoarticular (40%), while involvement of a 
single joint is extremely infrequent [7.8]. Synovial cysts are frequent [81]. At least 
40% of patients will show a chronically active arthritic course, and bilateral, destruc-
tive changes in hips and wrists may occur [82].

Rash Nearly 80% of patients exhibit skin rash at onset (Fig. 13.1). Macular pap-
ules are usually salmon pink-colored or erythematous and morbilliform, surrounded 
by a pallor zone; purpuric lesions are not seen and pruritus may accompany in 5% 
of cases. The diameter of the individual lesions usually ranges between 2 and 5 mm, 
also larger, coalescent lesions may occur [7]. Its most distinctive feature is evanes-
cence; it may be coincident with fever and migratory. Sites where rash is most com-
mon are trunk and proximal extremities. Pathology usually demonstrates subdermal, 
perivascular infiltrates of neutrophils and monocytes, accompanied by a marked 
expression of endothelial adhesion molecules. Keratinocytes are activated and 
express MRP 8 and MRP 14 [83].

Lymphadenopathy Generalized lymphadenopathy is observed in 25% of patients 
[6, 8, 82]. It usually consists in mobile nodes on the cervical, axillary, inguinal, 
epithroclear, mesenteric, and mediastinal groups. They may mimic malignances 
like lymphomas; biopsy often reveals reactive changes [84].
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Hepatomegaly/Splenomegaly Splenomegaly has been described in 50% of 
patients, and it is usually evident during active phases. Hepatomegaly does not 
occur as often as splenomegaly, though abnormal liver enzymes may be observed 
irrespective of the presence of hepatomegaly. Liver biopsy usually exhibits peri-
portal infiltrates. Hepatosplenomegaly may be the initial sign of MAS or amyloi-
dosis [82].

Serositis Pericarditis is the most common form of serositis, and it can be detected 
in nearly 10–15% patients; pleuritis and peritonitis are rare [11].

Less frequent manifestations are aseptic meningitis, pseudotumor cerebri, 
encephalopathy and CNS hemorrhage (as part of MAS), myocarditis, endocarditis, 
congestive heart failure, coronary artery dilatation, pulmonary artery hypertension, 
interstitial lung disease, lipoid pneumonia, orbital tenosynovitis (Brown’s 
Syndrome), uveitis, glomerulonephritis, and nasal septal perforation [85–90].

Radiological Features Radiographic changes are not specific. Early changes 
include soft tissue involvement and juxta-articular osteoporosis. Abnormalities in 
the development and maturation of ossification centers, joint space narrowing due 
to cartilage damage, bony erosions, and growth abnormalities usually appear later 
during the disease course. Joint damage is more frequent in the hips, wrists, tem-
poromandibular joints, and cervical spine [91, 92]. A meaningful proportion of 
patients with SJIA develop joint damage within 2 years, while 75% of patients show 

Fig. 13.1 Erythematous, salmon-pink colored, morbilliform rash in a 3-year-old patient with 
active systemic juvenile idiopathic arthritis
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radiographic damage at 5 years after diagnosis [93, 94]. Rapid progression can be 
observed despite aggressive treatment, particularly in the hips [95].

 Complications

Macrophage Activation Syndrome MAS, a form of secondary or reactive hemo-
phagocytic lymphohistiocytosis, is a serious complication of SJIA, and it is associ-
ated with a mortality rate approaching 10–20% [96, 97]. Even though MAS may 
develop during active SJIA in the absence of a recognizable trigger, different factors 
such as infections (remarkably EBV-related) or changes in therapy have been asso-
ciated to its onset [97–99]. The syndrome occurs in 5–20% of SJIA patients, but this 
proportion may reach 50% if cases of subclinical MAS are included [96]. MAS 
represents the most severe end of a continuous clinical spectrum of disease activity 
in SJIA. Its hallmark is an uncontrolled dysfunctional immune response with mas-
sive expansion of T lymphocytes and macrophage populations leading to marked 
hypercytokinemia and multiorgan failure [100]. The syndrome may develop either 
abruptly or progressively over the course of several days; clinical suspicion and 
timely diagnosis should occur before the full-blown picture is overt and chances of 
organ failure increase (Table 13.1). Typical features are continuous fever (as opposed 
to the intermittent fever occurring during active SJIA), fixed rash that may include 
petechiae or purpura, encephalopathy, hepatosplenomegaly, and a paradoxical 
improvement in the joint symptoms. Laboratory abnormalities include  pancytopenia 

Table 13.1 Clinical features and laboratory abnormalities during active systemic juvenile 
idiopathic arthritis (SJIA), transition to macrophage activation syndrome, and macrophage 
activation syndrome (MAS)

Feature SJIA Transition MAS

Skin rash Evanescent Mixed Fixed
Arthritis ++ + +/−
Lymphadenopathy ++ +++ ++++
Hepatosplenomegaly ++ +++ ++++
Edema − + ++
Fever Intermittent Continuous Continuous
Neurologic symptoms − +/− +
Hemorrhage − Petechiae ++
Anemia ++ ++ +++
WBC ↑↑ Normal Normal or ↓
Platelet count ↑↑↑ Normal Normal or ↓
ESR ↑↑↑ Normal Normal
Ferritin ↑ ↑↑ ↑↑↑
LDH Normal or ↑ ↑ ↑↑
Fibrinogen ↑↑ Normal or ↓ ↓↓
AST Normal or ↑ ↑ ↑↑
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(or decreasing white blood cell and platelet counts), elevated liver enzymes, coagu-
lopathy, hyperferritinemia, hypertriglyceridemia, normal or falling erythrocyte sed-
imentation rate (ESR), hypofibrinogenemia, elevated D-dimers, reduced NK-cell 
numbers and cytotoxic activity, and increased serum sCD25 (or interleukin-2 recep-
tor α-chain) [97, 101]. Recently, classification criteria for SJIA-associated MAS 
were developed by an international panel of experts [102] (Table 13.2). Evidence of 
hemophagocytosis is commonly found in bone marrow aspirates, but it is not a 
mandatory criterion for diagnosis [103].

Growth Delay Growth delay is associated to active disease, corticosteroids treat-
ment, and poor nutrition. Catch up growth is incomplete in 30% and mean final 
height is −2 SD [92, 104].

Amyloidosis Amyloidosis is a rare complication. It typically occurs late in patients 
with persistent active disease and elevated levels of serum amyloid-A (SAA) and 
other inflammatory proteins [72, 105]. Lately, the use of efficacious biologic agents 
has led to better control of inflammation and a dramatic decrease in the frequency 
of this complication [106].

Osteoporosis Longer disease duration, persistent inflammatory activity, use of 
corticosteroids, biologic action of proinflammatory cytokines, muscle atrophy, and 
sedentarism predispose SJIA patients to osteoporosis. Vertebral fractures are fre-
quent, while bone mineral density catch up is usually incomplete [107–110].

 Laboratory Examination and Biomarkers

Laboratory findings reflect systemic inflammation during active phases. There are 
no specific tests, but typically high C-reactive protein and ESR, leukocytosis with 
neutrophilia, marked thrombocytosis, and microcytic anemia are present during 

Table 13.2 Classification criteria for SJIA-associated macrophage activation syndrome

A febrile patient with known or suspected SJIA is classified as having MAS if the following 
criteria are met
Criteria Required value
Ferritin >684 ng/ml
And any two of the following
Platelet count <181 × 109/liter
Aspartate aminotransferase >45 units/liter
Triglycerides >156 mg/dl
Fibrinogen ≤360 mg/dl

From Ravelli et al. [102]
Laboratory abnormalities should not be otherwise explained by the patient’s condition, such as 
concomitant immune-mediated thrombocytopenia, infectious hepatitis, visceral leishmaniasis, or 
familial hyperlipidemia
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active phases. Autoantibodies are absent, and complement levels may be normal or 
elevated.

Serum biomarkers that reflect disease activity include ferritin, S100A8, S100A9 
(or the S100A8/S100A9 complex, calprotectin), and S100A12. The serum levels of 
these proteins are significantly higher in patients with SJIA than in patients with 
confounding conditions (such as Kawasaki disease [KD] or infections) and correlate 
well -and early- with disease activity and response to treatment, which has led some 
investigators to propose them as predictors of relapses [58, 111–115]. Increased 
transaminase levels, abnormal coagulation screen, a fall in fibrinogen and platelet 
count, and increasing serum ferritin levels may precede the onset of MAS [101]. 
Serum levels of soluble CD163 and sCD25 (markers of activation and expansion of 
macrophages and T cells, respectively) may aid with the diagnosis of MAS and 
assessment of treatment response [116].

Other proposed biomarkers of disease activity are serum follistatin-like protein 
1 (FSTL-1), IL-18, and SAA [117–120]. Interestingly, SAA levels may persist 
elevated during inactive phases, probably revealing subclinical ongoing inflam-
mation. Additionally, plasma and urine proteomic profiling may exhibit a “signa-
ture” associated to the active phases of the disease [121–123]. One study 
demonstrated that programmed death ligand-1 (PD-L1) expression on monocytes 
was significantly lower in SJIA than in patients with febrile illnesses such as 
infections or KD [115]. Finally, gene expression analysis may discriminate 
between active and inactive phases and provide additional predictors of flares or 
MAS [16].

 Diagnosis: Differential Diagnosis

Diagnosis is made on the basis of clinical features and exclusion of infections, 
malignances, autoimmune diseases, and monogenic autoinflammatory syndromes 
[8]. Although serum levels of MRP proteins or IL-18 may support the clinical sus-
picion, there are no specific biomarkers that allow the differentiation of the disease 
from other conditions or JIA categories [112, 124]. The spectrum of clinical mani-
festations is wide and may overlap with those that are common in other febrile dis-
eases of childhood (Table 13.3). Children with SJIA may fulfill criteria for KD at 
presentation. It has been estimated that 0.2% of patients with a diagnosis of KD will 
later be diagnosed as SJIA. Features suggestive of SJIA are MAS, an incomplete 
KD phenotype, and persistence of arthritis [90].

 Treatment

The optimal management of SJIA requires a multidisciplinary team that includes, 
but is not limited to, pediatric rheumatologists, nurses, physiotherapists, occupa-
tional therapists, social workers, and psychologists.
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Corticosteroids The initial pharmacological therapy consists in nonsteroidal anti- 
inflammatory drugs supplemented with corticosteroids in variable amounts accord-
ing to the severity of the disease [125], but the more ample availability of anti-IL-1 
agents has led some groups to use the IL-1R antagonist, anakinra (ANK) very early 
during the disease course, even before or instead of the prescription of corticoste-
roids [126–129]. Indications for the use of steroids are presence of anemia, myocar-
ditis, pericarditis, pleuritis, peritonitis, and MAS.  Recommendations for steroid 
dosing and tapering have been developed [130]. Pulse methylprednisolone may be 
useful in certain circumstances, such as MAS.

DMARDs Traditional disease-modifying agents have not demonstrated con-
sistent efficacy in SJIA. Methotrexate may be effective in patients with no sys-
temic features, although it is not as effective as in other forms of JIA [131]. 

Table 13.3 Differential diagnosis in SJIA

Confounding disease Clinical features

Infections
Bacterial endocarditis Heart murmurs, low-grade fever
Acute rheumatic fever Migratory polyarthritis, carditis, chorea
Cat scratch disease Lymphadenopathy, arthritis
Lyme disease Arthritis, erythema migrans
Brucellosis Arthritis, rash, visceromegaly
Mycoplasma Arthritis, rash
Leishmaniasis Arthritis, rash, visceromegaly
Parvovirus Arthritis, fixed rash
Malignancy
Acute lymphoblastic leukemia Arthritis, usually periarthritis or 

pseudoarthritis, and bone pain
Lymphoma Lymphadenopathy, visceromegaly
Rheumatic Diseases
Systemic lupus erythematosus Rash, arthritis, low-grade fever, 

lymphadenopathy, nephritis
Polyarteritis nodosa Arthralgia/arthritis, nodules, fever
Kawasaki disease Conjunctivitis, cracked lips, rash, fever, 

edema
Autoinflammatory Syndromes
Familial Mediterranean fever Abdominal pain, arthralgia, fever
Mevalonate kinase deficiency Arthritis, visceromegaly, rash
Periodic fever, aphthous stomatitis, pharyngitis, 
and adenitis (PFAPA)

Aphthous stomatitis, pharyngitis, fever

TNF receptor-associated periodic syndrome 
(TRAPS)

Conjunctivitis, rash, arthritis, fever, fasciitis

Cryopyrin-associated periodic syndrome 
(CAPS)

Rash, arthralgia, fever, hearing loss

Blau’s syndrome Arthritis, ichthyosiform rash, uveitis
Familial HLH Rash, fever, visceromegaly, recurrent MAS
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Thalidomide and atorvastatin have been modestly effective in small series or 
single, refractory cases [132, 133].

Biologics The use of biologic agents has dramatically changed the outcome of 
SJIA patients (Table 13.4). The first biologic agents that were approved for the treat-
ment of JIA have been used for the treatment of SJIA with conflicting results. SJIA 
patients with systemic features were excluded from the pivotal clinical trials of anti- 
TNF agents and abatacept in JIA [134–136], and they have usually failed to show 
sustained efficacy in children with SJIA in routine clinical practice, especially in 
patients with active systemic features [137–142]. However, these agents might be 

Table 13.4 Effective biologic agents in systemic juvenile idiopathic arthritis

Agent Molecule
Mechanism 
of action Half-life Dosing Route References

Etanercepta IgG1Fc/TNF 
receptor p75 
fusion protein

Inhibition of 
TNFα and 
TNFβ

4 days 0.4 mg/kg (up 
to 1 mg /kg) 
twice weekly or 
up to 50 mg 
once weekly

SQ [134]

Adalimumaba Human 
anti-TNFα 
monoclonal 
antibody

Inhibition of 
TNFα

15–
19 days

BW ≤ 30 kg: 
20 mg every 
14 days. 
BW > 30 kg: 
40 mg every 
14 days

SQ [136]

Abatacepta IgG1Fc/
CTLA-4 
fusion protein

Inhibition of 
T cell 
activation

14 days 10 mg/kg every 
28 days

IV
(SQ)b

[135]

Anakinra IL-1 receptor 
antagonist

Inhibition of 
IL-1α and 
IL-1β

4–6 hours 2–4 mg/kg (up 
to 100 mg) 
daily

SQ [28, 126, 
127, 129, 
144–150, 
152, 153, 
168]

Canakinumab Human 
anti-IL-1β 
monoclonal 
antibody

Inhibition of 
IL-1β

26 days 4 mg/kg every 
28 days

SQ [31, 154, 
155]

Rilonacept IgG1Fc/IL-1 
receptor 
fusion protein

Inhibition of 
IL-1α and 
IL-1β

7 days Loading: 
4.4 mg/kg; 
maintenance 
2.2 mg/kg once 
weekly

SQ [156, 157]

Tocilizumab Humanized 
anti-IL-6 
receptor 
monoclonal 
antibody

Inhibition of 
IL-6 through 
blockade of 
IL-6R and 
sIL-6R

8 days BW ≤ 30 kg: 
12 mg/kg every 
14 days. 
BW > 30 kg: 
8 mg/kg every 
14 days

IV
(SQ)b

[37, 
158–160]

aIn patients without systemic features
bIn clinical trials

13 Systemic Juvenile Idiopathic Arthritis



180

useful in patients without systemic features or during the late, predominantly 
arthritic phases of the disease [143].

Several observational studies and clinical trials have shown efficacy and safety of 
ANK in the treatment of SJIA, at least in the first year of therapy [144–150]. Most 
studies have demonstrated that ANK is effective in suppressing systemic signs more 
than joint inflammation. Gattorno et al. showed that SJIA patients can be divided into 
two different groups according to their response to ANK: good responders (about 
40% of treated patients) and incomplete or nonresponders [28]. In a French multi-
center, randomized, double-blind, placebo-controlled trial, ANK demonstrated rapid 
efficacy in 8 of 12 SJIA patients during the double-blind phase of the trial, while 7 
out of 16 patients reached 30% improvement in a composite score (ACR 30) during 
the12-month-long, open-label, extension phase [151]. Interestingly, one patient was 
diagnosed with Crohn’s disease after receiving ANK during the trial [149]. 
Observational, non-controlled, retrospective, and prospective studies have shown 
that ANK (both in combination with steroids and DMARDs and alone) is effective as 
a first-line therapy, is associated with rapid resolution of systemic symptoms, and 
could probably alter the course of SJIA [126, 127, 129]. Interestingly, treatment with 
ANK has been demonstrated to induce normalization of soluble inflammatory mark-
ers as well as gene expression abnormalities [29, 126, 149]. Besides, ANK has 
showed efficacy in the treatment of SJIA-associated MAS [152]. Toxicity has been 
reported in several cases: infections, severe skin reaction at the injection site, and 
hepatitis (or subtle MAS) have occurred in several patients [147, 153].

Canakinumab (CNK), an anti-IL-1 monoclonal antibody, was rapidly effective in 
a preliminary, phase II, multicenter, open-label, dosage-escalation study involving 
24 children [154]. CNK was more effective in children with fewer swollen joints. A 
larger phase III trial including 177 SJIA patients with active systemic symptoms 
demonstrated its rapid efficacy in the vast majority of treated children, allowing 
dose reduction or discontinuation of corticosteroids [31]. After 15 days of treat-
ment, ACR30 was achieved by 84% of patients on CNK, and inactive disease state 
was observed in 33%. At the end of the withdrawal phase, 62% of CNK-treated 
patients and 34% of patients in the placebo group had inactive disease. The agent 
was well tolerated, but MAS occurred in seven patients. Additionally, CNK therapy 
proved to induce downregulation of innate immune response genes in SJIA patients 
[155].

Rilonacept (RLN), an anti-IL-1 soluble decoy receptor protein, was tested in a 
controlled clinical trial where no significant differences in efficacy between the 
RLN- and the placebo-treated patients were observed in the double-blind phase, but 
fever and rash subsided during the open-label phase [156]. Another trial involving 
71 SJIA patients with a long-standing disease and paucity of systemic features dem-
onstrated that shorter time to response occurred in the RLN arm as compared to the 
placebo arm. Liver enzyme elevation and MAS were among the reported severe 
adverse events [157].

Tocilizumab (TCZ), a humanized anti-IL-6 receptor monoclonal antibody, 
showed marked efficacy and safety in a double-blind, placebo-controlled, with-
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drawal, phase III trial enrolling 56 patients [37]. ACR 30, 50, and 70 responses were 
achieved by 91%, 86%, and 68% patients, respectively, at the end of the open-label 
phase of the study. These results were confirmed in a larger trial involving 112 
patients [158]. Of interest, TCZ allowed improved growth and normalization of 
insulin-like growth factor 1 (IGF-1) in the majority of these patients [159]. One 
surveillance study on TCZ performed in Japan demonstrated a more frequent occur-
rence of MAS and serious infusion-related adverse in routine clinical practice than 
in clinical trials [160].

ANK, CNK, and TCZ have been included in recently developed clinical practice 
recommendations and treatment plans [128, 161, 162]. Patients whose disease is 
refractory to IL-1 therapies may respond to IL-6 inhibitors and vice versa [163]. 
Some anecdotal reports show that combination biological therapy may be success-
ful in the treatment of refractory cases [164, 165].

Although its use has decreased since the advent of effective biologic agents, 
autologous stem cell transplantation represented an option for severe, refractory 
cases of SJIA during the 1990s, when anti-IL-1 and anti-IL-6 therapies were not 
available. However, high morbidity and mortality (due to MAS or infections) pro-
gressively led to the abandoning of this therapeutic procedure, which is now reserved 
for patients whose disease is refractory to conventional and biologic therapies [166].

Finally, MAS requires a rapid and intense treatment. The combination of high- 
dose intravenous corticosteroid pulses and cyclosporine has showed efficacy [167]. 
Noteworthy, early addition of ANK at higher doses has been effective in several 
published cases [168].

 Disease Course and Outcome

Classically, the disease course pattern of SJIA is classified into monocyclic (a single 
phase lasting up to 24 months), polycyclic (disease flares separated by months or 
years of inactive disease), or persistent (chronic persistent arthritis requiring treat-
ment often into adulthood) [169, 170]. According to published series, these courses 
have variable frequencies: monocyclic 11–45%, polycyclic 7–35%, and persistent 
51–55% [169, 171]. Similarly, the disease may show persistent active systemic fea-
tures (“systemic” course) or it may progress into an exclusively arthritic disease 
(“polyarticular” course) after the initial months or years. However, flares that 
include active systemic symptoms may occur, even after years of remission or 
purely arthritic involvement. Patients with very early onset (before age 18 months) 
are characterized by a serious and aggressive disease course [9].

Disability is proportional to the disease duration and affects a greater proportion 
of patients with longer follow-up [94, 105, 172]. Predictive factors for poor func-
tional capacity and/or joint damage are persistently active systemic features, use of 
corticosteroids and thrombocytosis at 6 months after onset, male sex, polyarticular 
involvement, cervical and hip involvement, and younger age at onset [92, 173–179]. 
The general outcome is variable, ranging from very good in the monocyclic course 
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to a more serious, progressive disease carrying considerable morbidity and mortal-
ity in the persistently active disease. However, nowadays clinically inactive disease 
and sustained remission are attainable in a significant proportion of cases 
[180–182].

 Conclusion

Systemic-onset juvenile idiopathic arthritis is a polygenic autoinflammatory disease 
or diverse group of clinically and genetically distinct illnesses, in which innate 
immunity components drive the inflammatory response and create a multiorganic 
inflammatory scenario frequently leading to chronic synovitis and extra-articular 
manifestations. Spiking daily fever, evanescent skin rash, organomegaly, and sero-
sitis are the clinical hallmarks of the active phases of the disease, often evolving into 
the severe MAS. Dramatic response to IL-1 and IL-6 inhibitors occurs in a high 
proportion of patients, who may reach inactive disease or even clinical remission 
status.
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Chapter 14
Macrophage Activation Syndrome (MAS)

Bella Mehta and Petros Efthimiou

 Introduction

Macrophage activation syndrome (MAS), sometimes referred to as “cytokine 
storm,” is a life-threatening condition and a catastrophic complication of adult- 
onset Still’s disease (AOSD), systemic juvenile idiopathic arthritis (SJIA), systemic 
lupus erythematosus, or other autoimmune or autoinflammatory diseases [1–8]. In 
AOSD it has a mortality rate between 10% and 22% [9–11]. MAS is considered a 
subtype of hemophagocytic lymphohistiocytosis (HLH) when the clinical syndrome 
is associated with rheumatologic disorders. The syndrome of HLH is characterized 
by acute fever, hepatosplenomegaly, lymphadenopathy, pancytopenia, and extremely 
elevated levels of serum ferritin, triglycerides, and liver enzymes while being asso-
ciated with a paradoxically low ESR.

 Classification

HLH is classified as primary or secondary to triggering factors [12–14]. Primary 
HLH occurs in the setting of genetic disorders, such as autosomal recessive familial 
HLH (FHL) and familial erythrophagocytic lymphohistiocytosis, with multiple 
causal genes identified [15, 16]. Secondary HLH is associated with underlying 
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conditions, such as viral infections (29%), non-viral infections (20%), malignancies 
(27%), rheumatologic disorders (referred to as MAS) (7%), or immunodeficiency 
syndromes (6%) [1]. Viral infections include EBV, cytomegalovirus, parvovirus 
B19, human immunodeficiency virus (HIV), and human herpes virus 6. The most 
common malignancies that are associated with secondary HLH are the lymphomas 
(lymphoma-associated hemophagocytic syndrome, LAHS) [17, 18].

 Cellular Pathology

On a cellular level, HLH/MAS is characterized by defective cytotoxic cell function 
coupled with unbridled macrophage activation and cytokine secretion, with the end 
result being cellular and organ damage. Several pro-inflammatory cytokines includ-
ing interferon γ (INF-γ); interleukin (IL)-6, IL-8, IL-10, IL-12, and IL-18; tumor 
necrosis factor a (TNF-a); and macrophage inflammatory protein (MIP 1-a) are 
elevated in HLH/MAS [2, 18–23]. NK cells directly destroy damaged or infected 
cells, independent of the major histocompatibility complex (MHC) [24]. Therefore, 
the combination of a cytokine storm together with uncontrolled hemophagocytosis 
is established in a vicious cycle of self-perpetuating, feed-forward, unopposed 
inflammation [25, 26]. Severe IL-18/IL-18BP imbalance results in Th-1 lympho-
cyte and macrophage activation, which escapes control by NK cell cytotoxicity and 
may allow for the development of MAS [27].

Studies demonstrate that the amount of hemophagocytosis in the bone marrow of 
suspected HLH /MAS patients does not reliably correlate with disease probability 
[28–30]. Therefore, some experts consider extreme inflammation, rather than exten-
sive hemophagocytosis, as the key cellular pathology of HLH/MAS [31]. An uncon-
firmed theory claimed that a state of immunodeficiency, induced by treatment of 
rheumatologic conditions, could reactivate latent viruses, such as Epstein-Barr 
virus, which could potentially lead to MAS [32]. However, MAS can be seen in the 
absence of immunomodulatory treatments. There is also a possibility that certain 
therapeutic agents, such as sulfasalazine, may be capable of provoking MAS [33].

 Clinical Features

Most patients with HLH/MAS are acutely ill when they are diagnosed, typically with 
multiple organs affected. Since the definitive genetic expression profiles of peripheral 
blood mononuclear cells may not be readily available and can delay diagnosis, several 
attempts have been made to solve this diagnostic challenge [6, 34]. The most widely 
used diagnostic criteria for HLH were described by Henter et al. [35]. The diagnosis 
is established by either molecular diagnosis of HLH (e.g., pathologic mutations of 
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PRF1, UNC13D, or STX11) or fulfillment of five out of eight criteria: (1) fever; (2) 
splenomegaly; (3) cytopenias (affecting at least two of three lineages in the peripheral 
blood); (4) hypertriglyceridemia (fasting, ≥265 mg/100 ml) and/or hypofibrinogen-
emia (≤150 mg/100 ml); (5) hemophagocytosis in BM, spleen, or lymph nodes; (6) 
low or absent NK cell activity; (7) ferritin ≥500 ng/ml; and (8) soluble CD25 (i.e, 
soluble IL-2 receptor) >2400 U/ml (or per local reference laboratory) [36]. Although 
these criteria use ferritin >500 ng/mL, many experts view ferritin >3000 ng/mL (some 
use a cutoff of 2000 ng/mL) as concerning for HLH/MAS and ferritin >10,000 as 
highly suspicious [37].

There are no established definitive diagnostic criteria for MAS; however, a pre-
liminary diagnostic guideline for MAS complicating SJIA based on retrospective 
laboratory and clinical criteria is published [13]. The presence of any two or more 
of the laboratory or clinical criteria was found to be highly suggestive of MAS in 
patients with SJIA (Table 14.1) [13]. A bone marrow aspirate for the demonstration 
of hemophagocytosis may be required only in doubtful cases. These guidelines are 
limited by the non-specific nature of some of the laboratory criteria in the setting of 
autoimmune disease and by their omission of biopsy proven hemophagocytosis in 
the liver, lymph nodes, and spleen sites where hemophagocytosis is more frequently 
demonstrated at early stages of the syndrome than the bone marrow. Furthermore, 
given the retrospective nature of the study, these are not established guidelines and 
require further validation.

 Association of Viral Infections with HLH and Malignancy

There is a complex relationship between viral infections, autoimmune diseases, 
HLH/MAS, and malignancy (Fig. 14.1). Some case reports suggest that activation 
of viruses like HHV8 and EBV in the setting of HLH lead to lymphoma [38]. EBV, 

Table 14.1 Preliminary diagnostic guidelines for macrophage activation system complicating 
systemic juvenile idiopathic arthritis

Diagnostic criteria: Any two or more laboratory criteria or of any two or three or more clinical 
and/or laboratory criteria
Laboratory criteria Clinical criteria
Decreased platelet count (≤262 × 109/L) Central nervous system dysfunction (irritability, 

disorientation, lethargy, headache, seizures, coma)
Elevated levels of aspartate 
aminotransferase (>59 U/L)

Hemorrhages (purpura, easy bruising, mucosal 
bleeding)

Decreased white blood cell count 
(≤4.0 × 109/L)

Hepatomegaly (≥3 cm below the costal arch)

Hypofibrinogenemia (≤2.5 g/L)

Modified from Ravelli et al. [13]
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also called human herpes virus 4 (HHV-4) has been the most consistently reported 
virus associated with HLH [39–43]. It may be the cause or effect of patients with 
rheumatologic diseases on immunosuppressive therapy [44].

EBV reactivation in immunosuppressed and HIV patients has been shown to 
trigger HLH [45]. No single sub-strain of EBV has been identified as particularly 
associated with HLH as of yet [46].

Moreover, EBV is known to reactivate in immunosuppressed states and may 
have a causal association with malignancy [47]. There are several reports that HIV 
is associated with HLH [48, 49]. HHV8 has been shown to be associated with lym-
phomas [50–52]. Immunosuppressive medications like tocilizumab (IL-6 inhibitor) 
have been associated with MAS in patients with autoimmune diseases [32]. Anakinra 
(IL-1 inhibitor) was not associated with increased risk of lymphoma, and there have 
been no reports of EBV activation [53]. In the pediatric literature, there have been 
reports of anakinra use being associated with HLH [54, 55]. It is known that lym-
phomas are associated with HLH [56–58]. There is the argument that reports of 
immunomodulators used for autoinflammatory diseases, such as SJIA/AOSD, being 
associated with MAS development do not take into consideration the level of the 
underlying disease activity and the inflammatory response, which is a lot higher in 
MAS. The same treatments, albeit in much higher doses, have been reported to be 
effective in MAS cases.

Autoimmune and Autoinflammatory 
Diseases and immunosuppression

Mainly systemic juvenile idiopathic 
arthritis, Adult Onset Stills Disease, 
Lupus. 

Malignancy – Mainly
Lymphoma.

Infections – Mainly
Viral eg – EBV,
HHV8, HIV.

Macrophage
activating Syndrome/
Hemophagocytic
lymphohistiocytosis

Fig. 14.1 Complex associations – macrophage activation syndrome and hemophagocytic lympho-
histiocytosis syndrome
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 Treatment

The mainstay treatment of MAS/HLH is control of hyperinflammation, and in cases 
where the trigger is known, elimination is necessary along with supportive therapy. 
Janka et al. detailed the principles as the Table 14.2 [59]. Pulse steroids could be 
considered the most important treatment for MAS/HLH. Addition of another agent 
can be used for steroid sparing. Chemotherapeutic regimens include etoposide, 
cyclosporin A (CSA), immunoglobulins, and anti-thymocyte globulin. Targeted 
biologic response modulators (BRMs) are used particularly when suspected under-
lying rheumatologic disease as the cause of HLH/MAS.

BRMs include IL-1 inhibitors, anti-TNF agents, anti-CD-52, and rituximab.
Anakinra blocks the biologic activity of naturally occurring IL-1, by competi-

tively inhibiting the binding of IL-1 to the interleukin-1 type receptor, which is 
expressed in many tissues and organs. Anakinra has dramatically benefitted in 
patients with MAS [60, 61].

Canakinumab is a human monoclonal antibody targeted at IL-1β. Theoretically 
patients responding to anakinra should respond to canakinumab however that may 
not be the case as per some reports [62].

Anti-TNF agents in some cases have showed promising response in the initial 
stages [63, 64]. However a lot of cases of MAS are described in patients on anti- 
TNFs also a few where MAS worsened when anti-TNFs were given [65–67]. Thus, 
anti-TNFs are not a recommended treatment option. Alemtuzumab, an antibody 
against CD52 that is present not only on T cells but also on histiocytes, has been 
shown to be beneficial in patients with refractory HLH [68].

Table 14.2 Treatment principles

First-line medication Corticosteroids – usually high doses of
Suppression of hyperinflammation 
(immunosuppression or immunomodulation)

IV immunoglobulins, cyclosporin A, anticytokine 
agents

Removal of cytokines Plasmapheresis
Elimination of infectious trigger Anti-infection therapy (antibiotics, antifungals, 

etc.)
Elimination of autoimmune/
autoinflammatory trigger

Biologic response modulators (BRMs) mainly IL 
1 blockade – anakinra

Supportive therapy (neutropenia, 
coagulopathy)

Blood products, coagulation factors, granulocyte 
stimulation factor

Removal of activated immune cells and 
(infected) antigen-presenting cells

Corticosteroids, etoposide, T cell antibodies 
(anti-thymocyte globulin, alemtuzumab), 
rituximab

Replacement of defective immune system Hematopoietic stem cell transplant

Derived from Janka et al. [59]
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Rituximab, an anti-CD20 antibody that depletes B lymphocytes, has been suc-
cessfully used in EBV-induced lymphoproliferative disease and could be considered 
in EBV-driven MAS/HLH [69, 70].

Quantitative determination of EBV genome copy numbers in peripheral blood 
may be useful in predicting prognosis and effectiveness of therapy [71, 72].

Etoposide forms a ternary complex with DNA and the topoisomerase II enzyme 
(which aids in DNA unwinding), prevents religation of the DNA strands, and by 
doing so causes DNA strands to break. Etoposide appears to interfere with EBV- 
induced lymphocyte transformation and suppresses formation of EBV nuclear anti-
gen. In more serious or resistant cases of EBV-associated HLH, etoposide is 
particularly helpful [73].

Cyclosporin A (CSA) inhibits calcineurin, which, under normal circumstances, 
is responsible for activating the transcription of interleukin 2. CSA likely inhibits 
the cytokine storm of MAS/HLH.

A pulse of high-dose corticosteroids with or without CSA is effective in most 
patients. Early introduction of etoposide improved survival [74].

In patients with severe kidney and liver disease, anti-thymocyte globulin (ATG) 
might be a safer alternative to etoposide [75, 76]. ATG depletes both CD4þ and 
CD8þ T cells through complement-dependent cell lysis thus effective however is 
associated with infusion reactions [77]. Plasma exchange, a historical treatment for 
removal of cytokines, may still be of use for patients who do not respond to standard 
treatment or to buy time until other therapies reach therapeutic effect [78, 79]. 
Definitive treatment with bone marrow transplant has been proposed [80]. Early 
recognition and prompt treatment initiation is the key to treatment.
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Chapter 15
Schnitzler Syndrome

Paolo Sfriso and Paola Galozzi

The Schnitzler syndrome is a late-onset autoinflammatory disease firstly reported in 
1972 by Liliane Schnitzler, a French dermatologist [1]. Its main clinical features are 
neutrophilic urticarial rash, lymphadenopathy, arthralgia, bone pain, fatigue and 
systemic inflammatory response [2]. It is associated with a monoclonal gammopa-
thy, typically of immunoglobulin M (IgM) type but sometimes of immunoglobulin 
G (IgG) type [3]. Schnitzler syndrome patients may also develop an inflammatory 
anaemia and AA amyloidosis, if untreated, and about 20% can evolve in a lympho-
proliferative disorder. Treatment of the Schnitzler syndrome is based on IL-1 block-
ing agents, even though the disease reappears as soon as treatment is stopped [4].

 Epidemiology

Schnitzler syndrome is a rare acquired autoinflammatory disorder. Prevalence is 
unknown; however, it is likely to be an underdiagnosed condition with about 300 
cases reported in literature so far. During the 1970s to early 1990s, Schnitzler 
syndrome was reported solely in Western European countries, especially in 
France, presumably due to a better knowledge of this entity. In the last decades, 
however, cases have been reported in countries all over the world, without ethnic 
prevalence [5].

The Schnitzler syndrome has a slight male predominance and is basically a 
disease of middle-aged adults. Few cases have been reported with onset before age 
of 35 [6].
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 Pathogenesis

The pathogenesis of the Schnitzler syndrome is not completely understood. Many 
features indicate that it is an acquired autoinflammatory disorder [7]. The Schnitzler 
syndrome shares many features with genetically determined autoinflammatory syn-
dromes, as the recurrent fever of unknown cause, the peculiar eruption very similar 
to the one observed in cryopyrinopathies (CINCA/NOMID syndrome, Muckle- 
Wells syndrome and FCAS), a significant increase of neutrophils in blood and tis-
sues and an increased interleukin (IL)-1β production in LPS-stimulated peripheral 
blood monocytes [8]. Recently, Noster et al. demonstrated that systemic overpro-
duction of IL-1β in the Schnitzler syndrome results in a decreased ability of anti- 
inflammatory T-helper (Th)17 cells to produce IL-10 once stimulated [9]. IL-1β 
blocking therapy seems to restore the regulatory properties of Th17. Furthermore, 
the spectacular response to the IL-1 inhibitor agents within hours after the first 
injection suggests a direct pathogenic effect of IL-1.

A genetic predisposition involving an activating mutation in the NLRP3 
(nucleotide- binding oligomerization domain-leucine-rich repeats containing pyrin 
domain 3) gene, the same gene involved in CAPS, has been reported in Schnitzler 
syndrome patients. Using targeted deep resequencing of the NLRP3 gene, de Koning 
et al. identified 2 out of 11 patients as NLRP3 mosaics. The authors suggested that 
Schnitzler syndrome can be caused by mosaic mutations in the NLRP3 gene in 
myeloid cells that drive inflammation. Mosaicism explains the later onset of the 
disease and a slightly different phenotypic spectrum from patients with germline 
mutations [10].

The role of the monoclonal IgM component in the pathogenesis of the Schnitzler 
syndrome remains unclear. It is still not known if IgM is the cause or the conse-
quence of the disease: it could be a natural proliferation or the result of a continuous 
antigenic stimulation or could directly act in a particular biological activity. 
Interestingly, a few cases of Schnitzler’s syndrome without monoclonal gammopa-
thy have been reported [11, 12].

 Clinical Manifestations

The first clinical signs of the Schnitzler syndrome are generally urticarial rash, 
mainly associated with recurrent fever or joint pain (Table 15.1).

The recurrent rash is present mostly on the trunk and limbs. The eruption con-
sists of rose pale or red macules or slightly raised papules and plaques (Fig. 15.1). 
The frequency of flares is variable from patient to patient, lasts less than 24 h and is 
usually moderately itchy. Oedematous swelling of the face (angioedema) is very 
rare, and significant mucosal swelling with dyspnoea and/or dysphonia is excep-
tional. The rash can be exacerbated by heat/cold exposure, alcohol consumption, 
stress or physical exercise.
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A biopsy of a typical plaque at a relatively early stage shows a neutrophilic der-
mal infiltrate with variable density. The histopathological findings are important for 
the diagnosis. The epidermis is usually normal. There are no vasculitis and no sig-
nificant dermal oedema but a perivascular and interstitial infiltrate of neutrophils 
with leucocytoclasia. Clustering of neutrophils around sweat glands can be found. 
Vasculitis has been reported in up to 20% of patients, but it might be overestimated 
as reported by Lipsker that reviewed some published pictures without seen fibrinoid 
necrosis of vessel wall [7]. Immunofluorescence and immunoelectron microscopic 

Table 15.1 Clinical and biological findings in patients with Schnitzler syndrome

Clinical findings Biological findings

Urticarial rash Monoclonal IgM gammopathy
Fever Elevated ESR and/or CRP
Arthralgia/arthritis Leucocytosis (PMN > 10,000/mm3)
Bone pain
Abnormal bone morphology
Palpable lymph nodes
Liver and/or spleen enlargement

Fig. 15.1 Clinical aspect of the urticarial recurrent rash in patients with the Schnitzler syndrome

15 Schnitzler Syndrome
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studies show deposition of immunoreactants, mainly IgM, around the superficial 
dermal vessels, in the epidermis and at the dermal-epidermal junction [13, 14]. The 
pathogenetic role of these deposits is unclear, but they probably could trigger a local 
inflammation.

The majority of patients present intermittent fever, rising above 40°C. The fever 
does not always occur together with the skin rash.

Musculoskeletal involvement is another important feature of the Schnitzler syn-
drome. About 80% of patients complain of bone pain and arthralgias and sometimes 
develop nonerosive arthritis. The large joints are mainly affected, including the hips, 
knees, wrists and ankles.

Bone pain affects mostly the pelvis, the femurs and the tibias. The spine, the 
clavicles and the forearms are less often involved [15].

Radiographic studies show abnormal bone morphology in about 60% of patients 
[4]. Bone lesions characteristically are sclerotic, whereas lytic lesions are uncom-
mon [16].

The most frequent radiological pattern is a sclerotic bone marrow involvement 
with bilateral periostitis of the bones of the knee joint. Bone scintigraphy is the most 
sensitive test for Schnitzler lesions, showing focal increased tracer uptake. MRI 
frequently shows the areas of bone marrow oedema, suggesting a primary osteitis.

None of the imaging findings are specific, and several differential diagnoses 
should be considered. The imaging differential diagnosis primarily includes hyper-
trophic osteoarthropathy, infectious osteitis, SAPHO (synovitis-acne-pustulosis- 
hyperostosis-osteitis), POEMS (polyneuropathy, organomegaly, endocrinopathy, 
monoclonal protein, skin lesions), metastatic disease, CRMO (chronic recurrent 
multifocal osteomyelitis), Erdheim-Chester disease, mastocytosis, enchondroma 
and bone infarction [15, 17].

Other common clinical signs are asthenia, loss of weight, myalgia and 
headache.

Lymphadenopathy is found in 50% of patients. Splenomegaly and/or hepato-
megaly could be also present in about 30% of patients. PET/CT imaging is perhaps 
the most sensitive technique to demonstrate the presence of lymphadenopathy and 
hepatic or splenic enlargement. Enlarged lymph nodes are usually located at the 
axillary and inguinal sites. As they can be multiple, permanent and measure up to 
3  cm, a biopsy is often required to exclude a lymphoma. Histology shows non- 
specific inflammation.

 Biological Findings

The monoclonal component is a defining criterion of the Schnitzler syndrome and 
therefore presents in all patients. A monoclonal IgM gammopathy is recognized in 
about 90% of cases, while monoclonal IgG gammopathy has been reported in less 
than 10% of cases. This percentage could be underestimated, as IgG component was 
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not initially included in the definition of the disease. In more than 90% of patients, 
the monoclonal IgM gammopathy is associated to a kappa light chain.

Patients with monoclonal IgA gammopathy have also been reported but in addi-
tion to IgM κ gammopathy [18]. At the moment of diagnosis, the level of the mono-
clonal component is highly variable. It can be almost undetectable or, conversely, 
very high (up to 41  g/l) [19]. During the course of the disease, the level of the 
monoclonal component can remain stable or progressively increase at 0.5 to 1 g/L 
per year.

Inflammatory markers, such as erythrocyte sedimentation rate (ESR) and 
C-reactive protein (CRP), are elevated. Leucocytosis is recognized in 90% of cases 
with a persistent increase of neutrophils (>10,000/mm3). Complement levels are 
generally normal. Inflammatory anaemia and sometimes thrombocytosis can also 
be observed [20].

 Diagnosis

There is no specific test for Schnitzler syndrome. Thus, diagnosis is based on a 
combination of clinical, biological and radiological findings and can be made after 
the exclusion of other autoimmune, infectious, neoplastic and idiopathic 
conditions.

The differential diagnosis must include in particular adult-onset Still’s disease 
(AOSD), cryopyrin-associated periodic syndrome (especially Muckle-Wells syn-
drome) and other monogenic autoinflammatory syndromes, hypocomplementemic 
urticarial vasculitis, acquired C1 inhibitor deficiency, lymphoma, and Waldenström’s 
disease.

The widely accepted diagnostic criteria were established in 2001 by Lipsker 
et al. (Table 15.2) [13]. Based on these criteria, the diagnosis of Schnitzler syn-
drome could be made if the patient presents a combination of an urticarial skin 
rash, a monoclonal IgM component and at least two of the following criteria: recur-

Table 15.2 Lipsker diagnostic 
criteria of Schnitzler syndrome

Urticarial rash
Monoclonal IgM component
At least 2 of the following criteria:
  Fever
  Arthralgia or arthritis
  Bone pain
  Palpable lymph nodes
  Liver or spleen enlargement
  Elevated ESR
  Leucocytosis
  Abnormal findings on bone morphologic 

investigations
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rent fever, arthralgia or arthritis, bone pain, lymphadenopathy, hepato- or spleno-
megaly, leucocytosis, elevated ESR and abnormal findings on bone morphologic 
investigations.

Clinicians have to be careful in the presence of monoclonal gammopathy of 
undetermined significance (MGUS) that could exist in association with chronic urti-
caria of other causes, mimicking the Schnitzler syndrome. However, MGUS and 
Schnitzler syndrome differ in the possible complications [21].

The Lipsker criteria were revised in 2012 during an expert meeting in Strasbourg 
(Table 15.3). The Strasbourg criteria introduced the presence of the monoclonal IgG 
component, which the previous criteria did not, and the dermal neutrophilic infil-
trate on skin biopsy. Furthermore, the Strasbourg criteria added the possibility to 
distinguish between patients with definite Schnitzler syndrome and probable 
Schnitzler syndrome [4]. In 2016, a multicentric study validated the two sets of 
criteria, confirming their reliability and validity in clinical practice; however, the 
efficiency of the diagnostic criteria was not tested in patients with recent-onset dis-
ease. The specificity of the Lipsker and the Strasbourg criteria is similar (97%, 
100%), but the Lipsker criteria are more sensitive (100% vs 81% and 93% for defi-
nite and probable diagnosis, respectively) [19].

 Prognosis and Complications

The overall prognosis of Schnitzler syndrome depends on progression to haemato-
logical malignancy and the occurrence of AA amyloidosis. Thus, the disease 
requires long-term follow-up due to the potential development of lymphoprolifera-
tive disorders.

Waldenström’s disease occurs in about 15% of cases after 10–20 years of evolu-
tion [22]. There is neither specific predictive factor nor therapy clearly associated 
with a reduction of the risk of a lymphoproliferative disorder.

Table 15.3 Strasbourg diagnostic criteria of Schnitzler syndrome

Obligate criteria Minor criteria

Chronic urticarial rash Recurrent fever (>38 °C and unexplained) together with skin rash
Monoclonal IgM or IgG Abnormal bone remodelling with or without bone pain (assessed by 

bone scintigraphy, MRI or elevation of bone alkaline phosphatase)
A neutrophilic dermal infiltrate on skin biopsy (absence of fibrinoid 
necrosis and significant dermal oedema)
Leucocytosis (neutrophils >10,000/mm3)
and/or elevated CRP (>30 mg/l)

A definite diagnosis occurs with two obligate criteria and at least two minor criteria if IgM and 
three minor criteria if IgG
A probable diagnosis occurs with two obligate criteria and at least one minor criteria if IgM 
and two minor criteria if IgG
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Also severe anaemia and AA amyloidosis are potential complications in untreated 
patients [23].

A few cases have reported kidney involvement in the disease, which can be a 
severe complication [24].

Diffuse aortitis has recently been described in a typical case of Schnitzler syn-
drome, a condition that can lead to severe aneurysm or arterial thrombosis. Schnitzler 
syndrome manifestations and aortitis both responded to treatment with anakinra 
suggesting that aortitis was directly related to Schnitzler syndrome in this patient 
[25].

 Treatments

Before the introduction of IL-1 inhibitors, several drugs have been used to treat the 
Schnitzler syndrome, but none could induce remission for a long time of all symp-
toms [7]. Although patients often responded to high doses of steroids, the effects 
were incomplete, with disease flares on drug discontinuation. Immunosuppressive 
agents such as cyclophosphamide, azathioprine and methotrexate have proved inef-
fective. Intravenous immunoglobulin or tumour necrosis factor-α blocking agents 
are also substantially ineffective. Colchicine and dapsone can provide relief in mild 
cases, while hydroxychloroquine may be effective on joint symptoms [26]. 
Pefloxacin, a quinolone antibiotic, was successfully used in some patients, even 
though the mechanism of its action is not known [27].

To date, IL-1 blockade is the most effective therapy [4]. The efficacy of 
anakinra, the IL-1 receptor antagonist, was first reported in 2005, and it was sub-
sequently confirmed by many case reports and also a multicentre retrospective 
cohort study [28, 29]. More than 80% of patients treated with IL-1 inhibitors pres-
ent a complete remission; the remaining patients have the persistence of joint pain 
[30]. IL-1 blocking agents are efficient on the inflammation-linked symptoms but 
not on the monoclonal component. They probably do not reduce the risk of the 
development of lymphoproliferative disorders that remains the main prognostic 
issue.

Among the IL-1 blocking agents, the most commonly used is anakinra. Anakinra 
is the non-glycosylated recombinant soluble antagonist of the IL-1 receptor (IL-1R) 
that acts preventing activation of this receptor and inhibiting both IL-1α and IL-1β 
activities. Anakinra has a short half-life (approximately 6 h) and generally is given 
daily at 100 mg/day subcutaneously [7]. Some patients seem to be able to maintain 
disease control with alternate-day therapy, while in other cases, to achieve good 
control of the disease, it is necessary to increase the dose up to 300 mg/day. Anakinra 
rapidly relieves all clinical symptoms within the hours that follow the first injection. 
If the patient skips a dose, symptoms quickly reappear. The drug is generally well 
tolerated apart from local erythematous reaction at the injection site. Neutropenia 
can also occur especially soon after the introduction of anakinra. Once normalize 
the neutrophil count, the drug can be reintroduced [31].
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The efficacy of other IL-1 inhibitors has also been reported. Canakinumab, a 
recombinant human monoclonal antibody specifically targeting IL-1β, induces 
complete remission with disappearance of fever and arthralgias, near abolishment 
of fatigue and rash and substantial reduction of CRP levels. As for anakinra, inter-
ruption of canakinumab can lead to a flare, which can be countered as soon as injec-
tions are resumed [32–34]. A phase II randomized placebo-controlled multicentre 
study was performed to assess the effects of canakinumab in Schnitzler syndrome 
[35]. Patients received single subcutaneous canakinumab 150 mg or placebo injec-
tions for 7 days, followed by a 16-week open-label phase with canakinumab injec-
tions on confirmed relapse of symptoms. The results showed good efficacy of 
canakinumab against placebo in reducing both clinical symptoms and inflammation 
markers and enhancing quality of life in patients. Even with the limited 4-month 
duration of the study, canakinumab treatment appears to be safe and well tolerated. 
Adverse events were controllable and included respiratory tract infections, gastroin-
testinal symptoms, hypertension, injection-site reactions and neutropenia.

Rilonacept (IL-1 TRAP) is a recombinant chimeric protein consisting of extra-
cellular domains of the human IL-1R complex fused to the Fc-portion of human 
IgG1. This protein is able to bind IL-1α and IL-1β with high affinity. Patients 
received a subcutaneous loading dose of rilonacept 320 mg followed by weekly 
subcutaneous doses of 160 mg for up to 1 year. Rilonacept results effective in reduc-
ing clinical symptoms and inflammatory markers. No treatment-related adverse 
events were reported except mild injection site reactions, upper airway infections, 
headache and neutropenia [36].

In patients who do not respond to IL-1 inhibitors, if the diagnosis of Schnitzler 
syndrome is confirmed, an anti-IL-6 treatment should be considered [37]. 
Tocilizumab treatment (8 mg/kg/month) showed rapid and complete remission of 
clinical symptoms and inflammatory markers.
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Chapter 16
Periodic Fever, Aphthous Stomatitis, 
Pharyngitis, and Cervical Adenitis (PFAPA) 
Syndrome

Ezgi Deniz Batu and Fatma Dedeoglu

 Introduction

PFAPA (periodic fever, aphthous stomatitis, pharyngitis, and cervical adenitis) syn-
drome is characterized by repeated episodes of high fever associated with the core 
features of the disease – aphthous stomatitis, pharyngitis, and adenitis [1]. Regular 
interval between episodes is the cardinal feature. PFAPA is considered to be the 
most common periodic fever syndrome in children [2–4]. It usually starts before the 
age of 5 years and tends to resolve spontaneously before adulthood [5]. The patients 
are often asymptomatic between attacks, and their growth and development are 
within normal range [4, 6]. Although different factors such as infectious agents, 
immune dysregulation, and aberrant cytokine levels were investigated, the etio-
pathogenesis of PFAPA remains unclear. However, previous studies indicate a poly-
genic background and environmental triggers. Furthermore, inflammasome-related 
genes and proteins and pro-inflammatory cytokines, such as interleukin-1 (IL-1), 
IL-6, and IL-18, likely play central roles in the disease pathogenesis [7–10].

PFAPA has a favorable course with a high rate of spontaneous resolution and no 
evidence of long-term sequela [6, 11, 12]. The pharmacological treatment of PFAPA 
includes different options such as nonsteroidal anti-inflammatory drugs (NSAIDs), 
colchicine, corticosteroids, cimetidine, and anti-IL-1 drugs [13]. Prompt response 
to one or two doses of corticosteroids in aborting an episode is very common. 
Tonsillectomy is also efficacious in inducing remission; however, it is important to 
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balance the risks and benefits for each patient when deciding to pursue surgical 
options [14]. At present, there is no consensus for the optimal treatment of PFAPA.

 History and Epidemiology

PFAPA syndrome was first described in 1987 by Marshall et al. in 12 children [4]. 
In 1989, the PFAPA acronym was proposed to designate the Marshall syndrome 
[15].

PFAPA syndrome represents the most common periodic fever syndrome in chil-
dren, especially among non-Mediterranean patients [2, 3, 16, 17]. The estimated 
annual incidence of PFAPA is approximately 2–3 cases per 10,000 children up to 
5 years of age [1, 16, 18].

Most of the studies describe a slight predominance of PFAPA in boys [5, 6, 19, 
20]. There is no predilection for specific ethnic groups [11].

In most cases, the disease onset occurs before 5 years of age, while it generally 
resolves by adolescence [5, 6, 15, 21, 22]. However, an increasing number of adult 
patients is being reported in the literature [12, 23].

 Clinical Findings

The syndrome is characterized by intermittent episodes of high fever with clock-
work regularity, usually accompanied by exudative pharyngitis (present in up to 
90% of patients), swollen and tender cervical lymph nodes (in up to 75% of patients), 
and oral aphthosis (in up to 50% of patients) in the absence of respiratory tract 
infection [24]. Abdominal pain, nausea/vomiting, malaise, myalgia, arthralgia, and 
headache can also be seen during attacks [6, 25]. There is often a sudden rise of 
temperature up to 40.5  °C [24], and the duration of fever episodes is typically 
3–7 days (mostly 4–5) with an interval of 2–8 weeks (mostly 3–6) [1, 5, 6, 15, 18, 
20]. Clockwork regularity of episodes may disappear over time and when on corti-
costeroid treatment [1, 26, 27]. Nonspecific symptoms such as fatigue, malaise, and 
irritability as prodromes may occur during days before PFAPA episodes [20, 28].

The patients are usually asymptomatic between attacks and have normal growth 
and development [19]. Some symptoms such as oral aphthosis and malaise can be 
seen outside the flares [11, 22].

 Laboratory Findings

There are no specific laboratory findings for PFAPA syndrome. Mild leukocytosis 
with monocytosis and neutrophilia, decrease in lymphocytes, eosinophils, thrombo-
cytosis, increased erythrocyte sedimentation rate, C-reactive protein (CRP), serum 
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amyloid- A, S100A8/A9, and S100A12 proteins can be observed during PFAPA epi-
sodes [7, 9, 28–31]. Since procalcitonin levels generally do not increase during 
PFAPA episodes, checking its level may be helpful in differentiating PFAPA epi-
sodes from infection [7, 30, 32]. Serum immunoglobulin (Ig) levels are usually 
within normal range, while serum IgD can be slightly elevated during attacks [33].

 Diagnosis

The diagnosis of PFAPA is primarily based on clinical characteristics (history and 
physical examination), and there is no definitive diagnostic test available. The diag-
nostic criteria for PFAPA syndrome was proposed by Marshall et al. [4] and modi-
fied by Thomas et al. [6] (Table 16.1). However, due to the heterogeneity in the 
phenotype of PFAPA, no specific confirmatory tests, and the lack of consensus in 
the definition of PFAPA, these criteria may not work in some clinical settings (Figs. 
16.1 and 16.2).

Table 16.1 The diagnostic criteria for PFAPA (periodic fever, aphthous stomatitis, pharyngitis, 
and cervical adenitis) syndrome

I Regularly recurring fevers with an early age of onset (<5 years of age)
II Constitutional symptoms in the absence of upper respiratory infection with at least one of 

the following clinical signs:
  (a) Aphthous stomatitis
  (b) Cervical lymphadenitis
  (c) Pharyngitis

III Exclusion of cyclic neutropenia
IV Completely asymptomatic interval between episodes
V Normal growth and development

Adapted from Ref. [6]

Fig. 16.1 Exudative 
tonsillitis. (Courtesy of Dr. 
Sivia Lapidus)
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Gattorno et al. have shown that 83% of mevalonate kinase deficiency (MKD), 
57% of tumor necrosis factor (TNF) receptor-associated syndrome (TRAPS), and 
8% of familial Mediterranean fever (FMF) patients met the diagnostic criteria of 
PFAPA [34]. In 2009, they proposed a diagnostic score (Gaslini score) to help dis-
tinguish PFAPA-like patients at higher risk of carrying mutations of genes associ-
ated with monogenic periodic fever syndromes [2]. In 2015, evidence-based 
provisional clinical classification criteria were developed for patients with inherited 
periodic fever syndromes, and approximately 200 PFAPA patients were included as 
controls in this study [35]. Within these criteria, the age of onset, the characteristics 
and duration of episodes, and the ethnicity were included as differentiating features. 
These may also be used to differentiate PFAPA from monogenic autoinflammatory 
diseases, such as FMF, MKD, cryopyrin-associated periodic syndrome (CAPS), and 
TRAPS. Of note, MKD has the highest degree of clinical overlap with PFAPA syn-
drome [2].

Recently, Manthiram et al. performed an online survey assessing the diag-
nostic and treatment approaches of CARRA (Childhood Arthritis and 
Rheumatology Research Alliance) (n  =  123) and PIDS (Pediatric Infectious 
Disease Society) (n = 154) members with PFAPA syndrome [36]. Most respon-
dents agreed on the following diagnostic criteria to diagnose PFAPA as essen-
tial: stereotypical fever episodes, asymptomatic intervals between episodes, 
and normal growth and development. However, 71% of the respondents did not 
require “the age of onset before 5 years” criterion; 79% did not require the 
concomitant signs of aphthous stomatitis, adenitis, or pharyngitis during epi-
sodes in the presence of regularly occurring attacks, while 33% did not require 
regular attack-free intervals. Of note, 58% considered episode resolution with 
corticosteroids to be diagnostic of PFAPA. Interestingly, in a recent study by 
Lantto et  al., tonsillectomy was also shown to be an effective therapy for 

a b

Fig. 16.2 Typical shallow aphthous ulcers in the mucosa of lower lip (a) and upper lip (b) in 
 different PFAPA patients (Courtesy of Dr. Sivia Lapidus)
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patients who failed to meet the diagnostic criteria for PFAPA but suffered from 
regularly occurring fever attacks [37]. The diversity of approaches in diagnos-
ing PFAPA underscores the need to develop consensus diagnostic criteria in 
well-characterized larger patient populations.

The differential diagnosis of PFAPA mainly includes cyclic neutropenia, infec-
tions, and monogenic autoinflammatory diseases [38].

In cyclic neutropenia, fever is usually accompanied by a decrease in neutrophils 
with a nadir of <500/mm3 and by the presence of infections. Furthermore, the fever 
episodes do not respond to corticosteroids. Finally, the genetic test for mutations in 
the ELANE gene could confirm the diagnosis of cyclic neutropenia in the vast 
majority of these patients [39].

It is crucial to differentiate a PFAPA attack from an infection, especially to pre-
vent the unnecessary use of antibiotics. High CRP is uncommon during viral respi-
ratory tract infections, and a throat culture may be performed to exclude streptococcal 
infection [11, 40].

The main challenge is to differentiate PFAPA from monogenic periodic fever 
syndromes. The Gaslini score and the classification criteria for monogenic periodic 
fever syndromes (discussed above) could help with the differential. In addition, for 
patients with symptoms (mainly oral aphthosis) outside of flares, excluding diseases 
such as Behçet’s disease are also important.

An updated classification system for PFAPA syndrome is needed to better verify 
these patients.

 Pathogenesis

The exact pathogenesis or genetic background of PFAPA remains unclear. However, 
many possible etiologic factors such as infectious agents, immunological dysregu-
lation, and genetic predisposition have been explored thus far. PFAPA is most likely 
an immune-mediated disease stemming from cytokine dysfunction to possible envi-
ronmental triggers [41].

Infectious Agents At present, no single infectious agent has been identified as a 
cause of PFAPA syndrome. Several characteristics of PFAPA make an infectious 
etiology unlikely, such as clockwork episodes, lack of response to antibiotic ther-
apy, negative throat cultures during episodes, lack of second cases in close contact, 
lack of clustering in season or geographic areas, and the dramatic response to corti-
costeroids [1].

Lantto et  al. demonstrated that the microbes found in the tonsils of PFAPA 
patients showed significant differences from those of controls, while there was no 
difference in routine histology findings [42]. In PFAPA tonsils compared to con-
trols, C. albicans, pneumococci, and abundant biofilm formation were found to be 
more common. Freeman et al. found no difference between the overall composition 
and diversity of tonsillar microbiota in PFAPA patients (n = 6) and controls (n = 8) 
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[43]. Most recently, Tejesvi et al. showed that tonsillar microbiota differed signifi-
cantly in PFAPA patients (n = 30) from those of the controls (n = 24) in the largest 
cohort [44]. Cyanobacteria, potential producers of microcystins, and other toxins 
were higher, and streptococci were lower in PFAPA cases than in the controls. 
Studying the tonsils outside of the flares is an important limitation of all these 
studies.

It is likely that an overall change in the tonsillar microbiota, rather than a single 
microorganism or the interactions between the microbiome and the underlying 
immune tissue, plays a role in the activation of inflammatory response [44].

Immune Dysregulation IL-1-dependent, abnormal innate immune response to envi-
ronmental triggers with recruitment of T cells to tonsils may be the major issue in 
PFAPA [10]. A recent study by Manthiram et al. showed that tonsils from PFAPA 
cases had significantly smaller germinal centers and wider squamous epithelia than 
those of obstructive sleep apnea patients [45]. In addition, the farther away from the 
last febrile episode, the larger was the germinal center area in PFAPA cases [45]. 
These results suggest that tonsils of PFAPA patients change histologically over time 
with enlarging germinal centers, possibly as a result of the local changes in the 
immune system.

Neutrophilia develops during PFAPA episodes [1], as well as several altered neu-
trophil functions including apoptosis, priming, and generation of an intracellular 
oxidative burst [31]. Lymphopenia is often observed during PFAPA attacks, which 
may be due to either decreased lymphopoiesis, as a result of increased myelopoie-
sis, or homing of lymphocytes to lymphatic tissues, such as tonsils and cervical 
lymph nodes [31].

The cytokine pattern (discussed below) supports T helper 1 (Th1) differentiation 
of CD4+ T cells. Furthermore, the increased numbers of T lymphocytes at early 
developmental stages and T cell chemoattractants, such as CXCL9, CXCL10, and 
CCL19, were shown in PFAPA tonsils [46]. These changes may be due to IL-18, 
which induces interferon γ (IFN-γ) and promotes Th1 response in the presence of 
IL-12 [47].

These findings indicate the involvement of both innate and adaptive immune 
systems in the disease pathogenesis.

Cytokines Previous studies demonstrated rapid rise and fall of certain pro- 
inflammatory cytokines, such as IL-1β, IL-18, and TNF-α and increase in IFN-γ in 
the early hours and IL-6 in the later stages of an episode with normalization in the 
afebrile state [7]. On the other hand, IL-7, IL-17, and anti-inflammatory cytokines, 
such as IL-4 and IL-10, decreased during PFAPA episodes [7, 47].

Inflammasomes control the activation of caspase-1, which cleaves pro-IL-1 and 
pro-IL-18 to their biologically active forms [48]. Stimulated neutrophils and mono-
cytes have been shown to secrete significantly higher levels of IL-1β during PFAPA 
attacks. This reaction is inhibited by a caspase inhibitor, which emphasizes the cen-
tral role of caspase and active IL-1β in PFAPA pathogenesis [9]. Along the same 
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lines, serum levels of caspase-1 were shown to increase during PFAPA flares [9]. 
These findings suggest an inflammasome-mediated dysregulation in PFAPA.

 Genetics

No unique genetic marker has been discovered explaining the etiopathogenesis of 
PFAPA, which is generally considered a sporadic disease. However, a significant 
number of PFAPA patients have a positive family history of recurrent febrile epi-
sodes which strongly suggests a potential genetic background for the disease [8, 9, 
19, 49–51].

Variants in the genes that are known to cause monogenic autoinflammatory syn-
dromes (mostly inflammasome-related genes) have been found in PFAPA patients 
in several studies [8, 10, 49, 52]; however, the impact of these variants is still 
unclear.

The presence of MEFV mutations may be causing a transient inflammatory phe-
notype similar to PFAPA in the presence of additional modifiers [8, 52]. Some 
authors suggest that MEFV gene could be a modifier of PFAPA phenotype in a 
favorable manner [49, 53]. Berkun et al. demonstrated that PFAPA patients carrying 
heterozygote MEFV variants had shorter attacks, more irregular attack intervals, 
and less aphthae and required a lower dose of corticosteroid to abort attacks com-
pared to patients without a MEFV variant [49]. Perko et al. showed that patients 
with MEFV or NLRP3 variants had an earlier disease onset, shorter fever attacks, 
and longer attack intervals than patients without these variants [19]. Phenotype of 
PFAPA did not differ significantly between carriers and non-carriers in other studies 
[8, 52].

It is important to note that some patients with R92Q variant in the TNFRSF1A 
gene (usually present in milder forms of TRAPS) express a quite similar phenotype 
with PFAPA patients [54, 55].

In a recent study, next-generation sequencing was performed in 82 unrelated 
PFAPA patients and a significant association was found between a frameshift vari-
ant in the CARD8 gene and risk for PFAPA syndrome [56]. Moreover, the PFAPA 
patients with CARD8 variant were more likely to have symptoms out of flares and 
oral aphthosis. CARD8 encodes a protein component of NLRP3 inflammasome, 
which again underscores the role of inflammasomes in PFAPA pathogenesis.

 Treatment

There are medical and surgical therapy options; however, the optimal treatment still 
remains debatable, emphasizing the need to develop clinical practice guidelines in 
PFAPA.
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Medical Treatment The pharmacological treatment of PFAPA is summarized in 
Table 16.2.

The use of antibiotics have shown poor efficacy in resolving PFAPA episodes, 
while antipyretics (acetaminophen, NSAIDs) work partially, with slightly better 
response to NSAIDs in reducing fever in PFAPA episodes [22].

Several preventive therapies, such as cimetidine and montelukast [6, 28, 57], 
have been suggested by some physicians; however, these have not been confirmed 
by others [58]. In recent years, these therapies are prescribed less often, and there 
are no randomized controlled trials supporting their benefits in PFAPA. Of note, 
none of the patients from the EUROFEVER and Norwegian cohorts were treated 
with these therapies [18, 22].

Corticosteroid treatment (single dose of prednisolone [1–2 mg/kg] or betametha-
sone [0.1–0.2 mg/kg]) aborts the attacks (especially fever) within a few hours in 
most of the cases [13, 59]. Oral aphthosis can take longer to resolve. Corticosteroid 
therapy may be given for different indications  – in some countries given during 
every episode, while in others, to abort a febrile episode occurring at an unsuitable 
time for the child/parents or only to confirm PFAPA diagnosis [1, 60]. However, 
corticosteroid therapy is not effective in preventing subsequent attacks, and the 
attack frequency may increase in 25–50% of cases [18, 61, 62]. In a randomized 
clinical trial, the children were divided into two groups to receive 0.5 mg/kg/day 
(first group) or 2 mg/kg/day (second group) prednisolone [32]. The fever ceased in 
8–12 h in the first group and in 6–8 h in the second group. The other symptoms 

Table 16.2 The medical treatment of PFAPA (periodic fever, aphthous stomatitis, pharyngitis, and 
cervical adenitis) syndrome

Drug Statement

Antibiotics Ineffective
Paracetamol/NSAID Could be used as antipyretics

Poor efficacy
Montelukast Poor efficacy

Insufficient data
Cimetidine Works in some patients (about 1/4 of the patients in 

several studies)
Vitamin D Efficacy?

Insufficient data
Corticosteroid Prompt resolution of attacks

Less effective in adults
Could increase attack frequency

Colchicine Efficacy? More effective in patients with MEFV mutation
Duration of therapy?

Anti-IL-1 drugs (anakinra, 
canakinumab)

Cost-effectiveness
Insufficient data

IL-1 interleukin 1, NSAID nonsteroidal anti-inflammatory drugs
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disappeared after 24 h in both groups, and there was no increase in episode fre-
quency. If one dose is not effective, a second dose of corticosteroid could be given 
on the following day [13]. It is important to note that attacks of hereditary periodic 
fevers, except for MKD, do not show a dramatic response to corticosteroid treat-
ment which may be helpful to differentiate PFAPA episodes from those of FMF or 
other hereditary periodic fever syndromes [28, 63]. Some experts think that the 
prompt response to corticosteroids could be an additional diagnostic criterion for 
PFAPA [11].

Previous retrospective studies have demonstrated that colchicine might be an 
effective preventive therapy in PFAPA [5, 57]. Some clinical and laboratory simi-
larities between PFAPA and FMF and the long-term experience with colchicine 
form the basis for the rationale to use this drug in prophylaxis [13]. Butbul Aviel 
et al. evaluated the effect of colchicine on PFAPA in the first open-label, random-
ized, controlled study and found that it is effective in reducing the frequency of 
PFAPA attacks [64]. In another recent study, Dusser et al. showed that colchicine 
treatment appeared more effective in patients with less complete PFAPA phenotype 
and MEFV heterozygosity [16].

PFAPA and vitamin D deficiency were found to be correlated in a few studies 
[29, 65]. Furthermore, Stagi et al. demonstrated a significant reduction in the num-
ber and duration of PFAPA episodes after vitamin D supplementation (400  IU 
25-hydroxyvitamin D per day during winter time) [65]. However, there is no con-
sensus on testing and supplementing vitamin D in PFAPA cases, and randomized 
controlled trials are needed to prove efficacy.

IL-1 plays a central role in PFAPA pathogenesis [47]. Few patients were treated 
with anakinra or canakinumab, and they all showed prompt clinical response [66–
68]. However, there is no consensus on the use of anti-IL-1 biologics since random-
ized clinical trials are lacking, and these are expensive drugs that should be 
considered only in patients who continue to have breakthrough episodes or cannot 
tolerate other treatment modalities.

Surgical Treatment Adenotonsillectomy is considered an effective solution for 
refractory cases. In the Cochrane database review, Burton et al. demonstrated that 
the evidence for the effectiveness of tonsillectomy was derived from two small ran-
domized controlled trials which reported significant beneficial effects of surgery 
[14]. However, the evidence was of moderate quality due to the relatively small 
sample size in these studies. Recently, Erdogan et al. demonstrated that surgery was 
superior to medical treatment for PFAPA in their comparative trial in 105 PFAPA 
patients [69]. However, tonsillectomy is an invasive procedure, as there are potential 
surgical/anesthesia risks, and its success varies among different series [70–72]. 
Furthermore, PFAPA is a benign disease that can spontaneously resolve. Thus, the 
place of surgical treatment should be individually evaluated and discussed with the 
families in accordance with the rheumatologist’s and otolaryngologist’s indications, 
balancing the risks and benefits for each child. Of note, it is uncertain whether 
adenoidectomy adds any additional benefit to tonsillectomy alone [14].
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 Outcome

PFAPA syndrome is generally considered a benign disease, resolving spontaneously 
in most of the cases without any long-term sequela, such as secondary amyloidosis 
[5]. However, frequent attacks could interfere with the quality of the patients’/fami-
lies’ lives. The symptoms usually disappear within 3–5 years after the disease onset 
or in adolescence [5, 6, 15, 21, 22]. Occasionally, late relapses of the disease can be 
seen [1, 20]. Current studies on adult PFAPA cases have also shown that PFAPA 
syndrome may relapse in adulthood after a temporary remission during childhood 
[24, 73].

 Pediatric Versus Adult Patients

An increasing number of adult PFAPA patients have been reported in recent years, 
and the studies underscore certain differences between pediatric and adult PFAPA 
cases [23, 24, 73].

In reported cases of adult PFAPA, no gender predominance can be detected, 
though in younger populations, boys outnumbered girls [11, 24]. The clinical char-
acteristics of PFAPA syndrome are similar in adults and children with the exception 
that aphthae and chills are more frequent in children, while arthralgia and myalgia 
are more frequent in adults [24, 63]. In the most recent study by Rigante et  al., 
clockwork periodicity and recurrent pharyngitis were more frequently observed in 
children, while joint symptoms, myalgia, headache, fatigue, ocular signs, and rashes 
were more common in adults [23]. A single dose of corticosteroid achieves com-
plete resolution of the episode more frequently in children than adults, while 
NSAIDs have been considered significantly more effective in adults than children 
[12, 23, 24]. The available data suggests that tonsillectomy is not very effective in 
adult patients [24]. Moreover, PFAPA syndrome in adults does not seem to be a self- 
limited disease; however, long-term outcome data is missing [24].
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Chapter 17
Chronic Nonbacterial Osteomyelitis

Liza McCann, Michael W. Beresford, Gabriele Hahn, 
and Christian M. Hedrich

 Introduction

Chronic nonbacterial osteomyelitis (CNO) is an autoinflammatory bone disorder 
that covers a wide clinical spectrum with single-site involvement and/or a short 
course at one end and chronically active and/or recurring multifocal disease at the 
other end. Severe multifocal and chronically active or recurrent forms are referred 
to as chronic recurrent multifocal osteomyelitis (CRMO) [1–7]. Chronic nonbacte-
rial osteomyelitis most commonly occurs in children and adolescents and can cause 
severe sequelae and complications, such as fractures, hyperostosis, growth anoma-
lies, neurological symptoms, pain amplification, and others [7–10]. Psychosocial 
concerns are relatively common in CNO in a vulnerable age group.

The exact molecular pathophysiology of CNO remains largely unknown. Chronic 
nonbacterial osteomyelitis is likely to be a genetically complex disorder with vari-
able pathomechanisms resulting in clinical phenotypes summarized as CNO. In the 
absence of validated diagnostic criteria and disease biomarkers, CNO remains a 
diagnosis of exclusion. To date, treatment is empiric but effective in at least a propor-
tion of patients [6]. However, complications can occur during the search for suffi-
cient treatment options, and some patients do not respond to currently available 
therapies. Thus, there is significant need for advances in understanding the molecular 
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pathophysiology of CNO, the identification and evaluation of diagnostic  biomarkers, 
the introduction of diagnostic criteria, and prospective evaluation of available treat-
ment options working toward personalized medicine.

In this chapter, the clinical presentation of CNO, differential diagnoses, our 
understanding of the molecular pathophysiology, and available treatment options 
will be discussed.

 Definition, Nomenclature, and Epidemiology

Chronic nonbacterial osteomyelitis was first described by Giedion et  al. in 1972 
[11]. Sometime later, two groups (Probst et al. and Bjorksten et al.) reported the 
recurrent nature in a subset of patients and introduced the term “chronic recurrent 
multifocal osteomyelitis” (CRMO) [12, 13]. Since not all patients with noninfec-
tious osteomyelitis develop multiple bone lesions or exhibit recurrent disease, more 
recently, the term CNO has been introduced and suggested for all forms of nonin-
fectious osteomyelitis, including CRMO (Fig. 17.1).

Historically, various terms have been used to describe CNO, including chronic 
multifocal symmetrical osteomyelitis, nonbacterial osteomyelitis (NBO), sternocla-
vicular hyperostosis, chronic sclerosing osteitis, sternoclavicular pustulotic osteitis, 
and many others. Inconsistent nomenclature complicates literature reviews and data 
interpretation [9]. In adolescents and adults, CNO can be associated with joint and 
skin manifestations, which are usually described as SAPHO (synovitis, acne, pustu-
losis, hyperostosis, and osteitis) syndrome [14]. Individual symptoms of SAPHO 
can also occur in pediatric CNO patients with a lower frequency. Thus, CNO and 
SAPHO are usually considered the same disorder with slightly different presenta-
tions in different age groups [6] (Fig. 17.1).

Based on several key features, including “spontaneous” and seemingly untrig-
gered inflammation in the absence of high-titer autoantibodies, lacking involve-
ment of autoreactive lymphocyte populations (at least initially), CNO is 
considered to be an autoinflammatory condition. Furthermore, noninfectious 
osteomyelitis is a key symptom of other well-defined monogenic autoinflamma-
tory conditions, including Majeed syndrome, DIRA (deficiency of the interleu-
kin-1 receptor antagonist), and PAPA (pyogenic arthritis, pyoderma gangrenosum, 
and acne) [5, 15].

Though reports on incidence and prevalence are sparse and somewhat incon-
clusive, CNO is a rare disorder. To date, several hundred cases from almost all 
geographical regions and ethnicities have been reported, and recent observations 
suggest that the incidence of CNO and bacterial osteomyelitis may be almost 
equal in Central Europe [7, 16]. Though generally present in all age groups, 
CNO mostly affects children and adolescents with a peak onset between 7 and 
12 years. It is unusual for CNO to present in children younger than 3 years of 
age; thus monogenic autoinflammatory conditions should be considered in this 
age group [7, 16–18].
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 Clinical Manifestations

As mentioned above, clinical presentation and severity of CNO can vary signifi-
cantly between affected individuals [7–9]. Classical symptoms of osteitis include 
pain, rarely redness, swelling, and local heat and may initially be rather mild. Thus, 
many patients have a long delay in diagnosis or may even be missed. A subset of 
CNO patients exhibit inflammatory organ involvement, including psoriasis and pal-
moplantar pustulosis (~8%), inflammatory bowel disease (~10%), and severe acne 
(~10%). Indeed, a subset of CNO patients develop arthritis (up to ~40%) [7–9], and 
some patients may progress from childhood CNO to spondyloarthropathies [7, 19, 
20]. This is of special interest, since all of these manifestations are pathophysiologi-
cally related and may represent a clinical spectrum that may include inflammatory 
bowel disease, psoriatic skin inflammation, arthritis, enthesiopathy, and bone 
inflammation. However, compared to adolescents and adult patients, extraosseous 

CRMO:

Chronic recurrent 
osteomyelitis  

SAPHO:

Synovitis, acne, pustulosis, 
hyperostosis & osteitis

Majeed syndrome:

Familial chronic 
recurrent 

osteomyelitis

DIRA:

Deficiency of IL-1 
receptor antagonist

CNO: Chronic nonbacterial osteomyelitis 

PAPA:

Pyogenic arthritis, 
pyoderma 

gangrenosum& acne

“Sporadic” CNO CNO in monogenic 
autoinflammatory 

syndromes

Fig. 17.1 Nomenclature of CNO. Nonbacterial osteomyelitis can be a symptom of monogenic 
autoinflammatory bone disorders or the key feature of CNO. Thus, discerning “sporadic” CNO 
(describing forms that are to our current knowledge not caused by monogenic variants and do not 
follow Mendelian inheritance) from CNO as a symptom of monogenic autoinflammatory disorders 
(Majeed syndrome, PAPA, and DIRA) appears beneficial. Though sometimes used synonymously 
(arrows), the terms CNO, CRMO, and SAPHO should be used with caution. In the group of “spo-
radic” CNO, chronic recurrent multifocal osteomyelitis (CRMO) should be limited to chronically 
recurrent and multifocal disease presentations, and SAPHO (synovitis, acne, pustulosis, hyperos-
tosis, osteitis) should only be used for (usually adolescent or adult) patients with skin and joint 
involvement
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symptoms are less prevalent in younger patients [14]. Furthermore, generalized 
pustulosis [21], Sweet syndrome [22–24], pyoderma gangrenosum [18, 25, 26], 
celiac disease [18, 27, 28], Takayasu arteritis [29–31], granulomatosis with polyan-
giitis (GPA) [18, 32], sclerosing cholangitis [18, 33], parenchymal lung disease [34, 
35], and some others have been reported in individual CNO patients.

 Pathogenesis of CNO

 Cytokine Dysregulation and Osteoclast Activation

As noted above, CNO is an autoinflammatory condition [5, 15]. Microbiological 
cultures of bone tissue remain sterile, and antibiotic treatment fails to induce long- 
term remission [10, 18, 27, 32, 36–42]. However, while initial reports on the detec-
tion of Propionibacterium acnes, Mycoplasma spp., or Staphylococcus spp. in bone 
biopsies most likely were due to contamination with skin commensals [10, 19, 28, 
33, 37, 38, 41–43], the ability of certain bacteria to alter immune responses raises 
the question of whether pathogens may still indirectly contribute to disease 
expression.

Altered cytokine and chemokine expression patterns from innate immune cells 
contribute to the pathophysiology of CNO.  Monocytes isolated from peripheral 
blood of CRMO patients fail to express the immune-regulatory cytokines IL-10 and 
IL-19. Conversely, monocytes from CNO patients express increased amounts of 
pro-inflammatory cytokines (IL-1ß, IL-6, TNF-α) and chemokines (IL-8, IP-10, 
MCP-1, MIP-1a, MIP-1b) [44–47]. Reduced expression of the immune-regulatory 
cytokines IL-10 and IL-19 has been linked with impaired activation of the mitogen- 
activated protein kinases (MAPK) extracellular signal-regulated kinases (ERK1 and 
ERK2) resulting in altered phosphorylation of the transcription factor signaling pro-
tein 1 (SP-1) and impaired recruitment to regulatory elements within the IL-10 and 
the IL-19 promoters [46, 47]. Furthermore, MAP kinases ERK1 and ERK2 are 
involved in the phosphorylation of histone proteins. Reduced ERK activation there-
fore also results in altered histone H3S10 phosphorylation at the IL-10 promotor 
[46, 47]. Histone 3S10 phosphorylation is an activating epigenetic mark, mediating 
“opening” of chromatin and allowing transcription factor-DNA interactions [48, 
49]. Thus, also reduced H3S10 phosphorylation contributes to reduced Sp-1 recruit-
ment to IL-10 [44, 46, 47] (Fig. 17.2a).

Another interesting finding in the search for molecular pathomechanisms in 
CNO is the observation of increased NLRP3 inflammasome activation in IL-10- 
deficient animals that has been linked with inflammatory bone loss [50]. More 
recently, Scianaro et al. [51] suggested that increased expression of NLRP3 inflam-
masome components (ASC, NLRP3, caspase-1) and increased IL-1β mRNA expres-
sion and protein release from PBMCs may be involved in bone inflammation. in 
human CNO. Hofmann et al. linked reduced expression of IL-10 and IL-19 with 
increased IL-1β mRNA expression and protein release in monocytes from CRMO 
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patients [44] that was reversible by the addition of recombinant IL-10 or IL-19 to 
cell culture supernatants [44] (Fig. 17.2a).

Taken together, recent observations in mice and primary human cells suggest that 
imbalanced expression of pro- (IL-1β, IL-6, TNF-α, IL-20) and anti-inflammatory 
cytokines (IL-10 and IL-19) may result in bone inflammation.. A tight balance 
between pro- and anti-inflammatory cytokines regulates osteoclast differentiation 
and activation through the fine-tuning of interactions between receptor activator of 
nuclear factor-κB (RANK) and its soluble ligand (RANKL) on osteoclast precursor 
cells [6, 52–54]. Thus, imbalanced expression and release of cytokines in CNO may 
be very central to disease pathogenesis (Fig. 17.2a).
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Fig. 17.2 Molecular pathophysiology of CNO. (a) Danger signals are sensed by pattern recogni-
tion receptors (PRRs), such as the membrane-associated Toll-like receptors (TLRs) and the cyto-
plasmic NOD-like receptors (NLRs). In response to contact of monocytes/macrophages to danger 
signals, inflammasomes are activated. The NLRP3 inflammasome comprises NLRP3, ASC, and 
procaspase-1. Inflammasomes mediate caspase-1 activation, which results in cleavage and activa-
tion of pro-IL-1β. In monocytes from CNO patients, MAP kinases Erk1 and Erk2 signaling is 
impaired, resulting in reduced expression of the immune-regulatory cytokines IL-10 and IL-19. 
The JNK and p38 MAP kinases, however, are unaffected, resulting in the expression of pro- 
inflammatory cytokines. Reduced IL-10 and IL-19 expression results in increased inflammasome 
activation and release of mature IL-1β. (b) Pro-inflammatory cytokines TNFα, IL-6, IL-20, and 
IL-1β increase the interaction between RANK receptors on osteoclast precursor cells and their 
soluble ligand (RANKL) inducing osteoclast differentiation and activation. (b) Filamin-binding 
LIM protein (FBLIM)1 is an anti-inflammatory molecule controlling bone remodeling through 
regulation of RANKL activation. The FBLIM1 gene is trans-regulated by the transcription factor 
Stat3. Interleukin-10 mediates activation of Stat3, and reduced IL-10 expression in CNO patients 
may be linked with the involvement of FBLIM1 in disease pathology
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Studies in well-defined genetically inherited familial disorders with noninfec-
tious osteomyelitis as a key symptom provided pathophysiological insights that 
contributed to a better understanding of CNO. There are at least three genetically 
determined human diseases in which aseptic bone inflammation. is prominent: 
Majeed syndrome (caused by LPIN2 mutations) [23], DIRA (caused by mutations 
in IL-1RN) [55], and PAPA (caused by mutations in PSTPIP1) [56, 57]. Indeed, also 
in these autoinflammatory syndromes, increased activation of inflammasomes or 
increased IL-1 signaling results in bone inflammation [52].

Genetic predisposition (as opposed to monogenic inheritance) appears to be 
involved in the pathophysiology of sporadic CNO. Occasional familial clusters of 
CNO and relatively high incidences of other inflammatory conditions (including 
psoriasis, inflammatory bowel disease, etc.) in CNO patients and first-degree rela-
tives suggest a genetic component in the pathophysiology [1, 7, 16, 27, 58–62]. 
Several studies investigated genetic associations in CNO cohorts. Since there are 
overlapping features between CNO and DIRA, the IL-1RN gene was screened in 
CNO patients, but no CNO-associated mutations were found [63]. Expression of the 
immune-regulatory cytokine IL-10 that is involved in the pathophysiology of CNO 
is predetermined by genetic variants within the IL-10 promoter. Three single- 
nucleotide polymorphisms rs1800896 (−1082A > G), rs1800871 (−819T > C), and 
rs1800872 (−592A  >  C) form promoter haplotypes (GCC, ACC, and ATA) that 
influence transcription factor recruitment [64, 65]. Quite unexpectedly, considering 
the aforementioned failure to produce IL-10  in monocytes from CNO patients, 
enrichment of IL-10 promoter haplotypes that encode for “high” IL-10 expression 
(GCC) was observed in a German cohort of CNO/CRMO patients [65, 66]. However, 
data may suggest that individuals with CNO-associated molecular disturbances and 
IL-10 promoter haplotypes encoding for “low” IL-10 expression develop more 
severe disease that includes CNO as a symptom among others. Such combinations 
may result in phenotypes that may not be identified as CNO (e.g., IBD with CNO, 
etc.) [47, 67]. However, this explanation currently remains speculation.

Using whole-exome sequencing, a CRMO susceptibility gene was recently iden-
tified in two unrelated CNO patients from South Asia. One patient carried a homo-
zygous and the other patient a compound heterozygous mutation in the 
filamin-binding domain of the FBLIM1 gene [68, 69]. Though incompletely under-
stood, filamin-binding LIM protein (FBLIM)1 happens to act as an anti- inflammatory 
molecule controlling bone remodeling through the regulation of RANKL activation 
through ERK1/ERK2 phosphorylation [68, 69]. This indicates that FBLIM1 muta-
tions may cause disruptions in pathways previously reported to be altered in 
European CNO patients [46, 47] (Fig. 17.2b). Furthermore, trans-activation of the 
FBLIM1 gene is regulated by the transcription factor signal transducer and activator 
of transcription (STAT)3 [68, 69]. The immune-regulatory cytokine IL-10 positively 
regulates STAT3 activation. Both individuals carried such IL-10 promoter haplo-
types that code for “low” IL-10 expression, which (in conjunction with the reported 
mutations) may result in reduced STAT3 activation and downstream effects on 
FBLIM1 expression in the reported individuals (Fig.  17.2b) [69]. Since CNO- 
associated FBLIM1 mutations rarely occur in healthy individuals, these observa-
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tions suggest that the combination of FBLIM1 variants together with IL-10 promoter 
haplotypes encoding for “low” gene expression may result in CNO [47, 67].

 Nonbacterial Osteomyelitis in Mice

Currently, three well-defined murine models are available to study nonbacterial 
osteomyelitis. Mice carrying loss-of-function mutations in the Pstpip2 gene, encod-
ing proline-serine-threonine phosphatase-interacting protein 2, develop a clinical 
picture equivalent to severe CRMO. Lupo mice were generated by chemical induc-
tion of homozygous mutations (c.Y180C; p.I282N) [70, 71], while chronic multifo-
cal osteomyelitis (cmo) mice carry spontaneously acquired homozygous mutations 
(c.T293C, p.L98P). Recently, targeted knockout of exons 3 and 4 of Pstpip2 deliv-
ered another murine system to study CNO that is characterized by paw swelling, 
synovitis, hyperostosis, and osteitis, resembling SAPHO syndrome [72]. To date, 
the exact contribution of Pstpip2 mutations to sterile bone inflammation. remains 
somewhat unclear [72]. Proline-serine-threonine phosphatase-interacting protein 2 
is a member of the F-BAR (Fes/CIP4 homology-Bin/Amphiphysin/Rvs) domain 
containing protein superfamily that links membrane remodeling with actin dynam-
ics associated to endocytic pathways and filopodium formation [73]. In the absence 
of Pstpip2, actin polymerization is increased, and Pstpip2-deficient macrophages 
exhibit abnormal podosome formation, leading to a more invasive phenotype [74].

As recently suggested in human CNO, the pro-inflammatory cytokine IL-1β also 
plays a central role in the pathophysiology of osteomyelitis in cmo mice [75, 76]. 
Animals deficient of the IL-1 receptor inhibitor (IL-1RI) or IL-1β itself are pro-
tected from the development of osteomyelitis [75, 76]. However, NLRP3, ASC, or 
caspase-1-deficient cmo mice developed CNO. These observations at first appeared 
somewhat surprising and suggest the involvement of alternative kinases or proteases 
other than caspase-1 in the activation of IL-1β [77]. This hypothesis is supported by 
the observation that cmo mice deficient of caspase-1 or caspase-8 develop CNO, 
while animals deficient of both are protected from disease [78], suggesting redun-
dant roles of caspases in vivo. Though pstpip2-deficient animals resemble severe 
CRMO and represent an interesting model for bone inflammation, it needs to be 
mentioned that mutations in the human equivalent PSTPIP2 have not been reported 
in CNO patients. Furthermore, mutations in cmo and Lupo mice are located in a 
region of the Pstpip2 gene that is not present in humans. Together with the diverse 
clinical picture in CNO patients, and the aforementioned finding from studies tar-
geting molecular pathomechanisms in human disease, this indicates that variable 
molecular mechanisms may result in aseptic bone inflammation..

A relatively new concept links host interactions with microbiota to immune 
homeostasis and the onset of inflammatory disease [79]. Indeed, disturbances to 
microbiomes can result in inflammation. Recently, Lukens et al. [78] suggested that 
dietary manipulation of the microbiome in osteomyelitis-prone cmo mice can pre-
vent osteomyelitis. Since CNO patients exhibit associations with disorders that also 
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correlate with disturbed microbiomes (such as acne, inflammatory bowel disease, 
etc.) [7], these observations may promise future applications in disease prevention 
and treatment [79]. Furthermore, the potential involvement of altered microbiomes 
in the molecular pathophysiology of CNO may (at least partially) explain the obser-
vation that antibiotic treatment can be somewhat effective in individual CNO 
patients (at least during treatment administration) [36, 37].

Taken together, our current understanding of the pathophysiology is based on the 
assumption that CNO is a complex genetic disorder. Variable pathomechanisms 
may affect closely related TLR/MAPK/NLRP3 inflammasome-related molecular 
pathways that subsequently result in a clinical picture summarized as CNO. Further 
studies are necessary and warranted and will provide additional molecular 
pathomechanisms, disease biomarkers, and individualized therapeutic targets.

 Diagnostic Approach

To date, validated diagnostic criteria and biomarkers are lacking for CNO, which 
leaves it a diagnosis of exclusion [1, 3–6]. Common clinical symptoms include bone 
pain, local swelling, and heat. Sometimes low-grade fever, redness, and fractures 
(usually of vertebral bodies) may occur. Arthritis is reported in up to 40% of CNO 
patients [7–9]. Routine laboratory inflammatory parameters (WBC, CRP, erythro-
cyte sedimentation rate) usually remain within normal limits or are mildly elevated 
[7, 45]. Genetic associations in CNO are currently unclear. While some authors 
reported high incidences of HLA B27 positivity, others did not see higher frequen-
cies in CNO cohorts when compared to regional healthy controls [3, 7, 10, 19].

The diagnosis of CNO is dependent on exclusion of other bone pathologies, as 
summarized in Table 17.1. Some guidance in diagnosing CNO can be provided by 
diagnostic pathways that have been proposed by several groups [27, 80, 81]. 
However, suggested diagnostic criteria have not been evaluated in unrelated cohorts 
and are not internationally accepted.

Imaging techniques are probably the most important tools for the diagnosis of 
CNO and the exclusion of other diagnoses [7]. In some patients, bone lesions may 
be detected in plain radiographs as radiolucent, osteolytic, or sclerotic lesions [13, 
40, 82, 83]. In early stages, however, radiographs usually remain normal. Magnetic 
resonance imaging (MRI) is particularly sensitive in early stages (Figs. 17.3, 17.4, 
and 17.5). In MRI studies, bone edema can be detected, even before bone erosions 
and sclerosis develop, and surrounding soft tissues can be assessed. Strongly 
T2-weighted sequences (turbo inversion recovery measurement, TIRM) and 
gadolinium- enhanced T1 sequences with fat saturation are usually used at the time 
of diagnosis to identify inflammatory bone lesions and periosseous involvement and 
to exclude differential diagnoses [83–87]. At least initially, whole-body imaging, 
usually whole-body MRI (TIRM), should be performed to identify clinically 
 unapparent lesions [86]. If whole-body MRI is not available, regional MRIs can be 
combined to cover the entire body. Technical limitations in the growing skeleton 

L. McCann et al.



235

Ta
bl

e 
17

.1
 

D
if

fe
re

nt
ia

l d
ia

gn
os

is
 o

f 
C

N
O

 (
no

n-
ex

ha
us

tiv
e)

In
fe

ct
io

ns
M

al
ig

na
nt

 b
on

e 
tu

m
or

s
B

en
ig

n 
bo

ne
 

tu
m

or
s

H
em

at
ol

og
ic

al
 

m
al

ig
na

nc
ie

s/
in

fil
tr

at
iv

e 
di

se
as

e
M

et
ab

ol
ic

 b
on

e 
di

so
rd

er
s

G
en

et
ic

 
di

so
rd

er
s

M
is

ce
lla

ne
ou

s

B
ac

te
ri

al
 

os
te

om
ye

lit
is

O
st

eo
sa

rc
om

a
O

st
eo

id
 o

st
eo

m
a

Ly
m

ph
om

a
H

yp
op

ho
sp

ha
ta

si
a

D
IR

A
O

st
eo

ne
cr

os
is

 
(v

as
cu

la
r 

ne
cr

os
is

)
M

yc
ob

ac
te

ri
os

is
E

w
in

g’
s 

sa
rc

om
a

O
st

eo
bl

as
to

m
a

L
eu

ke
m

ia
H

yp
er

tr
op

hi
c 

os
te

oa
rt

hr
op

at
hy

PA
PA

Fu
ng

al
 in

fe
ct

io
ns

B
on

y 
m

et
as

ta
se

s
Fi

br
ou

s 
dy

sp
la

si
a

L
an

ge
rh

an
s 

ce
ll 

hi
st

io
cy

to
si

s
M

aj
ee

d 
sy

nd
ro

m
e

E
nc

ho
nd

ro
m

at
os

is
C

he
ru

bi
sm

H
em

an
gi

om
at

os
is

B
on

e 
cy

st
s

Fr
om

 R
ef

s.
 [

1,
 3

–6
, 1

0,
 4

1,
 5

2]

17 Chronic Nonbacterial Osteomyelitis



236

TIRM co DIW co

Fig. 17.3 MRI findings in CRMO. Coronary whole-body MRI of a 12-year-old girl showing 
hyperintense lesions in her left humerus, right femur, and right tibia in TIRM-sequence and 
diffusion- weighted images as a reflection of CNO
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a
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T1 Gd FS sag

Fig. 17.4 Infectious osteomyelitis as differential diagnosis to CNO. (a) MRI of the spine with 
spondylodiscitis in L5/S1 (1½-year-old boy): hyperintense bone edema and destruction of the 
endplates of L5/S1 in TIRM, gadolinium enhancement of L5/S1, and the fluid-filled intervertebral 
disc in T1 sequences with fat saturation (T1 Gd FS) (arrows). (b) MRI of the foot (1½-year-old 
girl) showing chondritis of os cuneiforme with hyperintense round destruction in PD with fat satu-
ration (FS) and gadolinium enhancement in T1 (T1 Gd FS) (arrows), inflammatory soft tissue of 
the tarsus
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(signal from growth plates, etc.) and high scintigraphy-associated radiation [85] 
make MRI the modality of choice. Thus, bone scintigraphy should only be consid-
ered when MRI is not available.

If the diagnosis remains unclear, bone biopsies should be performed to exclude 
malignancy, infection, or other systemic disorders (Table 17.1) [41]. However, his-
tologic findings vary significantly between affected individuals, partially depending 
on the age of the lesions (Fig.  17.6). Generally, neutrophilic granulocytes and 
monocytes/macrophages are the predominant cell types in early CNO. Later during 
disease, infiltrates of lymphocytes and plasma cells can be seen, indicating second-
ary activation of the adaptive immune system. After months or years of inflamma-
tion, bone fibrosis in the absence of immune cells may be the predominant feature 
[5, 39, 41, 42, 88]. However, various stages can also coexist in the same patient, 
which is likely caused by the “waxing and waning” character of CNO. Furthermore, 
cellular infiltrates are not disease specific. Thus, microbiological cultures and/or 

TIRM co

a

b

T2 cor T1 Gd FS cor

CT

CT

Fig. 17.5 Bone tumors as differential diagnoses to CNO. (a) MRI of the thorax (10-year-old girl): 
osteoblastoma of the second left rib with intermediate signal intensity (arrow) and fluid accumula-
tion in the surrounding tissue in TIRM sequences. CT of the thorax with popcorn-like calcifica-
tions in the paravertebral tumor of the second left rib (arrow). (b) MRI of the thorax (11 year-old 
girl): Ewing’s sarcoma of the eighth left rib with intermediate signal intensity in T2 and minimal 
enhancement in gadolinium-enhanced T1 sequence with fat saturation (T1 Gd FS). CT of the tho-
rax with severe destruction of the lateral left eighth rib
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nucleic acid workup should be performed, and histologic exams mainly allow the 
exclusion of differential diagnoses.

Preliminary data from two studies suggest that serum biomarkers may also be 
used to diagnose CNO [45, 89]. Studies delivered potential biomarkers that may 
allow differentiating between treatment-naïve patients with CNO, Crohn’s disease, 
hematologic malignancies, osteoarticular infections, and healthy controls. Proposed 
biomarkers include monocyte-derived chemokines MCP-1 and MIP-1b, pro- 

Control Early stage CRMO Chronic stage CRMO

40X

40X

40X

40X

40X

HE

Monocytes

Granulocytes

Plasma cells

T and B cells

Fig. 17.6 Histological features of CNO. Early-phase CRMO (center column) is characterized by 
dense infiltrates of inflammatory cells as compared to the healthy bone (left column). Predominantly 
neutrophilic granulocytes and monocytes, increased osteoblast activity, and bone remodeling can 
be observed. Bone biopsies from patients with chronic-phase CRMO (right column) show infil-
trates of inflammatory cells, predominantly plasma cells and mononuclear cells. Furthermore, 
bone remodeling, marrow fibrosis, and an increased number of blood vessels with endothelial cell 
proliferation can be seen. In late or fibrosing stage, CRMO is characterized by bone fibrosis and 
only few inflammatory mononuclear cells (not shown). Top lane, HE staining of healthy bone, 
early and chronic stage CRMO as indicated; middle three lanes, immunohistochemistry (IHC) 
staining for monocytes, neutrophils, or plasma cells as indicated (target cells are stained brown); 
bottom lane, IHC staining for T (brown) and B (pink) cells
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inflammatory cytokines IL-6 and IL-12, mast cell-derived chemokine CCL-11/
eotaxin, RANTES, and soluble IL-2 receptor. Indeed, the minimal set of biomarkers 
may even be reduced to CCL11/eotaxin and IL-6 [89]. In addition to serum bio-
markers, cytokine and chemokine expression from isolated immune cells may be 
used to support the diagnosis of CNO [45]. Monocytes from CRMO patients fail to 
express GM-CSF and anti-inflammatory molecules IL-10 and IL-1RA under resting 
conditions and/or in response to TLR4 stimulation with LPS [15]. Conversely, 
monocytes from CRMO patients express increased amounts of pro-inflammatory 
IL-1β, IL-6, TNF-α, IL-8, IP-10, MCP-1, MIG, MIP-1a, and MIP-1b. Though inter-
esting and promising, available observations require confirmation in unrelated 
cohorts, investigation of additional parameters, and further differential diagnoses.

 Treatment

Treatment of CNO is largely empiric and based on personal experience, expert 
opinion, case reports, and small case series. However, consensus treatment plans 
(based on the very limited evidence available) have recently been published by the 
North American Childhood Arthritis and Rheumatology Research Alliance 
(CARRA) to prospectively collect data on treatment responses and disease out-
comes (Fig. 17.6). Currently, nonsteroidal anti-inflammatory drugs (NSAIDs) are 
usually used as first-line agents. They provide symptomatic relief [9, 27, 29, 38, 45, 
90–92] and are effective in a subset of patients within the first 18 months of treat-
ment. However, a recent retrospective analyses reported flares in over 50% of 
patients after 2 years, underscoring the chronic character of CNO [7] and implying 
that NSAIDS alone may not be sufficient to induce disease remission. Therapeutic 
effects of NSAIDs are mediated through inhibition of cyclooxygenase and variable 
suppressive effects on inflammasomes [93]. The observations that prostaglandins 
are involved in osteoclast activation and that inflammasome activation is a hallmark 
of pro-inflammatory monocytes in CNO may explain therapeutic effects of NSAIDs 
[6]. However, NSAIDs alone are most likely not sufficiently effective in CNO/
CRMO patients presenting with arthritis and/or spinal involvement [92]. For these 
patients and individuals who failed to respond to NSAIDs, additional treatments are 
required.

In individual case reports, small case series, and retrospective case collections, 
corticosteroids, disease-modifying anti-rheumatic drugs (DMARDs) including sul-
fasalazine and methotrexate (MTX), biologic treatments (anti-TNF agents), and 
bisphosphonates have all been reported to be effective in CNO [1, 3–6, 10, 45, 67]. 
Through the inhibition of phospholipase A1, corticosteroids reduce prostaglandin 
production. Furthermore, they alter expression of NFκB-mediated pro- inflammatory 
cytokines, including IL-1, IL-6, and TNF-α [6]. Usually, short “oral bursts” of 2 mg/
kg/day prednisone equivalent are administered over 5–10  days. Others may use 
low-dose prednisone equivalent (0.1–0.2  mg/kg/day) as “bridging therapy” until 
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concomitantly introduced DMARDs develop full efficacy. Indeed, corticosteroids 
quickly and effectively control bone inflammation. in most cases (79%) but rarely 
induce long-term remission [7]. However, since a significant proportion of patients 
flare after discontinuation and corticosteroid-associated side effects can be debilitat-
ing, long-term use should be avoided [6, 9, 29, 90].

The pro-inflammatory cytokine TNF-α contributes to bone inflammation in CNO 
(Fig. 17.2). Several case collections report the induction of clinical and radiological 
remission in CNO in response to TNF blockade. In particular, patients with CNO- 
associated extra-osseous manifestations (including arthritis, psoriasis, or IBD) may 
benefit from cytokine blockade. Due to the off-label character and relatively high 
associated costs, cytokine-blocking strategies should only be considered for cases 
refractory to other treatment [6, 8, 10, 27, 90, 94].

Bisphosphonates inhibit osteoclast activity, and pamidronate furthermore exerts 
dampening effects on pro-inflammatory cytokine expression [6]. Since osteoclasts 
are likely involved in bone inflammation. in CNO, and pro-inflammatory mono-
cytes are a hallmark in CNO patients, bisphosphonates promise to be efficacious in 
the treatment of CNO. Pamidronate in particular has been reported to induce rapid 
and long-lasting remission in most CNO patients [6, 10, 95–98]. Two alternative 
treatment regimens have been reported: 1  mg/kg/dose (max. 60  mg/dose) every 
month and 1 mg/kg/dose (max. 60 mg/dose) on 3 consecutive days every 3 months 
for 9–12 months. Furthermore, Zhao et al. reported rapid response to treatment with 
zoledronic acid plus infliximab. However, the combination with the TNF-inhibitor 
infliximab does not allow an assessment of the exact contribution of each therapeu-
tic agent [99]. Because of potential side effects and the fact that bisphosphonates 
remain in the system for many years, they should only be considered in otherwise 
treatment refractory cases or in individuals with primary vertebral involvement and 
structural damage [6, 10].

Reports on DMARD treatment (MTX, sulfasalazine) in CNO are limited and 
delivered conflicting data [3, 6, 8, 10, 19, 27].

Because of increased assembly of NLRP3 inflammasomes in monocytes from 
CNO patients, resulting in IL-1β activation and release (Fig. 17.2), IL-1 blocking 
strategies may be a promising therapeutic strategy. In light of this, surprisingly few 
cases of anti-IL-1 treatment with recombinant IL-1 receptor antagonist anakinra 
have been reported in CNO and showed mixed response with variable outcomes 
[100]. Potential explanations for mixed and rather poor responses may include low 
tissue concentrations of anakinra and pathophysiological heterogeneity in CNO/
CRMO.

To date, the required duration of treatment remains unclear. Recent reports sug-
gest CNO to be a chronic disease with flares even years after first “remission.” 
However, patients are frequently treated for 6–12 months past the induction of clini-
cal and radiological remission. Current routine is empiric, based on expert opinion, 
and not backed by studies targeting treatment durations and outcomes [1, 2, 4–6, 10, 
18, 67, 90]. To aid treatment decisions and prospectively assess efficacy of fre-
quently applied treatment options and optimal treatment duration, consensus treat-
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ment plans (CTPs) have been released by CARRA [101] (Fig. 17.7). The concept of 
CTPs is to limit treatment practice variation to allow comparative effectiveness stud-
ies; they should not be confused with treatment recommendations or even guide-
lines. Furthermore, treatment decisions must be taken with caution, since (i) findings 
on MRI may be overinterpreted in clinically asymptomatic patients, (ii) lesions may 
resolve without becoming clinically apparent or causing sequelae, and (iii) thera-
peutic agents may cause side effects or generate significant cost. On the other hand, 
vertebral involvement holds the risk of fractures and associated sequelae, and long-
lasting uncontrolled disease activity contributes to unfavorable long-term outcomes 
with polyarthritis/spondyloarthropathy, pain amplification, and others [3, 6, 10].

 Disease Monitoring and Outcomes

Treatment decisions can be particularly difficult in the absence of accepted tools to 
measure disease activity. Thus, treatment regimens and duration largely depend on 
the experience of the individual healthcare provider. Various activity measures have 
been suggested, including the PedCNO score (consisting of pain Visual Analogue 

CNO without vertebral lesions

TNF-a inhibitoren

1. Adalimumab
2. Etanercept
3. Infliximab
4. Other TNF inhibitors

Optional:

Methotrexate

Bisphosphonates

1. Pamidronate
2. Zolendronic acid

Optional:

1. NSAIDs
2. Glucocorticoids

“Classical” DMARDs

1. Methotrexate
2. Sulfasalazine

Optional:
1. NSAIDs
2. Glucocorticoids

NSAID

Remission No Remission CNO with vertebral lesions

Treatment C:Treatment B:Treatment A:

Fig. 17.7 Treatment protocols for CNO. In the absence of vertebral involvement, CNO patients 
are usually treated with NSAIDs. Patients who fail to respond to NSAIDs or individuals with pri-
mary involvement of the vertebral column can be treated according to the recently published 
CARRA consensus treatment plans [102] (Grey box; plans A–C)
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Scale (VAS) scores, disease activity VAS scores by physician, number of lesions on 
MRI, and erythrocyte sedimentation rates) [92], signs of inflammation on MRI [99], 
childhood health assessment questionnaire (CHAQ), and others [8, 17, 27]. Imaging 
techniques are essential for the assessment of disease activity and the identification 
and monitoring of disease-associated sequelae, such as fractures, inflammatory 
involvement, and tissue damage to surrounding anatomical structures [86]. Though 
for most questions MRI is the gold standard, plain radiographs may be used to fol-
low up on fractures or sclerotic bone lesions. While radiographic response to treat-
ment should usually be assessed no sooner than 3 months after its initiation, CNO 
patients with involvement of the vertebral column may be exempt from this. In 
those patients, treatment responses should be assessed after 4–6 weeks by MRI, and 
treatment escalation should be discussed at such early time points, since compres-
sion fractures are a considerable threat [90, 101].

Since MRI techniques are time consuming, relatively expensive, and difficult to 
perform in young children, biomarkers reflecting disease activity would be consid-
ered particularly beneficial. Some of the aforementioned recently proposed serum 
biomarkers promise potential as a measure of disease activity after treatment initia-
tion. Interleukin-12, MCP-1, and sIL-2R can act as markers for treatment response, 
since they remained elevated in individuals who did not reach clinical and radio-
graphical remission in response to the introduction of NSAID treatment [45]. 
However, reported findings require confirmation in unrelated cohorts.

Not uncommonly, disease activity is “waxing and waning” in CNO with periods of 
remission and disease activity. Individual disease courses are highly variable with 
occasional spontaneous resolution after several weeks or months but more frequently 
prolonged courses. While initial studies suggested that CNO may be benign and spon-
taneously resolve in most patients [9, 38], more recent evidence indicates that CNO is 
a chronic disease with disease-related sequelae in a subset of patients, particularly 
those with prolonged and insufficiently controlled inflammatory activity [18, 90] and 
spinal involvement. Pathologic fractures can occur in up to 50% of patients with ver-
tebral involvement [27, 90]. Other sequelae include bone sclerosis and hyperostosis, 
leg-length discrepancies, muscle atrophy, polyarthritis and spondyloarthropathies, 
psychosocial problems, and pain amplification syndromes [9, 18, 27, 32, 82, 90].

 Conclusions

Chronic nonbacterial osteomyelitis is an autoinflammatory bone disorder. 
Associations with other autoimmune/inflammatory disorders have been reported. 
Complex pathophysiology with several genetic factors contributes to distinct 
molecular disturbances resulting in cytokine dysregulation and bone inflammation.. 
Imbalanced expression of pro- and anti-inflammatory cytokines and osteoclast acti-
vation can be therapeutically targeted with NSAIDs, corticosteroids, TNF inhibi-
tors, bisphosphonates, and classical DMARDs. Early and sufficient treatment, 
particularly in individuals with spinal involvement, should be considered to prevent 
prolonged disease and severe complications.
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Chapter 18
Improving the Transition from Pediatric 
to Adult Care for Adolescents and Young 
Adults with Autoinflammatory Diseases

Jonathan S. Hausmann and Kitty O’Hare

 Introduction

The genetic basis for most autoinflammatory diseases (AIDs) makes them unique in 
rheumatology because most patients will be diagnosed during childhood and will 
continue to have active disease during adulthood [10]. Improvements in the man-
agement of children with AIDs have permitted most to reach adulthood and lead 
productive lives. As a result, adolescents and young adults (AYAs) will need to 
transition to an adult rheumatologist at some point during their medical care.

While a successful transition provides an opportunity for increased patient 
engagement and education, it is fraught with multiple challenges, including those 
that arise from the patient as she gains independence, from the family as they forego 
their role as managers of the patient’s care, and from the pediatric and adult rheuma-
tologist, who must exchange information, often using electronic health records that 
are not interoperable. Patients with AIDs face similar challenges in transitioning as 
those with other chronic health conditions, but the rarity of AIDs, their episodic 
nature, and the frequent use of immunosuppressive drugs impose unique obstacles 
that must be overcome. We will first discuss the importance of transition and will 
then address factors that will facilitate this process, including the  acquisition of self-
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management skills and supportive decision-making. Finally, we will address critical 
aspects of the medical care for patients with AIDs including long- term sequelae, 
issues related to pregnancy, primary care, stress management, attending college, and 
the development of a transition plan for pediatric and adult rheumatology practices.

 The Need for Transition

Transitioning pediatric rheumatology patients to adult care requires patients to be 
able to care for and manage their chronic disease; to become aware of their medical 
histories, treatments, and complications; as well as to manage their future care, 
including making appointments, obtaining medication refills, and addressing health 
insurance issues. The time for transition typically occurs at a particularly vulnerable 
time, as AYAs usually have worse health than younger adolescents and older adults 
[21]. Unfortunately, most pediatric patients receive little or no preparation for transi-
tioning into adult care [20], and few pediatrics practices are prepared to manage the 
transition process for their young adult patients [24]. AYAs transitioning their care to 
adult providers frequently miss their scheduled visits with adult providers; one study 
showed that the transfer time between the last pediatric rheumatology visit to the first 
adult rheumatology visit within the same hospital was over seven months [11].

Transitioning pediatric patients to adult providers should not be a onetime event; 
instead, it should be a process of education, planning, and skills development that 
starts at a very young age to prepare patients to transition into the adult world. 
Various transition interventions have been shown to improve adherence to care [7]. 
Within rheumatology, transition interventions have been most often studied in 
patients with juvenile idiopathic arthritis. These transition programs have shown 
improvement in the perceived health and quality of life [12, 18], as well as parent’s 
ability to foster autonomy and independence [12]. Transition interventions also 
improve the success of establishing care with adult rheumatologists [13].

 Self-Management Skills

A large part of the transition process involves educating patients about their own 
health conditions. This includes teaching patients to understand the cause of their 
illness and its genetic basis (if applicable), clinical manifestations, treatment 
options, and complications. At the same time, physicians should strive to provide 
patients with self-management skills, that is, problem-solving skills to help them 
identify issues with their condition, make decisions, take appropriate action, and 
reflect on the results of their actions to guide future behavior [2]. Adolescents with 
chronic rheumatic diseases do not naturally possess self-management skills to suc-
cessfully manage their conditions into adulthood [15], but these skills can be taught. 
Studies have shown that teaching self-management improves clinical outcomes and 
reduces costs [2]. Table 18.1 provides examples of self-management skills required 
for patients with AIDs.
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 Supportive Decision-Making

As children with AIDs progress through adolescence and into adulthood, they 
should increasingly participate in decisions regarding management of their disease, 
including the types of treatment they will receive (subcutaneous versus oral medica-
tions, frequency of administration, etc.), especially since they are the ones who will 
receive all the benefits and harms of treatment. In medicine, and especially in AIDs, 
decisions must often be made under uncertainty. Uncertainties may include the spe-
cific diagnosis, the utility of genetic testing, the optimal treatment strategy, long-
term sequela of the disease, and/or potential complications from the treatment. 
Physicians should openly discuss these inherent uncertainties in the management of 
AIDs with patients and their families.

Supportive decision-making can be practiced from a very early age. A first step 
could be allowing a preschool-aged child to decide in which arm they want to 
receive an injection. The school-aged child can be coached to ask questions about 
the effects of medications on daily activities, for example, the impact of medications 
on sports or school. Adolescents should be allowed to have one-on-one time with 
the clinician for at least part of the visit, to better allow development of confidential-
ity as well as to improve confidence in decision-making. Adolescents can also 
cosign consents for treatments.

In most parts of the United States, patients become legal adults as of the 18th 
birthday. Achieving legal adulthood adds a new layer of complexity to decision- 

Table 18.1 Self-management skills that should be developed and mastered by patients with 
autoinflammatory diseases prior to transitioning to adult care

Healthcare skill

Age to begin 
development 
(years)

Age of 
mastery 
(years)

Understanding diagnosis, clinical features, and potential 
complications

5 15

Owning and knowing how to use a thermometer 8 13
Learning to identify and prevent disease triggers (emotional stress, 
medication nonadherence, strenuous activities)

8 16

Learning to identify sources of pain and acquiring pain management 
skills

8 16

Understanding the timing of medication administration (e.g., daily 
medications versus abortive medications)

11 16

Recognizing medication side effects 11 18
Differentiating disease flares from infections 14 18
Scheduling medical appointments 14 18
Obtaining medication refills; knowing who to call for prescriptions, 
who dispenses medications, and how to get medications delivered

14 18

Recognizing signs/symptoms that require medical attention 14 18
Understand how pregnancy can affect symptoms and make an 
informed choice about pregnancy prevention

14 21

Understand how substance use (alcohol, marijuana, illicits) can 
affect symptoms and disease progression

14 21

Having a health insurance card and knowing how to navigate it 16 18
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making. All adults should be encouraged to document a health care proxy, that is, 
another adult who is designated to make treatment decisions if the patient is unable 
to do so. If the disease course is severe, then young adults should be encouraged to 
consider advanced directives as well. For patients who may be unable to make their 
own medical decisions, perhaps secondary to neurologic compromise from aseptic 
meningitis (NOMID) or recurrent stroke (DADA2), it will be essential to discuss 
pathways for legal guardianship. The pathway to legal guardianship varies from 
state to state. If legal guardianship is advisable, the patient’s potential guardian 
should begin the process well in advance of the age of majority. Neurocognitive 
testing can be beneficial for discerning how much support a young adult requires for 
making complex medical decisions.

It is also essential for transitioning patients to be aware of their health insurance 
benefits. Under the current law in the United States, young adults may continue 
enrollment on their parents’ insurance until they turn 26 years of age. Patients on 
Medicaid should reapply to receive Medicaid as adults once they turn 18 [5].

 Long-Term Sequelae

As children with AIDs grow into adulthood, they may continue to experience dis-
ease flares and may also face long-term complications from their chronic disease (or 
its treatment). Long-term data on patients with AIDs are  scant, and the risks of 
biologic use throughout the lifespan are still largely unknown. Below, we will 
briefly discuss outcomes from some of the better-known AIDs, which may help to 
inform the management of patients with other syndromes.

Long-term outcomes in patients with familial Mediterranean fever (FMF), the 
most common and well-known AID, are excellent in patients treated with colchi-
cine. A study of children with FMF followed through adulthood found that those 
who take colchicine do not develop amyloidosis, and most (64%) have complete 
remission of their attacks, while the rest have partial remission [33]. Children with 
FMF do not have abnormal growth or development, and adults reach normal heights.

Patients with mevalonate kinase deficiency (MKD, or hyper IgD syndrome 
[HIDS]) have some relief of their symptoms as they grow, with decreased frequency 
of attacks, although patients will continue to have intermittent attacks during adult-
hood [29]. In one study, almost half of adult patients with MKD reported that their 
disease delayed their education, and a third stated their disease contributed to being 
fired from a job; one-quarter were unemployed as adults [29]. Health-related 
quality- of-life measures were lower in patients with MKD than in healthy controls. 
Patients with MKD experienced limitations in their activities of daily living and 
scored slightly lower on autonomy and social development skills than controls.

In TRAPS, there is no spontaneous improvement in the frequency or severity of 
the episodes over time [22], although long-term outcomes are not well known.

In patients with periodic fevers, aphthous stomatitis, pharyngitis, and adenitis 
(PFAPA), the most common AID in childhood, 85% of patients have complete 
symptom resolution without sequelae after an average duration of 6 years [31]. Of 
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those that continued to have symptoms, the duration of fever and the frequency of 
flares decreased significantly [31], and the vast majority were well when they reach 
adulthood.

 Pregnancy and Genetic Counseling

The effects of AIDs on fertility are unclear. FMF patients who are treated with col-
chicine have been shown to have normal fertility [33]. However, studies of patients 
with cryopyrin-associated periodic syndrome (CAPS) showed reduced fertility in 
males and females with this condition [17, 28], although most had not received 
regular treatment with biologics from an early age. Fertility with the other AIDs is 
mostly unknown.

Nevertheless, the need for contraception should be addressed in patients with 
AIDs. Most of the drugs used to treat autoinflammatory conditions are not consid-
ered teratogenic, although there is limited data as to their effect on the fetus if taken 
during pregnancy. The little data that exists regarding the safety of IL-1 block-
ade does not seem to be concerning for women who become pregnant while on 
these drugs, or for males who take these medications at the time of conception [32].

Given the genetic basis of most AIDs, patients should be educated as to the risk of 
transmitting their disease to future offspring; genetic counseling may be beneficial.

 Primary Care

Many patients with autoinflammatory and other rheumatic illness have close fol-
low- up with their rheumatologists, and as a result, may forego routine primary care 
with potential adverse sequelae. Adolescents with other chronic medical conditions, 
such as those with cystic fibrosis and sickle cell disease, have fewer rates of preven-
tive health counseling [3]. Adults with congenital heart disease have lower rates of 
cancer screening (Pap smears, mammography) than an otherwise healthy popula-
tion [6]. As a result, it is essential for patients with AIDs to establish a primary care 
medical home and to receive all of the appropriate primary care counseling and 
screening appropriate for their age, in addition to the specialized care required for 
their condition.

Age-appropriate killed vaccines should be given to all patients, including the 
yearly influenza vaccine. Patients with MKD traditionally report febrile episodes 
occurring after childhood vaccinations [8], although it is not considered a contrain-
dication to vaccinate these patients; in one case, anakinra given 72 hours after vac-
cine administration was successful in aborting the febrile episode without affecting 
immunogenicity [1].

According to the Centers for Disease Control and Prevention (CDC), patients on 
chronic immunosuppressive drugs should also receive pneumococcal vaccinations, 
including PCV13 and PPSV23. PCV13 is now routinely given to children, but it 
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should also be given to those on chronic immunosuppression if it has not already 
been given. Patients on immunosuppression should also receive PPSV23 at least 
eight  weeks after PCV13 immunization [4]. A second PPSV23 dose is recom-
mended five years after the first dose. However, there are reports of patients with 
CAPS developing severe local and systemic reactions after the pneumococcal poly-
saccharide vaccine (PPSV23) [30], so the benefits and risks of this vaccine should 
be carefully weighed for this group.

 Stress Management

Patients with rheumatic illnesses, and especially those with AIDs, are particularly 
vulnerable to stress. In those with AIDs, many types of stress, including emotional 
and physical, may provoke fever flares [10, 14, 25]. Thus, the occurrence of a flare 
may be a useful indicator that the patient is under stress. In AYAs, we often see 
flares triggered by starting college, final exams, lack of sleep, and travel. It is essen-
tial for patients to be mindful of the effect of these stressors on their disease. Patients 
should be encouraged to employ stress reduction techniques such as exercise, mind-
ful meditation, yoga, biofeedback, acupuncture, massage, and cognitive behavioral 
therapy as methods to prevent flares. Many colleges now provide Wellness services 
to their students that offer several of these practices. Clinicians should also consider 
routine screening of their young adult patients for depression and anxiety using 
standardized instruments such as the PHQ9 and GAD7.

 Going to College

For patients that plan to attend college, we find that it is easier to transition them to 
adult providers after they graduate from college. College brings multiple challenges 
to the care of patients with AIDs, especially if they require biologic medications, 
and continuation with their pediatric rheumatologist can facilitate their medical care 
during this time. If patients encounter disease complications while in college, they 
often reach out to their parents first rather than to their rheumatologist. By continu-
ing with their pediatric providers, the parent is more familiar with the pediatric 
practice and may feel more comfortable helping to coordinate their care. We realize 
that some pediatric practices and hospitals have strict guidelines about when the 
transition of care should occur. However, the American Academy of Pediatrics 
argues against the establishment of arbitrary age limits on when the transition 
should be made; instead they recommend that the timing of this decision should be 
individualized and should take into account the patient and family’s needs, as well 
as the availability of providers able to meet the patient’s needs [9].

The availability of on-site medical care at colleges and universities is inconsistent at 
best [16]. For the safest and optimal college experience, students should be prepared to 
manage their health while away from home. Most students will benefit from having a 
written care plan which outlines what to do in certain situations, such as when develop-
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ing an infection or a fever flare. The student should keep a copy of this care plan, and 
one should be filed with the Student Health Center. Students requiring reasonable 
accommodations, due to mobility problems or test-taking concerns, should identify 
themselves to their school’s office of disability services. Unlike at the high school 
level, most colleges and universities do not actively seek out students in need of accom-
modation; students must identify themselves as being in need of these services.

If the patient is going to college far away from home, it is often useful to identify 
a (likely adult) rheumatologist who may be able to evaluate the patient in the case 
of an emergency. Patients can continue visiting their pediatric rheumatologist when 
they are home during vacations. AYAs should be encouraged to sign up for their 
pediatric rheumatologist’s patient portal, if available, as a means of accessing their 
health information remotely, and to communicate with their home providers.

Although colleges and universities often provide health insurance, most of our 
patients stay on their parents’ insurance throughout college, as this avoids having to 
obtain new prior authorization (PA) by different insurance companies, often ones 
with fewer prescription benefits.

If a patient is on a biologic medication, it will be necessary to coordinate drug 
delivery. If they go to school near their home, parents can deliver the drug to the 
patient, or the patient can pick it up from home. However, if the patient goes to 
school away from home, it is typically best to send the medications directly to the 
Student Health Center rather than to the student, as most medications require spe-
cial handling to maintain them refrigerated. For other prescription drugs, they can 
be sent directly to a pharmacy near the school.

For students that receive infusions, it will be essential to coordinate their admin-
istration in a hospital close to the college. A PA will need to be rewritten for that 
hospital, and the family will need to find a provider with affiliation to the hospital 
who is willing to write the orders. When students are home for the summer, a new 
PA will need to be written to allow them to receive the medication at home.

Once patients graduate from college, we find that this is the best time for transi-
tion. They may move away from home and obtain their own insurance. They are 
typically more mature and better able to visit an adult rheumatologist on their own.

 A Plan for Transition

The Center for Healthcare Transition Improvement created a structured model called 
the Six Core Elements of Healthcare Transition to facilitate the establishment of tran-
sition programs. Initial testing of this approach into several practices showed improve-
ments in quality indicators [19]. They later refined their process based on feedback 
from this project, in addition to expert consensus, which they released as version 2.0.

The Six Core Elements of Healthcare Transition 2.0 contains advice for pediatric 
practices transitioning their patients to adult providers, for adult providers who are 
receiving adolescent and young adults from pediatric practices, as well as for physi-
cians who provide a continuum of care (e.g., Med-Peds providers, family medicine 
physicians). It provides a structured framework that can be adapted and instituted in 
a wide variety of practice settings, including for patients with AIDs (Table 18.2).
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Table 18.2 Transitioning AYAs with AIDs to adult healthcare providers, modeled after The Six 
Core Elements of Healthcare Transition 2.0

1. Transition policy
•  Develop a transition policy/statement with input 

from youth and families that describes the 
practice’s approach to transition, including privacy 
and consent information

•  Educate all staff about the practice’s approach to 
transition, the policy/statement, the Six Core 
Elements, and distinct roles of the youth, family, 
and pediatric and adult rheumatology teams in the 
transition process, taking into account cultural 
preferences

•  Post policy and share/discuss with youth and 
families, beginning at ages 12–14, and regularly 
review as part of ongoing care

4. Transition planning
•  Develop and regularly update a medical 

summary, including plans for response 
to a fever or other emergencies

•  Prepare youth and parent/caregiver for 
the adult approach to care at age 18, 
including legal changes in decision- 
making and privacy and consent, 
self-advocacy, and access to information

•  Determine the level of need for 
decision-making supports for youth 
with intellectual challenges, and make 
referrals to legal resources

•  Assist youth in identifying an adult 
rheumatologist, obtain consent from the 
youth/guardian for the release of 
medical information, and communicate 
with the selected provider about 
pending transfer of care

•  Provide linkages to insurance 
resources, self-care management 
information, and culturally appropriate 
community supports

2. Transition tracking and monitoring
•  Identify all youth with AIDs ages 12 or older in 

your practice
•  Utilize individual flow sheet or registry to track 

youth’s transition progress with the Six Core 
Elements

•  Build electronic health record (EHR) tools to help 
support transition processes

5. Transfer of care
•  Confirm date of first adult 

rheumatology appointment
•  Complete transfer package, including 

final transition readiness assessment, 
plan of care with transition goals and 
pending actions, medical summary and 
emergency care plan, any legal 
documents, condition fact sheet, and 
additional provider records

•  Prepare a letter with transfer package, 
send to adult rheumatology practice, 
and confirm adult practice’s receipt of 
transfer package

3. Transition readiness
•  Create an AID-specific fact sheet to educate the 

youth and their future adult health team about their 
condition

•  Conduct regular transition readiness assessments to 
identify and discuss with youth and parent/caregiver 
their needs and goals in self-care

•  Jointly develop goals and prioritized actions with 
youth and parent/caregiver, and document regularly 
in a plan of care

6. Transition completion
•  Contact young adult 3–6 months after 

last pediatric rheumatology visit to 
confirm the transfer of responsibilities 
to adult practice and elicit feedback on 
experience with the transition process

•  Communicate with adult practice 
confirming completion of transfer and 
offer consultation assistance, as needed

•  Build ongoing and collaborative 
partnerships with adult rheumatologists

Adapted from Got Transition [26]
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 Conclusions

There are many unmet needs in transitioning youth with AIDs to adult providers. A 
better understanding of long-term outcomes of patients with AIDs, perhaps from 
large international registries such as Eurofever Project [27], may provide us with 
more specific recommendations in managing these patients during the transition 
period. The establishment of specialized, comprehensive transition programs for 
patients with AIDs could significantly improve patient satisfaction and health out-
comes. Finally, improving the education of health professionals on the importance 
of establishing transition services and recommendations on how to do this most 
effectively could also enhance care [23].

The transition of youth with AIDs to adult providers should not be viewed as a 
onetime event; rather, it is a process that should begin many years before the transfer 
of care to adult providers. It requires patients to learn self-management skills, rec-
ognize disease flares and complications, develop the ability to make decisions con-
cerning their AIDs, and understand how their illness has the potential to affect other 
parts of their lives. The process of transition requires a team effort with the patient 
at the center, with open and active communication between all involved, including 
pediatric and adult rheumatologists, primary care providers, nurses, school officials, 
and hospital systems. A good transition has the potential to bring significant 
health benefits for AYAs with AIDs that may last a lifetime.
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Chapter 19
Adult-Onset Still’s Disease

Petros Efthimiou and Sujani Yadlapati

 Introduction

Adult-onset Still’s disease (AOSD) is a rare, idiopathic, systemic, autoinflammatory 
disorder. Patients can present with the “Still’s triad”, arthritis, evanescent salmon- 
colored rash, and quotidian or double quotidian fevers, although atypical cases 
abound. Described as early as 1896 by George Still in children and further charac-
terized in 1971 by Eric Bywaters who an adult onset of symptoms, “Still’s disease” 
has come to define a disease spectrum with systemic juvenile idiopathic arthritis 
(SJIA) at one end and AOSD at the other, based on age of symptom onset [1]. 
Clinical manifestations may include hepatosplenomegaly, lymphadenopathy, sero-
sitis, and aseptic meningitis. Severe disease complications include endocarditis, 
myocarditis, and pericarditis, coagulation abnormalities, and, especially, macro-
phage activation syndrome (MAS). The precise etiology of AOSD remains unclear; 
however, activation of the innate immunity via an unknown trigger has been 
described as the key inciting factor. Establishing the diagnosis of AOSD is often 
difficult due to the protean nature of the disease; the presence of non-specific symp-
toms, especially in the early phases of the disease; and the absence of characteristic 
serological diagnostic markers. Importantly, albeit inconsistent, laboratory findings 
include neutrophil-predominant leukocytosis, negative rheumatoid factor (RF), and 
antinuclear antibodies (ANA) as well as frequently elevated serum ferritin levels 
with a low-glycosylated fraction [2].
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AOSD remains a diagnosis of exclusion, since more common illnesses can pres-
ent with very similar symptoms. Definitive diagnosis should only be made after 
ruling out infectious, malignant, and other autoimmune and autoinflammatory dis-
eases. Yamaguchi criteria are often used to aid in diagnosis and, especially, classifi-
cation [3, 4]. Patients frequently have a favorable prognosis with timely diagnosis, 
unless life-threatening complications such as macrophage activation syndrome 
(MAS) ensue.

 Epidemiology

Prevalence of AOSD is estimated to be less than one case per 100,000 people. 
AOSD is rare, and hence there are currently no consensus on its incidence and 
prevalence in different populations. Based on larger reviews from the 1980s, it 
appears that AOSD occurs worldwide and may affect slightly more women than 
men. This disease characteristically affects younger people between the age of 16 
and 35 years of age [5, 6]. A bimodal peak at ages 15–25 and 36–46 without a sex 
bias has been described in a retrospective study of 62 patients from western France 
[7]. However, an epidemiological survey from Japan described that 67% of the 
cases presented after the age of 35, the majority (65–70%) being women [8]. AOSD 
affects all ages, and stress has been suggested as an important risk factor for all ages 
[9]. No familial trend has been reported in the recent literature; however, an associa-
tion with certain HLA alleles has been observed in certain populations. These HLA 
subtypes include HLA DR4, B17, B18, B35, DR2, DR5, and DQ1.

 Etiopathogenesis

Pathophysiology of AOSD was largely obscure until the recent past. A myriad of 
factors such as genetics, infectious (bacterial and viral) agents, and environmental 
factors have been thought to play a causative role. Concurrent elevations of sero-
logic markers of infectious agents have been noted in some patients with Still’s 
disease. These infectious triggers include EBV; parvovirus B19; CMV; HHV; HIV; 
Coxsackievirus; mumps; rubella; echovirus; hepatitis A, B, and C viruses; 
Campylobacter jejuni; Chlamydia pneumoniae; adenovirus; influenza virus; parain-
fluenza virus; and Mycoplasma [5, 10]. However, to date definite insight in to pre-
cise role of infection in AOSD is lacking.

Several associations with distinct HLA alleles and AOSD have been described 
thus far. Pouchot et al. described a strong association between HLA-B17, B18, B35, 
and DR2 and AOSD [11]. In a small study of 25 AOSD patients, HLA-Bw35 was 
associated with disease susceptibility conferring a favorable prognosis [12]. Wouters 
et al. noted an increased frequency of the HLA-DR4 allele in 29 patients with AOSD 
compared to normal controls, with the presence of HLA-DRw6 being linked to root 
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joint involvement [13]. An association between a chronic articular form of AOSD 
and HLA-DRB1*1501 (DR2), DRB1*1201 (DR5), and DQB1*0602 (DQ1) was 
previously reported, while HLA-DQB1*0602 (DQ1) have been also associated with 
the systemic form of the disease in Japanese population [14]. Statistics from a 
Korean report supported an association between HLA-DRB1*12 and DRB1*15 and 
AOSD, while HLA-DRB1*04 seemed to be protective. Conversely, HLA-DRB1*14 
alleles were more frequently present in patients with the monocyclic systemic type 
of AOSD [15].

Hallmark of AOSD involves neutrophil and macrophage activation triggered by 
the pro-inflammatory cytokine IL-18. Neutrophil (PMN) CD64, a marker of neutro-
phil activation, has been found to be upregulated in patients with active 
AOSD. Calprotectin (calcium-binding protein) secreted by neutrophils and macro-
phages and macrophage migration inhibitory factor (MIF) have been found to be 
useful markers of disease activity [13]. Intercellular adhesion molecule (ICAM-1) 
upregulated by IL-18 has been implicated as a useful clinical marker whose expres-
sion typically reflects the level of disease activity. Macrophage colony-stimulating 
factor, a cytokine which orchestrates proliferation and differentiation of macro-
phages, also appears to play a role in AOSD.

More recently, regulation of cytokine production has been noted in patients with 
AOSD. A predominance of Th1 subset of cytokines has been seen in peripheral 
blood and tissues of active untreated AOSD patients. Th1 immune cascade is char-
acterized by elevated secretion of interferon γ (IFNγ), interleukin-2 (IL-2), and 
tumor necrosis factor α (TNFα) cytokines that direct B cells toward IgG2a produc-
tion, activate macrophages and natural killer (NK) cells, and promote cell-mediated 
immunity [10]. When compared with controls, serum levels of IL6, TNFα, and 
IFNγ were significantly increased in 12 patients with active AOSD [16] . IL18 is a 
pro-inflammatory cytokine that is overproduced in the acute phase of AOSD and is 
believed to be the cytokine initiating the inflammatory cascade that includes IFNγ, 
IL6, and TNFα [17]. Genetic polymorphisms of the human IL18 gene have been 
described to confer disease susceptibility in a Japanese study [18]. Conversely, in 
another Japanese study, serum levels of soluble IL2 receptors, IL4, and IL18 cor-
related with chronic articular AOSD activity, whereas IFNγ and IL8 levels were 
found to be persistently raised, even in disease remission.

Understanding of the Still’s disease was also enhanced by the description of 
autoinflammatory syndromes. These disorders are associated with recurrent bouts 
of inflammation without an instigating antigenic stimulus. Defective interleukin-1 
processing, regulation of nuclear factor-B transcription factor, and possible unchar-
acteristic apoptosis are all anticipated mechanisms that may possibly play a role in 
the generation and perseverance of an inflammatory cascade. Patients with autoin-
flammatory syndromes, in particular, the typical hereditary periodic fever syn-
dromes, may share certain genetic traits; MEFV gene mutation associated with 
familial Mediterranean fever (FMF) and IL-1 hypersecretion was seen with aug-
mented frequency in Turkish children with SJIA.  Mutation of perforin and the 
MUNC13–4 genes have been seen in patients with macrophage activation syndrome 
(MAS), a known severe, life-threatening complication of AOSD [3]. Mutations in 
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genes encoding the tumor necrosis factor (TNF) receptor and pyrin superfamilies of 
molecules may result in the endurance of leukocytes that would customarily go 
through apoptosis [3]. As a result, relatively minor pro-inflammatory triggers may 
lead to an exaggerated and potentially harmful, inflammatory response.

IL-1b, the pivotal cytokine in AOSD and other autoinflammatory syndromes, 
activates the thermoregulatory center, resulting in fever; may activate IL-1 receptors 
on the endothelium, resulting in rash; and can also act on the bone marrow to 
increase mobilization of granulocyte progenitors and mature neutrophils, resulting 
in peripheral neutrophilia. IL-1 also causes an increase in platelet production, which 
results in thrombocytosis, and decreases the response to erythropoietin, causing 
anemia. IL-1 induces the production of IL-6. Circulating IL-6 stimulates the hepa-
tocytes to synthesize several acute-phase proteins, such as CRP, ferritin, and 
D-dimer.

 Clinical Features

In general, three types of AOSD have been described. The monocyclic pattern, 
which is the most benign form, is characterized by a single episode of AOSD with-
out recurrence. In the polycyclic pattern, the patient experiences recurrent attacks, 
although the subsequent AOSD attacks often seem not as severe as the first one. In 
both the monocyclic and the polycyclic forms, systemic symptoms (rash, fever) are 
very prominent. The worst prognosis is carried by the chronic articular form, which 
is thought to be an unfortunate evolution of the polycyclic form. Often, the systemic 
symptoms are absent or so remotely in the past that the patient may not even remem-
ber them and the main morbidity is from a chronic articular polyarthritis that mim-
ics RA.

Common findings of AOSD are fever, arthralgia, rash, and sore throat. Other 
accompanying symptoms include, but are not limited to, myalgia, pharyngitis, 
lymphadenopathy, splenomegaly, and serositis. Fever is usually quotidian and often 
precedes other manifestations. Temperature spikes of >39°C frequently occur and 
are associated with chills and rigors, joint pain, or rash. AOSD is one of the main 
causes of pyrexia of unknown origin (PUO). Temperature fluctuations can be dra-
matic. Fever may persist between spikes in approximately 20% of cases, and com-
plete defervescence is not always a characteristic of the quotidian fevers [11]. 
High-grade temperatures, more than 39.5° C, can be associated more strongly with 
monophasic pattern of AOSD [19].

Skin rash associated with AOSD is a salmon-pink colored, maculopapular erup-
tion that tends to accompany or, more frequently, be exacerbated by fever. Rash 
usually presents centrally at the trunk and the adjacent extremities (arms/thighs). 
Histopathology of the rash often reveals non-specific findings including dermal 
edema and mild perivascular inflammation in the superficial dermis with lympho-
cytes and histiocytes. Complement deposits (C3) have been described with immuno-
fluorescence. Arthralgias and myalgias are common manifestations of AOSD. Most 
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commonly involved joints include the wrists, ankles, knees, elbows, proximal inter-
phalangeal joints, and shoulders. These manifestations can evolve into more severe 
and potentially destructive polyarthritis that can mimic other systemic inflammatory 
arthritides, such as rheumatoid arthritis [20]. Myalgia can be debilitating and often 
associated with fever spikes. The muscle involvement, when severe, may be accom-
panied by an elevation of serum creatinine kinase and aldolase concentrations. 
However, muscle biopsy and electromyographic (EMG) studies are typically nor-
mal. Sterile pharyngitis manifesting as throat pain can occasionally precede the 
development of fever or rash by weeks, or even months, as a prodromal symptom 
and can often reoccur with disease relapses.

Hepatomegaly and modest elevation of serum hepatic aminotransferases and 
alkaline phosphatase are not uncommon in patients with AOSD. Several cases of 
fulminant liver failure in association with AOSD have been described and may be 
associated with overexpression of IL-18 [11]. Myocarditis, pericarditis, and pleural 
effusions have also been observed in AOSD patients, and they seem to respond to 
anti-inflammatory treatment. Uncommonly, some patients may develop severe 
interstitial lung disease and some progress to acute respiratory distress syndrome 
(ARDS). Enlarged, symmetrical, cervical nodes are seen in about one half of 
patients with AOSD. Lymphadenopathy is often accompanied by fever, leukocyto-
sis creating diagnostic confusion with lymphoma. Lymph node biopsy typically 
shows intense, paracortical immunoblastic hyperplasia [21]. Splenomegaly is also 
seen in up to one third of patients.

Macrophage activation syndrome (MAS) or reactive hemophagocytic syndrome 
(RHS) is a life-threatening complication of AOSD. Mortality rate ranges between 
10% and 22% [22–25], and an incidence of 12–14% has been noted in two recent 
series, a rate higher than other rheumatic diseases [26, 27]. It is categorized by an 
uncontrollable activation of the reticuloendothelial system within the bone marrow, 
reticuloendothelial system, and central nervous system, with successive phagocyto-
sis of hematopoietic cells by tissue macrophages (histiocytes) [25, 28]. Patients 
developing MAS present with acute high fever, lymphadenopathy, and hepato-
splenomegaly. Laboratory findings include pancytopenia, elevated ferritin levels, 
triglycerides, and liver enzymes, often accompanied by normal erythrocyte sedi-
mentation rate (ESR). The most commonly implicated triggers include infections, 
medications, and disease flares [29–31]. Patients with MAS have a decreased ability 
to eliminate antigen stimulation, thereby inducing T cell activation and proliferation 
resulting in cytokine secretion (interferon-gamma and granulocyte macrophage 
colony-stimulating factor) and macrophage hyperactivation. The end result is an 
uncontrollable increase in cytokines, specifically TNFα, interleukin-1, and interleu-
kin- 6 production resulting in severe systemic inflammatory reaction, i.e., “cytokine 
storm” [25]. There is also a suggestion that certain therapeutic agents, such as non-
steroidal anti-inflammatory drugs, methotrexate, sulfasalazine, penicillamine, and 
lately TNF-α, IL-1, and IL-6 inhibitors may be capable of provoking MAS, often 
complicating their therapeutic use [27]. In theory, these therapies may create a state 
of immunodeficiency resulting in the reactivation of latent viruses (Epstein-Barr 
virus or Cytomegalovirus) which in turn can stimulate MAS. The counter-argument 
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would be that anti-inflammatory medications may not be able to prevent the devel-
opment of MAS, at least in the dosages used in AOSD or SJIA.

Early suspicion of MAS is most commonly raised by the detection of subtle 
laboratory changes, whereas clinical symptoms may be delayed. A recent interna-
tional effort to identify candidate markers using an expert consensus process identi-
fied nine criteria that included a falling platelet count, hyperferritinemia, evidence 
of macrophage hemophagocytosis in the bone marrow, increased liver enzymes, 
falling leukocyte count, a persistent continuous fever ≥38 °C, a falling erythrocyte 
sedimentation rate (ESR), hypofibrinogenemia, and hypertriglyceridemia [32]. 
Hemophagocytosis, seen in bone marrow aspiration and biopsy, establishes the 
diagnosis, even though hemophagocytosis could be seen more frequently in biop-
sies from the liver, spleen, and/or lymph nodes. Bone marrow aspiration is consid-
ered the gold standard and is usually required in atypical cases, causing a diagnostic 
dilemma. There is significant overlap between AOSD and MAS, and these two con-
ditions are often thought to be anchoring the same disease spectrum, with AOSD 
representing the milder form.

 Laboratory and Radiographic Findings

AOSD, unlike other systemic rheumatic diseases driven by adaptive immunity, is 
not typically associated with rheumatoid factor (RF) or antinuclear antibody (ANA) 
positivity, although several cases have been published with low-level positivity of 
these autoantibodies. This has been considered in various sets of classification cri-
teria. Elevated ESR is a common finding in most patients [11, 33]. C-reactive pro-
tein (CRP) may also be found to be raised. Other laboratory abnormalities include 
leukocytosis, thrombocytosis, and anemia which often accompany increased dis-
ease activity. Pancytopenia is often an alarming sign of coexisting or developing 
MAS and necessitates prompt intervention. Abnormal coagulation testing can rarely 
be seen and, in extreme cases, may develop into full-blown disseminated intravas-
cular coagulation (DIC) which can be fatal [11]. Abnormal liver and biliary function 
tests (increase in lactic dehydrogenase, aspartate aminotransferase, alanine amino-
transferase, γ-glutamyl transferase, and bilirubin) can also be seen in up to 75% of 
patients and often accompany fever and exacerbation of arthritis. Mild periportal 
inflammation with monocyte infiltration may be seen on liver biopsy.

Serum ferritin has gained attention as both a diagnostic test for AOSD and a 
marker of disease activity (biomarker). In AOSD, ferritin is an acute phase reactant 
involved in inflammation, is linked to initiation of histiocyte-macrophage system 
and/or augmented release from damaged hepatocytes, and is not related to iron 
metabolism and storage. Ferritin production is driven by cytokines such as IL1β, 
IL18, TNFα, and IL6 [2]. Serum ferritin levels as high as 1000 ng/ml, five times the 
upper limits of normal, have been described in these patients. Levels ranging from 
4000 ng/ml to 30,000 ng/ml are not uncommon. Fautrel et al. evaluated the validity 
of hyperferritinemia as a diagnostic tool in a retrospective analysis looking at 49 
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patients with Still’s disease [2]. A fivefold increase in serum ferritin had 80% sensi-
tivity and 41% specificity. Similar results were seen in a Japanese study57 with 82% 
sensitivity and 46% specificity [4]. Serum ferritin levels are seen in other diseases 
such as hemochromatosis, Gaucher’s disease, infections (sepsis, HIV), and malig-
nancies (leukemia, lymphomas). Serum ferritin levels correlate with disease activity 
and often normalize when the disease flare subsides. However, the absence of ele-
vated serum ferritin does not exclude active AOSD.  Some patients with active 
AOSD do not have elevated serum ferritin levels at all, or the rise of serum ferritin 
may lag behind the symptom presentation.

Glycosylated fraction is a more specific diagnostic marker than ferritin, albeit 
not commercially available in the USA. In healthy subjects, 50–80% of ferritin is 
glycosylated. Saturation of glycosylation mechanisms results in a drop in glycosyl-
ated fraction to drop to 20–50%. This phenomenon is particularly prevalent in 
AOSD. Glycosylated ferritin often remains elevated for months after the disease 
goes into remission and hence cannot be used to monitor disease activity or response 
to treatment. Improved diagnostic tests are clearly desirable, and new immunologi-
cal tests, such as IL18, may prove useful in the near future for diagnosis as well as 
monitoring disease activity and response to treatment [17]. Currently available 
tests: complete blood count and differential, ESR, CRP, ANA, and RF (both nega-
tive), liver function tests (LFTs) and albumin, ferritin, and glycosylated ferritin  
(if available) are of practical use to most clinicians.

Radiographs are often of limited significance in the early phase of the disease. 
Images are either normal or show soft tissue swelling, joint effusion, or mild periar-
ticular demineralization. Bone scan and gadolinium-enhanced magnetic resonance 
imaging were assessed in small series and may prove to be more sensitive imaging 
modalities for early diagnosis and successful treatment in follow-up. In one study, 
distinctive pattern of intercarpal and carpometacarpal joint space narrowing was 
seen in 41% of the subjects (bilateral in 69%) that led to pericapitate ankylosis in 
25% of the cases [11]. Other investigators have also reported a tendency for distal 
interphalangeal, intertarsal, and cervical zygapophyseal ankylosis. Patients who 
have the chronic articular disease pattern can present with joint erosions making the 
differential diagnosis from RA problematic, especially in the absence of systemic 
signs and symptoms.

 Diagnosis

The differential diagnosis of AOSD is extensive, especially at presentation, when 
the systemic symptoms predominate. Conditions such as infections, neoplasms, and 
autoimmune disorders should be ruled out before the diagnosis of AOSD can be 
confidently made. Viral syndromes (e.g., rubella, cytomegalovirus, Epstein-Barr 
virus, mumps, Coxsackievirus, adenovirus) can be excluded if the symptoms persist 
for more than 3 months and serologies are negative. Neoplastic disorders that can 
mimic AOSD include leukemia and lymphoma, such as angioimmunoblastic 
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lymphoma. However, the clinical presentation can differ substantially, with atypical 
rashes and/or isolated lymph node enlargement. At times bone marrow and/or 
lymph node biopsy may be needed to differentiate these entities. Common mimick-
ers of AOSD include reactive arthritis and the other spondyloarthropathies, hemo-
phagocytic syndrome, dermatomyositis, Kikuchi’s syndrome, Sweet’s syndrome, 
granulomatous disorders, and the vasculitides. Other differentials of AOSD are the 
periodic fever syndromes and, in particular, familial Mediterranean fever, hyper IgD 
syndrome (HIDS), and TNF receptor-associated periodic syndrome (TRAPS). 
Patients with familial Mediterranean fever often present with acute, self-limited 
episodes of fever accompanied by signs of peritonitis, pleuritis, synovitis, and 
erysipelas- like erythema. The disease commonly starts in childhood or early adoles-
cence. A significant family history, clinical presentation, and response to colchicine 
can aid in making the correct diagnosis. This can be verified, in many cases, with 
genetic analysis for the MEFV gene. TRAPS and HIDS commonly start in child-
hood and also have strong familial distributions. However, adult-onset cases of 
those rare syndromes do exist, and the genetic tests that are commercially available 
can be helpful in excluding them, especially when atypical presentations are 
present.

Several classification criteria have been developed from retrospective data 
available on AOSD.  One such study attempted to validate these classification 
criteria: Yamaguchi’s criteria were found to be the most sensitive (93.5%), fol-
lowed by Cush’s (80.6%) and Calabro’s (80.6%) criteria (Table 19.1) [4, 34]. Of 
late, a French group has proposed a new set of criteria which takes into consider-
ation the two new disease markers: serum ferritin and its glycosylated fraction 
(Table 19.2). This set provided a sensitivity of 80.6% and a specificity of 98.5%, 
which remains to be authenticated in a different population before becoming 
widely accepted [35].

Table 19.1 *Yamaguchi criteria require the presence of five features, with at least two being 
major diagnostic criteria [4]

Major Yamaguchi criteria

  Fever of at least 39 degrees C (102.2 F) last at least 1 week

  Arthralgias or arthritis lasting 2 weeks or longer

  A non-pruritic macular or maculopapular skin rash that is salmon-colored in appearance and 
usually found over the trunk or extremities during febrile episodes

  Leukocytosis (10,000/microL or greater), with at least 80% granulocytes

Minor Yamaguchi criteria

  Sore throat

  Lymphadenopathy

  Hepatomegaly or splenomegaly

  Abnormal liver function studies, particularly elevations in aspartate and alanine 
aminotransferase and lactate dehydrogenase concentrations

  Negative tests for antinuclear antibody (ANA) and rheumatoid factor (RF)

*Several classification criteria have been developed from retrospective data available on AOSD. 
One such study attempted to validate these classification criteria: Yamaguchi’s criteria were found 
to be the most sensitive (93.5%)
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 Treatment

Therapeutic goals include controlling physical signs and symptoms of inflamma-
tion, which is typically associated with the improvement in laboratory parameters. 
Decisions about optimal therapy are influenced by the severity and chronicity of the 
disease and involve taking into consideration the adverse effect profile of the treat-
ments, both long and short term, and the clinical response to initial therapies. The 
primary goal of therapy not only involves achieving control of acute symptoms but 
also preventing end-organ damage, including joint injury and major organ compli-
cations. The initial choice of therapy depends upon disease severity and extent of 
organ involvement. There has been a lack of head-to-head randomized controlled 
trials comparing different therapeutic modalities given the rarity of disease. 
Treatment options constantly keep evolving as more insight is gained into the patho-
genesis of AOSD. Support for the use of biologics as first-line therapy in severe 
disease is based upon the published experience in AOSD and, especially, more 
extensive evidence supporting use of these agents in children with SJIA, since 
recent evidence supports that SJIA and AOSD are different chronological disease 
onsets of the same “Still’s disease.”

 Mild-to-Moderate Disease

Patients with mild-to-moderate disease may present with fevers and rash, as well as 
with arthralgias or mild arthritis.

NSAIDs

While NSAIDs, such as naproxen or ibuprofen, were the first medications to be 
used in AOSD, their role today is a very limited one. Their use can be justified either 
as adjunct treatment or as monotherapy in mild, monocyclic cases for symptomatic 

Table 19.2 *Fautrel criteria 
for diagnosis of AOSD require 
four or more major criteria or 
three major and two minor 
criteria [35]

Fautrel criteria for diagnosis of AOSD

Major criteria
  Spiking fever ≥39 °C
  Arthralgia
  Transient erythema
  Pharyngitis
  Polymorphonuclear cells ≥80%
  Glycosylated ferritin ≤20%
Minor criteria
  Maculopapular rash
  Leukocytosis ≥10,000/mm3

*Fautrel’s criteria has also been proved to be sensitive
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relief. In addition to adverse effects that are commonly associated with NSAIDs, an 
association between the use of NSAIDs and macrophage activation syndrome 
(MAS) has been described, as well [11]. Patients responsive to NSAIDs alone, who 
remain asymptomatic for at least a month, could have NSAID doses gradually 
reduced.

Glucocorticoids

Glucocorticoids can be started immediately, as first-line treatment, or when NSAIDs 
are insufficient to control signs and symptoms of the disease. Glucocorticoid dose 
can be gradually tapered once disease activity is controlled. Oral prednisone is typi-
cally initiated at a dose of 0.5-1 mg/kg per day, depending on the severity of disease. 
Intravenous, high-dose steroids are reserved for those with refractory disease [2]. 
Approximately 70% of patients respond to glucocorticoids alone or to glucocorti-
coids used after a trial of NSAIDs [36]. In addition to systemic steroids, those with 
one or two inflamed joints despite systemic therapy may benefit from intraarticular 
glucocorticoid injections.

DMARDs

Disease-modifying antirheumatic drugs (DMARDs) are typically used in the event 
of inadequate response to corticosteroids or as steroid-sparing medications. 
Methotrexate remains the first-line steroid-sparing agent in AOSD and is also a use-
ful agent to treat Still’s arthritis. Methotrexate can result in complete remission in 
up to 70% of patients and is effective in corticosteroid weaning [37]. Sulfasalazine 
is contraindicated because of lack of efficacy and association with MAS 
development.

 Moderate-to-Severe Disease

Internal organ damage and debilitating joint symptoms with radiographic are char-
acteristic of moderate-to-severe disease. Severe disease is defined as refractory dis-
ease, especially when terminal organ and/or life-threatening involvement exists, 
such as MAS, severe hepatic injury, cardiac involvement with/or without tampon-
ade, or disseminated intravascular coagulation (DIC). Biologic therapies such as 
IL-1 inhibitors (anakinra, canakinumab) and IL-6 receptor antagonists (tocilizumab) 
are used as first line or second line for SJIA often without any prior use of cortico-
steroids or traditional DMARDs and that practice may be justified in moderate-to- 
severe AOSD as well. Small series have reported some efficacy of IVIG when used 
early in the course of AOSD [38, 39].
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IL-1 Inhibitors

Target biologic agents have been historically reserved for refractory AOSD 
(Fig. 19.1) [40]. These agents include a recombinant antagonist of the IL-1 receptor 
(IL-1Ra, anakinra), a human monoclonal antibody directed against IL-1β 
(canakinumab), and a soluble IL-1 trap fusion protein (rilonacept).

Anakinra is particularly efficient in the rapid relief of the systemic symptoms. 
Several retrospective case series and one open-labeled prospective randomized trial 
have evaluated the use of anakinra in AOSD patients [41, 42]. Anakinra is approved 
as a daily subcutaneous injection (100 mg) in RA. In AOSD, higher dose may be 
necessary, since anakinra has a very short half-life (4–6 h). While anakinra does not 
work in all AOSD cases, for the ones it does work, its onset of action is very rapid. 
In many cases, resolutions of systemic symptoms and normalization of inflamma-
tory markers were reported within 2  weeks of anakinra use, allowing for rapid 
tapering of corticosteroids, if they were ever used in the first place. However, 
relapses are not uncommon with the cessation of these agents. In certain patients, 
gradual reduction in dose has enabled the weaning of anakinra. Daily anakinra 
injections are often complicated by frequent injection site reactions. If response to 
anakinra is incomplete or tolerability issues ensue, rilonacept and/or canakinumab 
can be considered. They have longer half-lives and can be administered at greater 
intervals, once or twice weekly for rilonacept and every 4–8 weeks for canakinumab, 
respectively. Additional supplemental data is available in the setting of SJIA. Swart 
and associates reviewed data pertaining to 140 children with SJIA treated with 
anakinra [43]. Systemic symptoms resolved in 98% of the patients, and fatigue and 
well- being improved in 93% of cases. Arthritis improved in 66% of the cases in 
time. Absolute disease remission was mostly detected in patients with systemic 
symptoms, less arthritis, and a shorter duration of disease. Similar findings were 
corroborated in a large, multicenter, randomized, placebo controlled trial by 
Quartier et al. [44]. Sample population included 24 patients with a systemic-onset 
JIA for duration of more than 6  months and steroid dependency. In 1  month, 
anakinra was effective in 8 out of 12 patients (versus one in the placebo group) who 

Diagnosis of AOSD 

NSAIDs (mild disease
or adjunct treatment
only)

Prednisone +/- MTX

IL-1 inhibitors
(anakinra, canakinumab,
rilonacept)-can  be first
line in moderate-to-
severe disease

IL-6 inhibitors
(toclizumab)

TNF-inhibitors, IVIG,
other DMARDs, IL-18
inhibitors (under 
investigation)

Fig. 19.1 Proposed step-up therapeutic strategies for AOSD
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reached the modified American College of Rheumatology (ACR) Pediatric 30 
score. After 2 months, majority of patients (9/10) who had been switched to anakinra 
were also responders. Nigrovic and associates studied 46 patients who received 
anakinra as first-line treatment. Rapid resolution of systemic symptoms was 
observed in about 95% of cases, along with a supplementary preventive effect on 
refractory arthritis in almost 90% of the patients. Based on these results, it was 
postulated that there could be a benefit for IL-1 blockade therapy in initial phase of 
the disease (i.e., within 6 months after onset) [45]. These findings were also further 
reinforced by Vaster et al. in 2014 [46]. In a prospective series of 20 patients who 
received anakinra as first-line therapy, 85% of the patients showed an American 
College of Rheumatology Pediatric 90 score response or had inactive disease within 
3 months. Overall, 75% of the patients treated with anakinra achieved remission. 
These results clearly indicate that IL-1 blockade has an early place in the treatment 
strategy.

IL-6 Inhibitors

Tocilizumab, humanized monoclonal antibody directed against IL-6 receptor, is 
used in refractory AOSD. This agent has been studied with randomized placebo- 
controlled trials in SJIA patients but not yet in AOSD. Effects of tocilizumab have 
been described to persist for ≥6  months after its discontinuation. Tocilizumab 
appears to have a marked corticosteroid-sparing effect and has a good safety and 
tolerance profile [47]. Most of the early data was with tocilizumab administered 
intravenously (IV) at a dosage of 5–8  mg/kg body weight every 2–4  weeks. 
Nevertheless, larger randomized studies are still needed to further determine the 
optimal therapeutic scheme for tocilizumab, i.e., optimal dosing, interval, and dura-
tion of treatment for both the intravenous but also the subcutaneous route of 
administration.

TNF-Inhibitors

Although those agents were the first biologics to be used in refractory AOSD, these 
agents are no longer recommended as first-line treatment in AOSD. Anti-TNF-α 
agents, in particular infliximab, etanercept, and adalimumab, have been used to treat 
refractory AOSD, but data on adalimumab are limited to a few cases [48]. Although 
complete resolution of symptoms has been observed, efficacy of the TNF-inhibitors 
has been mostly limited to Still’s arthritis. Efficacy was better with the monoclonal 
antibodies, as compared to the soluble receptor, and switching from one agent to 
another had no additional effect [19]. Moreover, in one published series, two patients 
who were started on etanercept and adalimumab developed MAS that could be 
allied with the initiation of therapy [49, 50]. Overall, TNF-α blockers should be 
considered for the treatment of chronic polyarticular disease, after the use of IL-1 
and/or IL-6 inhibitors.
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NSAIDs, Corticosteroids, and Traditional DMARDs

Non-refractory disease comprises of monocyclic and polycyclic AOSD. NSAIDs 
can be used in monocyclic course of AOSD without major systemic or articular 
involvement. Preferred NSAID is high-dose indomethacin (150–200  mg/day). 
Corticosteroids should be started promptly once the diagnosis is confirmed. Usually, 
corticosteroid therapy starts at a dosage of 0.5–1 mg/kg/day. Pulse dose methyl-
prednisolone is used if there is severe visceral involvement or there is suspicion of 
MAS complicating the clinical presentation. Higher dosages seem to be more effi-
cient in controlling the disease and lessening the number of relapses. Tapering of 
corticosteroids can start after 4–6 weeks, when symptoms have resolved, and bio-
logical parameters have returned to baseline. Methotrexate (MTX) could be consid-
ered early for its steroid-sparing effect. Typically, methotrexate (7.5–20 mg/week) 
enables complete remission of the disease (70%) and limits frequent corticosteroid 
use. Blood count and renal and hepatic function should be monitored before initia-
tion of methotrexate and then at monthly intervals. Alternative DMARDs may be 
use in the event of methotrexate failure; however, more recent literature suggests 
better results with targeted biologic treatment.

 Treatments Under Development

IL-18 Inhibition/Tadekinig Alpha

An open-label, multicenter, phase II study of subcutaneous Tadekinig alfa (IL-18BP) 
in patients with AOSD was recently published and showed promise. Tadekinig alfa 
is the drug name for recombinant human interleukin-18-binding protein (IL-18BP). 
This study was based on the principle that high levels of IL-18 were noted during 
active flares of AOSD. Ten patients were assigned to receive 80 mg tadekinig alfa, 
and 13 patients received the 160 mg dose. At week 3, 5 of 10 patients receiving 
80 mg and 6 of 12 patients receiving 160 mg achieved the predefined response cri-
teria. The agent was overall well tolerated with the exception of one case of optic 
neuropathy [51].

 Summary

It is becoming exceedingly evident that AOSD patients fall into two distinct subsets, 
i.e., those presenting with systemic manifestations and those presenting with promi-
nent articular manifestations. In addition, these findings are also reinforced by 
molecular evidence, cytokine profiles, clinical course, and response to therapy. 
Predictors for a prominent articular pattern include female sex, proximal arthritis at 
disease onset, thrombocytosis, and corticosteroid dependency, whereas high fever, 
transaminitis, or elevated acute phase reactants are more likely to be connected with 
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a systemic pattern of AOSD [14, 52]. Alternative evidence to identify the systemic 
subtype of AOSD are the following: thrombocytopenia, RHL, and hyperferri-
tinemia. IL-18, interferon-γ, IL-10, and IL-4 are typically associated with systemic 
AOSD, whereas IL-6, IL-17, and IL-23 are associated with arthritic AOSD [53]. 
This dichotomy aids in management as patients fall into one of the two categories 
and should benefit from different therapies.

Patients with systemic symptom predominant AOSD often benefit from systemic 
corticosteroid therapy. From traditional DMARDs, methotrexate has been studied 
the most and may continue to have a role as steroid-sparing and in the treatment of 
chronic articular disease. IL-1 antagonists should be considered first line in severe 
or refractory AOSD, either alone or in initial combination with systemic corticoste-
roids when necessary. Regularly reported side effects with anakinra include injec-
tion site reactions. Longer acting IL-1 inhibitors (rilonacept or canakinumab) may 
play a role in refractory disease or when tolerability issues exist with anakinra. 
Tocilizumab, the IL-6 receptor antagonist, has shown efficacy in both systemic and 
articular disease predominant AOSD, even in cases where IL-1 inhibition has been 
unsuccessful. In contrast to IL-1 and IL-6 inhibitors, anti-TNF-α agents typically 
have less sustained effect on systemic symptoms, but they may have a limited role 
for the chronic inflammatory polyarthritis.

In an effort to standardize therapeutic management and evaluate comparative 
efficacy in an observational setting, the Childhood Arthritis and Rheumatology 
Research Alliance has developed four consensus treatment plans for SJIA [54]. This 
includes glucocorticoid plan, a methotrexate plan, an anakinra plan, and a tocili-
zumab plan. Since no guidelines are available yet in AOSD, this consensus may act 
as a rough guide for its treatment, as it coincides with the published clinical experi-
ence. New therapeutic agents are being developed for AOSD, and future random-
ized, controlled trials will fill the knowledge gap that currently exists.
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Chapter 20
Idiopathic Recurrent Acute Pericarditis

Apostolos Kontzias

 Definition of Pericarditis

Pericarditis is clinically diagnosed based on symptoms of precordial chest pain 
worse with inspiration and when supine, pericardial friction rub on exam, electro-
cardiogram (ECG) changes characterized by ST-segment elevation and PR devia-
tion, and a pericardial effusion by echocardiogram. A diagnosis of pericarditis 
requires two of these four characteristics, usually chest pain in conjunction with 
either ECG changes or a pericardial effusion. High inflammatory markers and 
delayed enhancement on cardiac magnetic resonance imaging (MRI) are adjunct 
surrogate markers [1].

Pericarditis is classified as incessant if symptoms last more than 4–6 weeks and 
chronic if symptoms are present for more than 3 months. Symptom-free intervals of 
at least 4–6 weeks between flares render pericarditis as recurrent [2].

 Etiology

The cause of recurrent pericarditis remains elusive in about 80% of the cases, hence 
called idiopathic recurrent acute pericarditis (IRAP) (Table 20.1). A proportion of 
idiopathic pericarditis may be attributed to viral infection [3]. However, there is 
general consensus that in clinical practice, rigorous pursuit of the viral cause is not 
indicated given that no change in management will be mandated [4]. Laboratory 
investigation for rheumatologic causes should be pursued only in high suspicion of 
such cases as often low titers of autoantibodies are non-specific and therefore 
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non-diagnostic [1]. In patients with a rheumatic disease, involvement of other 
organs is usually apparent before the onset of pericarditis. Autoinflammatory syn-
dromes can be associated with serositis including pericarditis. In a registry of 346 
pediatric patients with FMF, pericarditis occurred in approximately 18%, although 
chest pain was more common (56%) [5]. In TRAPS the estimated prevalence of 
pericarditis is about 7% [6]. Prevalence of pericarditis in other autoinflammatory 
syndromes is difficult to estimate due to their rarity.

A positive family history of recurrent pericarditis should prompt further screen-
ing given that familial clustering may reveal incomplete TRAPS phenotypes with 
low-penetrance mutations [7]. A 10% of familial occurrence of pericarditis among 
the relatives of IRAP patients has been observed [8].

In a cohort of 134 patients with IRAP, 6% were found to have low-penetrance 
TNFRSF1 polymorphisms. These patients were found to have poor response to 

Table 20.1 Causes of pericarditis

Infections Viral: enteroviruses (coxsackieviruses, echoviruses), herpesviruses (EBV, 
CMV, HHV-6), adenoviruses, parvovirus B19
Bacterial: Mycobacterium tuberculosis (esp in the developing world) 
Coxiella burnetii, Borrelia burgdorferi, Pneumococcus spp., Meningococcus 
spp., Gonococcus spp., Streptococcus spp., Staphylococcus spp., 
Haemophilus spp., Chlamydia spp., Mycoplasma spp., Legionella spp.
Fungal: Histoplasma spp. (endemic areas in immunocompetent patients), 
Aspergillus spp., Blastomyces spp., Candida spp. (in immunocompromised 
host)

Autoimmune Systemic lupus erythematosus
Sjögren syndrome
Rheumatoid arthritis
Scleroderma
Vasculitis
Inflammatory bowel disease

Autoinflammatory Familial Mediterranean fever
TNF receptor-associated periodic syndrome
Cryopyrin-associated periodic syndrome
Adamantiades-Behcet’s syndrome
Systemic-onset juvenile idiopathic arthritis (soJIA)
Adult onset Still’s disease

Malignancy Pericardial mesothelioma
Lung cancer
Breast cancer
Lymphoma

Metabolic Uremia
Injury Postmyocardial infarction syndrome

Post-pericardiotomy syndrome
Post-cardiac interventions, i.e., coronary percutaneous intervention, 
pacemaker lead insertion, and radiofrequency ablation

Medications Drug-induced lupus related: procainamide, hydralazine, methyldopa, 
isoniazid, phenytoin
Chemotherapy related: doxorubicin and daunorubicin, cyclophosphamide
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 colchicine with frequent recurrences along with the need for immunosuppressive 
agents [9].

TRAPS patients with low-penetrance variants (R92Q, P46L, D12E, V95 M, and 
R104Q) compared to patients who have clearly pathogenic structural mutations are 
reported to have increased prevalence of pericarditis, but overall less severe inflam-
matory attacks and later disease onset present less frequently with a chronic course. 
Notably, they report a higher episode frequency, but remission in between attacks 
with normal inflammatory markers is observed [10].

Other secondary causes of pericarditis include trauma; hemorrhage; infections; 
metabolic, neoplastic, postmyocardial infarction; post-percutaneous coronary inter-
vention and electrophysiology procedures; or post-pericardiotomy. Historical fea-
tures suggestive of the need for more aggressive diagnostic workup include high 
fever, residing in countries with high prevalence of tuberculosis, constitutional 
symptoms such as weight loss and fever, history of malignancy, chest irradiation, 
and anticoagulation [2].

 Risk Factors for Recurrent and Complicated Pericarditis

Acute pericarditis can be complicated by myocardial involvement in about 15% of 
cases (Table 20.2). Younger age, male sex, fever, arrhythmia, and ST-segment eleva-
tion on ECG should raise suspicion for myocarditis [11]. High troponin levels are 
diagnostically useful as they are normal in isolated pericarditis. Interestingly, myo-
carditis as a complication of acute pericarditis is not associated with an increased 
risk of recurrent pericarditis or pericardial tamponade, but it is accompanied by 
lower systolic function on ECHO. However, the majority of patients tend to fully 
recover with no cardiac sequelae [11].

IRAP occurs in up to 30% after an acute episode of acute pericarditis [12]. The 
recurrence rate increases up to 50% after a first episode, particularly, if the patients 
are treated with steroids [13]. An incomplete response to nonsteroidal anti- 
inflammatory agents and a persistently elevated high-sensitivity C-reactive protein 
(CRP) at 1 week after acute pericarditis confer a high risk of recurrence [13]. Early 
institution of colchicine is associated with decreased recurrence rate [12, 14]. 
Younger age, female sex, and presence of pericardial effusion do not increase the 
risk of recurrent pericarditis.

Table 20.2 Risk factors for 
recurrent pericarditis

Steroid use especially high doses 1 mg/kg/day
No colchicine use
High C-reactive protein
Partial response to nonsteroid anti-inflammatory 
medications
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Constrictive pericarditis requiring pericardiectomy is not a common complica-
tion of recurrent pericarditis, and consistent epidemiologic data are lacking [1].

 Proposed Pathophysiology of Recurrent Pericarditis

The pathophysiology of IRAP remains poorly understood. It is suggested to result 
from an interplay between environmental triggers with innate and adaptive immu-
nity in the background of a genetically susceptible host [15].

An increased frequency of HLA-A*02, HLA-Cw07, and HLA-DQB1*0202 
alleles and a decreased frequency of the HLA DQB1*0302 are detected in Greek 
IRAP patients compared to controls suggesting that antigen presentation to T cells 
may play a role in the disease pathogenesis [16]. An adaptive immunity component 
is suspected by the presence of antinuclear antibodies (ANA) detected in 43.3% of 
IRAP patients, compared to 9.8% of healthy controls, in addition to the detection of 
serum anti-heart and anti-intercalated-disk antibodies in about 67.5% of patients in 
a single cohort [17]. Nonetheless, the clinical significance of these antibodies 
remains to be determined.

More recently, innate immunity and its effector mechanisms are at the epicenter 
of IRAP pathogenesis. IRAP shares similar clinical features with other well-defined 
autoinflammatory syndromes in that flares are characterized by seemingly unpro-
voked attacks of pericardial inflammation in the absence of antigen-specific T cells 
and high titers of autoantibodies.

Pivotal structure to the immunopathology of autoinflammatory syndromes is the 
inflammasome, an assembled macromolecular intracellular platform serving as an 
innate immunity sensor [18] (Fig. 20.1). Among all identified inflammasomes, the 
best characterized inflammasome is NLR family pyrin domain-containing 3 
(NALP3) after the discovery that gain of function mutations cause the cryopyrin- 
associated periodic syndromes (CAPS), a group of autosomal-dominant autoin-
flammatory diseases. NALP3 is a macromolecular structure composed of a 
NOD-like receptor (NLR) protein, the adaptor ASC, and caspase 1. NALP3 is acti-
vated by a wide array of pathogen and danger-associated molecular patterns lead-
ing to caspase-induced cleavage of pro-interleukin 1β to active interleukin 1β. An 
autoinflammatory phenotype is considered to be skewed toward an IL-1/IL-18 sig-
nature as opposed to conditions such as systemic lupus erythematosus (SLE) where 
type I interferon (IFN) signatures predominate [19]. Interestingly, viruses associ-
ated with pericarditis such as adenovirus, influenza A, herpesvirus, and 
Cytomegalovirus, are known to activate NALP3 and other inflammasomes 
[20–23].

There is a paucity of primary data concerning the implication of pro- inflammatory 
cytokines in the pathogenesis of pericarditis. The detection of interleukin-6, inter-
leukin- 8, and interferon-γ in the pericardial fluid of patients with IRAP supports 
their contributing role [24]. However, pericardial fluid cytokine levels may not 
reflect accurately the pathways involved at the pericardial tissue level.
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It remains to be determined whether in IRAP certain polymorphisms in regula-
tory components of the inflammasome may be conducive of an inflammatory phe-
notype in the presence of the suitable trigger (viral infection, injury, stress).

 Treatment of Acute and Recurrent Pericarditis

 Nonsteroid Anti-inflammatory Drugs (NSAIDs)

Acute pericarditis is treated with nonsteroid anti-inflammatory drugs (NSAIDs) based 
on an early randomized trial of 149 patients with post-pericardiotomy syndrome. 
Ibuprofen and indomethacin were efficacious compared to placebo alleviating symp-
toms within 48 h [25]. Ibuprofen 800 mg three times daily or indomethacin 75 mg twice 
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Fig. 20.1 This schematic represents the activation of NLP3 inflammasome which is speculatively 
implicated in IRAP pathogenesis. Pathogen-associated molecular patterns (PAMPs) and damage- 
associated molecular patterns (DAMPs) provide the first signal priming the inflammasome to 
become activated. Danger signals such as reactive oxygen species (ROS), potassium efflux, and 
ATP constitute a second signal. A wide array of stimuli especially certain viral species is of patho-
physiologic relevance to IRAP. Inflammasome activation leads to caspase-induced cleavage of pro- 
interleukin 1β to interleukin 1β. It remains to be determined if polymorphisms in the genes 
encoding proteins regulating the inflammasome are associated with its constitutive activation
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daily until symptoms subside and inflammatory markers normalize is the mainstay treat-
ment of acute pericarditis. Addition of a proton pump inhibitor for gastroprotection is a 
common practice given the required high dose regimen. Common side effects of NSAIDs 
include gastritis and peptic ulcer disease, acute kidney injury, hypertension, and edema.

 Colchicine

Expectedly a subset of patients are not ideal candidates for NSAIDs if comorbidi-
ties are present such as chronic kidney disease, anticoagulation regimen, or peptic 
ulcer disease. In the search for alternatives and driven by the successful use of col-
chicine in familial Mediterranean fever (FMF), cardiologists embraced this medica-
tion as a first-line treatment based on prospective randomized open-label controlled 
trials [26, 27]. Overall based on a meta-analysis of eight randomized controlled 
trials including 1635 patients, colchicine has been proven to shorten treatment dura-
tion, increase the duration of remission, and decrease the recurrence risk by approx-
imately 50% [12, 14, 27–29]. Colchicine is prescribed at a dose of 0.6 mg twice 
daily for 3 months in patients with acute pericarditis and for at least 6 months in 
patients with recurrent pericarditis [30].

Colchicine’s mechanism of action is central to the idea that recurrent pericarditis 
shares features with autoinflammatory syndromes. This is because colchicine is 
known to be directly or indirectly involved in the regulation of inflammasomes and 
their cytokine signatures. It is long known that it inhibits microtubule polymeriza-
tion and the release of chemotactic factors from neutrophils and therefore interferes 
with neutrophil chemotaxis. In a dose-dependent fashion, colchicine inhibits expres-
sion of E-selectin on endothelial cells preventing neutrophil adhesion as well as 
promoting the shedding of L-selectin from neutrophils abrogating further recruit-
ment. Colchicine inhibits the activation of P2X2 and P2X7 pores which is the first 
signal in ATP-induced NALP3 activation. It also interferes with the NALP3 assem-
bly and caspase 1 activation by inhibiting the Rho/RhoA effector kinase pathway. 
Furthermore, it directly inhibits the release of TNFα, NO, and reactive oxygen spe-
cies (ROS). Interestingly, colchicine promotes maturation of dendritic cells priming 
them to act as antigen-presenting cells [31].

Common side effects of colchicine include gastrointestinal intolerance in up to 
10% of patients, bone marrow suppression and resultant cytopenias, and neuromyo-
toxicity especially in older patients with chronic kidney disease.

 Corticosteroids

Corticosteroids have been used in acute and recurrent pericarditis given the rapid 
resolution of symptoms. However, prednisone especially at high doses of 1 mg/kg/
day is associated with increased risk of relapses [32] and therefore should be avoided 
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as opposed to lower doses (0.2–0.5 mg/kg/day) which in cases where NSAIDs or 
colchicine is contraindicated, it may be beneficial with heightened risk. Prednisone 
tapering should occur at small increments every 2–4 weeks in a similar fashion to 
the treatment of polymyalgia rheumatica [33]. Iatrogenic Cushing’s syndrome, 
hypertension, diabetes mellitus, early cataract, hypertension, osteoporosis, and 
avascular necrosis are some of the common side effects on this refractory group of 
patients.

 Nonbiologic Steroid-Sparing Agents

A fraction of patients who are administered corticosteroids are unable to be weaned 
off and require steroid-sparing agents. Azathioprine has been most commonly pre-
scribed due to its known safety profile and cost-effectiveness. Its use is based on 
anecdotal evidence from a single-center retrospective study of 46 patients in which 
azathioprine at a dose of 1.5–2.5  mg/kg/day for about 1  year resulted in stable 
remission allowing steroid tapering to nil in more than 50% of patients [34]. 
Azathioprine is overall well-tolerated, with liver function abnormalities, leukope-
nia, and gastrointestinal symptoms being the most common side effects. Increased 
risk of infections and rarely pancreatitis have been reported. Screening for thiopu-
rine S-methyltransferase (TPMT) deficiency is advocated by some clinicians to 
avoid life-threatening complications as 1  in 300 individuals lack enzyme activity 
and 11% are heterozygous for a variant low activity allele and have an intermediate 
activity [35].

In refractory recurrent pericarditis cases, IVIG has been used with reportedly fast 
amelioration of acute flares. Clinical experience is derived from 30 patients with 
recurrent pericarditis [36]. IVIG is infused over 3–5 days at a dose of 400–500 mg/
kg/day and can be repeated monthly. IVIG is associated with infusions reactions, 
aseptic meningitis, liver function abnormalities, and rash. Due to its high cost, IVIG 
is reserved in refractory patients especially those with an  underlying autoimmune 
disease if other disease-modifying medications fail.

 Biologics

Among all biologic medications, anakinra, an interleukin 1 (IL-1) receptor antago-
nist, is the most promising for the treatment of recurrent pericarditis refractory to 
conventional steroid-sparing agents. The effectiveness of anakinra provides the 
most direct evidence of IL-1’s contribution in disease pathogenesis. Anakinra is 
administered as a daily subcutaneous injection at 1–2 mg/kg/day, up to 100 mg. It is 
currently unclear how long should patients be treated.

In a recent double-blind, placebo-controlled, randomized withdrawal trial (open 
label with anakinra followed by a double-blind withdrawal step with anakinra or 
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placebo until recurrent pericarditis occurred) conducted among 21 steroid- 
dependent, colchicine-resistant patients, anakinra reduced the risk of recurrence 
over a median of 14 months and allowed for steroid discontinuation in all patients 
[37]. Larger studies are needed to validate these results and inform clinicians on the 
duration of treatment, tapering strategies and relapse rate after discontinuation. 
Anakinra results in rapid improvement of symptoms within days (as opposed to 
weeks in azathioprine use) normalizing markers of inflammation and pericarditis as 
evidenced in echocardiogram or cardiac magnetic resonance imaging (MRI) [38]. 
Side effects of anakinra include injection site reactions in up to 10% of patients, 
increased risk of infection, transaminitis, and leukopenia. Prior to anakinra initia-
tion, screening for hepatitis B virus infection and latent tuberculosis should be 
performed.
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Chapter 21
Adamantiades-Behçet’s Disease

Petros P. Sfikakis

 Introduction

Adamantiades-Behçet disease (ABD) is a distinct, chronic, relapsing systemic 
inflammatory disorder which affects small and large veins and arteries and is char-
acterized by oral and genital ulcers, skin lesions, uveitis, arthritis and vascular and 
central nervous system manifestations. ABD is currently classified among the pri-
mary systemic vasculitides [41]. The name of the disease derives from the physi-
cians who described the first patients. In 1937 the Turkish dermatologist Hulusi 
Behçet described three patients with the tri-symptom complex of oral and genital 
ulcerations and hypopyon uveitis. Seven years before, during the 1930 annual meet-
ing of the Medical Association of Athens, the Greek ophthalmologist Venediktos 
Adamantiades had presented the first patient with ABD, a 20-year-old male patient 
with relapsing iritis, genital ulcers and arthritis [44].

Although ABD exists worldwide, it is more prevalent across the ancient trading 
route known as the “Silk Road”, i.e. in countries of the Mediterranean Basin, the 
Middle East and the Far East. The highest rate (4 in 1000 adults) is found in Turkey, 
followed by Israel, Northern China, Iran, Korea, Japan, Saudi Arabia, Iraq, Morocco 
and Egypt. The disease is rare in Northern Europe and the Americas. In Western 
Europe ABD is a more common disease than previously thought, perhaps as a result 
of underdiagnosis, exceeding even the prevalence of polyarteritis nodosa [43].

ABD is rarely seen in children or in the elderly. Men are more commonly affected 
in Mediterranean and Middle Eastern countries, but a female preponderance is seen 
in the Far East. Familial cases have been reported [19]. The disease typically starts 
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in the third or fourth decade of life; however, recurrent oral ulcers, which are most 
often the first symptom, may appear years before the diagnosis is established. ABD 
runs a remitting and relapsing course and may abate in the many patients after 
20 years [41].

 Aetiopathogenesis

ABD is not the typical autoinflammatory disease and should be viewed as a con-
dition linking autoinflammation and autoimmunity [25, 26]. Even though ABD 
is considered a primary systemic vasculitis, no specific immune cell type can be 
recognised in vasculitic lesions. Moreover, vasculitis is absent in the pathergy 
skin reaction, in acne lesions and in synovitis, whereas it is always present in 
ocular lesions, veins, pulmonary arteries and epididymitis, being sometimes 
present in oral and genital ulcers, erythema nodosum, gut lesions and central 
nervous system lesions. Immune complex deposition is rarely seen [41]. 
Although both innate and adaptive immune responses are increased, autoanti-
bodies are usually absent, unless the patient is under treatment with anti-TNF 
antibodies [10].

In addition to the distinct epidemiological features, a genetic contribution to 
the disease is supported by the high familial aggregation [12] and the strong 
association with HLA-B51, which, however, accounts for less than 20% of the 
genetic risk [13]. The HLA-B51 association was confirmed in two large genome-
wide association studies and a second, independent association within the MHC 
class I region was found. Moreover, interleukin-10, interleukin-23 receptor and 
interleukin-12 receptor β2 were identified as susceptibility loci, whereas dimin-
ished IL-10 mRNA expression and low-protein production was associated with 
the disease-associated interleukin-10 variant [27, 30]. Moreover, in a recent 
meta-analysis, mutations M694 V and M6801 in familial Mediterranean fever 
(FMF) gene were identified as a probable susceptibility gene for ABD [40]. 
However, immune and inflammatory gene expressions seem to be variable in 
both the innate (CD14+) and adaptive (CD4+) immune responses in ABD and 
FMF patients compared to those in controls suggesting differences in immune 
regulation between the two [28]. Notably, using next-generation sequencing, it 
was recently found an influence in the pathogenesis of ABD of rare variants in 
the genes MVK, NOD2 and PSTPIP, which are commonly linked with autoin-
flammatory diseases [4].

Among the various proinflammatory cytokine-mediated interactions in ABD, an 
important role of TNF has been suggested by several ex vivo studies [6, 7, 9, 11, 20, 
38]. The pathogenic role of TNF in the perpetuation of inflammation is also sup-
ported by the impressive clinical responses after therapy with anti-TNF antibodies 
in many patients with severe forms of ABD [2, 34, 36, 37].
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 Clinical Spectrum

The clinical spectrum of ABD is quite diverse (Table 21.1), whereas there are sig-
nificant differences in the prevalence of clinical manifestations between various eth-
nic groups [41]. For example, there are fewer cases of intestinal disease in the 
Mediterranean Basin and less severe eye disease and less frequent skin pathergy 
among patients from the Northern Europe or America. Along this line, whether dis-
tinct clinical clusters exist in ABD remains to be clarified. For example, acneiform 
skin lesions (papules and pustules) seem to be more frequent in Turkish ABD 
patients with arthritis. This suggests that the arthritis seen in ABD may possibly be 
related to acne-associated arthritis [8]. Also, the increased presence of enthesopathy 
among Turkish ABD patients who had acne and arthritis compared with that among 
patients without arthritis supports the hypothesis that patients who also have arthri-
tis and acne form a distinct cluster [14]. In contrast, the presence of such a cluster 
was not confirmed in other ethnic groups [1].

Prevalence of clinical manifestations in paediatric ABD may differ compared to 
adults (Table). In a recent study from 12 countries, boys more often than girls 
showed cutaneous, ocular and vascular symptoms and girls more often genital aph-
thosis. Age at disease onset and skin and vascular involvement were lower for 
European than non-European children. Oral aphthosis was the presenting sign for 
81% of patients. The mean delay to the second symptom was almost 3 years [18].

Almost all patients with ABD develop mucocutaneous symptoms and signs. 
Recurrent oral ulcers which heal within 1 week without scarring constitute the car-
dinal disease feature. Ulcers may appear either as single or multiple lesions in the 
tongue, pharynx, buccal and/or labial mucosal membranes and usually are painful. 
Genital ulcers are usually larger and deeper than oral ulcers and may appear on the 

Table 21.1 Frequency of 
clinical manifestations of 
ABD disease in adults and 
children

Adults Children

Oral ulcers 90–100% 90–100%
Genital ulcers 75–85% <60%
Papulopustular lesions 55% <40%
Erythema nodosum 45% <35%
Arthritis 35–60% 30-
Fever episodes 25% 50%)
Uveitis 35–70% 35–70%
Superficial thrombophlebitis 25% 10%
Deep vein thrombosis 5–10% 5%
Aneurysms 3–8% rare
Epididymitis 5–15% of men rare
GI involvement 5–25% 5–35%
CNS involvement 10–20% 5–15%
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scrotum, less frequently on the penis, or on the vulva and vagina in women. Skin 
lesions include erythema nodosum-like lesions, as well as pseudofolliculitis and 
acneiform nodules which can appear all over the body, and they are not always hair 
follicle-associated. Joint involvement is usually a non-erosive monoarthritis affect-
ing the knee or the ankle or oligoarthritis. Recurrent epididymitis in men is mani-
fested by testicular pain and is mostly self-limited. Gastrointestinal involvement is 
expressed by single or multiple deep penetrating ulcers which develop mostly in the 
terminal ileum, the ileocecal region and the colon. Ocular involvement may lead to 
blindness, and any part of the eye can be affected. Relapsing anterior uveitis with or 
without hypopyon, vitritis and sight-threatening inflammation of the posterior pole 
with vasculitis, retinitis, optic disc swelling and cystoid macular oedema may occur.

Thrombosis may occur in many different sites including deep veins (iliofemoral, 
superior or inferior vena cavae, axillary, brachial and hepatic) and superficial veins; 
superficial thrombophlebitis is transient and can be misdiagnosed as erythema 
nodosum. Thrombosis may also occur in the chambers of the heart and dural sinus. 
Arterial aneurysms may develop at the abdominal aorta, iliac, femoral, popliteal, 
carotid and renal arteries and can rupture suddenly. Central nervous system involve-
ment includes parenchymal in 80% of cases and non-parenchymal. Parenchymal 
involvement is an inflammatory meningoencephalitis, with progressive (relapsing 
remitting) or monophasic pattern which is either diffuse (brainstem-plus) or affects 
only the brainstem, spinal cord and cerebellum. Non-parenchymal (cerebral venous 
thrombosis, intracranial hypertension, intracranial aneurysm or extracranial aneu-
rysm/dissection) is secondary to vascular involvement and usually monophasic 
[17]. Very rare manifestations in less than 2% of patients include amyloidosis, 
nephritis, serositis, cardiomyopathy and pulmonary fibrosis.

 Diagnosis

With no specific histologic, laboratory or imaging features, the diagnosis of ABD 
remains entirely clinical and requires the exclusion of other diagnoses based on 
clinical presentation. Due to the relapsing-remitting course of the disease, a careful 
past medical history is mandatory. There is no pathognomonic laboratory test, and 
HLA-B51 testing is not recommended for diagnostic purposes. The differential 
diagnosis may include almost all immune-mediated diseases and many infections 
and depends on the given constellation of clinical manifestations. For example, 
inflammatory bowel disease should be ruled out in a patient with intestinal involve-
ment and arthritis, multiple scleroses in a patient with central nervous involvement 
and uveitis, or Takayasu’s arteritis in a patient with arterial lesions.

The International Study Group Criteria set is the most widely used with a 
sensitivity of 85% and specificity of 96% [5]. This set of criteria has some limita-
tions, especially in differentially diagnose Crohn’s disease from ABD. According 
to these criteria, a patient can be diagnosed with ABD if, in the absence of other 
explanations, the patient has recurring oral ulcerations (aphthous or herpetiform) 
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observed by the physician or the patient at least three times in a 12-month period, 
plus at least any two of the following:

 (a) Recurrent genital aphthous ulceration or scarring
 (b) Eye lesions: anterior uveitis, posterior uveitis, cells in the vitreous by slit lamp 

examination or retinal vasculitis observed by an ophthalmologist
 (c) Skin lesions: erythema nodosum, pseudofolliculitis, papulopustular lesions or 

acneiform nodules in postadolescent patients not on corticosteroids
 (d) A positive pathergy test (non-specific skin hyperreactivity in response to minor 

trauma) read by a physician at 24–48 h

The International Study Group Criteria do not perform well in paediatric 
ABD. The recently proposed paediatric classification criteria include the following 
six-item categories: (a) recurrent oral aphtosis with at least three attacks/year; (b) 
genital ulceration, typically with scar; (c) skin involvement (necrotic folliculitis, 
acneiform lesions, erythema nodosum); (d) ocular involvement (anterior or poste-
rior uveitis, retinal vasculitis); (e) neurological signs (with the exception of isolated 
headaches); and (f) vascular signs (venous or arterial thrombosis, arterial aneu-
rysms). A minimum of three of them is required to classify a child as having paedi-
atric ABD [18].

 Management

Morbidity and mortality are significant in ABD. Ocular involvement is the leading 
cause of morbidity and, if left untreated, may result in blindness in more than 70% 
of those affected. Young males have the worst prognosis, and major vessel and neu-
rological involvement, both of which may occur even 10 years after diagnosis, are 
the main causes of death [31]. In general, ocular, vascular, gastrointestinal and CNS 
involvement may be associated with a poor prognosis. On the other hand, we should 
not forget that disease manifestations may ameliorate over time in many patients 
[41].

Treatment should be individualized according to age, gender, type and severity 
of organ involvement and patient’s preferences, balancing the risks of therapy with 
the putative efficacy of a given approach. Adequately powered, randomized, con-
trolled clinical trials are few. A multidisciplinary approach is necessary for optimal 
care. The aims of treatment are (a) to maintain the quality of life; (b) prevent irre-
versible damage, which usually occurs early in the course of disease, especially in 
the high-risk group of young men; and (c) prevent exacerbations of orogenital, cuta-
neous and joint manifestations. HLA-51 status has not been associated with severe 
disease or with a worst prognosis [15].

For oral ulcers, genital ulcers, papulopustular lesions, erythema nodosum, arthri-
tis, epididymitis and superficial thrombophlebitis, which are all self-limited mani-
festations, the therapeutic aim is to control symptoms. Topical measures such as 
local steroids should be used for the treatment of oral and genital ulcers. Colchicine 
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should be tried first for the prevention of recurrent mucocutaneous lesions espe-
cially when the dominant lesion is erythema nodosum or genital ulcer. Papulopustular 
or acne-like lesions are treated with topical or systemic measures as used in acne 
vulgaris. Leg ulcers might be caused by venous stasis or obliterative vasculitis. 
Treatment should be planned with the help of a dermatologist and vascular surgeon. 
Drugs such as azathioprine [42], thalidomide, interferon-a, anti-TNF or apremilast, 
which was efficacious in treating oral ulcers in a recent randomized controlled trial 
[16], should be considered in selected cases with refractory to the above mucocuta-
neous manifestations. Colchicine should be the initial treatment in acute arthritis. 
Acute monoarticular disease can be treated with intra-articular glucocorticoids. 
Non-steroidal anti-inflammatory agents and corticosteroids are used for epididymi-
tis. Azathioprine, interferon-a or anti-TNF should be considered in recurrent and 
chronic cases. In general, for such manifestations that are not associated with seri-
ous organ involvement, chronic glucocorticoid use should be avoided because it 
may adversely affect arterial function [29].

On the other hand, for serious organ involvement, such as major vessel disease, 
gastrointestinal involvement, ocular involvement, and central nervous system, the 
use of immunosuppressive agents is mandatory [15]. The introduction of anti-TNF 
monoclonal antibodies [32, 33] represents a significant advancement in the manage-
ment of patients with severe, refractory manifestations and especially in relapsing 
sight-threatening involvement of the posterior eye segment [35, 36]. Non- anti- TNF 
biologic agents, such as anti-IL-1 and anti-IL-6 agents, have been also used with 
variable beneficial results [3].

For the management of acute DVT, glucocorticoids and immunosuppressants 
such as azathioprine, cyclophosphamide or cyclosporine A, are recommended. For 
refractory venous thrombosis, anti-TNF mAbs could be considered. Anticoagulants 
may be added with caution, provided that the risk of bleeding in general is low and 
coexistent pulmonary artery aneurysms are ruled out. For the management of pul-
monary artery aneurysms, high dose glucocorticoids and cyclophosphamide are 
recommended. Anti-TNF mAbs should be considered in refractory cases. For 
patients who have or who are at high risk of major bleeding, embolization should be 
preferred to open surgery. For both aortic and peripheral artery aneurysms, medical 
treatment with cyclophosphamide and corticosteroids is necessary before interven-
tion to repair. Surgery or stenting should not be delayed if the patient is symptom-
atic [15].

For gastrointestinal involvement, glucocorticoids should be considered during 
acute exacerbations together with disease-modifying agents such as 5-ASA or aza-
thioprine. For severe and/or refractory patients, anti-TNF mAbs and/or thalidomide 
should be considered. Anti-TNF mAbs have been officially approved in Japan in 
2014 for intestinal ABD. Urgent surgical consultation is necessary in cases of per-
foration, major bleeding and intestinal obstruction [39].

Management of uveitis requires close collaboration with ophthalmologists with 
the ultimate aim of inducing and maintaining remission. Any patient with ABD and 
inflammatory eye disease affecting the posterior segment should be on a treatment 
regime such as azathioprine, cyclosporine A, interferon-a or anti-TNF mAbs inflix-
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imab and adalimumab. Infliximab has been shown to be efficacious in various ocu-
lar complications such as cystoids macular oedema or retinal neovascularization. 
Adalimumab has been officially approved for the treatment of noninfectious uveitis 
in 2016. Systemic glucocorticoids should be used only in combination with azathio-
prine or other systemic immunosupressants. Patients presenting with an initial or 
recurrent episode of acute sight-threatening uveitis should be treated with high-dose 
glucocorticoids, intravenous infliximab or interferon-a. Infliximab, however, has the 
fastest mode of action [22] and is efficacious for severe ocular complications such 
as cystoid macular oedema [21] and retinal neovascularization [24]. Intravitreal glu-
cocorticoid injection and infliximab injection are also options in patients with uni-
lateral exacerbation as an adjunct to systemic treatment [23].

Regarding CNS involvement, acute attacks of parenchymal involvement should 
be treated with high dose glucocorticoids followed by slow tapering, together with 
immunosuppressants such as azathioprine. Cyclosporine A should be avoided. Anti- 
TNF mAbs should be considered in severe disease as first line or in refractory 
patients. The first episode of cerebral venous thrombosis should be treated with 
high-dose glucocorticoids followed by tapering. Anticoagulants may be added for a 
short duration, but screening is needed for vascular disease at an extracranial site.

Finally, drug-free, long-term remission after withdrawal of successful anti-TNF 
treatment given for 2  years is feasible in some patients with severe ABD [37]. 
Because an anti-TNF agent-induced “cure” cannot be differentiated from a sponta-
neous remission by natural history, prospective studies should examine whether 
anti-TNF agents should be used as first-line treatment for the induction of emission 
in every patient with vital organ involvement.
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Chapter 22
Amyloidosis

Michael Voulgarelis, Ioannis Mitroulis, and Athanasios G. Tzioufas

 Introduction

The term amyloidosis refers to a family of heterogeneous diseases characterized by 
extracellular deposition of an abnormal protein-based material, called amyloid. 
Amyloidosis is caused by the production of misfolded insoluble proteins in increased 
amounts [1]. The proteins undergo partial proteolytic cleavage resulting in the for-
mation of peptides, in an abnormal β-pleated sheet non-branching fibrillary confor-
mation, which are resistant to further proteolysis and form linear, rigid, and 
7.5–10 mm wide amyloid fibrils. Peptide P, apolipoprotein E, basement membrane 
components, as well as glycosaminoglycans, proteoglycans, and protease inhibitors 
are added to the fibrils, resulting to stabilization and deposition of amyloid [2] 
(Fig.  22.1). At least 30 different amyloidogenic proteins have been identified in 
humans, and they can be differentiated by mass spectroscopy after laser capture 
microdissection and genetic testing [3]. The physicochemical characteristics of 
amyloid will determine in which organs the amyloid will be deposited and therefore 
what lesions will occur. Although the amyloid composition changes according to 
the amyloidogenic protein, it has some common features: (i) It consists of protein 
fibrils, (ii) it is insoluble and resistant to proteolysis, and (iii) after Congo red stain-
ing, it gives an apple-green birefringence under cross-polarized light microscopy.
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 Classes of Amyloidosis

Amyloidosis is a rare disease. Systemic amyloidosis continues to be fatal and is 
responsible for about one in 1500 deaths per year in the UK. As mentioned, the 
amyloidosis classes are determined by the origin of the protein fibrils. Some amy-
loidoses are acquired, while others are inherited [4]. It is very important to define 
the amyloid type immediately when the diagnosis is made as treatment may be dif-
ferent. The most frequent types of amyloidogenic proteins are the light chain (AL) 
derived from monoclonal B-cell disorders producing amyloidogenic immunoglobu-
lin light chains, serum amyloid A (SAA), and the mutant and wild-type transthyre-
tin (TTR) (Table 22.1).

The responsible protein in AL amyloidosis (primary amyloidosis) is a light chain 
of immunoglobulins (part of the variable part of lambda chains in 75%) [5]. In AL 
amyloidosis, the abnormal folding is the result of either a proteolytic event or an 
amino acid sequence that causes a light chain thermodynamically instable and prone 
to self-aggregation [1]. Overproduction of the chains may be primary or accompany 
paraproteinemias (multiple myeloma, Waldenstrom macroglobulinemia). AL amy-
loidosis is the most common and most serious form of amyloidosis with incidence 
similar to that of Hodgkin’s lymphoma or chronic myelogenous leukemia [5]. It is 
estimated to affect 5 to 12 people per million per year. In primary AL amyloidosis, 
the plasmacytic clone burden is low typically 5–10%; however in 10–15% of 

Partial proteolysis

Polymersation

Precursor peptides
(amyloid)

Fibrils

Amyloid
Fibrils

Apolipoproteins, proteoglycans,
membrane components

Fig. 22.1 Formation of amyloid fibrils. Proteins are partially cleaved forming precursor β-pleated 
sheet peptides (amyloids), which polymerize into fibrils. These fibrils interact with other compo-
nents such as apolipoproteins, glycans, and membrane components to form proteolytically resis-
tant and rigid amyloid fibrils
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patients, AL amyloidosis occurs in association with multiple myeloma [6]. Evidence 
suggests that there is a correlation between immunoglobulin VL germline gene 
usage that are expressed by AL clones and amyloid-related organ involvement indi-
cating that this tropism may be related to the antigenic affinities of the clonal light 
chains [7].

Extracellular deposition of amyloid protein A, which derives after processing of 
the acute-phase reactant serum amyloid AA (SAA), in several organs is the hall-
mark of AA amyloidosis. The accumulation of amyloid protein A results in tissue 
damage and progression toward organ dysfunction and failure, having a detrimental 
effect on morbidity and mortality in patients with inflammatory disorders [8]. 
Several inflammatory diseases, including rheumatoid arthritis (RA), systemic-onset 
juvenile idiopathic arthritis (SoJIA), Crohn’s disease, ulcerative colitis, osteomyeli-
tis, bronchiectasis, familial Mediterranean fever (FMF), tuberculosis, leprosy, sar-
coidosis, Castleman’s disease, injection-drug abuse, cystic fibrosis, and certain 
malignancies (kidney, cervix, Hodgkin’s lymphoma), are characterized by an 
increased SAA production and hence increased chance of causing AA amyloidosis 
[9]. The underlying disorder, however, cannot be identified in a small number of 
patients (5–10%) at the initial diagnosis. In patients with idiopathic amyloidosis, the 
causing disorder can be identified later in the course of the disease [10]. Cytokines 
produced in these conditions, such as TNF and interleukins 1 and 6, are responsible 
for the increased production of SAA. The incidence of AA amyloidosis has declined 
in recent years due to effective treatment of chronic infections, such as tuberculosis, 
which were the main cause. In recent years the majority of cases in developed coun-
tries are due to rheumatoid arthritis. AA amyloidosis also complicates FMF, an 
inherited autosomal recessive condition due to a mutation of the pyrin gene, which 
has an aberrant effect on the inflammatory response to various stimuli. The condi-
tion is manifested by acute episodes of fever with serositis (that can mimic acute 
abdomen). Due to frequent inflammatory episodes, overproduction of SAA and AA 
amyloid deposition is induced.

TTR-related amyloidosis (ATTR) – also named “familial amyloid polyneuropa-
thy” – was initially reported by the neurologist Corino da Costa Andrade in two 
villages of Portugal in 1950 [11]. The responsible protein (transthyretin or prealbu-
min) in ATTR is a normal serum transport protein (transfers thyroxine and vitamin 
A) mainly synthesized by the liver. The presence of mutation in TTR destabilizes 

Table 22.1 Classes of amyloidosis

Precursor protein Human disease Major causative association

Immunoglobulin light chain Primary (AL) amyloidosis Plasma cell disorders
Immunoglobulin heavy 
chain

Primary (AH) amyloidosis Plasma cell disorders

Serum amyloid A Secondary (AA) amyloidosis Inflammation
Transthyretin (TTR) Familial amyloidosis Mutant ATTR

Systemic senile amyloidosis Wild-type ATTR
Beta2-microglobulin Hemodialysis-related 

amyloidosis
Chronic hemodialysis 
patients
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the tetramer and leads to the release of monomers, which are believed to be amy-
loidogenic. ATTR can be caused by >100 mutations of TTR. The most commonly 
found mutation is the replacement of valine by methionine at position 50 (Val50Met), 
first described in the Portuguese population. TTR also accumulates with age, result-
ing in systemic senile amyloidosis (also called wild-type ATTR) in elderly, which 
results in the deposition of native TTR mainly in the heart. The prevalence of car-
diac native TTR amyloid deposits is estimated at around 10% in people aged 
>80 years and 50% in those aged >90 years [12, 13].

Hemodialysis-related amyloidosis is a form of systemic amyloidosis; beta2- 
microglobulin (B2M) has been identified as the major constituent protein. The 
responsible protein β2-microglobulin is a protein found as a component of class I 
HLA antigens in the membrane of all nucleated cells. Because of its molecular 
weight (11.8 kd), it is not eliminated by conventional dialysis filters, which gradu-
ally accumulates in chronic hemodialysis patients. Finally, Alzheimer’s disease is 
due to β-protein amyloidosis, while Creutzfeldt-Jakob disease is due to amyloidosis 
by prion proteins. In both cases, amyloid accumulates in the brain only. This amy-
loidosis is the only intracellular form of the disease.

 Clinical Manifestations

Systemic amyloidosis is characterized by the accumulation of amyloid in various 
tissue and organs that produce specific clinical manifestations depending on the 
organ involvement (Table 22.2). Despite the fact that amyloid deposition can disturb 
the tissue architecture and lead to organ dysfunction, increasing evidence exists that 
amyloidogenic proteins have direct cytotoxic effects that also contribute to disease 
manifestations [14].

 AL Amyloidosis

It is the most frequent and serious form of systemic amyloidosis and usually occurs 
after 50 years [15]. It affects more often the kidneys, heart, gastrointestinal tract, 
and nervous system [5, 16]. Rarely it affects the lungs, skin, and musculoskeletal 

Table 22.2 Patterns of organ involvement

Amyloid type-class of 
amyloidosis Heart Kidney Liver

Peripheral 
nervous system

Autonomic 
nervous system

Soft 
tissue

AL ++ ++ + + + +
Wild-type ATTR ++ − − − − −
Hereditary ATTR ++ ++ − ++ + −
AA + ++ + − + −
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system. The main clinical manifestation of AL amyloidosis is nephrotic syndrome 
(10–15% of patients with nephrotic syndrome after 60 years old have AL amyloido-
sis). Rarely it occurs as asymptomatic albuminuria. The absence of hypertension 
(there may be orthostatic hypotension) and an increased kidney size are typical. 
Histologically, amyloid deposits give the specific apple-green birefringence under 
cross-polarized light microscopy. Amyloid deposits in vessels may be present 
alongside with or without glomerular lesions. Rarely, amyloid deposits are found in 
the interstitial space and the membrane of the collecting tubules [17]. The trans-
membrane injury may be manifested by renal tubular acidosis (usually type I and 
rarely type II) or nephrogenic diabetes insipidus. Cardiac AL amyloid deposition is 
accompanied by a restrictive cardiomyopathy characterized by progressive diastolic 
and subsequently systolic biventricular dysfunction and arrhythmia [16]. Infiltration 
of the myocardium causes concentrically thickened ventricular walls with reduced 
cavity size with subsequent impaired ventricular diastolic filling and both left and 
right ventricular insufficiency. Low QRS voltage on the electrocardiogram is found 
in a high proportion of patients and often is associated with a pseudoinfarct pattern, 
whereas a conduction tissue involvement (atrioventricular or sinoatrial nodes) is 
often complicated to ventricular arrhythmia and syncope. It has been indicated that 
certain circulating monoclonal LC may directly impair cardiac function, in addition 
to any mechanical effects of amyloid fibril deposition [14]. It has been published 
that AL cardiomyopathy seems to be associated with highest frequency of hemody-
namic derangement and aggressive clinical course compared to that of TTR-related 
cardiomyopathies [18].

Peripheral nervous system involvement manifests as painful, bilateral, symmet-
ric, distal sensory neuropathy that progresses to motor neuropathy. Autonomic ner-
vous system in AL amyloidosis can lead to orthostatic hypotension, erectile 
dysfunction, and bowel motility dysfunction. Hepatomegaly is common, while 
splenomegaly is rarely observed [19]. Hepatomegaly can occur as a result of either 
congestion from right heart failure or amyloid infiltration of the liver. Profound 
elevation of alkaline phosphatase with only mild elevation of transaminases is char-
acteristic. Soft tissue involvement is characterized by the presence of macroglossia, 
carpal tunnel syndrome, skin nodules, arthropathy, alopecia, nail dystrophy, sub-
mandibular gland enlargement, periorbital purpura, and hoarseness of voice due to 
larynx amyloid deposition.

 AA Amyloidosis

The kidney is the most common affected organ, and renal manifestations are the 
more common feature of AA amyloidosis. Renal involvement is usually character-
ized by glomerular deposition of amyloid, leading to the development of nephrotic 
syndrome and subsequent renal insufficiency. Cardiac involvement, presented as 
systolic and diastolic dysfunction, and conduction disorders, including arrhythmia 
and heart block, and autonomic neuropathy are rare in patients with AA 
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amyloidosis, compared to ATRR and AL amyloidosis, and therefore the prognosis 
is better than that of AL amyloidosis. Thyroid and adrenal glands can be also 
affected, whereas hepatomegaly is not uncommon. Gastrointestinal or urinary tract 
bleeding are also complications of AA amyloidosis due to vascular deposition of 
amyloid that results to increased vessel fragility [8, 10].

 Dialysis-Related Amyloidosis

It is characterized by β2-microglobulin deposits in the joints and bones. The most 
common clinical manifestation is the carpal tunnel syndrome, which occurs at a 
significant rate after 10 years of long-term dialysis. Rarely it occurs with bone pain, 
fractures (bony cysts), and arthralgias (especially in the shoulder joint).

 TTR-Related Amyloidosis

Mutations in several genes, such as transthyretin, fibrinogen, apolipoprotein A1, 
and apolipoprotein A2, can be responsible for hereditary amyloidosis, but by far the 
most common cause is variant ATTR amyloidosis (variant ATTR) caused by muta-
tions in the transthyretin gene causing neuropathy and, often, cardiac involvement.

 Systemic Amyloidosis in Autoinflammatory Syndromes

Reactive AA amyloidosis, with renal involvement leading to end-stage renal defi-
ciency, is a severe complication of autoinflammatory syndromes, having a detri-
mental effect on morbidity and mortality. Amyloidosis is the most important 
complication of FMF, with an incidence of approximately 60% in untreated Turkish, 
Armenian, Arab, and non-Ashkenazi Jewish populations [20, 21]. Early-onset renal 
amyloidosis was the main cause of death in Jewish FMF patients, resulting in 
increased mortality compared to the general population [21]. Due to the increased 
risk of renal amyloidosis in patients with FMF, measurement of SAA and urinalysis 
every 6  months is recommended, even in low-risk patients [20]. SAA genotype, 
M694 V homozygosity, and environmental factors have a major role in the progres-
sion toward amyloidosis. The country of residence, rather than the country of origin, 
has been shown to be a major risk factor in the development of amyloidosis [22, 23]. 
The use of colchicine significantly diminishes the frequency of amyloidosis. 
Development of proteinuria, which is the first sign of renal amyloidosis, has been 
shown to decrease in a frequency of 1.7% of FMF patients under colchicine com-
pared to 49% in non-compliant patients in a 10-year follow-up period [24]. 
Amyloidosis has been reported as the initial manifestation in asymptomatic patients 
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with M694 V homozygosity in countries with increased frequency of amyloidosis. 
For this reason, colchicine could be considered for asymptomatic carriers with fam-
ily members with amyloidosis [25]. Based on the efficacy of colchicine in the pre-
vention of amyloidosis, colchicine should not be discontinued in non-responding 
patients treated with biologic agents [25, 26].

Reactive amyloidosis is also a severe complication in patients with cryopyrin- 
associated periodic syndrome (CAPS). It is uncommon in patients with familial 
cold autoinflammatory syndrome (FCAS), but it affects up to 25% of patients with 
Muckle-Wells syndrome. Blocking of IL-1 has been shown to be effective, not only 
in suppressing disease activity and normalizing SAA levels but also in improving 
renal function in patients with already established renal amyloidosis [27]. AA amy-
loidosis is also a complication in tumor necrosis factor receptor-associated periodic 
fever syndrome (TRAPS) and mevalonate kinase deficiency (MKD) [27, 28]. In a 
series of 158 cases, the frequency of amyloidosis was 10%. The median age of diag-
nosis of amyloidosis in patients with TRAPS was around 40  years [29]. Anti- 
cytokine treatment has been shown to be effective in inducing stabilization and even 
regression of the amyloid load in these patients, suggesting that early diagnosis and 
initiation of therapy to achieve regression of disease activity can inhibit the develop-
ment of amyloidosis and preserve renal function [28].

 Diagnosis of Amyloidosis

The suspicion of diagnosis of amyloidosis should be considered in every patient 
with a combination of several organ involvements. Especially the presence of 
nephrotic syndrome with increased kidney size, cardiomyopathy, autonomic ner-
vous system involvement, the presence of macroglossia, and identification of mono-
clonal light chains in urine or serum by immunofixation are characteristic 
manifestations of AL amyloidosis. A medical history of chronic inflammatory dis-
ease in patients with nephrotic syndrome and hepatosplenomegaly suggests AA 
amyloidosis. Carpal tunnel syndrome in patients with chronic hemodialysis may be 
due to β-2 microglobulin deposition.

Confirmation of the diagnosis of amyloidosis is based on the histological exami-
nation of the affected organs where amyloid deposits are found after staining with 
Congo red, to have the specific apple-green birefringence under cross-polarized 
light microscopy [30]. The site of the screening biopsy does not involve in most 
cases the organ that is responsible for the clinical manifestation of amyloidosis, in 
order to avoid complication due to the surgical procedure. Rectal biopsy was com-
monly used in the past; however, this method was replaced by abdominal adipose 
tissue or labial salivary gland biopsy, which provides enough material for the diag-
nosis with practically no complications. In case of a negative abdominal adipose 
tissue biopsy and a strong clinical suspicion, a rectal biopsy should be performed 
[10, 30]. Immunohistochemical staining can then be used to determine the type of 
pathological protein and the type of amyloidosis. Significant diagnostic and 
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 prognostic assistance is provided by the scintigraphy with iodine-radiolabeled P 
peptide [31]. As this peptide is deposited in all cases of amyloidosis, the extent and 
location of its deposition gives information on the type and extent of organ involve-
ment. It also serves to monitor the response of amyloidosis to treatment (change in 
the extent of deposition in sequential examinations). Interestingly, the combined 
findings of grade 2 or 3 myocardial radiotracer uptake on bone scintigraphy and 
absence of a monoclonal protein in serum or urine had a specificity and positive 
predictive value for cardiac ATTR amyloidosis of 100% [32].

Once the diagnosis of amyloidosis is established by the pathologist, confirmation 
of AL amyloidosis requires demonstration of a clonal plasma cell dyscrasia by a 
bone marrow biopsy or by the presence of a monoclonal light chain in the serum or 
urine. In this regard the serum free-light-chain (FLC) assay has a high sensitivity for 
circulating free light chains that is tenfold higher than that of immunofixation [33]. 
Thickening of the myocardial wall in combination with low potentials in ECG may 
also suggest cardiac amyloidosis. Cardiac ultrasound remains the first and most 
commonly used method to evaluate the patient with amyloidosis [16]. 
Echocardiographical findings typical to cardiac amyloidosis include the increased 
LV wall thickness ≥12 mm with “brilliant” speckled appearance of the myocar-
dium, normal or small LV cavity, preserved LV ejection fraction, abnormal mitral 
filling pattern, due to LV diastolic dysfunction, right atrial enlargement, as well as 
dilated vena cave reflecting right ventricular (RV) filling pressure. Early experience 
suggests that magnetic resonance imaging (MRI) may provide an additional method 
for evaluation of cardiac involvement in amyloidosis and may be particularly useful 
in distinguishing ventricular wall thickening as a result of amyloid infiltration from 
ventricular hypertrophy caused by hypertension [34].

Mass spectrometry of amyloid deposits obtained after laser microdissection is 
the gold standard for the typing of amyloid fibrils but is available in very few labo-
ratories. Genetic tests for the diagnosis of hereditary amyloidosis should be consid-
ered, especially if no paraprotein is found and in patients with a family history of the 
disease and in the presence of peripheral nervous system involvement as well as 
cardiac involvement. The presence of a serum monoclonal immunoglobulin does 
not necessarily mean AL amyloidosis since monoclonal gammopathy of undeter-
mined significance (MGUS) is common in individuals over 65 years and wild-type 
ATTR amyloidosis of the heart. More specific more than 10% of patients with 
hereditary amyloidosis as well as 21% of wild-type ATTR in elderly have MGUS.

 Pathogenesis of AA Amyloidosis

The deposition of extracellular amyloid fibrils in the affected organs is the hallmark 
of systemic amyloidosis. The insoluble fibrils are deposited at the extracellular 
space of the affected tissue and derive from precursor proteins that undergo changes 
in protein folding [3]. The precursor protein of the amyloid deposits in AA amyloi-
dosis is the acute-phase reactant serum amyloid AA (SAA), a family of 
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apolipoproteins produced mainly in the liver and associated with high-density lipo-
protein (HDL) in plasma. SAA levels are low in healthy subjects and increase up to 
1000-folds during inflammation. A sustained increase in SAA concentration in 
serum of patients with inflammatory disorders, suggestive of increased disease 
activity, is a prerequisite for the development of amyloidosis [10] (Fig. 22.2).

The genes that encode the SAA family members in humans are SAA1, SAA2, and 
SAA4. SAA1 and SAA2 are acute-phase proteins, whereas SAA4 is constitutively 
produced in the liver. In most cases, SAA1 is the precursor protein in reactive amy-
loidosis [10, 35, 36]. SAA1 and SAA2 production in the liver is regulated by pro- 
inflammatory cytokines like TNF, IL-1, and especially IL-6. In vitro stimulation 
studies have shown that IL-6 has the principal role in the transcriptional regulation 
of SAA through the transcription factors STAT3 and NFκB, whereas TNF and IL-1 
mainly act as additional factors that increase the effect of IL-6 [37]. The important 
role of sustained inflammation, and especially of IL-6, in the progression of amyloi-
dosis is also shown in experimental murine models. Transgenic mice expressing 
human IL-6 develop early-onset amyloidosis, sharing common features with human 
disease, which include high levels of SAA and amyloid depositions in the kidney, 
liver, and spleen [38]. To this direction, several clinical studies and case series sug-
gest that the administration of tocilizumab, a humanized monoclonal antibody 
against the IL-6 receptor, normalizes the serum levels of SAA and stabilizes or even 
ameliorates amyloidosis in a wide range of disorders, including RA, SoJIA, FMF, 
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Fig. 22.2 Pathogenesis of AA amyloidosis. Pro-inflammatory cytokines in chronic inflammatory 
diseases induce the sustained production of serum amyloid A by hepatocytes. Serum amyloid A is 
processed and deposited as amyloid fibrils in the extracellular space of affected organs
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and Castleman’s disease [39–41]. Anti-TNF treatment has been also shown to 
decrease SAA levels and disease progression [10]. The role of IL-1 in the produc-
tion of SAA and the subsequent progression toward amyloidosis has been shown in 
patients with autoinflammatory syndromes. Administration of anti-IL-1 agents 
results in the normalization of SAA levels and had a beneficial effect in the progres-
sion of amyloidosis [28].

These findings suggest that inhibition of pro-inflammatory cytokines decreases 
the SAA levels and can subsequently affect the progression of the disease. The cor-
relation between SAA levels, amyloid load, and progression of amyloidosis has 
been also studied. In patients with AA amyloidosis, effective treatment of the under-
lying inflammatory disease and maintenance of SAA levels within the normal range 
(<10 mg/L) resulted in the regression or stabilization of amyloid load. Additionally, 
normalization of SAA levels was correlated with a stabilization or improvement of 
renal function, as assessed by the serum creatinine levels and proteinuria. However, 
relapses of the inflammatory disease resulted in a rapid increase of the amyloid load 
[42]. Taken together, amyloid deposits in patients with inflammatory disorders are 
in a dynamic balance, and tight disease control and achievement of remission pre-
vent the further accumulation of amyloid or even result in the regression of amyloid 
deposits, revealing the critical role of early diagnosis and initiation of effective 
treatment strategies in patients with inflammatory disorders.

Except from the increased production of the precursor protein in the circulation, 
specific polymorphic variants of SAA1 act as predisposing factors for amyloidosis. 
Five polymorphic coding alleles have been described for SAA1 (SAA1.1, SAA1.2, 
SAA1.3, SAA1.4, and SAA1.5). Even though there are minor differences in the amino 
acid sequence of the gene product derived from these alleles, several lines of evi-
dence suggest that they influence the susceptibility in the development of amyloido-
sis. Homozygosity in SAA1.1 is a risk factor for the development of amyloidosis in 
Caucasian patients, whereas Japanese patients with RA, homozygous for the SAA1.3 
allele, are in increased risk. Single cell polymorphisms (SNP) in the SAA1 gene 
have been also linked to amyloidosis. For example, a C/T switch at position −13 of 
SAA1.3 is associated with increased susceptibility to amyloidosis in patients with 
RA. The presence of these polymorphic variants and SNP can at least in part explain 
the fact that not all patients with increased SAA levels develop amyloidosis [10, 35, 
43].

Amyloid A derives from the proteolytic cleavage of SAA, which is constituted 
by 104 amino acids, which results in the removal of C-terminus of the native pro-
tein. The most commonly found amyloid A protein associated with glomerular infil-
trates is a 76-amino-acid-long N-terminal fragment of the precursor SAA protein. 
However, other deposits are formed by a mixture of short (approximately 44 resi-
dues) and long (approximately 100 residues) fragments. The lack of the C-terminus 
region results in a protein derivative that is prone to conversion from the α-helix 
structure to a β-sheet, which is characteristic of the amyloid deposits and enables 
the formation of typical cross β-structures of amyloidosis. There is evidence that 
macrophages play a role in the proteolytic cleavage of SAA. It has been shown that 
phagocytosis of SAA results in its dissociation from HDL. C-terminus truncation, 
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misfolding, and accumulation in lysosomes then take place. Cathepsin B has been 
identified as a protease involved in lysosomal cleavage of SAA, whereas the metal-
loproteinases MMP1, MMP2, and MMP3 are identified in extracellular amyloid 
deposits [10, 43–45].

Except from amyloid A, which is the main fibril protein in reactive amyloidosis, 
several other components are present in fibril deposits, which are present in all dif-
ferent types of amyloidosis. The most important are heparan sulfate proteoglycan 
(HSPG) and serum amyloid P component (SAP). These components play a major 
role in the pathogenesis of amyloidosis. HSPG has been shown to mediate the dis-
sociation of SAA from HDL and to contribute in the formation of the β-sheet struc-
ture of the amyloid fibrils [46]. SAP is a glycoprotein belonging in the pentraxin 
family and a component of extracellular matrix. Its relative concentration can reach 
up to approximately 15% in amyloid deposits [47]. In vivo data from mice deficient 
in SAP show that this protein is not necessary for the formation of amyloid deposits 
[48]. However, due to its resistance to proteolysis, SAP prevents amyloid fibril 
degradation.

 Prognosis

The prognosis of patients with AL amyloidosis is related to the involvement of the 
heart [49]. From laboratory testing of patients with cardiac AL amyloidosis, ele-
vated myocardial necrosis indexes such as troponin I and T can be observed. In 
patients with increased troponin, the mean survival is significantly lower compared 
to that of normal troponin patients (6–8  months versus 21–22  months) [50]. 
Determination of the circulating free light chain (FLC) levels as well as NT-pro 
BNP values represents two valuable modalities which can assess patient prognosis 
as well as treatment efficacy [33, 51, 52]. There are no approved therapies for AL 
amyloidosis. Plasma cell-directed therapies, such as high-dose chemotherapy in 
combination with autologous stem cell transplantation, alkylating agents, steroids, 
proteasome inhibitors, and/or immunomodulatory drugs, reduce production of the 
immunoglobulin LC. Overall, such therapies can induce a reduction in the concen-
tration of the toxic LC by ~50% in 60% of patients, and this translates into cardiac 
or renal response, or both, in 20–35% of patients [53].

AA amyloidosis is a severe complication of inflammatory disorders, which if left 
uncontrolled leads to increased mortality. End-stage renal disease, heart failure, and 
gastrointestinal bleeding or perforation are the main causes of death in these 
patients. In a study involving 374 patients with AA amyloidosis, there was a signifi-
cant correlation between amyloid prognosis, renal function and mortality, and SAA 
levels during follow-up period. A significant regression in amyloid deposits, 
assessed by SAP scintigraphy, was observed in patients with SAA levels within the 
normal range (10 mg/L), which had a major effect in survival of these patients.

The direct correlation between the levels of SAA and survival in patients with 
AA amyloidosis underlines the fact that the best treatment option is the early 
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 identification of affected patients and induction of remission of the underlying 
inflammatory disorder. Treatment with biologic agents targeting cytokines, and 
especially TNF and IL-6, has been shown to decrease the incidence of amyloidosis 
in patients with chronic inflammatory disorders, making reactive amyloidosis a rare 
disorder in Western countries [10, 39, 54]. These agents do not target the amyloid 
deposits per se, but decrease the liver production of SAA, leading to normalization 
of its levels in the circulation. In patients with FMF, despite the effectiveness of IL-1 
targeting therapies, colchicine administration remains the gold standard in the pre-
vention of amyloidosis [25, 26].

 Concluding Remarks

Systemic amyloidosis is a life-threatening disorder, characterized by the deposition 
of misfolded proteins in the extracellular space, leading to the disorganization of the 
tissue architecture and finally to organ damage and failure. The timely identification 
and the initiation of effective treatment in patients with inflammatory disorders pre-
vent the development of this fatal complication. This underlines the critical impor-
tance of the awareness of the medical community for the early diagnosis of patients 
under increased risk for amyloidosis.
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