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CANDLE Syndrome As a Paradigm of Proteasome-Related Autoinflammation
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CANDLE syndrome (Chronic Atypical Neutrophilic Dermatosis with Lipodystrophy and Elevated temperature) is a rare, genetic autoinflammatory disease due to abnormal functioning of the multicatalytic system proteasome–immunoproteasome. Several recessive mutations in different protein subunits of this system, located in one single subunit (monogenic, homozygous, or compound heterozygous) or in two different ones (digenic and compound heterozygous), cause variable defects in catalytic activity of the proteasome–immunoproteasome. The final result is a sustained production of type 1 interferons (IFNs) that can be very much increased by banal triggers such as cold, stress, or viral infections. Patients start very early in infancy with recurrent or even daily fevers, characteristic skin lesions, wasting, and a typical fat loss, all conferring the patients a unique and unmistakable phenotype. So far, no treatment has been effective for the treatment of CANDLE syndrome; the JAK inhibitor baricitinib seems to be partially helpful. In this article, a review in depth all the pathophysiological, clinical, and laboratory features of CANDLE syndrome is provided.
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DEFINITION

CANDLE is an acronym standing for Chronic Atypical Neutrophilic Dermatosis with Lipodystrophy and Elevated temperature (1–3). CANDLE syndrome is an autoinflammatory disease (AID) characterized by the appearance of recurrent fever in the first months of life, along with characteristic skin lesions, lipodystrophy, and manifestations of multisystem inflammation. Mutations in different genes encoding protein subunits of the proteasome–immunoproteasome system are the cause of CANDLE syndrome.

HISTORY

CANDLE syndrome was described in 2010 by Torrelo et al. (1). They reported on four children collected in two centers in Madrid and Chicago, two of whom were siblings, who showed striking skin lesions which on histopathology displayed an infiltration of immature, myeloid, mononuclear cells, resembling leukemia cutis. Because in many parts of the skin biopsies there was some maturation into polymorphonuclears and karyorrhexis, a type of yet undescribed “neutrophilic dermatosis” was suspected. The skin lesions had appeared very early in infancy, in attacks that occurred after common triggers (especially cold and viral infections), but some degree of skin involvement was present all the time. Furthermore, the patients had recurrent, almost daily, fevers or temperature elevations below 38.3°C, also since very early in life. The disease seemed to cause some general growth delay, and after more than 10 years of follow-up most patients looked wasted, with a striking loss of fat. With all these features, the chronic eruption with skin neutrophilic and mononuclear immature infiltration, the fevers and the lipodystrophy, an acronym was coined. The dermatological aspects were emphasized in this description, because they had been the most constant features, but it was recorded that the patients had suffered unexplained inflammatory attacks in many different organs of the body, such as the central nervous system (CNS), cartilage, joints, testes, and many others. One of the patients died of an attack of “carditis,” but autopsy was not performed.

Also, in 2010, Garg et al. (4) reported three adult patients with a disease they named JMP (Joint Contractures, Muscle atrophy, microcytic anemia, and Panniculitis-induced lipodystrophy syndrome). The authors emphasized the lipodystrophic features that were related to panniculitis, and the joint features, but did not mention on the skin manifestations of the disease. However, they anticipated that their patients would suffer a disease of the innate immune system.

A similar constellation of signs had been reported in the Japanese literature. It had been reported by Nakajo in 1939 and Nishimura in 1950, under the names “secondary hypertrophic osteoperiostosis with pernio,” a syndrome with nodular erythema, elongated and thickened fingers, and emaciation, and “hereditary lipomuscular atrophy with joint contracture, skin eruptions and hyper-γ-globulinemia” (5). An eponym for the syndrome was proposed by the Japanese authors as “Nakajo–Nishimura syndrome.” Overall, patients described started in early infancy with a pernio-like rash, periodic high fever, nodular erythema-like eruptions, and myositis. Lipoatrophy and joint contractures occurred progressively in life, mainly on the upper part of the body, leading to a very characteristic facial appearance.

After the description of CANDLE and JMP, and the appearance of new cases from Japan, a number of cases from different parts of the world were published. It was later disclosed that most patients described under these descriptions had homozygous or compound heterozygous mutations in the gene PSMB8, encoding the subunit β5i of the immunoproteasome (2, 6–8). However, some patients with CANDLE syndrome did not bear mutations in PSMB8 (2). Further genetic studies disclosed that some patients have homozygous and compound heterozygous mutations in other subunits of the proteasome–immunoproteasome, as well as digenic heterozygous mutations in two different genes encoding subunits (9). Finally, mutations in the proteasome maturation protein (POMP) gene have also been reported in a patient of Lebanese origin that had been reported by Mégarbané et al. (9, 10) in 2002 under the name “unknown autoinflammatory syndrome associated with short stature and dysmorphic features.”

Several terms have been proposed to encompass the three denominations, such as PRAAS (proteasome-associated autoinflammatory syndrome) (11) or ALDD (autoinflammation, lipodystrophy, and dermatitis) (12). However, all of them represent the same entity, and it seems that the most accepted nomenclature is CANDLE syndrome. The general appearance of consumption in the patients, like a burntout candle, emphasizes the name of the syndrome.

PATHOPHYSIOLOGY

Overall, proteasome–immunoproteasome dysfuntion causes a continuous state of inflammation with exacerbations in CANDLE syndrome. Proteasome–immunoproteasome dysfunction leads to constitutional hypersecretion of type 1 Interferons (IFNs), which by several mechanisms will lead to accumulation of waste proteins within the cells (13). Thus, further proteasome–immunoproteasome activity is required, which cannot be achieved. Accumulation of waste proteins within the cell causes cellular stress, which in turn stimulates type 1 IFN, and finally closes the circle of inflammation. Common triggers, such as cold, physical or psychical stress, banal infections or others cause stimulation of type 1 IFN secretion, and thus provoke severe inflammatory attacks that can occur in any organ of the body.

The Proteasome–Immunoproteasome System

The proteasome is a multiprotein structure present both in the nucleus and the cytoplasm of all eukaryotic cells (Figure 1) (14). It is constitutively expressed, and has multicatalytic activity. It has a cylindrical shape, and there are several types. All of them contain at least two different complexes: the 20S or core complex, which contains the proteolytic activity, and the 19S or regulatory complex, responsible for recognizing ubiquitinated proteins and transporting them into the 20S complex. The 20S complex is composed of two α-rings flanking two β-rings; each ring is composed of seven different protein subunits, named α-1 to α-7 and β-1 to β-7.
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FIGURE 1 | Structure of proteasomes. (A) Assembly of α and β subunits to form the 20S (core) complex of the constitutive protesome. (B) Assembly of the inducible β subunits to form the 20S (core) of the immunoproteasome. (C) 26S proteasome with the 20S core particle and the 19S regulatory complex. (D) 20S (core) immunoproteasome.



The immunoproteasome is very similar to the constitutive proteasome (Figure 1). The 19S complex of the proteasome is replaced with the PA289 (or 9S) complex, and the β1, β2, and β5 subunits in the beta rings are substituted by specialized units, named β1i, β2i, and β5i (i = inducible) (14). The β1 subunits have caspase-like activity, β2 subunits have trypsin-like activity, and β5 subunits have chemotrypsin-like activity (9). Immunoproteasome formation is mainly induced by IFNs, to account for an increased demand of catalytic activity within the cell.

The assembly and maturation of proteasome and immunoproteasomes are governed by facilitating proteins. POMP is essential for proteasome formation and is strongly involved in the incorporation of the β5i subunit into the immunoproteasome. Proteasomal β subunits but β3 and β4, are synthesized as preforms that require autocatalytic cleavage during assembly to liberate the active-site threonines (9, 15, 16).

The proteasome is mostly involved in the removal of waste intracellular proteins. The immunoproteasome is also responsible for the degradation of foreign proteins. Whereas the proteasome is constitutively expressed in every cell, only proinflammatory cytokines and mostly type 1 IFNs induce the immunoproteasome formation. However, immunoproteasomes are constitutively expressed in hematopoietic cells (17, 18). The catalytic activity of the proteasome and the immunoproteasome cleaves protein substrates to generate smaller peptides that can be easily removed from the cell or may act as antigens that can be presented through the MHC type I molecules to the adaptive immune system. In this way, more specifically the immunoproteasome acts as a link between innate and adaptive immunity.

Normal Functioning of the Proteasome–Immunoproteasome System

Cellular proteins destined for degradation or cleavage should be first marked with ubiquitin. Ubiquitinization allows for recognition by the 19S complex. The ubiquitinized protein is entered into the 20S particle, which degrades the protein through enzymatic proteolysis (Figure 2). The small peptides resulting from degradation can thus be easily removed or enter the endoplasmic reticulum to be eventually presented to T lymphocytes by means of the MCH type I on the cell surface (19, 20).
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FIGURE 2 | Normal function of the proteasome. (A) A waste protein fated to elimination is marked with ubiquitin. (B) The 19S complex recognizes the ubiquitinated protein. (C) The ubiquitinated waste protein is entered into the proteasome. (D) The catalytic activity of the 20S complex renders small products, easy to remove from the cell.



Viral infections or other triggers such as cellular stress or cold can induce secretion of type 1 (α or β) IFNs. When IFNs are recognized by their cell surface receptor, transphosphorylation of JAK1 and TYK2 occurs (21), as the first step of JAK/STAT signaling pathway activation. As a result of activated JAKs, the STAT proteins STAT1 and STAT2 dimerize and enter the nucleus, leading to transcription of type 1 IFN genes (Figure 3A). On the other hand, danger signals such as an irritant or infection provoke inflammation, which is associated with the production by immune cells of microbiocidal reactive oxygen and reactive nitrogen species during the innate immune response (22). Such increased oxidative stress conditions have profound consequences for the functional integrity of proteins.
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FIGURE 3 | Pathophysiology of CANDLE syndrome. (A) Normal state. After viral infection, type 1 interferons (IFNs) are released by the infected cell. IFNs are recognized by their receptor, with activation of JAK/STAT pathway and subsequent dimerization of STAT proteins. The STAT dimers enter the nucleus and stimulate transcription of type 1 IFNs. JAK/STAT activation produces reactive oxygen and nitrogen species that are damaging to cell proteins. These damaged proteins, and others generated by cell catabolism, are removed by the proteasome and the immunoproteasome; the latter is stimulated by type 1 IFNs. (B) CANDLE syndrome. After IFN activation, cells with mutated proteasome–immunoproteasome will not be able to remove all waste proteins, which will accumulate and be poly-ubiquitinized. As a result, cellular stress occurs, leading to increased type 1 IFNs production. The high levels of secreted type I IFNs recruit inflammatory cells that will cause tissue damage.



During JAK/STAT pathway activation and increased oxidative stress, many waste proteins are generated, as well as many irreversibly oxidant-damaged and potentially toxic proteins. All these require increased proteolytic degradation machinery for their degradation to preserve cell viability and basic cellular functions (22, 23). The constitutive proteasome may not be sufficient to accomplish this extra effort, and hence the immunoproteasomes are recruited and assembled, mainly induced by type 1 IFNs themselves.

Proteasome Dysfunction and CANDLE Syndrome

In CANDLE syndrome (Figure 3B), proteasome system dysfunction leads to an inability of the cell to get rid of waste proteins. This situation may lead to a weak or moderate state of proinflammation in the absence of triggers, but under situations of stress, such as cold, viral infections, or physical stress, higher requirements of removing waste proteins are not met.

When a cell is infected by a virus, viral genetic material is sensed in the cytoplasm and activation of the central protein STING (stimulator of interferon genes) ensues. As a result, type 1 IFN genes are transcripted, and IFNs are released (24, 25). As stated above, when the IFN receptor is activated by IFNs, many waste proteins are produced, which must be removed by the proteasome and the IFN-induced immunoproteasome. On the other hand, cells infected by viruses produce viral proteins that are also a substrate for the proteasome system for their removal. Other triggers causing cellular stress also produce type 1 IFN release. If the proteasome system does not work properly, waste proteins accumulate in the cell and are also further marked with more ubiquitin (poly-ubiquitinization) (7, 8). The accumulation of poly-ubiquitinized proteins causes further cellular stress and more type 1 IFN production, thus feeding a vicious cycle of inflammation (2, 7–9).

Type 1 IFNs are virtually produced by every cell in the body, but the plasmacytoid dendritic cells are the most potent producers of type 1 IFNs and are involved in the pathophysiology of CANDLE (26). Type 1 IFNs exert many different actions (27). They increase release of proinflammatory substances and recruit inflammatory cells, including neutrophils and myeloid cells (28). Due to the enhanced and continuous type 1 IFN release, myeloid cells are rapidly mobilized from the bone marrow, and thus “atypical” or immature cells reach the target organs, contributing to the “atypical” skin infiltrate (26).

The IFN signature is very strong in CANDLE syndrome. Microarray analyses have shown an intense expression of IFN signature genes, and the serum of patients with CANDLE contains high levels of proteins of the IFN pathway such as IFN-derived protein 10 (2).

GENETIC BACKGROUND

The first gene mutations detected in patients with CANDLE syndrome were located in the gene PSMB8 (proteasome subunit, beta-type, 8) in chromosome 6p21.32, encoding for the β5i (i = inducible) subunit of the immunoproteasome (2, 6–8). Mutations in PSMB8 were responsible for CANDLE, JMP, and Nakajo–Nishimura syndromes. However, mutations in other genes, encoding other proteasome–immunoproteasome subunits or the regulatory protein POMP, were later discovered in patients with CANDLE syndrome, thus expanding the CANDLE genotype (9). All mutations were located in highly conserved sites in vertebrates and were thus predicted to be pathogenetic. It was proven that CANDLE syndrome is a disease of proteasome–immunoproteasome dysfunction, which could be inherited as a recessive homozygous, compound heterozygous or digenic trait, or less commonly in a dominant fashion (9). The following mutations have been so far identified in patients with CANDLE (9):

• PSMB4 mutations. The gene PSMB4 (proteasome subunit, beta-type, 4), located in chromosome 1q21, encodes for the β7 subunit of the proteasome. It seems to be important for proteasome assembly and stabilization.

The c.-9G>A mutation originates a β7 subunit protein with lower expression than that of wild type, which is therefore less incorporated into proteasome complexes than the wild-type counterpart. It is also possible that this mutant β7 subunit also impairs propeptide cleavage of the β5i subunit. A deletion of three aminoacids in β7, p.D212-V214, affects the N terminus of an α-helix forming an intramolecular hydrogen-bonding network that stabilizes its C-terminal extension. The C-terminal extension is essential for proteasome assembly (29). Two other mutations affect the C-terminal extension: (1) the c.44insG insertion, which causes a frameshift mutation (p.P16Sfs*45) and leads to non-expression of the mutant allele; and (2) the missense p.Y222X, which causes the loss of the C-terminal extension of the β7 subunit; although β7 subunit is expressed, it fails to incorporate into the 20S or 26S proteasome complexes.

Finally, the deletion causing the p.D212_V214del mutant of β7 leads to a poor maturation of the β7 subunit. Although the mutant protein is detected in proteasome assembly intermediates, it is poorly incorporated into 20S or 26S proteasomes.

• PSMA3 mutations. The gene PSMA3 (proteasome subunit, alpha-type, 3), located in chromosome 14q23.1, encodes for the α7 subunit of the proteasome.

Two mutations in PSMA3 have been reported in patients with CANDLE syndrome. A p.R233del deletion (c. 696_698delAAG) most likely affects the subunit folding and prevents incorporation of the subunit to the mature proteasomes. Overall reduced proteasome content is thus resulting (9). On the other hand, a c.404+2T>C mutation affects a splice site and causes an unstable transcript due to exon 5 skipping.

• PSMB8 mutations. The gene PSMB8 (proteasome subunit, beta-type, 8), located in chromosome 6p21.32, encodes for the β5i subunit of the immunoproteasome. Incorporation of β5i subunit to the maturing immunoproteasome requires proteolytic removal of a prosequence by proteolytically active subunits. The β5i subunit has chemotrypsin-like activity, crucial for the immunoproteasome function.

Mutations in PSMB8 in CANDLE syndrome may affect the chemotrypsin activity or impair immunoproteasome assembly or maturation. The most common mutation in CANDLE syndrome is T75M; when found in homozygosis, it causes selective impairment in chemotryptic-like activity. The A92T mutation produces a similar effect, as well as the mutations K105Q and M117V.

The K105Q mutation is also associated with defects in incorporation and/or maturation of proteasome subunits and with inability to completely trim the β5i propeptide (9). The common T75M and the G201V mutations also cause decreased proteasome assembly (7, 8). Finally, the C135X mutation leads to truncation and non-expression of the protein (2, 9); when found in homozygosis, the subunit β5i is absent in all immunoproteasomes and most likely impairs immunoproteasome assembly, thus showing reduction in all three proteasome activities (trypsin-like, caspase-like, and chemotrypsin-like) (9).

• PSMB9 mutations. The gene PSMB9 (proteasome subunit, beta-type, 3), located in chromosome 6p21.32, encodes for the β1i subunit of the immunoproteasome. The β1i subunit has a caspase-like proteolytic activity.

The only β1i variant described so far is a missense mutation, p.G165D, located in a loop interconnecting 2 α-helices that define the position of a β1i/caspase-like activity conferred by threonine (9).

• POMP mutations. The gene POMP, located in chromosome 13q12.3, encodes for the POMP, which is key for the maturation and assembly of the proteasome subunits. POMP associates specifically with proteasome precursor intermediates and facilitates the sequential assembly of β subunits onto the preformed α subunit rings (15).

A single patient with CANDLE has been found to bear no mutations in proteasome subunit genes, but a heterozygous, dominant, insertion in POMP causing a frameshift, p.E115Dfs*20 (c.344_345insTTTGA) and a truncated protein, which is likely unstable. POMP insufficiency causes proteasome precursor accumulation, reduced mature proteasome formation, and reduced overall proteasome activity (9).

Patients with CANDLE have shown variable combinations of these mutations (9). Most frequently, patients are homozygous or compound heterozygous for PSMB8 mutations, but others are compound heterozygous for PSMB4, or are heterozygous for combinations such as PSMA3/PSMB8, PSMB9/PSMB4, or PSMB8/PSMB4. In the latter situation, a digenic inheritance is suggested causing additive proteasome defects. Patients with digenic inheritance have variable proteolytic defects. For example, a combination of PSMB8/PSMA3 causes impairment in all three proteolytic activities, somewhat similar to patients’ compound heterozygous for PSMB4 in whom proteasome assembly is severely impaired. Patients with combined PSMB9/PSMB4 mutations have reduced caspase-like activity, which is conferred by subunit β1i. Finally, patients with double PSMB8 mutations experience a severe decrease in chemotrypsin-like activity.

CLINICAL FEATURES

Onset and Course

CANDLE syndrome usually starts in the first months of life (1, 30). The most common presenting sign is fever or temperature elevations below 38.3°C. These appear daily or almost daily, but the general state is minimally affected or even normal. Sometimes, cold exposure can trigger temperature elevation and skin lesions. Skin lesions are the first clinical sign to appear in CANDLE, and usually are present all along the disease course, although they may be less conspicuous after puberty. Lipodystrophy usually starts in early childhood and is usually well established before puberty. Finally, disabling joint manifestations usually occur in the long term. During patients’ life, different acute attacks of disease may ensue, spontaneously or after common triggers, which may affect virtually every organ in the body.

Skin Manifestations of CANDLE

The skin lesions of CANDLE syndrome are very characteristic and should raise the diagnosis. The combination of fever, typical skin lesions, and classic histopathologic features should allow for a rapid diagnosis of CANDLE (Figures 4–6). The skin lesions in CANDLE are of three types (1):

1. Acral, perniotic lesions. These usually appear in newborns and infants and are not regularly seen in childhood or later. They consist of intense, red or purplish, edematous plaques mostly located on the nose, ears, fingers, or toes. Cold may be a trigger for these lesions, but often there is no history of cold exposure.

2. Annular plaques. These lesions usually start in infancy or childhood and consist of erythematous or purpuric edematous lesions, often with annular shape with raised borders and a flat, purpuric center. They may appear in crops or individually and tend to fade within days or weeks, leaving a purpuric macule. New, active lesions coexist all over time with residual, purpuric macules, which confers a very typical appearance to the patients. These lesions are very conspicuous during childhood, but in adult life they may be less visible and may be absent in long-standing disease.

3. Perioral and periocular edema. Patients with CANDLE develop in infancy or childhood a persistent erythematous to violaceous edema affecting the periorbital and less commonly the perioral area. It may be less visible after puberty and in long-standing disease.
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FIGURE 4 | Periorbital erythema and edema and flat nose in a patient with CANDLE.
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FIGURE 5 | Annular, purpuric plaques of CANDLE syndrome.
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FIGURE 6 | CANDLE hands: skin lesions and swollen joints.



The histological features of the skin lesions in CANDLE are very characteristic and may permit a diagnosis in early stages of the disease (1, 27). The papillary and reticular dermis contains a perivascular and interstitial infiltrate of varying intensity, extending to the subcutaneous fat as lobar panniculitis. The infiltrate is predominantly composed of mononuclear cells, many of which have large, irregularly shaped nuclei; the atypical appearance of the infiltrate may lead to a diagnosis of skin malignancy. The infiltrate also contains mature neutrophils, some eosinophils, and a few mature lymphocytes. Leukocytoclasia is often seen, without fibrinoid necrosis of the vessels (1, 27). Immunohistochemistry shows that the infiltrate is mixed, with an important presence of myeloid cells (positive for myeloperoxidase) and a prominent cell population of macrophages (positive for CD163 and CD68/PMG1) (27). CD123-positive plasmacytoid dendritic cells are seen in clusters (27).

Lipodystrophy

Fat loss is a key manifestation of CANDLE (1, 3, 30–32). It can be seen in most patients before the age of two, but it is progressive and may take some years to become fully developed. The loss of subcutaneous fat usually starts on the face and progresses to the trunk and upper limbs. The lower limbs are usually less affected. The cause of lipodystrophy is not well known, but it can be related to chronic inflammation involving the fatty tissue (33, 34). Alternatively, increased expression of proinflammatory cytokines in adipose tissue and reduced secretion of adiponectin and leptin may be involved (35, 36). An intense type 1 IFN signature is believed to be associated with fat loss in children with lipoatrophic panniculitis (37), which reinforces the role of IFN in CANDLE syndrome. Type 1 IFNs may be toxic to adipocytes, as is suggested by the development of lobar panniculitis with lipophagia and lipoatrophy in patients treated with intramuscular injections of IFN-β (38, 39).

Lipodystrophy and the typical skin lesions confer to CANDLE patients a unique phenotype. On the face, the loss of fat on the cheeks and the periorbital and periocular edemas are pathognomonic (1). In adulthood, the eyelids and the lips are retracted, causing a false proptosis and exposure of the teeth; coupled with the severe fat loss, these features cause an unmistakable appearance (4). On the limbs, a progressive fat loss, coupled with muscle wasting (see later), is seen. A prominent abdomen may be related to increased visceral fat, which remains the only fat storage capability of the patient. An increased distance between nipples is also typical in CANDLE (1). Metabolic disturbance due to absence of body fat can also impair hydrocarbon metabolism and lead to acanthosis nigricans and hirsutism.

General Examination

Patients with CANDLE have a mild to moderate growth delay and show low weight and height (1, 30–32). Chronic inflammation may explain this physical delay, but muscle wasting and lipoatrophy are also major contributors. However, most patents with CANDLE do not show mental retardation.

CANDLE patients show variable degrees of hepatomegaly, which can be related to a secondary metabolic disturbance due to extensive lipoatrophy. Splenomegaly and generalized lymphadenopathy are common findings, reflecting the persistent autoinflammatory activity.

Musculoskeletal Signs

Arthralgias are very common in children with CANDLE, but patients do not show radiologic features of arthritis. Some joint swelling can appear in the interphalangeal joints, but the absence of overt arthritis distinguishes CANDLE from rheumatoid arthritis or juvenile idiopathic arthritis (1, 30–32). With time, hyperextensibility of interphalangeal joints can occur, and during adulthood, most patients will develop variable degrees of joint contractures on the hands and feet, which are often severely disabling (4).

Cartilage inflammation has been reported in CANDLE patients (1). Recurrent and also chronic chondritis of the ears and nose causes partial loss of auricles and a flat, saddle-like nose. Because both ears and nose are usually exposed, a role of triggering by cold has been suspected.

Muscle involvement is also a feature of CANDLE (4). Acute attacks of inflammatory myositis have been reported that can be demonstrated by MRI. Possibly, there is also a role for chronic muscle inflammation in the development of severe muscular wasting.

Nervous System

As stated above, mental delay is not a common feature in CANDLE (1). However, patients may suffer attacks of aseptic meningitis, meningoencephalitis, and possibly some degree of chronic inflammation in the CNS. Basal ganglia calcifications have been reported (1), most likely as a result of encephalitis; these are similar to those present in Aicardi–Goutières syndrome, which also features a high type 1 IFN production.

Other Organ Involvement

Episodes of inflammation may occur in any organ, as well as some degree of persistent generalized inflammation. Attacks of acute sterile epididymitis, conjunctivitis and nodular episcleritis, parotitis, pneumonitis, nephritis, carditis, and otitis have been reported. The clinical manifestations are related to the organs involved. Some of these complications have been reported to be fatal (1).

LABORATORY INVESTIGATIONS

As is the case with other AIDs, laboratory findings are not very striking (1, 3, 32). The most common features are elevation of acute phase reactants (ESR, CRP, and thrombocytosis) and a chronic, hypochromic anemia. Liver enzymes are usually moderately elevated, but this may be caused by lipodystrophy itself; also, increased triglyceride levels can occur in relation to metabolic disturbance by lipodystrophy. Less frequently, elevated muscle enzymes (CPK and aldolase) reveal chronic muscle involvement (1). Studies for autoimmunity and autoantibodies are usually negative, but some patients show increased levels of antinuclear antibodies. Serum levels of immunoglobulins are regularly normal. Bone marrow and lymph node biopsies have been unconspicuous, revealing only reactive changes.

Other laboratory and imaging anomalies are seen during acute inflammatory attacks; these are dependent on the organs affected by inflammation.

DIAGNOSIS AND DIFFERENTIAL DIAGNOSIS

The diagnosis of CANDLE is suspected by the early onset of fevers, skin lesions, and lipodystrophy. A skin biopsy with immunohistochemistry studies can be characteristic enough to permit an accurate diagnosis. The genetic study of the genes involved establishes a confirmation diagnosis.

Other AIDs may share some features with CANDLE syndrome, including NOMID syndrome, TRAPS, or hyper-IgD syndrome. Lipodystrophy in CANDLE syndrome is a very characteristic feature of the disease, but other causes of loss of fat must be considered, including generalized congenital lipodystrophy, partial familial lipodystrophy, leprechaunism, or acquired partial lipodystrophy of Barraquer–Simons. Aicardi–Goutières syndrome and other type 1 interferonopathies (such as SAVI syndrome, familial chilblain lupus, or C1q deficiency) may show features similar to CANDLE syndrome (28, 40, 41). Sweet syndrome in infants may present with violaceous ring lesions reminiscent of CANDLE syndrome, and histology may be misleading in some cases. Fat loss and skin lesions are clinical manifestations of a recently described autoinflammatory syndrome named otulipenia, due to loss-of-function mutations in OTULIN, encoding a deubiquitinase that cleaves Met1-linked chains (42).

PROGNOSIS AND FOLLOW-UP

CANDLE patients have a variable outcome. Some patients have had a lethal course due to acute attacks of inflammation in important organs of the body. In other patients, a long survival is possible, with variable degrees of disability (1, 3, 4).

Regular clinical follow-up is mandatory. A protocol has not been established, but attention must be paid to identify inflammatory attacks as early as possible. Regular skin, eye, and joint exams are recommended. Endocrinologist consultation is mandatory for diet and metabolic control because of lipodystrophy. Basic laboratory follow-up must include CBC (with special attention to anemia, leukocytosis with increased neutrophil count, and thrombocytosis), ESR, CRP, serum liver enzymes, muscle enzymes, and metabolic profile (including glucose, triglyceride, and cholesterol levels). Ultrasound may be helpful in detecting enlarged liver, spleen, or lymph nodes. Specific tests for organ involvement must be considered in patients with abnormal clinical examination.

TREATMENT

So far, no individual treatment has been consistently effective in CANDLE syndrome. Oral corticosteroids and methotrexate can provide some improvement. Methotrexate can be considered the first line therapy. NSAIDs may provide partial control of fevers. Dapsone or colchicine has been ineffective. Cyclosporine, azathioprine, or intravenous immunoglobulins have achieved minimal improvements, if any. Anti-TNF drugs such as etanercept have not been helpful and have even been the cause of disease exacerbations (1). Acute attacks may need systemic corticosteroids as well as organ-specific therapy.

A compassionate use treatment protocol has been started for CANDLE syndrome with the selective JAK1/2 kinase inhibitor baricitinib. Oral baricitinib was used in patients who failed to achieve control or required high doses of corticosteroids. Eight patients treated with this drug showed clinical and analytical improvement (43), but these results still await confirmation.

Finally, physical therapy to prevent joint contractures and specific organ therapy must be provided.

CONCLUDING REMARKS

CANDLE syndrome is an AID due to gene mutations leading to protesome–immunoproteasome dysfunction. CANDLE syndrome can be diagnosed very early in life because the skin signs and their histopathology are very characteristic. Genetic confirmation is necessary. Early therapy to prevent disabling manifestations is desirable, but still no agent has been truly effective. Prevention and treatment of acute inflammatory attacks will permit longer life expectancy in these patients.

AUTHOR CONTRIBUTIONS

There is one single author for this article. The manuscript has been completely written by AT.

REFERENCES

1. Torrelo A, Patel S, Colmenero I, Gurbindo D, Lendínez F, Hernández A, et al. Chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature (CANDLE) syndrome. J Am Acad Dermatol (2010) 62:489–95. doi:10.1016/j.jaad.2009.04.046

2. Liu Y, Ramot Y, Torrelo A, Paller AS, Si N, Babay S, et al. Mutations in proteasome subunit β type 8 cause chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature with evidence of genetic and phenotypic heterogeneity. Arthritis Rheum (2012) 64:895–907. doi:10.1002/art.33368

3. Tüfekçi O, Bengoa S, Karapinar TH, Ataseven EB, Irken G, Oren H. CANDLE syndrome: a recently described autoinflammatory syndrome. J Pediatr Hematol Oncol (2015) 37:296–9. doi:10.1097/MPH.0000000000000212

4. Garg A, Hernandez MD, Sousa AB, Subramanyam L, Martínez de Villarreal L, dos Santos HG, et al. An autosomal recessive syndrome of joint contractures, muscular atrophy, microcytic anemia, and panniculitis-associated lipodystrophy. J Clin Endocrinol Metab (2010) 95:58–63. doi:10.1210/jc.2010-0488

5. Kanazawa N. Nakajo-Nishimura syndrome: an autoinflammatory disorder showing pernio-like rashes and progressive partial lipodystrophy. Allergol Int (2012) 61:197–206. doi:10.2332/allergolint.11-RAI-0416

6. Agarwal AK, Xing C, DeMartino GN, Mizrachi D, Hernandez MD, Sousa AB, et al. PSMB8 encoding the β5i proteasome subunit is mutated in joint contractures, muscle atrophy, microcytic anemia, and panniculitis-induced lipodystrophy syndrome. Am J Hum Genet (2010) 87:866–72. doi:10.1016/j.ajhg.2010.10.031

7. Arima K, Kinoshita A, Mishima H, Kanazawa N, Kaneko T, Mizushima T, et al. Proteasome assembly defect due to a proteasome subunit beta type 8 (PSMB8) mutation causes the autoinflammatory disorder, Nakajo-Nishimura syndrome. Proc Natl Acad Sci U S A (2011) 108:14914–9. doi:10.1073/pnas.1106015108

8. Kitamura A, Maekawa Y, Uehara H, Izumi K, Kawachi I, Nishizawa M, et al. A mutation in the immunoproteasome subunit PSMB8 causes autoinflammation and lipodystrophy in humans. J Clin Invest (2012) 121:4150–60. doi:10.1172/JCI58414

9. Brehm A, Liu Y, Sheikh A, Marrero B, Omoyinmi E, Zhou Q, et al. Additive loss-of-function proteasome subunit mutations in CANDLE/PRAAS patients promote type I IFN production. J Clin Invest (2015) 125:4196–211. doi:10.1172/JCI81260

10. Mégarbané A, Sanders A, Chouery E, Delague V, Medlej-Hashim M, Torbey PH. An unknown autoinflammatory syndrome associated with short stature and dysmorphic features in a young boy. J Rheumatol (2002) 29:1084–7.

11. McDermott A, Jacks J, Kessler M, Emanuel PD, Gao L. Proteasome-associated autoinflammatory syndromes: advances in pathogenesis, clinical presentations, diagnosis, and management. Int J Dermatol (2015) 54:121–9. doi:10.1111/ijd.12695

12. Touitou I, Galeotti C, Rossi-Semerano L, Hentgen V, Piram M, Koné-Paut I, et al. The expanding spectrum of rare monogenic autoinflammatory diseases. Orphanet J Rare Dis (2013) 8:162. doi:10.1186/1750-1172-8-162

13. Xirotagaros G, Hernández-Ostiz S, Arostegui JI, Torrelo A. Newly described autoinflammatory diseases in pediatric dermatology. Pediatr Dermatol (2016) 33:602–14. doi:10.1111/pde.12984

14. Gomes AV. Genetics of proteasome diseases. Scientifica (Cairo) (2013) 2013:637629. doi:10.1155/2013/637629

15. Fricke B, Heink S, Steffen J, Kloetzel PM, Kruger E. The proteasome maturation protein POMP facilitates major steps of 20S proteasome formation at the endoplasmic reticulum. EMBO Rep (2007) 8:1170–5. doi:10.1038/sj.embor.7401091

16. Heink S, Ludwig D, Kloetzel PM, Kruger E. IFN-gamma-induced immune adaptation of the proteasome system is an accelerated and transient response. Proc Natl Acad Sci U S A (2005) 102:9241–6. doi:10.1073/pnas.0501711102

17. Ebstein F, Kloetzel PM, Kruger E, Seifert U. Emerging roles of immunoproteasomes beyond MHC class I antigen processing. Cell Mol Life Sci (2012) 69:2543–58. doi:10.1007/s00018-012-0938-0

18. Aki M, Shimbara N, Takashina M, Akiyama K, Kagawa S, Tamura T, et al. Interferon-gamma induces different subunit organizations and functional diversity of proteasomes. J Biochem (1994) 115:257–69. doi:10.1093/oxfordjournals.jbchem.a124327

19. Brown MG, Driscoll J, Monaco JJ. Structural and serological similarity of MHC-linked LMP and proteasome (multicatalytic proteinase) complexes. Nature (1991) 353:355–7. doi:10.1038/353355a0

20. Kluk J, Rustin M, Brogan PA, Omoyinmi E, Rowczenio DM, Willcocks LC, et al. Chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature syndrome: a report of a novel mutation and review of the literature. Br J Dermatol (2014) 170:215–7. doi:10.1111/bjd.12600

21. Hervas-Stubbs S, Perez-Gracia JL, Rouzaut A, Sanmamed MF, Le Bon A, Melero I. Direct effects of type I interferons on cells of the immune system. Clin Cancer Res (2011) 17:2619–27. doi:10.1158/1078-0432.CCR-10-1114

22. Krüger E, Kloetzel PM. Immunoproteasomes at the interface of innate and adaptive immune responses: two faces of one enzyme. Curr Opin Immunol (2012) 24:77–83. doi:10.1016/j.coi.2012.01.005

23. Seifert U, Bialy LP, Ebstein F, Bech-Otschir D, Voigt A, Schröter F, et al. Immunoproteasomes preserve protein homeostasis upon interferon-induced oxidative stress. Cell (2010) 142:613–24. doi:10.1016/j.cell.2010.07.036

24. Rice GI, Melki I, Frémond ML, Briggs TA, Rodero MP, Kitabayashi N, et al. Assessment of type I interferon signaling in pediatric inflammatory disease. J Clin Immunol (2017) 37:123–32. doi:10.1007/s10875-016-0359-1

25. Rodero MP, Crow YJ. Type I interferon-mediated monogenic autoinflammation: the type I interferonopathies, a conceptual overview. J Exp Med (2016) 213:2527–38. doi:10.1084/jem.20161596

26. Torrelo A, Colmenero I, Requena L, Paller AS, Ramot Y, Richard Lee CC, et al. Histologic and immunohistochemical features of the skin lesions in CANDLE syndrome. Am J Dermatopathol (2015) 37:517–22. doi:10.1097/DAD.0000000000000340

27. Crow YJ. Type I interferonopathies: Mendelian type I interferon up-regulation. Curr Opin Immunol (2015) 32:7–12. doi:10.1016/j.coi.2014.10.005

28. Jegalian AG, Facchetti F, Jaffe ES. Plasmacytoid dendritic cells: physiologic roles and pathologic states. Adv Anat Pathol (2009) 16:392–404. doi:10.1097/PAP.0b013e3181bb6bc2

29. Ramos PC, Marques AJ, London MK, Dohmen RJ. Role of C-terminal extensions of subunits β2 and β7 in assembly and activity of eukaryotic proteasomes. J Biol Chem (2004) 279:14323–30. doi:10.1074/jbc.M308757200

30. Ramot Y, Czarnowicki T, Maly A, Navon-Elkan P, Zlotogorski A. Chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature syndrome: a case report. Pediatr Dermatol (2011) 28:538–41. doi:10.1111/j.1525-1470.2010.01163.x

31. Cavalcante MP, Brunelli JB, Miranda CC, Novak GV, Malle L, Aikawa NE, et al. CANDLE syndrome: chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature-a rare case with a novel mutation. Eur J Pediatr (2016) 175:735–40. doi:10.1007/s00431-015-2668-4

32. Wang H, Das L, Tan Hung Tiong J, Vasanwala RF, Arkachaisri T. CANDLE syndrome: an extended clinical spectrum. Rheumatology (Oxford) (2014) 53:2119–20. doi:10.1093/rheumatology/keu298

33. Bingham A, Mamyrova G, Rother KI, Oral E, Cochran E, Premkumar A, et al. Predictors of acquired lipodystrophy in juvenile-onset dermatomyositis and a gradient of severity. Medicine (Baltimore) (2008) 87:70–86. doi:10.1097/MD.0b013e31816bc604

34. Torrelo A, España A, Boixeda P, Ledo A. Partial lipodystrophy and dermatomyositis. Arch Dermatol (1991) 127:1846–7. doi:10.1001/archderm.1991.04520010088019

35. Brown TT. Approach to the human immunodeficiency virus-infected patient with lipodystrophy. J Clin Endocrinol Metab (2008) 93:2937–45. doi:10.1210/jc.2008-1019

36. Mallewa JE, Wilkins E, Vilar J, Mallewa M, Doran D, Back D, et al. HIV-associated lipodystrophy: a review of underlying mechanisms and therapeutic options. J Antimicrob Chemother (2008) 62:648–60. doi:10.1093/jac/dkn251

37. Torrelo A, Noguera-Morel L, Hernández-Martín A, Clemente D, Barja JM, Buzón L, et al. Recurrent lipoatrophic panniculitis of children. J Eur Acad Dermatol Venereol (2017) 31:536–43. doi:10.1111/jdv.13858

38. Weise G, Hupp M, Kerstan A, Buttmann M. Lobular panniculitis and lipoatrophy of the thighs with interferon-ß1a for intramuscular injection in a patient with multiple sclerosis. J Clin Neurosci (2012) 19:1312–3. doi:10.1016/j.jocn.2011.11.026

39. Ball NJ, Cowan BJ, Hashimoto SA. Lobular panniculitis at the site of subcutaneous interferon beta injections for the treatment of multiple sclerosis can histologically mimic pancreatic panniculitis. A study of 12 cases. J Cutan Pathol (2009) 36:331–7. doi:10.1111/j.1600-0560.2008.01019.x

40. Dávila-Seijo P, Hernández-Martín A, Torrelo A. Autoinflammatory syndromes for the dermatologist. Clin Dermatol (2014) 32:488–501. doi:10.1016/j.clindermatol.2014.02.004

41. Shwin KW, Lee CR, Goldbach-Mansky R. Dermatologic manifestations of monogenic autoinflammatory diseases. Dermatol Clin (2017) 35:21–38. doi:10.1016/j.det.2016.07.005

42. Zhou Q, Yu X, Demirkaya E, Deuitch N, Stone D, Tsai WL, et al. Biallelic hypomorphic mutations in a linear deubiquitinase define otulipenia, an early-onset autoinflammatory disease. Proc Natl Acad Sci U S A (2016) 113:10127–32. doi:10.1073/pnas.1612594113

43. Reinhardt A, Brogan P, Berkun Y, Brown D, Chira P, Gao L, et al. Chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperatures (CANDLE): clinical characterization and initial response to Janus kinase inhibition with baricitinib. ACR/ARPH Annual Meeting; Oct 25–30; San Diego (2013).

Conflict of Interest Statement: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Torrelo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-08-00927-g005.jpg





OPS/images/fimmu-08-00927-g006.jpg





OPS/images/fimmu-08-00927-g003.jpg
) Type 1 interferons B nverteronreceptor
© sTATproteins © Cell proteins
3¢ Reactive oxigen species 3¢ Reactive nitrogen species

1 Proteasome-immunoproteasome

) Tvpe Linterferons B ierteronreceptor
© STATproteins © Cellproteins

Reactive oxigen species. 3¢ Reactive nitrogen species

B Defective proteasome - immunoproteasome





OPS/images/fimmu-08-00927-g004.jpg





OPS/images/cover.jpg
? frontiers

in Immunology

CANDLE Syndrome As a
Paradigm of Proteasome-Related
Autoinflammation





OPS/images/fimmu-08-00927-g001.jpg
R

@ o subunit

. B subunit 205
@ Bi subunit

° Rpt subunit

D
, Rpn1, Rpn2 195
@ Rpn3toRpni3






OPS/images/fimmu-08-00927-g002.jpg
A w B (o} D
Je





OPS/images/logo.jpg
Ghesk for

i@





