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Summary

The interleukin-1 (IL-1) family of cytokines and receptors is unique in immunology because the 

IL-1 family and Toll-like receptor (TLR) families share similar functions. More than any other 

cytokine family, the IL-1 family is primarily associated with innate immunity. More than 95% of 

living organisms use innate immune mechanisms for survival whereas less than 5% depend on T-

and B-cell functions. Innate immunity is manifested by inflammation, which can function as a 

mechanism of host defense but when uncontrolled is detrimental to survival. Each member of the 

IL-1 receptor and TLR family contains the cytoplasmic Toll-IL-1-Receptor (TIR) domain. The 50 

amino acid TIR domains are highly homologous with the Toll protein in Drosophila. The TIR 

domain is nearly the same and present in each TLR and each IL-1 receptor family. Whereas IL-1 

family cytokine members trigger innate inflammation via IL-1 family of receptors, TLRs trigger 

inflammation via bacteria, microbial products, viruses, nucleic acids, and damage-associated 

molecular patterns (DAMPs). In fact, IL-1 family member IL-1a and IL-33 also function as 

DAMPs. Although the inflammatory properties of the IL-1 family dominate in innate immunity, 

IL-1 family member can play a role in acquired immunity. This overview is a condensed update of 

the IL-1 family of cytokines and receptors.
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1 | THE IL-1 FAMILY OF CYTOKINES AND THE INNATE IMMUNE SYSTEM

There are 11 members of the IL-1 family of cytokines (Figure 1) and 10 members of the 

IL-1 family of receptors (Table 1). More than any other cytokine family, the interleukin-1 

family members are closely linked to damaging inflammation; however, the same members 

also function to increase nonspecific resistance to infection and development of the immune 
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response to foreign antigens. These inflammatory and host defense properties are now 

termed ‘innate immunity’, and augmenting response to antigens is now called ‘acquired 

immunity’. What characterizes innate immunity is the lack of specificity. Indeed, the 

numerous biological properties of the IL-1 family are nonspecific. The importance of IL-1 

family members to the innate response became evident upon the discovery that the 

cytoplasmic domain of the IL-1 receptor type I (IL-1R1) is also found in the Toll protein of 

the fruit fly.1 The functional domain of the cytosolic component of IL-1R12 is termed the 

Toll interleukin-1 receptor (TIR) domain. In fact, the TIR domain is highly homologous to 

the TIR domains of all Toll-like receptors (TLR). Thus, fundamental inflammatory 

responses such as the induction of cyclooxygenase type 2, production of multiple cytokines 

and chemokines, increased expression of adhesion molecules, or synthesis of nitric oxide are 

indistinguishable responses to both IL-1 and TLR ligands.

Both the TLR and IL-1 families nonspecifically augment antigen recognition and activate 

lymphocyte function. The lymphocyte-activating function of purified IL-1 was first 

described in 19793 and is now termed a fundamental property of the acquired immune 

response. IL-1β is the most studied member of the IL-1 family due to its role in mediating 

autoinflammatory diseases.4 Unquestionably, IL-1β evolved to assist host defense against 

infection5 and this landmark study established how a low dose of recombinant IL-1β 
protects mice against lethal bacterial infection in the absence of neutrophils. Although we 

now accept the concept that cytokines like IL-1β served millions of years of evolution to 

protect the host, in the antibiotic and antiviral therapies era of today, we view cytokines also 

as the cause of disease due to acute or chronic inflammation.

2 | ORGANIZATION OF THE IL-1 FAMILY OF CYTOKINES AND RECEPTORS

2.1 | The IL-1 family consensus sequence

The IL-1 family of cytokines and receptors broadly affects a broad spectrum of 

immunological and inflammatory responses.6 As shown in Figure 1, the 11 members of the 

IL-1 family are divided into 3 subfamilies based on the IL-1 consensus sequence and the 

primary ligand binding receptor. With the exception of IL-1Ra, all members of the IL-1 

family lack a signal peptide and are not readily secreted. They are found diffusely in the 

cytoplasm as precursors, and each precursor contains a three-amino acid conserved 

consensus sequence A-X-D, in which A may be any aliphatic amino acid, followed by any 

amino acid (X) and then D for aspartic acid.7 As depicted in Figure 1, nine amino acids 

before the consensus sequence is the N-terminal amino acid, which provides the optimal 

folding of the cytokine into the barrel shape for receptor binding. In the case of the IL-1β 
precursor, nine amino acids before the consensus motif (Leu-Arg-Asp) is the caspase-1 

cleavage site creating the N-terminus for optimal IL-1β bioactivity. Truncation of IL-36α, 

IL-36β and IL-36γ to the 9th amino acid before the A-X-D motif results in a 1000-old 

increase in bioactivity.7

2.2 | The IL-1 family of receptors

As shown in Table 1, there are 10 members of the IL-1 family of receptors.9 IL-1R1 binds 

IL-1α, IL-1β, and IL-1Ra. IL-1R3 (formerly IL-1R accessory protein) is the coreceptor for 
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forming a trimeric signaling complex with IL-1α or IL-1β. As shown in Figure 2, in the 

resting state, IL-1R1 and IL-1R3 are present on the cell membrane. Once IL-1 (either IL-1α 
or IL-1β) binds to IL-1R1, a structural change occurs that allows IL-1R3 to bind to IL-1R1. 

There is no direct contact of the ligand(s) to the IL-1R3 coreceptor. The trimeric complex 

allows for the approximation of the TIR domains of each receptor chain. MyD88 then binds 

to the TIR domains. The binding of MyD88 triggers a cascade of kinases that produce a 

strong pro-inflammatory signal leading to activation of NFκB.

IL-1R3 also exists as a soluble receptor form. The term ‘soluble’ is used to describe the 

liberated extracellular domain of membrane receptors. A common mechanism for forming 

soluble receptors is cleavage from the cell surface; however, the soluble form of IL-1R3 is 

also made by the liver.10,11 IL-1R2, a decoy receptor for IL-1β,12 lacks a cytoplasmic 

domain, does not signal, but rather sequesters IL-1β. IL-1R2 exists as an integral membrane 

protein but also as a soluble form. Although soluble IL-1R2 binds IL-1β in the extracellular 

space, neutralization of IL-1β activity is greatly enhanced by the forming a complex with 

soluble IL-1R3. Intracellularly, IL-1R2 associates with the IL-1α precursor and prevents the 

release and subsequent extracellular processing of the precursor by calpain. IL-1R3 is also 

the coreceptor for IL-33, IL-36α, IL-36β, or IL-36γ. The ligand binding receptor for IL-33 

is IL-1R4, formerly ST2. The IL-36 receptor (IL-1R6) binds IL-36α, IL-36β, or IL-36γ but 

also IL-38.13

Importantly, the IL-1 family of receptors also contains anti-inflammatory receptors.14 These 

are IL-1R8 (formerly SIGIRR, TIR8), IL-1R9 (formerly TIGIRR-2, IL-1RAPL1), and 

IL-1R10 (formerly TIGIRR-1). In the case of IL-1R8, mice deficient in this receptor develop 

spontaneous inflammation, and when challenged with inflammatory agents, this mouse 

exhibits more severe disease.15 The IL-18 binding protein (IL-18BP) is not a classic receptor 

because it is a secreted protein; nevertheless, IL-18BP contains a single IgG domain similar 

to the extracellular IgG-like domains of the IL-18Rα but no cytoplasmic domain.16 The 

IL-18BP functions similarly as do other soluble receptors in the IL-1 receptor family; that is, 

they bind and neutralize the cognate ligand. In addition to the IL-18BP, there is soluble form 

of the IL-1R2. As an integral membrane protein, this receptor acts as a decoy receptor12 but 

like IL-18BP, soluble IL-1R2 will bind the cognate ligand in the extracellular compartment.

3 | IL-1α

3.1 | IL-1α is a dual-function cytokine

IL-1α is a ‘dual-function’ cytokine. Dual-function cytokines are found in the nucleus where 

they bind to DNA and serve a function; the same cytokine binds to its cell membrane 

receptor and initiates signal transduction. In the case of IL-1α, there is a nuclear localization 

sequence in the precursor region of the cytokine and IL-1α in the nucleus acts as a 

transcription factor.17 In that context, nuclear IL-1α functions to increase gene expression, 

for example the chemokine IL-8.17 Another member of the IL-1 family, IL-33, also is a 

dual-function cytokine. When the nuclear localization sequence of IL-33 in the mouse is 

deleted, the cytokine is found only in the cytosol; in these mice, overwhelming unresolved 

inflammation occurs early after birth, dominated by large numbers of eosinophils.18 Thus, 

nuclear localization of IL-33 acts as a sink for its pro-inflammatory properties. Nuclear 
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translocation of IL-1α can also be a sink for its pro-inflammatory properties. For example, 

the IL-1α precursor shuttles between the cytosol and the nucleus within a few 

nanoseconds.19 When the cell is exposed to a proapoptotic signal, IL-1α leaves the cytosolic 

pool and rapidly migrates to the nucleus where it binds tightly to chromatin and fails to 

induce inflammation. In contrast, when the cell is exposed to a necrotic signal, IL-1α 
migrates from nucleus to the cytosol and the lysates of these cells are highly inflammatory.19 

In general, when the precursor of IL-1α is released from necrotic cells, IL-1α is a DAMP 

and evokes a broad number of inflammatory reactions via the IL-1R1.20

3.2 | Constitutive IL-1α in health and disease

IL-1α is an unusual member of the IL-1 family because IL-1α is found constitutively 

present in epithelial and mesenchymal cell types of healthy subjects, whereas IL-1β is 

primarily induced under disease conditions. Endothelial cells contain IL-1α—the cytokine 

present in vesicles comprising the endothelial membrane.21 These vesicles are termed 

‘apoptotic bodies’ but despite the name, they are highly inflammatory and contribute to 

vasculitis.21 IL-1α is a classic DAMP and functions as an ‘alarmin’ because the IL-1α 
precursor itself is active.8 In cell death by necrosis, IL-1α is released into the extracellular 

space where it stimulates the production of chemokines resulting in the infiltration of 

neutrophils first followed by monocytes. This transition from neutrophils to monocytes in 

ischemic tissues has been demonstrated in cells exposed to hypoxic conditions where the 

IL-1α precursor is released.22

3.3 | Processing of IL-1α

From cell cultures producing IL-1α, the N-terminus was found at amino acid serine 113.23 

Serine 113 is not the N-terminus as predicted by the consensus sequence. The processing of 

human IL-1α from endotoxin-stimulated macrophages required a calcium-dependent neutral 

protease.24 In a mouse macrophage cell line, inhibitors of calpain prevent the processing of 

the IL-1α precursor.25,26 Copper is also required for the processing and release of IL-1α via 

S100A13 in both human macrophages and mouse fibroblasts.27,28 One can conclude that 

there may be more than one N-terminus for bioactive IL-1α, as there is also for IL-33 as 

described below.

3.4 | Membrane IL-1α

The precursor of IL-1α can be found on the surface of several cells, particularly on 

monocytes and B lymphocytes, where it is termed membrane IL-1α.29 Membrane IL-1α is 

biologically active30; thus, membrane IL-1α is an integral membrane protein. Membrane 

IL-1α plays an important role in inflammation as mice deficient in IL-1α exhibit reduced 

inflammation in models in which cell death and the release of intracellular IL-1α do not take 

place.31 Constitutively expressed membrane IL-1α is critical for several IFN-γ activities. 

Using the WISH epithelial cell line, what was considered to be intrinsic IFN-γ activities 

depended largely on constitutively expressed IL-1α. IFN-γ activities were inhibited 

antibodies to IL-1α, but not to IL-1β.32
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3.5 | Studies in IL-1α-deficient mice

Mice deficient in IL-1α are born healthy and develop normally. Following subcutaneous 

injection of turpentine, which induces a local inflammatory response, wildtype and IL-1α-

deficient mice develop fever and acute phase proteins, whereas IL-1β-deficient mice do 

not.33 In addition, although the induction of glucocorticoids after turpentine injection was 

suppressed in IL-1β-deficient mice, this suppression was not observed in IL-1α-deficient 

mice. Expression of IL-1β mRNA in the brain decreased 1.5-fold in IL-1α-deficient mice, 

whereas expression of IL-1α mRNA decreased more than 30-fold in IL-1β-deficient mice. 

These data suggest that IL-1β exerts greater control over the production of IL-1α than does 

IL-1α over the production of IL-1β. In caspase-1-deficient mice, IL-1α production is also 

reduced,34 suggesting that production of IL-1α is under the control of IL-1β.

4 | IL-1β

4.1 | Historical background

Human IL-1β was first purified to homogeneity in 1977 with a specific activity of producing 

a monophasic fever in rabbits at 10 ng/kg.35 This low specific activity was initially met with 

skepticism until the cDNA cloning of human IL-1β in 1984.36 With recombinant IL-1β 
available to study, during the following years, the multiple biological properties of IL-1β 
expanded greatly. Although the properties of recombinant IL-1β indicated the likely role in 

inflammation, a causative role for IL-1β in disease was shown in clinical trials using specific 

neutralization of IL-1β by monoclonal antibodies as reviewed in.37 More recent clinical 

trials using neutralizing anti-IL-1β antibodies have revealed a pivotal role for IL-1β in the 

pathogenesis of atherosclerosis38 and progression of cancer.39

4.2 | Transcription, translation, and synthesis of IL-1β

Although nearly all microbial products induce IL-1β via TLR ligands, IL-1 induces itself 

both in vivo and in monocytes in vitro.40 Other studies supporting this concept have been 

reported.41,42 Following LPS stimulation in human blood monocytes, IL-1β mRNA levels 

rise rapidly within 15 minutes, reach peak levels at 4 hours but begin to decline, thereafter 4 

hours due to the half-life of the mRNA or the action of microRNA. However, using IL-1 

itself as a stimulant, IL-1β mRNA levels are sustained for over 24 hours compared to 

microbial stimulants.43 The inactive IL-1β precursor accumulates in the cytosol until 

processed by the activation of nucleotide-binding domain and leucine-rich repeat pyrin 

containing protein-3 (NLRP3) and caspase-1 into an active cytokine.

4.3 | The NLRP3 inflammasome-dependent processing and secretion of IL-1β

Regardless of the stimulus, in monocytes and macrophages, specific inhibitors of caspase-1 

reduce the secretion of mature IL-1β, while precursor IL-1β accumulates inside the cell. The 

rate-limiting step in the processing and secretion of IL-1β takes place with activation of the 

inflammasome. Several intracellular proteins form a complex with NLRP3, also termed 

cryopyrin. NLRP3 was initially discovered in patients with ‘familial cold autoinflammatory 

syndrome’, genetic disease characterized by constitutional symptoms, fevers, and elevated 

acute phase proteins following exposure to cold.44 Assembly of the inflammasome 
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components with inactive procaspase-1 takes place following a fall in intracellular 

potassium. ATP activation of the P2X7 receptor opens the potassium channel, and 

simultaneously as potassium levels fall, caspase-1 is activated by the inflammasome.45–48

The cleavage of the IL-1β precursor by active caspase-1 can take place in the specialized 

secretory lysosomes or in the cytoplasm. However, more than one pathway seems available 

for processed IL-1β to exit the cell. These include exocytosis of the secretory 

lysosomes,45,46 shedding of plasma membrane microvesicles, direct release via transporters 

or multivesicular bodies containing exosomes,49 or a process termed pyroptosis.50 In 

general, the release of processed IL-1β takes place before there is a significant release of 

lactate dehydrogenase,51 although in vitro cell death eventually takes place. Pyroptosis is a 

caspase-1-dependent form of cell death and employed by certain bacteria using Ipaf, a 

member of the NLR family of intracellular receptors.52 An increase in intracellular calcium 

is also required for the mature IL-1β to exit the cell, which is phospholipase C dependent.46

4.4 | Non-caspase-1 processing of IL-1 β

A caspase-1 site exists for the IL-1β, IL-18, IL-33, and IL-37 precursors. However, for each 

of these cytokines, non-caspase-1 mechanisms also exist and generate active forms. For 

example, sterile inflammation induces fever, elevated IL-6, and increased production of 

hepatic acute phase proteins. These responses are absent in mice deficient in IL-1β but 

present in mice deficient in caspase-1.53 Sterile inflammation is often associated with 

neutrophilic infiltration, and neutrophils produce IL-1β. Because neutrophils are short-lived 

cells dying within hours upon emigration, release of the IL-1β precursor from intracellular 

stores is not unexpected. Therefore, processing of the IL-1β precursor extracellularly into an 

active cytokine has been reported for the common neutrophil protease, proteinase-3.54 

Proteinase-3 also contributes to the processing of IL-18.55 Other proteases such as elastase, 

matrix metalloprotease 9, and granzyme A process the IL-1β precursor extracellularly. In 

addition, a mast cell chymase generates active IL-1β.

4.5 | Effects in mice deficient in IL-1β

After 10 years of continuous breeding, mice deficient in IL-1β exhibit no spontaneous 

disease. However, upon challenge, IL-1β-deficient mice exhibit specific differences from 

their wildtype controls. The most dramatic is the response to local inflammation induced by 

a subcutaneous injection of turpentine. Within the first 24 hours, IL-1β-deficient mice 

injected with turpentine do not manifest an acute phase response, do not develop anorexia, 

have no circulating IL-6 and no fever.53,56 These findings are consistent with those reported 

in the same model using anti-IL-1R type I antibodies in wildtype mice.56 IL-1β-deficient 

mice also have reduced inflammation due to zymosan-induced peritonitis.57 In contrast, 

IL-1β-deficient mice have elevated febrile responses to LPS, IL-1β, or IL-1α compared to 

wildtype mice.58 IL-1β-deficient mice injected with LPS have little or no expression of 

leptin mRNA or protein.59
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5 | IL-1 RECEPTOR ANTAGONIST (IL-1Ra)

5.1 | Historical Background of IL-1Ra

IL-1Ra was first reported as a suppressor factor specifically inhibiting IL-1-mediated 

thymocyte proliferation.60 Subsequent to this observation, others reported the presence of a 

‘specific’ inhibitor of IL-1 bioactivity in supernatants of human monocytes61 and in the 

serum and urine of children with systemic juvenile arthritis.62 In 1987, the IL-1 ‘inhibitor’ 

isolated from the urine was shown to prevent the binding of IL-1 to cells63 and this study 

provided the evidence for the mechanism of action of the IL-1 inhibitor. The IL-1 inhibitor 

was purified in 1990,64 and the cDNA reported that same year.65 The term IL-1 inhibitor 

was changed to IL-1 receptor antagonist and used for the first time in that report.

5.2 | Pharmacological use of IL-1Ra

Natural IL-1Ra is glycosylated but recombinant IL-1Ra expressed in E. coli is not 

glycosylated; nevertheless, recombinant IL-1Ra (generic anakinra) is fully active in blocking 

the IL-1R1, and therefore, the activities of IL-1α and IL-1β. Anakinra is approved for the 

treatment of rheumatoid arthritis and cryopyrin-associated periodic syndrome (CAPS). 

However, anakinra is used to treat a large number of diverse but common diseases from 

rheumatoid arthritis, gout, and idiopathic pericarditis to rare diseases and hereditary diseases 

(reviewed in37).

5.3 | Anakinra and autoinflammation

Specific missense mutations in diseases such as familial Mediterranean fever (FMF), and 

CAPS have been described and result in periodic fevers with systemic and local 

inflammation. These diseases do not involve T-lymphocytes, which are characteristically the 

effector cells in autoimmune diseases. Therefore, gout, pericarditis, and heart failure are not 

autoimmune diseases but rather autoinflammatory syndromes. IL-1 is well established for its 

role in the pathogenesis of disorders of autoinflammation. In autoinflammatory diseases, the 

effector cell is a myeloid cell, characteristically a monocyte or macrophage.66 The myeloid 

compartment also mediates common diseases such a gout, pericarditis, and heart failure. 

Because of the safety and relative short duration, anakinra can be used as a diagnostic as 

well as a treatment for patients refractory to glucocorticoid treatment with undefined 

autoinflammatory signs and symptoms.67

5.4 | Anakinra and the treatment for acute and chronic inflammatory diseases

Sensorineural deafness is a prominent characteristic of persons with Muckle-Wells 

syndrome and persons with mutations in NLRP3.68 The first reports of efficacy of anakinra 

to improve hearing were in patients with Muckle-Wells syndrome69 and several other reports 

subsequently followed.70–78 In general, the reversal in sensorineural deafness with anakinra 

treatment was unexpected and signified the concept that hearing loss in autoinflammatory 

diseases was due to a reversible chronic inflammatory response and not due to the loss of 

neuronal function. Anakinra has been administered to patients with an acute myocardial 

infarction.79,80 Anakinra treatment resulted in a significant reduction in the medium level of 

CRP.80 Twelve weeks following the myocardial infarctions, patients exhibited improved 
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functional status.81 Additional studies examined the effect of anakinra on heart failure in 

patients with poor exercise tolerance and signs of systemic inflammation.81 The study 

established a role for treating patients with anakinra for refractory heart failure. Pericarditis 

can be a manifestation of an inherited autoinflammatory disorder such as TRAPS, FMF, and 

CAPS, and there are case reports of successful treatment with anakinra.70,82 Patients with 

adult-onset Still’s disease (AOSD) also have bouts of pericarditis83 that respond to anakinra. 

A summary of case reports that anakinra was highly effective in treating pericarditis was 

published in 2011.84

5.5 | Anakinra enters the brain

The first findings that anakinra administered peripherally reduced severity in a disease with 

central nervous system manifestations were reported in 2006 by Goldbach-Mansky in 

children with neonatal onset multi-inflammatory disease (NOMID).41 Twelve children were 

treated with 1–2 mg/kg of subcutaneous anakinra daily and the median cerebrospinal fluid 

(CSF) levels of anakinra rose to 1136 pg/mL after 3 months of treatment.41 This was the first 

evidence in humans that anakinra passes the blood-brain barrier. Intravenous anakinra was 

administered to patients admitted to the hospital within 6 hours of the signs of an acute 

thrombotic stroke.85 The dose, 2 mg/kg/hour for 72 hours, was the same dose used to treat 

septic shock. Although the study was not powered for significantly improved neurological 

outcome, the subgroup of patients with cortical infarcts performed better compared to the 

placebo group. A role for IL-1 in seizure disorders is based on the innovative studies of 

Vezzani and Barfai.86 Studies have examined circulating cytokines in patients with recurrent 

seizures and find elevated levels of IL-6, IL-1Ra in the postictal period.87 In one study, 

elevated IL-1β has also been observed in the intracellular ictal period in patients with 

recurrent temporal lobe epilepsy.88 Anakinra has been administered to patients with a severe 

seizure disorder termed febrile infection-related epilepsy (FIRE) syndrome and resulted in a 

cessation of the seizures.89

5.6 | Anakinra for macrophage activation syndrome

The use of anakinra in macrophage activation syndrome (MAS) is primarily in patients with 

systemic juvenile idiopathic arthritis (sJIA). Similar to sJIA, some patients with adult-onset 

Still’s disease (AOSD) also develop MAS. There are several reports of successful treatment 

with anakinra use in sJIA and AOSD. There are three randomized, placebo-controlled trials 

of anakinra to reduce all-cause 28-day mortality in patients with a diagnosis of septic 

shock.90–92 A re-analysis of the data from the third trial was performed subsequently.93 The 

analysis revealed that patients with fever, disseminated intravascular coagulation, 

hepatobiliary dysfunction, cytopenia, and hyperferritinemia were features of MAS. Data 

were available for 763 adults from the original study cohort, randomized to receive either 

anakinra or placebo. Concurrent hepatobiliary dysfunction/disseminated intravascular 

coagulation was noted in 43 patients (5.6% of total; 18–75 years old; 47% women). 

Treatment with anakinra improved 28-day survival: 65.4% anakinra vs 35.3% placebo), with 

hazard ratio for death 0.28 (0.11–0.71; P = .0071).93
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5.7 | Anakinra to treat pre–multiple myeloma

The first study to use a IL-1-blocking therapy to treat cancer is in patients with a diagnosis 

of premyeloma. Anakinra treatment was assessed in patients with smoldering or indolent 

myeloma, and first reported by Lust and coworkers in 2009.94 The treatment was the 

standard dose of 100 mg daily of anakinra plus a weekly low dose of 20 mg of oral 

dexamethasone. The rationale for using anakinra in these patients is to reduce progression to 

overt myeloma, a disease consistently fatal even with advanced chemotherapeutics and bone 

marrow transplantation. The mechanism of action of IL-1 blockade is based on data that 

IL-1β released from bone marrow plasma cells induces IL-6 production from marrow 

stromal cells; furthermore, IL-6 is a growth factor for the malignant plasma cell.95 As the 

amount of IL-1β released from malignant plasma cells is low, anakinra would reduce IL-6 

with greater efficacy compared to neutralizing IL-6. In addition, experimental data revealed 

that although anakinra was highly effective in reducing IL-1β-induced IL-6 in vitro, adding 

dexamethasone resulted in the death of the plasma cells.

A follow-up assessment of the treated cohort of patients has recently been reported.96 A 

reduction in serum C-reactive protein (CRP) level of 40 or greater percentage from baseline 

was used as a biomarker of response to anakinra. Of the 47 patients, 22 patients did not have 

this 40% fall in CRP; the median progression-free survival was 11 months. However, in 25 

patients with a fall in CRP of 40% or greater, the median progression-free survival was 104 

months (P < .001). Moreover, the median overall survival of the responders has not been 

reached, whereas the overall survival of those patients without a 40% reduction in CRP was 

7.9 years (P < .001).

5.8 | IL-1 and host defense against infection

Since its introduction in 2002 for the treatment of rheumatoid arthritis, anakinra has had a 

remarkable record of safety.97,98 It is estimated that over 150 000 patients have received 

anakinra, some treated daily for over 10 years. As with all ‘biologics’, increased routine 

infections are reported for anakinra. Nevertheless, anakinra has the safety benefit of short 

duration. A large number of animal studies including primates given live bacteria and treated 

to anakinra demonstrate greater survival with anakinra compared to infected animals treated 

with the vehicle. In humans, anakinra has been administered to patients with active 

infections99,100 and in over 1000 patients during the sepsis trials. Although anakinra in trials 

of septic shock did not reach a statistically significant reduction in all-cause 28-day 

mortality, a subgroup of patients with a likely diagnosis of MAS and treated with anakinra 

survived compared to placebo-treated patients with MAS. By comparison, in patients treated 

with anti-TNF-α-blocking therapies, there is well-known risk of several opportunistic 

infections. Reactivation of latent Mycobacterium tuberculosis in patients receiving anti-

TNF-α therapies can be 25 times higher than in untreated persons101 and is often the 

disseminated form, similar to that observed in HIV-1-infected patients. In contrast, 

opportunistic infections in patients treated with anakinra are rare,102 including populations at 

high risk for reactivation of M. tuberculosis infections.103
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6 | IL-33

6.1 | Background

For many years, the IL-1 receptor family member ST2 (proper nomenclature IL-1R4) was 

studied for its function in the Th2 paradigm of allergic diseases without knowledge of its 

specific ligand.104 In 2005, using in silico research methods, a new member of the IL-1 

family was identified as the ligand binding to IL-1R4; it was termed IL-33.105 Following 

binding of IL-33, IL-1R4 undergoes a conformational change, similar to that of IL-1α or 

IL-1β binding to the IL-1R1.106 The conformational changes in IL-1R4 allow for IL-1R3 to 

bind to IL-1R4 to form the heterotrimer.107 IL-1R3 binds to the side of IL-1R4108 and there 

is no contact of IL-33 with IL-1IL-1R3. The TIR domains of IL-1R4 and IL-1R3 

approximate and signaling is initiated via MyD88, IL-1 receptor activated kinases (IRAKs), 

and NFκB. As shown in Figure 1, IL-33 belongs to the IL-1 subfamily.

6.2 | Processing of IL-33

Cell source of IL-33 The IL-33 precursor contains a caspase-1 cleavage site at aspartic acid 

111 and this site was thought to provide a mechanism similar to that of IL-1β and IL-18, that 

is processing intracellularly by caspase-1 and secretion of the active cytokine. In fact, 

caspase-1 inactivates IL-33.109 Similar to the IL-1α precursor, full-length IL-33 (amino 

acids 1–270) is active, and thus, IL-33 is considered an alarmin that is released upon cell 

damage and active as a precursor. Processing takes place extracellularly by enzymes such as 

neutrophil elastase and cathepsins.110 Processing by these and mast cell enzymes results in 

significantly greater activity of IL-33.110 There are at least 3 mature forms of IL-33 resulting 

from mast cell proteases that are significantly more potent than the precursor, and each 

activates group 2 innate lymphoid cells.111 There is also a short splice variant of IL-33,112 

which lacks exon 3. The recombinant splice variant precursor was active on human mast 

cells, and anti-IL-1R4 was effective in reducing the activity of recombinant IL-33 splice 

variant.

6.3 | Nuclear function of IL-33

Girard and coworkers reported that in endothelial cells, IL-33 translocated to the nucleus.113 

The nuclear translocation of the N-terminal domain of IL-33 is similar to that of IL-1α. 

IL-1α shuttles between the cytosol and the nucleus19; both IL-1α and IL-33 binding to 

chromatin acts to sequester the cytokine and reduce inflammation. When the nuclear 

localization sequence of IL-33 was deleted, transgenic mice expressing the mutated IL-33 

develop overwhelming lethal inflammation with massive infiltration of eosinophils in the 

organs.18 Thus, similar to nuclear IL-1α, chromatin binding of IL-33 acts as a sink to 

prevent inflammation. This observation would be consistent with a pro-inflammatory role 

for IL-33 in rheumatoid arthritis.

IL-33 is an anti-inflammatory cytokine. Although IL-33 acts primarily as a pro-

inflammatory cytokine in murine models of human rheumatoid arthritis, IL-33 has anti-

inflammatory properties. For example, IL-33 exerts anti-inflammatory properties in a model 

of heart disease, obesity, and uveitis. It is possible that the anti-inflammatory properties of 

IL-33 are due to a shift to the Th2 paradigm. Using collagen-induced arthritis in mice, 
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multiple administrations of recombinant IL-33 reduced the pathological changes in the joints 

only when the mice were treated during the induction rather than the treatment phase of the 

model.114 The protective properties of IL-33 were associated with increased circulating Th2 

cytokines, decreased IFN-γ production, increased numbers of eosinophils, and type 2 innate 

lymphoid cells.114 In addition, IL-33 expanded the population of Fox3+ T-regulatory cells. 

Another mechanism for the anti-inflammatory properties of IL-33 appears to be due to the 

requirement for IL-1R8.115 In addition to a role for IL-33 in the Th2 paradigm, there are also 

studies revealing a role for IL-33 in classic Th1 diseases such as inflammatory bowel 

disease116 and rheumatoid arthritis.117,118 IL-33 also increases the production of IFN-γ.119

7 | IL-18 AND IL-18 BINDING PROTEIN

IL-18 was first described in 1989 as ‘IFN-γ-inducing factor’ isolated in the serum following 

intraperitoneal injection of endotoxin. Days before the injection, the mice had been 

pretreated with Proprionibacterium acnes, which stimulates the reticuloendothelial system, 

particularly the Kupffer cells of the liver. With purification from mouse livers and molecular 

cloning of ‘IFN-γ-inducing factor’ in 1995,120 the name was changed to IL-18. 

Unexpectedly, the new cytokine was related to IL-1β. Similar to IL-1β, IL-18 is first 

synthesized as an inactive precursor and without a signal peptide, remains as an intracellular 

cytokine. The tertiary structure of the IL-18 precursor is closely related to the IL-37 

precursor and the intron-exon borders of the IL-18 and IL-37 genes suggest a close 

association. Since 1995, many studies have used neutralization of endogenous IL-18 or 

IL-18-deficient mice to demonstrate the role for this cytokine in promoting inflammation 

and immune responses (reviewed in121–123). However, the biology of IL-18 is hardly the 

recapitulation of IL-1β. There are several unique and specific differences between IL-18 and 

IL-1β. For example, in healthy human subjects and also in healthy mice, gene expression for 

IL-1β in blood mononuclear cells and hematopoietic cells is absent and there is no evidence 

that the IL-1β precursor is constitutively present in epithelial cells.124 In contrast, the IL-18 

precursor is present in blood monocytes from healthy subjects and in the epithelial cells of 

the entire gastrointestinal tract.

7.1 | Processing of the IL-18 precursor by caspase-1

The IL-18 precursor has a molecular weight of 24 000 and is processed by caspase 1, which 

cleaves the precursor into an active mature molecule of 17 200. As with the processing of 

IL-1β, inactive procaspase-1 is first converted into active caspase-1 by the (NLRP3) 

inflammasome. Following cleavage of the IL-18 precursor by active caspase-1, mature IL-18 

is secreted from the monocyte/macrophage, although over 80% of the IL-18 precursor 

remains unprocessed inside the cell. Importantly, any phenotypic characteristic of caspase-1-

deficient mice should be studied whether the deficiency is due to reduced IL-1β or IL-18 

activity. For example, the caspase-1-deficient mouse is resistant to dextran sulfate sodium 

(DSS)-induced colitis125 but the IL-1β-deficient mouse is susceptible in the same disease 

model.126 As neutralizing antibodies to IL-18 are protective in the DSS colitis model, 

caspase-1 deficiency appears to prevent processing of IL-18125,127 rather than IL-1β.
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Similar to IL-1α and IL-33, the IL-18 precursor is constitutively expressed in endothelial 

cells, keratinocytes, and intestinal epithelial cells throughout the gastrointestinal tract. 

Macrophages and dendritic cells are the primary sources for the release of active IL-18, 

whereas the inactive precursor remains in the intracellular compartment of mesenchymal 

cells. Also, similar to IL-1α and IL-33, the IL-18 precursor is released from dying cells and 

processed extracellularly, most likely by neutrophil proteases such as proteinase-3.55

7.2 | Signal transduction by IL-18 receptors

IL-18 forms a signaling complex by binding to the IL-18 alpha chain (IL-18Rα, now 

IL-1R5), which is the ligand binding chain for mature IL-18; however, this binding is of low 

affinity. In cells that express the coreceptor, termed IL-18 receptor beta chain (IL-18Rβ, now 

IL-1R7), a high-affinity complex is formed, which then signals. The complex of IL-18 with 

the IL-1R5 and IL-1R7 chains is similar to that formed by other members of the IL-1 family 

with the coreceptor, IL-1R3. Following the formation of the heterodimer, TIR domains 

approximate and a cascade of sequential recruitment of MyD88, the four IRAKs and TNF 

receptor activating factor-6 followed by the degradation of IκB and release of NFκB are 

nearly identical as that for IL-1.128 However, there are differences between IL-1 and IL-18 

signaling. With few exceptions, IL-1α or IL-1β is active on cells in the low nanogram/mL 

range and often in the picogram/mL range. In contrast, IL-18 activation of cells expressing 

the two IL-18 receptor chains requires 10–20 ng/mL and sometime higher levels.129,130

7.3 | Role of IL-18 in the production of IFN-γ

Together with IL-12, IL-18 participates in the Th1 paradigm. This property of IL-18 is due 

to its ability to induce IFN-γ either with IL-12 or with IL-15. Without IL-12 or IL-15, IL-18 

does not induce IFN-γ. IL-12 or IL-15 increases the expression of IL-18Rβ, which is 

essential for IL-18 signal transduction. Importantly, without IL-12 or IL-15, IL-18 plays a 

role in Th2 diseases.131 The importance of IL-18 as an immunoregulatory cytokine is 

derived from its prominent biological property of inducing IFN-γ from NK cells. Membrane 

IL-18 is expressed in 30–40% of M-CSF-primed macrophages but LPS treatment is 

necessary for the release of membrane IL-18.132 A major immunoregulating role for IL-18 is 

on the NK cell. Several human autoimmune diseases are associated with elevated production 

of IFN-γ and IL-18. Diseases such as systemic lupus erythematosus (SLE), rheumatoid 

arthritis, type 1 diabetes, Crohn’s disease, psoriasis, and graft-vs-host disease are thought to 

be mediated, in part, by IL-18.

7.4 | IL-18, IL-17, and γ/δ T-cell activation

The role for IL-17 in the pathogenesis of autoimmune diseases has been studied in animal 

models but also validated in humans treated with either neutralizing antibodies to IL-17 or 

the IL-17 receptor. Is there a role for IL-18 in the production of IL-17? Attention has 

focused on a role for IL-18 in Th17 responses primarily because both IL-1β and IL-18 are 

processed into active cytokines via caspase-1. Using a model for multiple sclerosis termed 

experimental autoimmune encephalomyelitis (EAE),133 a role for IL-18 was studied. As 

expected, using the adjuvant of M. tuberculosis plus the myelin-derived immunogen for 

EAE, bone marrow-derived mouse dendritic cells released IL-1β and IL-18, which was 

dependent on caspase-1.134 The primed dendritic cells induced IL-17 from T cells, which 
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when transferred to nonimmunized mice resulted in the encephalomyelitis. However, the 

disease did not develop when the dendritic cells were exposed to a caspase-1 inhibitor.134 

Treating the mice with either IL-1β or IL-18 restored the ability of the T-cell transfer to 

induce the disease. Moreover, treating the recipient mice with the caspase-1 inhibitor 

reduced the disease as well as reduced the production of IL-17 from CD4-positive T cells as 

well as from gamma-delta T cells. Gamma-delta T cells produce IL-17 when stimulated with 

IL-18 plus IL-23, as these T cells express high levels of the IL-18 receptor alpha chain. 

Thus, similar to caspase-1-dependent IL-1β, IL-18 induces T cells to produce IL-17 and 

promote autoimmune responses to specific antigens.

7.5 | Pro-inflammatory properties of IL-18

In the absence of IL-12 or IL-15, IL-18 exhibits characteristics of other pro-inflammatory 

cytokines of the IL-1 family, such as increases in cell adhesion molecules, nitric oxide 

synthesis, and chemokine production. Inhibition of IL-18 activity takes place with the 

administration of either neutralizing anti-IL-18 antibodies or the IL-18 binding protein. In 

general, inhibition of IL-18 activity results in a reduction in disease severity. Blocking IL-18 

activity reduces metastasis in a mouse model of melanoma; this is due to a reduction in 

IL-18-induced expression of vascular cell adhesion molecule-1.135 The induction of fever, a 

well-studied property of IL-1α and IL-1β as well as acute phase proteins, TNF-α and IL-6, 

is not a significant property of IL-18. Injection of IL-18 into mice or rabbits does not cause 

fever.136,137 In a clinical study of intravenous IL-18 dosing in patients with cancer, chills, 

and fevers were not common and were Grade 1 (low fevers). IL-1 and TNF-α fever in 

humans is observed in all patients at doses of 10 ng/kg, whereas IL-18 fevers were observed 

in 3 of 21 patients and only at doses of 100 and 200 μg/kg.138

Unlike IL-1 and TNF-α, IL-18 does not induce cyclooxygenase-2 and hence there is no 

production of prostaglandin E2.130,139 IL-18 has been administered to humans for the 

treatment of cancer in order to increase the activity and expansion of cytotoxic T cells. Not 

unexpectedly and similar to several cytokines, the therapeutic focus on IL-18 has shifted 

from its use as an immune stimulant to inhibition of its activity.122,140

7.6 | IL-18 in heart disease

Heart disease includes coronary vessel disease with associated myocardial infarction, 

postviral myocardopathies, autoimmune heart disease, and chronic heart failure. Increasing 

numbers of animal and clinical studies indicate a role for IL-18 in heart disease. The 

myocardium of patients with ischemic heart failure expresses the alpha chain of the IL-18 

receptor and elevated levels of circulating IL-18 are associated with death.141 Daily 

administration of IL-18 results in ventricular hypertrophy, increased collagen,142 and 

elevated left ventricular diastolic pressure in mice.143 In a model of myocardial suppression 

associated with septic shock, mice injected with LPS and a neutralizing antibody to murine 

IL-18 were protected.144 In another study, human atrial muscle strips were obtained from 

patients undergoing by-pass surgery and the atrial tissue exposed to ischemia ex vivo. The 

addition of IL-18BP to the perfusate improved contractile function from 35% of control to 

76% with IL-18BP.145 Serum from patients with heart failure intravenously administered to 

mice results in myocardial suppression. However, using mice deficient in IL-18 or IL-18R5 
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did not develop the suppression.146 Mice pretreated with IL-18BP or caspase-1 inhibition 

also were protected. Although myocardial suppression in mice is induced by IL-1β, it was 

not expected that IL-18 was required. Thus, IL-1β induces heart failure in mice by an IL-18-

dependent pathway. As the IL-18 precursor is present in myocardiocytes and the 

endothelium, caspase-1 is induced by IL-1β, which then processes the IL-18 precursor into 

an active cytokine. Another role for IL-18 in heart is a model of isoproterenol-induced 

cardiomyocyte hypertrophy. Mice transgenic for IL-18BP are protected.147

7.7 | IL-18 as a protective cytokine

There are a growing number of studies supporting a protective role for IL-18. Mice deficient 

in caspase-1 experience increased disease severity when subjected to DSS colitis and that 

administration of exogenous IL-18 restored mucosal healing in these mice.148 Mice deficient 

in NLRP3 are more susceptible to DSS colitis, which is thought to be due to decreased 

IL-18.149 Mice deficient in NLRP6 are also more vulnerable to DSS150,151 and the 

susceptibility appears to be due to the lack of sufficient IL-18. A protective role for IL-18 is 

not limited to the gastrointestinal tract. In the eye, a condition resembling ‘wet macular 

degeneration’ worsens with antibodies to IL-18.152 In a mouse model of ‘wet’ age-related 

macular degeneration, the disease was worse in mice deficient in NLRP3, but not in IL-1RI-

deficient mice.152 Therefore, IL-18 rather than IL-1α or IL-1β was protective, and upon the 

administration of IL-18, the disease severity improved.

Starting at 16 weeks of age, IL-18-deficient mice start to overeat, become obese, and exhibit 

lipid abnormalities; there is increased atherosclerosis, insulin resistance, and diabetes 

mellitus reminiscent of the metabolic syndrome.153 IL-1R7-deficient mice also develop a 

similar phenotype. The higher body weight is attributed to enhanced food intake, in which 

the IL-18-deficient mice begin to diverge from wildtype animals at a relatively early age, 

and to reach values 30%–40% higher than that of wildtype mice. Others have observed 

similar findings.154 A striking finding was an increase of more than 100% in the percentage 

of adipose tissue in the IL-18-deficient animals that was accompanied by fat deposition in 

the arterial walls. The insulin resistance in these mice is corrected by exogenous 

recombinant IL-18. This unexpected and unique mechanism is responsible for the higher 

food intake in the IL-18-deficient animals, which appears to be due to a central nervous 

system and loss of appetite control. IL-18-deficient mice eat throughout the day, whereas 

wildtype mice eat once, nocturnally.

8 | IL-18 BINDING PROTEIN

8.1 | Background on IL-18BP

The discovery of the IL-18BP took place during the search for the soluble receptors for 

IL-18.16 With a clear signal peptide, IL-18BP is a constitutively secreted protein. IL-18BP 

has an exceptionally high affinity for IL-18 of 400 pM, although recent studies indicate an 

affinity for IL-18 of 5 pM. IL-18BP is present in the serum of healthy humans at a 20-fold 

molar excess compared to IL-18155; thus, IL-18BP may contribute to a default mechanism 

by which a Th1 response to foreign organisms is blunted. Although IL-18BP is readily 

secreted, it falls into the functional category of being a shed soluble receptor. IL-18BP 
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contains only one IgG domain, whereas the IL-1R2 contains three domains. In this regard, 

the single IgG domain of IL-18BP is similar to IL-1R8 (SIGIRR), which also has a single 

IgG domain and also functions as a decoy receptor. The salient property of IL-18BP in 

immune responses is in downregulating Th1 responses by binding to IL-18 and thus 

reducing the induction of IFN-γ.131 As IL-18 also affects Th2 responses, IL-18BP also has 

properties controlling a Th2 cytokine response.131

8.2 | The concept of free IL-18

Because a single IL-18BP molecule binds a single IL-18 molecule, one can calculate bound 

vs free IL-18 in a mixture of both molecules.155 If one examines immunologically mediated 

diseases where IFN-γ plays a pathological role such as Wegener’s granulomatosis and SLE, 

one must consider the level of free IL-18 compared to IL-18 bound to IL-18BP. In fact, in 

these diseases, both IL-18BP and IL-18 are high156,157 but the level of IL-18BP is not 

sufficiently high enough to neutralize IL-18, and therefore, the level of free IL-18 is higher 

than in healthy subjects. In MAS where IFN-γ plays a pathological role, both IL-18BP and 

IL-18 are also high but the clinical and hematological abnormalities correlate with elevated 

free IL-18.158

A unique property of IL-18BP is that the molecule also binds IL-37159 and in doing so, 

enhances the ability of IL-18BP to inhibit the induction of IFN-γ by IL-37. IL-37 binds to 

the IL-18Rα with a very low affinity but in mice expressing human IL-37, a profound anti-

inflammatory effect is observed,160 particularly of LPS-induced cytokines and dendritic cell 

maturation.160 Human IL-37-expressing mice are also resistant to colitis.161 Thus, the anti-

inflammatory property of IL-37 can be affected by the concentration of IL-18BP. As the 

concentration of IL-18BP increases and binds IL-37, there is the possibility that IL-37 

becomes less available as an anti-inflammatory cytokine. Indeed, this has been observed in 

mice injected with IL-18BP. At low dosing of IL-18BP, there is reduced inflammation in a 

model of rheumatoid arthritis but as the dosing of IL-18BP increases, the anti-inflammatory 

properties of IL-18BP are lost.162 Table 2 summarizes several disease states in which IL-18 

and IL-18BP are measured, and in some studies, the level of free IL-18 has been reported.

8.3 | Regulation of IL-18BP

IL-18BP is highly regulated at the level of gene expression, and unexpectedly, IFN-γ 
increases gene expression and synthesis of IL-18BP.163,164 Therefore, IFN-γ driving an 

increase in the natural and potent inhibitor of IL-18 falls into the category of a negative 

feedback loop. The concept is supported by clinical data showing that patients being treated 

with IFN-α for hepatitis have elevated levels of IL-18BP.165,166 IL-27, like IFN-γ, functions 

as both a pro- and an anti-inflammatory cytokine and both may accomplish their roles as 

anti-inflammatory cytokines at the level of increased production of IL-18BP. In the skin, 

IL-27 also acts through a negative feedback loop for inflammation. IL-27 is acting, as is 

IFN-γ, by the induction of IL-18BP gene expression and synthesis.167

8.4 | Viral IL-18BP

Natural neutralization of human IL-18 by IL-18BP takes place during a common viral 

infection. In Molluscum contagiosum infection, characterized by raised but bland skin 
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eruptions, there are large numbers of viral particles in the epithelial cells of the skin but 

histologically there are few inflammatory or immunologically active cells in or near the 

lesions. Clearly, the virus fails to elicit an inflammatory or immunological response. Amino 

acid similarity exists between human IL-18BP and a gene found in various members of the 

poxviruses; the greatest degree of homology is in Molluscum contagiosum gene.168 The 

ability of viral IL-18BP to reduce the activity of mammalian IL-18 likely explains the lack 

of inflammatory and immune cells in the virally infected tissues and provides further 

evidence for the natural ability of IL-18BP to interfere with IL-18 activity.

8.5 | IL-18 in the hemophagocytic syndromes

In the case of familial hemophagocytic lymphohistiocytosis or MAS, gene expression for 

IL-18 is upregulated in peripheral mononuclear cells169,170 and serum IL-18 is unusually 

elevated.158,171–174 Although levels of IL-18 in the circulation are below 1 ng/mL in 

inflammatory diseases such as severe sepsis, in the active phase of MAS, serum IL-18 is 

usually in the range of 5–7 ng/ml, and in familial hemophagocytic lymphohistiocytosis 

complicating XIAP gene mutations as well as in MAS complicating sJIA, levels of 

circulating IL-18 can be in 20–30 nanograms per milliliter range.158,175–177 However, it is 

necessary to calculate the level of free IL-18 as IL-18BP is present in the circulation in 

health and disease.155 In patients with MAS, free IL-18 but not IL-12 concentrations 

significantly correlated with clinical status and the biologic markers of MAS such as anemia 

(P < .001), hypertriglyceridemia, and hyperferritinemia (P < .01) and also with markers of 

Th1 lymphocyte or macrophage activation, such as elevated concentrations of IFN-γ and 

soluble IL-2 and TNF-α receptor concentrations.158 Patients with a mutation in NLRC4 

experience a life-threatening hyperinflammation state, mostly manifested by intractable 

colitis. Free IL-18 is markedly elevated and treatment with IL-18BP provides resolution of 

the inflammatory state.178

9 | IL-37

IL-37 is an unexpected member of the IL-1 family. IL-37, a member of the IL-18 subfamily, 

was first reported in 2000 using in silico research179 and given the name for IL-1 family 7 

(IL-1F7); this name was changed to IL-37 during the revision of interleukin-1 family 

nomenclature.160 There are 4 IL-37 isoforms due to exon deletions and IL-37b is the most 

complete form.180 Most studies with recombinant IL-37 use IL-37b, although isoform 

IL-37a has also been studied.181 IL-37 is unique in the IL-1 family in that it broadly 

suppresses innate but also acquired immunity.182,183 Another distinguishing characterization 

of IL-37 is that that there is no homologue for IL-37 in the mouse, but also not in the 

chimpanzee.180 IL-37 is often elevated in humans with inflammatory and autoimmune 

diseases where the cytokine likely functions to limit inflammation. For example, compared 

to levels of IL-37 in healthy subjects, IL-37 is elevated in persons with Grave’s disease,184 

rheumatoid arthritis,185,186 ankylosing spondylitis,187 psoriasis,188 and SLE.189 However, in 

calcific aortic valve disease,190 asthma,191,192 insulin resistance,193 and allergic rhinitis,194 

levels of the mRNA as well as the IL-37 protein cytokine are lower than in tissues from 

healthy subjects, suggesting a relative deficient state. An important concept to emerge from 
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such studies is that relative deficiencies of endogenous IL-37 seem to contribute to the 

severity of inflammation.

9.1 | The IL-37 signaling complex: requirement for IL-1R5 and IL-1R8

As shown in Table 1, IL-18 binds to IL-1R5 (IL-18Rα) and recruits IL-1R7. Crystallization 

reveals that following the binding of IL-18 to IL-1R5, IL-1R7 is recruited to IL-1R5 and not 

to IL-18. The trimeric complex signals a pro-inflammatory response.195,196 Although IL-37 

also binds to IL-1R5,159,197,198 IL-37 does not recruit IL-1R7; rather, IL-37 recruits IL-1R8. 

IL-1R8 (formerly TIR8, SIGIRR) is an anti-inflammatory receptor and deficiency of IL-1R8 

results in increased inflammation in many models of human disease as reviewed in.14 The 

TIR domain of IL-1R8 is mutated (termed TIRb),15,199 and thus, IL-1R8 functions as a sink 

for MyD88. By depriving MyD88 from binding to native TIR domain, there is a weak or no 

signal. The IL-37 signaling complex suppresses the phosphorylation of several inflammatory 

kinases,180 particularly mTOR.182 A reduction in mTOR and an increase in AMP kinase 

reverse the Warburg effect. Indeed, recombinant IL-37 in mice spares the metabolic cost of 

inflammation.200

9.2 | Translocation of IL-37 to the nucleus

Similar to IL-1α and IL-33, IL-37 translocates to the nucleus.201 Fifteen hours after LPS 

stimulation, IL-37 is detected in nuclei202 and IL-1β, IL-1α, TNF-α, IL-6, and chemokines 

are substantially reduced (72%–98%) compared to cells transfected with an empty 

plasmid.182,201 The nuclear translocation of IL-37 requires active caspase-1.202 Mutation of 

the caspase-1 recognition aspartic acid in position 20 to alanine prevents nuclear 

translocation and also prevents IL-37 from suppressing LPS-induced IL-6.203 These data 

reveal an unexpected role for caspase-1 in enabling the nuclear translocation of IL-37 and 

subsequent suppression of inflammation. Intracellular IL-37 forms a complex with Smad3, 

an anti-inflammatory kinase downstream of the TGF-β receptor; Smad3 is associated with 

the immunosuppressive and anti-inflammatory properties of TGF-β. A proteomics-based 

search for intracellular proteins that interact with Smad3 identified IL-37.204 IL-37 

immunoprecipitates with phosphorylated Smad3 and the IL-37-Smad3 complex has been 

observed in the perinuclear space.182 Thus, following cleavage by caspase-1, the carboxyl 

domain of IL-37 binds to Smad3 and the complex moves to the nucleus. It is likely that 

Smad3 provides the anti-inflammatory portfolio for IL-37.

9.3 | Production of IL-37

The IL-37 protein is expressed by human blood monocytes, tissue macrophages, synovial 

cells, tonsillar B cells, plasma cells, T cells, neoplastic cells as well as epithelial cells of the 

skin, kidney, and intestine. IL-37 is not constitutively expressed by blood monocytes from 

healthy humans but rather requires stimulation by IL-1β and TLR agonists but unexpectedly 

by TGF-β182; in human keratinocytes, beta-defensin-3 induces IL-37.205 The abundance of 

IL-37 transcripts is low in human blood monocytes and dendritic cells due to an instability 

sequence in IL37. This instability sequence limits mRNA half-life of IL-37.206 Indeed, 

despite having a CMV promoter, resting mRNA levels for IL-37 in IL37-tg mice is either 

absent or low but rapidly increases with inflammation.161,182,203,207 Even in stimulated 

human blood monocytes, the level of IL-37 protein is low at 10–20 pg/million cells. Despite 
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the low production of endogenous IL-37, the use of recombinant IL-37 reveals that the 

cytokine is highly active. Picomolar concentrations of recombinant IL-37 are required to 

reduce LPS-induced IL-1β, IL-6, and TNF production in vitro.208

9.4 | Processing and release

Similar to other members of the IL-1 family, the IL-37 precursor contains no classical signal 

peptide. In endotoxin-stimulated human blood monocytes, the addition of exogenous ATP 

results in a modest release of processed IL-37203 but most of the secreted IL-37 is in the 

precursor form. Also, similar to IL-1α and IL-33, both precursor and processed forms of 

IL-37 are active.197,207,208 The precursor of IL-37 in the extracellular space likely reflects an 

unorthodox mechanism to exit the cell, which is unrelated to cell death.

9.5 | IL37-tg mice

IL37-tg were generated using the full-length precursor cDNA of IL37b isoform driven by 

the CMV promoter for constitutive expression,182 as this promoter is commonly used to 

drive expression in most cells. IL37-tg mice breed normally and have no obvious phenotype. 

However, compared to WT mice, IL37-tg mice are protected against LPS challenge, 

exhibiting significantly less hypothermia, acidosis, hyperkalemia, hepatitis, and dehydration 

in addition to lower levels of cytokines.182 IL37-tg mice are also protected against spinal 

cord injury,207 DSS-induced colitis,161 coronary artery ligation,209 acute renal ischemia,210 

and metabolic syndrome.193

9.6 | A role for IL-37 in human disease

Increased levels of IL-37 have been reported in several human disease conditions by 

measuring mRNA levels in cells derived from subjects affected by a specific disease as well 

as the concentrations of IL-37 in the circulation. In addition, immunohistochemistry of 

tissues and production from cells in vitro are also reported. For example, IL-37 is present in 

colonic tissues from patients with inflammatory bowel disease, but is absent in biopsies from 

healthy subjects.211,212 IL-37 is elevated in patients with rheumatoid arthritis.185,186,213,214 

These and similar studies support the concept that infection or inflammation increases IL-37 

expression, which is an appropriate response to limit disease severity. Anti-inflammatory 

mediators such as IL-1 receptor antagonist, soluble TNF-α receptors and the IL-18 binding 

protein are also elevated in several of these diseases.

In contrast, in some diseases, the opposite is observed; that is, there is a lower level of IL-37 

compared to level in healthy subjects. A low level of IL-37 likely contributes to increased 

disease severity.190 Patients with a wide range of inflammatory diseases and low levels of 

IL-37 may reflect a failure to have sufficient levels to combat inflammation. In obesity, 

increased levels of IL-37 in human adipose tissue are associated with less insulin 

resistance193 and therefore are consistent with a functional role for IL-37 in limiting 

inflammation. In HIV-1, the elevated levels of IL-37 can be interpreted in two ways; the 

elevation is an appropriate response to limit the inflammation of a chronic infection or the 

elevation contributes to the immunosuppression of HIV-1.215
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10 | IL-36

10.1 | The IL-36 subfamily

There are 5 ligands that bind to the IL-36 receptor (IL-1R6): IL-36α, IL-36β, IL-36γ, the 

IL-36 receptor antagonist (IL-36Ra), and IL-38. The binding of IL-38 to the IL-36R was 

reported in 201213 and confirmed in 2016.216 IL-36α, IL-36β, IL-36γ, and IL-36Ra were 

reported in 2000–2001 by in silico research.179,217,218 The IL-36 receptor (IL-1R6) was 

previously known as IL-1 receptor-related protein 2.219 IL-36 is part of the IL-1 gene cluster 

located on chromosome 2q13 in a stretch of 360 kb with IL-1 and IL-37.219 The IL-36 

subfamily is primarily found in the skin. For example, keratinocytes synthesize and release 

large amounts of IL-36γ when stimulated with polyinosinic–polycytidylic acid (poly 

I:C).220 Flagellin also stimulates IL-36γ but the IL-36 remains intracellular.220 However, the 

release of IL-36γ from keratinocytes was dependent on caspase-1.220

10.2 | Processing of IL-36

The original observation of the activity of IL-36 revealed that the IL-1 family consensus 

sequence played a critical role in the conversion of low-activity IL-36 to a highly active 

cytokine. As shown in Figure 1, there are few amino acids at the N-terminus of IL-36 prior 

to the AXD site. Towne and colleagues demonstrated a major gain in function of IL-36α, β, 

γ and IL-36Ra with removal of the 9 amino acids preceding the AXD site.7 Neutrophil 

proteases, which are prominent in psoriatic skin, contribute to the N-terminal processing of 

the IL-36 ligands.221 Proteinase-3, cathepsin G, and elastase increased activity by 500-

fold.221

10.3 | Role of IL-36 in disease

A great deal of attention focused on IL-36 when it was reported that a mutation in IL-36Ra 

resulted in pustular psoriasis.222–224 Indeed, IL-36 is expressed primarily in the skin and 

particularly in psoriatic skin. In human psoriasis, there is the expression of IL-36α and 

IL-36γ, but not IL-36β.225 IL-36α· IL-36β, and IL-36γ are elevated in the lesional skin of 

patients with hidradenitis suppurativa.226 There is also a role for IL-36 in rheumatoid 

arthritis. IL-36 is found in the synovium of patients with rheumatoid arthritis and levels 

correlate with IL-1β and chemokines. In the mouse DSS colitis model and also in humans 

with Crohn’s colitis, only IL-36α and IL-36γ correlate with disease severity and not with 

IL-36β.225 In the epidermis, LL37 is a major inducer of chemokines in the skin; moreover, 

the antimicrobial peptide LL37 can act as an alarmin. In keratinocytes, blocking IL-36γ with 

siRNA or IL-36 receptor suppressed LL37-mediated production of IL-8 as well as 

CXCL10.227 Elevated circulating levels as well as salivary glands of IL-36a have been 

reported in patients with Sjogren’s syndrome.228 Histologically, α/β and γ/δ T cells were 

identified in the salivary glands of the patients.

11 | IL-38

11.1 | The functional role of IL-38

IL-1 family member 10 was renamed IL-38 with the new IL-1 family nomenclature.160 

IL-38 also was discovered by in silico research from the large databases of the human 
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genome. IL-38 was an orphan cytokine in the IL-1 family until the discovery that 

recombinant human IL-38 bound to the IL-36 receptor.13 Interest in IL-38 increased with the 

large genome-wide association analysis study (GWAS) in over 66 000 subjects with elevated 

C-reactive protein. In the search for missense mutations, IL-38 was deemed a high-risk 

cytokine.229 IL-38 belongs to the IL-36 subfamily (see Figure 1 and Table 1). Using killed 

Candida albicans yeast cells, recombinant human IL-38 stimulated the released IL-17 and 

IL-22 from human peripheral blood mononuclear cells (PBMC).230 The reduction in IL-22 

and IL-17 by IL-38 was similar to that caused by the naturally occurring IL-36 receptor 

antagonist (IL-36Ra). IL-38 and IL-36Ra have similar biological effects on immune 

activation.

Others have studied the role of IL-38 in suppressing inflammation by apoptotic cells. When 

endogenous IL-38 was suppressed in apoptotic cells, IL-6 increased in macrophages present 

in the coculture.216 These data support the concept that IL-38 is anti-inflammatory, 

consistent with previous studies.13 The increase in inflammation following silencing of 

endogenous IL-38 from apoptotic cells also resulted in increased IL-17.216 The IL-38 

precursor was processed in apoptotic cells but both the processed and truncated IL-38 

suppressed IL-6 production. The anti-inflammatory property of IL-38 required IL-1R9,216 

also termed IL-1R accessory protein-like-1 and three immunoglobulin IL-1-related 

receptor-2 (TIGIRR-2). IL-1R9 is X-linked and males with mutations in IL-1R9 have severe 

developmental impairment.231

11.2 | IL-38 in disease

IL-38 appears to play a role in SLE. Circulating levels of IL-38 were measured in 142 

patients with SLE and 16% were positive (range 63–6000 pg/mL) and were significantly 

higher than in samples from healthy subjects.232 The elevated levels were observed in 

patients with renal and central nervous system forms of active SLE.232 Blocking endogenous 

IL-38 in PBMC from healthy subjects resulted in increased IL-6 and other pro-inflammatory 

cytokines.232 These findings are consistent with previous studies on the ability of 

recombinant human IL-38 to suppress IL-17 and IL-22.13

11.3 | IL-38 emerges as an anti-inflammatory cytokine member of the IL-1 family

Treating the lupus-prone MRL/lpr mice with recombinant human IL-38 reduced several 

manifestations of the disease, including the proteinuria and skin lesions.233 Recombinant 

IL-38 administered to the MRL/lpr mice also reduced the circulating levels of IL-17 and 

IL-22. Humans with asthma have elevated IL-38 in the circulation, and the levels negatively 

correlated with the numbers of Treg lymphocytes.234 In addition to lupus and asthma, IL-38 

is also elevated in the circulation and synovial membranes of patients with rheumatoid 

arthritis.235 Using an adenoviral expression of human IL-38, mice with collagen-induced 

arthritis showed reduced inflammation.235 A similar reduction in the severity of the joint 

inflammation was observed using antigen-induced arthritis.235 Similar to the anti-

inflammatory members of the IL-1 family, IL-1Ra, IL-37, and IL-36Ra, IL-38 are elevated 

in disease. Does the elevated level reflect the severity of the disease as a biomarker or is the 

IL-38 functional in reducing the disease? For example, in patients admitted to the hospital 

for ST-elevated myocardial infarction (STEMI), the levels of circulating IL-38 reached peak 
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levels at 24 hours.236 In addition, levels of IL-38 gene expression were elevated in 

circulating PBMC. In STEMI patients who were treated with re-perfusion, the levels of 

IL-38 were markedly lower compared with the untreated group, suggesting that IL-38 is a 

biomarker for the intensity of inflammation in this population.236
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FIGURE 1. 
The 3 subfamilies of the IL-1 family. The number of amino acids is indicated at the end of 

each cytokine precursor. The IL-1 family consensus sequence AXD is indicated for each 

cytokine, and the 9 amino acids preceding the AXD site is indicated by a vertical bar. The 

vertical bar indicates the location of the optimal N-terminus. A red circle represents the 

members with primary pro-inflammatory properties, whereas a green circle represents 

cytokines that are anti-inflammatory. Because IL-1Ra has a signal peptide and is readily 

secreted, there is no AXD site. Adapted from6
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FIGURE 2. 
Resting and activation state of IL-1 receptors. In the resting state (left), the ligand binding 

chain, IL-1R1, is present on all nucleated cells. IL-1R3 is also present in the same cell. Both 

receptors are integral membrane proteins. Upon the binding of either IL-1α or IL-1β to the 

third Ig domain of IL-1R1, the receptor undergoes a structural change (left). This structural 

change allows the coreceptor, IL-1R3, to bind and form a trimeric complex. The intracellular 

TIR domains of IL-1R1 and IL-1R3 approximate and MyD88 now binds to the TIR 

domains. MyD88 becomes phosphorylated and other kinases (IL-1 receptor activated 

kinases (IRAKs) 1–4, data not shown) participate in a strong pro-inflammatory signal to the 

nucleus
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TABLE 1

IL-1 family of ligands and receptors

IL-1 family Specific receptor Coreceptor Function

IL-1α, IL-1β IL-1R1 IL-1R3 Pro-inflammatory

IL-1β IL-1R2 IL-1R3 Anti-inflammatory

IL-1Ra IL-1R1 NA Anti-inflammatory

IL-18 IL-1R5 IL-1R7 Pro-inflammatory

IL-33 IL-1R4 IL-1R3 Pro-inflammatory

IL-36α, β, γ IL-1R6 IL-1R3 Pro-inflammatory

IL-36Ra IL-1R6 IL-1R3 Anti-inflammatory

IL-37 IL-1R5 IL-1R8 Anti-inflammatory

IL-38 IL-1R6 IL-1R9 Anti-inflammatory

NA, not applicable.
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TABLE 2

Levels of IL-18 and IL-18BP in human disease

Disease IL-18a IL-18BPb Free IL-18a Reference

Sepsis 500–2000 ND ND 237

Sepsis 250–10 000 22.5 250–3000 155

Sepsis 592–1755 ND ND 238

Trauma 300–600 ND ND 239

Schizophrenia 518 10 253 240

Ulcerative colitis 274 ND ND 241

Ulcerative colitis 393 4.7 250 242

Crohn’s disease 387 ND ND 241

Crohn’s disease 546 5 340 242

Wegener’s disease 240 14.5 84 156

Rheumatoid arthritis 230–400 ND ND 243

SLE 700 7.5 408 244

SLE 400 15 167 157

SLE 135–560 ND ND 245

MAS 2200 35 660 158

Systemic JIA 1600–78 000 ND ND 246

Systemic JIA 130 000 ND ND 247

Adult-onset Still’s disease 1000–6000 ND ND 248

Adult-onset Still’s disease 1000–5000 ND ND 249

Myocardial infarction 238 ND ND 250

Myocardial infarction 355 ND ND 251

Myocardial infarction 346–2068 ND ND 252

Coronary artery disease 356 13.7 125 253

Coronary artery disease 195–322 19–29 ND 254

Metabolic syndrome 380 ND ND 255

Acute kidney injuryc 500 ND ND 256

Acute kidney injuryc 2000 ND ND 257

Acute kidney injuryc >360 ND ND 258

Acute kidney injuryc 884 ND ND 259

Acute kidney injuryc 1265–2873 ND ND 260

ND, not determined.

a
Levels in pg/mL, range or mean.

b
Levels in ng/mL, range or mean.

c
Urine levels (mean in pg/mL).
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SLE, systemic lupus erythematosus; MAS, macrophage activation syndrome; JIA, juvenile idiopathic arthritis.
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