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Interleukin-1 (IL-1) is a central mediator of innate immunity and inflammation. The IL-1 family includes seven
ligands with agonist activity (IL-1a and IL-1b, IL-18, IL-33, IL-36a, IL-36b, IL-36g), three receptor antagonists
(IL-1Ra, IL-36Ra, IL-38), and an anti-inflammatory cytokine (IL-37). Members of the IL-1 Receptor (IL-1R) fam-
ily include six receptor chains forming four signaling receptor complexes, two decoy receptors (IL-1R2,
IL-18BP), and two negative regulators (TIR8 or SIGIRR, IL-1RAcPb). A tight regulation via receptor antago-
nists, decoy receptors, and signaling inhibitors ensures a balance between amplification of innate immunity
and uncontrolled inflammation. All cells of the innate immune system express and/or are affected by IL-1 fam-
ily members. Moreover, IL-1 family members play a key role in the differentiation and function of polarized
innate and adaptive lymphoid cells. Here we will review the key properties of IL-1 family members, with
emphasis on pathways of negative regulation and orchestration of innate and adaptive immunity.
Introduction
Interleukin-1 (IL-1) was the first interleukin to be identified (for

recent review, Dinarello, 2009, 2010; Dinarello et al., 2012;

Gabay et al., 2010; Sims and Smith, 2010) and has served as

a groundbreaking molecule with implications extending far

beyond its extended family. The original description of a cytokine

acting at vanishingly low concentrations on cells and organs as

diverse as the hypothalamus and T lymphocytes was without

precedent in biology (for review, Dinarello, 2009): pleiotropism

turned out to be a common property among cytokines. Early

on, it was realized that IL-1 was responsible for resistance

against microbes (van der Meer et al., 1988), a discovery up-

stream of the identification of the TIR domain (originally standing

for Toll-IL-1 resistance; shared by the IL-1 receptor [IL-1R] and

Toll-like receptors [TLR]), and of the inflammasome. Along the

same line, the function of MyD88 as a key adaptor was first

discovered for IL-1R and then extended to TLR (Muzio et al.,

1997, 1998; Sims and Smith, 2010). The IL-1R2 receptor was

identified as a decoy for IL-1 (Colotta et al., 1993), a paradigm

shift since the original definition of ‘‘receptor’’ by Langley in the

19th century (Langley, 1906). Decoy receptors have since

emerged as a general strategy conserved in evolution to limit

the action of cytokines, chemokines, and growth factors. Thus,

IL-1 has served as a forerunner for intercellular molecules and

paradigms, which have had a broad impact in immunology and

medicine at large.

The IL-1 and IL-1R families have grown impressively in size,

complexity, and division of labor (Dinarello et al., 2010, 2012;

Dinarello, 2009, 2010;Gabay et al., 2010). The discovery of innate

lymphoid cells and the dissection of pathways of T cell differenti-

ation have revealed essential functions for IL-1, IL-18, and IL-33

and have opened vistas on their functions (O’Shea and Paul,

2010; Spits et al., 2013). No less important have been the clinical

implications of IL-1 research. Autoinflammatory diseases are

uniquely IL-1-mediated disorders and anti-IL-1 therapies have

had a tremendous impact on inflammatory diseases (Dinarello,
2010; Dinarello et al., 2012). Here we will review the common

characteristics of IL-1 family members and specific receptors.

Emphasis will be on the immunobiology of IL-1, its relatives and

their receptors with a focus on selected cytokines (e.g., IL-33,

IL-18, IL-36), pathways of negative regulation, orchestration of

innate and adaptive lymphoid cells, and clinical implications.

An Overview of IL-1 and IL-1R Family Members
As shown in Figures 1A and B and Table 1, IL-1 family ligands

include seven molecules with agonist activity (IL-1a, IL-1b, IL-

18, IL-33, IL-36a, IL-36b, and IL-36g), three receptor antagonists

(IL-1Ra, IL-36Ra, and IL-38), and an anti-inflammatory cytokine

(IL-37). The IL-1R family members include 11 molecules. A

simplified nomenclature for IL-1R members is proposed here:

IL-1R1 (IL-1RI), IL-1R2 (IL-1RII), IL-1R3 (IL-1RAcP), IL-1R4

(ST2), IL-1R5 (IL-18Ra), IL-1R6 (IL-1Rrp2, IL-36R), IL-1R7 (IL-

18Rb), IL-1R8 (TIR8, also known as SIGIRR), IL-1R9 (TIGIRR-

2), IL-1R10 (TIGIRR-1).

The receptor chains are generally characterizedbyanextracel-

lular portion consistingof three immunoglobulin (Ig)-like domains.

Notable exceptions are the IL-18 binding protein (IL-18BP) and

TIR8, which have a single Ig domain. The intracellular portions

are characterized by a TIR domain essential for signaling via the

MyD88 adaptor. The canonical TIR domain present in signaling

receptors of the IL-1 family is sharedbyTLR.Asdiscussedbelow,

at least IL-1a and possibly IL-33 are preformed and released

upon tissue damage, acting as bona fide alarmins. Thus, the

TIR domain is a key transducer in sensing of microbes, tissue

damage, driving amplification of innate immunity, and inflamma-

tion. IL-1R signaling will not be reviewed here and the reader is

referred to Sims and Smith, 2010. Four signaling receptor com-

plexes are formed: the IL-1 receptor (IL-1R1 and IL-1RAcP), the

IL-33 receptor (ST2 and IL-1RAcP), the IL-18 receptor (IL-18Ra

and IL-18Rb), and the IL-36 receptor (IL-1Rrp2 and IL-1RAcP).

Two members of the family are decoy receptors (IL-R2 and

IL-18BP). TIR8 has no ligand and acts as a negative regulator.
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Figure 1. Ligands and Receptors in the IL-1
Family
(A) A schematic representation of ligands and re-
ceptor chains in the IL-1 family. The minus sign in-
dicates inhibition. TIR8 (also known as SIGIRR) has
two aminoacid substitutions (Cys222 and Leu305
for canonical Ser447 and Tyr536).
(B) Subfamilies among IL-1 ligands, divided based
on the length of the N-terminal prodomain. Numbers
refer to aminoacids. The cleavage site (N) is located
9 amino acids N-terminal to AXD, a conservedmotif,
where A is an aliphatic amino acid. IL-37 has been
identified only in humans.
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IL-1
IL-1 affects virtually all cells and organs and is a major patho-

genic mediator of autoinflammatory, autoimmune, infectious,

and degenerative diseases (Dinarello, 2009, 2010; Dinarello

et al., 2012; Gabay et al., 2010; Sims and Smith, 2010) (Table 2).

Here we will summarize functions related to immunity and then

focus on selected aspects (e.g., why there are two IL-1s; role

of IL-1 in cancer and metabolism). Figure 2A highlights actions

of IL-1 that are directly related to immunity. The effects of IL-1

on the central nervous system include fever (IL-1 is the classic

endogenous pyrogen [Dinarello, 2009, 2010; Sims and Smith,

2010]) and activation of the hypothalamus-pituitary-adrenal

(HPA) axis. At elevated temperature, leukocyte migration is

increased. Cortisol downstream of the HPA axis has a regulatory

function on innate immunity and inflammation. The general sig-

nificance of the acute phase response, triggered via IL-6 in the

liver, is to amplify innate resistance mediated by the humoral

arm of innate immunity (e.g., C-reactive protein [CRP]; mannose

binding lectin; complement components) and to regulate tissue

damage (e.g., a1-antitrypsin). Induction of adhesion molecules
1004 Immunity 39, December 12, 2013 ª2013 Elsevier Inc.
in endothelial cells and chemokines results

in amplification of leukocyte recruitment

and innate resistance to infection. IL-1

markedly prolongs the lifespan and stimu-

lates the effector function of neutrophils

and macrophages (Mantovani et al.,

2011). In addition, IL-1 orchestrates the

differentiation and function of innate and

adaptive lymphoid cells (see below).

IL-1a and IL-1b are encoded by distinct

genes, bind to the same receptor (IL-1R1),

and have similar biological properties.

However, distinctions do exist and impact

on immunity, inflammation, and cancer.

The IL-1a precursor is constitutively

present in epithelial layers of the entire

gastrointestinal tract, lung, liver, kidney,

endothelial cells, and astrocytes. Upon

cell death by necrosis, as occurs in

ischemic diseases such as myocardial

infarction, stroke, acute renal failure, and

tumor necrosis, the IL-1a precursor is

released. Unlike the IL-1b precursor, the

IL-1a precursor is fully active and functions

as an ‘‘alarmin’’ by rapidly initiating a
cascade of inflammatory cytokines and chemokines, which ac-

counts for sterile inflammation (Chen et al., 2007; Rider et al.,

2011). Thus, IL-1amediates the early phases of sterile inflamma-

tion. Inaddition to the IL-1aprecursor released fromnecroticcells,

there is a membrane form of IL-1a present on activated mono-

cytes. However, circulating IL-1a is rarely detected even in per-

sons with severe infections but is contained in apoptotic bodies

released from endothelial cells (Berda-Haddad et al., 2011).

In contrast, IL-1b is produced by hematopoietic cells such as

blood monocytes, tissue macrophages, skin dendritic cells, and

brain microglia in response TLR, activated complement compo-

nents, other cytokines (such as TNF-a), and IL-1 itself (Dinarello,

2011). Unlike the IL-1a precursor, the IL-1b precursor is not

active but is cleaved by caspase-1, releasing the active cytokine

into the extracellular space. Although caspase-1 is abundant in

hematopoietic cells, the proenzyme (procaspase-1) first requires

cleavage by the inflammasome. The key component of this

macromolecular complex is the protein-nucleotide-binding

domain and leucine-rich repeat pyrin-containing protein-3

(NLRP3) (Hoffman et al., 2001), also called cryopyrin. Single



Table 1. Nomenclature and Main Functions of IL-1 Family Members

Cytokine Alternative Name Receptor Coreceptor

Proposed Nomenclature:

ActivityReceptor Coreceptor

IL-1a IL-1F1 IL-1R1 IL-1R2 IL-1RAcP IL-1R3 Alarmin, inflammation, Th17 cell responses

IL-1b IL-1F2 IL-1R1 IL-1R2 IL-1RAcP IL-1R3 Antimicrobial resistance, inflammation,

Th17 cell responses

IL-1Ra IL-1F3 IL-1R1 Inhibition of inflammation

IL-18 IL-1F4 IL-18Ra IL-18Rb IL-1R5 IL-1R7 Inflammation, Th1 cell responses

IL-33 IL-1F11 ST2 IL-1RAcP IL-1R4 IL-1R3 Inflammation, Th2 cell responses

IL-36a IL-1F6 IL-1Rrp2 (IL-36R) IL-1RAcP IL-1R6 IL-1R3 Skin and lung inflammation

IL-36b IL-1F7 IL-1Rrp2 (IL-36R) IL-1RAcP IL-1R6 IL-1R3

IL-36g IL-1F8 IL-1Rrp2 (IL-36R) IL-1RAcP IL-1R6 IL-1R3

IL-36Ra IL-1F5 IL-1Rrp2 (IL-36R) IL-1R6 Inhibition of inflammation

IL-37 IL-1F7 IL-18Ra Inhibition of inflammation

IL-38 IL-1F10 IL-1Rrp2 (IL-36R) Inhibition of inflammation

TIR8 (SIGIRR) IL-1R8 Inhibition of inflammation

TIGIRR-1 (IL1RAPL2) IL-1R9 not known

TIGIRR-2 IL-1R10 not known

IL-1R1 (?) IL-1RAcPb IL-1R3b Inhibition of inflammation

?, not formally proven to interact with IL-1RAcPb.
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amino acid gain of function mutations in cryopyrin result in high

amounts of actively secreted IL-1b. Elevated secretion of IL-1b is

linked to inflammation in patients with these mutations, termed

autoinflammatory diseases. However, not all IL-1b-mediated

inflammation is due to NLRP3 or caspase-1 activity. Mice defi-

cient in caspase-1 develop the same IL-1b-mediated disease

as do wild-type (WT) mice (Dinarello, 2009, 2011). Extracellular

cleavage of the inactive IL-1b precursor by neutrophil enzymes

such a proteinase-3 and elastase generate active IL-1b because

the cleavage site is close to that of caspase-1 (Dinarello, 2011). In

addition, caspase-11 provides a noncanonical inflammasome

component important for the response to cholera toxin B or

selected microbes (Kayagaki et al., 2011).

Another distinction between IL-1a and IL-1b can be found in

carcinogenesis; mice deficient in IL-1b develop fewer tumors

compared IL-1a-deficient orWTmice (Krelin et al., 2007). IL-1b in-

duces tumor angiogenesis and metastatic spread of tumors

(Carmi et al., 2013). IL-1 is indeed an important component of

the inflammatory microenvironment of tumors (Mantovani et al.,

2008). Early observations on augmentation of metastasis by IL-1

were subsequently extended to primary carcinogenesis in

different organs (Apte et al., 2006; Salcedo et al., 2013). IL-1a is

a component of the intrinsic pathway linking genetic events

causing cancer (Ras mutation) and the orchestration of cancer-

related inflammation (Salcedo et al., 2013). Moreover, IL-1 plays

a critical role in inflammatory conditions that increase cancer inci-

dence (extrinsic pathway) as revealed by carcinogenesis in the

pancreas, skin, and liver (Salcedo et al., 2013). Given the diversity

of cancer-related inflammation in different organs, exploitation of

anti-IL-1 strategies in humancancerwill require careful dissection

of its role indifferent humanneoplasms.Neutralizing antibodies to

IL-1a have entered clinical trial in cachectic patients with terminal

colon cancer with encouraging results (Hong et al., 2011).

Differences between IL-1a and IL-1b are for the most part dif-

ferences due to cell sources of each cytokine and release mech-
anisms but not to differences in downstream events following

receptor engagement. Having said that, IL-1a localizes to the

nucleus and functions as a component of transcription, whereas

IL-1b has never been observed in the nucleus. The propiece of

IL-1a contains a string of basic amino acids termed the nuclear

localization sequence (NLS). The NLS accounts for the binding

of the entire IL-1a precursor to DNA. The IL-1a propiece itself

might act as an oncoprotein, and expression of the propiece in-

duces neoplastic changes in cells. The IL-1a precursor shuttles

between the cytosol and nucleus with amazing rapidity (Cohen

et al., 2010). Upon a signal to initiate apoptosis, cytosolic IL-1a

moves to the nucleus and remains tightly bound to chromatin.

In contrast, with a signal to undergo necrosis, for example due

to hypoxia, IL-1a leaves the nucleus and resides in the cytosolic

compartment (Cohen et al., 2010). With necrotic cell death, the

IL-1a precursor is released (Rider et al., 2011), initiating neutro-

philic inflammation (Rider et al., 2011), whereas in cells dying

of apoptosis, chromatin-bound IL-1a is unavailable for initiating

inflammation.

IL-1 production can be a consequence of alterations in the

homeostatic metabolic state as observed in obesity (dysbiosis)

(Tack et al., 2012) (Figure 2A). Recent results have highlighted

differential induction and role of IL-1a and IL-1b in fat induced

vascular responses and atherosclerosis (Freigang et al., 2013).

Atheroma formation has long been associated with IL-1b. In an

unexpected twist, fatty acids were found to elicit release of IL-

1a but not of IL-1b. This selective induction was secondary

to mitochondrial uncoupling that blocked cholesterol crystal-

elicited IL-1b production. Thus metabolic stress triggers a selec-

tive IL-1a-sustained pathway of vascular inflammation and

pathology.

IL-1 is likely to orient macrophages to aerobic glycolysis as

lipopolysaccharide (LPS) does (Rodrı́guez-Prados et al., 2010)

and in turn it is downstream of metabolic responses elicited

by microbial sensing. Accumulation of succinate in classically
Immunity 39, December 12, 2013 ª2013 Elsevier Inc. 1005



Table 2. Main Phenotype of IL-1 Family Gene Alterations in Mice and Humans

Genetic Deficiency Main Phenotypes Selected References

Il1rn (Il-1ra, mouse) Spontaneous arteritis, arthritis, psoriatic-like

skin eruption, increased susceptibility to LPS,

and to carcinogenesis

(Horai et al., 2000; Krelin et al., 2007;

Nicklin et al., 2000)

IL1RN (IL-1Ra, human) Severe systemic and local inflammation, including

pustular skin eruptions, vasculitis, osteolytic

lesions, and sterile osteomyelitis

(Aksentijevich et al., 2009; Reddy

et al., 2009)

Il1a (mouse) Increased susceptibility to LPS, defective immunoediting

in carcinogenesis, reduced necrosis-induced inflammation,

and colitis, reduced atherosclerosis

(Chen et al., 2007; Krelin et al., 2007)

Il1b (mouse) Reduced acute phase response and fever, increased or

decreased susceptibility to specific infections, reduced

susceptibility to carcinogenesis

(Horai et al., 2000; Krelin et al., 2007)

Il1r1 (mouse) Increased or decreased susceptibility to specific infections,

reduced susceptibility to EAE, reduced inflammatory

responses, and delayed type hypersensitivity, defective

adaptive immunity to tumors and infections

(Sutton et al., 2006; Joeckel et al., 2012;

Ghiringhelli et al., 2009; Ben-Sasson

et al., 2013)

Il18 (mouse) Spontaneous metabolic syndrome, reduced susceptibility

to LPS, arthritis, Fas ligand-mediated hepatitis, graft-versus-

host disease, reduced susceptibility to EAE, increased

susceptibility to colitis and colon-carcinogenesis

(Netea et al., 2006; Dinarello, 2009;

Salcedo et al., 2013)

Il18r1 (IL-18ra, mouse) Increased susceptibility to EAE, spontaneous metabolic

syndrome, increased susceptibility to colitis, and colon-

carcinogenesis

(Netea et al., 2006; Dinarello, 2009;

Salcedo et al., 2013)

Il33 (mouse) Decreased resistance to parasites, reduced inflammatory

and allergic responses, reduced colitis

(Oboki et al., 2010; Liew et al., 2010)

Il1rl1 (St2, mouse) Decreased resistance to parasites and bacteria, reduced

arthritis and colitis, decreased Th2 responses, reduced

endotoxin tolerance

(Neill et al., 2010; Liew et al., 2010)

Il37 Tg (transgenic mouse) Decreased susceptibility to LPS, DSS-induced colitis,

ischemic heart injury, liver ischemia and reperfusion,

defective adaptive immunity.

(Nold et al., 2010; McNamee et al., 2011;

Yousif et al., 2011; Sakai et al., 2012;

Luo et al., 2013)

IL36ATg (IL-36a, transgenic mouse) Psoriasis (Blumberg et al., 2007)

Il1f5 (IL-36ra, mouse) Psoriasis (Tortola et al., 2012)

IL36RN (IL-36Ra, human) Severe psoriasis (Marrakchi et al., 2011)

Il1rl2 (IL-36r, mouse) Reduced psoriasiformis dermatitis (Tortola et al., 2012)

Sigirr (Tir8, mouse) Increased susceptibility to DSS-induced colitis, colon

carcinogenesis, bacterial and fungal infections,

autoimmunity including LES, arthritis, psoriasis and

EAE, leukemia, allergy, kidney ischemia/reperfusion

(Garlanda et al., 2004; Xiao et al., 2007;

Wald et al., 2003; Garlanda et al., 2007b;

Lech et al., 2008; Bulek et al., 2009; Gulen

et al., 2010; Bertilaccio et al., 2011)
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activatedM1macrophages (Tannahill et al., 2013) stabilizes hyp-

oxia-inducible factor a (HIF-1a), which in turn induces IL-1b.

Thus, a metabolic signal represented by succinate serves as a

selective trigger of HIF-1a-dependent IL-1b production and as

an amplifier of innate immunity and inflammation.

IL-33
IL-33 is a cytokine mainly involved in type 2 immunity and inflam-

mation. Its main effects on innate and adaptive cells, including

innate lymphoid cell-2 (ILC2), T helper 2 (Th2) cells, and alterna-

tively activated M2 polarized macrophages, are consistent with

this general function (Figure 2B).

IL-33 is a 30 kDa protein, composed of an N-terminal domain

containing a chromatin bindingmotif and a 18 kDa C-terminal re-

gion rich in b sheets, expressed in a constitutive or inducible

manner by several stromal, parenchymal, and hematopoietic
1006 Immunity 39, December 12, 2013 ª2013 Elsevier Inc.
cell types. IL-33 is inactivated by caspase-1 (Cayrol and Girard,

2009), and the 30 KDa protein is one of its bioactive forms. IL-33

is released as a bioactive molecule mainly upon necrotic cell

death or secreted by unconventional mechanisms. As for other

IL-1 familymembers, calpain and the neutrophil serine proteases

cathepsin G and elastase cleave human IL-33 and generate

more potent mature forms (Lefrançais et al., 2012).

Figure 2B presents in a schematic way the spectrum of action

of IL-33. Mature IL-33 signals through the ST2 receptor, which

associates with IL-1RAcP to induceMyD88-dependent signaling

(Figure 1A). The crystal structure of IL-33 in complex with the ec-

todomain of ST2 has recently been solved (Liu et al., 2013). ST2

is expressed on various innate and adaptive immune cell types

and drives the production of type 2 cytokines, which are respon-

sible of protective type 2 inflammatory responses in infection

and tissue repair, as well as of detrimental allergic responses.



A

B

Figure 2. IL-1 and IL-33 in Innate and Adaptive Immunity
A schematic representation of role of IL-1 (A) and IL-33 (B) in innate and adaptive immunity. ‘‘+IL-12’’ refers to costimulation by IL-33 + IL-12 of target cells. PRR,
pattern recognition receptor; Nc Th1, nonconventional Th1; a1AT, a1 antitrypsin inhibitor; CRP, C reactive protein; PTX3, pentraxin 3; HPA, hypothalamus-
pituitary-adrenal axis; FFA, free fatty acid.
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Genetic variation in the coding region at the IL1RL1, the gene

coding for ST2, results in different concentrations of soluble

ST2 (Ho et al., 2013).

Negative regulation of IL-33 activity is provided by soluble ST2

and soluble IL-1RAcP, which together bind IL-33 and prevent

its activity. In addition, TIR8 has been reported to negatively

regulate IL-33-dependent signaling and IL-33-driven allergic

responses (Bulek et al., 2009). Finally, negative regulation of IL-

33-dependent lung inflammation is exerted through posttransla-

tional regulation of IL-33R expression by polyubiquitinilation and

degradation (Zhao et al., 2012).

IL-33-activated dendritic cells (DCs) favor polarization of Th2

cells (Besnard et al., 2011). By inducing IL-5 production in

several cell types, ILCs in particular, and by promoting eosinophil

maturation, IL-33 causes eosinophilia in vivo (Bouffi et al., 2013;

Ikutani et al., 2012; Pecaric-Petkovic et al., 2009).

IL-33 amplifies innate immunity and inflammatory responses,

not necessarily dependent on the development of adaptive Th2

cell responses (Oboki et al., 2010). In macrophages, IL-33 favors

LPS-dependent cytokine and chemokine production, and M2

macrophage polarization (Espinassous et al., 2009; Kurowska-

Stolarska et al., 2009). Macrophage-derived IL-33 has been

shown to be a regulator of trophoblast proliferation and placental

growth during early pregnancy (Fock et al., 2013). In a murine

model of sepsis, IL-33 has been found to enhance neutrophil

recruitment to the site of infection and bacterial clearance by

preventing TLR-mediated downregulation of the CXCR2 chemo-

kine receptor (Alves-Filho et al., 2010).

IL-33 is a driver of type 2 inflammatory conditions such as

asthma, fibrosis, and response to parasites (Liew et al., 2010;

McHedlidze et al., 2013; Sica et al., 2013). IL-33 plays a key

role in models of allergic lung inflammation, influenza virus, or

A. fumigatus-induced airway hyperreactivity (Albacker et al.,

2013; Tjota et al., 2013). Sources of IL-33 include epithelial cells,

endothelial cells, and fibroblasts. IL-33 targets a wide range of

immunocompetent cells (Figure 2B) and drives Th2 cell polariza-

tion, eosinophil recruitment, goblet cell hyperplasia, and mucus

secretion.

In humans, genome-wide association studies (GWAS) have

identified single nucleotide polymorphisms (SNPs) in the genes

encoding ST2 and IL-33 associated with asthma (Moffatt

et al., 2010). In chronic obstructive pulmonary disease (COPD),

IL-13-dependent lung disease has been shown to depend on

long-term epithelial progenitor cells programmed for excess

IL-33 production (Byers et al., 2013).

IL-33 plays a protective role against parasites ranging from

nematode expulsion to control of Toxoplasma gondii encephali-

tis (Moro et al., 2010; Neill et al., 2010). IL-13 produced by ILCs is

responsible of this protective response (Moro et al., 2010; Neill

et al., 2010). Interestingly, IL-1b suppresses IL-25 and IL-33

production maintaining chronicity of helminthic infection (Zaiss

et al., 2013).

IL-33 has also been shown to be involved in a variety of path-

ological conditions unrelated to type 2 polarization including

arthritis, sepsis, and fungal and viral infections. In cardiovascular

diseasemodels, IL-33 plays a protective role by reducing athero-

sclerotic plaque formation (Miller et al., 2008) or by reducing car-

diac hypertrophy secondary to pressure overload (Sanada et al.,

2007). IL-33 is also involved in inducing ILC2-dependent in-
1008 Immunity 39, December 12, 2013 ª2013 Elsevier Inc.
creases in eosinophils and M2 polarized macrophages of

visceral adipose tissue, which are implicated in metabolic

homeostasis (Molofsky et al., 2013). A reflection of the role of

IL-33 in diverse pathologies is the finding of the predictive value

of increased ST2 serum concentrations in Graft versus Host

Disease after allogeneic stem cell transplantation (Vander Lugt

et al., 2013).

Thus, IL-33 is a key player in pathological conditions related to

type 2 responses, as well as in unrelated conditions, by affecting

innate and adaptive lymphoid cells (ILC2 and Th2 cells) and by

regulating the function of innate effectors including macro-

phages and mast cells.

IL-18
First described in 1989 as ‘‘interferon-g (IFN-g)-inducing factor,’’

IL-18 is closely related to IL-1b in that both are first synthesized

as inactive precursors, both require caspase-1 for cleavage,

both can be processed extracellularly by proteinase-3, and

both have decoy receptors. Similar to IL-1a, the IL-18 precursor

is found in nearly all the same mesenchymal cells in health in

humans and mice (Puren et al., 1999), and IL-18 is associated

with the monocyte membrane, as is IL-1a (Bellora et al., 2012).

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

that of the IL-37 precursor and the intron-exon borders of the

IL-18 and IL-37 genes suggest a close relationship. Indeed, IL-

37 binds to the IL-18 receptor.

As discussed below, IL-18 is an important component of

polarized Th1 cell and natural killer (NK) cell responses and of

the interplay between macrophages and NK cells (Figure 3A).

IL-18 has been implicated in several autoimmune diseases,

myocardial pathology, emphysema, metabolic syndrome,

psoriasis, inflammatory bowel disease, macrophage activation

syndrome, sepsis, and acute kidney injury. In some models of

disease as in age-related macular degeneration, IL-18 is protec-

tive (Doyle et al., 2012). IL-18 and IL-18R-deficient aged mice

spontaneously develop a metabolic syndrome similar to that of

humans with diabetes, insulin resistance, and atherosclerosis

(Netea et al., 2006).

Induction of IFN-g by IL-18 requires caspase-1 processing

(Siegmund et al., 2001b). Interestingly, Fas-sustained liver

injury is IL-18 dependent but caspase-1 independent, implying

an alternative processing pathway (Brydges et al., 2009). IL-18

can contribute to some of the manifestations of inflamma-

some-mediated caspase-1 activation in autoinflammatory dis-

eases (Towne et al., 2011).

Any phenotypic characteristic of caspase-1-deficient mice

should be studied to assess whether it is due to reduced IL-1b

or IL-18 activity. The caspase-1-deficient mouse is resistant to

dextran sulfate sodium (DSS)-induced colitis (Siegmund et al.,

2001b), but the IL-1b-deficient mouse is susceptible in the same

disease model (Bersudsky et al., 2013). Because neutralizing an-

tibodies to IL-18 are protective in theDSS colitismodel, caspase-

1 deficiency appears to prevent processing of IL-18 (Siegmund

et al., 2001a) rather than IL-1b. On the other hand, there are exam-

ples where caspase-1 processing of IL-18 is not required. For

example, Fas ligand stimulation results in release of biologically

active IL-18 in caspase 1-deficient murine macrophages.

Mice harboring the mutations prevalent in cryopyrin-

associated periodic syndrome (CAPS) spontaneously develop



Figure 3. IL-18 and IL-36 in Innate and Adaptive Immunity
A schematic representation of role of IL-18 (A) and IL-36 (B) in innate and adaptive immunity. ‘‘+’’ refers to costimulation by IL-12, IL-23, or IL-15 of the action of
IL-18 on target cells. SLE, systemic lupus erythematosus; RA, rheumatoid arthritis; GvHD, graft versus host disease.
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inflammatory characteristics such as neutrophilia and elevated

circulating concentrations of IL-1b and IL-18 and die in the

neonatal period. Genetic analysis suggests that IL-18 and IL-

1b have complementary roles in the pathogenesis of cutaneous

and systemic manifestations of CAPS (Brydges et al., 2013).

In heart ischemia, the inflammatory cascade begins with acti-

vation of caspase-1, which leads to increased release of IL-1b;

IL-1b then increases the processing and release of active IL-18

from the stored pools of the inactive IL-18 precursor (Pomerantz

et al., 2001), and to counter the inflammatory cascade, IL-18BP

reduces the activity of IL-18. Damage to the heart is likely due to

Fas signaling. Fas induces inflammatory cytokine production,
including IL-18. In addition to inducing IL-18, Fas signaling acti-

vates caspase-8 in macrophages and dendritic cells, which

results in processing and release of mature IL-1b and IL-18

(Bossaller et al., 2012). Thus, IL-18 is a key component of polar-

ized type 1 innate and adaptive responses. However, its role

extends beyond type 1 immunity to include autoinflammation

and tissue damage.

IL-36
IL-36 family members IL-36a (IL-1F6), IL-36b (IL-1F8), and IL-

36g (IL-1F9) bind to IL-1Rrp2 and use IL-1RAcP as a coreceptor

(Figure 1A) (Dinarello, 2011; Sims and Smith, 2010). IL-36Ra
Immunity 39, December 12, 2013 ª2013 Elsevier Inc. 1009
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(IL-1F5), which sharesmore than 50%homologywith IL-1Ra, is a

receptor antagonist. IL-36a, IL-36b, IL-36g, and IL-36Ra do not

contain caspase cleavage sites and N-terminal truncation at the

level of the A-X-Asp motif conserved in all IL-1 family members

dramatically increases their proinflammatory activity (Towne

et al., 2011).

IL-36 is produced by innate immune cells and lymphocytes

inducing the production of proinflammatory cytokines, chemo-

kines, and costimulatory molecules, thus promoting Th1 and

Th17 cell polarization (Vigne et al., 2011, 2012) (Figure 3B). There

is evidence that IL-36 is involved in innate immunity and inflam-

mation in the skin and lung where epithelial cells can be a source

of this cytokine. Here IL-36 is involved in pathological conditions

including psoriasis and A. fumigatus infection (Blumberg et al.,

2007; Gresnigt et al., 2013; Tortola et al., 2012). In general, IL-

36mirrors IL-1 andmight serve as an amplifier of innate immunity

and a mediator of inflammation in selected tissues, such as skin

and lung.

IL-37
IL-37 (IL-1F7) has five splice variants, and isoform IL-37b is the

most complete. An instability sequence limits the half-life of IL-

37 mRNA. Although IL-1b or TLRs increase IL-37, the anti-in-

flammatory cytokine-transforming growth factor-b (TGF-b) was

the most effective stimulus (Nold et al., 2010). Gene databases

do not contain a murine homolog for IL-37, but human IL-37 is

functional in mouse cells (Bufler et al., 2002; Sharma et al.,

2008). Silencing of IL-37 in human blood monocytes with siRNA

results in a 2- to 3-fold increase in LPS and IL-1b-induced cyto-

kines (Nold et al., 2010), suggesting that endogenous IL-37

serves as a natural brake of inflammation.

Similar to IL-1a and IL-33, IL-37 is found in the nucleus where

the cytokine functions in transcription suppressing gene expres-

sion (Sharma et al., 2008). The nuclear translocation and anti-in-

flammatory properties of IL-37 appear to be linked to binding to

the Smad3 (Grimsby et al., 2004) transcription factor for the anti-

inflammatory and immunosuppressive properties of TGF-b.

Recombinant IL-37 binds the IL-18Ra chain (Kumar et al.,

2002; Nold et al., 2013). Despite binding to the IL-18Ra chain,

IL-37 does not act as a classical receptor antagonist (Bufler

et al., 2002; Nold-Petry et al., 2009). Available evidence suggests

that IL-37 engages the IL-18Ra to deliver an inhibitory signal by

using TIR8 (Nold et al., 2013).

To define the in vivo function of IL-37, transgenic mice

expressing the full-length IL-37b isoform (IL-37Tg) have been

generated (Nold et al., 2010). IL-37Tgmice are protected against

LPS challenge with less hypothermia, acidosis, hyperkalemia,

hepatitis, dehydration, and inflammatory cytokines (Nold et al.,

2010).

IL-37Tg mice are protected against inflammatory conditions

involving the gut (DSS-induced colitis) (McNamee et al., 2011),

the heart (ischemic heart injury) (Yousif et al., 2011), and the liver

(ischemia and reperfusion) (Sakai et al., 2012). Protection is

associated with decreased concentrations of inflammatory cyto-

kines and chemokines, and increased IL-10 (colitis). In addition,

there is evidence that IL-37 expressing DCs have defective

capacity to activate effective T cell responses and induce T reg-

ulatory cells (Luo et al., 2013). IL-37 thus emerges as an inhibitor

of adaptive immunity.
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IL-38
IL-38 (IL-1F10) was originally identified in silico. The definition of

its precise function requires continued investigation. The IL-38

gene is located in the IL-1 family cluster on chromosome 2

next to the genes encoding IL-1Ra and IL-36Ra. IL-38 shares

41% homology with IL-1Ra, a 43% homology with IL-36Ra

and has a three-dimensional structure similar to IL-1Ra. By

immunohistochemistry, the IL-38 protein is expressed in the

basal epithelia of skin and in proliferating B cells of the tonsil.

The primary translated product, the IL-38 precursor of 152

amino acids, lacks a signal peptide. The natural N terminus is un-

known and there is no caspase-1 consensus cleavage site for IL-

38. The putative antagonistic role of IL-38 is based on its amino

acid homology to the naturally occurring IL-1Ra, as well as the

observation that IL-38binds to theextracellular domainof recom-

binant IL-1R1 (van de Veerdonk et al., 2012). However, in that

study, the binding affinity of recombinant IL-38 was lower than

those of IL-1Ra and IL-1b. IL-38 binds to the extracellular domain

of recombinant IL-1Rrp2 (IL-36R) expressed as an IgG1 fusion

protein (van de Veerdonk et al., 2012). IL-38 does not bind to

IL-1R1, IL-1R3, or to IL-18Rabut only to the IL-36R. In humanpe-

ripheral blood mononuclear cells (PBMC) stimulated with IL-36g

in the presence of IL-38, the production of IL-8 is reduced by

42%. By comparison, the effect of IL-36Ra on IL-36-driven IL-8

is decreased by 75% (van de Veerdonk et al., 2012). It has been

concluded that the ability of IL-38 to act as a receptor antagonist

for the IL-36R has a biological basis but this property of IL-38 is

weak; therefore, IL-38 appears to act as a partial receptor antag-

onist of the IL-36R. In the caseof the IL-36Ra, its antagonist prop-

erty is determined by generating different N termini and testing

forbiological activity (seeabove). Thus it remains unclearwhether

an alternate N terminus might reveal a more robust function for

recombinant IL-38.

Genetic association studies indicate that IL-38 might be

involved in human inflammatory diseases. In a GWAS of 66,185

subjects with elevated CRP, loci implicated in themetabolic syn-

drome include NLRP3, IL-6R, and IL-38 (Dehghan et al., 2011).

Allele combinations that include IL-38 polymorphisms are asso-

ciated with psoriatic arthritis and ankylosing spondylitis (Maksy-

mowych et al., 2006; Rahman et al., 2006), suggesting that IL-38

plays an important role in the pathogenesis of these inflammatory

diseases. Because of the role that Th17 cells play in the patho-

genesis of autoimmune diseases, it is possible that IL-38 is

involved in the regulation of IL-17 production. Indeed, IL-38

inhibitsCandida albicans-induced IL-17, aswell as IL-22 produc-

tion fromhumanmemoryTcells. In thepresenceof IL-38, thepro-

duction of IL-17A is reduced by 37% and IL-22 by 39%. In the

presence of IL-1Ra, the reduction of IL-17A and IL-22 is 82%

and 71%, respectively (van de Veerdonk et al., 2012). Therefore,

if IL-38 is blocking the IL-1 receptor, then the effect is weak

compared to IL-1Ra. Thus, available information suggests that

IL-38 is a negative regulator structurally and functionally related

to receptor antagonists, involved in human inflammation and

autoimmunity. Further work is required to validate this view and

to dissect the mode of action of this cytokine.

Negative Regulators
The IL-1 system is tightly regulated at multiple levels by diverse

mechanisms including receptor antagonists, decoy receptors,



Figure 4. Negative Regulators of the IL-1 Family
icIL-1Ra, two isoforms of intracellular IL-1Ra.
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dominant-negative receptor complexes, and negative regulators

(Figure 4; Table 2). In addition, soluble forms of signaling recep-

tors or accessory proteins (e.g., ST2 and IL-1RAcP) might act as

decoys or negative regulators by trapping the ligands. The exis-

tence of a wide range of negative regulators emphasizes the

need for tight control of the IL-1 system, which mediates poten-

tially devastating local and systemic inflammatory reactions.

Herewewill focus onmechanisms of negative regulation intrinsic

to the IL-1 family, including decoy receptors, receptor antago-

nists, and TIR8.

The IL-1 receptor family includes two decoy receptors, IL-1R2

and IL-18BP (Figures 1 and 4). IL-1R2 has a short cytoplasmic

tail and no TIR domain and does not signal. It is released in a sol-

uble form (Kuhn et al., 2007; Lorenzen et al., 2012) as a conse-

quence of proteolytic processing or alternative splicing. The

overall structure of the IL-1b-IL-1R2-IL-1RAcP complex is similar

to that of the signaling ligand-receptor complex (Wang et al.,

2010).

IL-1R2 negatively regulates IL-1 activity by different mecha-

nisms (Figure 4). By binding with high affinity, IL-1R2 acts as a

molecular trap for IL-1 (Colotta et al., 1993; Re et al., 1996). Inter-

estingly, IL-1R2 binds IL-1Ra at least 100 times less efficiently

than the agonists. Moreover, IL-1R2 forms a complex with IL-1

and the IL-1RAcP, exerting a dominant-negative effect. Finally,

soluble IL-1R2 and soluble IL-1RAcP bind pro-IL-1bwith high af-

finity and block its processing by caspase-1 (Smith et al., 2003).

IL-1R2 is present in the cytoplasm and interacts with pro-IL-1a
preventing cleavage and activation by different enzymes (cal-

pain, granzyme B, chymase, and elastase) (Zheng et al., 2013).

Caspase-1 cleaves IL-1R2 causing dissociation from IL-1a,

calpain processing, and complete restoration of IL-1a activity

after necrosis or during regulated secretion. Because IL-1R2 is

expressed by a limited set of cells, this would represent a further

mechanism of negative control of IL-1a by IL-1R2 during necro-

sis, restricted to specific cell types (Zheng et al., 2013).

In contrast to IL-1R1, which is expressed by a large variety of

cell types, IL-1R2 is expressed by amore limited set of cell types,

including monocytes, polarized M2 macrophages, microglial

cells, neutrophils, B cells, and T regulatory (Treg) cells (Colotta

et al., 1993;Martin et al., 2013;Mercer et al., 2010; Reet al., 1996).

Anti-inflammatory signals enhance IL-1R2 expression,

including glucocorticoid hormones (GCs), prostaglandins, Th2

cell-associated cytokines (IL-4 and IL-13), and IL-27 (Colotta

et al., 1993), suggesting that induction of IL-1R2 contributes to

the anti-inflammatory effect of these mediators. During preg-

nancy, chorionic gonadotropins downregulate the synthesis

and release of IL-1R2 by endometrial epithelial cells, thus favor-

ing embryonic IL-1b activities essential for attachment of the

blastocyst. Increased blood concentrations of IL-1R2 have

been detected in a wide range of human disorders and might

reflect the activation of endogenous pathways of negative regu-

lation of inflammation.

IL-18BP is composed of only one Ig-like domain and is struc-

turally and functionally similar to IL-1R2 (Novick et al., 1999). By
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preventing the binding of the agonist to IL-18R, and neutralizing

IL-18 activity, IL-18BP dampens IFN-g production and conse-

quently limits Th1 cell responses (Kim et al., 2000; Novick

et al., 1999) (Figure 4). The gene is induced by IFN-g, thus

indicating that IL-18BP is part of a negative feedback loop

controlling IFN-g-dependent inflammation, and by IL-27. In

homeostatic conditions, IL-18BP is present in the circulation at

concentrations of 20-fold molar excess to IL-18, thus represent-

ing a default mechanism limiting IL-18 activity. In several IFN-g-

mediated autoimmune conditions, the concentrations of free

IL-18 compared to IL-18 bound to IL-18BP is important in deter-

mining the severity of the disease (Novick et al., 2010). IL-18BP

also binds IL-37 complex, and it might act as a dominant-nega-

tive receptor.

The IL-1 ligand family includes two receptor antagonists, IL-

1Ra and IL-36Ra (Dinarello, 2010). IL-1Ra binds IL-1R1 with an

affinity higher than that of IL-1 but fails to recruit the IL-1RAcP.

In addition to secreted soluble IL-1Ra, there are the two intracel-

lular isoforms which are considered a reservoir of IL-1Ra, to be

released upon cell death, limiting the proinflammatory action of

tissue damage.

Deficiency of IL-1Ra in mice results in spontaneous and lethal

arteritis, destructive arthritis, and psoriatic-like skin lesions, as

well as increased susceptibility to carcinogenesis (Horai et al.,

2000; Nicklin et al., 2000). Children bornwith a genetic deficiency

of IL-1Ra or functional inactive IL-1Ra suffer from severe sys-

temic and local inflammation, including pustular skin eruptions,

vasculitis, osteolytic lesions, and sterile osteomyelitis (Aksentije-

vich et al., 2009; Reddy et al., 2009).

IL-36Ra acts as a specific receptor antagonist for IL-1Rrp2

and prevents the activity of IL-36. IL-36Ra negatively regulates

the IL-36-elicited pathway comprising IL-23, IL-17, and IL-22

and development of psoriasiform dermatitis (Blumberg et al.,

2007; Tortola et al., 2012). Mutations of the IL-36Ra gene are

associated to a rare life-threatening form of psoriasis (Marrakchi

et al., 2011).

TIR8 (also known as SIGIRR) is an atypical receptor character-

ized by a single Ig domain and a TIR domain with two substitu-

tions (Ser447 and Tyr536 replaced by Cys222 and Leu305),

which early on suggested nonconventional signaling (Figures

1A and 4). TIR8 is expressed in several tissues, particularly in

the kidney, digestive tract, liver, lung, and lymphoid organs

(Garlanda et al., 2009).

TIR8 inhibits NF-kB and JNK activation following stimulation of

IL-1R family members or TLRs (IL-1RI, IL-18R, ST2, TLR1, TLR2,

TLR3, TLR4, TLR7, and TLR9) (Bulek et al., 2009; Garlanda et al.,

2004; Lech et al., 2008; Wald et al., 2003), by interfering with the

recruitment of TIR-containing adaptor molecules (Wald et al.,

2003). TIR8 can also regulate mTOR kinase activity in Th17 lym-

phocytes (Gulen et al., 2010) and in intestinal epithelial cells (Xiao

et al., 2010).

Studies with deficient mice have shown that TIR8 plays nonre-

dundant roles in regulating potentially detrimental inflammatory

responses associated to infections, such as tuberculosis, candi-

diasis, aspergillosis, and P. aeruginosa infection (Bozza et al.,

2008; Chen et al., 2011; Garlanda et al., 2007a; Huang et al.,

2006). TIR8-deficiency causes more severe gut inflammation

during DSS colitis (Garlanda et al., 2004; Xiao et al., 2007) and

increased susceptibility to intestinal carcinogenesis (Garlanda
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et al., 2007b; Xiao et al., 2007; Xiao et al., 2010). In a murine

model of chronic lymphocytic leukemia (CLL), TIR8-deficiency

leads to a more severe and earlier appearance of monoclonal

B cell expansions and to shortened life span, in agreement

with TIR8 downmodulation in human malignant B cells (Bertilac-

cio et al., 2011).

In kidney ischemia or transplantation, TIR8-deficiency causes

increased renal injury or severe graft rejection, associated with

excessive inflammation and amplified adaptive immune re-

sponses against donor antigens (Lech et al., 2009; Noris et al.,

2009). TIR8 modulated LPS-induced microglia activation and

neuroinflammation, cognitive and synaptic functions in hippo-

campal tissue in response to IL-1a, and high mobility group

box 1.

TIR8-deficiency is also associated with increased suscepti-

bility to develop allergy and autoimmunity in various models

including systemic lupus erythematosus, lupus nephritis (Lech

et al., 2008, 2010), arthritis (Drexler et al., 2010), experimental

autoimmune encephalomyelitis, and psoriasis (Russell et al.,

2013). In the latter cases, TIR8 dampens IL-1-dependent differ-

entiation of Th17 and Tgd17 cells (Gulen et al., 2010; Russell

et al., 2013).

IL-1RAcPb is an alternative form of IL-1RAcP restricted to the

central nervous system (CNS), generated by alternative splicing,

in which the prototypical IL-1RAcP C-terminal exon 12 is skip-

ped and an alternative exon 12b is used (Smith et al., 2009).

The exon 12b encodes a sequence of approximately 140 addi-

tional amino acids in the C-terminal of the TIR domain causing

a changed configuration in the DD loop and aD helix regions of

the IL-1RAcPb TIR domain and affecting the interaction with

MyD88 and IRAK4. IL-1RAcPb could also be recruited to other

IL-1RAcP-utilizing receptors, such as ST2 and IL-1Rrp2, which

are expressed in the CNS. IL-1RAcPb-deficiency is associated

with neuronal loss, suggesting that it might dampen the neuro-

toxic effects of IL-1 by modulating the intracellular signaling

and gene-expression response to LPS-induced IL-1 or possibly

to other cytokines acting through IL-1RAcP (Smith et al., 2009).

Orchestration of Innate and Adaptive Lymphoid Cells
IL-1 family members affect virtually all cells of the innate immune

system, including macrophages, neutrophils, eosinophils, baso-

phils, andmast cells (Figure 2A). This aspect has previously been

reviewed (Dinarello, 2009; Dinarello et al., 2012; Gabay et al.,

2010; Sims and Smith, 2010) and specific topics (e.g., M2

macrophage polarization for IL-33) are discussed above. Here

we will focus on interaction with lymphoid cells.

One of the early descriptions of, and bioassay for, IL-1 was

based on costimulation of T lymphocyte proliferation, the

so-called lymphocyte activation factor (LAF) activity and assay

(Dinarello, 2009). The perception that IL-1 affects lymphoid cells

has waned for a long time to be revisited with the realization that

polarized T cell and ILC differentiation and function involves

members of the IL-1 family (Figure 5) (O’Shea and Paul, 2010;

Spits et al., 2013).

ILCs are a complex and heterogeneous group of lymphoid

cells involved in innate immunity and tissue remodeling (Spits

et al., 2013). ILCs have been recently divided in different func-

tional subsets: group 1 ILCs includes NK cells and other IFN-

g-producing ILCs; group 2 ILCs includes cells that produce



Figure 5. IL-1 Family Members in the Differentiation and Function of Innate and Adaptive Lymphoid Cells
‘‘+’’ above arrows refers to stimulation of target cells by IL-1 family members with or without other cytokines (IL-12, IL-25, thymic stromal lymphopoietin [TSLP],
IL-23). Arrows point to products of stimulated cells and cellular effectors (on the right part). ncTh1, nonconventional Th1 cells (human). The// sign for the Th17
cells and Tgd17 cells indicates the presence of intermediate cells (endothelium, epithelium), which respond to IL-17.
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type 2 cytokines (IL-4, IL-5, IL-9, and IL-13); group 3 ILCs pro-

duce IL-17 and/or IL-22. In analogy with T cell polarization,

ILCs depend on g chain cytokines and IL-1 family members for

their specific development and activity. IL-18, together with IL-

15, is a major stimulus for IFN-g production by group 1 ILCs;

IL-33, acting in synergy with IL-25, is a potent inducer of the

expansion of type 2 ILCs and of the production of extremely

high amounts of Th2 cell-associated cytokines, in particular IL-

5 and IL-13; IL-1b and IL-23 activate group 3 ILCs to produce

IL-17 and IL-22 (Figure 5).

NK cells are prototypic ILC1 cells. IL-18 is a keymediator in the

interaction between NK cells and DC or macrophages (e.g., Bel-

lora et al., 2012; Mailliard et al., 2005). Macrophage-derived

IL-18 promotes NK cell activation and, via DC, activation of

adaptive responses. In secondary lymphoid tissues, DC-derived

IL-1b preferentially promotes ILC3 phenotype and expansion

from immature NK cells, at the expense of development and

maturation of conventional IFN-g-producing NK cells, which

express lower amounts of IL-1R1 (Hughes et al., 2010).

In an interesting unexpected twist, IL-33 has been recently

involved in the response to bee venom phospholipase A2

(PLA2) (Palm et al., 2013). PLA2, a conserved component of

many venoms, triggers release of IL-33 and activation of

ILC2s. The adaptive Th2 response against PLA2 is also IL-33

and ST2 dependent. Thus IL-33 is a key element of the innate

response to a conserved component of venoms.

IL-1 family members are key components of T cell polarization

and function (O’Shea and Paul, 2010). IL-18 was originally iden-

tified based on its capacity to costimulate IFN-g production. It is

therefore not surprising that IL-18 has been associated with Th1

cell differentiation (Santarlasci et al., 2013). IL-18 is dispensable
for recruitment of naive T cells to become Th1 cells. The IL-18R is

induced by IL-12 in Th1 cells, and this cytokine amplifies their

expansion and IFN-g production.

It has long been held that IL-1R1 is not expressed in Th1 cells.

Recent results with human lymphocytes dispel this oversimplifi-

cation. It has found that a subset of Th1 clones, in particular

those characterized by expression of CD161, expresses IL-

1R1 (Cosmi et al., 2008; Maggi et al., 2012). These ‘‘nonclas-

sical’’ Th1 cells derive from Th17 cells. Thus, expression of

IL-1R is a feature of ‘‘nonclassical’’ Th1 cells ontogenetically

related to Th17 cells. The actual role of IL-1 in the function of

this Th1 subset remains to be elucidated.

The IL-1 familymember associated with Th2 cell differentiation

and function is IL-33 (see above). Unlike Th1 cells, Th2 cells

express the IL-33 receptor chain ST2 (Guo et al., 2009). IL-33

is dispensable for Th2 cell differentiation but it amplifies cytokine

production (in particular IL-5 and IL-13) by these cells.

Analysis of the differentiation of human naive T cells to Th17

cells originally revealed a key role of IL-1 (Acosta-Rodriguez

et al., 2007; Annunziato et al., 2007). Accordingly, IL-1 is required

for development of Th17 cell-sustained autoimmunity (e.g.,

Chung et al., 2009; Sutton et al., 2006; Veldhoen et al., 2006).

IL-1 has more subtle actions in Th17 cells than promotion of

differentiation. Candida albicans- and Staphylococcus aureus-

specific human Th17 cells produce IL-17, but differ in terms of

IL-10 and IFN-g. IL-1 is essential to generate C. albicans-

induced cells capable of producing both IL-17 and IFN-g. IL-1

also inhibits IL-10 production, which otherwise dampens IFN-g

secretion (Zielinski et al., 2012). Thus, IL-1 plays a role in fine-

tuning the cytokine repertoire of Th17 cells specific for different

pathogens.
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Tgdcells are themajor sourceof IL-17earlyafter infection (Chien

et al., 2013). IL-1 is not required for thymic differentiation of Tgd17.

However, Tgd17 express the IL-1R and IL-1 in concert with IL-23

drives their activation and IL-1 production, thus setting in motion

an amplification circuit (Duan et al., 2010; Zeng et al., 2012).

Methicillin-resistant Staphilococcus aureus represents a

serious clinical problem. In a mouse model of skin infection,

resistance to S. aureus depends on IL-1, which promotes IL-17

production by Tgd cells (Myles et al., 2013). Keratinocytes and

possibly myeloid cells are the major source of IL-1b. The same

cells produce IL-19, IL-20, and IL-24, three members of the IL-

10 family. These cytokines act via the IL-20 receptor and elicit

degradation of the transcription factor cEBP, thus resulting in

feedback inhibition of IL-1.

iNKT cells respond to IL-1 and IL-18. IL-1, together with other

cytokines, has been reported to induce IL-17 production by iNKT

cells and, in the context of viral infection, IL-22 (Doisne et al.,

2011; Monteiro et al., 2013; Paget et al., 2012).

IL-1R1-deficient mice show defective capacity to generate

effective CD8+ T cell responses to viruses (e.g., Joeckel et al.,

2012) and tumors (Ghiringhelli et al., 2009). By using the OT-1

model, it has recently reported that IL-1b results in increased

numbers and effector function of antigen-specific T cells. The ef-

fect of IL-1 includes the amplification of the memory response

(Ben-Sasson et al., 2013). This finding raises the issue of the

possible use of IL-1 as an adjuvant to stimulate CD8+ T cell

response.

Therapeutic Strategies for IL-1 Blockade in Human
Diseases
Anakinra is the generic name for the recombinant form of the

naturally occurring IL-1Ra and has been approved in 2001 to

treat rheumatoid arthritis and recently to treat CAPS. However,

Anakinra has proved efficacious in a broad spectrum of diseases

and is currently in several clinical trials (Dinarello et al., 2012).

These include autoimmune hearing loss, hydradenitis suppura-

tiva, stroke, and osteoarthritis of the hand. The responses to ana-

kinra are rapid and sustained and in many conditions, treatment

with anakinra allows for a reduction in steroid use, particularly in

children with systemic juvenile idiopathic arthritis. Anakinra is

also used to treat common diseases such as recurrent gout

attacks unresponsive to standards of therapy.

There is a large body of preclinical evidence supporting the

rationale for specifically targeting IL-1b with neutralizing anti-

bodies. In autoinflammatory diseases, IL-1b is released from

the activated monocyte as a result of dysregulation of cas-

pase-1. Canakinumab is a human monoclonal antibody specif-

ically targeting IL-1b, which is approved for the treatment of

CAPS, systemic onset juvenile idiopathic arthritis, and refractory

gout. It will be tested in a large trial in cardiovascular pathology. A

neutralizing monoclonal anti-IL-1a antibody has been tested in

Type 2 diabetes, cancer cachexia, pustular psoriasis, occlusive

vascular disease, and scarring acne vulgaris and in each condi-

tion, reduced disease severity has been observed in limited trials

(Hong et al., 2011).

Concluding Remarks
Evidence obtained in the last few years indicates that members

of the IL-1 family are key players in the differentiation and func-
1014 Immunity 39, December 12, 2013 ª2013 Elsevier Inc.
tion of innate and adaptive lymphoid cells. Thus, in a way, the

long overlooked costimulating activity of IL-1 (LAF) has now

been vindicated by the discovery of its role in innate and adaptive

lymphoid cell differentiation and function.

Early work had shown that IL-1 has adjuvant activity (Dinarello,

2009) and activation of the inflammasome might contribute to

the function of adjuvants in current clinical use. The identification

of the role of IL-1 family members in lymphoid differentiation

raises the issue as to whether this aspect of the function of

IL-1 family members can be harnessed for better vaccines

(e.g., Ben-Sasson et al., 2013).

The IL-1 system is characterized by the recurrent theme of

balancing accelerators and brakes (receptor antagonists, decoy

receptors, TIR8). Scattered evidence suggests that negative reg-

ulators are key components of resolution of inflammation. It is

tempting to speculate that these components of the IL-1 family

might represent therapeutic targets in proresolving strategies.

Anti-IL-1 strategies have had a tremendous impact in the ther-

apy of autoinflammatory disorders sustained by inflammasome

activation and, to a lesser extent, autoimmune diseases (Dinar-

ello, 2010). Ongoing studies suggest that blocking IL-1 might

have a broader clinical impact on relatively rare (e.g., Behcet

uveitis) and common (e.g., cardiovascular) diseases. Better

understanding of the pathophysiology of IL-1 and its relatives

holds promise of innovative therapeutic tools and targets: hic

sunt leones.
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