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IL-1R like receptors (ILRs), as well as Toll Like Receptors (TLRs), are members of a 
superfamily of phylogenetically conserved proteins of innate immunity and inflammation, 
characterized by the presence of a conserved intracellular domain, the Toll/IL-1R (TIR) 
domain. Most members of both subfamilies are responsible of the activation of an 
evolutionarily conserved signaling pathway leading to inflammation and innate responses: 
upon ligand binding, dimerization of receptor TIR domains, recruitment of TIR domain 
containing adapter proteins and activation of signaling occur. This pathway involves 
Myeloid differentiation factor 88 (MyD88), IL-1R associated kinases (IRAKs), and tumor 
necrosis factor receptor-associated factor 6 (TRAF6) and leads to activation of nuclear 
factor kappa B (NF-kB), activator protein-1 (AP-1), c-Jun N-terminal kinase (JNK), p38 
mitogen-associated protein kinase and members of the interferon regulatory factor family. 

Depending on the structure of the extracellular region, the family is subdivided in TLRs 
bearing leucine-rich repeats and ILRs bearing Ig-like domains. Whereas TLRs are receptors 
for specific pathogen associated molecular patterns and of necrotic cell-derived danger 
signals and act as sensors for microorganisms and tissue damage, the ILR subfamily 
includes the receptors and the accessory proteins (AcP) for pro- and anti-inflammatory 
molecules of the IL-1 family. ILRs are involved in the initiation of an amplification cascade 
of innate resistance, contribute to the activation and orientation of adaptive immunity 
and play a key role in inflammatory conditions. In particular, ILRs ligand family includes 
pro-inflammatory molecules such as IL-1a and IL-1b (IL-1F1), IL-18/IL-1F4, IL-36a/
IL-1F6, IL-36b/IL-1F8 and IL-36g/IL-1F9. Other members of the IL-1 family show 
anti-inflammatory activity: IL-1Ra/IL-1F3 binds to IL-1R1 inhibiting the recruitment 
of IL-1RAcP and competes with IL-1a and IL-1b for receptor binding; IL-36Ra binds 
IL-1Rrp2 antagonizing IL-36a, IL-36b and IL-36g; IL-37 produces anti-inflammatory 
effects; and finally IL-33 binds to T1/ST2, recruits IL-1RAcP and induces the expression of 
anti-inflammatory cytokines. 
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Uncontrolled or deregulated activation of ILRs- or TLRs-dependent inflammatory and 
immune responses can be detrimental for the host and potentially causes tissue damage 
and acute or chronic inflammatory disorders. For the IL-1 system, which has served as a 
paradigm for the definition of signaling and regulatory mechanisms, the control is exerted 
at different levels, both extracellularly and intracellularly, for instance by polypeptide 
antagonists, decoy receptors, signaling molecules and miRNA. In particular, decoy 
receptors, such as IL-1R2, bind ligands that are no longer available for the transducing 
receptors or form dominant negative non-signaling complexes with AcPs. TIR8/SIGIRR 
inhibits the activation of the signaling pathway by TLRs and IL-1R by interfering with the 
association of adaptor molecules to the receptor complex. 

Thus, the family of IL-1 ligands and receptors evolved with the dual role of activating 
as well as reducing and modulating inflammation and innate and adaptive immune 
responses. This Research Topic is focused on different members of the IL-1 ligand and 
receptor family, on their function as activators or suppressors of inflammation, activation 
and polarization of adaptive responses, on their involvement in pathology and potential 
therapeutic targeting.
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IL-1 has served as a ground breaking molecule in immunology and
it is now experiencing a renaissance. Originally the description of
a cytokine acting at vanishingly low concentration on cells and
organs as diverse as the hypothalamus (fever) and T cells (1) was
without precedent in biology and paved the way to the whole field
of cytokines and their pleiotropic mode of action.

The discovery of the importance of IL-1 in defense against bac-
teria and of the Toll-IL-1 resistance (TIR, as originally defined)
domain was upstream of the discovery of Toll-like receptors (2).
Along the same line, the identification of MyD88 as the key adaptor
in the IL-1 receptor signaling cascade (3) prompted its identifica-
tion in Toll/TLR4 signaling (4, 5). The type II IL-1 receptor was
identified as a decoy for IL-1, thus providing a new paradigm in
receptor biology (6), subsequently extended to other cytokines
and growth factors (7). Stunning from this strong roots, IL-1 has
in recent years seen a renaissance. New relatives of IL-1 and IL-
1R have been identified and their function has been defined in
innate and adaptive immune responses. IL-1 family members have
emerged as key players in the differentiation of the main T helper
subsets, Th1, Th2, and Th17. Finally, anti-IL-1 strategies have had
a tremendous impact in autoinflammatory diseases and are being
tested in a variety of clinical conditions.

This volume brings together eight articles that are intended
to provide a summary about IL-1 family ligand and receptors
in inflammation and immunity. The eight articles are briefly
described below.

van de Veerdonk et al. focus their review on the IL-1 fam-
ily of ligands, describe their biological functions and provide new
insights in their biology (8). In particular they focus on the new IL-
1 family members, IL-37 and the cytokines belonging to the IL-36
subfamily and on the potency of blocking IL-1 in disease. Among
the ligands, a special focus on the biology of IL-18 as well as its role
in human disease is provided by the review by Dinarello et al. (9).
IL-18 is synthesized as an inactive precursor requiring process-
ing by caspase-1 into an active cytokine, similarly to IL-1β, and is
constitutively present in nearly all cell types. The activity of IL-18
is balanced by the presence of a high affinity naturally occurring
IL-18 binding protein (IL-18BP), which is now in clinical trials.

Most members of the IL-1 family, including the master pro-
inflammatory cytokine IL-1β, are leaderless proteins and are
released from the cell though a “non-classical” pathway of secre-
tion. Rubartelli et al. review current hypotheses on the mecha-
nisms of externalization of IL-1 family members and discuss their

relevance with respect to the different functions, as cytokines or as
DAMPs, played by IL-1 family members (10).

Members of IL-1R like receptor family include signaling mole-
cules and negative regulators. In our review, we present the latter,
which include the prototypic decoy receptor type 2 IL-1R and
“receptors” with regulatory function, such as TIR8/SIGIRR (11).
We suggest that the presence of multiple pathways of negative reg-
ulation of members of the IL-1/IL-1R family emphasizes the need
for a tight control of members of this fundamental system, which
mediates potentially devastating local and systemic inflammatory
reactions.

Voronov et al. present the role of IL-1 as a pleiotropic cytokine
in the context of cancer (12). In their secreted form, IL-1α and IL-
1β are involved in tumorigenesis and tumor invasiveness, whereas
IL-1α, when expressed on the cell membrane, stimulates anti-
tumor cell immunity. Differential patterns of IL-1α and IL-1β

expression and function have been observed in different tumors,
thus the authors suggest that better understanding of the role of
IL-1α and IL-1β in distinct malignancies will enable the applica-
tion of novel IL-1 modulation approaches in cancer patients as an
adjunct to conventional approaches.

Lopetuso et al. discuss the dichotomous functions of IL-
1 family members, such as IL-1, IL-1Ra, IL-18, and IL-33, in
gastrointestinal-related inflammatory disorders, depending on the
phase of disease or homeostasis and show that IL-37 is emerg-
ing as a potent anti-inflammatory cytokine which downregu-
lates colitis (13). In addition, they present data on IL-1 family
members suggesting novel pathogenic hypotheses and transla-
tional implications for inflammatory bowel disease (IBD) and
inflammation-associated colorectal cancer.

The review by Federici et al. presents inherited autoinflam-
matory diseases secondary to mutations of proteins of the
intracellular pathways deputed to the activation and secre-
tion of IL-1β (14). The authors show that the understand-
ing of the molecular pathways involved in these disorders has
clarified that similar pathogenic mechanisms play also a cru-
cial role in sustaining inflammation in several multi-factorial
inflammatory disorders and opened new perspectives for the
treatment of these autoinflammatory disorders based on IL-1
blockers.

Finally, Santarlasci et al. discuss the involvement of IL-1α and
IL-1β in the differentiation, activation, and maintenance or sur-
vival of the different Th cell subsets (15). Indeed, the differential
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Garlanda and Mantovani IL-1 family ligands and receptors

expression of IL-1R1 on human CD4+ T cell subsets confers dis-
tinct capacities to acquire specific effector functions. In particular,
IL-1β is a key cytokine in Th17 development, acting through IL-
1R1 expressed already by the naïve CD4+ Th17 precursor, and
interestingly by a sub-set of Th1 cells possibly derived by plasticity
of Th17 cells.

The reviews collected in this issue of Frontiers will hopefully
provide the reader with the sense of diversity and impact of IL-1
family members in the activation and regulation of innate and
adaptive immune responses and in immunopathology.
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The interleukin-1 (IL 1) family of ligands is associated with acute and chronic inflammation,
and plays an essential role in the non-specific innate response to infection. The biological
properties of IL 1 family ligands are typically pro-inflammatory.The IL 1 family has 11 family
members and can be categorized into subfamilies according to the length of their precursor
and the length of the propiece for each precursor (Figure 1).The IL 1 subfamily consists of
IL 1α, IL 1β, and IL 33, with the longest propieces of the IL 1 family. IL 18 and IL 37 belong
to the IL 18 subfamily and contain smaller propieces than IL 1 and IL-33. Since IL 37 binds
to the IL 18Rα chain it is part of the IL 18 subfamily, however it remains to be elucidated
how the propiece of IL 37 is removed. IL 36α, β, and γ as well as IL 36 Ra belong to the IL
36 subfamily. In addition, IL 38 likely belongs to this family since it has the ability to bind
to the IL 36R. The IL 36 subfamily has the shortest propiece. The one member of the IL 1
family that cannot be categorized in these subfamilies is IL 1 receptor antagonist (IL 1Ra),
which has a signal peptide and is readily secreted. In the present review we will describe
the biological functions of the IL-1F members and new insights in their biology.

Keywords: interleukin-1, cytokines, ligands, review, biology

INTRODUCTION
The interleukin-1 (IL-1) family of ligands is associated with acute
and chronic inflammation, and plays an essential role in the non-
specific innate response to infection. The biological properties of
IL-1 family ligands are typically pro-inflammatory. The IL-1 fam-
ily has 11 family members and can be categorized into subfamilies
according to the length of their precursor and the length of the pro-
piece for each precursor (Figure 1). The IL-1 subfamily consists
of IL-1α, IL-1β, and IL-33, with the longest propieces of the IL-1
family. IL-18 and IL-37 belong to the IL-18 subfamily and contain
smaller propieces then IL-1 and IL-33. Since IL-37 binds to the
IL-18Rα chain it is part of the IL-18 subfamily, however it remains
to be elucidated how the propiece of IL-37 is removed. IL-36α, β,
and γ as well as IL-36 Ra belong to the IL-36 subfamily. In addi-
tion, IL-38 likely belongs to this family since it has the ability to
bind to the IL-36R. The IL-36 subfamily has the shortest propiece.
The one member of the IL-1 family that cannot be categorized in
these subfamilies is IL-1 receptor antagonist (IL-1Ra), which has a
signal peptide and is readily secreted. In the present review we will
describe the biological functions of the IL-1F members and new
insights in their biology.

THE IL-1 SUBFAMILY
INTERLEUKIN-1α
IL-1α does not have a signal peptide, binds to nuclear DNA, and
is released from the cell upon death after which it can bind to the
IL-1R1 receptor as either an unprocessed precursor or a processed
protein. Primary cells such as keratinocytes, thymic epithelium,
hepatocytes, endothelial cells, fibroblasts, and the epithelial cells
of mucus membranes contain constitutive levels of intracellular
IL-1α precursor (Hacham et al., 2002). Furthermore, precursor
IL-1α can be found on the surface of several cells, particularly on

monocytes and B-lymphocytes, referred to as membrane bound
IL-1α (Kurt-Jones et al., 1985). Membrane bound IL-1α is bio-
logically active (Kaplanski et al., 1994), and its biological activities
are neutralized by antibodies specific to IL-1α. Endothelial cells
undergoing stress-induced apoptosis release membrane apoptotic
body-like particles containing full-length IL-1α precursor and
the processed mature form (Berda-Haddad et al., 2011). When
injected into mice, apoptotic body-like particles containing the
IL-1α precursor induce neutrophilic infiltration that can be pre-
vented by neutralization of IL-1α (Berda-Haddad et al., 2011).
Although the IL-1α precursor is biologically active, the processed
form is more active. The processing of the IL-1α precursor is
accomplished by calpain II, a membrane-associated, calcium-
dependent cysteine protease (Miller et al., 1994), and calcium
influx induces IL-1α secretion of the processed form (Gross et al.,
2012).

It has been proposed that IL-1α acts as an autocrine growth
factor since the intracellular regulating normal cellular differenti-
ation, particularly in epithelial and ectodermal cells. In support of
this concept, neutralizing intracellular IL-1α reduces senescence in
endothelial cells (Maier et al., 1990), and constitutive IL-1α precur-
sor can bind to HAX-1 in fibroblasts that subsequently translocates
as a complex to the nucleus (Kawaguchi et al., 2006). Although
these data support the concept that IL-1α can act as an autocrine
growth factor, it should be noted that mice deficient in IL-1α show
no defects in growth and development, including skin, fur, epithe-
lium, and gastrointestinal function (Horai et al., 1998). However,
since mice deficient in IL-1α still retain the N-terminal propiece
(Werman et al., 2004) and this N-terminal propiece of IL-1α has
been shown to bind HAX-1 (Yin et al., 2001) it could still be that
the propiece of IL-1α is responsible for the proposed autocrine
growth factor function of IL-1α.
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FIGURE 1 | Subfamilies according to the length of their precursor.
Three families can be distinguished in the IL-1 family, the IL-1 subfamily, the
IL-18 subfamily, and the IL-36 subfamily. The IL-1 receptor antagonist (IL-1Ra)
cannot be categorized in these subfamilies, since it has a signal peptide and
is readily secreted.

IL-1α plays an important role in sterile inflammation. Upon
necrotic cell death the IL-1α precursor is released (Carmi et al.,
2009; Cohen et al., 2010) and binds to the IL-1 receptor on
nearby tissue macrophages and epithelial cells (Luheshi et al., 2011;
Rider et al., 2011). This will trigger a pro-inflammatory response
characterized by neutrophilic influx that is followed by influx of
monocytes (Rider et al., 2011). This is underlined by the observa-
tion that extracts of tumor cells induce neutrophilic inflammation,
which does not occur in mice deficient in IL-1RI and that can be
prevented by neutralization of IL-1α (Chen et al., 2007). Thus,
IL-1α, either the unprocessed precursor or the cleaved form can
be seen as an alarmin (Chan et al., 2012). Furthermore, platelets
also contain IL-1α (Hawrylowicz et al., 1989), and platelet-derived
IL-1α has been described to be important in brain injury in stroke
models (Thornton et al., 2010) and in atherosclerosis (Gawaz et al.,
2000).

In mice fed a high-fat diet, serum amyloid A protein, a marker
of inflammation in atherogenesis, was markedly lower in IL-1α-
deficient mice compared to wild type or IL-1β-deficient mice
(Kamari et al., 2007). IL-1α-deficient mice had significantly higher
levels of non-high density lipoprotein cholesterol. The beneficial
effect of IL-1α deficiency was due to hematopoietic cells trans-
ferred from the bone marrow of IL-1α-deficient mice resulting
in a reduction in aortic lesion size twice that observed in mice
transplanted with IL-1β-deficient bone marrow cells. Therefore,
IL-1α appears to play an important role in the pathogenesis of
lipid-mediated atherogenesis and this may be due to an effect of
membrane IL-1α.

INTERLEUKIN-1β
IL-1β is a highly inflammatory cytokine as reviewed in Dinarello
(2011a), and is primarily a product of monocytes, macrophages,
and dendritic cells (DC) as well as B-lymphocytes and NK cells.
Caspase-1, an intracellular cysteine protease, is responsible for the
conversion of inactive IL-1β precursor into the active cytokine
(Figure 2). Caspase-1 likewise needs to be processed in order

to become active. This activation of caspase-1 is dependent on
a complex of intracellular proteins termed the inflammasome
(Agostini et al., 2004; Martinon et al., 2009). One critical compo-
nent of the inflammasome is NLRP3, also termed cryopyrin since
the gene was initially discovered in patients with “familial cold
auto-inflammatory syndrome,” a genetic disease characterized by
fevers and elevated acute phase proteins following exposure to cold
(Hoffman et al., 2001). Human blood monocytes contain consti-
tutively active caspase-1, which is dependent on the presence of the
key components of the inflammasome, namely ASC and NLRP3
(Netea et al., 2009). By contrast, other cells, such as macrophages
and DC, need an additional trigger to activate caspase-1 (Netea
et al., 2009). Non-caspase-1 mechanisms also exist to generate
active forms of IL-1β. Sterile inflammation induces fever and
increased production of hepatic acute phase proteins, which are
absent in mice deficient in IL-1β, but present in mice deficient in
caspase-1 (Fantuzzi et al., 1997a; Joosten et al., 2009). This observa-
tion can be explained by the fact that proteinase 3 from neutrophils
can also process the IL-1β precursor extracellularly into an active
cytokine (Coeshott et al., 1999; Joosten et al., 2009), as well as
other proteases including elastase, matrix metalloprotease 9, and
granzyme A (Figure 2).

Recently, autophagy has been reported to regulate IL-1β pro-
duction (Saitoh et al., 2008). Autophagy is an ancient process
of recycling cellular components, such as cytosolic organelles
and protein aggregates, through degradation mediated by lyso-
somes. Autophagy is activated in conditions of cell stress, hypoxia,
starvation, or growth factor deprivation, and it promotes cell
survival by generating free metabolites and energy through degra-
dation of the endogenous cellular components (Klionsky, 2007).
In addition to its role in the pathophysiology of aging, cancer,
and neurodegenerative diseases, autophagy can also modulate
inflammatory responses (Schmid and Munz, 2007). A role for
autophagy in production of pro-inflammatory cytokines, par-
ticularly IL-1β, has emerged with the reported link between
ATG16L1 (an autophagy gene) function and IL-1β production.
Macrophages from ATG16L1-deficient mice produce higher lev-
els of IL-1β and IL-18 after stimulation with lipopolysaccharide
(LPS) (Saitoh et al., 2008). These data suggest that higher acti-
vation of caspase-1 in ATG16L1-deficient mice accounts for the
higher production of these caspase-1 dependent cytokines. Indeed,
additional studies in ATG16L1-deficient mice point toward a
regulatory effect of autophagy on caspase-1 activation through
modulating the NLRP3 inflammasome (Saitoh et al., 2008;
Tschopp and Schroder, 2010; Nakahira et al., 2011; Zhou et al.,
2011). Autophagy can thus regulate IL-1β production by influ-
encing caspase-1 activity (Figure 2). Furthermore, autophago-
somes present in mouse macrophages can specifically degradate
IL-1β precursor (Harris et al., 2011). Moreover, inhibition of
autophagy in human primary monocytes leads to increased pro-
duction of IL-1β (Crisan et al., 2011) (Figure 2). However, in the
same cells TNFα production was decreased by autophagy inhi-
bition, suggesting that there are divergent effects of autophagy
on the production of these two important pro-inflammatory
cytokines. Interestingly, in human cells IL-1β mRNA transcrip-
tion is elevated when autophagy is inhibited, whereas no effects
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van de Veerdonk and Netea IL-1 family ligands

FIGURE 2 | Processing and regulation of IL-1β. Transcription of IL-1β mRNA
can be induced by ligands that activate Toll like receptors (TLR) or by IL-1
ligands (IL-1α and IL-1β). This transcription can be regulated by autophagy. The
precursor of IL-1β, namely pro-IL-1β, can be processed by active caspase-1

which is part of the inflammsome. In addition proteases, predominantly
derived from neutrophils, can cleave extracellular pro-IL-1β, which will be
present extracellularly in the setting of damaged inflammatory cells. This
processed mature and bioactive IL-1β can then induce its own transcription.

can be observed on caspase-1 activation (Saitoh et al., 2008;
Crisan et al., 2011; Harris et al., 2011). Despite these differences
between mouse and human cells, autophagy modulates IL-1β

production and inhibition of autophagy increases the production
of IL-1β.

The potent inflammatory function of IL-1β is underlined by
diseases that are specifically associated with IL-1β production.
Although it has been described that IL-1 can play an important
role in neurodegenerative diseases such as Alzheimer’s disease,
developmental diseases such as schizophrenia (Meyer, 2011) or
even stress (Goshen and Yirmiya, 2009) most disease states that
have been clearly linked with IL-1β mediated inflammation fall
into the category of auto-inflammatory diseases, which are to
be distinguished from the classic autoimmune diseases. Although
inflammation is common to both auto-inflammatory and autoim-
mune diseases, in the case of IL-1-mediated disease, there is no
evidence for a role of the adaptive immune system in its induction.

Persons with activating mutations in one of the key genes that
control the activation of caspase-1, namely NLRP3 (cryopyrin),
can develop life-threatening systemic inflammation, which can be
reversed by blocking IL-1β. Interestingly, in patients with these
mutations in NLRP3, there is a decrease in steady state levels of
pro-caspase-1 mRNA with IL-1Ra treatment (Goldbach-Mansky
et al., 2006), suggesting that IL-1β stimulates its own production
and processing. Other studies supporting this concept of IL-1-
induced IL-1 have been reported (Goldbach-Mansky et al., 2006;
Gattorno et al., 2007; Greten et al., 2007; Boni-Schnetzler et al.,
2008). This explains the auto-inflammatory nature of these IL-1
mediated diseases, namely an initial trigger induces the production
of IL-1β, which thereafter can induce itself. Type 2 diabetes appears
to be an example of an auto-inflammatory disease where glucose
induces IL-1β production from the insulin-producing beta cell
and IL-1β induces the beta cell to produce its own IL-1β (Maedler
et al., 2002).
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No spontaneous disease has been reported in mice deficient in
IL-1β. However, upon challenge, IL-1β-deficient mice differ signif-
icantly in their responses from wild-type mice. The most dramatic
is the response to local inflammation induced by a local irri-
tant. IL-1β-deficient mice will not have an acute phase response,
develop anorexia, and have no fever within the first 24 h (Zheng
et al., 1995; Fantuzzi et al., 1997b). These effects have also been
observed in the same model using anti-IL-1R type I antibodies
in wild-type mice (Zheng et al., 1995; Fantuzzi et al., 1997b).
Reduced inflammation has also been observed in IL-1β-deficient
mice that are exposed to zymosan-induced peritonitis (Fantuzzi
et al., 1997b). IL-1β-deficient mice injected with LPS have little or
no expression of leptin mRNA or leptin protein (Faggioni et al.,
1998), however they do have elevated febrile responses to LPS, IL-
1β, or IL-1α when compared to wild-type mice (Fantuzzi et al.,
1996).

Interleukin-1β enhances T-cell activation and recognition of
antigen. The specificity of this response was however not known
initially. IL-1β, together with IL-6, and TGFβ have been reported
to induce the development of Th17 cells, while IL-23 has been
reported to be important for the maintenance of Th17 cells
(Weaver et al., 2006; Dong, 2008; van de Veerdonk et al., 2009).
The combination of IL-23 and IL-1β induces the development
of human Th17 cells (Wilson et al., 2007). Interestingly, these
cells also released IFNγ, displaying a phenotype common to both
Th17 and Th1 cells (Wilson et al., 2007). The strong capacity of
IL-1 to induce Th17 differentiation has also been linked to the
induction and release of prostaglandins (Dinarello, 2011b). PGE2
are inducers of Th17 induction and inhibitors of cyclooxygenase
decrease IL-17 production (Chizzolini et al., 2008; Smeekens et al.,
2010). Furthermore, engagement of the aryl hydrocarbon recep-
tor, a pathway demonstrated to be crucial for the generation of
Th17 cells, has been shown to strongly induce IL-1β (Henley et al.,
2004). IL-1β is also required for the production of IL-17 by NKT
cells (Moreira et al., 2011) and of IL-22 from NK cells (Hughes
et al., 2010).

Cytokines belonging to the IL-1 family have also been described
to modulate neurons and functions of the central nervous system
(CNS). For example IL-1β and its antagonist IL-1Ra have been
extensively described for their ability to act within the CNS as
modulators of hippocampal memory, as well as involvement in
neuronal death (Yirmiya and Goshen, 2011; Hanamsagar et al.,
2012). From these studies it is clear that in some context these
cytokines that belong to the IL-1 family not only exert a patholog-
ical role but also play a role in homeostasis. These emerging obser-
vations underscore that the functions of inflammatory cytokines
such a IL-1β are not only confined to the classical inflammatory
response.

INTERLEUKIN-33
IL-33 belongs to the IL-1 subfamily, and was formerly termed
IL-1F11. IL-33Rα is the ligand binding chain for IL-33 (Schmitz
et al., 2005), and the co-receptor for IL-33 is the IL-1RAcP, which
is also the co-receptor for IL-1α and IL-1β. The IL-33Rα chain
is similar to IL-1R1, since it can bind the ligand but requires
the IL-1RAcP to signal (Ali et al., 2007; Chackerian et al., 2007).

The structure of IL-33 is closer to IL-18 than to IL-1β. Ini-
tially, IL-33 was considered closely related to IL-1β and IL-18
because the IL-33 precursor contains a caspase-1 site (Schmitz
et al., 2005). However studies have revealed that caspase-1 cleav-
ing of IL-33 actually results in loss of IL-33 activity and that
the full-length IL-33 precursor can bind to IL-33Rα and is active
(Cayrol and Girard, 2009). In addition, it has been reported that
the caspase-1 cleavage site is similar to the consensus sequence
for caspase-3 and that intracellular IL-33 precursor is a sub-
strate for caspase-3 (Cayrol and Girard, 2009). Precursor IL-33
can also be processed by neutrophil proteinase 3 (PR3) into a
biological active form of IL-33, however increasing the incuba-
tion time of PR3 will decrease the biological activity of IL-33
(Bae et al., 2012). Next to PR3 cleavage, neutrophil elastase and
cathepsin G can cleave the IL-33 precursor, which results in the
generation of IL-33 with different N-termini and varying lev-
els of activity (Lefrancais et al., 2012). Thus, extracellular IL-33
is released as a precursor and can be processed by neutrophil
enzymes which will generates active forms with varying levels of
activity.

The dominant biological activity of IL-33 is the induction
of Th2 cytokines, IL-4, IL-5, and IL-13 as well as other prop-
erties anticipated for a Th2 type cytokine. Therefore, the role
of IL-33 in lung inflammation such as allergic type asthma has
been studied extensively. Administration of IL-33 into the air-
ways triggers an immediate allergic response in the lung of naïve
mice and worsens the response in mice sensitized to antigen
(Louten et al., 2011). When human IL-33 is administered to mice
eosinophilic infiltration is a prominent finding in the lung and
in allergic rhinitis as well as allergic conjunctivitis (Matsuba-
Kitamura et al., 2010). Interestingly, it was recently described
that interleukin-1α can control allergic sensitization to inhaled
house dust mite (HDM) via the epithelial release of IL-33 (Willart
et al., 2012). Mice deficient in IL-33Rα do not develop a Th2
response to Schistosoma egg antigen, and mice deficient in IL-
33, are highly susceptible to Strongyloides venezuelensis (Yasuda
et al., 2012). This infection induces a unique class of cells called
natural helper cells or nuocytes, which produce IL-5 and IL-13
upon activation by IL-33, which results in eosinophilic infiltra-
tion into the lungs. This pulmonary eosinophilic inflammation
causes damage that is IL-33 and IL-5 dependent (Yasuda et al.,
2012).

Other impressive pathological findings such as changes in the
arterial walls and intestinal tissues have also been observed when
human IL-33 is injected in mice (Schmitz et al., 2005; Kim et al.,
2012). In mice deficient in IL-33Rα, there is myocardial hyper-
trophy, ventricle dilation, and fibrosis of the heart suggesting that
IL-33 plays a protective role in the heart (Sanada et al., 2007).
Moreover, elevated levels of the extracellular domain of IL-33Rα

predict outcomes in patients that have had a myocardial infarction
(Sanada et al., 2007). Furthermore, administration of recombinant
IL-33 inhibits the phosphorylation of IκB and reduces hypertro-
phy and fibrosis in a model of cardiomyocyte hypertrophy (Sanada
et al., 2007). One of the more challenging aspects is the role of the
IL-33 signaling pathway in the ApoE deficient mouse model of
atherosclerosis. Arterial wall plaques of ApoE deficient mice on a
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high-fat diet contain IL-33 and IL-33Rα. Atherosclerotic plaques
were markedly reduced when these mice were treated with IL-33,
however when Insoluble IL-33Rα was administered to neutralize
IL-33 signaling the disease worsened (Miller et al., 2008).

Clearly IL-33 has properties that go beyond its role of induc-
ing Th2 responses. For example, IL-33 can induce potent CD8(+)
T-cell (CTL) responses to replicating, prototypic RNA, and DNA
viruses in mice (Bonilla et al., 2012). Moreover, IL-33 is iden-
tical to a nuclear factor which is dominantly expressed in high
endothelial venules (HEV) called NF-HEV (Carriere et al., 2007).
Constitutive nuclear localization of IL-33 has also been reported
in several other cell types such as type II lung epithelial cells
(Yasuda et al., 2012), epithelial cells (Moussion et al., 2008), and
pancreatic stellate cells (Masamune et al., 2010). IL-33 binding to
DNA and acting as a nuclear factor resembles closely the IL-1α

binding to chromatin and IL-1α functioning as a nuclear factor
(Stevenson et al., 1997; Werman et al., 2004; Cohen et al., 2010).
IL-33 precursor can bind NF-κB p65 and IL-1β-induced TNFα

is reduced in cells overexpressing the IL-33 precursor (Ali et al.,
2011). These data suggest that next to the ability of IL-33 to induce
T-cell responses, IL-33 possesses anti-inflammatory activity which
appears to be dependent on nuclear sequestration (Cohen et al.,
2010).

THE IL-18 AND IL-37 SUBFAMILY
INTERLEUKIN-18
Interleukin-18 is extensively reviewed in this issue of Frontiers in
Immunology by Dr. C. Dinarello.

INTERLEUKIN-37
IL-37, formerly termed IL-1F7, lacks a signal peptide and has a
caspase-1 site. IL-37 can translocate to the nucleus following stim-
ulation, similar to IL-1α and IL-33 (Sharma et al., 2008). Inhibition
of caspase-1 markedly reduces nuclear entry of IL-37 (Sharma
et al., 2008), suggesting that IL-37 translocates to the nucleus
after caspase-1 processing, and acts as a transcriptional modula-
tor reducing the production of LPS-stimulated pro-inflammatory
cytokines. It must be noted that the secretion of IL-37 has not
been documented with any certainty. It is likely that the IL-37
precursor exits the cell during cell death and that this precur-
sor suppresses LPS-induced IL-1β, IL-6, and TNFα (Nold et al.,
2010). It was from the first reports on IL-37 that recombinant IL-
37 bound to the IL-18Rα (Pan et al., 2001; Kumar et al., 2002). In
IL-37 transgenic mice this binding of IL-37 to IL-18Rα has also
been observed (Nold et al., 2011), and it has been reported that
IL-37 specifically binds to the third domain of the IL-18Rα (Bufler
et al., 2002). However, IL-37 does not act as a classical receptor
antagonist for IL-18, despite these studies showing binding of IL-
37 to the IL-18Rα chain. High concentrations of IL-37 do not
inhibit recombinant IL-18-induced IFNγ, and recombinant IL-
37 modestly reduces IL-18-induced IFNγ in the presence of low
concentrations of IL-18BP (Bufler et al., 2002).

A mouse homolog for human IL-37 has not been identi-
fied, therefore a strain of transgenic mice has been generated
to study the in vivo biological function of IL-37 (Nold et al.,
2010). No obvious phenotype in homozygous IL-37 transgenic

mice (IL-37 tg) mice has been observed and breed normally.
Importantly, these mice do not constitutively express mRNA lev-
els of IL-37, which is most likely due to a functional instability
sequence found in IL-37 that limits the half-life of IL-37 mRNA
(Bufler et al., 2004). Upon stimulation with IL-1β or LPS, expres-
sion of IL-37 increases after 4–24 h and the IL-37 precursor
can be found in peripheral blood cells isolated from the trans-
genic mice (Nold et al., 2003). Compared to wild-type mice,
IL-37 transgenic mice are protected against LPS challenge (Nold
et al., 2010). They display significantly less hypothermia, acidosis,
hyperkalemia, hepatitis, and dehydration during LPS challenge.
In addition, IL-6 and TNFα production is significantly less in
whole blood cultures from IL-37 transgenic mice when stim-
ulated by IL-1β or the combination of IL-12 plus IL-18. This
anti-inflammatory activity of IL-37 is not limited to a reduc-
tion of the cytokines and chemokines, also DC isolated from
the spleen of IL-37 transgenic mice have a marked reduction
in their expression of CD86 and MHC II after LPS challenge
(Nold et al., 2010). IL-37 transgenic mice subjected to dex-
tran sulfate sodium (DSS)-induced colitis have significantly less
clinical disease compared to wild-type mice (McNamee et al.,
2011). A decreased leukocyte recruitment into the colonic lam-
ina propria was observed in IL-37Tg mice which was associated
with decreased proinflammatory cytokine production. Wild-type
mice reconstituted with bone marrow from IL-37 transgenic
mice were protected from colitis, suggesting that IL-37 origi-
nating from hematopoietic cells is sufficient to exert protective
anti-inflammatory effects.

THE IL-36 SUBFAMILY
The IL-1 family members IL-1F5, IL-1F6, IL-1F8, IL-1F9, and IL-
1F10 are now termed IL-36Ra, IL-36α, IL-36β, IL-36γ, and IL-38
respectively (Dinarello et al., 2010). Each member of the IL-36 sub-
family binds to the IL-1Rpr2, now termed IL-36R (Towne et al.,
2004). The IL-36 subfamily is closely related to the IL-1 subfam-
ily because similar to the IL-1α and IL-1β and IL-33, the IL-36R
forms a signaling complex with the IL-1RAcP (Towne et al., 2004;
Ali et al., 2007).

INTERLEUKIN-36α, β, γ (IL-36)
IL-36α, IL-36β, and IL-36γ all have agonistic characteristics and
signal through the IL-36R (Towne et al., 2004; Magne et al., 2006;
Chustz et al., 2011). These IL-36 cytokines are mainly expressed
in keratinocytes, bronchial epithelium, brain tissue, and mono-
cytes/macrophages (Smith et al., 2000; Barksby et al., 2009). LPS
derived from E. coli or P. gingivalis specifically induces expression
of IL-36γ, but not IL-36α or IL-36β in THP-1 cells (Barksby et al.,
2009). Peripheral blood lymphocytes are able to express IL-36γ in
response to α-particles, which can be used for targeted cancer ther-
apy (Turtoi et al., 2010), and T-lymphocytes have been reported to
express IL-36α and IL-36β (Smith et al., 2000; Li et al., 2010; Vigne
et al., 2011). Interestingly, it has recently been shown that γδ T-cells
can express IL-36β under specific conditions (Yang et al., 2010).
IL-36 cytokines like IL-1 and IL-18 also need to be processed in
order to gain full bioactivity, although the enzyme responsible still
remains to be determined (Towne et al., 2011).
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IL-36β can induce expression of itself, and thus an
autocrine/paracrine loop similar to IL-1 also seems to be present
in the IL-36 subfamily of cytokines (Dinarello et al., 1987; Car-
rier et al., 2011). IL-36α, IL-36β, and IL-36γ can induce IL-17
and TNF expression in keratinocytes, which can be synergized
by the cytokine IL-22 (Carrier et al., 2011). Furthermore, several
reports indicate that epidermal growth factor signaling regulates
the expression of IL-36α and IL-36β in the skin (Yang et al., 2010;
Franzke et al., 2012) suggesting an important role of the agonists
IL-36α and IL-36β in skin homeostasis. In line with this is the
observation that transgenic mice which overexpress the IL-36α

gene in basal keratinocytes display acanthosis and hyperkerato-
sis of the skin, which are characteristics of psoriatic skin lesions
(Blumberg et al., 2007). IL-36 cytokine expression in bronchial
epithelial cells can be induced by several pro-inflammatory stim-
uli (Vos et al., 2005; Chustz et al., 2011). In human lung fibroblasts,
IL-36γ induces the chemokine IL-8 and the Th17 chemokine
CCL20 (Chustz et al., 2011), suggesting that IL-36 cytokines
can contribute to pro-inflammatory responses and in particular
neutrophilic airway inflammation.

Furthermore, the IL-36R is highly expressed on microglial cells
and astrocytes (Lovenberg et al., 1996; Berglöf et al., 2003; Wang
et al., 2005). Murine IL-36β is expressed in neuron cells and in
glial cells, but cannot be upregulated by LPS or IL-1β stimulation
(Berglöf et al., 2003; Wang et al., 2005). Intraventricular injection
of recombinant non-processed mouse IL-36β does not induce any
of the classical IL-1 like responses such as fever or modification
of food intake and body weight in mice (Berglöf et al., 2003).
However, it must be noted that these studies have been performed
with non-processed IL-36 agonists, which is shown to have sig-
nificantly less bioactivity compared to its processed form (Towne
et al., 2011).

IL-36 RECEPTOR ANTAGONIST
IL-36Ra shares homology with IL-1Ra but is unable to bind to
the IL-1R1 since it significantly differs in loop conformations
from IL-1Ra (Dunn et al., 2003). IL-36Ra inhibits IL-36γ-induced
NFκB activation (Debets et al., 2001; Towne et al., 2004) in
a way similar to IL-1Ra (Towne et al., 2011). However unlike
IL-1Ra, IL-36Ra needs to be processed in order to gain antag-
onistic properties (Towne et al., 2011). Interestingly, IL-36Ra
itself can induce mRNA of IL-4 and protein expression in glia
cells, which can be attenuated by anti-SIGIRR antibodies. More-
over, the anti-inflammatory action IL-36Ra in vivo in the brain
is dependent on IL-4 and SIGIRR (Costelloe et al., 2008). IL-
36Ra reduces fungal-induced Th17 responses, however not in a
classical dose-dependent manner (van de Veerdonk et al., 2012;
Gresnigt et al., 2013). These reports suggest that IL-36Ra might
be able to recruit the anti-inflammatory IL-1 orphan receptor
SIGIRR and activate an anti-inflammatory signaling pathway,
and thus does not act as a classical receptor antagonist such
as IL-1Ra.

The importance of the biological activity of IL-36Ra in regulat-
ing skin inflammation has been demonstrated by several reports.
IL-36Ra deficiency exacerbates skin lesions in IL-36α transgenic
mice (Blumberg et al., 2007). Phorbol ester treatment of mouse
skin overexpressing IL-36α results in an inflammatory condition

with macroscopic and histological similarities to human psori-
asis (Blumberg et al., 2010), and characteristic inflammation of
human psoriatic skin transplanted into immunodeficient mice is
dependent on the IL-36R (Blumberg et al., 2010). In patients with
psoriasis anti-TNF treatment results in decreased expression of the
IL-36 agonists and IL-36Ra, which was associated with improved
clinical outcome (Johnston et al., 2011). This increased expres-
sion of IL-36 agonists correlates with Th17 cytokines in human
psoriatic skin lesions, although the expression of IL-36Ra by IL-
17-stimulated keratinocytes derived from patients with psoriasis
does not differ from healthy controls (Carrier et al., 2011; Muhr
et al., 2011). Moreover it has recently been shown that mutations
in IL-36RN can cause a rare life-threatening disease called general
pustular psoriasis (GPP) (Marrakchi et al., 2011; Onoufriadis et al.,
2011; Sugiura et al., 2012; Farooq et al., 2013). The currently found
mutations in IL-36RN lead to introduction of a premature stop-
codon, frameshift mutation, or an amino acid substitution which
were found to result in a misfolded IL-36Ra protein that is less
stable and poorly expressed (Marrakchi et al., 2011; Sugiura et al.,
2012; Farooq et al., 2013). The misfolded IL-36Ra has less affin-
ity with the IL-36R compared to the wild-type IL-36Ra protein,
and therefore is not able to dampen IL-36R-mediated inflamma-
tion (Marrakchi et al., 2011; Sugiura et al., 2012; Farooq et al.,
2013). These data indicate that IL-36Ra is a receptor antagonist,
and that IL-36 signaling plays a significant role in regulating skin
inflammation.

IL-36 cytokines might play a significant role in joint disease.
Remarkably, only IL-36β is expressed joints of mice and humans
(Magne et al., 2006). Interestingly, IL-36β can be measured in
the serum of healthy human volunteers, but when serum IL-
36β concentrations of healthy volunteers are compared to serum
concentrations in rheumatoid arthritis there were no significant
differences observed (Magne et al., 2006). However, a recent study
showed that the IL-36R was not involved in the inflammatory
response in a mouse model of collagen induced arthritis (Lamac-
chia et al., 2013). In a Caucasian cohort polymorphisms in IL-36β

have been associated with spondylitis ankylopoetica, but not this
association was not observed in Asian cohorts (Wu and Gu, 2007;
Kim et al., 2008).

IL-36γ expression in the lung is significantly increased com-
pared to non-challenged mice in a murine model of HDM-
induced allergic inflammation. When recombinant IL-36γ is
given intratracheally, this will result in neutrophil influx, but
not eosinophilic influx in the lungs of mice, suggesting that
IL-36γ is more involved in the regulation of neutrophilic air-
way inflammation (Chustz et al., 2011; Ramadas et al., 2011,
2012). Bronchial epithelial cells from patients with asthma
that were infected with rhinovirus show a higher expression
of IL-36γ compared to infected cells from healthy controls
(Bochkov et al., 2010). These data support the concept that IL-
36 cytokines might also play a significant role in regulating airway
inflammation.

INTERLEUKIN-38
IL-1F10 has recently been renamed IL-38 (Dinarello et al., 2010).
IL-38 shares 43% homology with IL-36Ra and 41% homology
with IL-1Ra (Bensen et al., 2001). The IL-38 precursor lacks a
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signal peptide and is 152 amino acids in length, and the natural N-
terminus is unknown (Bensen et al., 2001). There is no caspase-1
consensus cleavage site present in the precursor of IL-38. IL-38 is
predominantly expressed in the skin and in proliferating B-cells of
the tonsil (Lin et al., 2001). The allele combinations that include
IL-38 polymorphisms are associated with psoriatic arthritis and
ankylosing spondylitis (Chou et al., 2006; Rahman et al., 2006; Guo
et al., 2010), suggesting that IL-38 plays a role in the pathogene-
sis of these inflammatory diseases. Moreover, and suggesting an
important role for this cytokine in human cardiovascular disease,
polymorphisms in IL-38 were associated with CRP concentrations
in humans in addition to polymorphisms in CRP, IL-6 receptor,
and NLRP3 that were also associated with CRP concentrations
(Dehghan et al., 2011).

Although it has been reported earlier that IL-38 binds to the
IL-1 receptor type I this binding affinity of recombinant IL-38 was
low (Lin et al., 2001), and more recently it was demonstrated that
IL-38 can bind to the IL-36R similar to IL-36Ra (van de Veerdonk
et al., 2012). The only biological activity reported so far is that
IL-38 can reduce Candida-induced T helper 17 responses (van de
Veerdonk et al., 2012). Notably, the dose-response suppression of
IL-38 as well as that of IL-36Ra of Candida-induced IL-22 and
IL-17 was not similar to the classic dose-response of IL-1 receptor
antagonist, because low concentrations were optimal for inhibiting
IL-22 production (van de Veerdonk et al., 2012). A non-classical
dose-response has now been observed for IL-36Ra, IL-37, and IL-
38 activity and it remains to be determined what the underlying
mechanism and biological significance is of these findings.

INTERLEUKIN-1 RECEPTOR ANTAGONIST
The IL-1 receptor is expressed in nearly all tissues and its antago-
nism prevents receptor binding of either IL-1α or IL-1β, therefore
its biological function is as diverse as the roles of IL-1α and
IL-1β apart and combined. IL-1Ra can inhibit these responses
by binding to the IL-1R1 and preventing the recruitment of
IL-1RAcP, which will block IL-1 signaling (Dinarello, 1996). The

potent inhibitory effect of IL-1Ra and its importance as a regu-
lating protein in IL-1-mediated inflammation is underlined by
a disease called deficiency in interleukin-1 receptor antagonist
(DIRA) (Aksentijevich et al., 2009). This disease is characterized
by severe sterile multifocal osteomyelitis, periostitis, and pustulo-
sis (Aksentijevich et al., 2009). The life-threatening overwhelm-
ing inflammation of skin and bones in these patients can be
resolved by treatment with recombinant IL-1Ra. Next to treat-
ing this rare disease it should be highlighted that IL-1Ra as a
recombinant molecule is successful and on the rise as a new
therapeutic agent for many diseases. The use of blocking IL-1
is extensively reviewed in Dinarello et al. (2012), and treating
auto-inflammatory diseases with IL-1Ra such as Muckle-wells or
gout is highly effective, and a growing list of diseases in which
blocking IL-1 signaling with IL-1Ra is growing (Dinarello et al.,
2012).

CONCLUSION
It is becoming clear that most members of the IL-1 family primar-
ily promote inflammation and enhance specific acquired immune
responses, while some members can provide a brake on inflam-
mation, such as IL-1Ra and IL-36Ra. We are just beginning to
understand the biological function of the new IL-1 family mem-
bers, IL-37 and the cytokines belonging to the IL-36 subfamily,
and we are increasingly appreciating the potency of blocking IL-1
in disease. This underscores that long after the initial discovery of
IL-1, the cytokine biology of the IL-1 family is still contributing to
understanding pathology of disease and remains an exciting field
to study.
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Interleukin-18 (IL-18) is a member of the IL-1 family of cytokines. Similar to IL-1β, IL-18 is syn-
thesized as an inactive precursor requiring processing by caspase-1 into an active cytokine
but unlike IL-1β, the IL-18 precursor is constitutively present in nearly all cells in healthy
humans and animals. The activity of IL-18 is balanced by the presence of a high affinity,
naturally occurring IL-18 binding protein (IL-18BP). In humans, increased disease severity
can be associated with an imbalance of IL-18 to IL-18BP such that the levels of free IL-18 are
elevated in the circulation. Increasing number of studies have expanded the role of IL-18 in
mediating inflammation in animal models of disease using the IL-18BP, IL-18-deficient mice,
neutralization of IL-18, or deficiency in the IL-18 receptor alpha chain. A role for IL-18 has
been implicated in several autoimmune diseases, myocardial function, emphysema, meta-
bolic syndromes, psoriasis, inflammatory bowel disease, hemophagocytic syndromes,
macrophage activation syndrome, sepsis, and acute kidney injury, although in some mod-
els of disease, IL-18 is protective. IL-18 plays a major role in the production of interferon-γ
fromT-cells and natural killer cells.The IL-18BP has been used safely in humans and clinical
trials of IL-18BP as well as neutralizing anti-IL-18 antibodies are in clinical trials. This review
updates the biology of IL-18 as well as its role in human disease.

Keywords: inflammation, autoimmune diseases, inflammasomes, interleukin-1, macrophages

INTRODUCTION TO IL-18
Interleukin-18 (IL-18) was first described in 1989 as “IFNγ-
inducing factor” isolated in the serum of mice following an
intraperitoneal injection of endotoxin. Days before, the mice had
been pretreated with Propionibacterium acnes, which stimulates
the reticuloendothelial system, particularly the Kupffer cells of the
liver. Many investigators concluded that the serum factor was IL-
12. With purification from mouse livers and molecular cloning
of “IFNγ-inducing factor” in 1995 (1), the name was changed to
IL-18. Surprisingly, the new cytokine was related to IL-1 and par-
ticularly 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 bor-
ders 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 in
Ref. (2–4)]. However, the biology of IL-18 is hardly the recapitu-
lation of IL-1β. There are several unique and specific differences
between IL-18 and IL-1β. For example, in healthy human sub-
jects 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 (5). In contrast, the IL-18 precursor is present in
blood monocytes from healthy subjects and in the epithelial cells

of the entire gastrointestinal tract. Peritoneal macrophages and
mouse spleen also contain the IL-18 precursor in the absence of
disease (5). The IL-18 precursor is also present in keratinocytes
and nearly all epithelial cells. In this regard, IL-18 is similar to
IL-1α and IL-33.

PRODUCTION AND ACTIVITY OF IL-18
PROCESSING OF THE IL-18 PRECURSOR BY CASPASE-1
The IL-18 precursor has a molecular weight of 24,000 and is
processed by the intracellular cysteine protease caspase-1, which
cleaves the precursor into an active mature molecule of 17,200. As
with the processing of IL-1β, inactive pro-caspase-1 is first acti-
vated into active caspase-1 by the nucleotide-binding domain and
leucine-rich repeat pyrin containing protein-3 (NLRP3) inflam-
masome. Following cleavage 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. Com-
pared to wild-type mice, mice deficient in caspase-1 do not release
circulating IFNγ following endotoxin. IL-12-induced IFNγ is also
absent in caspase-1-deficient mice (6). Importantly, any pheno-
typic characteristic of caspase-1-deficient mice must be studied as
whether the deficiency is due to reduced IL-1β or IL-18 activity.
For example, the caspase-1-deficient mouse is resistant to coli-
tis (7) but the IL-1β-deficient mouse is susceptible in the same
disease model (8). Since neutralizing antibodies to IL-18 are pro-
tective in the dextran sodium sulfate (DSS) colitis model, caspase-1
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deficiency appears to prevent processing of IL-18 (7, 9). On the
other hand, there are examples where caspase-1 processing of IL-
18 is not required. For example, Fas ligand (FasL) stimulation
results in release of biologically active IL-18 in caspase-1-deficient
murine macrophages (10).

Similar to IL-1α and IL-33, the IL-18 precursor is constitutively
expressed in endothelial cells, keratinocytes, and intestinal epithe-
lial 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 intracellu-
lar 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 (11).

Although Fas signaling triggers apoptosis, Fas signaling induces
inflammatory cytokine production, including IL-18. In addition to
inducing IL-18, Fas signaling activates caspase-8 in macrophages
and dendritic cells, which results in processing and release of
mature IL-1β and IL-18 (12). It was also reported that the pro-
cessing of IL-1β and IL-18 takes place independently of NLRP3 or
RIP3 (12).

PROCESSING AND SECRETION OF THE IL-18 PRECURSOR BY ADAM
33-MEDIATED VEGF-DEPENDENT MECHANISM
Because IL-18 stimulates vascular endothelial cells and promotes
metastatic tumor cell invasion, studies had examined the mech-
anisms of IL-18 secretion from gastric cancer cell line. Vascular
endothelial cell growth factor-D (VEGF-D) increased the expres-
sion as well as the secretion of IL-18 from the gastric cancer cell
line (13). Since VEGF-D has a metalloprotease domain, knock-
down of ADAM33 was examined and prevented the secretion of
IL-18. Moreover, cell proliferation was reduced using ADAM33
small interfering RNA transfectants (13).

SIGNAL TRANSDUCTION BY IL-18
As shown in Figure 1, IL-18 forms a signaling complex by binding
to the IL-18 alpha chain (IL-18Rα), which is the ligand binding
chain for mature IL-18; however, this binding is of low affinity. In
cells that express the co-receptor, termed IL-18 receptor beta chain
(IL-18Rβ), a high affinity complex is formed, which then signals.
The complex of IL-18 with the IL-18Rα and IL-18Rβ chains is
similar to that formed by other members of the IL-1 family with
the co-receptor, the IL-1R accessory chain IL-1RAcP. Following
the formation of the heterodimer, the Toll-IL-1 receptor (TIR)
domains approximate and it appears that the cascade of sequen-
tial recruitment of MyD88, the four IRAKs and TRAF-6 followed
by the degradation of IκB and release of NFκB are nearly identical
as that for IL-1 (14). However, there are differences between IL-1
and IL-18 signaling. With few exceptions, IL-1α or IL-1β are active
on cells in the low nanograms per milliliter range and often in the
picograms per milliliter range. In contrast, IL-18 activation of cells
expressing the two IL-18 receptor chains requires 10–20 ng/mL
and sometime higher levels (15, 16).

Although nearly all cells express the IL-1RI, not all cells express
IL-1RAcP. Similarly, most cells express the IL-18Rα but not all
cell express the IL-18Rβ. IL-18Rβ is expressed on T-cells and den-
dritic cells but not commonly expressed in mesenchymal cells.

FIGURE 1 | Interleukin-18 signal transduction. IL-18 forms a signaling
complex by binding to the IL-18 alpha chain (IL-18Rα). The co-receptor,
termed IL-18 receptor beta chain (IL-18Rβ), is recruited to form a high affinity
complex. Following the formation of the heterodimer, the Toll-IL-1 receptor
(TIR) domains approximate triggering the binding of MyD88,
phosphorylations of the four IRAKs, TRAF-6, and activation of NFκB. The
IL-18BP is present in the extracellular compartment where it binds mature
IL-18 and prevents binding to the IL-18 receptor.

The human lung epithelial cells line A549, derived from a lung
carcinoma epithelial cell, does not express IL-18Rβ (17) and there
is no signal unless IL-12 is present to induce IL-18Rβ (18). In
the absence of IL-18Rβ, IL-18 binds to IL-18Rα without a pro-
inflammatory signal. In A549 cells transfected with IL-18Rβ, IL-18
induces IL-8 and a large number of genes. One of these genes is
the former IL-2-induced gene termed NK4 (19) now termed IL-32
(17). IL-32 is not a member of the IL-1 family but plays an impor-
tant role in the regulation of cytokines such as IL-1β and TNFα.
Importantly, IL-32 is an IL-18-inducible gene.

IL-18 AS AN IMMUNOREGULATORY CYTOKINE
ROLE OF IL-18 IN THE PRODUCTION OF IFNγ

Together with IL-12, IL-18 participates in the Th1 paradigm. This
property of IL-18 is due to its ability to induce IFNγ either with IL-
12 or IL-15. Without IL-12 or IL-15, IL-18 does not induce IFNγ.
IL-12 or IL-15 increases the expression of IL-18Rβ, which is essen-
tial for IL-18 signal transduction. Importantly, without IL-12 or
IL-15, IL-18 plays a role in Th2 diseases (20). The importance of IL-
18 as an immunoregulatory cytokine is derived from its prominent
biological property of inducing IFNγ from NK cells. Macrophage
colony stimulating factor (M-CSF) induces human blood mono-
cytes to differentiate into a subset of macrophages; these cells
express a membrane-bound form of IL-18 (21). Membrane IL-
18 is expressed in 30–40% of M-CSF-primed macrophages. In
contrast, monocytes, dendritic cells, and monocytes differentiated
into M1 macrophages did not express membrane IL-18. Although
the expression of membrane IL-18 is caspase-1 dependent (21),
LPS treatment was necessary for the release of membrane IL-18
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(21). A major immunoregulating role for IL-18 is on the NK cell.
Upon shedding of membrane IL-18 into a soluble form, NK cells
expressed CCR7 and produced high levels of IFNγ. As expected,
IFNγ production was prevented by neutralization of IL-18. This
mechanism may account for the role of IL-18 as major IFNγ induc-
ing factor from NK cells and the role of NK cells in the pathogenesis
of autoimmune diseases.

The induction of IFNγ by IL-18 has been studied with co-
inducer IL-12. For example, mice injected with the combination
of IL-18 plus IL-12 develop high levels of IFNγ and die with hypo-
glycemia, intestinal inflammation, and inanition (22). In leptin-
deficient mice, IL-18 plus IL-12 induce acute pancreatitis (23).
Several human autoimmune diseases are associated with elevated
production of IFNγ and IL-18. Diseases such as systemic lupus
erythematosus, rheumatoid arthritis, Type-1 diabetes, Crohn’s dis-
ease, psoriasis, and graft versus host disease are thought to be
mediated, in part, by IL-18.

IL-18, IL-17, AND GAMMA/DELTA 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. However, blockade of IL-1 often prevents or markedly
reduces the production of IL-17 in vitro as well as the develop-
ment of autoimmunity in animal models (24–27). Indeed, there
is increased IL-1β as well as increased IL-17 in children born with
mutations in the naturally occurring IL-1Ra resulting in a severe
inflammatory disease due to excessive IL-1β activity (28, 29). The
high production of IL-17 in these children is thought to con-
tribute to the severity of the disease. 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) (26),
a role for IL-18 was studied. As expected, using the adjuvant of
Mycobacterium 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 (30). The primed
dendritic cells induced IL-17 from T-cells, which when transferred
to non-immunized mice resulted in the encephalomyelitis. How-
ever, the disease did not develop when the dendritic cells were
exposed to a caspase-1 inhibitor (30). 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.

IL-18 AND INFLAMMATION
PRO-INFLAMMATORY PROPERTIES OF IL-18
Interleukin-18 exhibits characteristics of other pro-inflammatory
cytokines, such as increases in cell adhesion molecules, nitric oxide

synthesis, and chemokine production. 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 call adhe-
sion molecule-1 (31). A unique property of IL-18 is the induction
of FasL, which may account for the hepatic damage that takes place
in macrophage activation syndrome (MAS) (10, 32). The induc-
tion of fever, a well-studied property of IL-1α and IL-1β as well as
acute phase proteins, TNFα and IL-6, is not a significant property
of IL-18. Injection of IL-18 into mice or rabbits does not produce
fever (33, 34). 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). Unlike IL-1 and TNFα, 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 (35).

Unlike IL-1 and TNFα, IL-18 does not induce cyclooxygenase-2
and hence there is no production of prostaglandin E2 (16, 36). 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 (3, 37).

Because IL-18 can increase IFNγ production, blocking IL-18
activity in autoimmune diseases is an attractive therapeutic target
since anti-IL-12/23 reduces the severity of Crohn’s disease as well
as psoriasis. As discussed below, there appears to be a role for block-
ing IL-18 in Crohn’s disease. However, there are several activities
of IL-18 that are independent of IFNγ. For example, IL-18 inhibits
proteoglycan synthesis in chondrocytes (38) and proteoglycan
synthesis is essential for maintaining healthy cartilage. IL-18 also
increases vascular cell adhesion molecule-1 (VCAM-1) expression
in endothelial cells independently of IFNγ. VCAM-1 plays a major
role in multiple sclerosis, other autoimmune diseases as well as in
the metastatic process (39).

ROLE OF IL-18 IN MODELS OF INFLAMMATORY BOWEL DISEASE
Inflammatory bowel disease such as Crohn’s disease is a complex
autoimmune disease. Treatment is initially based on immunosup-
pressive drugs. Not surprisingly, anti-cytokines such as neutraliz-
ing monoclonal antibodies to TNFα (40) or to IL-12/23 provide
effective treatment for many patients (41, 42). The reduction of
IFNγ in Crohn’s disease is linked to the clinical response to these
agents (42). IL-18 is found in affected intestinal lesions from
Crohn’s disease patients as a mature protein but the IL-18 pre-
cursor form is present in uninvolved intestinal tissues (43). This
observation was confirmed in a similar assessment of mucosal
biopsies from Crohn’s disease patients (44). Antisense RNA to IL-
18 decreased IFNγ production in lamina propria mononuclear
cells (44).

A commonly used mouse model for colitis is DSS, which is
added to the drinking water and which damages the intestinal
wall. Thus in DSS-induced colitis, the epithelial barrier defenses
against luminal bacterial products are breeched. In this model,
reducing IL-18 with a neutralizing antibody is protective and
linked to a reduction in IFNγ (9). Blocking IL-18 with the IL-
18 binding protein (IL-18BP) (see Figure 1) also reduces colitis
induced by antigen sensitization (45). Since generation of active
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IL-18 requires caspase-1, studies have also been performed in mice
deficient in caspase-1 and subjected to DSS colitis. Nevertheless,
despite many studies, the role of caspase-1 in DSS colitis remains
unclear. The first study showed that mice deficient in caspase-1
were protected (7, 46). In addition, treatment of mice with a spe-
cific caspase-1 inhibitor was also effective in protecting against
the colitis (47–49). In both studies, the effect of caspase-1 defi-
ciency was linked to reduced IL-18 activity, whereas reducing IL-1
activity with the IL-1Ra was ineffective (7). In support of the role
of IL-18 in DSS colitis, inhibition of endogenous merprin β to
reduce the generation of active IL-18 was protective in DSS colitis
(50).

However, a conundrum has developed whether caspase-1 defi-
ciency is protective or detrimental in DSS colitis. DSS colitis is
not the optimal model for Crohn’s disease as the model is one
of rapid loss of the protective barrier of the intestinal epithelium
exposing the lamina propria mononuclear cells to a large amount
and variety of bacterial products. Using the same DSS model,
mice deficient in the adapter protein inflammasome component
ASC experienced increased disease, morbidity, and precancerous
lesions compared to wild-type mice exposed to DSS (51). Simi-
larly, mice deficient in caspase-1 died rapidly from DSS compared
to wild-type mice (52) whereas mice deficient in caspase-12, in
which caspase-1 is enhanced were protected (52). Administra-
tion of exogenous IL-18 restored mucosal healing in caspase-1-
deficient mice (52). Also, mice deficient in NLRP3 were more
susceptible to either DSS or TNBS-induced colitis and exhib-
ited decreased IL-1β as well as decreased beta-defensins (53).
Macrophages from NLRP3-deficient mice failed to respond to
MDP (53). Mice deficient in NLRP6 are also more vulnerable to
DSS (54, 55) and the susceptibility appears to be due to lack of
sufficient IL-18.

How to reconcile these data in mouse models of colitis was
addressed by Siegmund (56). It is likely that IL-18, being consti-
tutive in the intestinal epithelium, has a protective role in that the
cytokine contributes to maintaining the intestinal barrier. With
loss of the barrier, the microbial products stimulate macrophages
in the lamina propria and caspase-1 dependent processing of IL-18
results in inflammation. In this model, inhibition of IL-18 produc-
tion in caspase-1-deficient mice or treatment of wild-type mice
with anti-IL-18 antibodies or caspase-1 inhibitors is protective.
Worsening of disease in mice deficient in caspase-1 or NLRP3 or
NLRP6 may lower the levels of active endogenous IL-18 needed
to protect the epithelial barrier. Similarly, active endogenous IL-
1β may be needed to protect to maintain the epithelial barrier by
inducing growth factors.

Although it remains unclear why caspase-1 deficiency wors-
ens DSS colitis, in humans with Crohn’s disease, natalizumab, the
antibody that blocks the very late antigen-4 (VLA-4), is highly
effective in treating the disease. VLA-4 is the α4 subunit of the
β-1 integrin. Anti-VLA-4 binds to the surface of macrophages
and other myeloid cells and prevents the binding of these cells
to the VLA-4 receptor on endothelial cells known as VCAM-1.
Thus, the antibody disables the function of VCAM-1 and pre-
vents the passage of macrophages and other myeloid cells into
tissues such as the intestine in Crohn’s disease and the brain in
multiple sclerosis. Since IL-18 induces VCAM-1, blocking IL-18

would also reduce the passage of cells through the endothelium
into to intestine.

IL-18, HYPERPHAGIA, AND THE METABOLIC SYNDROME
Whereas there is no constitutive gene expression for IL-1β in
freshly obtained human PBMC, the same cells express constitu-
tive mRNA for IL-18 (5). In western blot analysis from the same
cells, the IL-18 precursor was present but not the IL-1β precursor.
Similar observations were also made in mice (5). These findings
suggest that IL-18 may act as regulator of homeostasis. Start-
ing at age 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 reminis-
cent of the metabolic syndrome (57). IL-18Rα 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 wild-type animals at a relatively early age, and
to reach values 30–40% higher than that of wild-type mice. Oth-
ers have observed similar findings (58). A striking finding was an
increase of more than 100% in the percent 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 cor-
rected by exogenous recombinant IL-18. Mice deficient in IL-18
respond normally to a challenge with exogenous leptin suggesting
that expression of the leptin receptor is unaffected. The unex-
pected and unique mechanism is responsible for the higher food
intake in the IL-18-deficient animals appears to be due a central
nervous system loss of appetite control. IL-18-deficient mice eat
throughout the day whereas wild-type mice eat once, nocturnally.

IL-18 IN HEART DISEASE
Heart disease includes coronary vessel disease with associated
myocardial infarction, post viral myocardiopathies, autoimmune
heat disease, and chronic heart failure. Although survival from
an acute myocardial infarction has decreased dramatically due to
improved acute care, patients often progress to heart failure due to
post infarction remodeling of the ventricles. Treatment options for
heart failure vary but reducing cytokines is now being tested as a
possible therapy. Based on pre-clinical as well as pilot clinical trials,
blocking TNFα was tested in large trials but failed; using a higher
dose of an antibody to TNFα (infliximab), there were more deaths
compared to the placebo-treated patients. There are also pre-
clinical studies demonstrating that blockade of IL-1β is effective
(59, 60) and clinical trials using anakinra have revealed that block-
ade of IL-1 is effective in reducing post infarction remodeling (61,
62) as well as increased exercise tolerance (63). In fact, the largest
trial in 17,200 patients using a neutralizing antibody to IL-1β aims
to reduce cardiovascular events in high risk patients (64).

Increasing numbers of animal and clinical studies indicate a
role for IL-18 in heart disease. The myocardium of patients with
ischemic heart failure express the alpha chain of the IL-18 receptor
and have elevated levels of circulating IL-18 and associated with
death (65). Daily administration of IL-18 results in ventricular
hypertrophy, increased collagen (66), and elevated left ventricular
diastolic pressure in mice (67). As with all cytokine studies, valida-
tion of the role of a cytokine in a disease process is best assessed by
specific blockade. In a model of myocardial suppression associated
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with septic shock, mice were injected with LPS and a neutralizing
antibody to murine IL-18 was administered (68). The rationale for
the experiment was that IL-18 mediates the production of TNFα

and IL-1β and to induce the expression of intercellular adhesion
molecule-1 (ICAM-1) and VCAM-1. Mice were injected with LPS
and left ventricular developed pressure was determined. Left ven-
tricular developed pressure was depressed by 38% 6 h after LPS
but pretreatment with anti-mouse IL-18 antibody attenuated LPS-
induced myocardial dysfunction (by 92%) and ICAM-1/VCAM-1
expression (50 and 35% reduction, respectively).

In another study, human atrial muscle strips were obtained
from patients undergoing by-pass surgery and the tissue was
exposed to ischemia while contractile strength was measured.
The addition of IL-18BP to the perfusate during and after the
ischemic event resulted in improved contractile function from
35% of control to 76% with IL-18BP (69). IL-18BP treatment
also preserved intracellular tissue creatine kinase levels (by 420%).
Steady-state mRNA levels for IL-18 were elevated after ischemic
and the concentration of IL-18 in myocardial homogenates was
increased (control, 5.8 pg/mg versus I/R, 26 pg/mg). Active IL-18
requires cleavage of its precursor form by caspase-1; inhibition of
caspase-1 also attenuated the depression in contractile force after
ischemia (from 35% of control to 75.8% in treated atrial muscle).
Because caspase-1 also cleaves the IL-1β precursor, IL-1 receptor
blockade was accomplished by using the IL-1 receptor antagonist.
IL-1 receptor antagonist added to the perfusate also resulted in a
reduction of ischemia-induced contractile dysfunction.

In summary, these studies demonstrate a role for IL-18 in
heart disease. Moreover, endogenous IL-18 is induced by IL-1β

via caspase-1 under ischemic conditions in human myocardial
tissue and that inhibition of caspase-1 reduces the processing of
endogenous precursors of IL-18 and IL-1β and thereby prevents
ischemia-induced myocardial dysfunction.

IL-18 AS A PROTECTIVE CYTOKINE
As stated above, mice deficient in caspase-1 experience increased
disease severity when subjected to DSS colitis and that admin-
istration of exogenous IL-18 restored mucosal healing in these
mice (52). In addition, IL-18 deficiency or IL-18 receptor defi-
ciency results in the development of a metabolic syndrome in
mice. Mice deficient in NLRP3 are more susceptible to DSS col-
itis, which is thought to be due to decreased IL-18 (53). Mice
deficient in NLRP6 are also more vulnerable to DSS (54, 55) and
the susceptibility appears to be due to lack of sufficient IL-18. As
discussed below, a protective role for IL-18 is not limited to the gas-
trointestinal track. In the eye, a condition resembling “wet macula
degeneration” worsens with antibodies to IL-18 (70).

Thus, there are a growing number of studies, which support
a protective role for IL-18. The fact that mice deficient in IL-18
develop a metabolic syndrome-like phenotype is consistent with
a role for IL-18 in homeostasis. A study in age related macular
degeneration is also consistent with a protective role for IL-18.
In that study, drusen, which is mixture of complement-derived
and apolipoproteins and lipids, were shown to activate NLRP3
and induce the production of mature IL-1β and IL-18 (70). 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 (70). Therefore, IL-18 rather than IL-1α or IL-1β

were protective and upon administration of IL-IL-18, the disease
severity improved. Taken together, there is a case for IL-18 being a
protective rather than inflammatory cytokine.

IL-18 BINDING PROTEIN
THE DISCOVERY OF THE IL-18BP
The discovery of the IL-18BP took place during the search for the
soluble receptors for IL-18 (71). IL-18BP is a constitutively secreted
protein, with an exceptionally high affinity for IL-18 (400 pM) (72)
(Figure 1). Present in the serum of healthy humans at a 20-fold
molar excess compared to IL-18 (73), IL-18BP may contribute to a
default mechanism by which a Th1 response to foreign organisms
is blunted in order to reduce triggering an autoimmune responses
to a routine infection. IL-18BP deviates from the classical def-
inition of soluble receptors since it does not correspond to the
extracellular ligand binding domain of the IL-18 receptor, but is
rather encoded by a separate gene. Thus IL-18BP belongs to a sep-
arate family of secreted proteins. As shown in Figure 1, IL-18BP
contains only one IgG domain whereas the Type II IL-1 receptor
contains three domains. In this regard, the single IgG domain of
IL-18BP is similar to 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 down-regulating Th1 responses
by binding to IL-18 and thus reducing the induction of IFNγ (20).
Since IL-18 also affects Th2 responses, IL-18BP also has properties
controlling a Th2 cytokine response (20).

BALANCE OF IL-18 AND IL-18BP IN HUMAN DISEASE
IL-18 binding protein has a classic signal peptide, and therefore is
readily secreted. Serum levels in healthy subjects are in the range
of 2,000–3,000 pg/mL compared to the levels of IL-18 in the same
sera of 80–120 pg/mL (73). Moreover, IL-18BP binds IL-18 with
an affinity of 400 pM, an affinity significantly higher than that of
IL-18Rα. Because a single IL-18BP molecule binds a single IL-18
molecule, one can calculate bound versus free IL-18 in a mixture
of both molecules (73).

If one examines immunologically mediated diseases where
IFNγ plays a pathological role such as Wegener’s granulomato-
sis and systemic lupus erythematosus, 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 high (74, 75) 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 IFNγ 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 (32).

A unique property of IL-18BP is that the molecule also binds IL-
37 (76) and in doing so, enhances the ability of IL-18BP to inhibit
the induction of IFNγ by IL-18. IL-37 binds to the IL-18Rα with
a very low affinity but in mice expressing human IL-37, a pro-
found anti-inflammatory effect is observed (77), particularly of
LPS-induced cytokines and dendritic cell maturation (77). Human
IL-37-expressing mice are also resistant to colitis (78). Thus, the
anti-inflammatory property of IL-37 can be affected by the con-
centration of IL-18BP. As the concentration of IL-18BP increases
and binds IL-37, there is the possibility that IL-37 becomes less
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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 arthri-
tis but as the doing of IL-18BP increases, the anti-inflammatory
properties of IL-18BP are lost (79). Table 1 summarizes several
disease states in which IL-18 as well as IL-18BP are measured and
in some studies, the level of free IL-18 has been reported.

REGULATION OF IL-18BP
IL-18 binding protein is highly regulated at the level of gene
expression and unexpectedly, IFNγ increases gene expression and
synthesis of IL-18BP (80, 81). Therefore, IFNγ driving an increase
in the natural and potent inhibitor of IL-18 falls into the category
of a negative feed-back loop. The concept is supported by clinical
data showing that patients being treated with IFNα for hepatitis
have elevated levels of IL-18BP (82, 83). IL-27, like IFNγ, functions
as both a pro- as well as 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 feed-back loop for inflammation. IL-27 is
acting, as is IFNγ, by induction of IL-18BP gene expression and
synthesis (84).

VIRAL IL-18BP
Natural neutralization of human IL-18 by IL-18BP takes place
during a common viral infection. In Molluscum contagiosum infec-
tion, characterized by raised but bland eruptions, there are large
numbers of viral particles in the epithelial cells of the skin but his-
tologically there are few inflammatory or immunologically active
cells in or near the lesions. Clearly, the virus fails to elicit an inflam-
matory 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 found to be
expressed by M. contagiosum gene (85). 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.

HEMOPHAGOCYTIC LYMPHO HISTIOCYTOSIS AND
MACROPHAGE ACTIVATION SYNDROME
Hemophagocytic lympho histiocytosis (HLH) syndrome is a
rare life-threatening condition characterized by a severe hyper-
inflammatory state. There is a genetic form of HLH called familial
hemophagocytic lympho histiocytosis (fHLH). However,HLH can

Table 1 | Levels of IL-18 and IL-18BP in human disease.

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

Sepsis 500–2,000 ND ND Emmanuilidis et al. (100)

Sepsis 250–10,000 22.5 250–3,000 Novick et al. (73)

Trauma 300–600 ND ND Mommsen et al. (101)

Schizophrenia 518 10 253 Palladino et al. (102)

Ulcerative colitis 274 ND ND Haas et al. (103)

Ulcerative colitis 393 4.7 250 Ludwiczek et al. (104)

Crohn’s disease 387 ND ND Haas et al. (103)

Crohn’s disease 546 5 340 Ludwiczek et al. (104)

Wegener’s disease 240 14.5 84 Novick et al. (74)

Rheumatoid arthritis 230–400 ND ND Bokarewa and Hultgren (105)

SLEc 700 7.5 408 Favilli et al. (99)

SLEc 400 15 167 Novick et al. (75)

MASd 2,200 35 660 Mazodier et al. (32)

Systemic JIAe 1,600–78,000 ND ND Jelusic et al. (106)

Adult Still’s disease 1,000–6,000 ND ND Kawashima et al. (107)

Myocardial infarction 238 ND ND Blankenberg et al. (108)

Myocardial infarction 355 ND ND Narins et al. (109)

Coronary artery disease 356 13.7 125 Thompson et al. (110)

Metabolic syndrome 380 ND ND Troseid et al. (111)

Acute kidney injuryf 500 ND ND Parikh et al. (112)

Acute kidney injuryf 2,000 ND ND Vaidya et al. (113)

Acute kidney injuryf >360 ND ND Parikh et al. (114)

Acute kidney injuryf 884 ND ND Sirota et al. (115)

aLevels in picograms per milliliter, range, or mean.
bLevels in nanograms per milliliter, range, or mean.
cSystemic lupus erythematosus.
dMacrophage activation syndrome.
eSystemic juvenile idiopathic arthritis.
fUrine levels (mean in picograms per milliliter).
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be secondary to infections and lymphoma, and is called secondary
MAS. The development of MAS is associated with several infec-
tious diseases, notably due to Epstein–Barr virus, cytomegalovirus,
herpes virus, or intracellular bacteria and parasites and also
of various lymphomas, especially of T-cell lineage. In addition,
patients with rheumatological conditions, particularly systemic
onset juvenile arthritis (sJIA), but also systemic lupus erythe-
matosus, Kawasaki disease, or systemic vasculitis can develop MAS
(86–89). One of the most prominent hematologic and metabolic
characteristics of MAS is thrombocytopenia and hepatic injury,
respectively. Indeed, IFNγ may be responsible for the thrombocy-
topenia as well as several of the immunological abnormalities of
the disorder.

IL-18 IN THE HEMOPHAGOCYTIC SYNDROMES
In the case of fHLH or MAS, gene expression for IL-18 is up-
regulated in peripheral mononuclear cells (90, 91) and serum
IL-18 is unusually elevated (32, 92–95). Although levels of IL-
18 in the circulation are below 1 ng/mL in inflammatory diseases
such as severe sepsis, in active phase of fHLH or EBV-HLH, serum
IL-18 is usually in the range of 5–7 ng/mL, and in fHLH com-
plicating XIAP gene mutations as well as in MAS complicating
sJIA, levels of circulating IL-18 can be in 20–30 ng/mL range
(32, 96–98). However, it is necessary to calculate the level of free
IL-18 since IL-18BP is present in the circulation in health and
disease (73) (see Table 1) in lupus (75, 99), Wegener’s granu-
lomatosis (74). 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 < 0.001), hyper-
triglyceridemia, and hyperferritinemia (p < 0.01) and also with
markers of Th1 lymphocyte or macrophage activation, such as ele-
vated concentrations of IFNγ and soluble IL-2 and TNFα receptor
concentrations (32).

CONCLUDING REMARKS
Although clinical trials of IL-1 blocking therapies have focused
attention on the biology IL-1, the role of IL-18 in health and dis-
ease is derived from animal models and measurements of IL-18 in
various disease conditions. Nevertheless, with clinical trials of IL-
18BP as well as neutralizing antibodies to IL-18 now underway, the
role for this cytokine in treating human disease will become appar-
ent. Certainly validated animal models support a role for IL-18 in
acute renal injury, psoriasis, heart failure, MAS, and inflammatory
bowel disease. Whether suppression of IL-18 will affect IL-17-
mediated diseases such as multiple sclerosis or reduce metastatic
melanoma will also be determined in clinical trials.
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Intercellular communications control fundamental biological processes required for the
survival of multicellular organisms. Secretory proteins are among the most important mes-
sengers in this network of information. Proteins destined to the extracellular environment
contain a signal sequence with the necessary information to target them to the Endoplas-
mic Reticulum, and are released by a “classical” pathway of secretion. However, in the
early 1990s it became evident that non-classical mechanisms must exist for the secretion
of some proteins, which in spite of their extracellular localization and function, lack a signal
peptide. Indeed, the group of leaderless secretory proteins rapidly grew and is still growing.
Many of them are implicated in the regulation of the inflammatory response. Interestingly,
most members of the IL-1 family (IL-1F), including the master pro-inflammatory cytokine
IL-1β, are leaderless proteins and find their way out of the cells in different manners. In this
article, we will review current hypotheses on the mechanisms of externalization of IL-1F
members and discuss their relevance with respect to the different functions (as cytokines
or as DAMPs) played by the different IL-1 proteins.

Keywords: IL-1α, IL-1β, IL-18, IL-33, secretion, damage associated molecular pattern,TLR, IL-1F receptors

THE IL-1 FAMILY
IL-1 family (IL-1F) is evolutionary ancient. Eleven IL-1 members
have been identified (Table 1) based on conservation of amino
acid sequence, identity of gene structure, and three-dimensional
structure (Dunn et al., 2001). Most of them (with the exception
of IL-18 and IL-33, Nolan et al., 1998; Schmitz et al., 2005) map
to chromosome 2 between the IL-1α and IL-1 Receptor antago-
nist (IL-1ra) loci (Nicklin et al., 2002), suggesting that each IL-1F
member derives from the duplication of a common ancestral gene.
Each IL-1 gene codes for a protein that contains a single struc-
tural domain formed from 12 beta strands connected by loop
regions arranged in a beta-trefoil structure. IL-1F members dif-
fer most from each other within these loop regions (Dunn et al.,
2001).

The various members of the IL-1F play different biologic activ-
ities all involved in innate immunity (Dinarello, 2009). Interest-
ingly, although most IL-1F proteins are proinflammatory, also
members endowed with anti-inflammatory properties exist, the
most important being IL-1ra (Arend et al., 1998).

Most IL-1 family members share features which make them dif-
ferent from the other cytokines. First of all, they are synthesized as
precursor proteins that subsequently undergo proteolytic matu-
ration by converting enzymes. Proteolytic maturation is strictly
required for activation of some members of IL-1 family, such
as IL-1β, IL-18 (Dinarello, 1998a), and IL-37 (Boraschi et al.,
2011). In the case of other IL-1F members, the precursor is
able to engage its receptor and trigger a response on target cells.
This is the case of IL-1α (Dinarello, 1998b) and IL-33 (Mous-
sion et al., 2008). The major converting enzyme responsible for
processing of IL-1β, IL-18, and IL-37 is caspase-1 (Black et al.,
1988; Ghayur et al., 1997; Kumar et al., 2002). This convertase

is produced as a zymogen (pro-caspase-1) and undergoes activa-
tion upon the assembly of intracellular multiprotein complexes
named inflammasomes (Bauernfeind et al., 2011). Different types
of Inflammasomes exist, each composed by a member of the
nucleotide-binding domain leucine-rich repeat containing (NLR)
gene family, adaptor proteins, and pro-caspase-1 molecules.

A second, important feature of IL-1F proteins is that only IL-
1ra is a classical secretory protein endowed with a signal peptide:
all the other members are leaderless (Dinarello, 2009).

LEADERLESS IL-1 CYTOKINES: HOW DO THEY GET OUT OF
CELLS?
In principle, leaderless proteins, synthesized in the soluble cytosol,
should stay there: a quite unlikely behavior for soluble mediators
of inflammation. Alternatively, they must find a way out different
from the classical secretory pathway. When the gene of IL-1β was
cloned revealing the absence of a signal sequence (Auron et al.,
1984) the first explanation for IL-1β externalization was that it
was simply released by cells dying at the site of inflammation.
This hypothesis was ruled out many years ago by two major evi-
dences (Muesch et al., 1990; Rubartelli et al., 1990): (i) IL-1β is
selectively released by LPS activated human monocytes: only the
mature form of IL-1β, but neither the IL-1β precursor (pro-IL-1β)
nor other cytosolic proteins are detectable in culture supernatants;
(ii) viable cells are required for secretion of mature IL-1β: when
activated monocytes were killed by freezing and thawing before
incubating at 37˚C, only pro-IL-1β accumulated in the culture
supernatant.

Further studies confirmed that an active secretory pathway,
different from the ER-Golgi one, exists for IL-1β and also for IL-
18 (Andrei et al., 1999; MacKenzie et al., 2001; Qu et al., 2007).
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Death as a mechanism of secretion was instead proposed for other
members of the IL-1F, such as IL-1α and confirmed by various
studies Sakurai et al. (2008), Luheshi et al. (2009), and Cohen
et al. (2010).

SECRETION OF IL-1β AND IL-18
Secretion of IL-1β and IL-18 needs two signals (Figure 1A). A first
signal, supplied by bacterial products that bind and activate Toll-
like Receptors (TLR), triggers IL-1β expression and synthesis; this

Table 1 | IL-1 family members.

Family name Name Receptor/coreceptor Property Synthesized as precursor Processing required for activity

IL-1F1 IL-1α IL-1RI/IL-1RacP Proinflammatory Yes No

IL-1F2 IL-1β IL-1RI/IL-1RacP Proinflammatory Yes Yes

IL-1F3 IL-1Ra IL-1RI Antagonist for IL-1α,β No No

IL-1F4 IL-18 IL-18Rα/IL-18Rβ Proinflammatory Yes Yes

IL-1F5 IL-36Ra IL-1Rrp2 Antagonist for IL-36 Yes Yes

IL-1F6 IL-36α IL-1Rrp2/IL-1RAcP Proinflammatory Yes Yes

IL-1F7 IL-37 IL-18Rα, IL18BP Anti-inflammatory Yes Yes

IL-1F8 IL-36β IL-1Rrp2/IL-1RAcP Proinflammatory Yes Yes

IL1-F9 IL-36γ IL-1Rrp2/IL-1RAcP Proinflammatory Yes Yes

IL-1F10 IL-38 IL-1Rrp2 ? Antagonist Yes ? No

IL-1F11 IL-33 ST2/IL-1RAcP Proinflammatory Yes No

FIGURE 1 | Lysosome exocytosis allows diffuse and polarized secretion
of IL-1β and IL-18. (A) Models of non-polarized secretion of IL-1β. TLR agonists
(e.g., PAMPs) induce monocytes/macrophages to actively synthesize pro-IL-1β

that accumulates into the cytosol and in part into secretory lysosomes. A
second extracellular soluble signal (e.g., ATP) triggers generalized lysosome
exocytosis (Andrei et al., 1999). A similar mechanism accounts for IL-18
secretion (Perregaux et al., 2000). (B) Models of polarized (lower panel)
secretion of IL-1β. In DCs, a first maturative stimulus (e.g., TLR triggering),
induces pro-IL-1β synthesis. The second signal is provided by antigen specific
T cells that induces a [Ca2+]i rise, followed by recruitment of IL-1β-containing
secretory lysosomes toward the interactingT cell, and by exocytosis restricted

to the intercellular space (immunological synapse) (Gardella et al., 2000b,
2001). A similar mechanism mediates IL-18 secretion in DCs interacting with
autologous NK cells (Semino et al., 2005). (C). Electron microscopy analysis
of a DC interacting with a NK cell. Interaction between the two cells occurs
primarily in correspondence with DC areas enriched by mitochondria and
vesicles (red arrows). The immunological synapse is indicated by the green
arrow. (D) Confocal microscopy analysis of tubulin (green) and IL-18 (red) in a
DC/NK conjugate after 3 h of interaction. The strong co-staining of IL-18 and
tubulin in both transversal and sagittal sections indicates that IL-18 from DC
polarizes toward the NK/DC synapse and is transported along tubulin
filaments. (C,D): modified from Semino and Rubartelli (2010).
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signal is needed also for IL-18 secretion even though IL-18 is con-
stitutively expressed by myeloid cells (Perregaux et al., 2000). The
second signal is provided by a variety of diverse stimuli: endoge-
nous, such as extracellular ATP, or exogenous, such as microbial
products or pathogenic crystals (Bauernfeind et al., 2011). How-
ever, while in murine macrophages a second signal is strictly
required, in primary human monocytes the addition of second
signals such as ATP strongly enhances secretion but is dispensable
as bacterial products alone are sufficient to induce secretion of IL-
1β, although at a lower extent and with slow kinetics (Piccini et al.,
2008). In fact upon TLR-triggering, human monocytes externalize
functionally effective amounts of their ATP that in turn stimulates
autocrinally the monocyte purinergic P2× 7 receptor, triggering
the cascade of events that lead to inflammasome activation and
IL-1β secretion (Piccini et al., 2008).

Several models of IL-1β and IL-18 secretion have been pro-
posed but the precise mechanism remains elusive. In particular,
where and how inflammasome activation and processing of the
two pro-cytokines occur, as well as the link between process-
ing and secretion are still unknown (Rubartelli, 2012). Most of
the described IL-1β secretory pathways involve the externaliza-
tion of the cytokine via vesicles (Andrei et al., 1999; MacKenzie
et al., 2001; Qu et al., 2007). Secretory lysosomes, microvesicles
shed from the plasma membrane, and exosomes have been iden-
tified as vesicles able to carry IL-1β out of the cell in different cell
types (primary monocytes, monocyte continuous cell lines, mouse
macrophages).

An additional, non-vesicular pathway of IL-1β secretion may
take place in monocyte/macrophages where sustained activation
of the NLRP3 or NLRC4 inflammasome cascade induces caspase-
1-mediated pyroptotic death (Le Feuvre et al., 2002; Brough and
Rothwell, 2007; Bergsbaken et al., 2009). In these cells, a direct
efflux of cytosolic mature IL-1β occurs across hyper-permeable
plasma membranes.

It is possible that differences in the cell type, in the functional
state of the cells or in the culture conditions, as well as strength
and duration of the stimulus (Carta et al., 2011; Lopez-Castejon
and Brough, 2011) may account for the different vesicular or
non-vesicular IL-1β secretory pathways used.

The first suggested mechanism is the secretory lysosome-
dependent pathway, characterized in our lab on primary human
monocytes (Andrei et al., 1999, 2004). In this model, pro-IL-1β

is translocated together with caspase-1 into vesicles belonging
to the endolysosomal compartment. The mature form of IL-
1β is produced within the vesicles by caspase-1 cleavage, after
which the endolysosomes fuse with the plasma membrane and
the content is released into the extracellular space. The capac-
ity to fuse with plasma membrane and to externalize the solu-
ble content is a peculiarity of a subset of endolysosomes, called
secretory lysosomes (Blott and Griffiths, 2002). These are Ca2+-
regulated secretory organelles displaying features of both classical
endolysosomes and secretory granules responsible for regulated
secretion in specialized cells (Blott and Griffiths, 2002). Partic-
ularly abundant in hemopoietic cells they participate in inflam-
matory and immune response by mobilizing their content into
the external milieu in response to triggering signals. For instance,
CTL and NK cells destroy their infected or tumor target cells

by secreting cytolytic proteins, which are stored in secretory
lysosomes.

Other leaderless proteins may be imported into cytoplasmic
organelles related to the lysosomal compartment in myelomono-
cytic cells. Among IL-1F members, IL-18 seems to follow the same
route as IL-1β (Semino et al., 2005). Also HMGB1, another inflam-
matory mediator, is present into endolysosomal related organelles
of activated monocytes (Gardella et al., 2002). Given the impli-
cation of secretory lysosomes in many immune-inflammatory
processes (Blott and Griffiths, 2002), lysosome-mediated secretion
of IL-1β, IL-18, HMGB1 is consistent with the role played by these
proteins in the modulation of innate immunity. Interestingly, the
involvement of acidic vesicles in the export of leaderless proteins
is evolutionary conserved as in Dictyostelium discoideum, translo-
cation into exocytic contractile vacuoles of DdCAD-1, a leaderless
adhesion protein, is necessary for its externalization (Sesaki et al.,
1997).

LYSOSOME-MEDIATED POLARIZED SECRETION
In general, lysosome-mediated secretion is a regulated process in
that a triggering signal is required to induce exocytosis (Blott and
Griffiths, 2002). In the case of IL-1β, we have shown that LPS
induce synthesis of pro-IL-1β with cytosolic accumulation and
lysosomal translocation, then exogenous ATP triggers with IL-
1β release (Andrei et al., 2004). A similar two step mechanism
seems to account for the regulated secretion of IL-18 (Perre-
gaux et al., 2000) and HMGB1 (Gardella et al., 2002). In all
these cases, the signal triggering secretion is generated during
the process of inflammation: ATP, promoting IL-1β and IL-18
secretion (Laliberte et al., 1997; Perregaux et al., 2000), is released
by monocytes themselves after TLR stimulation and by other
cells involved in inflammation (i.e., platelets) (Ferrari et al., 1997;
Piccini et al., 2008); differently, active phospholipids such as phos-
phatidylcholine, possible responsible for secretion of HMGB1,
appear later in the inflammatory microenvironment (Gardella
et al., 2002).

Interestingly, not only inflammatory cells such as monocytes
but also mature dendritic cells (DCs), the professional antigen
presenting cells, express inflammatory leaderless cytokines such
as IL-1β and IL-18. In these cells, secretion may be induced by
antigen specific T cells (Gardella et al., 1999, 2000a,b, 2001) or
NK cells (Semino et al., 2005). Morphological approaches allowed
to demonstrated that interaction between DCs and CD8+ T cells
(Gardella et al., 2001) or NK cells (Semino et al., 2005) is asso-
ciated with recruitment of IL-1β or IL-18-containing secretory
lysosomes in the area of contact among the cells followed by
polarization of these organelles, with evidence of lysosome exo-
cytosis at the intercellular space, the so called “immunological
synapse” (Figures 1B–D). These findings deserve two consid-
erations. On the one hand, they underline the existence of a
bidirectional cross talk between DCs and T lymphocytes or NK
cell specifically interacting with them, in which the T or the
NK cell induce the functional polarization of the DC and the
DC responds by degranulation oriented toward the same inter-
acting T or NK cell, with obvious relevance for the control of
the immune response. On the other hand, the different way of
regulating secretion by monocytes and DCs may account for
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the different function of IL-1β and IL-18 in inflammation and
immune response (Figure 1). Monocytes respond to soluble sig-
nals with generalized exocytosis, thus allowing the spreading of
inflammatory cytokines in the microenvironment (Figure 1A).
DCs respond to the localized signal provided by the interacting
T or NK cell (Figures 1B–D). This restricts the area of release to
the immunological synapse and allows activation of target cells
without spreading of the cytokine, thus controlling inflammation.
Thus, lysosome-mediated secretion of inflammatory leaderless
proteins allows polarized secretion in non-polarized cells (Chimini
and Rubartelli, 2005).

AUTOPHAGY AND IL-1β AND IL-18 SECRETION: LYSOSOME
EXOCYTOSIS REVISITED?
Autophagy preserves the correct quality and quantity of the
eukaryotic cytoplasm through two main highly conserved mecha-
nisms: (i) cytosol autodigestion during starvation, which ensures
cell-autonomous provision of energy and nutrients; (ii) removal
of old organelles and aggregates exceeding the capacity of other
cellular degradative systems (Levine and Kroemer, 2008). Recently,
an involvement of autophagy in the process of leaderless secretion
has been proposed. In fact, the secretion of the yeast leaderless
secretory protein Acb1 was strongly enhanced by treatments that
induce autophagy (nitrogen starvation or rapamycin). Accord-
ingly, strains mutant for different key factors of autophagy are
deficient in Acb1 secretion (Duran et al., 2010; Manjithaya et al.,
2010). These results suggest that Acb1 is sequestered in autophago-
somes that do not fuse with the vacuole but with endosomes to

form amphisomes. Amphisomes might, in turn, fuse with the
plasma membrane leading to Acb1 release in the extracellular
medium (Giuliani et al., 2011). In agreement with the data on
yeast, a link between autophagy and secretion of IL-1β is being
emerging. In principle, the “secretory lysosomes” that were for-
merly found to containing IL-1β and caspase-1 may well repre-
sent autophagosomes, and like autophagosomes, may be destined
either to fusion with lysosomes, and thereby to autophagic degra-
dation of their cargoes, or to fusion with the plasma membrane,
with externalization of their cargoes (Figure 2).

However, how autophagy regulates IL-1β secretion is highly
debated. Both articles suggesting that autophagy inhibits secre-
tion (Saitoh et al., 2008; Crisan et al., 2011; Harris et al., 2011;
Zhou et al., 2011; Shi et al., 2012) and viceversa, that autophagy
is required for IL-1β secretion (Dupont et al., 2011) have been
published.

The hypothesis of autophagy as a positive mediator of IL-1β

secretion is more appealing, according to the following consider-
ations: (i) TLR triggering, a crucial step in IL-1β secretion, which
is both necessary and sufficient to drive IL-1β synthesis, matu-
ration, and secretion in human monocytes (Piccini et al., 2008),
induces autophagy in myelomonocytic cells (Xu et al., 2007; Del-
gado et al., 2008); (ii) the hypothesis is consistent with the vesicular
models of IL-1β secretion (Andrei et al., 1999; Qu et al., 2007).
Besides, autophagy as a blocking mechanism for IL-1β secretion
is supported by clear in vitro data, such as the strong inhibition
of IL-1β secretion induced by substances that promote autophagy
and, conversely, the enhancement observed with compounds that

FIGURE 2 | Model of autophagosome involvement in IL-1β

secretion. Cytosolic pro-IL-1β is sequestered in part into vesicles
belonging to the autophagosomal-lysosomal compartment
(autophagosomes?). Autophagosomes may then fuse either with
lysosomes (Ly), resulting in degradation of pro-IL-1β, or with
endosomes (E) to form amphisomes, were pro-IL-1β may undergo
processing. Amphisomes then fuse with the plasma membrane

leading to exocytosis of IL-1β. Type and strength of the stimuli may
determine the fusion with either endosomes or lysosomes, and thus
dictate the fate of pro-IL-1β toward degradation or secretion. Support to
this hypothesis comes from the observation that the vacuolar H+
ATPase inhibitor bafilomycin A1 (BafA1) that prevents the fusion
between autophagosomes and lysosomes, promotes IL-1β secretion
(Sonia Carta and Anna Rubartelli, unpublished results).
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block autophagy (Crisan et al., 2011; Harris et al., 2011; Shi et al.,
2012) and by the results obtained in mice deficient of autophagy
genes (Saitoh et al., 2008; Nakahira et al., 2011).

A possible explanation for these contrasting findings is that
formation of pro-IL-1β containing autophagosomes is a pre-
requisite for IL-1β secretion, and it is induced by TLR activation.
Autophagosomes may then undergo exocytosis, with secretion
of IL-1β, or fuse to lysosomes, with degradation of pro-IL-1β,
depending on the type and strength of the stimuli that trigger IL-
1β producing cells. Thus, strong stimuli (e.g., high doses of TLR
agonists) or exposure to inducer of autophagy such as rapamycin,
would privilege maturation of autophagosome to autolysosome,
and degradation of its content by the hydrolases provided by lyso-
somes. Weaker stimuli, such as continuous triggering by lower
doses of TLR agonists would instead favor amphisome fusion with
the plasma membrane, resulting in secretion (Figure 2).

THE TRAVEL OF CYTOKINES FROM INSIDE TO OUTSIDE
DURING EVOLUTION. BOTH PASSIVE RELEASE AND ACTIVE
SECRETION ACCOUNT FOR IL-1α AND IL-33
EXTERNALIZATION
The founding member of IL-1 family is probably IL-1α because of
its close homology to acidic FGF, in turn one of the most ancient
cytokines. It is conceivable that, at the beginning, IL-1F cytokines
were, like FGF, intracellular growth factors, and repair molecules
interacting with DNA as transcription factors (Dinarello, 2010)
and were passively externalized by dying cells. When later in evolu-
tion Immunoglobulins appeared, they were used by extracellular
cytokines/growth factors as cell surface receptors, and cytokine-
mediated signaling evolved. Some IL-1F members including IL-1α

and IL-33 retain intracellular (nuclear) function (Carriere et al.,
2007; Cayrol and Girard, 2009). Interestingly, unlike IL-1β and IL-
18, IL-1α, and IL-33 can activate their receptors on target cells as
full-length molecules: thus when released from injured cells they
can exert their biological activity in the absence of a proteolytic
processing (Chen et al., 2007; Eigenbrod et al., 2008; Cayrol and
Girard, 2009).

Based on the above observations, IL-1 family members can be
divided into a group of cytokines that retain some intracellular
function and are passively externalized upon cell lysis (the proto-
type being IL-1α), and a second group including cytokines that are
stored into the cell cytosol before secretion, but do not play intra-
cellular function and undergo regulated processing and secretion
(the prototype being IL-1β).

Still, the situation is more complex. In fact, a number of reports
indicate the possibility that also IL-1α and IL-33 are actively
released by cells that maintain their integrity. IL-1α was reported to
be secreted in response to heat shock (Mandinova et al., 2003) and
through an unknown mechanism requiring caspase-1 (Gross et al.,
2012). In the case of IL-33, intracellular calcium increase, regulated
autocrinally by ATP and purinergic receptor stimulation, induces
translocation from nucleus to cytoplasm and release of full-length
IL-33 (Kouzaki et al., 2011). Extracellular ATP is a well-known
inducer of inflammasome activation and IL-1β/IL-18 processing.
The mechanism through which ATP induces IL-33 secretion seems
to be different, since the unprocessed, full-length molecular form
of IL-33 is secreted. However, we have previously observed that

in human monocytes ATP drives exocytosis of pro-IL-1β contain-
ing vesicles also if caspase-1 is inhibited, resulting in secretion of
the precursor form of the cytokine (Andrei et al., 2004). Moreover,
both in monocytes and in DCs, calcium influx induces secretion of
pro-IL-1β and pro-IL-18 (Gardella et al., 2000a, 2001; Andrei et al.,
2004). Thus it is conceivable that the pathway described for IL-33
makes use of mechanisms (purinergic receptor stimulation and
calcium influx) which are old and conserved during evolution. The
ATP-mediated signaling may then have further specialized adding
to the older function of inducing exocytosis the newer function
of controlling inflammasome activation and hence bioactivity of
cytokines such as IL-1β and IL-18.

Although the study by Kouzaki et al. (2011) did not investigate
the subcellular localization of IL-33 after its nucleus-cytoplasmic
translocation in airway epithelial cells, a recent report (Kakkar
et al., 2012) indicates that, in fibroblasts, newly synthesized IL-33
first moves to the nucleus and then is translocated to cytoplas-
mic vesicles, a pathway reminiscent of that followed by HMGB1
(Gardella et al., 2002). Secretion of uncleaved IL-33 is induced by
mechanical strain (i.e., application of a physical deformation) in
the absence of cellular necrosis (Kakkar et al., 2012). Extracellu-
lar release of IL-33 is also observed in mice subjected to acute
transaortic constriction, which causes mechanical stress in the
left ventricle (Kakkar et al., 2012). Together, these data suggest
that IL-1α and IL-33 may be secreted by cells that are subjected
to non-lethal stress in addition of being released by necrotic
cells.

EVOLUTION OF LEADERLESS SECRETION
Mechanisms of secretion of leaderless proteins were probably
exploited by cells to get rid of proteins which can be harmful,
either because they are misfolded, or too abundant, or mislo-
cated. Such mechanisms exists in yeast, where toxic proteins are
removed from the cytoplasm through a non-classical mechanism
of secretion (Cleves et al., 1996). A similar mechanism operates
also in mammals: for instance, the sulfotransferase rhodanese,
which in physiological conditions accumulates in mitochondria,
when overexpressed is rapidly externalized by transfected cells
without any sign of cell lysis (Sloan et al., 1994). Similarly,
expression of Green Fluorescent Protein (GFP) results in cytoso-
lic accumulation of properly folded protein but also activates
the secretion of misfolded GFP molecules (Tanudji et al., 2002).
Leaderless secretion may thus act as a safety valve, maintaining
cellular homeostasis when the cytoplasmic degradative pathways
are overloaded.

STRESS AS A COMMON INDUCER OF IL-1F MEMBER
LEADERLESS SECRETION
As discussed above the various members of the IL-1 family have
exploited many different ways to get out of cells. However, all of
them seem to be switched on by cellular stress due to changes
in environmental conditions (Giuliani et al., 2011). This is true
both for the passive release by dying cells exploited by IL-1α

and IL-33, since death represents the last step of a cell subjected
to stress, and for the more complex secretion of IL-1β and IL-
18 that are regulated by redox stress (Cruz et al., 2007; Dostert
et al., 2008; Hewinson et al., 2008; Meissner et al., 2008; Tassi
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et al., 2009). Interestingly, both purinergic receptor stimulation
and mechanical stress, cause a disturbance of redox homeosta-
sis resulting in redox response (Wu et al., 2013); redox response
is also required for inflammasome activation (Rubartelli, 2012).
Interestingly, a recent study shows that mechanical stress, which as
stated above induces IL-33 secretion, is sensed by NLRP3 inflam-
masome and leads to IL-1β processing and secretion (Wu et al.,
2013). Mechanical stretch induces production of Reactive Oxy-
gen Species (ROS) which are well-known players in the mecha-
nism of NLRP3 inflammasome activation (Rubartelli, 2012). ROS
production is also a very ancient cell defense mechanism (Navi-
aux, 2012) and induce redox signaling (Carta et al., 2009). It
is possible that, depending on the cell type, the redox signal-
ing is different, resulting in different effects on cytokine pro-
cessing/release. For instance, while in professional inflammatory
cells the evolution of the inflammasome complex favors redox-
mediated processing of IL-1β and IL-18, in airway epithelial cells
or fibroblasts the redox response could only induce cytokine
externalization.

Stress as an inducer of secretion of many IL-1 family members
is in agreement with the fact that the interleukin (IL)-1 fam-
ily more than any other cytokine family is closely linked to the
innate immune response, that is, to the first line of host defense
against stressful noxia (Dinarello, 2009). This link became evi-
dent upon the discovery that the cytoplasmic domain of the IL-1
receptor type I is highly homologous to the cytoplasmic domains
of all TLRs (Medzhitov et al., 1997). Fundamental inflamma-
tory responses such as the induction of cyclooxygenase type 2,
increased expression of adhesion molecules, or synthesis of nitric
oxide are indistinguishable responses of both IL-1 and TLR lig-
ands (Dinarello, 2009). Thus, IL-1F members are a “frontline”
emergency cytokines produced very early in response to multiple
stresses.

IL-1F MEMBERS: BORDERLINE BETWEEN DAMPs AND
CYTOKINES
Another group of early inducers of inflammation are DAMPs.
These are usually nuclear or cytosolic proteins, with a defined
intracellular function that, when released by stressed cells under-
going necrosis, act as endogenous danger signals and initiate
and perpetuate inflammation (Lotze et al., 2007). This is pos-
sible because DAMPs binds to specific receptors, unrelated to
their intracellular function, whose engagement triggers inflam-
matory responses on target cells. The DAMPs features listed
above are very similar to those associated to some IL-1F mem-
bers, particularly IL-1α and IL-33. In fact, unlike IL-1β which
is induced in a restricted number of inflammatory cells by
inflammatory stimuli and undergoes regulated secretion, IL-1α

and IL-33 are constitutively expressed and accumulate in large
amounts in “barrier tissues” (epithelial and endothelial), the first
ones entering in contact with external noxia (Dinarello, 2009;
Liew et al., 2010). Both IL-1α and IL-33, although constitu-
tively expressed, are further induced by stress conditions, thus
increasing the amount of inflammatory mediator ready to be
released in case of need. Interestingly, also certain DAMPs, such
as HMGB1 are further increased in cells exposed to stress (Lotze
et al., 2007).

The difference between cytokines such as IL-1α and IL-33 and
DAMPs is therefore a moot point. The argument that DAMPs are
only released by dying cells, whereas IL-1α and IL-33 can also be
actively secreted has been discarded by the demonstration that
the DAMP HMGB1 undergoes regulated secretion by certain cell
types (Gardella et al., 2002). Actually, more recent data indicate
that secretion of HMGB1, as well as of other leaderless secretory
proteins not belonging to IL-1F, is also dependent on caspase-1
and inflammasome (Keller et al., 2008; Willingham et al., 2009;
Lamkanfi et al., 2010). However, the underlying mechanism is
unknown.

Rather, an important difference between DAMPs and IL-1F
cytokines are the receptors. DAMPs bind to Pattern Recognition
Receptors (PRR) such as TLRs (Leadbetter et al., 2002; Park et al.,
2006; Yu et al., 2006), the most ancient membrane bound, and
intracellular receptors that detect microbial invasion and initiate
innate immune defenses (Kawai and Akira, 2010). These receptors
are promiscuous because of their tendency to associate with differ-
ent domains (Kawai and Akira, 2010), including domains present
in DAMPs. During evolution, the appearance of PRR and their
capacity to bind and be activated by some proteins released by
dying cells, have provided a second life to these proteins, which
became DAMPs.

IL-1F members have specific receptors belonging to the Toll-
IL-1 receptor (TIR) superfamily by virtue of their intracellular
signaling domain, shared with TLRs (O’Neill, 2008). These recep-
tors are endowed with three extracellular immunoglobulin (Ig)-
like repeats that bind IL-1F cytokines with high affinity. This
implies that, at variance with DAMPs, a relatively low concentra-
tion of a given IL-1F cytokine is adequate to trigger a physiological
response. The presence of specific receptor antagonists (i.e., IL-
1ra) and binding proteins (i.e., IL-18 binding protein), which
prevent cytokine-receptor interaction ensures a better control of
the inflammatory response than in the case of DAMPs (Dinarello,
2009).

IL-1F receptors evolved after PRR. Before, cytokines worked
as intracellular growth and repair molecules. Thus, in organisms
(such as starfish) expressing IL-1 like molecules (Beck and Habicht,
1986) and TLRs but not cytokine receptors, an IL-1 like molecule,
externalized by injured or stressed cells, was just diluted in the
water and lost. Only when Ig appeared and cytokine receptors
evolved, IL-1F members became able to work extracellularly as
soluble mediators.

The independent evolution of leaderless secretion aimed at
eliminating harmful intracellular proteins while maintaining cell
integrity and of Ig superfamily members that specifically bind
some leaderless secretory proteins, converged to assist in host
defense: proteins fought off cells because no longer useful, became
cytokines.

In conclusion, since TLR receptors are evolutionary more
ancient than IL-1F receptors, it is conceivable that DAMPs are
the first inflammatory mediators appeared along evolution. How-
ever, at variance with TLRs, IL-1F receptors are high affinity and
non-promiscuous receptors. Although some IL-1F cytokines are
passively released by dying cells, the production and activity of
other IL-1F members (IL-18, IL-1β) is strictly regulated. More-
over, increasing evidence indicates that also IL-1α and IL-33,
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classically considered as passively released, can be actively secreted
by stressed cells. Lack of promiscuity and control of cytokine
activity at several levels allows the generation of a complex net-
work of cytokines that ensures the correct development and
the positive outcome of inflammatory responses. Thus, although
DAMPs are indeed able to trigger and perpetrate inflammation,
the evolution of cytokines provided a strong impulse to innate
immunity.
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Members of the IL-1 family play a key role in innate and adaptive immunity and in the patho-
genesis of diverse diseases. Members of IL-1R like receptor (ILR) family include signaling
molecules and negative regulators.The latter include decoy receptors (IL-1RII; IL-18BP) and
“receptors” with regulatory function (TIR8/SIGIRR; IL-1RAcPb; DIGIRR). Structural con-
siderations suggest that also TIGIRR-1 and IL-1RAPL may have regulatory function. The
presence of multiple pathways of negative regulation of members of the IL-1/IL-1R family
emphasizes the need for a tight control of members of this fundamental system.

Keywords: cytokine, interleukin-1, inflammation, decoy receptor

INTRODUCTION
IL-1R like receptors (ILRs) belong, together with Toll-like recep-
tors (TLRs), to a superfamily of phylogenetically conserved pro-
teins involved in innate immunity and inflammation (1–5). The
common characteristic of the members of this family is the pres-
ence of a conserved domain in the cytoplasmic region, called TIR
domain, originally defined as the Toll/IL-1-resistance and now
generally assumed as an acronym for Toll/IL-1R domain. The TIR
domain is involved in the activation of an evolutionarily conserved
signaling pathway leading to NF-kB translocation to the nucleus
and activation of protein kinases such as p38, c-Jun N-terminal
kinases (JNKs), extracellular signal-regulated kinases (ERKs), and
mitogen-activated protein kinases (mAPKs) (6). The ILR subfam-
ily includes the receptors and the accessory proteins (AcP) for
IL-1α (IL-1F1) and IL-1β (IL-1F2), IL-18/IL-1F4, IL-33/IL-F11,
and other IL-1 family members (IL-36α/IL-1F6, IL-36β/IL-1F8,
and IL-36γ/IL-1F9), which are involved in the initiation of an
amplification cascade of innate resistance and inflammation and
contribute to the activation and orientation of adaptive immu-
nity (7–9). Some members of the family remain orphan receptors
with still unknown ligands and functions. For instance, in the IL-
1R subfamily, TIR8/SIGIRR, TIGIRR-1, and IL-1RAPL have no
characterized ligands so far (2, 10, 11).

The activation of the ILR-dependent signaling cascade is tightly
regulated. Indeed, the deregulated activation of these receptors,
which lead to the production of proteins related to inflammation
and immunity, potentially mediates damaging local and systemic
inflammatory reactions. Several pathological conditions depend,
at least in part, on the inflammatory potential of the IL-1 family
members mentioned above. For instance, the IL-1 system rep-
resents a relevant therapeutic target in arthritis, type 2 diabetes,
psoriasis, sepsis, ischemia and reperfusion, atherosclerosis, graft
rejection, cancer (12–15). The regulatory mechanisms identified

so far in the IL-1 system (ligands, receptors, signaling pathway)
act extracellularly or intracellularly (16, 17). IL-1R antagonists
(IL-1Ra)/IL-1F3 and IL-36Ra/IL-1F5 are polypeptide antagonists
competing with IL-1 and IL-36α/IL-1F6, IL-36β/IL-1F8, and IL-
36γ/IL-1F9, respectively, for receptor binding (3, 7, 18–20). IL-1RII
lacks a signaling domain and by binding IL-1 prevents its inter-
action with a signaling receptor complex and therefore acts as a
decoy, dominant-negative molecule, and scavenger. The negative
regulator of ILR and TLR signaling, TIR8 (also known as SIGIRR),
acts intracellularly. IRAK-M and MyD88s are intracellular nega-
tive regulators of ILRs and TLRs signaling (21, 22). Finally, ILR or
TLR signaling proteins or transcription factors are targets of miR-
NAs, such as miR-155, miR-21, miR-146a, miR-132, miR-9, and
miR-147, whose transcription is induced by inflammatory medi-
ators [lipopolysaccharide (LPS), TNFα, IL-1 β] through NF-kB
(23–25).

Here, we summarize our current understanding of the structure
and function of negative regulatory receptors of the ILR family, in
particular IL-1RII, which has served to defining the decoy recep-
tor paradigm, and TIR8/SIGIRR, focusing on their regulatory roles
in different pathological disorders dependent on ILRs and TLRs
activity, and finally describe other largely uncharacterized mem-
bers of the family with a negative regulatory potential, TIGIRR-1,
IL-1RAPL, IL-1RAPb.

THE DECOY RECEPTOR IL-1RII
GENE AND PROTEIN
The first IL-1R was cloned from murine and human T cells,
whereas IL-1RII was identified soon after in B lymphocytes and
myelomonocytic cells (26, 27). On the basis of their structures,
IL-1RI and IL-1RII belong to the Ig-like superfamily of recep-
tors, with the extracellular portion containing 3 Ig-like domains.
The signaling IL-1R complex includes the type I IL-1 receptor
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(IL-1RI) and IL-1R AcP, which both have a cytoplasmic TIR
domain (Figure 1).

The gene encoding IL-1RII is located on chromosome 2 (q12–
22) in humans and in the centromeric region of chromosome 1 in
mice (28), in cluster with IL-1RI and other members of the family
(IL-33R, IL-18R, IL-36R). The type II receptor is highly conserved
in evolution and is found in bony fish, where it functions to inhibit
IL-1-induced inflammation (29). The third Ig domain of IL-1RII
is homologous to the Ig domain of IL-18BP (30) and indeed, it has
been suggested that IL-1RII and IL-18BP have a common ances-
tral gene and diverged at the level of fish (31). The IL-1RII locus
spans about 38 kb of genomic DNA, of which about 21 kb contains
the coding region. The exon structures of the extracellular por-
tion of IL-1RII and IL-1RI receptors are identical and amino acid
sequences share 28% homology. A single exon encodes the trans-
membrane region and a short cytoplasmic tail (29 amino acids) of
IL-1RII, which has no TIR domain and does not signal (Figure 1).
The human transcript encodes for a 386 amino acid glycosylated
protein of 68 kDa, in contrast with IL-1RI which is a 80–85 kDa
glycosylated protein and has a 213 amino acid cytoplasmic tail
containing a TIR domain responsible for signaling (32).

IL-1RII can be proteolytically processed and released in a sol-
uble form, via the actions of a metalloproteinase, A Disintegrin
and Metalloprotease 17 (ADAM17, also know as TACE) (33,
34). In addition, IL-1RII can be processed in a manner simi-
lar to Amyloid β protein precursor (APP), by alpha-, beta-, and
gamma-secretase: the ectodomain is shed in an alpha-secretase-
like manner, whereas the IL-1RII C-terminal fragment under-
goes further intramembrane proteolysis by gamma-secretase (35).
Finally, the aminopeptidase regulator of TNFR1 shedding (ARTS-
1) has been implicated in IL-1RII shedding in basal condi-
tion and upon cell stimulation with phorbol myristate acetate
(PMA) (36).

Wang et al. (37) solved the structure of IL-1 and IL-1RAcP in
complex with the extracellular domain of IL-1RII and showed that
the mode of interaction among IL-1β, IL-1RII, and IL-1RAcP and
the overall structure are extremely similar to those of the signaling
ligand-receptor complex (IL-1, IL-1R1, IL-1AcP).

MECHANISMS OF NEGATIVE REGULATION
Several lines of evidence are consistent with the view that the
IL-1RII is a bonafide IL-1 decoy.

FIGURE 1 | Mechanisms of negative regulation mediated by IL-1RII.
IL-1RII negatively regulates IL-1 responses in multiple ways. In
membrane-bound (1) or soluble form (2) IL-1RII acts as a decoy, capturing
with high-affinity IL-1β and IL-1α, but not IL-1ra, and preventing their
interaction with IL-1RI. IL-1RII acts as a dominant-negative influencing
IL-1RI-IL-1RAcp signaling receptor complex formation (3). The interaction
of ligand-bound soluble IL-1RII with soluble IL-1RAcP increases the

affinity for both IL-1α and IL-1β by about two orders of magnitude (4).
Finally, in cytosol soluble form, IL-1RII interacts with pro-IL-1α preventing
its pro-inflammatory activity during necrosis, until caspase-1 cleaves
IL-1RII and allows the secretion of IL-1α (5). Because of low affinity for
IL-1RII, IL-1ra does not compete with IL-1α and IL-1β for the interaction
with the decoy receptor (6), whereas it competes with IL-1α and IL-1β

antagonizing their interaction with the signaling receptor IL-1RI (7).
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A first level of control is represented by the differential affinity
of the signaling and decoy receptors for agonist or antagonist lig-
ands of the IL-1 family (Figure 1). IL-1RI binds IL-1α with higher
affinity than IL-1β (K d≈ 10−10 and 10−9 M, respectively) and IL-
1ra with an affinity similar to that for IL-1α. By contrast, IL-1RII
binds IL-1β and IL-1α with high affinity (K d≈ 10−9–10−10 and
10−8 M, respectively), but it binds IL-1ra at least 100 times less
efficiently (38). Plasmon resonance analysis revealed that IL-1β

has a slow off-rate from IL-1RII, whereas IL-1ra rapidly dissoci-
ates from IL-1RII but not from IL-1RI (39), in agreement with
the need that the two regulators of IL-1 do not bind each other
self defeating and frustrating their regulatory activity. By binding
agonist ligands with high affinity without inducing signaling, IL-
1RII acts as a molecular trap for IL-1 inhibiting its activity (27, 40)
(Figure 1).

Second, IL-1RII also forms a complex with IL-1 and the IL-
1RAcP. It therefore exerts a dominant-negative effect on the for-
mation of a signaling receptor complex, by sequestering AcP, which
is essential for signal transduction (41, 42) (Figure 1).

In addition, IL-1RII is also found in a soluble form, released
from cells via the actions of a metalloproteinase (see above).
Soluble IL-1RII is found in normal blood relatively at high concen-
trations, in the order of nanogram per milliliter. Cell-surface shed-
ding is the major mechanism responsible of soluble IL-1RII gener-
ation, but in addition an alternatively spliced transcript encoding
a soluble version of IL-1RII has been described (43). Soluble, but
not cell-associated, IL-1RII binds pro-IL-1β and blocks its process-
ing by IL-1-converting enzyme (ICE)/caspase-1 (38) (Figure 1).
Soluble AcP, encoded by an alternatively spliced mRNA (44) and
found at high levels in the circulation (300 ng/ml in humans), can
interact with ligand-bound soluble IL-1RII, enhancing the latter’s
affinity for IL-1α and IL-1β by two orders of magnitude, while not
affecting the very low affinity for IL-1Ra (40, 45) (Figure 1). In
mouse and monkey, the interaction between AcP and IL-1RII is
required for high-affinity binding of IL-1β and effective inhibition
(45). Thus, the interaction with AcP renders IL-1RII a much more
effective inhibitor of IL-1.

Finally, a further mechanism of negative control of IL-1α by IL-
1RII during necrosis has recently been proposed (46). The soluble
form of IL-1RII has been detected in the cytosol in large amounts,
possibly because the IL-1RII signal peptide is short and relatively
weak. In line with previous reports on systemic sclerosis fibrob-
lasts (47), in this cytosolic form, soluble IL-1RII interacts with
pro-IL-1α (Figure 1). This interaction protects pro-IL-1α from
cleavage by different enzymes (calpain, granzyme B, chymase, and
elastase) normally involved in the generation of the active form
(48, 49) and prevents IL-1α activity (46). This blockade would
be abrogated by active caspase-1 (for instance during infections),
which specifically cleaves IL-1RII, causing dissociation from IL-
1α, calpain processing, and complete restoration of IL-1α activity
after necrosis or during regulated secretion (Figure 1). Since IL-
1RII is expressed by a limited set of cell types, in contrast with
IL-1RI, which is widely expressed, this mechanism of negative
regulation would be cell type specific. Thus, the activity of IL-
1α during necrosis and sterile inflammation would be somehow
restricted to cell types which do not express IL-1RII. For instance,
the high inflammatory profile of vascular smooth muscle cells to

necrosis, which is IL-1α-dependent (50), would be in agreement
with low levels of IL-1RII. These findings would explain the tissue
specificity of inflammatory damage during necrosis.

The anti-inflammatory role of IL-1RII has been demonstrated
in different pathological conditions in animal models. Gene-
targeted mice overexpressing IL-1RII under the control of the
human keratin gene promoter were resistant to PMA-induced
chronic skin inflammation (51). Recombinant IL-1RII delivered
via implanted human keratinocytes overexpressing soluble IL-1RII
played a protective role in a mouse model of collagen-induced
arthritis (52) and intravenous administration of soluble IL-1RII
significantly reduced joint swelling and erosion in a model of
arthritis in rabbit (53). Gene transfer of a soluble IL-1RII-Ig
fusion protein reduced allograft rejection and prolonged graft sur-
vival in a rat model of heart transplantation, reduced infiltrating
macrophages, and CD4+ T cells, and lowered levels of TNF-α and
TGF-β (54). Similarly, IL-1RII ameliorated experimental autoim-
mune myocarditis by blocking IL-1 and inhibiting production of
the cytokines [IL-6, transforming growth factor-β, retinoic acid-
related orphan nuclear receptor (RORγt) and IL-17] involved in
the polarization of Th17 cells (55). Finally, in a mouse model of
endometriosis, consisting of human endometrial tissue implanted
in nude mice, human soluble IL-1-RII administered intraperi-
toneally reduced the growth and dissemination of endometrial
implants and the expression of IL-1β-dependent inflammatory,
angiogenic, and cell growth mediators (56).

In support of the view that IL-1RII is a professional anti-IL-1
molecule, Pox viruses have acquired and retained a soluble ver-
sion of type II IL-1R, that plays a key role in the regulation of
pathogenicity (57).

Thus, IL-1RII negatively regulates IL-1 responses in multi-
ple complementary ways. In membrane-bound or soluble form
IL-1RII acts as a decoy, capturing with high affinity IL-1, and
preventing it from interacting with IL-1RI. It acts as a dominant-
negative influencing IL-1RI-IL-1RAcp signaling receptor complex
formation. The interaction of ligand-bound soluble IL-1RII with
soluble IL-1RAcP increases the affinity for both IL-1α and IL-1β

by about two orders of magnitude and makes IL-1RII a powerful
inhibitor for both agonists. Finally, in cytosol soluble form, IL-1RII
interacts with pro-IL-1α preventing its pro-inflammatory activity
during necrosis.

EXPRESSION
In contrast with IL-1RI, which is expressed by a large variety
of cell types, IL-1RII is expressed by a limited set of cell types,
which also often express IL-1RI: among leukocytes, IL-1RII is
the predominant IL-1-binding protein found in monocytes, neu-
trophils, and B cells (26, 27, 40, 58). Monocyte differentiation to
macrophages, in particular M2 or M2-like macrophages, is asso-
ciated to increased expression of IL-1RII (58, 59). IL-1RII is also
expressed by microglial cells, in particular upon stimulation with
LPS and has been shown to regulate IL-1β actions by binding excess
levels of this cytokine during brain inflammation (60). In addition,
noradrenaline has been reported to upregulate IL-1RII in mixed
microglia via β-adrenoceptor activation and downstream activa-
tion of protein kinase A and ERK, thus preventing IL-1β-induced
neurotoxicity (61). Other stimuli involved in IL-1RII upregulation
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in the CNS include cerebral ischemia, kainic acid administration,
and central administration of IL-1β (62).

T regulatory cells (Tregs) have been shown to express sur-
face and soluble functional IL-1RII, as well as IL-1Ra mRNA.
This property has been exploited for the purification of activated
human FOXP3+ regulatory T cells from expansion cultures (63).
Activated human Tregs rapidly up-regulated IL-1RII and were able
to neutralize IL-1β, which suggests a physiological significance for
the expression of IL-1 decoy receptor on Tregs (64).

Differential levels of IL-1RII have been described in osteoclasts.
In particular, lower expression of IL-1RII has been detected in large
osteoclasts compared to small osteoclasts, and this is in line with
increased resorptive activity of large osteoclasts in response to IL-1
(65). IL-1RII is also expressed by basal epithelial cells of the skin
(66), epithelium of endometrium (67), vagina and urethra, and
chondrocytes. Endothelial cells and fibroblasts generally express
only IL-1RI and AcP.

Surface and soluble IL-1RII expression is strongly enhanced
by anti-inflammatory signals. Glucocorticoid hormones (GCs),
prostaglandins, the anti-inflammatory T helper 2 (Th2) cytokines
(IL-4 and IL-13), and IL-27 induced augmented surface expression
and release of IL-1RII in vitro, in particular in myelomonocytic
cells, and in vivo (27, 58, 68–72). In particular, IL-4 and dexam-
ethasone, by inducing IL-1RII, antagonized the prosurvival effect
of IL-1 in neutrophils in vitro (27). IL-10 increased circulating
soluble IL-1RII levels in vivo in mice. Aspirin increased IL-1RII
release from mononuclear cell cultures in vitro and in vivo (73).
IL-27 inhibited IL-1β-induced signaling in human macrophages
by downregulating the expression of the signaling receptor IL-
1RI, inducing expression of the receptor antagonist IL-1Ra, and
by upregulating the expression of the decoy receptor IL-1RII (72).
These data suggest that induction of IL-1RII contributes to the
anti-inflammatory effect of these mediators.

In contrast, pro-inflammatory molecules inhibit IL-1RII
expression. For instance, bacterial LPS caused a rapid shedding
of surface IL-1RII in monocytes, followed by down-regulation of
expression, whereas it stimulated the expression of IL-1RI,AcP and
the adapter protein MyD88 (74). Interferon γ (IFN-γ) inhibited
IL-1RII expression and release in myelomonocytic cells and coun-
teracted IL-4-dependent upregulation of IL-1RII (71). In addition
to LPS, chemoattractants such as formyl Meth-Leu-Phe (fMLP),
reactive oxygen intermediates (ROI), TNF, and PMA caused rapid
shedding of IL-1RII (33, 75, 76). PMA also induced alterna-
tively spliced soluble IL-1RAcP (44). Thus, shedding of IL-1RII
by circulating phagocytes and generation of alternatively spliced
soluble IL-1RAcP induced by chemoattractants in the early steps
of recruitment, could prepare cells to respond to IL-1 once they
enter tissues.

Acetylated low density (ac-LDL) and very low density (VLDL)
lipoprotein intracellular accumulation caused decreased IL-1RII
mRNA and protein expression in macrophages in vitro. In agree-
ment with these in vitro data, patients with familial combined
hyperlipidemia showed decreased expression of IL-1RII in mono-
cytes. Finally, IL-1RII expression in human atherosclerotic vessels
was defective compared to non-atherosclerotic arteries (77).

Naturally circulating levels of soluble IL-1R type II are in the
range of 5–10 ng/ml, although these can rise in certain chronic (78)

or acute (79) inflammatory settings (see below), in part reflecting
the activation of negative circuits of regulation of the cytokine
action.

IL-1RII IN HUMAN PATHOLOGICAL CONDITIONS: DIAGNOSTIC AND
THERAPEUTIC IMPLICATIONS
High levels of soluble IL-1RII are normally present in plasma
of healthy individuals. Defective or increased expression of tis-
sue or body fluid levels of soluble IL-1RII have been described
in diverse pathological conditions, ranging from critical condi-
tions to autoimmune diseases, neuroinflammatory diseases and
tumors.

Increased blood levels of soluble IL-1RII have been detected
in critically ill patients with infectious conditions such as sep-
sis, acute meningococcal infection, experimental endotoxemia,
operative trauma, or necrotizing enterocolitis in preterm infants
(73, 80, 81). In critically ill patients, IL-1RII levels were elevated
especially in severe, systemic infection and culture-positive infec-
tions. In patients with a marked systemic inflammatory response
syndrome, further pronounced increase of circulating IL-1RII lev-
els was observed in patients developing sepsis (80). Treatment
with glucocorticoids further increased IL-1RII levels, suggest-
ing that it potentially behaves as a biomarker for the activation
of anti-inflammatory pathways or for responsiveness to anti-
inflammatory agents. In acute meningococcal infections, increased
soluble IL-1RII levels correlated with disease severity, in partic-
ular with endotoxemia, complement-activation, and shock (82).
Increased IL-1RII levels were also observed in patients upon
treatment with aspirin (73).

IL-1Ra and/or IL-1RII increased levels were also detected in sera
of multiple sclerosis patients after steroid treatment for relapse
(83) and in the cerebrospinal fluid of patients with Alzheimer’s
disease, where it may be a marker of disease progression (84).

In psoriasis, IL-1ra and IL-1RII were both significantly overex-
pressed in the suprabasal and basal compartment, respectively, and
inversely correlated with the expressions of IL-1α (66). Increased
levels of soluble IL-1RII have been found in the synovial fluid
(39) and plasma of individuals with RA (78), and these nega-
tively correlated with severity of disease, suggesting IL-1RII acts
as natural antagonist of IL-1-driven joint destruction. In contrast,
plasma levels of IL-1Ra correlated positively with disease progres-
sion,possibly reflecting disease exacerbation (78). These data are in
line with experimental in vitro and in vivo data showing that over-
expression of IL-1RII in chondrocytes protected them from IL-1
stimulation (85), or that the transfer of cells overexpressing and
releasing IL-1RII resulted in the inhibition of collagen-induced
arthritis (52). These results, as well as the binding properties of
IL-1RII (high affinity for IL-1, low affinity for IL-1ra), supported
the development of IL-1RII as therapeutic molecule in rheumatoid
arthritis (see below). The expression of both receptors for IL-1 was
demonstrated by immunostaining and laser confocal microscopy
in sarcolemma from human muscle tissue samples, at higher levels
in patients with polymyositis and dermatomyositis as compared
with healthy individuals, together with increased expression of
IL-1α, IL-1β, and IL-1Ra (86).

IL-1RII is upregulated in some tumors, including pancreatic
ductal adenocarcinoma (87), prostatic cancer and benign prostatic
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hyperplasia (88), and ovarian cancer, where it provides a powerful
distinction between primary and recurrent tumors (89).

In contrast to these conditions associated to upregulation of
IL-1RII, in other contexts, defective expression of IL-1RII has
been associated to the pathogenesis of the disease. For instance,
gene-array analysis of osteoarthritic lesions indicated a lack of
expression of IL-1RII and IL-1ra (85), suggesting that defective
expression of negative regulators of the IL-1 system contributes
to pathogenesis. Similarly, endometriosis and endometrioid ovar-
ian cancer are associated with lower levels of serum and local
IL-1RII and with IL-1RII polymorphisms (90–92). In the context
of atherosclerosis, it has been proposed that, since macrophages
from hyperlipidemic patients have decreased IL-1RII mRNA and
protein expression, IL-1-dependent inflammation could be rel-
atively unchecked during atheroma formation (77). Genome-
wide association studies identified several candidate genes poten-
tially involved in inflammatory bowel disease (IBD) pathogenesis,
including IL-1RII (91).

Autoimmune inner ear disease is characterized by recurring
episodes of sudden or progressive sensorineural hearing loss.
Defective responsiveness to corticosteroid in this disease has been
correlated to the low induction of IL-1RII in peripheral blood
mononuclear cells (93).

Secretion of embryonic IL-1β is one of the first responses of
the blastocyst to the receptive endometrium. IL-1β is involved
in inducing molecular changes that are essential for attach-
ment of the blastocyst, such as immunomodulation, angiogenesis,
and endometrial tissue remodeling. In this context, it has been
proposed that these IL-1 activities are regulated by chorionic
gonadotropin, which acts directly on endometrial epithelial cells
to down-regulate the synthesis and release of IL-1RII (94).

The IL-1 decoy receptor IL-1RII was originally tested as a thera-
peutic by Amgen in arthritis, based on the promising results in this
context (45), but no clinical development of this agent has been
reported. Recently, the soluble IL-1RI (Rilonacept) was introduced
as therapeutic and approved by the FDA for selected autoinflam-
matory diseases, in particular cryopyrin-associated periodic syn-
dromes (familial cold autoinflammatory syndrome and Muckle–
Wells Syndrome) (95). The drug consists in a fusion protein
containing the extracellular domains of IL-1R1 and IL-1RAcP cou-
pled to the Fc region of human IgG1. Rilonacept acts similarly to
soluble IL-1RII, as a decoy, by binding IL-1β and IL-1α with higher
affinity than IL-1Ra (96).

THE NEGATIVE REGULATOR TIR8/SIGIRR
GENE AND PROTEIN
TIR8/SIGIRR gene is localized on human chromosome 11 and
on murine chromosome 7 (97). The 410 amino acid-long protein
is constituted by a single Ig extracellular domain, a transmem-
brane domain, an intracellular conserved TIR domain, and a 95
amino acid-long tail at the C-terminal, reminiscent of the intracel-
lular tails of few ILR/TLR family members, in particular IL-1AcPb
and TIGIRR (see below) (Figure 2). Both in human and mouse,
TIR8/SIGIRR has several N- and O-glycosylation sites in the extra-
cellular domain (97, 98). The sequence and pattern of expression
of TIR8/SIGIRR is conserved among vertebrates, from chicken to
humans (99). In particular, human and mouse protein sequences

FIGURE 2 |TIR8/SIGIRR, a negative regulatory receptor of ILR and
TLR signaling. TIR8/SIGIRR is composed by a single extracellular Ig
domain, a transmembrane domain, an intracellular conserved TIR
domain and a long intracellular tail. Two replaced amino acid in the TIR
domain (Cys 222, Leu 305) are potentially involved in non-conventional
activation. TIR8/SIGIRR is an orphan receptor, but IL-36Ra has been
proposed as a TIR8/SIGIRR ligand in glial cells. TIR8/SIGIRR inhibits ILR
and TLR signaling by competing with MyD88 and IRAK recruitment at
the TIR domain thus dampening the signaling pathway leading to NF-kB
activation. In T cells and epithelial cells, TIR8/SIGIRR inhibits
IL-1-dependent activation of the Akt- mTOR pathway and of JNK, thus
controlling cell proliferation and survival. In vivo studies in gene-targeted
mice demonstrate that Tir8/Sigirr acts as a non-redundant negative
regulator in different inflammatory conditions dependent on ILRs or
TLRs.

share 82% homology. TIR8/SIGIRR is expressed in several tissues,
particularly in kidney, digestive tract, liver, lung, and lymphoid
organs (97, 100).

TIR8/SIGIRR proximal promoter has a binding site for
SP1, which enhances its transcription in basal conditions
(101). LPS stimulation reduces SP1 binding to TIR8/SIGIRR
promoter, possibly explaining the TIR8/SIGIRR down-regulation
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in inflammatory conditions (LPS administration, ulcerative colitis,
lung and urinary infections, infestations) (100–106). Recent stud-
ies demonstrated lower expression of TIR8/SIGIRR in fetal human
enterocytes providing a reasonable explanation to the excessive
inflammatory response in the immature intestine (107).

In contrast with these studies, TIR8/SIGIRR up-regulation
was shown in human monocytes during sepsis and ster-
ile systemic inflammation (108). Th2-lymphocytes expressed
higher levels of TIR8/SIGIRR compared to Th1 polarized or
non-differentiated lymphocytes (109). Pseudomonas aeruginosa
infected mice showed up-regulation of Tir8/Sigirr in the cornea,
macrophages, and Langerhans cells through the activity of vasoac-
tive intestinal peptide (110). Lactobacillus jensenii, a probi-
otic microorganism, induced up-regulation of TIR8/SIGIRR in
porcine Payer’s patch antigen presenting cells through activa-
tion of TLR2 (111). Similarly, LPS-induced Tir8/Sigirr in murine
Payer’s patch DCs, but not in spleen DCs (112). These data
suggest that Payer’s patch DCs use Tir8/Sigirr to tune TLRs
signaling.

MECHANISMS OF NEGATIVE REGULATION
The function of TIR8/SIGIRR consists in the specific inhibi-
tion of NF-kB and JNK activation following stimulation of
ILR or TLR family members (102, 113). TIR8 can modulate
the signal transduction activated by IL-1RI, IL-18R, T1/ST2,
TLR1/2, TLR3, TLR4, TLR7, and TLR9 (98, 102, 109, 113–115)
(Figure 2).

The extracellular Ig-like domain of TIR8/SIGIRR has been
show to interfere with the dimerization of IL-1RI and IL-1RAcP.
The cytoplasmic TIR domain binds TIR-containing adaptor mol-
ecules, which are no more available for signaling, whereas the
cytoplasmic tail is not involved in the inhibitory activity (102, 114).
A computational approach suggests a three-dimensional model for
the interaction among the TIR domains of TLR4, TLR7, MyD88,
and TIR8/SIGIRR. In this model, TIR8/SIGIRR binds TLR4 and
TLR7 through its BB-loop region preventing their dimerization
and MyD88 recruitment (116).

TIR8/SIGIRR can also regulate mTOR kinase activity in
Th17 lymphocytes (117) and in intestinal epithelial cells (118)
(Figure 2). These results are in agreement with the role of
TIR8/SIGIRR in autoimmune diseases and in tumor suppression
(see below).

ROLE OF TIR8/SIGIRR IN VIVO
Infection-associated inflammation
Tir8/Sigirr-deficient mice are more susceptible than wild type mice
in several infections, such as tuberculosis, candidiasis, aspergillosis,
P. aeruginosa infection, in terms of mortality and tissue dam-
age due to an exaggerated inflammatory response (103, 106, 119,
120) (Figure 2). Results obtained with IL-1-blocking antibodies
and IL-1RI-deficient mice indicated that in some of these infec-
tious conditions (tuberculosis and P. aeruginosa lung infection),
TIR8/SIGIRR played a major role in dampening inflammation
induced by IL-1R activation.

Similarly, in a colitis mouse model, Tir8/Sigirr-deficient mice
developed a more severe gut inflammation compared to wild

type mice (113, 121). Commensal microflora activates entero-
cyte TLRs and consequently induces survival of epithelial cells
and maintains gut homeostasis (122, 123). Lack of Tir8/Sigirr
in colon epithelial cells was shown to be associated to constitu-
tive NF-kB and JNK activation and up-regulated expression of
Cyclin D1 and Bcl-xL in homeostatic conditions, which returned
to the control level after depletion of commensal bacteria (121)
(Figure 2).

Excessive systemic inflammation was observed in Tir8/Sigirr-
deficient mice upon LPS challenge, and reduced inflammation
and mortality were described in Tir8/Sigirr overexpressing mice
in LPS-dependent acute lung injury model (102, 124). However,
these phenotypes possibly depend on the genetic background since
excessive systemic or local inflammatory reactions to LPS were not
confirmed in other studies (102, 113).

In contrast with these data, in a urinary tract infection model,
Tir8/Sigirr inhibited an effective host response against uropatho-
genic E. coli, as indicated by lower renal bacterial load and dysfunc-
tion in TIR8-deficient mice, associated to increased circulating and
intrarenal neutrophils at the early phase of infection (125).

Sterile inflammatory conditions
Recent data suggest that TIR8/SIGIRR plays a direct role in
inhibiting different IL-1-dependent signaling pathways, includ-
ing IL-1R-mTOR, in Th17 lymphocytes, thus tuning initial Th17
differentiation and preventing Th17 cell-mediated pathogenic
effects (117) (Figure 2). This effect was particularly evident in
the control of CNS autoimmune inflammation in a model of
experimental autoimmune encephalomyelitis (117). Tir8/Sigirr
deficiency was also associated to increased susceptibility to develop
autoimmunity in a model of systemic lupus erythematosus
(B6lpr/lpr), as well as in a model of lupus nephritis induced
by hydrocarbon oil (pristane) (115, 126). In the lpr/lpr model,
Tir8/Sigirr deficiency was responsible for massive lymphoprolif-
eration, peribronchial inflammation, and mesangio-proliferative
glomerulonephritis, due to B and dendritic cell hyper-activation
in TLR7- and TLR9-dependent response to autoantigens and
nucleosomes (115). Tir8/Sigirr-deficient mice were also more
susceptible than wild type mice to both zymosan-induced and
collagen antibody-induced arthritis models, because of exces-
sive inflammation at least in part dependent on IL-1 (127)
(Figure 2).

In agreement with the results obtained in autoimmunity mouse
models, TIR8/SIGIRR was down modulated together with other
anti-inflammatory genes in psoriatic patients (128).

Studies on allergic inflammatory responses showed that
Tir8/Sigirr plays an important role also in controlling the axis
IL-33 – ST2 which is involved in Th2 cell polarization and Th2
cytokine production (109) (Figure 2).

DAMPs generated during renal ischemia/reperfusion are
responsible of the activation of intrarenal DCs, macrophages, and
neutrophils via TLRs and IL-1R, which are potentially involved
in post ischemic renal failure. In models of renal ischemia/
reperfusion or kidney transplantation, Tir8/Sigirr-deficient mice
showed increased renal injury or severe graft rejection,
respectively, associated to excessive cytokine and chemokine
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production and consequently, leukocyte recruitment and ampli-
fied adaptive immune response against donor antigens (129, 130)
(Figure 2).

Finally, in agreement with the expression in neurons, microglia,
and astrocytes (131), TIR8/SIGIRR was shown to be a modulator
of microglia activation by LPS, and of neuroinflammation (132).
Furthermore, Tir8/Sigirr-deficient mice showed impaired cogni-
tive and synaptic functions associated to up-regulated IL-1R1 and
TLR4 signaling in hippocampal tissue in response to IL-1α and
high mobility group box 1 (133). Studies on the anti-inflammatory
activity of IL-36Ra in the brain demonstrated at least a par-
tial involvement of TIR8/SIGIRR in down modulating glial cell
inflammatory responses through the production of IL-4 (18).

Cancer-related inflammation
Chronic inflammation is associated with promotion of malig-
nancy and tumor progression and several studies in animals have
shown the protumoral role of IL-1 in this context (134, 135). Along
the same line, in different murine models, TIR8/SIGIRR has been
demonstrated to play a key protective role in the pathogenesis
of cancer-related inflammation. In a model of colitis-associated
cancer (CAC), a colorectal disease that arises in patients suffering
from chronic IBD, Tir8/Sigirr-deficient mice were highly suscepti-
ble to both inflammation and carcinogenesis in terms of number,
size, and severity of lesions (121, 136) (Figure 2). The mechanism
proposed suggests that TIR8/SIGIRR plays a protective role prob-
ably by modulating the signaling activated by commensal bacteria
through TLRs in the epithelial cells and consequently, down-
stream events, including production of inflammatory mediators
and factors involved in cell survival and proliferation, leukocyte
recruitment, and angiogenesis (137). Moreover, Tir8/Sigirr defi-
ciency in the Apcmin/+ mouse model was associated to increased
intestinal lesion development due to higher Akt-mTOR activity,
a crucial tumorigenic pathway (118, 138). The data suggest that
Tir8/Sigirr exerts a tumor suppressor activity by controlling IL-
1- and TLR-induced mTOR-mediated cell cycle progression and
consequent genetic instability (118).

In Chronic Lymphocytic Leukemia (CLL), human malignant
B cells express lower levels of TIR8/SIGIRR mRNA than nor-
mal B cells (139, 140). Similar results were found in the mouse
where CD19+ cells express lower levels of Tir8 messenger com-
pared to CD19+ cells isolated from a transgenic mouse model
of CLL (TCL1 mice) (141). In CLL, both genetic (e.g., MyD88
mutations) and micro environmental factors concur to the devel-
opment, expansion, and progression of the disease (139, 142). In a
murine CLL model, the absence of Tir8/Sigirr led to a more severe
and earlier appearance of monoclonal B-cell expansions and to
shortened life span. The disease mimicked the aggressive variant of
human CLL, characterized by the appearance of prolymphocytes
(141) (Figure 2), suggesting that TIR8/SIGIRR acts as an inhibitor
of CLL progression through a still unclear molecular mechanism.

OTHER ILR WITH NEGATIVE REGULATORY PROPERTIES
IL-18 BINDING PROTEIN
IL-18 binding protein (IL-18BP) is a secreted high affinity IL-18
binding molecule, which acts as a potent inhibitor of IL-18 and a
modulator of Th1 response. It is constituted by only one Ig-like

domain and it is structurally and functionally similar to IL-1RII
(30). Indeed, phylogenetic analysis suggests that IL-18BP and IL-
1RII had a common ancestral gene and diverged at the level of
fish (31). Recombinant IL-1F7 also binds to the IL-18BP, further
increasing the ability of IL-18BP to neutralize IL-18 activity (143).

Proteins homolog to IL-18BP have been found in poxviruses
(Ectromelia), which are responsible of neutralization of human
IL-18 during the viral infection and of dampening the inflamma-
tory response associated to the infection (144).

Further information about this molecule is available in the
review by Dinarello et al. in this issue.

IL-1RAcPb
The IL-1RAcP is the receptor subunit of the IL-1RI complex, and
it is also used by IL-36α/IL-1F6, IL-36β/IL-1F8 and IL-36γ/IL-1F9,
and IL-33 receptors. It has been shown that an alternative form of
AcP, called AcPb, can be generated by alternative splicing, in which
the prototypical AcP C-terminal exon 12 is skipped and an alter-
native exon 12b is used (145, 146). Smith et al. (146) characterized
this molecule and showed its regulatory properties in the brain.
The C-terminus encoded by these two alternative exons has 35%
amino acid identity, which includes conserved motifs of the TIR
domain. Moreover, the exon 12b encodes a sequence of approxi-
mately 140 additional amino acids in the C-terminal of the TIR
domain that has no homology to other protein sequences and is
of unknown function. The general structure of AcPb is similar
to that of AcP and suggests that the AcPb cytoplasmic domain is
similar to AcP TIR domain. However, there is one area of substan-
tial difference because of changed configuration in the DD loop
and aD helix regions of the AcPb TIR domain, which remembers
modification of TIR8/SIGIRR TIR domain, and altered charge
distribution pattern on its surface. It has been proposed that these
modifications could affect interaction with adapter and signaling
molecules. Indeed, AcPb is capable of forming a ligand-dependent
complex with IL-1R, but it does not lead to the recruitment of
the adaptor molecules MyD88 and IRAK4 after stimulation with
IL-1, and is unable to mediate specific IL-1 responses. In both
human and mouse, the expression of the AcPb is restricted to
the CNS (whole brain, fetal brain, cerebellum, and spinal cord).
AcP and AcPb are coexpressed in the same cells, but AcPb is the
more abundant isoform. It has been proposed that AcPb could
also be recruited to other AcP-utilizing receptors, such as ST2
and IL-1Rrp2/IL-36R, which are expressed in the CNS, once they
have bound their ligands (IL-33 and IL-36α,β,γ, respectively). In a
model of LPS challenge in the CNS, AcPb-deficiency was asso-
ciated to neuronal loss suggesting that AcPb may dampen the
neurotoxic 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 AcP (146). The inhibitory effect of
AcPb could depend on the failure to recruit MyD88 and IRAK4,
on the competition with AcP in a IL-1 receptor complex contain-
ing multiple IL-1R and AcP molecules, or on unknown functions
mediated by the C-terminal tail.

TIGIRR-1 AND IL-1RAPL
TIGIRR-1 and IL-1RAPL (also named TIGIRR-2) are local-
ized on the X chromosome and share between 22 and 48%
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overall identity to other ILR family members. IL-1RAPL and
TIGIRR-1 exons are spread out over a very large segment of
genomic DNA (more than 1500 kb for IL-1RAPL and 380 kb
for TIGIRR-1). Both TIGIRR-1 and IL-1RAPL contain a signal
peptide, three predicted extracellular Ig domains, a single trans-
membrane domain, and a highly conserved cytoplasmic region
containing a C-terminal cytoplasmic extension reminiscent of
the Drosophila Toll family, TIR8/SIGIRR, and AcPb cytoplasmic
domains.

A negative regulatory role has not yet been reported for
these two receptors. However, in in vitro studies performed
with chimeric molecules, the cytoplasmic domains of TIGIRR-
1 and IL-1RAPL fused to the extracellular and transmembrane
domains of IL-1RI or AcP could not induce NF-κB, similarly to
TIR8/SIGIRR, and in contrast with the cytoplasmic domains of
other members of the ILR family (10). Other functional stud-
ies showed that IL-1RAPL can activate JNK but not the ERK
or the p38 MAP kinases, whereas TIGIRR-1 cannot activate
JNK. Deletion mutagenesis studies showed that the activation of
JNK by IL-1RAPL does not depend on the integrity of its TIR
domain, suggesting a distinct mechanism of signaling through
this receptor (147).

TIGIRR-1 is highly conserved in human and mouse (94.5%
identical at the amino acid level) and it is expressed in skin,
liver, placenta, and fetal brain. IL-1RAPL, whose crystal struc-
ture has been determined (147), is expressed in heart, brain,
ovary, skin, and to a lesser extent in tonsil, fetal liver, prostate,
testis, small intestine, placenta, and colon. IL-1RAPL was iden-
tified as the gene responsible for hereditary non-syndromic
mental retardation and autism linked to chromosome region
Xp22.1–21.3 (148, 149). It is expressed in brain structures
involved in the hippocampal memory system, and it has a role
in brain development and function (150). No information are
available about a potential role of IL-1RAPL in inflammation
and defense, however, its C-terminal extension is reported to
interact with neuronal calcium sensor-1 and regulate neurite
outgrowth (150–152).

DIGIRR
Recently, a new member called DIGIRR was added to the ILR
family (153). DIGIRR was discovered in teleost fish and showed
high homology with TIR8/SIGIRR. DIGIRR is characterized by
an extracellular portion comprising two Ig-like domains, a trans-
membrane domain and TIR domain carrying two amino acid
substitutions (Arg419-Tyr420), which are responsible for the loss
of signaling. The DIGIRR mRNA was found expressed in several
tissues and in leukocytes and was upregulated by LPS, oppositely
to TIR8/SIGIRR, suggesting a different mechanism of response to
inflammatory stimuli between the two molecules. At the subcellu-
lar level, DIGIRR showed a peculiar distribution within the Golgi
apparatus.

Different lines of evidence suggest that DIGIRR acts as nega-
tive regulator of LPS- and IL-1β-induced inflammation. Indeed,
siRNA knock down of DIGIRR lead to increased production of IL-
β-induced pro-inflammatory cytokines in liver, kidney, and leuko-
cytes. Moreover, in vitro administration of DIGIRR to zebrafish

embryos significantly inhibited LPS- and IL-1β-induced activation
of NF-kB.

The discovery of DIGIRR could help to understand the evo-
lution of ILR family members. Indeed, the authors suggest the
hypothesis that DIGIRR and TIR8/SIGIRR derive from a com-
mon ancestral molecule that lost respectively one or two Ig-like
extracellular domains, and Ser or Arg-Tyr- amino acids in the TIR
domain. DIGIRR might represent an evolutionary intermediate
molecule between IL-1R and TIR8/SIGIRR, demonstrating a shift
from a potent receptor to a negative regulator.

CONCLUDING REMARKS
Studies conducted in the early 1990s suggesting that the non-
signaling IL-1RII acts as a molecular trap for the agonist and the
AcP, led to the formulation of the decoy paradigm, which has then
been extended to other cytokine families and chemokines. Decoy
receptors are now recognized as a general strategy to tune the
actions of primary inflammatory cytokines and chemokines.

The list of ILR/TLR family receptors acting as negative regula-
tors now includes TIR8/SIGIRR, which acts by modulating ILRs-
or TLRs-dependent signaling. In addition to these molecules,
soluble forms of signaling receptors or AcP act as decoys or
negative regulators by trapping the ligands. For instance, T1/ST2
exists also as a soluble isoform obtained by differential mRNA
processing, which acts as an antagonistic decoy receptor for IL-
33 (154), and has been proposed in the therapy of arthritis
(155). Similarly, soluble IL-1AcP, generated by alternative splic-
ing, forms a complex with IL-1β and IL-1RII playing a pro-
tective role in arthritis (156) and has been pharmacologically
exploited.

For several of these molecules further studies have to be per-
formed to unequivocally define their role in disease and their
potential as therapeutic targets. For instance, unfortunately there
are no genetic evidence on the consequence of IL-1RII-gene
deficiency or data supporting the relevance of TIR8/SIGIRR in
human disease. In addition, the clinical development of IL-RII
pharmacological targeting has not been reported. Finally, pharma-
cological approaches targeting TIR8/SIGIRR functions have not
been developed yet and they will be necessary to assess whether
TIR8/SIGIRR might be a therapeutic target in inflammatory
conditions.

However, the existence of IL-1RII, together with IL-1Ra,
TIR8/SIGIRR, brain AcPb, and other soluble receptors acting as
molecular traps emphasizes the need for tight control of the IL-1
system, which mediates potentially devastating local and systemic
inflammatory reactions.
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Interleukin-1 (IL-1) is a major “alarm” upstream pro-inflammatory cytokine that also affects
immunity and hematopoiesis by inducing cytokine cascades. In the tumor arena, IL-1 is pro-
duced by malignant or microenvironmental cells. As a pleiotropic cytokine, IL-1 is involved
in tumorigenesis and tumor invasiveness but also in the control of anti-tumor immunity.
IL-1α and IL-1β are the major agonists of IL-1, while IL-1Ra is a physiological inhibitor of pre-
formed IL-1. In their secreted form, IL-1α and IL-1β bind to the same receptors and induce
the same biological functions, but IL-1α and IL-1β differ in their compartmentalization within
the producing cell or the microenvironment. IL-1β is only active in its processed, secreted
form, and mediates inflammation, which promotes carcinogenesis, tumor invasiveness,
and immunosuppression, whereas IL-1α is mainly cell-associated and in the tumor context,
when expressed on the cell membrane, it stimulates anti-tumor cell immunity manifested
by tumor regression. In the tumor milieu, extracellular levels of IL-1α are usually low and do
not stimulate broad inflammation that promotes progression. Immunosuppression induced
by IL-1β in the tumor microenvironment, mainly through MDSC induction, usually inhibits
or masks anti-tumor cell immunity induced by cell-associated IL-1α. However, in different
tumor systems, redundant or unique patterns of IL-1α and IL-1β expression and function
have been observed. Recent breakthroughs in inflammasome biology and IL-1β process-
ing/secretion have spurred the development of novel anti-IL-1 agents, which are being used
in clinical trials in patients with diverse inflammatory diseases. Better understanding of the
integrative role of IL-1α and IL-1β in distinct malignancies will facilitate the application of
novel IL-1 modulation approaches at the bedside, in cancer patients with minimal residual
disease (MRD), as an adjunct to conventional approaches to reduce the tumor burden.

Keywords: IL-1, carcinogenesis, tumor invasiveness, tumor-host interactions, immunogenicity, anti-tumor immu-
nity, immunotherapy

EXPRESSION AND SECRETION OF IL-1α AND IL-1β – THE
MAJOR IL-1 AGONISTIC MOLECULES
The IL-1 family consists of 11 agonist and antagonist molecules
that are centrally involved in regulating inflammatory responses.
These include IL-1α, IL-1β, IL-1Ra, IL-18, IL-33, IL-1Ra, IL-36α,
IL-36β IL-36γ, and IL-38 [reviewed in Ref. (1–7)]. Here, we will
mainly focus on the two major IL-1 agonistic molecules, i.e., IL-
1α and IL-1β, and IL-1 receptor antagonist (IL-Ra), which is a
physiological inhibitor of IL-1 signaling.

IL-1α and IL-1β are synthesized as precursors of 31 kDa that
are further processed by proteases to their mature secreted 17 kDa
forms. IL-1 differs from most other cytokines by lack of a signal
sequence, thus not passing through the endoplasmic reticulum-
Golgi pathway; its mechanisms of secretion are not yet completely
understood. IL-1Ra, which has a signal peptide, is secreted in
the ER-Golgi exocytic pathway. Generally, IL-1 is produced and
secreted by various cell types upon inflammatory or stress condi-
tions, predominantly by myeloid cells, which display the strongest
capacity to produce and secrete IL-1. Stimulation of IL-1 pro-
duction occurs through signaling of Toll-like receptors (TLRs),
which recognize conserved microbial molecules of pathogens, i.e.,

pathogen-associated molecular patterns (PAMPs) [reviewed in
Ref. (8–10)] as well as endogenous molecules, which are products
of damaged cells, termed danger-associated molecular patterns
(DAMPs) [reviewed in Ref. (11–13)]. The activation of TLR sig-
naling via the NF-κB pathway leads to the generation of many
cytokines; IL-1 is a central cytokine produced by this pathway. Sig-
naling through surface IL-1Rs and most of the TLRs is common
and converges from MyD88 to NF-κB activation and induction of
an inflammatory response, including expression of IL-1.

PROCESSING OF IL-1β
The IL-1β-converting enzyme (ICE), or caspase-1, is a cysteine
protease, that is activated in the cytosol on the inflammasome plat-
form, and subsequently cleaves the inactive precursors of IL-1β,
IL-18, and IL-33 into their mature secreted forms (2, 3, 14–18).

PROCESSING OF IL-1α
The precursor of IL-1α (ProIL-1α) is processed by the Ca2+-
dependent protease calpain into the mature 17 kDa form and the
16 kDa N-terminal cleavage product – the propiece of IL-1α, also
termed IL-1α N-terminal peptide (IL-1NTP). The latent form of
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Voronov et al. IL-1 in the tumor microenvironment

calpain is activated in cells under inflammatory conditions and
especially upon loss of plasma membrane integrity, which occurs
during necrosis (19). However, intracellular ProIL-1α is present
in many cells because they contain calpain inhibitors and are
thus unable to process and secrete IL-1α. Other proteases, such
as elastase, chymase, or Granzyme B can also process ProIL-1α

into smaller molecules with high inflammatory potential (20–
22). Recently some involvement of the inflammasome in IL-1α

secretion has been demonstrated (23–25). A biologically active
membrane-associated form of IL-1α (23 kDa), which is anchored
to the membrane via a mannose-like receptor, has been demon-
strated in activated cells that express the cytokine. However, it is
not clear how IL-1α is inserted in the membrane.

IL-1 RECEPTORS
IL-1α and IL-1β signal through the same IL-1Rs, which belong
to the immunoglobulin (Ig) supergene family and are abun-
dantly expressed on many cell types. IL-1R of type I (IL-1R1)
(80 kDa) is a signaling receptor, whereas the IL-1R of type II (IL-
1R2) (68 kDa) serves as a decoy target, acting to reduce excessive
amounts of IL-1 [reviewed in Ref. (1–7)]. Following the binding
of IL-1 to IL-1R1, a second chain, i.e., the IL-1R acceptor pro-
tein (IL-1RAcP) is recruited. This heterodimeric complex triggers
IL-1 signaling by activating the IL-1 receptor-associated kinase
(IRAK) and ultimately leads to activation of NF-κB and its tar-
get genes. On the contrary, IL-1R2 and the IL-1Ra do not form
this heterodimeric complex with the IL-1RAcP and therefore do
not recruit IRAK. Signaling through surface IL-1R1 represents
an evolutionary conserved mechanism homologous to the TLR
pathway.

MAJOR BIOLOGICAL ACTIVITIES OF IL-1
EFFECTS OF IL-1 ON INFLAMMATORY RESPONSES
IL-1α and IL-1β are defined as “alarm cytokines” that are secreted
by macrophages and initiate inflammatory responses, by induc-
ing a cascade of other pro-inflammatory genes [reviewed in Ref.
(1–7)]. Of major importance are cyclooxygenase type 2 (COX-
2), inducible nitric oxide synthase (iNOS), chemokines/cytokines,
and matrix metalloproteinases (MMPs). The IL-1 molecules stim-
ulate their own and each other’s production; this represents an
important amplification loop of the inflammatory response. Also,
IL-1 increases the expression of integrins on endothelial cells, stro-
mal cells, and leukocytes and thereby promotes cell infiltration into
inflamed tissues.

Recently, the unique alarmin function of ProIL-1α in sterile
inflammation has been described by us and others (26–30). In
tissue cells, such as epithelial cells, endothelial cells, and fibrob-
lasts, ProIL-1α is located in the cytosol and nucleus. Upon stress
induction, expression of ProIL-1α increases and it translocates
into the nucleus, where it is bound to chromatin in a highly
dynamic manner. In stressed cells, i.e., in hypoxic conditions,
ProIL-1α expression is initially increased, with the involvement of
the transcription factors HIF-1α and HIF-1β. Upon necrotic cell
death, ProIL-1α is released and induces inflammation (31). How-
ever, following apoptotic death, the mobility of IL-1α is greatly
reduced, it concentrates in dense nuclear foci and is not released
into the environment (27). This represents a novel mechanism

that explains why inflammatory responses are not generated upon
apoptosis. Necrotic cells lacking IL-1α failed to induce this early
inflammatory response. The early infiltrate found in Matrigel
plugs containing lysates of necrotic cells consists mainly of neu-
trophils and myeloid progenitor cells; recruitment of cells is via
IL-1R1 signaling (27, 29). Macrophages infiltrate such Matrigel
plugs at later times and they actively secrete IL-1β, which termi-
nates inflammation, resulting in wound healing and restoration
of tissue homeostasis (29). These results indicate significant dif-
ferences in the capacity of the major IL-1 agonistic molecules to
alarm inflammatory cells, thereby controlling the inflammatory
response. Recently, a novel mechanism to control IL-1α activity in
necrotic cells has been described by Zheng et al. (21) and reviewed
in Ref. (22). Zheng found that under normal conditions, IL-1α is
synthesized as a p33 precursor that is sequestered in the cytosol
by IL-1R2 where it cannot be cleaved by proteases or activate IL-
1R1 signaling. However, after inflammasome activation, IL-1R2
can be cleaved by caspase-1 and ProIL-1α can be released and
further processed by calpain to the highly active p17 mature IL-
1α form. Previously, it was thought that ProIL-1α and mature
IL-1α are active to the same extent. However, this study demon-
strated that the affinity of mature IL-1α to IL-1R1 is about 50
times higher than that of ProIL-1α; in accordance, their biological
activity significantly differs (22). Moreover, necrosis-induced IL-
1α activity is tightly controlled in a cell type-specific manner (21).
Thus, in cell types with a silent necrotic phenotype, IL-1R2 remains
associated with ProIL-1α. In contrast, in cells with an inflamma-
tory, necrotic phenotype, IL-1R2 is either absent or caspase-1 is
activated before necrosis. Overall, the extent of inflammation in
damaged tissues depends on the concentration of cleaved IL-1α,
as well as the local expression of IL-1R1. This control mechanism
evolved in order to prevent exacerbation of inflammation induced
by necrotic cells in tissues with limited regenerative capacity, such
as kidney, heart, and brain (21, 32). These findings suggested that
sterile inflammation can occur even without activation of IL-1β.
Other studies have also demonstrated inflammasome-dependent
IL-1α release in sterile inflammation, which may further lead to
ProIL-1β expression, caspase-1-dependent processing and release
[reviewed in Ref. (2, 22)].

EFFECTS OF IL-1 ON IMMUNE RESPONSES
As a pleiotropic cytokine, IL-1 has diverse potentiating effects on
the proliferation, differentiation, and function of various innate
(NK cells, macrophages, granulocytes etc.), as well as specific
immunocompetent cells (T and B cells) [reviewed in Ref. (1–
7)]. Most pronounced are the effects of IL-1 on T cell activation.
Initially, IL-1 was characterized as “the classical” co-stimulatory
cytokine for T cell proliferation, inducing IL-2 secretion and
expression of high affinity IL-2Rs by activated T cells (33). Recent
studies by the Paul group demonstrated that IL-1β induces a
robust and durable expansion of naïve and memory CD4+ T
cells (Th1, Th2, and Th17) in response to antigen stimulation and
also enhances their function (34). The responding T cells must
express IL-1R1 and different members of the IL-1 family were
shown to activate particular STATs, which leads to the expression
of relevant subset-specific transcription factors that reinforce the
polarized phenotype; IL-33 and STAT5 induce Th2, IL-1β and
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STAT3 induces Th17 and IL-18 and STAT4 induces Th1 cells (35).
Stimulatory effects of IL-1 on activation of antigen-specific CD8+

T cells, migration and killing were recently described (36). IL-1
can thus serve as an adjuvant in immunization, especially against
weak immunogens. Indeed, in some studies, IL-1β has been char-
acterized as an “endogenous adjuvant” that is generated following
immunization with adjuvants, such as CFA and aluminum hydrox-
ide (Alum) (37–39). The adjuvant properties of IL-1 in T cell
activation possibly stem from its ability to serve as a danger signal,
recruiting inflammatory cells to the site of antigen application and
inducing maturation and activation of professional APCs.

EFFECTS OF IL-1 ON HEMATOPOIESIS
Multiple hemopoietic functions have been attributed to IL-1, espe-
cially to IL-1β [reviewed in Ref. (1–7)]. The in vivo importance
of IL-1 in stimulating hematopoiesis is best demonstrated by
its ability to rescue mice after lethal irradiation or chemother-
apy, mainly via inducing recovery of the myeloid compartment
(40). IL-1 was characterized as hemopoietin-1, a factor essential
for hematopoiesis, acting by inducing the expression of recep-
tors for colony-stimulating factors (CSFs) on primitive precursor
cells (41). Of special relevance to the malignant process are the
effects of IL-1 on immature Gr-1+CD11b+ myeloid cells, also
termed myeloid-derived suppressor cells (MDSCs). MDSCs con-
sist of cells committed to differentiate in the bone marrow (BM)
into granulocytes, macrophages or dendritic cells [(reviewed in
Ref. (42)]. In cancer or chronic inflammation, MDSCs expand
in the BM in response to diverse systemic pro-inflammatory
cytokines, including IL-1β; they subsequently exit the BM as
immature cells and seed at sites of tumor/inflammation. They
also accumulate in the spleen and lymph nodes. MDSCs remain
immature and are further activated by inflammatory products to
acquire immunosuppressive and pro-invasive characteristics, the
latter mediated through secretion of VEGF and MMPs. MDSCs
mainly consist of subpopulations of granulocyte MDSCs (G-
MDSCs) and macrophage MDSCs (M-MDSCs). G-MDSCs have
a limited lifespan and usually undergo apoptosis at tumor/chronic
inflammation sites, while and M-MDSCs differentiate into M2
tumor-associated macrophages (TAMS). However, in some cases
M-MDSCs mature into M1 anti-tumor macrophages.

SIMILARITIES AND DIFFERENCES BETWEEN IL-1α AND IL-1β
Mature secreted IL-1α and IL-1β as well as Pro IL-1α bind to the
same receptors and exert the same biological activities, although
changes in the affinity of binding of these ligands to IL-1R1 have
been described. Generally, IL-1β, due to its secreted nature, has
been considered to be the major IL-1 pro-inflammatory mol-
ecule and only few comparative studies on in vivo biological
functions of both IL-1 agonistic molecules have been performed.
However, some characteristics of IL-1α and IL-1β differ dramati-
cally [reviewed in Ref. (1–7)]. IL-1β is not present in homeostatic
conditions; it is induced and secreted only upon inflammatory
signals and its secretion is tightly controlled at the levels of tran-
scription, mRNA stability, translation, and processing. On the
other hand, IL-1α is present in the cytosol, nucleus, or cell mem-
brane in homeostatic states, as well as in inflammation, when
its expression is upregulated. Importantly, IL-1α is only rarely

secreted by living cells and in most cases is undetectable in body
fluids. Previously, we demonstrated that in vivo, in steady-state
homeostasis and in inflammation, IL-1α and IL-1β are differ-
entially expressed in tissues, possibly pointing to their different
physiological roles (32, 43).

IL-1α and IL-1β differ in the sub-cellular compartments in
which they are active. IL-1β is solely active as an extracellular
secreted product, while its precursor is inactive and there is no
membrane-associated form of IL-1β. On the other hand, IL-1α

is mainly present in its cell-associated forms (ProIL-1α, IL-1NTP
and membrane-associated forms), but is only marginally secreted
in its mature from, with the exception of activated myeloid cells
[reviewed in Ref. (1–3)]. Very little is known about the biological
activity of IL-1NTP. Intracellular forms of IL-1α were shown to
translocate to the nucleus, due to a nuclear localization sequence
(NLS) located within the structure of ProIL-1α and IL-1NTP, but
lacking in the mature form of IL-1α. In cells that express ProIL-
1α, but do not secrete it, the cytokine possibly acts in an intracrine
manner from within the cell, without the need to be secreted, via
signaling pathways that are not yet fully characterized. We have
hypothesized that intracellular forms of IL-1α evolved as intra-
cellular effector molecules undertaking important homeostatic
regulatory functions beyond the realm of immunity and inflam-
mation. These include effects on gene expression, cell growth,
and differentiation, which were demonstrated in tissue-resident
cells, such as endothelial cells, fibroblasts, smooth muscle cells,
keratinocytes, epithelial cells, and brown fat cells [reviewed in Ref.
(1–3)]. Thus, IL-1α belongs to a group of “dual function”cytokines
(i.e., HMBG1 and IL-33) that are expressed in the cytosol and can
enter the nucleus, where they perform homeostatic functions, but
upon cell necrosis, they are released into the microenvironment
and serve as alarmins by inducing inflammation [reviewed in Ref.
(44, 45)].

We have hypothesized that the localization of the IL-1 mole-
cules in the context of the producing cell and its microenvironment
dictates their biological function in normal homeostasis and also
in the malignant process [reviewed in Ref. (1, 46, 47)]. Thus, as
will be shown below, membrane-associated IL-1α is immunostim-
ulatory, while cytosolic ProIL-1α controls intracrine homeostatic
functions (27, 48). However, when cytosolic ProIL-1α is released
from damaged cells, it acts as an alarmin to initiate inflamma-
tion. Secreted IL-1 (mainly IL-1β), at low local doses, induces
limited inflammatory responses followed by activation of spe-
cific immune mechanisms, while at high doses, broad inflamma-
tion accompanied by tissue-damage and tumor invasiveness are
observed.

DIFFERENTIAL ACTIVITIES OF IL-1α AND IL-1β IN THE
MALIGNANT PROCESS
In the tumor arena, IL-1 is an abundant cytokine that can
be secreted by malignant or microenvironment cells and affect
inflammation, hematopoiesis, and immunity. It is involved in all
phases of the malignant process, such as tumorigenesis, tumor
invasiveness and progression, as well as activation/suppression of
anti-tumor immunity. In the malignant process, the target cells of
IL-1 can include pre-malignant or malignant cells, as well as cells
of the microenvironment that are activated by exogenous IL-1,
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usually to produce inflammatory mediators that promote inva-
siveness. In tumorigenesis, IL-1 of microenvironment origin can
propagate initial mutations by ROS or NO, produced by phago-
cytes, other microenvironment cells, or the mutated cells. It can
then rescue initiated cells from apoptosis, enable their prolifera-
tion and further accumulation of mutations, ultimately leading to
a malignant phenotype. IL-1 can then potentiate the invasiveness
of malignant cells through stimulation of growth factors, angio-
genesis, and tumor cell motility, leading to metastasis. In some
cases, IL-1 can also enhance the immunogenicity of malignant
cells and consequently reduce tumor invasiveness. As IL-1 is an
upstream cytokine, its effects on the malignant process may be
direct or indirect, being mediated by cytokines/mediators that it
induces. Thus, at tumor sites, IL-1 induces a local cytokine network
that is determined by the array of expressed cytokines, their rela-
tive concentrations, and the expression pattern of their receptors.
This cytokine network dictates the dominant “net cytokine effect”
and it fluctuates at various phases of tumor development. We have
thoroughly studied the role of IL-1α and IL-1β in the malignant
process and have shown that in many cases they perform distinct
functions. The results of these studies are summarized below.

EFFECTS OF IL-1 ON TUMORIGENESIS
Tumorigenesis encompasses the in vivo induction of tumors cells
by carcinogens or oncogenes, as well as in vitro transformation
of normal or immortalized non-tumor forming cells into overt
malignant cells that are capable of tumor formation in mice.

CONSTITUTIVE EXPRESSION OF IL-1β IN THE STOMACH CAN RESULT IN
TUMORIGENESIS
The overexpression of human IL-1β fused to a signal peptide (ssIL-
1β), in mouse stomach epithelial cells leads to development of
spontaneous gastric inflammation, pre-neoplastic lesions, and in
some cases, tumors. Thus, secreted IL-1β serves as both an initia-
tor and a tumor promoter (49). This correlates with recruitment
of MDSCs to the stomach and their in situ activation through the
IL-1R1/NF-κB pathway. Gastric pre-neoplasia and MDSC mobi-
lization were inhibited by the IL-1Ra. In this system, overexpressed
levels of IL-1β in the stomach induced a strong local inflammatory
response,driven by continuous NF-κB activation, which promoted
extensive hyperplasia and subsequent tumorigenesis. The ssIL-1β

construct, driven by the elastase promoter in the pancreas, resulted
in severe chronic pancreatitis; the severity of lesions and local
inflammation correlated to the extent of IL-1β expression (50). In
this system, older mice developed acinar-ductal metaplasia, but no
tumor development was observed.

LOCAL EXPRESSION OF IL-1β IS INVOLVED IN CHEMICAL
CARCINOGENESIS
We have demonstrated the role of host-derived IL-1 mole-
cules on susceptibility to chemical carcinogenesis induced by
3-methylcholanthrene (3-MCA), which acts both as an initiator
and a tumor promoter, using a battery of IL-1 KO mice [IL-1α−/−,
IL-1β−/−, IL-1α/β−/− (double KO mice), or IL-1Ra−/− mice] in
comparison to wild-type (WT) mice (51). We found that defi-
ciency of IL-1β leads to delayed 3-MCA-induced fibrosarcoma
development. In mice deficient in IL-1β, tumors appeared only

after a prolonged lag period and developed only in part of the
treated mice. In WT and IL-1α−/− mice, carcinogenesis patterns
were similar and all mice developed tumors. In IL-1Ra−/−mice, in
which unattenuated levels of the IL-1 molecules are present, tumor
development was more rapid than in WT mice. An early inflam-
matory response consisting of neutrophils was detected as early
as 10 days after carcinogen injection. At later times, when tumor
cells are already apparent, the local infiltrate consisted mainly of
macrophages, which is consistent with the role of macrophages in
tumor progression (52–54). Patterns of inflammation correlated
with tumor development. Thus, in mice deficient in IL-1β, almost
no inflammatory response was observed during tumor develop-
ment, lack of IL-1α did not impair inflammation as compared to
WT mice, while an heightened inflammatory response was evi-
dent in IL-1Ra KO mice. These results indicated for the first time
that 3-MCA-induced carcinogenesis is inflammation-dependent,
as previously it had been suggested that tumor development is
controlled by immune surveillance mechanisms that eliminate the
arising malignant cells [reviewed in Ref. (55)].

CONSTITUTIVE EXPRESSION OF IL-1α IN THE SKIN INITIATES BENIGN
SKIN PAPILLOMAS
The role of wound healing in tumorigenesis has recently been
reviewed (56, 57). In mice specifically over-expressing a trans-
gene of MAPK kinase 1 in the suprabasal layer of the skin,
where non-proliferating but differentiating keratinocytes reside,
keratinocyte-derived IL-1α initiates wound-induced papilloma
formation (58). In such mice, hyperproliferative epidermis and a
chronic inflammatory infiltrate were observed. However, papillo-
mas developed only upon skin wounding. In normal keratinocytes
IL-1α is present constitutively in the cytosol and its expression
increases in cells expressing the MAPK kinase 1 transgene, but it is
not released into the microenvironment. Following a skin wound,
IL-1α is released from dying cells and activates an inflammatory
response in the suprabasal layer by infiltration of macrophages and
γδT. Subsequently, immature keratinocytes are recruited into the
suprabasal layer where they proliferate, leading to the development
of benign tumors. Treatment with dexamethasone, which impairs
cytokine production and cell infiltration, or with IL-1Ra, dramat-
ically reduced the local inflammation and papilloma formation.
IL-1β is not involved in wound-induced papilloma formation.

THE ALARMIN FUNCTION OF IL-1α CONTRIBUTES TO
CARCINOGEN-INDUCED LIVER CARCINOGENESIS
In a model of diethylnitrosamine (DEN)-induced liver carcino-
genesis in mice lacking p38α in hepatocytes, the activity of the
carcinogen is enhanced as compared to that in WT mice. This is
due to enhanced ROS accumulation in hepatocytes, hepatocyte
cell death, and liver damage, which ultimately culminates in car-
cinogenesis. IL-1α is homeostatically expressed in hepatocytes and
is released from dying hepatocytes; it stimulates local inflamma-
tory responses, as well as a compensatory proliferative response
that characterizes the regenerating liver. These events contribute
to the development of hepatocellular carcinoma (HCC) (59). Inhi-
bition of IL-1α or ablation of IL-1R1 prevents HCC development.
In this model, IL-1α-induced IL-6 activates STAT3 and promotes
liver regeneration and tumor outgrowth (60, 61). Similar effects
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were observed during gastric neoplasia in mice with a conditional
knockout of IKKβ (lack of NF-κB signaling) in gastric epithe-
lial cells (GECs) after exposure to stress induced by Helicobacter
felis infection or ionizing irradiation (62). This resulted in a local
accentuated inflammatory response, manifested by increased ROS
production, tissue damage, apoptosis followed by cell necrosis,
and release of IL-1α from GECs. This inflammatory response
ultimately resulted in rapid progression to gastric pre-neoplasia,
which was inhibited by blocking IL-1 signaling.

ENDOGENOUS EXPRESSION OF IL-1α IN ONCOGENE-TRANSFORMED
CELLS FACILITATES THEIR INVASIVE POTENTIAL
Several oncogenes, including Ras, Myc, and Ret not only mediate
neoplastic transformation, but also activate intrinsically inflam-
matory cytokines that establish the pro-invasive tumor microen-
vironment [reviewed in Ref. (63)]. Thus, in a model of two-stage
skin carcinogenesis (DMBA/TPA), mutated Ras appears early in
initiated cells, whereas inflammation induces tumor promotion.
Mice lacking IL-1R1 or MyD88 are less sensitive to topical skin
carcinogenesis (64). The role of IL-1 in acquiring the malignant
phenotype of Ras transformed primary keratinocytes was studied.
It was shown that Ras-transduced keratinocytes concomitantly
express IL-1α that acts in an autocrine loop together with IL-1R
and MyD88. This loop controls defects in keratinocyte differentia-
tion that are observed in papillomas and skin malignancies, as well
as NF-κB activation. Treatment with IL-1Ra, reversed the differ-
entiation defects and inhibited pro-inflammatory gene expression
in keratinocytes, indicating that IL-1α is secreted from the cells
and then activates them in an autocrine manner through IL-1R1
(64). Similar findings were found in a model of pancreatic ductal
carcinoma (PDAC), in which constitutive K-ras and NF-κB acti-
vation are characteristic. In this model, early mutation activation
of K-ras occurs, but the pathways leading to NF-κB activation are
not clear. Mutated Ras induces an IL-1α-dependent mechanism
that leads to constitutive NF-κB activation and tumor promotion
(65). Thus, mutated K-ras induces AP-1 that subsequently acti-
vates IL-1α expression/secretion, which further leads to NF-κB
activation in an autocrine manner, resulting in expression of its
target genes, ultimately leading to PDAC development and inva-
siveness. Constitutive NF-κB activity is mediated by feed-forward
loops activated by two NF-κB target genes: IL-1α and p62 – an
adaptor protein that prolongs NF-κB activation by intervening in
K63-polyubiquitination, which are both constitutively induced as
a result of NF-κB activation and further fuel its constant activation.
IL-1β is not involved in this regulatory circuit. These results sub-
stantiate the significance of the NF-κB/IKKβ pathway as a key link
between inflammation and cancer, inducing pro-inflammatory
cytokines in myeloid cells and anti-apoptotic pathways in epithelial
cells [reviewed in Ref. (66, 67)]. The mechanisms of unique induc-
tion of either IL-1α or IL-1β in initiated cells are still unknown and
are possibly dependent on the cell type.

TUMOR CELL- OR HOST-DERIVED IL-1α PREFERENTIALLY
ACTIVATES ANTI-TUMOR CELL IMMUNITY
ANTI-TUMOR EFFECTS OF CELL-ASSOCIATED IL-1α
We demonstrated the anti-tumor effects of IL-1α expression
by malignant cells in different experimental systems, using

oncogene-transformed fibroblasts that constitutively express IL-
1α, possibly due to alterations in the control of IL-1α expression
induced by the oncogene. Fibrosarcoma cells were transfected with
cDNA of ProIL-1α and lymphoma cells were induced to express IL-
1α in a transient manner, following in vitro activation of the cells
with immunomodulators/cytokines (68–73). In these cell lines,
IL-1α is expressed in the cytosol or on the membrane, but is not
secreted. In such cells, IL-1β is not expressed. IL-1α-expressing
tumor cells usually fail to cause tumor development in intact mice
but if tumors occur, they subsequently regress. Tumor regression in
this instance is mainly mediated by CD8+ T cells, with some con-
tribution of NK cells and macrophages. Regression of tumors from
IL-1α-positive fibrosarcoma cells does not require activation of
CD4+ T cells, which suggests that cell-associated IL-1α may act as
a membrane-associated co-stimulatory molecule or focused adju-
vant that directly activates CD8+ T cells. Tumor cell-associated
IL-1α also potentiates antigen presentation by the malignant cells
themselves, possibly through IFNγ-induced MHC class II expres-
sion, and also via cross-presentation by professional APCs. Tumor
regression induces a long-term specific immune memory that
protects mice against a challenge with violent parental cells.

Tumor cell-associated IL-1α was shown to be effective in tumor
cell vaccines used to intervene in the growth of tumor cells of the
corresponding violent line (non-IL-1 expressing). Thus, the vac-
cine induced regression of violent fibrosarcomas when applied
at a critical “therapeutic window” 5–10 days (single application
of Mitomycin-C-treated tumor cells) after inoculation of the
malignant cells (70).

The“natural”membrane-associated form of IL-1α is important
for exerting anti-tumor effects, as it acts as an adhesion-molecule,
allowing efficient cell-to-cell interactions between malignant and
immune effector cells that bear IL-1Rs, which enables better
killing. Membrane IL-1α is also effective as a focused adjuvant that
efficiently acts at low levels of expression, below those which are
toxic to the host. Other studies have also emphasized the effec-
tiveness of membrane-associated cytokines expressed on engi-
neered tumor cells (i.e., IFNγ, GM-CSF, M-CSF, TNFα, and IL-12)
(74–76).

HOST-DERIVED IL-1α IS ESSENTIAL FOR IMMUNOEDITING DURING
CARCINOGENESIS
We have shown that patterns of IL-1 expression in the microen-
vironment can affect the immunogenicity of the arising malig-
nant cells during tumorigenesis. Immunoediting has mainly been
studied in the process of experimental carcinogenesis induced
by 3-MCA. Thus, we have shown that transplantable 3-MCA-
induced fibrosarcoma cell lines obtained from IL-1α−/− mice
failed to induce tumors in immune intact mice, whereas in sub-
lethally irradiated mice, tumors do develop (77). This is despite
the fact that tumor incidence and the nature of the local inflam-
matory response were comparable in 3-MCA-treated IL-1α−/−

mice and WT mice. Impaired immunoediting occurs in 3-MCA-
induced tumors in various immunodeficient mice that lack crit-
ical components essential for the development of anti-tumor
cell immunity. These include mice lacking immunosurveillance
cells, such as Rag2−/− mice, which lack T cells and B cells, nude
mice, CD1d−/− mice, which lack CD1d-restricted T cells, and
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Ja18−/− mice, lacking semi-invariant NKT cells or mice deficient
in cytokines critical for anti-tumor immunity, such as IFNγ and
IL-12 [reviewed in Ref. (55, 78)]. IL-1α can now be added to the list
of cytokines of importance in immunoediting. It is not yet known
which form of IL-1α (secreted or cell-associated) is involved in
the process of immunoediting. The process of immunoediting in
immunodeficient hosts allows the survival of malignant cell vari-
ants, which are “universally immunogenic,” as they express surface
adhesion or co-stimulatory molecules (i.e., ICAM-1 or 2, LFA-1
or 3, CD1d, VLA-4, B7 etc.) that are essential for the development
of anti-tumor immunity. Thus, IL-1α−/− cell lines were shown to
express more surface MHC class I molecules, co-stimulatory mol-
ecules (i.e., B7.1 and B7.2) as well as adhesion molecules, such as
L-selectin and ICAM-1, as compared to fibrosarcoma cells from
WT mice. IL-1α−/− immunogenic cells are rejected in intact mice
by conventional innate and specific anti-tumor immune effector
cells, including NK cells, as well as by CD4+ and CD8+ T cells.
Immune impairments in IL-1α−/−mice, including in NK develop-
ment and in the killing capacity of NK cells, LAK cells, and CTLs,
were characterized. The role of IL-1α in activation of immunosur-
veillance cells was shown in transgenic mice over-expressing IL-1α

in the skin (79). In such mice, DMBA/TPA treatment induced skin
tumors at very low incidence compared to WT mice, due to the
rapid eradication of arising malignant cells by innate effector cells
activated by local IL-1α in the skin. We hypothesize that IL-1α in
the tumor microenvironment is immunostimulatory, rather that
inflammatory, due to its localization on the surface of cells and
its limited secretion, as compared to IL-1β. However, when IL-1β

levels in tissues are limited, it can also be immunostimulatory, as
will be shown below.

TUMOR CELL- OR HOST-DERIVED IL-1β IS INVOLVED IN
TUMOR INVASIVENESS
IL-1β SECRETED BY MALIGNANT CELLS INCREASES THEIR INVASIVE
POTENTIAL AND INDUCES TUMOR-MEDIATED IMMUNE SUPPRESSION
To assess effects of tumor cell-associated IL-1β on tumorigenic-
ity patterns, we transfected violent fibrosarcoma cells with con-
structs bearing the cDNAs of the mature form of IL-1β or the
mature form of IL-1β ligated to a signal sequence (ssIL-1β),
to induce potent secretion of IL-1β through the endoplasmic
reticulum-Golgi pathway (80, 81). We found that IL-1β- and ssIL-
1β-transfected fibrosarcoma tumors were more invasive than the
violent parental cells or mock-transfected cells. The invasiveness
of the malignant cells correlated with the amount of IL-1β that was
secreted by them. In addition, only the ssIL-1β transfectants, which
secrete relatively high levels of the cytokine, exhibited a metastatic
potential. Enhanced angiogenesis patterns, as evidenced by high
vessel density in tumors and increased secretion of VEGF by the
malignant cells, were observed in tumors secreting IL-1β. Sim-
ilar observations were described in other experimental systems
using IL-1β-transfected tumor cells (82–84). No anti-tumor effec-
tor cells or cytokines that potentiate anti-tumor immunity (i.e.,
IFNγ and IL-2) could be detected in spleens of mice injected with
fibrosarcoma cells transfected with IL-1β or ssIL-1β or with the
violent parental cells. In contrast, effective anti-tumor cell immune
responses were observed in mice injected with fibrosarcoma cells
transfected with ProIL-1α, as indicated above.

Further studies have shown that general anergy develops in
mice bearing tumors of IL-1β secreting cells, mediated by MDSCs
(80, 82, 85). Resection of large tumors of IL-1β secreting cells
completely restored immune reactivity and reversed the MDSC
response within 7–10 days. Treatment of tumor-bearing mice with
the IL-1Ra reduced tumor growth and attenuated the MDSC
response.

In spite of tumor-mediated suppression, resection of large
tumors of IL-1β secreting cells, followed by a challenge (2 months
after tumor resection) with the violent parental cells induced resis-
tance in mice; protection was not observed in mice bearing tumors
of mock-transfected fibrosarcoma cells. Thus, in mice bearing
tumors of IL-1β secreting cells, anti-tumor cell specific immunity
is activated, due to the adjuvant-like effects of IL-1β; however, pro-
tective immunity is not manifested, due to suppression of immune
effector mechanisms. It is notable that when tumor cells express-
ing membrane-associated IL-1α are injected into mice, anti-tumor
immune responses occur without concomitant tumor-mediated
suppression and thus the malignant cells are rejected.

TUMOR-MEDIATED ANGIOGENESIS IS LARGELY
STIMULATED BY MICROENVIRONMENT IL-1β
We have studied in detail the role of IL-1β in tumor-mediated
angiogenesis, which is almost non-existent upon injection of
tumor cells into IL-1β KO mice or following neutralization of
IL-1β in WT mice (86, 87). Inflammation usually accompa-
nies tumor-mediated angiogenesis. We have used B16 melanoma
cells encapsulated in Matrigel plugs, in order to characterize
cell/cytokine interactions in the early angiogenic response (88).
We have characterized a newly described auto-induction circuit in
which IL-1β and VEGF interact and induce each other. Tumor-
mediated angiogenesis is inhibited if either IL-1β or VEGF are
neutralized and it does not occur in IL-1β KO mice. The IL-
1β and VEGF circuit acts via interactions between BM-derived
VEGFR1+/IL-1R1+ immature myeloid cells (MDSCs) and tissue-
resident endothelial cells. Myeloid cells do not directly stimulate
endothelial cells for migration and subsequent blood vessel for-
mation. However, myeloid cells produce IL-1β and a network
of pro-inflammatory cytokines/molecules, which subsequently
activate resting endothelial cells to produce VEGF, as well as
other direct pro-angiogenic factors. Subsequently, VEGF activates
endothelial cells for blood vessel formation. IL-1β thus provides
the inflammatory microenvironment for angiogenesis and tumor
progression. We have shown that IL-1β inhibition stably reduces
tumor growth, by limiting inflammation and by inducing the mat-
uration of MDSCs into M1 macrophages, which do not promote
tumor invasiveness and can be cytotoxic/cytostatic for tumor cells
and can also serve as APCs that induce anti-tumor immunity.
Thus, this study has characterized IL-1β as a major mediator in
the tumor microenvironment that recruits MDSCs and also con-
trols their immature pro-invasive and immunosuppressive state;
ablation of IL-1β alters the pro-tumor microenvironment into an
anti-tumor one.

MICROENVIRONMENT IL-1 ACTIVATES CANCER STEM CELLS
In murine tumor models and in cancer patients, it was shown that
IL-1β increases tumor invasiveness [reviewed in Ref. (1, 46, 47)].
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Recently, direct effects of IL-1β on cancer stem cells (CSCs) or the
niche that favors CSC formation were described. In in vitro stud-
ies, recombinant IL-1β increased the sphere forming capacity of
CSCs and enhanced expression of stemness genes (i.e., Bmi1 and
Nestin), as well as Zeb1 that is an important regulator of EMT and
self-renewal (89). Furthermore, the Weinberg group has described
a circuit in which carcinoma-derived IL-1 creates the niche for
the transition of “regular tumor cells” into CSCs (90). Thus, in
the tumor microenvironment, carcinoma-derived IL-1 (IL-1α and
IL-1β) activates mesenchymal stem cells (MSCs) to produce PGE2

and other cytokines, such as IL-6, IL-8, Gro-α, and RANTES that in
turn act on the carcinoma cells and induce activation of β-catenin
and transition into CSCs. These effects were largely neutralized by
the IL-1Ra or siRNAs against IL-1α and IL-1β. Thus, IL-1 in the
tumor microenvironment can support development and expan-
sion of CSCs and thus amplify the malignant process and support
metastasis formation.

ANTI-TUMOR EFFECTS OF MICROENVIRONMENT IL-1β IN MICE WITH
MINIMAL RESIDUAL DISEASE
Elegant studies by the Zitvogel group demonstrated that tissue-
damage following cancer treatment with some chemotherapeu-
tical drugs activates DCs in the tumor microenvironment to
present tumor antigens and further stimulate anti-tumor immu-
nity that synergizes with the chemotherapy (91). In the milieu
of anthracycline-treated tumors, the NLRP3 inflammasome is
activated and stimulates IL-1β production that is essential for
activating IFNγ producing CD8+ T cells. In addition, patients
with breast cancer with a loss-of-function allele of P2X7R, which
is essential for activation of the NLRP3 inflammasome and IL-1β

processing/secretion, develop a more rapid metastatic disease than
individuals with the normal allele. This may represent a unique
scenario in which a low tumor burden, possibly accompanied by
relative low levels of IL-1β in the microenvironment could activate
local immunity. These results will hopefully open new avenues for
use of IL-1β, and possibly also IL-1α, in cancer immunotherapy in
tumor-debulked patients.

INTERACTIONS BETWEEN TUMOR CELL- AND
MICROENVIRONMENT-DERIVED IL-1 IN THE CONTROL OF
TUMOR INVASIVENESS OF 3-MCA-INDUCED TUMOR CELL
LINES
In the tumor microenvironment, interactions between IL-1
derived from the malignant cells or from inflammatory cells inter-
act and determine the invasive potential of the tumor. Transplan-
tation assays, in which 3-MCA-induced fibrosarcoma cell lines that
were derived from WT or IL-1 KO mice were injected into the same
strains of mice, enabled us to define the role of IL-1 expressed by
the malignant cells or the microenvironment in tumor progression
(51, 77, 92–94).

3-MCA-induced fibrosarcoma cell lines from WT mice mani-
fested low invasiveness in IL-1 deficient mice, intermediate inva-
siveness in WT mice, and high invasiveness in IL-1Ra−/− mice,
pointing to the importance of microenvironment-derived IL-1 in
tumor progression. The contribution of tumor cell-derived IL-
1 was demonstrated following injection of 3-MCA fibrosarcoma
cell lines from IL-1 KO mice into WT mice. Thus, fibrosarcoma

cells obtained from mice deficient in IL-1β failed to grow in WT
mice, due to their inability to recruit a local inflammatory response
that is essential for tumor invasiveness. Furthermore, invasive
3-MCA-induced fibrosarcoma cells from IL-1Ra KO mice were
only weakly tumorigenic in IL-1 deficient mice (92–94). We sug-
gest that initially, upon injection of tumor cells into mice, the
malignant cells express relatively small amounts of IL-1 that sub-
sequently induces broad inflammation mediated by infiltrating
cells, ultimately leading to tumor invasiveness. In malignant cells,
IL-1 can be constitutively expressed due to oncogene activation
or it can be induced by danger signals in the microenviron-
ment. IL-1 of the microenvironment is critical to induce tumor
outgrowth and progression leading to invasiveness of 3-MCA
fibrosarcomas.

In naturally occurring tumor cells, both IL-1 molecules can
be expressed and interact. The expression of IL-1α in 3-MCA-
induced tumor cells from IL-1β KO mice concomitantly activated
a strong T helper and CTL response, which also contributed to the
reduced in vivo growth of these cells in WT mice. When cell lines
from IL-1α KO mice were injected into mice, progressive tumor
growth occurred, due to the pro-invasive and immunosuppressive
effects of tumor cell-derived IL-1β and the absence of immunos-
timulatory effects of tumor cell-associated IL-1α that is missing in
these cells. Cell lines that originated in 3-MCA-treated IL-1Ra−/−

mice were very invasive and metastatic, compared to cell lines
originating in WT mice, due to high-unattenuated levels of IL-1
expression in the malignant cells, which facilitates their invasive-
ness and also promotes immunosuppressive mechanisms. Thus,
fibrosarcoma cell-derived IL-1α and IL-1β do not act in concert
and each IL-1 molecule has unique effects on tumor invasiveness
or on anti-tumor cell immune responses. At tumor sites, immuno-
suppressive effector cells, induced by excessive expression of IL-1β

inhibit or mask the induction/function of anti-tumor immuno-
surveillance induced by tumor cell-derived IL-1α. At tumor sites,
effects of tumor-derived IL-1 and host-derived IL-1 interact and
modulate tumor progression. Elucidation of these interaction pat-
terns should enable better understanding of the overall role of IL-1
in the malignant process.

COMPLEX EFFECTS OF IL-1 ON THE INVASIVENESS OF
HUMAN TUMORS
In experimental tumor models in WT mice and in cancer patients,
increased local levels of IL-1 at tumor sites usually correlate
with tumor invasiveness and a bad prognosis [reviewed in Ref.
(1, 46, 47)]. Very little is known about interactions between
IL-1α and IL-1β expressed at tumor sites by either the malig-
nant or microenvironment cells. Most studies usually assess only
one of the IL-1 agonistic molecules and do not discriminate
between patterns of its expression in the malignant cells versus
the microenvironment. The levels of IL-1 expression at tumor
sites are also not compared to homeostatic levels in the given
organ. Thus, insufficient characterization of IL-1 at tumor sites
has led to some inconsistencies concerning the impact of the
concerted action of IL-1α and IL-1β on the malignant process.
For example, Okamoto et al. showed constitutively active NLRP3
inflammasome and IL-1β secretion in melanoma cell lines derived
from late stage patients, where selection for cells expressing
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FIGURE 1 | Effects of IL-1 at tumor sites. IL-1 can be produced at tumor
sites by the malignant cells or by diverse cells in the tumor
microenvironment. IL-1 generated by tumor cells can affect the malignant
cells in an autocrine or paracrine manner, enabling proliferation, and
invasiveness. In parallel, IL-1 secreted by malignant cells activates
microenvironment residing or infiltrating cells to produce additional IL-1,
which then induces a cytokine network, which further activates tumor
invasiveness. High doses of IL-1 at tumor sites usually result in an invasive
potential and immunosuppression. Expression of IL-1α on the membrane
of malignant cells increases their immunogenicity and leads to induction
of efficient anti-tumor responses. Membrane IL-1α expressed on
infiltrating cells possibly also promotes the development of anti-tumor cell

immunity. Low levels of IL-1 at tumor sites at early stages of tumor
development or upon IL-1 attenuation, usually result in efficient anti-tumor
immunity, in the absence of immunosuppression mainly mediated by
IL-1-induced MDSCs and also Tregs. When immunosuppression is evident
at tumor sites, it hinders the development or masks the function of
anti-tumor immunity and thus invasive growth results. Host- and tumor
cell-derived IL-1 induce each other and together fuel the local, and
sometimes systemic, inflammatory response. Intracellular ProIL-1α in
tumor cells induces intracrine functions following translocation into the
nucleus. These are related to survival, proliferation, or gene expression;
however, they were not sufficiently characterized in the context of the
malignant process.
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invasiveness-promoting molecules had already occurred. This
can also explain the increased invasive phenotype of progres-
sive melanoma tumors (95). In a different study on melanoma
patients performed by the Grimm group, IL-1α was expressed in
most primary tumors (98%) and approximately half (55%) of
metastases. IL-1α was also expressed in 73% of inspected nevi. IL-
1β was expressed in approximately 10% of primary or metastatic
melanoma samples, but its expression strongly correlated with
IL-1α expression (96). The mechanisms of preferential IL-1α

expression in human melanomas are not known. By using cell lines
obtained from human melanoma patients, typical molecular path-
ways of inflammation, including secretion of ROS, NO, COX-2, as
well as NF-κB and c-Jun activation, were observed in malignant
melanoma cells upon activation by endogenous IL-1, which also
promotes in vitro cell proliferation. These effects were most pro-
nounced in cell lines producing significant amounts of IL-1 and
were abrogated by antibodies against IL-1R1 or siRNA of IL-1α

and IL-1β. Furthermore, blocking IL-1 signaling in melanoma
cell lines induced autophagy, which might further lead to cell
death. IL-1 secreted by melanoma cells also affects recruitment
and activation of inflammatory cells at tumor sites, which con-
tribute to invasiveness. The correlation between IL-1 expression
in tumors and its secretion is still unknown and awaits further
investigation.

FUTURE PROSPECTS FOR IL-1 MANIPULATION IN
ANTI-TUMOR THERAPIES
The network of cytokines and immune/inflammatory cells in
the tumor microenvironment controls the fate of the malignant
process. In the tumor microenvironment, the balance between the
“wound healing” type of inflammation, which promotes tumor
progression and immune escape, and “favorable” limited inflam-
matory responses, in which professional APCs are activated and
induce anti-tumor adaptive immunity, determines the direction
of the malignant process [reviewed in Ref. (97–101)]. Due to the
plethora of activities of IL-1 in the malignant process and its dom-
inant role in determining local cytokine networks at tumor sites,
neutralization of IL-1 as a single target molecule has potential to
tilt the balance between destructive inflammation and protective
anti-tumor immunity in the tumor microenvironment (Figure 1).
For example, we have shown that 4T1 cells produce invasive and
metastatic breast tumors which grow progressively in WT mice,
whereas, they cause tumors that grow initially but later regress in
IL-1 KO mice, due to the efficient induction of a CTL-mediated
anti-tumor response in these mice.

Use of genetically engineered cells or mice with distinct patterns
of IL-1 expression, have shown that IL-1α and IL-1β have dis-
tinct effects at tumor sites. Thus, IL-1β promotes invasiveness and
immunosuppression, while IL-1α is mainly immunostimulatory.
This is true for both tumor cell-derived or microenvironment-
derived IL-1. Immunosuppression induced by IL-1β usually
acts in a dominant manner and masks the immunostimulatory
anti-tumor effects of IL-1α.

However, in “real-life” both IL-1 molecules are usually
expressed and they induce each other. Further studies should
establish the “IL-1 map” in individual tumors, taking into account
patterns of expression, secretion, and levels of IL-1α and IL-1β in

malignant or infiltrating cells. Having these data should facilitate
the design of treatment protocols based on IL-1 manipulation.

IL-1 neutralization agents are available at the present time
(102–104). Thus, the IL-1Ra, also called Anakinra (Kineret;
Amgen/Biovitrum) is FDA-approved and has been shown to be
safe and efficient in alleviating symptoms of rheumatoid arthritis
and auto-immune diseases. Characterization of the inflamma-
some pathway of IL-1β processing and secretion encouraged the
development of novel anti-IL-1 agents that are now being tested
in different clinical trials in diverse diseases with inflammatory
manifestations. Some of these trials have produced initial promis-
ing results. These agents now await testing in cancer patients,
once protocols are established for their integration into first-line
anti-tumor therapies. Optimally, IL-1 neutralization should be
most effective in patients with minimal residual disease (MRD),
to prevent tumor recurrence and metastasis. In such patients,
tumor-mediated immunosuppression and inflammation should
be reduced and enable induction of protective anti-tumor immune
responses in a microenvironment that does not favor invasive-
ness. These treatments may be given for extended periods, to
convert MRD to a chronic state, provided that resistance to anti-
IL-1 therapy does not develop. Neutralization of tumor-associated
IL-1, especially IL-1β, should not be complete, in order not to
compromise the immune system of patients. In addition, due
to the adjuvanticity of cell-associated IL-1α, tumor cell vaccines
based on constitutive or transient IL-1α expression has the poten-
tial to induce anti-tumor cell immunity in patients with MRD.
In such patients, one can envision initial systemic neutraliza-
tion of IL-1β followed by application of IL-1α expressing tumor
cell vaccines. In conclusion, better understanding the integrative
role that IL-1α and IL-1β play in animal experimental models
and in cancer patients, together with “IL-1 mapping” at tumor
sites, as indicated above, should pave the way for safe and effi-
cient application of anti-IL-1 therapies at the bedside for cancer
patients.
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In addition to their well-established role(s) in the pathogenesis of gastrointestinal
(GI)-related inflammatory disorders, including inflammatory bowel disease (IBD) and
inflammation-associated colorectal cancer (CRC), emerging evidence confirms the critical
involvement of the interleukin-1 (IL-1) cytokine family and their ligands in the maintenance
of normal gut homeostasis. In fact, the paradigm that IBD occurs in two distinct phases
is substantiated by the observation that classic IL-1 family members, such as IL-1, the IL-1
receptor antagonist (IL-1Ra), and IL-18, possess dichotomous functions depending on the
phase of disease, as well as on their role in initiating vs. sustaining chronic gut inflammation.
Another recently characterized IL-1 family member, IL-33, also possesses dual functions in
the gut. IL-33 is upregulated in IBD and potently induces Th2 immune responses, while
also amplifying Th1-mediated inflammation. Neutralization studies in acute colitis mod-
els, however, have yielded controversial results and recent reports suggest a protective
role of IL-33 in epithelial regeneration and mucosal wound healing. Finally, although lit-
tle is currently known regarding the potential contribution of IL-36 family members in GI
inflammation/homeostasis, another IL-1 family member, IL-37, is emerging as a potent anti-
inflammatory cytokine with the ability to down-regulate colitis.This new body of information
has important translational implications for both the prevention and treatment of patients
suffering from IBD and inflammation-associated CRC.

Keywords: IL-1 family of cytokines, inflammatory bowel disease, colitis, inflammation-associated colon cancer,
intestinal homeostasis,Toll/IL-1 receptor family, mucosal wound healing, intestinal fibrosis

BACKGROUND AND INTRODUCTION
STRUCTURE AND FUNCTION OF THE INTESTINAL GUT MUCOSA
The gastrointestinal (GI) tract, with its epithelial barrier con-
sisting of a total surface area of approximately 200 m2, is man’s
most widely exposed organ system to the external environment.
The intestinal barrier represents a functional unit responsible
for two main tasks crucial for survival of the individual: allow-
ing nutrient absorption, and defending the body from pene-
tration of unwanted, often dangerous, macromolecules. In fact,
the gut mucosa is a multi-layered system consisting of an exter-
nal “anatomical” barrier and an inner “functional” immunolog-
ical barrier. Commensal gut microbiota, a mucous layer, and
the intestinal epithelial monolayer constitute the anatomical bar-
rier. The deeper, inner layer consists of a complex network of
immune cells organized in a specialized and compartmental-
ized system known as gut-associated lymphoid tissue or GALT.
GALT represents both isolated and aggregated lymphoid folli-
cles and is one of the largest lymphoid organs, containing up
to 70% of the body’s total number of immunocytes, and is
involved in responding to pathogenic microorganisms and pro-
viding immune tolerance to commensal bacteria. The ability of
GALT to interact with luminal antigens rests on specific mucosal
immune cells (i.e., dendritic cells and M-cells), primarily localized
to Peyer’s patches within the ileum, that are intimately positioned

at the mucosal-environmental interface and internalize microor-
ganisms and macromolecules. These specialized immune cells
have the ability to present antigen to naïve T-lymphocytes, which
subsequently produce cytokines and activate mucosal immune
responses, when needed. From the intracellular point of view,
inflammasomes are a group of protein complexes that assem-
ble upon recognition of a diverse set of noxious stimuli and
are now considered the cornerstone of the intracellular surveil-
lance system. They are able to sense both microbial and damage-
associated molecular patterns (DAMPs) and initiate a potent
innate, anti-microbial immune response (1). The interaction of
these components sustains the maintenance of the delicate equi-
librium needed for intestinal homeostasis. Many factors can alter
this balance, including alterations in the gut microflora, modi-
fications of the mucus layer, and epithelial damage, leading to
increased intestinal permeability and translocation of luminal
contents to the underlying mucosa (2). The integrity of these
structures is necessary for the maintenance of normal intesti-
nal barrier function. Dysregulation of any of the aforementioned
components have been implicated not only in the pathogenesis
of inflammatory bowel disease (IBD), but many other GI disor-
ders, including infectious enterocolitis, irritable bowel syndrome,
small intestinal bowel overgrowth, and allergic food intolerance
(3–5).
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THE TOLL/IL-1 RECEPTOR SUPERFAMILY IN THE GI TRACT
The role of the Toll/IL-1 Receptor (TIR) superfamily and their
respective ligands, of which interleukin-1 (IL-1)-like molecules
belong, is well established in the pathogenesis of several autoin-
flammatory and chronic immune disorders (6). However, the
emerging concept that Toll-like receptors (TLRs), as well as IL-
1 and its related cytokine family members, also play a critical
role in health and the maintenance of immune homeostasis is
gaining increasing acceptance. The GI system, in fact, represents
one of the best examples of where these opposing mechanisms
simultaneously take place (7). A large body of literature exists
that support the contribution of various TLRs and IL-1 family
members, particularly IL-1 and IL-18, to the pathogenesis of IBD,
such as Crohn’s disease (CD) and ulcerative colitis (UC), as well
as GI-related cancers. However, while selective blockade of pro-
inflammatory cytokines is one of the most effective strategies to
down-regulate mucosal inflammation in IBD (8), Phase I clinical
trials using strategies to neutralize either IL-1 or IL-18 have failed
to show significant efficacy in treating patients with UC and CD,
respectively. One potential cause for this failure is the dichoto-
mous functions of these IL-1 family members in inducing disease
pathogenesis, while simultaneously promoting protection, within
the intestinal gut mucosa.

In fact, new insights into the role of cytokine-driven path-
ways in mucosal immunity have been described based on sev-
eral recent studies in animal models of acute intestinal injury,
repair, and chronic inflammation. Information derived from these

studies reveal that intestinal homeostasis and inflammation are
driven by cellular elements and soluble mediators that mediate
both processes, with several cytokines exhibiting opposing roles,
depending upon the specific setting. This concept is most strongly
supported by members of the IL-1 family of cytokines in the patho-
genesis of IBD (Table 1) (9–22), where the same cytokine can
possess both classic pro-inflammatory properties, as well as protec-
tive, anti-inflammatory functions, which is primarily dependent
on the presence of receptor-bearing cells during the host’s disease
state. Related to this notion is the dogma that chronic intestinal
inflammation characteristic of IBD develops through two distinct
phases (21). Early disease refers to the initial events that take place
when homeostatic mechanisms initially fail and acute inflamma-
tory responses cannot be resolved. In contrast, late disease refers to
the period when adaptive immunity has been irreversibly primed
toward a specific effector phenotype. During these distinct stages
of disease progression, innate cytokines play diverse, and often
times, dichotomous roles (21).

As such, aside from the established pro-inflammatory prop-
erties of IL-1α, IL-1β, IL-18, and their downstream signaling
molecules shared with TLR family members, such as nuclear fac-
tor kappa-light-chain-enhancer of activated B cells (NF-κB) and
myeloid differentiation primary response 88 (MyD88), a growing
body of evidence indicates that these mediators are necessary for
the maintenance of mucosal homeostasis by effectively handling
microbiota, as well as by protecting and restoring the integrity of
the epithelial barrier (23–25). While little is known regarding the

Table 1 | Role of IL-1 cytokine family members in IBD and in GI-related cancers.

Common

name

IL-1 family

name

Ligand-binding

chain

Disease association Potential role in IBD Potential role in Gl-related cancers

IL-lα IL-1F1 IL-lR type I CD, UC Protective during early

phase of inflammation

Induction of tumor growth, metastasis

formation, and angiogenesis in gastric,

liver, colon, and pancreatic cancer

IL-1β IL-1F2 IL-lR type I CD, UC Protective during early

phase of inflammation

Induction of tumor growth, metastasis

formation, and angiogenesis in gastric,

liver, colon, and pancreatic cancer

IL-IRa IL-1F3 IL-IR type I UC Potential dual role Protective

IL-18 IL-1F4 IL-18Rα CD Protective during early

phase of inflammation

Protective in inflammation-associated

colon cancer

IL-36Ra IL-1F5 IL-lRrp2 Unknown Unknown Unknown

IL-36α IL-1F6 IL-lRrp2 Unknown Unknown Unknown

IL-37 IL-1F7 IL-18Ra Unknown for human

IBD, antagonist for DSS

colitis

Protective (correlates with

breakdown of intestinal

barrier)

Expressed in colon cancer cells

IL-36β IL-1F8 IL-lRrp2 Unknown Unknown Unknown

IL-36γ IL-1F9 IL-lRrp2 Unknown Unknown Unknown

IL-38 IL-1F10 IL-lRrp2 Unknown Unknown Unknown

IL-33 IL-1F11 ST2 UC Protective Possible support of tumor formation and

progression
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potential contributions of other IL-1 family members, such as IL-
36, IL-36Ra, IL-37, and IL-38, in chronic intestinal inflammation
and gut health, the evolving literature regarding the role of IL-
33, the most recently described IL-1 family member is, at present,
ambiguous and may reflect yet another example of an innate-
type cytokine that possesses multiple functions depending on
the immunological status and genetic susceptibility of the host.
Although one of the first observations of IL-33-dependent func-
tions in the gut was potent epithelial proliferation and mucus
production (26), suggesting the promotion of mucosal repair and
healing, dysregulated or uncontrolled IL-33 production may also
lead to more pathogenic features characteristic of IBD, including
epithelial barrier dysfunction, chronic, relapsing inflammation,
and formation of fibrotic lesions (27, 28).

In the present review, we will comprehensively evaluate the role
of IL-1 family members and their associated ligands in modulat-
ing mucosal homeostasis and chronic inflammation within the

GI tract, as well as touch on the potential contribution of these
important receptor-ligand pairings to GI tumorigenesis and can-
cer. Moreover, we speculate about the potential implications of the
opposing functions of IL-1 family members for treating chronic
intestinal inflammation and inflammation-associated colorectal
cancer (CRC), as well as in designing more efficacious strategies for
the prevention and treatment of these devastating GI pathologies.

PATHOGENIC ROLE OF CLASSIC IL-1 FAMILY MEMBERS IN
CHRONIC INTESTINAL INFLAMMATION AND
INFLAMMATION-ASSOCIATED CRC
PATHOGENIC EFFECTS OF IL-1α, IL-1β, AND IL-1RA DURING CHRONIC
INTESTINAL INFLAMMATION
IL-1α and IL-1β (IL-1F1 and F2, respectively) are derived from
different genes, but are functionally similar, and both bind to the
IL-1R type I (IL-1RI) (Figure 1). This is followed by recruitment
of the co-receptor chain, IL-1R accessory protein (IL-1RAcP), and

FIGURE 1 | Receptor-ligand pairing of IL-1 family members. Productive
pairings of ligand, binding receptor, and accessory protein for the IL-1
(upper left), IL-18/IL-37 (upper right), IL-33 (lower left), and IL-36/IL-38 (lower
right) systems. The overall bioactivity of IL-1 family agonists is dependent
on the prevalent isoform and receptor binding domain/accessory protein

present on effector cells. Promiscuous receptor/co-receptor binding of
agonists and antagonists imply that IL-1 family members cannot be
considered in isolation, but in the context of other IL-1 family members
that can influence their overall integrative effects and impact on disease
pathogenesis.
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a receptor complex is formed. The IL-1R complex can then recruit
the adaptor protein, MyD88, to the TIR domain, after which sev-
eral kinases are phosphorylated, NF-κB translocates to the nucleus,
and the transcription of several inflammatory genes takes place
(Figure 2). Although they exhibit similar biological activities, IL-
1α and IL-1β differ in the manner in which they are processed and
secreted. IL-1α is localized in the cytosol or cell membrane and
is believed to regulate the intracellular environment (29), but can
also be secreted into the extracellular compartment and serve as
a soluble mediator (30). In contrast, IL-1β is first cleaved to its
mature active form and then secreted extracellularly. Patients with
infectious or inflammatory conditions exhibit elevated plasma
concentrations of IL-1β but not IL-1α, suggesting a systemic role
for IL-1β (30). With the sole exception of IL-1 receptor antagonist
(IL-1Ra), each member of the IL-1 family is first synthesized as a
precursor molecule without a clear signal peptide for processing
and secretion. IL-1α, similar to the newest member of the IL-1
family, IL-33, has the ability to bind its precursor form to IL-1Rs
and trigger signal transduction. Moreover, both IL-1β and IL-33
are also considered“dual-function”cytokines in that, in addition to
binding to their respective cell surface receptors, their intracellular
precursor forms have the ability to translocate to the nucleus and
can influence subsequent downstream transcription (31, 32). In
general, the nuclear function of IL-1α or IL-33 is transcription of

pro-inflammatory genes. In contrast, the precursor forms of IL-1β

and IL-18 do not bind to their respective receptors, are not active,
requiring cleavage by either intracellular caspase-1 or extracellular
neutrophilic proteases (6).

The biologic effects of IL-1 are regulated by naturally produced
inhibitors, including IL-1Ra (IL-1F3), that binds to the IL-1RI
and is specific for preventing the activity of IL-1α and IL-1β,
without possessing any agonist function (6, 33). In addition, bind-
ing to the IL-1 receptor type II (IL-1RII), expressed mostly on
macrophages, neutrophils, and B cells, does not result in produc-
tive signaling due to the lack of a cytoplasmic domain, for which
docking of MyD88 cannot take place. IL-1RII binds IL-1β with
a greater affinity than IL-1RI and works as a decoy receptor by
sequestering IL-1β, thereby operating as a functional IL-1 antago-
nist. Because IL-1RAcP is recruited to the IL-1RII-IL-1β complex,
the decoy receptor also serves to sequester the accessory receptor
from participating in IL-1 signaling through IL-1RI (6). Finally,
an additional tactic that IL-1Rs use to regulate the activity of IL-1
is by proteolytic cleavage of their extracellular domains. Shedding
of IL-1RII results is the soluble form of IL-1RII (sIL-1RII) that
has an increased affinity for IL-1β compared to IL-1α and IL-1Ra
(34–38), thereby contributing to the antagonism of IL-1 by pref-
erentially neutralizing IL-1β’s bioactivity. In addition, an alternate
form of IL-1RAcP also exists that consists of only its extracellular

FIGURE 2 | Common signaling pathway forToll/IL-1R (TIR) family
members. TLRs possess significant homology to IL-1R family members and
share a similar cytoplasmic TIR domain with receptors of IL-1, IL-18, IL-33, and

IL-36. The TIR domain is essential for recruitment of cytoplasmic adapter
proteins, which in turn initiates downstream signaling cascades. PAMPS,
pathogen-associated molecular patterns.
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domain; this soluble IL-1RAcP has the ability to associate with
ligand-bound sIL-1RII, which results in an increased affinity of
binding to both IL-1α and β, further establishing sIL-1RII as a
potent inhibitor of IL-1 (39). Conversely, similar to its membrane
bound form, sIL-1RI retains that ability to bind IL-1α and IL-1Ra
with greater affinity than IL-1β, and can therefore be regarded as
promoting a pro-inflammatory phenotype by sequestering IL-1Ra
and limiting its anti-inflammatory effects on IL-1RI-bearing tar-
get cells, and by facilitating free IL-1β to bind to cell surface IL-1RI
to promote pro-inflammatory immune responses (36, 38, 40, 41).
Therefore, from a clinical perspective, the balance between IL-1
agonists, antagonists, and the amount of surface as well as soluble
IL-1Rs affect the overall degree and severity of inflammation in
several diseases, including IBD.

Gut mucosal inflammation is characterized by infiltration of
neutrophils and mononuclear cells, which upon activation, are
important sources of cytokines and other inflammatory media-
tors. IL-1α and IL-1β play key roles in intestinal inflammation,
as they are produced early and induce the production of many
other cytokines, amplifying their pro-inflammatory action (6). A
marked increase in IL-1 production by isolated lamina propria
mononuclear cells (LPMCs), most prominently from tissue histi-
ocytes or macrophages, and by intestinal mucosal tissues has been
reported in patients with active IBD by several groups (13, 42–44).
Furthermore, tissue levels of IL-1 also closely correlate with the
degree of observed mucosal inflammation and necrosis (9).

One of the earliest bodies of work dissecting the role of IL-
1 in experimental colitis was performed using a rabbit immune
complex-mediated model that possesses some features of UC (9,
12, 45, 46). Results from theses studies have provided insight
into the bi-directional effects of an innate-type cytokine (i.e.,
IL-1). In this model, both IL-1α and IL-1β are increased in the
inflamed intestinal tissues and display pro-inflammatory proper-
ties, as neutralization by either endogenous or exogenous IL-1Ra
administration resulted in significant amelioration of colitis (12,
45, 46). Despite these findings, administration of recombinant
IL-1β had a similar beneficial effect, indicating that IL-1β is nec-
essary for mucosal protection and maintenance of homeostasis
in this model (9). In fact, the currently accepted paradigm is
that an imbalance of pro- and anti-inflammatory mediators, as
exemplified by the IL-1/IL-1Ra system, is a key mechanism in the
pathogenesis of IBD (47).

Interleukin-1 receptor antagonist, primarily produced by
intestinal epithelial cells (IECs) and LPMCs within the gut mucosa
(48), regulates the bioactivity of IL-1 and a marked decrease in
the mucosal IL-1Ra/IL-1 ratio was found in both CD and UC
patients when compared to control subjects (13). In this study,
the IL-1Ra/IL-1 ratio correlated closely with the clinical sever-
ity of disease and was specific for IBD since this trend was not
observed in patients with self-limiting colitis. Although the pre-
cise mechanism(s) as to why this imbalance occurs in IBD is not
specifically known, several groups have reported an association
between carriage of the IL-1RN allele 2 (IL-1RN∗2) of the IL-1Ra
variable number of tandem repeats (VNTR) polymorphism and
low production of IL-1Ra, as well as increased severity of disease
in UC patients of several ethnic backgrounds (49–51). Finally, as
indicated earlier, the expression and presence of cell surface and

soluble IL-1Rs can affect the severity and overall disease pheno-
type that manifests in patients with IBD. In a study that surveyed
circulating plasma and colonic tissue levels of IL-1α, IL-1β, IL-1Ra,
sIL-1RI, and sIL-1RII from IBD patients and controls, it was found
that sIL-1RI served as a systemic biomarker of disease activity in
CD patients, while local shedding of the functional antagonist,
sIL-1RII, was associated with decreased colonic inflammation in
CD, but not in UC, patients (52).

Taken together, the pathogenesis of chronic intestinal inflam-
mation is characterized by a robust elevation of IL-1 family mem-
bers promoting agonist activity, including IL-1α and IL-1β, whose
primary source are LPMCs of myeloid lineage. A recent study,
however, also provides evidence that during acute experimental
colitis, IL-1α is potently produced by the intestinal epithelium
(53). At the same time, production of IEC- and LP macrophage-
derived IL-1Ra is not adequate to overcome the overwhelming
pro-inflammatory effects of IL-1, resulting in perpetuation of
chronic intestinal inflammation. This deficit in IL-1Ra can be due
to carriage of a genetic polymorphism that infers low production,
particularly in UC patients. Aside from IL-1 ligands, another facet
of overall IL-1 biology to consider in a disease setting is the contri-
bution of IL-1Rs. Within the gut mucosa, almost all cell types have
the ability to respond to IL-1 ligands and express IL-1RI and II. The
ability of these cells to shed soluble forms of IL-1Rs have indicated
that sIL-1RI plasma levels may serve as a biomarker for disease
activity and local sIL-1RII is associated with decreased colonic
inflammation, specifically in CD patients. To date, however, a com-
prehensive study as to the precise distribution of IL-1Rs, including
their co-receptors, their cellular sources, and potential trigger(s)
to induce shedding during chronic intestinal inflammation, has
not been performed. The results derived from these studies would
provide critical information regarding the precise contribution of
different IL-1R-bearing gut mucosal cell types during the course
of disease, as well as aid in the design of more effective therapies
to restore the IL-1/IL-1Ra imbalance (Figure 3).

PATHOGENIC EFFECTS OF IL-1α, IL-1β, AND IL-1RA IN GI-RELATED
CANCERS
In addition to their contribution to chronic intestinal inflamma-
tion, IL-1 has also been implicated in tumorigenesis and tumor
progression in the GI tract. Cancer cells can directly produce IL-1
or can induce cells within the tumor microenvironment to do so
(54). IL-1β is upregulated in colon cancer, and patients with IL-1β-
producing tumors generally possess a bad prognosis (55–57). The
expression patterns of IL-1, in general, vary since it is expressed
in either an autocrine or paracrine fashion (58). Co-culture stud-
ies on human melanocytic cells showed that IL-1α and IL-1 β

exhibit autocrine behavior by stimulating tumor cells themselves
to invade and proliferate, or exert paracrine effects on stromal cells
in the microenvironment. The exact mechanism(s) by which IL-1
promotes tumor growth remain unclear, although it is believed to
act primarily in an indirect fashion. In human colon cancer lines,
IL-1 induces expression of metastatic genes, such as matrix met-
alloproteinases (MMPs), and stimulates nearby cells to produce
angiogenic proteins and growth factors (59), including vascular
endothelial growth factor (VEGF), IL-8, IL-6, tumor necrosis fac-
tor (TNF), and transforming growth factor (TGF)β (30, 60–62).
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FIGURE 3 | Role of IL-1 family members in the gut mucosa and
potential therapeutic strategies to restore intestinal homeostasis.
The effects of the same IL-1 family member can vary, and are often
dichotomous, depending on the cell source, phase of disease (early vs.
late), and inflammatory state (acute vs. chronic) of the host. IECs and
APCs are critically involved in maintaining gut homeostasis, but also in
triggering gut inflammation. icIL-1Ra, IL-18, and IL-33 released by IECs,

together with sIL-1Ra, IL-37, and low levels of IL-1β produced by APCs,
and sIL-1RII shed by macrophages, promote physiological inflammation,
and homeostasis. Chronic intestinal inflammation results when this
balance is disrupted, often changing the cellular sources and absolute
levels of IL-1 family members. Based on this imbalance, therapeutic
strategies aimed at modulating levels of IL-1 family members can be
designed to reestablish gut health.

Further studies in IL-1 transgenic mice demonstrate the necessity
of IL-1 in tumor growth, metastasis, and angiogenesis (62, 63).
Sawai et al. (64) evaluated the role of IL-1 in metastatic and non-
metastatic human pancreatic cancer cell lines and showed that
metastatic lines demonstrate increased IL-1RI expression com-
pared to non-metastatic cell lines, and exposure to IL-1α results in
increased α6- and β1-integrin subunit expression, whereas IL-1α

exposure to non-metastatic lines has no effect. Additionally, IL-1α

induces adhesion and invasion into laminin in human metastatic
cell lines, but not in non-metastatic cell lines. This study high-
lights the importance of IL-1α for invasiveness and angiogenic
properties in vitro, and confirms that only those cancer cell lines
that show highly metastatic properties express IL-1α mRNA (65).
These findings have also been confirmed for colon and gastric can-
cers. Human colon cancer-derived IL-1α induces angiogenesis by
its action upon the microenvironment, and thereby contributes
to metastasis (66). Along this same line, a significant correlation
between IL-1α expression and metastasis in human gastric carci-
nomas has also been established (67, 68). Moreover, increased IL-1
production by gastric epithelial cells leads to gastric inflammation
and the development of gastric dysplasia and cancer, as demon-
strated in IL-1 transgenic mice (69). In fact, the administration of
IL-1Ra has been proposed as a therapeutic regimen for different
neoplasias (63).

Similar to IL-1, several lines of evidence point to the involve-
ment of the another IL-1 family co-receptor member, single Ig
IL-1R related molecule (SIGIRR), also known as Toll/IL-1R 8
(TIR8), in colitis-associated cancer in mice (70). SIGIRR/TIR8

is an orphan receptor that inhibits signaling from IL-1R/TLR
complexes, possibly by trapping IL-1R-associated kinase (IRAK)-1
and TNFR-associated factor (TRAF)6 (71, 72), and is character-
ized by the presence of a single immunoglobulin domain in its
extracellular region, a conserved TIR domain, and a 95-amino-
acid long tail with inhibitory properties (73, 74) (Figure 1).
SIGIRR/TIR8 is expressed in several tissues, especially in the diges-
tive tract, and cell-type expression is particularly high in epithelial
cells (74, 75). SIGIRR/TIR8 functions as a negative regulator
for LPS and IL-1 signaling through its interaction with TLR4
and the IL-1R complex (76). Accordingly, there is evidence for
a non-redundant regulatory role of this molecule in inflammation
within the GI mucosa (75). Tir8 deficient mice exhibit dramatic
intestinal inflammation (colitis) in response to dextran sodium
sulfate (DSS) administration in regard to weight loss, intestinal
bleeding, and mortality, and show increased susceptibility to car-
cinogenesis in response to azoxymethane (AOM)/DSS administra-
tion (70). This increased susceptibility to colitis-associated cancer
in Tir8 deficient mice is linked to increased permeability and
local production of prostaglandin E2 (PGE2), pro-inflammatory
cytokines, and chemokines. In fact, colonic epithelial cells from
Tir8 deficient mice display commensal bacteria-dependent home-
ostatic defects, as shown by constitutive upregulation of pro-
inflammatory genes, and increased inflammatory and tumorigenic
responses to DSS and AOM/DSS challenge, respectively (77).
As such, gut epithelial-specific expression of the Tir8 transgene
reduces colonic epithelial cell survival, abrogates the hypersen-
sitivity of Tir8 KO mice to DSS-induced colitis, and reduces
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AOM/DSS-induced tumorigenesis (77). These findings have been
confirmed in Apcmin/( mice, a spontaneous ileal polyposis model.
Introduction of Tir8 deficiency into the Apcmin/( mice leads to
increased loss of heterozygosity of Apc and colonic microade-
noma formation. Importantly, the increased tumorigenesis in
Apcmin/(/Tir8−/− mice is dependent on the presence of the com-
mensal flora, underscoring the role of dysregulated commensal
bacteria-TLR signaling in colonic tumor initiation (78).

The impact of the relationship between the gut microbiota
and IL-1 family members on colitis-driven CRC also involves
the inflammasome. Inflammasomes comprise, in essence, a multi-
protein platform for the activation of inflammatory caspases, of
which caspase-1 appears to play a dominant role (79). They include
a sensor protein, an adaptor protein [apoptosis-associated speck-
like protein (ASC) containing a caspase activation and recruitment
domain (CARD)], and an inflammatory caspase. Sensor pro-
teins belong to two families of proteins: the nucleotide-binding
oligomerization domain (NOD)-like receptor (NLR) family and
the pyrin and hemopoietic expression, interferon-inducibility,
nuclear localization (HIN) domain-containing protein (PYHIN)
family. Tight control of caspase-1 activation by inflammasomes, in
particular of NOD-like receptor family pyrin domain-containing
3 (NLRP3, also referred to as Nalp3, CIAS1, or Cryopyrin), is crit-
ical since the processing and release of IL-1β and IL-18, as well as a
subset of leaderless proteins that facilitate tissue repair, are directly
regulated by caspase-1 (80). Homotypic interactions between the
pyrin domain in the N-terminus of NLRP3 and the bipartite
adaptor protein ASC (encoded by Pycard) bridge the association
of caspase-1 to NLRP3 in the inflammasome. Mice lacking the
inflammasome adaptor protein ASC and caspase-1 demonstrate
increased disease outcome, morbidity, histopathology, and polyp
formation in the AOM/DSS model of CRC (81). The increased
tumor burden correlates with attenuated levels of IL-1β and IL-
18 at the tumor site. In particular, leucine-rich-repeat-containing
Nlrp3−/− mice show an increase in acute and recurring coli-
tis and colitis-associated cancer, although the disease outcome
is less severe in Nlrp3−/− mice than in Pycard−/− or Casp1−/−

animals. No significant differences have been found in disease
progression or outcome in NLR family CARD domain-containing
protein 4 (Nlrc4)−/− mice compared to similarly treated wild-
type (WT) animals. Bone marrow reconstitution experiments
show that Nlrp3 gene expression and function in hematopoietic
cells, rather than IECs or stromal cells, is responsible for pro-
tection against increased tumorigenesis (81). These data suggest
that the inflammasome functions as an attenuator of colitis and
colitis-driven CRC. Taken together, the imbalance of IL-1 agonists
with IL-1 antagonists and their associated receptors/co-receptors
within the GI tract may not be limited to promoting inflammatory
processes, but may also be important in tumorigenesis and tumor
progression (Figure 4). Re-establishing this balance may represent
a new therapeutic target in the treatment of GI-related cancers.

IL-18 IN CHRONIC INTESTINAL INFLAMMATION
IL-18 (IL-1F4) was initially characterized as a novel IFNγ-inducing
factor in mice infected with Propionibacterium acnes and sub-
sequently challenged with a sublethal dose of LPS; as such, this
factor was originally coined IFNγ inducing factor or IGIF (82).

FIGURE 4 | Role of IL-1 family members in colon cancer. Similar to
chronic intestinal inflammation characteristic of IBD, an imbalance between
protective and pathogenic IL-1 family members is also an important
mechanism leading to intestinal tumorigenesis and the development of
GI-related cancers. In fact, IL-1 cytokines play an important role in
sustaining tumor growth by stimulating growth factor production and
modulating host immune responses against tumor cells. While the roles of
classic IL-1 family members, such as IL-1 and IL-18, have been firmly
established, only speculation can be made on other, newer IL-1 family
members, such as IL-33, IL-36, and IL-37.

After cloning, IL-18 was shown to induce IFNγ in the presence of
a mitogen or IL-2, and these effects were shown to be indepen-
dent of IL-12 (83). IL-18 is widely expressed throughout various
organ systems in the body and in cells of both hematopoietic and
non-hematopoietic cell lineages (e.g.,macrophages,dendritic cells,
Kupffer cells, keratinocytes, osteoblasts, adrenal cortex cells, IECs,
microglial cells, and synovial fibroblasts) (14, 84–90). Within the
gut mucosa, IL-18 is primarily produced by IECs, tissue histiocytes
(or macrophages), and dendritic cells (14, 15, 91). IL-18 exerts its
biological effects through binding to the IL-18R complex, which is
a heterodimer consisting of an α chain (IL-18Rα or IL-1R related
protein 1, IL-1Rrp1), that is responsible for extracellular binding of
IL-18, and a non-binding, signal-transducing β chain (IL-18Rβ or
Accessory Protein Like,AcPL) (Figure 1). Both chains are members
of the IL-1R family and are required for functional IL-18 signal-
ing, that similar to IL-1, occurs through MyD88/IRAK, leading
to the downstream activation of NF-κB (92–95) (Figure 2). The
IL-18R complex is expressed on a variety of cell types, including
T- and B-lymphocytes, macrophages, neutrophils, natural killer
cells, endothelial cells, and smooth muscle cells (96–99). It can be
upregulated on naïve T cells, Th1 cells, and B cells by IL-12 (93,
100). In contrast, T cell receptor ligation in the presence of IL-4
results in downregulation of the IL-18R complex (101). Although
initially described as a Th1 polarizing cytokine, IL-18 has been
shown to be a pleiotropic cytokine that can mediate both Th1-
and Th2-driven immune responses (102, 103).
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An additional family member that affects the overall bioactivity
of IL-18 is the IL-18 binding protein (IL-18BP), a naturally occur-
ring, soluble protein that effectively inhibits IL-18 by preventing
its interaction with the endogenous receptor (Figure 1) (104). The
human IL-18BP gene encodes at least four distinct isoforms (IL-
18BPa-d), which are derived by alternative splicing (105). IL-18BP
isoforms a and c neutralize the biological activity of IL-18, whereas
b and d do not (106). The high affinity of IL-18 to the IL-18BP has
a significant impact on its overall bioactivity and clinical relevance
during disease states as ligand passing of IL-18 from the IL-18BP to
its cell-bound receptor does not occur due to this unusually tight
binding (104, 106, 107). Thus, the IL-18/IL-18BP system possesses
several biological activities that underscore the potential for IL-18
to serve as a key mediator in the pathogenesis of several chronic
inflammatory disorders, including IBD.

Our group and others were the first to report that IL-18 is
upregulated in patients with IBD, particularly in CD (14, 15). IL-
18 is present in the serum of CD patients, and bioactive IL-18
expression along with IL-18-induced cytokines are increased in
mucosal biopsies of patients with IBD compared to controls, in
involved vs. non-involved lesions, and in chronic advanced com-
pared to early asymptomatic disease (14, 15, 91). Interestingly,
immunohistochemistry (IHC) studies of colonic tissues derived
from IBD patients and controls reveal a distinct pattern of IL-18
expression that may uncover potential IL-18-dependent mecha-
nisms involved in maintaining gut health and in the pathogenesis
of chronic intestinal inflammation (14) (Figure 3). In these stud-
ies, a dramatic shift in IL-18 expression is observed within the gut
mucosa of CD patients as inflammation became more severe. In
non-involved areas, IL-18 is immunolocalized almost exclusively
to the epithelium, similar to that found in uninflamed tissues from
the resected healthy margins of colon cancer patients. As disease
severity increases, IL-18 expression switches from the epithelium
to the lamina propria, specifically in cells morphologically consis-
tent with tissue histiocytes/macrophages, wherein the most severe
cases lack epithelial-derived IL-18. This trend appears to be spe-
cific for CD as IL-18 expression in UC patients is limited to the
epithelium, independent of disease severity (14).

The IL-18 BP is also differentially expressed in intestinal tissues
from IBD patients. Intestinal endothelial cells and macrophages
are the major source of IL-18BP in the submucosa, and in CD,
an increased number of IL-18BP-expressing macrophages and
endothelial cells, specifically isoforms a, c, and d, has been detected
(105). The presence of IL-18BP in CD lesions suggests neutraliza-
tion of IL-18 activity, unless patients with active CD preferentially
undergo differential splicing to produce more of the inactive iso-
forms (b and d) than the a and c bioactive isoforms. These patients
would then have a reduced ability to regulate IL-18 activity dur-
ing the course of the disease. In fact, free IL-18 is still observed
in specimens from active CD and highlights the complexity of
regulating bioactivity of IL-18. The importance of the IL-18BP in
regulating IL-18 has also been reported in pediatric IBD patients,
particularly in CD (108). IL-18BP does not sequester all free IL-18,
which is increased not only local gut tissues, but also in the serum
of children with active CD.

Although the majority of studies characterizing IL-18 and IL-
18BP in IBD have been mostly descriptive in nature, they have laid

the foundation that underscores the importance of the balance
between IL-18 and IL-18BP in gut health and the pathogene-
sis of chronic intestinal inflammation, particularly in patients
with CD. Similar to assessing global IL-1 bioactivity, expression
of the IL-18R/co-receptor system on effector target cells should
also be considered when evaluating the overall biological effects of
IL-18. To date, a comprehensive study has not been performed
to measure IL-18Rs and/or co-receptors in either CD or UC
patients. However, polymorphisms in the IL-18 accessory pro-
tein (IL-18RAcP/IL-18RAcPL/IL-18Rβ), as well as IL-18,have been
linked to IBD susceptibility (109–111). In fact, IL-18 expression is
reportedly altered by a number of polymorphisms including three
single-nucleotide polymorphisms (SNPs) in the IL-18 promoter at
positions -137, -607, and -656, relative to the transcriptional start
site (112). Transcription analysis of the first two polymorphisms
showed that they cause altered transcription factor binding and
gene expression (112). Similarly, SNP rs917997 correlates with
altered expression of IL-18Rβ and is strongly associated with IBD
and celiac disease (111, 113).

Animal models of IBD have provided a critical tool to mecha-
nistically determine the potential role of IL-18 during the patho-
genesis of colitis (120). Initial studies, in fact, support a pathogenic
role for IL-18. In mice with either 2,4,6-trinitrobenzene sulfonic
acid (TNBS)- or DSS-induced colitis, intestinal IL-18 levels of both
macrophage and epithelial cell origin were found to be markedly
elevated (114, 115). IL-18 expression, in co-operation with IL-12,
leads to the expansion of Th1 CD4+ T cells (116) and production
of the prototypic Th1 cytokines, IFN(, and TNF (117). Further
evidence that IL-18 plays an important role in the chronic phase
of intestinal inflammation was demonstrated using a T-cell depen-
dent adoptive transfer model, wherein local administration of
an adenovirus expressing anti-sense IL-18 mRNA had the abil-
ity to effectively treat colitis in recipient SCID mice (118). In fact,
neutralization or targeted gene deletion of IL-18 results in amelio-
ration of both chemically- and immunologically-mediated colitis
(117–120), which may occur through a mechanism wherein local
TNF production is dampened (114). Moreover, transgenic over-
expression of IL-18 is associated with exacerbated colitis, which
displays a marked infiltration of mucosal macrophages (121).
The cellular re-distribution of IL-18, from IECs to gut mucosal
macrophages, may be responsible for the pro-inflammatory role
that IL-18 appears to play during chronic inflammatory responses
within the gut mucosa. Using the SAMP1/YitFc (SAMP) model of
spontaneous CD-like ileitis (122), our group previously reported
that the mouse IL-18 gene is located within an interval on chro-
mosome 9 that confers genetic susceptibility to disease in these
mice (123). Similar to human CD, SAMP mice display a dramatic
shift in the cellular source of IL-18 as disease becomes more severe,
from IECs to LPMCs (124). The temporal and spatial expression
of IL-18, in regard to the cellular source, as well as the presence or
absence of specific IL-18R bearing cells, may explain the observed
differential effects of IL-18 during the innate, early phases, vs.
the later, chronic stages, of IBD. Together, these data indicate that
IL-18 represents a central mediator in the pathogenesis of intesti-
nal inflammation and is able to play very different roles during
the inflammatory process depending on the host’s inflammatory
state. As such, therapeutic strategies to alter IL-18 bioactivity need
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to be carefully addressed to determine the appropriate dose (low
vs. high) and most beneficial time (early vs. late) to neutral-
ize endogenously produced IL-18 during chronic inflammatory
diseases, including IBD (Figure 3).

IL-18 IN INFLAMMATION-ASSOCIATED GI-RELATED CANCERS
Aside from its established role in mucosal innate and adaptive
immunity within the GI tract, IL-18 has also been identified as
a mediator that both promotes and suppresses the process of
oncogenesis (Figure 4). Although discussed in detail later in this
review, IL-18’s protective effects include the ability to induce cell
death and tumor regression through NK cell activation (125).
In experimental cancer models, IL-18 expression in tumor cells
has been shown to enhance both specific and non-specific anti-
tumor immune responses (126, 127). On the other hand, IL-18
mRNA expression and serum levels correlate with the develop-
ment and progression of gastric cancers (128), and may be associ-
ated with esophageal carcinoma. IL-18 upregulates expression of
VEGF (129) and thrombospondin (130), suggesting its effective-
ness in promoting angiogenesis. IL-18 also promotes metastasis
by inducing cell adhesion molecules (131) and MMPs (132), while
facilitating immune evasion by increasing the expression of Fas
ligand on tumor cells (133). Similar to IBD, polymorphisms in the
IL-18 promoter region are also strongly associated to GI-related
cancers. In particular the rs917997 genotype appears to correlate
with patient risk of reflux progressing to Barrett’s and esopha-
gus adenocarcinoma (134, 135). IL-18 promoter polymorphisms
are also associated with an increased risk for the development of
gastric and colorectal cancers (136, 137).

PROTECTIVE ROLE OF CLASSIC IL-1 FAMILY MEMBERS IN
MAINTAINING INTESTINAL HOMEOSTASIS AND GUT
HEALTH
PROTECTIVE EFFECTS OF IL-1α, IL-1β, AND IL-1RA
As previously mentioned, initial studies using a rabbit model of
colitis revealed the potential dual role of IL-1 as a classic pro-
inflammatory cytokine (12, 46, 138) as well as a mediator that has
beneficial effects, particularly the IL-1β isoform, promoting gut
mucosal protection (45). Interestingly, protection by IL-1β is only
achieved with administration of low dose IL-1β, and only when
given 24 h, but not 30 min, before the induction of colitis. Such
protective effects of low dose IL-1 have also been shown in other
disease models, such as arthritis (139) and sepsis (140). Similarly,
in a mouse model of DSS-induced colitis, neutralization of IL-
1 activity during the acute phase of disease was associated with
exacerbated severity of inflammation and delayed recovery from
injury (23). No effect was observed during the chronic stage of
colitis, suggesting that IL-1 may have opposing effects during the
progression of colitis by inferring protection during early, acute
inflammation, but exerting more pro-inflammatory functions in
later stages during the chronic phase of disease (Figure 3).

An alternative hypothesis to support the dichotomous role of
IL-1 in IBD is that IL-1α and IL-1β possess opposing roles dur-
ing the progression of chronic intestinal inflammation. In support
of this concept, a recent study by Bersudsky et al. demonstrates
that the precursor form of IL-1α, derived primarily from damaged
IECs following DSS-induced colitis, can act as a classic alarmin

by initiating and sustaining colitis, while IL-1α KO mice show
little disease with increased recovery (53). Conversely, myeloid
cell-derived IL-1β in the same colitic model induces the restitution
and repair of IECs and improves gut barrier function during the
recovery phase of acute inflammation. Furthermore, while specific
blockade of IL-1α leads to amelioration of colitis, administration
of IL-1Ra or anti-IL-1β antibodies do not effectively treat DSS
colitis (53). Taken together, understanding the potential opposing
roles of IL-1 agonists, such as IL-1α and IL-1β, during the initia-
tion and progression of chronic intestinal inflammation, will shed
further light on precise therapeutic modalities that will lead to
more efficacious treatment of patients with IBD (Figure 3).

IL-18-DEPENDENT PROTECTION DURING INTESTINAL INFLAMMATION
Based on more recent studies, results point to the possibility of IL-
18 possessing dichotomous roles during the progression of IBD,
which may be related to phase of disease, as well as the cellular
sources of both ligand and receptors/co-receptors (25). In fact, at
the onset, or initiation of intestinal inflammation, IL-18 derived
from IECs may exert a protective role, facilitating tissue repair and
promoting mechanisms to induce homeostasis. In support of this
concept is the observation that IL-18 and IL-18R KO mice are more
susceptible to acute DSS colitis than their WT littermates (141).
In addition, epithelial-derived IL-18 is critical for the protection
from DSS colitis conferred by NLR-mediated signaling, as shown
in studies utilizing mice deficient in Nlrp3 (142).

In fact, similar to IL-1, emerging evidence highlights the con-
trol of IL-18 activation and the overall regulation of intestinal
mucosal immune responses exerted by the inflammasome (80).
As mentioned earlier, tight regulation of caspase-1 activation by
inflammasomes is critical since the processing and release of IL-1β

and IL-18 are directly regulated by caspase-1 (80). IL-18 is upreg-
ulated at the site of inflammation in DSS-exposed WT, but not
in Nlrp3−/−, Pycard−/−, and Casp1−/−, mice (142). Nlrp3, Asc
and Caspase-1/11 KO mice are also hyper-sensitive to acute DSS
colitis, with low colonic IL-18 levels associated with disease sus-
ceptibility, while administration of exogenous IL-18 ameliorates
colitis severity (142). Nevertheless, Bauer et al. (143) demonstrated
that Nlrp3 KO mice are protected from DSS-induced colitis, sug-
gesting that DSS itself may activate the NLRP3 inflammasome.
These results support that concept that different inflammasomes
may exert differential and redundant effects on the develop-
ment and progression of inflammation that may be additive or
divergent, resulting in a hierarchical combinatorial net effect on
intestinal inflammation (144). Thus, activation of a particular
inflammasome in hematopoietic cells, such as dendritic cells and
macrophages, may result in local release of IL-1β and/or IL-18
that induces inflammatory changes, such as secretion of IFNγ,
while IL-18 secretion from IECs, through a different inflamma-
some, may play a local role in tissue regeneration and wound
mucosal healing in response to injury. Such differential and cell-
specific contributions of inflammasome signaling remain to be
demonstrated experimentally. Moreover, inflammasomes are able
to induce pyroptosis in damaged or infected IECs,which may affect
tissue regeneration and consequently, the level of microbial influx
into the LP and its effects on the severity of colitis (80). These
effects may be induced by different inflammasomes and introduce
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a complex net effect based on temporal and microanatomical vari-
ations. However, mutations in the inflammasome pathway may
also affect colitis differently, depending on the composition of the
commensal microbiota that is present in the host since the inflam-
masome is a critical regulator of colonic microbial ecology (145).
This observation also underscores the role of the commensal flora
in intestinal immune homeostasis and further demonstrates the
complexity of the gut mucosal immune system.

PROTECTIVE ROLE OF IL-18 IN GI TUMORIGENESIS
In contrast to its established, pathogenic role in tumorigenesis,
IL-18 has been shown to represent a key protective cytokine
in the development of inflammation-associated CRC using the
AOM/DSS-induced model of colitis-associated cancer (146). An
association between chronic inflammation and tumor develop-
ment and progression is well established and as such, it is not
surprising that a cytokine that has protective properties against
inflammation can also reduce tumorigenesis associated with
chronic inflammation. In fact, IL-18 and IL-18R KO mice are
known to be highly susceptible to both DSS-induced colitis and
colorectal tumorigenesis (147). In addition, MyD88 KO mice,
which are defective in both IL-1β and IL-18 production, exhibit
increased colonic epithelial proliferation, damage and colorec-
tal tumorigenesis (147). Furthermore, administration of exoge-
nous IL-18 can alleviate the severity of colitis and colitis-induced
tumorigenesis in caspase-1/11 and Nlrp3 KO mice (148). In con-
trast, IL1R KO mice show equal numbers of colorectal tumors in
the CRC AOM/DSS model, highlighting the unique and essential
role of IL-18 during intestinal tumor progression (148). As such,
and taking into consideration the previous discussion regard-
ing IL-18’s pathogenic role in CRC, the contribution of IL-18 in
tumorigenesis and the development of intestinal-specific cancer
is clearly dichotomous. However, based on the current data, it
appears that, similar to the role of IL-1 family members in intesti-
nal inflammation, IL-18 primarily infers protection during early
events leading to the development of GI cancers, including epithe-
lial repair processes (147) and anti-tumor immune responses (126,
127), while during later stages, IL-18 supports events sustaining
tumor growth [e.g., angiogenesis (129) and metastasis (130)].

IL-37
IL-37 (IL-1F7) was first identified in 2000 and is one of the most
recently characterized members of IL-1 family (149). In general,
IL-37 has been shown to have potent anti-inflammatory properties
and there is currently intense interest in elucidating its precise role
in chronic intestinal inflammation and inflammation-associated
CRC. Its relationship to IL-18 is that it binds to IL-18Rα, but
unlike IL-18, it does not bind to the IL-18Rβ subunit or the
accessory protein, IL-1RAcP (150–152) (Figures 1 and 2). Data,
however, specifically investigating IL-37b, which is the most abun-
dant form of IL-37 and the most studied, its binding to IL-18Rα,
and whether IL-37 represents a competitive antagonist for IL-
18 and its functions, remains unclear. An alternative hypothesis
is that the IL-37b/IL-18Rα complex uses an accessory protein,
such as SIGIRR/TIR8 (153), thereby activating a yet unknown
anti-inflammatory pathway (Figure 1). It has also been suggested
that IL-37 may bind weakly to the IL-18BP and render the IL-18Rβ

useless for IL-18 by co-receptor competition (152) (Figure 1).

In addition, recent studies have shown that the mature form of
IL-37b may also translocate to the nucleus, similar to IL-1α and
IL-33, and possess a regulatory role in gene transcription (154).
At present, five splice variants (IL-37a-f) have been identified in
humans; however, none of these variants are present in mice. Splice
variant a,b, and c are expressed in lymph nodes, thymus,bone mar-
row, lung, testis, placenta uterus, skin, and colon; in addition, these
variants are expressed in variety of immune cells, such as NK cells,
monocytes, and stimulated B cells, while isoforms d and e are only
expressed in testis and bone marrow (155). As mentioned earlier,
IL-37b is the most abundant isoform and, relevant to the present
review, is expressed in the cytoplasm of plasma cells in epithelial
crypts, in the lamina propria of normal colon, and in the stroma
of colon carcinomas. As with other IL-1 family members, IL-37 is
synthesized as a precursor molecule that is cleaved by caspase-1 to
its mature form (151).

In regard to its role in the pathogenesis of chronic intesti-
nal inflammation and inflammation-associated CRC, very lit-
tle has been reported at present (Table 1). In vitro studies on
macrophages and epithelial cells overexpressing IL-37b, as well
as in vivo experiments in transgenic mice overexpressing human
IL-37b, show reduced DC activation and decreased production
of pro-inflammatory and Th1/Th17 cytokines, including IL-1β,
IL-6, IFNγ, and IL-17 following LPS stimulation. In vivo stud-
ies suggest that these effects may be mediated through the Smad3
pathway (156). In addition, IL-37b-tg mice exposed to DSS further
upregulate IL-37b expression after epithelial injury and display a
significant reduction in the severity of colitis compared to WT
controls (16). IL-37 is also expressed in the colorectal carcinoma
cell line, CCL-247, and in the stroma of colon cancer tumors,
wherein IHC revealed intense staining in plasma cells of both nor-
mal and diseased colon, suggesting a potential role of IL-37 in
antibody production, B-cell activation, and in colon tumorigene-
sis (151). Therefore, while initial reports indicate that IL-37 may
play an anti-inflammatory role in acute colitis (Figure 3), further
studies are warranted to elucidate the precise role in both chronic
intestinal inflammation as well as inflammation-associated CRC
(Figure 4).

DICHOTOMOUS ROLE OF IL-33, THE NEWEST MEMBER OF
THE IL-1 FAMILY, IN INTESTINAL INFLAMMATION AND
MUCOSAL WOUND HEALING
IL-33, also known as IL-1F11, is a protein with dual function
that can act both as signaling cytokine as well as an intracel-
lular nuclear factor (157) (Table 1). In the GI tract, IL-33 is
primarily expressed in non-hematopoietic cells, including fibrob-
lasts, adipocytes, smooth muscle cells, endothelial cells, and IECs
(26, 158, 159), but is also present in cells of hematopoietic ori-
gin, particularly in restricted populations of professional anti-
gen presenting cells, such as macrophages and DCs (26). IL-33
exerts its biological effects through binding to its receptor, IL-
1 receptor-like 1 (IL1RL1), also known as ST2 (26, 28), and in
the presence of IL-33, ST2 pairs with its co-receptor, IL-1RAcP,
and signals through mitogen-activated protein kinase (MAPK)-
and NF-κB-dependent pathways (26, 160) (Figure 2). Similar to
IL-18Rα, the co-receptor SIGIRR/TIR8 can also dimerize with
ST2 and likely acts as a negative regulator of the IL-33/ST2
signaling pathway, ultimately reducing IL-33’s biological effects
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(161) (Figure 1). To date, a very limited amount of information is
available regarding the biologic and pathophysiologic relevance of
IL-33 isoforms/splice variants, ST2 splice variants, and alternative
ST2/SIGIRR signaling.

IL-33 IN MAINTAINING GUT HOMEOSTASIS
In regard to its role in the GI tract, emerging evidence suggests that
IL-33 plays a critical role in maintaining normal gut homeostasis.
IL-33 enhances mucosal defenses against intestinal parasites and
bacteria, as described for Toxoplasma gondii (162), Pseudomonas
aeruginosa (163), and Leptospira (164) infection, indicating a pri-
mary role in mucosal protection. In addition, one of the earliest
observations regarding the biological activity of IL-33 was its abil-
ity to promote epithelial proliferation and mucus production (26),
which are obvious functions involved in epithelial restitution and
repair, as well as overall mucosal wound healing and protection.
Similar to IL-1α, increasing evidence also indicates that IL-33 can
function as a prototypic “alarmin,” passively released upon cel-
lular damage, stress, or necrosis, and able to serve as a danger
signal/alarmin to alert the immune system of a local threat, such
as trauma or infection (159, 165–167). In this setting, IL-33 has
the ability to signal local, innate immune responses in an effort to
mount an effective, physiological inflammatory reaction in order
to restore normal gut homeostasis.

IL-33 has also been shown to activate mast cells, which are dis-
tributed throughout barrier tissues, such as the skin and mucosa,
including the intraepithelial space of the intestine. Mast cells are
classically considered important late-stage effector cells during
Th2-associated immune responses, such as host responses against
parasitic helminths in mucosal tissues (168). However, recent
studies show that mast cells are able to initiate and orchestrate
type 2 immunity against helminth infection through the regula-
tion of tissue-derived cytokines. In fact, mast cell-deficient mouse
strains and mice treated with the mast cell stabilizing agent, cro-
molyn sodium, show dramatically reduced Th2 priming and type
2 cytokine production and harbor an increased burden of para-
sites following infection with the GI helminthes, Heligmosomoides
polygyrus bakeri and Trichuris muris. In addition, early production
of the tissue-derived cytokines IL-25, IL-33, and thymic stromal
lymphopoietin (TSLP), is significantly diminished in mast cell-
deficient mice. Finally, repair of mast cell deficiency increases
production of IL-25, IL-33, and TSLP, restores progenitor cell
number and Th2 priming, and reduces intestinal parasite bur-
den. These data reveal the important link between IL-33 and an
innate IgE-independent role for mast cells in orchestrating type 2
immune responses. Mast cell degranulation, which is crucial for
the activation of dendritic cells and recruitment of neutrophils
and T cells to the site of infection (169–171), is also needed for the
enhanced expression and production of the tissue-derived IL-25,
IL-33, and TSLP, which are required for the optimal orchestra-
tion and priming of type 2 immunity (172, 173) and are obvious,
apparent events important in intestinal mucosal protection against
infection.

IL-33/ST2 AXIS IN IBD
In regard to chronic intestinal inflammation, it is now well estab-
lished, and confirmed by several groups, that increased IL-33
expression is associated with IBD when compared to healthy

controls, particularly in UC patients (17–20). In addition, a poten-
tial genetic predisposition to dysregulated IL-33/ST2 function may
exist as a recent study describes the novel observation of associ-
ation between the rs3939286 IL-33 polymorphism and IBD, and
between the IL1RL1 rs13015714 and CD, in a well-characterized
Italian cohort of adult and early onset IBD patients (155). The
distribution of IL-33 expression in the gut mucosa is primarily
localized to non-hematopoietic cells, particularly IECs (17, 18, 20)
and myofibroblasts (19). In addition, ex vivo studies on isolated
intestinal mucosal cell populations and immunolocalization on
full-thickness intestinal tissues show that IL-33 is also expressed
by a wide variety of cell types (17, 19, 22), such as fibroblasts,
smooth muscle cells, endothelial cells (26, 174), and adipocytes
(17, 158). In active UC, IL-33 is localized to, and potently expressed
by, IECs, as well as infiltrating LPMCs, belonging to the mono-
cyte/macrophage and B-cell lineages (17–19). It has also been
originally reported by Kobori et al. (19), and later confirmed
(22), that IL-33 is expressed in activated subepithelial myofibrob-
lasts (SEMFs) situated below ulcerative lesions in UC, but not in
CD, patients supporting a potential functional role for IL-33 in
ulcer/wound healing, which may be different in UC compared to
CD (Figure 3).

Similar to IL-33, its receptor, ST2, is also increased in the intesti-
nal mucosa of IBD patients (17, 18). Importantly, the intestinal tis-
sue expression pattern of ST2 is different in healthy mucosa com-
pared to that found in chronically inflamed IBD patients, wherein
ST2 is abundantly expressed in macroscopically non-inflamed
colon epithelium, while during chronic inflammatory processes
characterizing either UC or CD, its expression is lost/decreased
and redistributed (28). This epithelial-derived tissue expression
for ST2 appears to be IBD-specific since non-specific colitis (e.g.,
diverticulitis and infectious colitis) do not present with this same
expression pattern (17). Taken together, considering the potential
role of IL-33 in promoting mucosal protection, as well as its tissue
distribution in IBD, it is tempting to speculate that the primary role
for IL-33 is, in fact, to induce epithelial restitution and repair and
mucosal healing (27). In addition, further analysis has shown that
the ST2 variant for which expression is altered in the epithelium
of IBD patients is ST2L, IL-33’s signaling transmembrane recep-
tor (18, 28). As such, it is possible that impaired epithelial ST2L
expression, specifically in IBD patients, may represent an inher-
ent epithelial defect or a negative feedback response to chronic
exposure of elevated IL-33 concentrations. One cannot rule out,
however, that IL-33 may have pathogenic, as opposed to protec-
tive, effects by indirectly damaging or disrupting epithelial barrier
function through, for example, recruitment of neutrophils and
eosinophils, as well as consider its effects in mounting potent Th2,
Th17, and potentiate Th1, immune responses that can amplify and
sustain chronic intestinal inflammation. In fact, the dichotomous
role of IL-33 has been best characterized in the intestine, where
it can possess both protective and pro-inflammatory functions,
depending upon the immunological status of the host and/or the
type and phase of the ongoing inflammatory process (21, 28).

ROLE OF IL-33 IN EXPERIMENTAL MODELS OF ACUTE COLITIS
Interestingly, investigation into the role of IL-33 in the
development of intestinal inflammation using an acute model
of DSS colitis has generated mixed results, and likely reflects the
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dichotomous roles of IL-33 in both inducing inflammation as
well as promoting epithelial restitution/repair and mucosal heal-
ing. In fact, DSS administration to IL-33 deficient mice results in
less severe colitis than in WT controls, with decreased granulo-
cyte infiltration (175), while exogenous administration of IL-33 to
DSS-treated mice further aggravates colitis and induces the influx
of neutrophils (176), suggesting a pathogenic role of IL-33, at least
in an acute inflammatory setting. Although it is unclear as to what
factor(s) precisely regulate IL-33 in the gut, it has recently been
shown that severe colonic inflammation with a marked increase
in IL-33-producing macrophages results after DSS administration
to mice expressing a truncated form of the receptor for TGFβ,
supporting a pathogenic function for IL-33 during acute colitis
and indicate a direct effect of TGFβ on macrophages to limit IL-33
expression (177). Imaeda et al. also reported an exacerbation of
DSS-induced colitis upon treatment with IL-33, hypothesized to
occur by IL-33-dependent induction of pathogenic Th2 cytokines;
although in the same mice, IL-33 restores goblet cells that were
found to be depleted in IL-33-untreated mice (178). In addition,
during the recovery phase of DSS-induced colitis, while weight
recovery is markedly delayed in IL-33 deficient mice, no signifi-
cant difference in colonic inflammation is observed between these
mice and WT littermates (175). The authors propose that in this
particular model, IL-33 plays an important role in driving acute,
innate immune responses, but is dispensable in the maintenance
of chronic intestinal inflammation. Alternatively, the possibility
exists that the delayed weight recovery observed in IL-33 deficient
mice, but not in WT littermates, is due to the lack of IL-33-driven
epithelial regeneration and restoration of barrier function leading
to a dampened ability for mucosal healing.

In fact, as opposed to their results obtained from IL-33 treat-
ment in acute DSS colitis, Groβ et al. showed that IL-33 adminis-
tration during repeated, chronic cycling of DSS causes a reduction
of colitis, suppresses IFNγ, and decreases bacterial translocation
(176), supporting a protective role of IL-33 that the authors sug-
gest may occur by switching from Th1- to Th2-driven immune
responses. These results are supported by a recent study using
the TNBS-induced model of colitis (179). Although the afore-
mentioned study utilized an acute, 4-day protocol, exogenous
administration of IL-33 was shown to ameliorate TNBS-induced
colitis and induce the production of Th2-type cytokines (179).
In addition, the protective effect of IL-33 was diminished after
depletion of T-regulatory cells (Tregs). The authors propose that,
mechanistically, IL-33 has an indirect effect on the development
of Foxp3+ Tregs by increasing the expression of epithelial-derived
TSLP and retinoic acid, which promotes the activation of CD103+

DCs (180) and leads to the induction of Foxp3+ Treg develop-
ment (181). The ultimate IL-33-induced expansion of Foxp3+

Tregs facilitates the observed decrease in the severity of colitis.

ROLE OF IL-33 IN EXPERIMENTAL CHRONIC INTESTINAL
INFLAMMATION
In SAMP mice, IL-33 expression patterns in the gut mucosa and
within the systemic circulation of IBD patients were confirmed
(17). IL-33 gut mucosal tissue levels in SAMP mice progressively
increase over time and demonstrate a positive correlation with
ileal inflammation, with epithelial cells exclusively expressing full-
length IL-33 (17). Although the precise, mechanistic role of IL-33

has not yet been addressed in the SAMP model,preliminary studies
blocking IL-33 signaling by administration of an antibody against
ST2 indicate a pathogenic role during the chronic phase of disease
development (182, 183). In fact, neutralization of IL-33 inter-
feres with the massive influx of eosinophils into the gut mucosa
(183) and potently decreases fibrosis and fibrogenic gene expres-
sion (182), characteristic of SAMP mice. Interestingly, although
blockade of IL-33 has a significant effect on decreasing the overall
severity of ileal inflammation in SAMP mice, the magnitude of
this reduction is approximately 30%, which may reflect a need for
optimizing treatment dosage or alternatively, represents an oppos-
ing effect of interfering with epithelial repair and mucosal healing.
Investigation is further warranted to study the role of IL-33 during
the early, acute phase of SAMP ileitis, as well as the specific role of
epithelial-derived IL-33 and IL-33’s direct effects on the intestinal
epithelium.

IL-33 AND ST2 IN INTESTINAL FIBROSIS
Although the role of IL-33 has not yet been fully investigated in the
pathogenesis of intestinal fibrosis, several lines of evidence indi-
cate that the IL-33/ST2 axis may represent an important mediator
in this process. Within the gut mucosa, SEMFs have been reported
as a primary source of IL-33, specifically in UC patients where
they are situated below ulcerative mucosal lesions (19, 22). In
fact, Sponheim et al. observed that a prominent feature of IBD-
associated IL-33 expression is the accumulation of both fibroblasts
and myofibroblasts in ulcerations of UC lesions (22). Although,
the association and localization of IL-33-producing SEMFs with
mucosal ulcerations suggests an important role in wound healing,
one cannot rule out its potential role in gut-associated fibrosis,
particularly in the setting of cycling of chronic tissue damage and
repair, characteristic of IBD. Taken together, there is clear evidence
of the IL-33/ST2 axis in maintaining normal gut homeostasis, par-
ticularly in promoting mucosal wound healing and repair. When
dysregulated, this important ligand-binding pair can also play
a critical role in the progression of chronic inflammation and
fibrosis, leading to such GI-related disorders as IBD.

EMERGING ROLE OF THE IL-33/ST2 AXIS IN GI-RELATED CANCERS
Finally, based on the established role of IL-1 family members in
GI-related cancers, the possibility exists that IL-33 can likewise
play an important role in GI-associated tumor formation. In fact,
a recent study has reported elevated IL-33 levels in the serum of
gastric cancer patients that correlates with several poor prognos-
tic factors, including depth of invasion, distant metastasis, and
advanced stage, but not with the classic tumor markers, CEA and
CA 19-9 (184). Of note, however, no significant difference in IL-
33 expression was found between four gastric cancer cell lines and
the normal gastric cell line, GES-1, which may indicate that IL-33
expression can either be modulated by local environmental fac-
tors and/or produced by other cells responding to gastric cancer
epithelial cells. As such, the initial observation of increased, cir-
culating IL-33 levels in gastric cancer patients may be related to
the progression of the cancer. In addition, based on IL-33’s ability
to shift host immune responses to a Th2 phenotype, downregula-
tion of tumor-specific immune responses can occur by inhibiting
tumor antigen presentation (185, 186). From this point of view, IL-
33 may represent one of the effective weapons tumor cells utilize
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in order to create an ideal environment to obtain, and maintain,
optimal growth conditions, further supporting the role of the IL-
33/ST2 axis in tumor formation and the progression of cancer
(Figure 4).

POTENTIAL CONTRIBUTION(S) OF THE IL-36-RELATED CYTOKINES IN
GUT HEALTH AND DISEASE
In the last two decades, human genome sequence analysis has
helped to identify new members of the IL-1 family. Three new
members IL-36α, β, and γ, previously known as IL-1F6, IL-
1F8, and IL-1F9, respectively, have been shown to bind to a
heterodimeric receptor, IL-36R, also known as IL-1 receptor-
related protein 2 (IL-1Rrp2), in a manner similar to the binding
of IL-1α and IL-1β to IL-1RI. Consistent with the promiscu-
ous nature of IL-1 family members, the IL-36 complex then
recruits IL-1RAcP, thereby activating downstream NF-κB and
MAPK pathways (187, 188). Interestingly, IL-36 family members

also includes a receptor antagonist, IL-36Ra, similar to IL-1Ra, sug-
gesting significant homology between these two IL-1 subfamilies
(Figure 1).

At present, there are no known reports regarding the associa-
tion between IL-36 and chronic intestinal inflammation, including
IBD, as well as inflammation-associated CRC. Most of the pub-
lished studies concerning IL-36 and disease pathogenesis come
from either the psoriatic or pulmonary literature. In skin, all
three IL-36 agonist ligands are highly expressed in psoriatic skin
lesions (189–191). Johnston et al. has shown that TNF and IL-17
stimulation of human keratinocytes can induce IL-36, and IL-
36 can, in turn, stimulate production of anti-microbial pep-
tides and MMPs in human epidermal cells (192). Muhr et al.
confirmed these findings and demonstrated that IL-17 potently
induces greater amounts of IL-36 in keratinocytes obtained
from psoriatic patients compared to healthy controls (193). Oth-
ers have described increased expression of TNF and IL-6 in

FIGURE 5 | Working hypothesis summarizing opposing functions of IL-1
family members within the gut mucosa. The balance between
pro-inflammatory and protective cytokines is crucial for the maintenance of
gut homeostasis. Damage to the epithelium (e.g., ulcer formation) and other
pro-inflammatory stimuli, including PAMPs derived from luminal antigens and
the local intestinal microflora, induce the expression of IL-1 family members
that are subsequently released by necrotic IECs as potential alarmins (e.g.,
IL-33 and IL-1α). Depending on the cellular source and presence of
receptor-bearing effector cells, IL-18 can possess very different functions
within the gut mucosa. IL-33 may also act on various immune cell populations,

including macrophages, and T- and B-cells, eliciting a pro-inflammatory
response and promoting Th2 immunity. Concomitantly, IL-33 can also induce
epithelial proliferation and repair, and overall wound healing by acting directly
or indirectly on IECs and SEMFs. Alternatively, chronic mucosal damage,
granulomatous inflammation, and dysregulated activation of mesenchymal
cells, such as SEMFs and fibroblasts, can lead to fibrosis and the formation of
intestinal fibrotic lesions. Therapeutic interventions should consider all of the
aforementioned processes and whether targeting specific IL-1 family
members may be more efficacious during active disease vs. maintaining
remission.
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IL-36-stimulated keratinocytes, suggesting a mutual regulation
of these inflammatory mediators (194). Recent studies have also
supported an important role of IL-36γ in various lung patholo-
gies. IL-36γ expression is reported to be increased in mice after
allergen challenge, and intratracheal administration of IL-36γ

leads to airway hyper-responsiveness, neutrophil accumulation
and pro-inflammatory cytokine production (195–197). In addi-
tion, IL-36 signaling promotes Th1 polarization of naïve CD4+ T
cells (198) and induction of Th17 immune response in lung disease
(196, 199). Finally, increased IL-36α expression was reported in
eosinophilic esophagitis, indicating a possible role of IL-36 in Th2-
type immune responses (200). Taken together, these data imply
an important pro-inflammatory role for IL-36 ligands in chronic
immune disorders, although it is unclear at present whether IL-
36 is prone to promoting Th1, Th2, and/or Th17 immunity
and whether, like other IL-1 family members, IL-36 may possess
dichotomous functions in the setting of health and disease states.
In addition to the three described IL-36 agonists, the IL-36Ra and
IL-38, previously known as IL-1F5 and IL-1F10, respectively, also
bind to the IL-36R; however, differently from IL-36α, β, and γ,
IL-36Ra and IL-38 both serve as antagonists for the biological
activities of IL-36 (187, 188, 190, 201). Interestingly, IL-36Ra has
been shown to possess an anti-inflammatory effect localized to the
brain and mediated through a unique TIR8/SIGIRR-dependent
pathway (202).

On the basis of the limited availability of published data and
preliminary findings, IL-36 may potentially play an important role
in chronic inflammatory disorders, including IBD. Investigation
into the role of the IL-36 family of cytokines in chronic intesti-
nal inflammation and inflammation-associated CRC, in fact, is an
active area of research that may uncover further pathogenic mech-
anism(s) involved in GI-related pathologies and may provide the
foundation for IL-36 to serve as a potential therapeutic target in
the near future.

CONCLUSION
The present review provides evidence that members of the
IL-1 family of cytokines possess dichotomous, often opposing
functions in both the maintenance of normal gut homeosta-
sis and in the pathogenesis of chronic intestinal inflammation
and inflammation-associated CRC. We hypothesize that their
effects vary, depending on the phase of disease (early vs. late),
as well as the inflammatory state (acute vs. chronic) of the
host. In general, early activation of the intestinal epithelium
by pathogenic organisms and/or other noxious environmen-
tal antigens elicits the production of epithelial-derived IL-
1 family members, including intracellular (ic)IL-1Ra, IL-1α,
IL-18, and IL-33. Epithelial disruption often occurs, facilitating

translocation of luminal bacterial products and the recruitment
of innate immune cells, primarily neutrophils, and macrophages
that are also a potent source of secreted (s)IL-1Ra, IL-1β, IL-18,
and IL-33. Normally, early expression of these mediators func-
tion to dampen acute inflammation and promote epithelial repair
and restitution, with the end goal of limiting gut mucosal damage
and restoring intestinal homeostasis. Under conditions of either
uncontrolled and/or persistent inflammation (e.g., as a result of
innate immune dysfunction or host genetic predisposition), infil-
tration of adaptive immune cells bearing various IL-1R family
members occurs during the later phases of inflammation, making
available an effector population able to respond to IL-1-like lig-
ands. For example, the presence of naïve CD4+ T cells expressing
the IL-18R have the ability to respond to IL-18, and in combi-
nation with IL-12, represents one of the most potent stimuli for
IFNγ production and Th1 polarized effector responses, thereby
promoting chronic Th1-mediated inflammation. Similar effects
can occur upon IL-33 stimulation of naïve CD4+ T cells, but in
this case, a robust Th2 immune response results. Furthermore, sev-
eral levels of regulation exist within each subfamily of IL-1 family
members, often including the presence of several agonist isoforms
(both precursor and mature, cleaved forms), receptor antagonists,
as well as soluble and cell-bound decoy receptors. In addition, the
promiscuity of IL-1 family ligands with both binding receptors
as well as recruited accessory proteins, instills yet another level of
regulation that should be considered when determining the over-
all biological effects of a specific IL-1 family member agonist. In
fact, IL-1 family members cannot be considered in isolation, but
with other IL-1-related proteins that can influence their overall
interactive effects. An imbalance in the equilibrium between IL-1
family components, dependent on prevalent isoform and receptor
binding domain/accessory protein present on effector cells, maybe
responsible for either driving pathogenic events, including chronic
intestinal inflammation, fibrosis, and CRC, or for promoting pro-
tection by inducing epithelial repair, mucosal wound healing, and
restoration of gut homeostasis (summarized in Figure 5). Based
on this new information and the emerging concept that IL-1 fam-
ily members can possess opposing role in gut health and disease,
novel pathogenic hypotheses can be formed that have important
translational implications in regard to the prevention and treat-
ment of chronic intestinal inflammation, including CD and UC,
and CRC.
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Inherited autoinflammatory diseases are secondary to mutations of proteins playing a piv-
otal role in the regulation of the innate immunity leading to seemingly unprovoked episodes
of inflammation.The understanding of the molecular pathways involved in these disorders
has shed new lights on the pattern of activation and maintenance of the inflammatory
response and disclosed new molecular therapeutic targets. Cryopyrin-associated periodic
syndrome (CAPS) represents the prototype of an autoinflammatory disease. The study of
the pathophysiological consequence of mutations in the cryopyrin gene (NLRP3) allowed
the identification of intracellular pathways responsible for the activation and secretion
of the potent inflammatory cytokine interleukin-1β (IL-1β). It became clear that several
multi-factorial inflammatory conditions display a number of pathogenic and clinical similar-
ities with inherited autoinflammatory diseases. The dramatic effect of interleukin-1 (IL-1)
blockade in CAPS opened new perspectives for the treatment of other inherited and multi-
factorial autoinflammatory disorders. Several IL-1 blockers are now available on the market.
In this review we outline the more recent novelties in the treatment with different IL-1
blockers in inherited and multi-factorial autoinflammatory diseases.

Keywords: IL-1β, autoinflammatory diseases, periodic fevers, inflammasome, treatment

INTRODUCTION
The Autoinflammatory Syndromes are a number of different con-
ditions characterized by episodes of inflammation secondary to
an activation of the innate arm of the immune response, in the
absence of high-titer auto-antibodies or antigen-specific T cells
(1). The term “Autoinflammatory diseases” was originally referred
to a limited number of rare inherited diseases identified as periodic
fevers. Under this term were gathered some monogenic diseases
featured by periodic or recurrent episodes of systemic inflam-
mation causing fever often associated with rash, serositis, lym-
phadenopathy, arthritis, and other clinical manifestations. These
disorders were secondary to mutations of genes coding for pro-
teins that play a pivotal role in the regulation of the inflammatory
response. In the following years the discovery of new genes and
novel inherited conditions allowed to clarify that the possible clini-
cal presentation of these new diseases was much wider and that the
term of periodic fevers was associated to a reductivist view of the
clinical phenotype possibly associated to this group of disorders
(Table 1).

In the meanwhile, the pathogenetic insights derived from stud-
ies on these rare disorders allowed a better understanding of
mechanisms responsible for the induction and maintenance of
inflammation and have set the basis for the identification of mol-
ecular targets for treatment. Due to the enormous interest raised
by the identification of NLRP3 Inflammasome (2) and by the
dramatic response to interleukin-1 (IL-1) blockers observed in
patients presenting a gain of function mutation of NLRP3 gene
(cryopyrin-associated periodic syndromes, CAPSs) (3–5), IL-1, is
now considered the pivotal pro-inflammatory cytokine in these

disorders. The availability of specific IL-1 targeting agents has
revealed a pathological role of IL-1-mediated inflammation in a
growing list of multi-factorial diseases in which a deregulation of
the same intracellular pathway probably occurs. Aim of the present
review is to provide a state of the art of the treatment of inherited
and multi-factorial autoinflammatory diseases with IL-1 blockers.

ANTI-IL-1 AGENTS
There are two related but distinct IL-1 genes, IL1A and IL1B,
encoding IL-1α and IL-1β, respectively. The IL-1α precursor is
constitutively present, in an active form, in most of the cells of
healthy individuals. Under disease conditions, IL-1α moves to
the cell’s surface membrane where it can activate adjacent cells
bearing the IL-1 receptor (6, 7). Conversely IL-1β is a prod-
uct of a limited type of cells (e.g., blood monocytes, tissue
macrophages, and dendritic cells). In physiological conditions
IL-1β is in an inactive form and requires a series of intracel-
lular events to be activated. In normal conditions both IL-1α

and IL-1β bind to type 1 IL-1 receptor (IL-1R1) and to the
adaptor protein IL-1RAcP in order to trigger signal transduction
(Figure 1).

Targeting IL-1 started in 1993 with the introduction of a recom-
binant non-glycosylated form of the naturally occurring IL-1
receptor antagonist (IL-1Ra, Anakinra), which blocks the activ-
ity of both IL-1α and IL-1β. IL-1Ra competes with free IL-1α

and IL-1β for the IL-1R1 binding but not with the adaptor pro-
tein, thus preventing signal transduction. Anakinra has a short
terminal half-life ranging from 4 to 6 h and it is administered
subcutaneously daily. Other IL-1 blockers have been successively
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Table 1 | Clinical classification of inherited and multi-factorial autoinflammatory diseases (AID).

Inherited AID (gene, transmission) Multi-factorial AID

CLINICAL PRESENTATION

Recurrent episodes of

inflammation

FMF (MEFV, AR)

TRAPS (TNFRSF1A, AD)

MVK (MVK, AR)

PFAPA

Recurrent idiopathic pericarditis

Mollaret syndrome (recurrent meningitis)

Systemic inflammation with

urticarial rash

CINCA/NOMID (NLRP3, AD)

Muckle–Wells/FCAS (NLRP3, AD)

FCAS2 (NLRP12, AD)

SoJIA

Adult onset Still disease

Schnitzler’s syndrome

Delayed pressure urticaria

Sterile inflammation of

skin/bone/joints

PAPA (CD2BP1, AD) CRMO
DIRA (IL1RN, AR) SAPHO

DITRA (IL36RN, AR) Gout and pseudogout

Majeed syndrome (LPIN2, AR) HLA-B27 spondyloarthropathy

CAMPS (CARD14, AD) Reactive arthritis

Blau’s syndrome (CARD15, AD) Sweet syndrome

Generalized pustular psoriasis

Hallopeau acrodermatitis

Panniculitis/lipodystrophy Nakajo–Nishimura (PSMB8, AR) Neutrophilic panniculitis

JMP (PSMB8, AR) Erythema nodosum and panniculitis

CANDLE syndrome (PSMB8, AR)

Inflammatory bowel disease Early-onset inflammatory bowel disease (IL10, IL10RA, IL10RB) Crohn’s disease

Hemophagocytic

lymphohistiocytosis

FHL1 (Unknown) SoJIA-associated MAS

FHL2 (PFR1/perforin 1, AR) Infection-associated MAS

FHL3 (UNC13D/Munc 13-4, AR)

FHL4 (STX11/syntaxin 11, AR)

FHL5 (STXB2/syntaxin binding protein, AR)

FMF, familial Mediterranean fever; FCAS, familiar cold autoinflammatory syndrome; MWS, Muckle–Wells syndrome; TRAPS, TNF-receptos associated periodic syn-

drome; MVK, mevalonate kinase deficiency; CINCA, chronic infantile neurological cutaneous and articular; PAPA, pyogenic sterile arthritis, pyoderma gangrenosum,

and acne; JMP, joint contractures, muscle atrophy, microcytic anemia, and panniculitis-induced childhood-onset lipodystrophy; CANDLE, chronic atypical neutrophilic

dermatosis with lipodystrophy and elevated temperature; DIRA, deficiency of the IL-1 receptor antagonist; DITRA, deficiency of IL-36 receptor antagonist; CAMPS,

CARD14-mediated pustular psoriasis; FHL, familial hemophagocytic lymphohistiocytosis; MAS, macrophage activation syndrome; AR, autosomal recessive; AD,

autosomal dominant.

developed. Rilonacept is a protein consisting of the extracellular
domains of humanized IL-1 type 1 receptor and the IL-1 receptor
accessory protein fused with the Fc portion of IgG1. Rilonacept
which has a terminal half-life of 6.3–8.6 days and is adminis-
tered once weekly, binds IL-1β and IL-1α with high affinity and
powerfully inhibits IL-1 activity.

Canakinumab is a fully human anti-interleukin-1β (IL-1β)
monoclonal antibody that selectively blocks IL-1β with high affin-
ity and does not cross-react with IL-1α or IL-1Ra. Binding to
IL-1β prevents the cytokine from the interaction with its receptor
and, thus, blocks the inflammatory signaling cascade. Compared
to other IL-1 blockers, Canakinumab provides a longer plasma
half-life (21–28 days).

Recently a novel compound called Gevokizumab has been
developed. Gevokizumab is a IgG2 humanized mAb that mod-
ulates IL-1β bioactivity by reducing the affinity for its IL-1RI:IL-
1RAcP signaling complex. It binds to a single IL-1β epitope where
residues critical for binding have been identified. It has a long
plasma half-life, which would allow once-monthly administration.

Some clinical trials are ongoing in osteoarthritis, non-infectious
uveitis, Pyoderma Gangrenosum, and Diabetes mellitus1.

Other therapeutic approaches, including IL-1α neutralization,
a therapeutic vaccine targeting IL-1β, and a chimeric IL-1Ra,
are in early clinical trials. Moreover, orally active small-molecule
inhibitors of IL-1 production, such as Caspase 1 inhibitors, have
been developed and are being tested (8, 9).

MONOGENIC AUTOINFLAMMATORY DISEASES
CRYOPYRIN-ASSOCIATED PERIODIC SYNDROME
Familiar Cold Autoinflammatory Syndrome (FCAS), Muckle–
Wells Syndrome (MWS), and Chronic Infantile Neurological
Cutaneous and Articular Syndrome (CINCA) or Neonatal Onset
Multi-systemic Inflammatory Disease (NOMID) are three dis-
eases originally described as distinct entities that turned out to
belong to the wide clinical phenotype of disorders due to muta-
tions of NLRP3 gene (NOD-like receptor 3, previously known as

1http://clinicaltrials.gov
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FIGURE 1 | Different strategies for IL-1 blockade. Free interleukin (IL)-1b
binds to type 1 IL-1 receptor (IL-1R1) and to the adaptor protein
IL-1RAcP leads to signal transduction (1). Human recombinant IL-1
receptor antagonist (hrIL-1Ra, Anakinra) (2) competes with free IL-1β for the
binding with IL-1R1 but not with the adaptor protein, thus preventing signal
transduction. Rilonacept (3) is a fusion protein comprising the extracellular
domains of the IL-1β receptor (IL-1RI) and adaptor protein (IL-1RAcP)
attached to a human IgG molecule. Its action is to bind to circulating IL-1β.
The same mechanism of action is also valid for Canakinumab (4), a fully
humanized anti-IL-1 monoclonal antibody.

Cold-Induced Autoinflammatory Syndrome 1, CIAS1). Mutations
in this site determine a gain of function of the protein with subse-
quent increased secretion of IL-1β. FCAS represents the milder
phenotype and presents with cold-induced fever, urticaria-like
rash, and constitutional symptoms. MWS represent an interme-
diate form and manifests with fever, urticarial rash, sensorineural
hearing loss, and arthritis usually not related to cold exposure.
CINCA patients, instead, display the worst clinical picture charac-
terized by fever, urticarial rash, epiphyseal overgrowth of the long
bones, and central nervous system involvement (mental retarda-
tion, chronic aseptic meningitis, increased intracranial pressure,
papilledema, cerebral atrophy, sensorineural hearing loss). Almost
1/3 of patients with CAPS may develop amyloidosis that seem to
be more frequent in MWS than in FCAS or CINCA patients.

The active form of cryopyrin (NLRP3) is involved in the assem-
bly of an intracellular multi-protein complex (called inflamma-
some) that play a pivotal role in the activation of Caspase 1, a
cytoplasmatic enzyme responsible for the activation and secretion
of the biological active 17 kD form of IL-1β (10).

The massive secretion of active IL-1β observed in cryopyrin-
mutated individuals, suggested that anti-IL-1 treatment could
represent an effective therapy (10).

Initial isolated case reports showed the dramatic effects of
Anakinra in the control of rash and other systemic manifestations
in MWS (3), FCAS (4), and CINCA (5, 11, 12) patients.

The long-term efficacy and safety of Anakinra in pediatric
CAPS patients has been described in two distinct cohorts of
patients (13, 14).

These two studies indicate that Anakinra treatment is safe and
effective in the long term and should be initiated early, before
irreversible lesions have developed.

Sibley et al. recently published an open label, long-term follow-
up study on a cohort of 26 CINCA/NOMID patients treated with
Anakinra 1–5 mg/kg/day for at least 36 months (15). Twenty-one
out of 26 patients carried mutations in NLRP3 gene and all of
them had an active disease at baseline.

Aim of the study was to evaluate the efficacy and safety of 36 and
60 months of IL-1-blocking therapy in controlling systemic and
organ-specific inflammation and in preventing the progression of
organ damage.

Sustained improvements in diary scores, parent’s/patient’s and
physician’s global scores of disease activity, parent’s/patient’s pain
scores, and inflammatory markers were observed during all the
period of the study. Despite a general good control of clinical
manifestations (including hearing loss, ocular manifestations, and
headache) and laboratory parameters, a few patients displayed a
persistent even if mild inflammation of CNS. Anti-IL-1 treatment
did not prevent the progression of the bone involvement. Over-
all Anakinra was well tolerated and no major adverse effects were
observed.

Kuemmerle-Deschner et al. reported the long-term safety and
efficacy of Anakinra in pediatric and adult patients affected by
MWS. A rapid and persistent control of constitutional symptoms
and organ manifestations was observed (16).

The efficacy of Rilonacept (160 mg/weekly) on CAPS-related
clinical manifestations have been shown in two sequential placebo-
controlled studies performed in patients with FCAS or MWS (17).
The treatment was generally well tolerated. Site reactions in 1/3 of
patients and mild upper respiratory infections were the most com-
mon adverse events (AEs). In 2008, the FDA in USA has approved
its use in CAPS as an orphan drug in adult and children above the
age of 12.

The first evidence for the efficacy of Canakinumab was obtained
by a 48-week, double-blind, placebo-controlled, randomized with-
drawal study, involving 35 MWS patients receiving a subcutaneous
dose of 150 mg (or 2 mg/kg) every 8 weeks (18).

These positive results were confirmed in a 2-years open label
study in which the response to treatment was analyzed in 166
patients (109 Canakinumab-naive and 57 roll-over patients) with
FCAS (n = 30), MWS (n = 103), or NOMID/CINCA (n = 32)
(19). The study showed that a complete response was achieved
in 85 of 109 Canakinumab-naive patients (78%; 79/85 patients
within 8 days, and 5 patients between days 10 and 21). Of
141 patients with an available relapse assessment, 90% did not
relapse, their CRP/SAA levels normalized (<10 mg/l) by day 8, and
remained in the normal range thereafter. Median treatment dura-
tion was 414 days (29–687 days). Notably, upward adjustments of
dose or frequency were needed in 24.1% patients mostly children
with a severe CAPS phenotype (CINCA/NOMID). Predominant
AEs were infections (65.7%) of mostly mild-to-moderate severity.
Serious AE reported in 18 patients (10.8%) were mainly infec-
tions and were responsive to standard treatment. The majority
of patients (92%) reported as having no injection-site reactions
and only 8% of patients reported mild-to-moderate reactions.
Patients receiving vaccinations (15%) showed normal immune
response. Based on these studies, Canakinumab has been approved
in many countries for all forms of CAPS in patients older than
4 years. The first experience on the use of Canakinumab in
daily clinical practice in 13 pediatric CAPS patients has been
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recently reported (20). Globally, patients with a mild-intermediate
MWS phenotype display a complete control of disease activ-
ity maintaining the initial dosage of 2 mg/kg (or 150 mg) every
8 weeks, independently from their age. Conversely, the major-
ity of CINCA patients required to increase the dosage up to
4 mg/kg (or 300 mg) and progressively increase the frequency of
dosing (20).

FAMILIAL MEDITERRANEAN FEVER
Familial Mediterranean fever (FMF) is the most frequent among
hereditary recurrent inflammatory disorders. It presents with an
autosomal recessive pattern of inheritance and is due to muta-
tions in the MEFV (Mediterranean Fever) gene encoding pyrin
(also called marenostrin) (21, 22).

Colchicine represents the treatment of choice for FMF (23).
Nonetheless, approximately one third of the patients have a partial
remission and about 5–10% are non-responders; another 2–5%
do not tolerate the drug mainly due to gastrointestinal symptoms
(24). Data from a large international registry (Eurofever) showed
that almost 40% of FMF patients display an incomplete response
to colchicine, by means of persistent presence of fever attacks or
persistent elevation of acute-phase reactants (25).

Before the advent of colchicine, reactive AA amyloidosis repre-
sented the most frequent and severe complication of the disease.
It occurred in almost 60–75% of patients over the age of 40 with
a poor prognosis. Amyloidosis usually presents in those patients
with severe attacks starting early in infancy but it may develop
even in those patients without clear inflammatory episodes. The
genetic background, the presence of high penetrance mutations,
environmental factors, and the presence of SAA1 gene haplotype
seem to influence the development of amyloidosis too. Even if the
use of Colchicine dramatically reduced the incidence of amyloi-
dosis, a relevant number of patients still present this long-term
complication (26).

Recent evidences have shown that pyrin is able to interact with
some components of the NLRP3 Inflammasome (e.g., ASC and
Caspase 1), raising the hypothesis of a possible role of this pro-
tein as a negative regulator (27, 28) or as an inducer of IL-1β

secretion (29–31). Omenetti et al. have recently reported that
MEFV -mutated monocytes display an increased IL-1β secretion
(32).This over-secretion is correlated to the number and pene-
trance of MEFV mutations (32), confirming the presence of a
dose effect of MEFV mutations already suggested by studies on
FMF animal models (29) and patients (33).

Indeed, the use of IL-1 targeting drugs in colchicine-resistant
FMF patients was recently proposed as a valid therapeutic strat-
egy (27, 34). Anakinra and Canakinumab, have been reported to
be generally effective in case reports and non-controlled series in
more than 30 patients with colchicine-resistant or intolerant FMF
(35–44).

Blocking IL-1 has been used with good results even in a small
cohort of patients with AA amyloidosis and chronic renal failure
(44). In the majority of cases Colchicine was maintained after the
introduction of Anakinra even if at a lower dose.

Normally SAA is completely degraded in the lysosome. It seems
that, in patients with AA amyloidosis, the process of degradation
may be impaired. High levels of SAA due to inflammatory burden

thus worsen the accumulation of this substance. A good control
of the disease by IL-1 blockers with persistent SAA value in the
range of normality, may avoid the worsening of amyloidosis and
may allowed the progressive degradation of the fibrils previously
accumulated.

Recently, Hashkes et al. reported the results of a randomized,
double-blind, single-participant alternating treatment study for
Rilonacept in 14 colchicine-resistant or intolerant FMF patients
(45). Participants were aged 4 years or older and were required
to have an estimated mean of 1 or more FMF attacks per
month for 3 months before screening and 1 or more attacks per
month during screening despite receiving adequate colchicine
treatment. Colchicine intolerance was defined as the inabil-
ity to tolerate the drug at that dose controlling attacks to
fewer than 1 per month. Patients were treated with Rilona-
cept 2.2 mg/kg (maximum, 160 mg) or equal volume of placebo,
both given once weekly by subcutaneous injection. Rilona-
cept significantly reduced the frequency of FMF attacks ver-
sus placebo and ameliorated the physical Health related quality
of life.

TNF-RECEPTOR ASSOCIATED AUTOINFLAMMATORY SYNDROME
TNF-receptor associated autoinflammatory syndrome (TRAPS)
is a rare dominantly inherited disorder, caused by mutations in
the p55 TNF Receptor (or TNFR1), encoded by the TNF Recep-
tor Super Family 1A (TNFRSF1A) gene (46). Fever episodes are
usually prolonged (1–3 weeks) and are usually accompanied by
serositis, arthritis, a skin rash with underlying fasciitis, and peri-
orbital edema. Reactive amyloidosis develops in almost 14–25%
of TRAPS patients and it seems to correlate with the severity and
lasting of fever episodes.

Mutations of TNFR1 lead to a misfolding of the protein that
is thus accumulated in the ER and cytoplasm. This leads to a
response to the unfolded protein with consequent inappropri-
ate cytokine secretion (47). Mitochondrial reactive oxygen species
promote production of pro-inflammatory cytokines and are ele-
vated in TNFR1-TRAPS (48). Moreover, TRAPS patients display
an exhaustion of the autophagy system due to the intracellular
overload of the unfolded mutated protein that represents a further
“stress signal” for the cells (49). This may lead to the activation of
the NLRP3 Inflammasome, consistent with the over-secretion of
active IL-1β observed in TRAPS patients (49).

The inflammatory attacks are usually responsive to high-dose
corticosteroids but side effects limit their use especially in patients
with frequent relapses or nearly continuous symptoms (chronic
course). The use of immunosuppressive drugs have been reported
to be ineffective (50). Since the molecular defect of p55 TNFR is
also associated with an impaired shedding of the receptor from the
membrane surface, the use of Etanercept (Enbrel), was originally
proposed (46).

In a recent study Bulua et al. (51) reported the experience of
15 TRAPS patients enrolled in a prospective, open label, dose-
escalation study using Etanercept. The treatment significantly
attenuated the total symptom score, as well as reduced the fre-
quency of symptoms and the values of acute-phase reactants
during asymptomatic periods. However, during a 10-year follow-
up period, most of the patients discontinued treatment mainly
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due to the lack of efficacy, with a median duration of treatment of
3.3 years.

Of note, the use of anti-TNF monoclonal antibodies (inflix-
imab and adalimumab) has been shown to worsen the inflamma-
tory manifestations in TRAPS patients (52–54).

On the other hand, some anecdotic observations have suggested
an excellent response to Anakinra in some patients (53, 55).

In 2008, the first small cohort of TRAPS patients treated
with Anakinra was described (56). Patients were treated with
Anakinra 1.5 mg/kg/day. All patients had a dramatic response, with
disappearance of symptoms and normalization of acute-phase
reactants. During the following year the patients were treated
continuously with Anakinra and did not experience any disease-
related clinical manifestations or any increase in acute-phase
reactants (56).

Interestingly, data from the Eurofever registry recently showed
the better performance of IL-1 blockade on anti-TNF treatment
in TRAPS patients. In fact, even if Etanercept was beneficial in
32 of the 37 patients, only 11 (30%) experienced a complete
response. Conversely, Anakinra was able to induce a complete
response (absence of clinical manifestations and normalization
of acute-phase reactants) in 26 of 33 patients (79%) and a partial
response in five others (25). The effect of Anakinra in patients car-
rying low-penetrance mutations (e.g., R92Q) seems less striking
in respect to those observed in patients with mutations affecting
cysteine residues (57). The same good results have been prelim-
inary reported in one TRAPS patients treated with the anti-IL-1
monoclonal antibody (Canakinumab) (58).

Interim data of an open label 4-months study with
Canakinumab and of 5-months of follow-up involving 20 active
TRAPS patients have been recently presented, showing the com-
plete control of clinical manifestations and persistent normaliza-
tion of acute-phase reactants (59).

These data support the pivotal role of IL-1β in the pathogen-
esis of TRAPS, but need to be confirmed in a larger number of
patients.

MEVALONATE-KINASE DEFICIENCY
Mevalonate-kinase deficiency (MKD) is due to mutations in
the mevalonate-kinase (MVK) gene (60, 61). MVK is an essen-
tial enzyme in the isoprenoid biosynthesis pathway which pro-
duces several molecules involved in different cellular processes
(62). The severe reduction of the enzymatic activity leads to a
severe multi-systemic disease, named mevalonic aciduria. The
partial enzymatic defect is associated with a normal mental and
physical development, but is characterized by recurrent fever
attacks.

Almost 25% of MKD patients present more than 12 attacks per
years in their second decade of life (17.8% of patients >20 year
old) with a severe impact on quality of life in some patients (63).
Unlike what happen in the other monogenic periodic fevers, amy-
loidosis do not represent a frequent complication of MKD. The
first case of AA amyloidosis was reported in 2004 (64) and few
other patients in the following years (65). van der Hilst et al.
(63) reported a frequency of 2.9% of amyloidosis in a group of
103 patients coming from The International hyper-IgD syndrome
(HIDS) database.

Fever attacks usually respond to the administration of a single
or a few steroids doses. However, due to the high frequency of fever
episodes, some patients may need almost continuous treatment.

Colchicine, cyclosporine, thalidomide, and statins are not effec-
tive (63). The efficacy of biologic treatments is largely anecdotal
and still controversial. Anti-TNF therapy (Etanercept) has been
found to reduce the frequency and intensity of fever attacks in
some patients (66–68) but not in others (69). In the same line
a positive response was also observed after the use of Anakinra
(70–72). The same variable response was also observed in the
International HIDS registry (63).

Galeotti et al. reported the results of a retrospective study aimed
at evaluating the effects on disease activity of an anti-IL-1 treat-
ment in a group of 11 genetically confirmed MKD patients (73).
In this study daily Anakinra (nine patients) or Canakinumab
injections every 4–8 weeks (six patients, in four cases following
Anakinra treatment) were associated with complete remission in
four cases and partial remission in seven.

The rationale for the use of IL-1 blockers is found in studies
from a Dutch group (74) in which the Authors show that a short-
age of isoprenoid end products due to the defective function of
mevalonate kinase contributes to an increased secretion of IL-1β

by MK-deficient peripheral blood mononuclear cells.
In a recent paper Ter Haar et al. analyzed MKD response to

treatment in 67 patients coming from The Eurofever International
Registry2 (25). Anakinra was effective in 24 (89%) of 27 patients
treated, inducing a complete remission in six (22%) of them. Etan-
ercept was effective in 11 (65%) of 17 treated patients, with only
one complete response.

An Open label, Multicenter, Pilot Study of 6-month
Canakinumab Treatment With up to 6-month Follow-up in
Patients With active HIDS is now ongoing to evaluate the efficacy,
the safety, and the pharmacokinetics (PK)/pharmacodynamics
(PD) of Canakinumab treatment in patients with HIDS (see text
footnote 1).

BLAU’S SYNDROME OR NOD2 GENE-ASSOCIATED PEDIATRIC
GRANULOMATOUS ARTHRITIS
Blau’s syndrome is the genetic form of what was previously known
as early-onset sarcoidosis and is due to mutations of the NACHT
domain of the gene CARD15 (or NOD2). It is characterized clini-
cally by the triad of arthritis, skin rash, and uveitis, and histolog-
ically by the presence of non-caseating epithelioid granulomas in
the affected sites that represent the hallmark of the disease. Other,
less frequent clinical symptoms, such as camptodactyly, intermit-
tent fever, cranial neuropathies, and malignant hypertension, have
also been reported (75). The clinical course is variable, but in many
cases the prognosis is poor, with severe disabilities and sequelae in
a high percentage of patients. Eye involvement is frequently pro-
gressive and can lead to panuveitis and severe complications up to
blindness.

An international registry was established in 2005 to collect both
patients affected by Blau syndrome and its sporadic counterpart
of early-onset sarcoidosis that share with the former an identi-
cal phenotype. Rose et al. (76) reported the results of the registry

2http://www.printo.it/eurofever/
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1 year after its creation. In the paper the authors aimed to define
the spectrum of the clinical phenotype and establish the mutation
frequency and variants in patients with “pediatric granulomatous
arthritis.” Up to date this work represent the largest collection of
patients (33 pts) with both sporadic or familiar pedigrees.

Anti-TNF monoclonal antibodies have been shown to be effec-
tive in some anecdotal reports (77, 78). Martin et al. did not
observe evidence for increased IL-1β production in cells obtained
from five subjects with Blau syndrome compared with healthy
control (79). In their study the Authors treat two cases with recom-
binant human IL-1 receptor antagonist without an evident clinical
response. On the other hand few case reports have shown the
effectiveness of IL-1 blockade (75, 80).

PYOGENIC STERILE ARTHRITIS, PYODERMA GANGRENOSUM, AND
ACNE SYNDROME
Pyoderma gangrenosum and acne (PAPA) syndrome is a rare auto-
somal dominant inherited autoinflammatory syndrome charac-
terized by pyogenic sterile arthritis (usually occurring after minor
trauma or even spontaneously) less frequently accompanied by
PAPA. It is associated with dominant missense mutations in the
proline-serine-threonine phosphatase-interacting protein 1 (PST-
PIP1) gene (81, 82). Around 30 cases have been described in the
literature so far. PAPA syndrome is generally responsive to oral
or intra-articular glucocorticoids (81, 82) but anti-TNF has been
reported to be effective in a few patients too (83, 84).

Interestingly, PSTPIP1 is able to interact with pyrin, the pro-
tein mutated in FMF (85). It has also been proposed that pyrin
and PSPTPIP1 form a tri-molecular complex with ASC that is able
to directly recruit and activate Caspase 1 (31).

Mutated PSTPIP1 has increased interaction with pyrin and the
effect of this interaction is similar to that of mutated pyrin, result-
ing in decreased apoptosis and elevated IL-1 levels (85) thus setting
the basis for the use of IL-1 blockade in PAPA patients.

Up to date anecdotal cases of treatment with Anakinra (both
as maintenance therapy or at occurrence) has been reported
with good results particularly on articular manifestations (86–
88). More uncertain is the effectiveness of Anakinra on cutaneous
manifestations.

Geusau et al. have recently reported the successful treatment of
a patient with a PAPA-like syndrome with Canakinumab (89).
This patient, despite the unusual presence of an homozygous
substitution in exon 11 (c.773G > C p.Gly258Ala) in a disease
with an autosomal recessive pattern of inheritance, had a clini-
cal phenotype clearly consistent with a PAPA syndrome. He was
mainly affected by cutaneous manifestations (PAPA fulminans)
since the age of 14 and, despite the absence of arthritis he had
suffered from early childhood of episodes of arthralgia, painful
joints, and fever not responding to antibiotics. Moreover he had
elevated inflammatory markers and white blood cell count with
relative neutrophilia. Notably, the substitution found in this case
had been previously described in an heterozygous symptomatic
PAPA patient3. Soon after the first injection of Canakinumab the
patient displayed a complete remission of the acne and a complete

3http://fmf.igh.cnrs.fr

normalization of acute-phase reactant. Canakinumab was admin-
istered every 9 weeks and no flares were observed in a 9-months
period apart from slight flares of acne at the end of 8 weeks, occa-
sionally accompanied by a moderate increase in C-reactive protein
and serum amyloid A levels (89).

In line with this experience a Phase II Multi Center Open
Label Pilot Study to assess a potential effect of Canakinumab on
Pyoderma Gangrenosum is ongoing (see text footnote 1).

DEFICIENCY OF THE INTERLEUKIN-1-RECEPTOR ANTAGONIST
Deficiency of the interleukin-1-receptor antagonist (DIRA) is a
recently identified autoinflammatory disorder characterized by a
severe systemic inflammation beginning at birth with persistent
inflammation and papular pustulosis. A severe inflammatory bone
involvement (multifocal osteomyelitis,periostitis) is also observed.
The patients display deleterious truncating or missense mutations
in the interleukin-1-receptor antagonist (IL1RN ) gene (90). Dele-
tions at chromosome 2q13, which encompasses several IL-1 family
members, including IL1RN have been reported too (91). As a
result of these mutations, no interleukin-1-receptor antagonist
protein is secreted, with subsequent unopposed action of IL-1.
The patients show a dramatic response to the substitutive treat-
ment with recombinant IL-1 receptor antagonist (Anakinra) (90).
Up to date only 16 cases have been described in literature.

MAJEED’S SYNDROME
The Majeed’s syndrome is an autosomal recessive, autoinflamma-
tory disorder characterized by the triad of chronic recurrent multi-
focal osteomyelitis (CRMO), congenital dyserythropoietic anemia,
and inflammatory dermatosis. The disease was firstly described
in three related Arab children by Majeed and co-workers (92)
and subsequently associated to mutation of the LPIN2 gene (93).
A recent report describe the over production of IL-1 by mono-
cytes of two brothers carrying LPIN2 mutations and the good
response to anti-IL-1 treatment (94), thus showing the possible
pivotal involvement of this cytokine also in this condition.

MULTI-FACTORIAL DISORDERS
The identification of genetically determined inflammatory dis-
eases characterized by a predominant involvement of innate
immunity in respect to the adaptive branch of the immune
response (lack of pathogenic auto-antibodies and antigen-specific
T cells) represented a major breakthrough in the field of inflam-
matory diseases in the last decade. It became clear that several
multi-factorial inflammatory conditions were much more simi-
lar to the recently identified inherited autoinflammatory diseases
rather than to the classical autoimmune rheumatic diseases (RA,
SLE, etc.). Indeed, many multi-factorial disorders present with the
same clinical manifestations observed in inherited autoinflam-
matory diseases (Table 1) and also share the same pathways of
activation of innate immunity.

In fact, it was observed that NLRP3 Inflammasome can be acti-
vated not only by rare, gain of function mutations in the NLRP3
gene but also by a large variety of endogenous or exogenous stim-
uli leading to an over-activation of cells of innate immunity in
different circumstances (95–97). These findings represented the
rationale for the successful use of the anti-IL-1 blockers in many
multi-factorial inflammatory diseases.
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A clear example is given by systemic onset juvenile idiopathic
arthritis (SoJIA) and adult onset Still’s disease (AOSD) that share
with the severe form of CAPS (CINCA) the multi-systemic inflam-
matory involvement (Table 1). SoJIA and AOSD patients classi-
cally present with high spiking fever, arthritis (either with oligoar-
ticular or severe symmetric polyarticular course), and evanescent
rash. Lymphadenopathy, hepatosplenomegaly, serositis, arthral-
gias, and myalgias are frequently present too. Few patients with
SoJIA or AOSD respond to NSAID monotherapy. A single steroid
course can control disease manifestations in patients with mono-
cyclic presentation. However the majority of the patients present
a progression of the disease and develop a steroid dependency.
In these patients Methotrexate or TNF-α neutralizing agents have
been employed with limited success (98, 99). IL-6 has been proven
to play a pivotal role in the pathogenesis of the disease (100)
and IL-6 blockade represent a very effective treatment in steroid-
dependent patients, as recently confirmed by a large international
multicentre trial (101). On the other hand, seminal studies by
Pascual et al. were able to demonstrate the presence of a clear
IL-1 signature in SoJIA patients (102, 103) that, at least in a vari-
able percentage, display an optimal response to IL-1 blockade (98,
103–105). The same observations were also anecdotally reported
in AOSD patients (106, 107). A recent large international trial has
shown that the use of Canakinumab is able to control the articular
and systemic manifestations and allow the tapering and withdrawn
of steroids in a large proportion of patients (108).

Recurrent bouts of seemly unprovoked inflammation are the
most classical manifestation observed in inherited periodic fevers
(Table 1).

PFAPA syndrome is the prototype of a multi-factorial peri-
odic fever syndrome. Patients display recurrent, often clock-wised,
spontaneous episodes of fever in the absence of proof of infec-
tions, associated with an increase of the principal acute-phase
reactant lasting 4–6 days. Usually the disease onset is before the
age of five and aphthous stomatitis, pharyngitis, and laterocervi-
cal lymphadenopathy represent the most characteristic symptoms.
Children present normal growth and complete well-being among
the episodes. The disease is usually self-remitting with the age.
The use of steroid on demand and the tonsillectomy in persistent
cases represent the two main therapeutic strategies. The response
to Anakinra on demand represents the in vivo demonstration of
the in vitro studies indicating the involvement of this cytokine in
the pathogenesis of the disease (109, 110).

Idiopathic recurrent pericarditis also has many features that are
consistent with an autoinflammatory disease. The first observa-
tion of the role of IL-1 blockade in this condition came from
the report on the effect of Anakinra in three steroid-dependent
and colchicine-resistant children (111). Pericarditis recurred when
Anakinra treatment was discontinued and no further episodes
occurred after it was resumed. After this report several others
confirmed the good response to IL-1 blockade (112–114).

Urticarial rash associated with signs of systemic inflammation
represents the classical hallmark of the milder form of CAPS.
Schnitzler’s syndrome share many clinical similarities with these
conditions (Table 1). It is a chronic disabling inflammatory dis-
order, characterized by chronic urticarial rash, paraproteinemia,
and systemic inflammation. Disease onset is usually observed after

the age of 40 and patients can also present fever, bone pain, and
arthralgias or arthritis. A higher risk of developing a lymphopro-
liferative disorder and AA amyloidosis in the long term has also
been reported (115, 116). Anakinra was found to be effective in
over 45 cases to date (117, 118) implying a pivotal pathophysi-
ological role of IL-1. Canakinumab has been tried with optimal
response too. A 9-month open label, single-arm trial demonstrate
the long-term efficacy of Canakinumab in a cohort of 8 Dutch
patients (119).

A prevalent neutrophilic inflammation of joints, bone, and skin
is a common finding in a number of inherited autoinflammatory
diseases (such as PAPA, DIRA, DITRA, etc.), but also in many
multi-factorial disorders (Table 1).

A severe and painful arthritis characterized by a diffuse neu-
trophilic joint effusion is the main clinical feature of gout and
pseudogout, two common conditions occurring in adulthood. The
diseases are caused respectively by the deposition of monosodium
urate (MSU) and calcium pyrophosphate dihydrate (CPPD) crys-
tals in the joints and periarticular tissues. The finding that both
MSU and CPPD crystal are able to activate the NLRP3 inflamma-
some (96) strongly supported the hypothesis that the inflamma-
tory manifestations of these metabolic conditions recognize the
same pathogenic mechanisms observed in inherited autoinflam-
matory diseases, by means of a persistent over-activation of the
NLRP3 inflammasome.

IL-1 blockade has been shown to be effective in colchicine-
resistant gout and pseudogout (120, 121).

Ghosh et al. described the results of Anakinra treatment in 26
patients affected from gout (122). In 67% of them, pain improved
significantly within 24 h and a complete resolution of signs and
symptoms of gout occurred by day 5 in 72.5% of patients. Anakinra
was well tolerated and no adverse outcomes were attributed to the
drug. Only one patient appeared to be refractory to this form of
IL-1 inhibition (122).

In two recent 12-week randomized, multicentre, double-blind,
parallel-group core studies, Canakinumab provided significant
pain and inflammation relief and reduced the risk of new flares in
patients with acute gouty arthritis. AEs reported more frequently
with Canakinumab included infections, low neutrophil count, and
low platelet count (123).

Chronic recurrent multifocal osteomyelitis and Synovitis, Acne,
Pustulosis, Hyperostosis, and Osteitis (SAPHO) syndrome display a
number of clinical similarities with inherited autoinflammatory
diseases characterized by the presence of sterile osteolytic lesions,
such as Majeed’s syndrome and DIRA.

No uniformly effective therapeutic strategies have been estab-
lished for both CRMO and SAPHO (124, 125). Among the various
possible biologic treatments used so far, also IL-1 blockers have
been anecdotally reported to be at least partially effective in both
conditions (124, 126, 127).

Pustular psoriasis and neutrophilic dermatoses are also fre-
quent manifestations observed in inherited autoinflammatory
disease, such as DIRA, DITRA, and CARD14-mediated familial
psoriasis.

Generalized pustular psoriasis is an acute form of psoriasis with
erythematous, painful skin, and widespread sterile pustules asso-
ciated with systemic inflammation (fever, malaise), leukocytosis,
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and elevation of acute-phase reactants. The effect of IL-1 treatment
have been recently described in two patients (128).

Sweet’s syndrome is a neutrophilic dermatosis characterized
by fever, an elevated neutrophil count, and painful erythe-
matous cutaneous lesions. Histopathological analysis reveals a
neutrophilic dermal infiltrate. Systemic corticosteroid therapy
remains the mainstay of the treatment. However recently have
been described few cases with a dramatic response to IL-1 blockage
in patients resistant to standard treatments (129, 130).

Acrodermatitis continua of Hallopeau (ACH) is a rare, chronic
disease characterized by acropustular eruptions predominantly
involving the distal phalanges of the hands and feet with marked
involvement of the nail bed. The sterile pustules may coalesce to
form groups of lesions, which, over time, may spread proximally
to involve the dorsal side of the hands, forearms, and feet. Ony-
chodystrophy and even anonychia of the involved digits, atrophic

skin changes, and osteolysis are often present causing painful and
disabling lesions. In the last years cases responsive to either anti-
TNF (131) and anti-IL-1 (Anakinra) treatments (132) have been
described.

In conclusion, the recent advances in the identification of
the molecular mechanisms leading to the severe inflammatory
response observed in ultra-rare inherited autoinflammatory dis-
eases allow to clarify that similar pathogenic mechanisms play also
a crucial role in sustaining inflammation in a growing number
of multi-factorial disorders. These findings led to a relevant re-
thinking in the classification of the inflammatory diseases (133)
and pointed out the pivotal role of IL-1 as therapeutic target in
these conditions (134). The underlined importance of IL-1 in
the pathogenesis of most of these conditions is reflected by the
high number of clinical trials ongoing with IL-1 blockers (see text
footnote 1).
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CD4 T cells play a critical role in mediating adaptive immunity to a variety of pathogens as
well as in tumor immunity. If not adequately regulated, CD4 T cells can be also involved in
autoimmunity, asthma, and allergic responses. DuringTCR activation in a particular cytokine
milieu, naïve CD4T cells may differentiate into one of several lineages ofT helper (Th) cells,
including Th1, Th2, and Th17, as defined by their pattern of cytokine production and func-
tion. IL-1, the prototypic proinflammatory cytokine, has been shown to influence growth
and differentiation of immunocompetent lymphocytes.The differential expression of IL-1RI
on human CD4 T cell subsets confers distinct capacities to acquire specific effector func-
tions. In this review, we summarize the role of IL-1 on CD4T cells, in terms of differentiation,
activation, and maintenance or survival.

Keywords:Th17 cells,Th2 cells,Th1 non-classic, IL-1RI andT cells, IL-1 andT cells

T HELPER CELL SUBSETS
CD4+T helper (Th) lymphocytes represent a heterogeneous pop-
ulation of cells that play an essential role in adaptive immunity.
These cells include effector cells, which are devoted to protection
against pathogens, and regulatory T cells (Tregs), which protect
against effector responses to autoantigens, and also to exogenous
antigens when they become dangerous for the host. The term Th
derived from the observation that these cells were critical for help-
ing B cells to produce antibodies in the primary response (humoral
immunity). CD4+ T cells were also found to be responsible for
the so called cell-mediated immunity, or delayed-type hypersen-
sitivity, which is characterized by reaction involving activation of
macrophages. The distinct protective function of different effector
CD4+ T lymphocytes, enables the best type of response according
to the nature of the invading microorganism. Th1 cells produce
high levels of IFN-γ and are responsible for both phagocyte acti-
vation and the production of opsonizing and complement-fixing
antibodies, thus playing an important role in protection against
intracellular pathogens. Th2 cells produce IL-4, IL-5, IL-9, and
IL-13. Th2 cells, because of their ability to produce IL-4 and IL-
13, can induce IgE class switching by B lymphocytes, enabling in
this way mast cells and basophils sensitization and possible sub-
sequent activation. In addition, IL-5 produced by Th2 cells has
specific activity on differentiation, activation, and recruitment of
eosinophils. Finally, IL-9 has an important role in the proliferation
and accumulation of mast cells and the induction of mucus pro-
duction by cells of the respiratory tract and the gut (1–4). Because
of all the mentioned characteristics, Th2 cells are effective in the
protection against helminthes (5). The more recently discovered
Th17 subset is characterized by the production of IL-17A, IL-17F,
IL-8, IL-21, and IL-22. Th17 cells play a critical role in the recruit-
ment, activation, and migration of neutrophil granulocytes, both
directly, through IL-8 production (6) and indirectly, by inducing,
via IL-17, the production of colony stimulatory factors (CSF) and
CXCL8 (7) in tissue resident cells. Because of their unique ability
to recruit neutrophils, the main protective function of Th17 cells
appears to be the clearance of extracellular pathogens, including

fungi (8, 9). The distinctive features of the various CD4 effec-
tor/regulatory subpopulations are determined largely by the set of
transcription factors they express and the genes they transcribe.
The induction of the distinctive patterns of gene expression is
dependent on the milieu of microenvironmental cytokines during
the antigen-mediated activation of a naïve T cell.

In addition to their protective functions against invading
pathogens, Th1, Th2, and Th17 cells contribute to the develop-
ment of human disorders: Th1 and Th17 cells have been thought
to be involved in the pathogenesis of organ-specific autoimmune
diseases, as well as other chronic inflammatory disorders, such
as Crohn’s disease (CD), psoriasis, and rheumatoid arthritis (RA);
Th2 cells certainly play a central role in the development of allergic
disorders (10–12).

IL-1 FAMILY OF CYTOKINES
Although the original IL-1 family comprised only IL-1α and IL-1β,
the IL-1 family has expanded considerably in the last few years and
nowadays comprises 11 members (IL-1α, IL-1β, IL-1RA, IL-18,
IL-33, IL-36α, IL-36β, IL-36γ, IL-36RA, IL-37, and IL-38) which
have similar gene structure. All these cytokines use heterodimeric
receptors for signaling. IL-1 (α and β) binds to IL-1RI, IL-33 to
T1/ST2 and IL-36 (α,β, and γ) to IL-1Rrp2, and subsequently, they
recruit the same coreceptor IL-1R accessory protein (IL-1RAcP).
IL-18 signals through the IL-18Rα associated to the coreceptor
IL-18Rβ. On receptor binding, all IL-1 family cytokines activate
similar intracellular signals. The signal is initiated with recruit-
ment of the adaptor protein MyD88 to the Toll-IL-1 receptor
(TIR) domain. Several kinases are then phosphorylated, NF-κB
translocates to the nucleus, and the expression of a large portfolio
of inflammatory genes takes place (13) IL-1 receptor antagonist
(IL-1RA) and IL-36RA, act as natural inhibitors for the biologic
activities of IL-1 (α and β) and of IL-36 (α, β, and γ), respectively.

In addition to signaling receptors, also decoy receptors and
inhibitory receptors for IL-1 cytokine family members had been
described. One of these is the IL-1RII that does not signal because
it lacks the TIR cytoplasmic domain. IL-1RII binds IL-1β with
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higher affinity than IL-1RI but does not transduce a signal, act-
ing therefore as a decoy receptor (14). The IL-1RII–IL-1β complex
is able to bind to IL-1RAcP, in this way the decoy receptor also
serves to sequester the accessory receptor from participating in
IL-1 signaling from the IL-1RI. Other receptors characterized by
the ability to deliver inhibitory signals in response to IL-1 family
members are SIGIRR and IL-1RAcPb (15, 16).

Each member of the IL-1 family, IL-1Ra is the unique exception,
is first synthesized as a precursor without a clear signal peptide for
processing and secretion, and none are found in the Golgi. IL-1α

and IL-33 are similar in that their precursor forms can bind to their
respective receptor and trigger signal transduction. The precursor
forms of IL-18 and IL-1β do not bind their respective receptors, are
not active, and require cleavage by either intracellular caspase-1 or
extracellular neutrophilic proteases (17).

Since the discovery of this family of cytokines their “immunos-
timulant activity” was evident, but wasn’t that clear on which and
how this cytokine could interact on different T lymphocytes. The
present review will focalize exclusively on two members of the IL-
1 family of cytokines, IL-1α and IL-1β, and it will discuss, on the
basis of the last 30 years literature, their involvement in the differ-
entiation, activation, and maintenance or survival of the different
Th cell subsets.

The IL-1α precursor is produced constitutively in all epithe-
lial cells and fibroblasts and can be also found on the surface
of several cells, particularly on monocytes and B lymphocytes.
The primary sources of IL-1β are the blood monocytes, tissue
macrophages, and dendritic cells; B lymphocytes and NK cells also
produce IL-1β (18).

IL-1 AND THE TH2 IMMUNE RESPONSE
In the 80s the first studies taking in account the direct effects of
the prototypic proinflammatory cytokine, IL-1, on T lymphocytes
were published (19–21). These studies indicated IL-1 as a cytokines
possibly influencing growth and differentiation of immunocom-
petent lymphocytes. IL-1 costimulatory role for T cells was at that
time attributed to two complimentary effects: (1) IL-1 can enhance
transcription and secretion of the T cell growth factor IL-2; (2) IL-
1 stimulates the expression of the membrane receptors for IL-2.
The combination of these complimentary effects of IL-1 on T cells
could explain its T-cell stimulating function. In 1988, Lichtman
and colleagues (20) were the first to evaluate IL-1α costimulatory
function on, at that time recently discovered, murine Th1 and Th2
cells. In this study, the authors demonstrated that only Th2 cells
express high affinity receptors for IL-1 and that, accordingly, only
this cell subset proliferate in response to IL-1α, whereas Th1 cells
do not.

Few years later, Taylor-Robinson and colleagues (22), exam-
ining the expression of selected interleukin receptors by cloned
CD4+ T cells specific for the murine malaria parasite Plasmodium
chabaudi representative of the Th1 and Th2 subsets, found that
while IL-1RI was constantly expressed by Th2 clones, its expres-
sion by the Th1 clones was either negligible or undetectable. Since
then, the scientific community assumed that just the Th2 cell sub-
set expresses IL-1RI, but lacking to confirm this data on human
cells. Considering the pathogenic role of Th2 cells in allergic dis-
eases, IL-1 activity was therefore investigated in several murine

models of allergy. Nakae and colleagues (23) demonstrated that
the ovalbumin-induced airway hypersensitivity response (AHR)
in IL-1α/β-double deficient mice was significantly reduced when
compared to wild type mice, whereas the response seen in IL-
1RA-deficient mice was profoundly exacerbated, suggesting that
IL-1 is required for Th2 cell activation during AHR. Accord-
ingly, the authors showed that ovalbumin-specific IL-4 and IL-5
production by T cells, and IgG1 and IgE production by B cells in IL-
1α/β-double deficient mice were markedly reduced compared with
these responses in wild type mice. Similar results were obtained
by Schmitz and colleagues (24) that investigated the role of IL-
1 in models of allergic asthma using IL-1R1-deficient mice. The
authors showed that in a model of mild asthma, based on repeated
sensitization of mice with low doses of ovalbumin in the absence of
any adjuvant, the pulmonary eosinophilic inflammation, the gob-
let cell hyperplasia, as well as antibody responses including IgG,
IgE, and IgA were strongly reduced in IL-1R1-deficient as com-
pared to wild type mice. In contrast, sensitization of mice in the
presence of alum adjuvant, a more severe asthma model, rendered
the IL-1 pathway dispensable for the development of pulmonary
allergic Th2 responses. The role of IL-1 in sustaining the Th2
immune responses comes also from animal models of parasites
infestation. Helmby and Grencis (25) showed that Th2 response-
associated resistance to gastrointestinal nematode Trichuris muris
is mediated was dependent on the presence of IL-1α and IL-1β.
Indeed, they demonstrated that both IL-1α- and IL-1β-deficient
mice were susceptible to chronic Trichuris muris infection and that
the inability to eliminate the worms was associated with a defect in
the development of a Th2 response in the mesenteric lymph nodes.
Opposite data were obtained by Satoskar and colleagues (26) that
found significantly increased IL-4 and IL-10 production by lymph
node cells from Leishmania major infected IL-1RI-deficient mice
when compared to wild type mice.

These findings are contradictory to the one showed by Helmby
and Grencis, possibly because of differences in the type of
cytokine/receptor KO utilized, the choice of experimental model,
as well as the genetic background of the host.

The first description of IL-1RI expression and modulation on
human T cells, however without distinguishing on which particu-
lar subsets, was made by Shirakawa and colleagues (21). Few years
later Manetti and colleagues (27) analyzed the effects exerted by IL-
1α on the growth and differentiation of human Th1 and Th2 cells.
In this study, the authors showed that neither IL-1α nor the IL-1RA
had detectable activity toward the antigen- or anti-CD3 antibody-
induced proliferative response of already established Th1 or Th2
clones. However, allergen-specific T-cell lines, derived in the pres-
ence of anti-IL-1α Ab or IL-1RA, exhibited reduced and increased
ability to produce IL-4 and IFN-γ, respectively. These data sug-
gested that IL-1α was not required for the growth of already
established human Th1 or Th2 clones, but it played a critical role
in the development of Th2 cells, whereas Th1 development was
unaffected. In light of the above mentioned data, the lack of an
effect, described by Manetti, in terms of proliferative response to
IL-1α on already established human Th2 cells and the reduction
in the Th2 polarization in IL-1α neutralizing conditions, could be
interpreted today as an indirect effect on non-Th2 subsets that are
expanded in the presence of IL-1α (27).
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The first data relative to the expression of IL-1RI on a particular
Th cell subsets came out only in 2010. Indeed, Cosmi and col-
leagues (28) demonstrated the lack of IL-1-RI mRNA on human
established Th2 clones, while Wang and colleagues (29) observed
a slight membrane expression of the receptor on freshly enriched
human CRTH2 positive cells, being CRTH2 a surface molecule
selectively expressed by human Th2 cells (30, 31).

In any case neither Cosmi nor Wang analyzed the ability of the
human Th2 cells to respond to IL-1, i.e., monitoring the activation
signal transduction molecules downstream the IL-1RI, therefore
it is not known if the receptor has functional activity.

Since the activity of IL-1 on human Th2 cells is not unequivo-
cally established, caution is needed in considering this cytokine as
potential new therapeutic target for human bronchial asthma as
some studies suggest (32).

BOTH MICE AND HUMANS TH17 EXPRESS IL-1RI AND ARE
MODULATED BY ITS SIGNALING
For the in vitro differentiation of naïve T cell into Th17 cells in the
mouse, the scientific community was fairly unanimous in defining
TGF-β and IL-6, as the key cytokines. Yet in 2006 Veldhoen and
colleagues (33) described a synergistic role of IL-1β and TNF-α
in the Th17 differentiation initiated by TGFβ and IL-6 and in the
same year Sutton and colleagues (34) described a lower induction
of Th17 cells in IL-1RI-deficient mice, than in wild type mice and
also a resistance to experimental autoimmune encephalomyelitis
(EAE). Interestingly, in models of autoimmune diseases, such as
EAE and collagen-induced arthritis (CIA), the induction of the
Th17 cells require the presence of a mixture of killed Mycobac-
terium tuberculosis, that has been recently discovered to induce, via
dectin-1 and TLR4, the release of IL-1β (35). Therefore it’s possi-
ble to speculate that IL-1β plays a pivotal role in Th17 induction.
This hypothesis is confirmed observing mice deficient in caspase1-
enzyme that cleaves IL-1β precursor into a mature form-, where
EAE is markedly attenuated. On the other hand when IL-1β activ-
ity is unopposed, like in IL-1RA knot-out mice (C57BL/6J), causes
autoimmunity and arthritis that closely resembled RA in humans
(36). These data have been confirmed, observing that mice specifi-
cally deficient in endogenous IL-1RA developed an increased Th17
response, and CIA appears to be because of unrestrained IL-1
activity (37, 38), which may in turn, contribute to a more severe
form of CIA. In keeping with these observations Coccia and col-
leagues (39) showed that IL-1β promotes intestinal inflammation
by augmenting the recruitment of granulocytes and the accumula-
tion and activation of innate lymphoid cells (ILCs) in a model of in
Helicobacter hepaticus-triggered intestinal inflammation. In par-
ticular, the observation that synergistic interactions between IL-1β

and IL-23 sustain innate and adaptive inflammatory responses in
the gut, promoting intestinal pathology, suggests that targeting IL-
1β may represent a useful therapeutic approach in IBD. To further
support the possibility of IL-1β play significant role not only in
the induction of Th17 phenotype, but also in their expansion and
homeostatic maintenance, Sutton and colleagues reported that IL-
1β can promote Th17 expansion and cytokine production in vitro
even in the absence of TCR stimulation. The mechanisms under-
lying these in vivo phenomena became more clear since it has been
described IL-1RI expression first on IL-17+CD4+ T cells of SKG

mice (that spontaneously develop arthritis) (40), and later on, by
the demonstration that IL-1 signaling is required for the upregu-
lation of IRF4 and RORC (two fundamental Th17 transcription
factors) during the early Th17 lineage programing and to sustain
its differentiation (41).

When the differentiation process, from naïve to effector cells,
was analyzed in humans, a number of evidence showed soon that
a predominant role was led by IL-1β, alone or in combination
with other cytokines. Annunziato and colleagues (42) described
the expression of IL-1RI on Th17 cell clones derived from periph-
eral blood (PB) and gut specimens of Crohn’s affected patients,
and, accordingly, Acosta-Rodriguez and colleagues (43) was able
to induce a Th17 phenotype by culturing naïve T cells in pres-
ence of IL-1β and IL-6. In particular, IL-1β was sufficient to
induce the expression of RORC and production of both IL-17
and IFN-γ. Cosmi and colleagues reported that all humans IL-
17-producing cells originate from CD161+ naïve CD4+ T cells
of umbilical cord blood, as well as of the postnatal thymus, in
response to the combined activity of IL-1β and IL-23. Confirma-
tion that IL-1β is important in the differentiation of Th17 cells
comes from studies conducted on the CD161 positive fraction of
naïve CD3+CD4+ cell from the thymus as well from the cord
blood of newborns where the combination of IL-1β and IL-23
allows the Th17 polarization (44, 45).

These data were recently confirmed by Lee and colleagues (46)
who, demonstrated the upregulation of IL-1RI on naïve cord blood
CD4+ T cell after exposure to common γ-chain cytokines (IL-7,
IL-15) plus TGF-β and establishing that such condition promote
the differentiation into Th17 cells upon TCR triggering and IL-1β

stimulation, which is enhanced by IL-23 and blocked by IL-1RA.
The same upregulation of IL-1RI was described by Raffin and
colleagues (47) on PB naïve CD4+ T cell in the presence of the
combination of IL-2, IL-1β, IL-23, and TGF-β.

In human disease, several clinical studies support a role for IL-
1β secreted by colon lamina propria monocytes in disease activity
during IBD. IL-1β levels in the colon during active phase of IBD
correlated with disease activity and high levels of IL-1β were asso-
ciated with active lesions (48), suggesting an important role of this
cytokine in promoting localized inflammation.

A human example of IL-1β dysregulation is the heterozygous
mutation of NLRP3 gene (encoding for the inflammasome com-
ponent, cryopyrin) that leads to an abnormal secretion of IL-1β by
monocytes, leading to different clinical inflammatory manifesta-
tions, but all hampered by inhibition of IL-1β. Indeed Lasiglie
(49) analyzing 11 patients carrying this mutation (Cryopyrin-
associated periodic syndromes, CAPS) observed a skewed Th17
phenotype in PB lymphocytes, as well as an increased production
of IL-1β and IL-23 by monocyte-derived dendritic cells. The anti-
IL-1β treatment in vivo reduce the secretion of IL-1β by monocytes
and both IL-1β and IL-23 by monocyte-derived dendritic cells
in vitro. The observation that IL-1RA treatment leads to a down
modulation of IL-23 in PBMC of celiac patients may support the
hypothesis that the over expression of IL-23 in CAPS patients is
actually related to an IL-1β dependent mechanism, likely associ-
ated to the activation of the inflammasome (50). The second arm
of “IL-1 system” has been enlighted in 2009 with the identifica-
tion (51) of the cause of a human autoinflammatory syndrome
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of skin and bone in a homozygous truncating mutations in the
IL-1RN gene that leads to the lack of secretion of this receptor
antagonist (IL-1RA), and as a consequence in an unopposed IL-1
signaling. Increased number of IL-17 secreting cells was found in
biopsy samples of inflamed skin from patients with deficiency of
the IL-1RA (DIRA patients); as expected treatment with Anakinra,
a recombinant IL-1RA, leaded to symptoms remission.

We can conclude that many evidence in mice and humans
support the concept that IL-1β, acting concurrently with other
cytokines, is a key cytokine in the early phases of Th17 develop-
ment, acting through its specific receptor expressed already by the
naïve CD4+ Th17’s precursor.

Moreover, even if IL-1β plays an important role in combating
the invading pathogen as part of the innate immune response, its
dysregulation is responsible for a number of autoinflammatory
disorders in which Th17 cells are involved. As a consequence, its
inhibition has proved therapeutically beneficial in the treatment
of a spectrum of serious, yet relatively rare, heritable patholo-
gies. This raises the possibility that anti-IL-1 therapeutics may
have broader applications than previously believed, and may be
utilized across diverse disease states that are linked insidiously
through heightened inflammasome activity.

TH1 “NON-CLASSIC” HUMAN T CELL EXPRESS IL-1RI: A NEW
POINT OF VIEW
Because of the scientific community had assumed the absence
of IL-1RI expression by Th1 cells, very few works subsequently
investigated the possible expression and function of this recep-
tor on Th cell subset. Ben-Sasson and colleagues (52) were the
first that described an activation effect of IL-1β on Th1 cells in
a mouse model. The first data on human Th1 cells came from
the study of Cosmi and colleagues mentioned before (44). In
this study, the authors demonstrated that the combination of IL-
1β and IL-23 was able to induce the development of Th17 cells
in CD4+CD161+ cells, and also the Th1 phenotype, in both
CD4+CD161+ and CD4+CD161− cell fractions. This observa-
tion leads the authors to hypothesize that also Th1 cells able to
respond to IL-1β could exist. In keeping with this hypothesis, it
has been recently found (53) that the CD4+CD161+ clones and
inflamed tissue derived cells able to produce IFN-γ expressed IL-
1RI mRNA. Interestingly, in the synovial fluid of JIA patients,
the CD4+CD161+ IFN-γ-producing cells showed higher IL-1RI
mRNA expression when compared to the CD4+CD161− coun-
terpart (54). Of note, in this paper Cosmi and colleagues has
highlighted the plasticity of Th17 cells showing that Th1 clones,
expressing CD161 (named as “non-classic Th1 cells”), derive from
an in vivo shifting of Th17 cells toward a Th1 phenotype. Interest-
ingly, the authors found significantly increased levels of IL-12 in
the SF of JIA patients and that Th17 cells from the PB of healthy
children could be induced to shift to Th1 cells when cultured
in vitro in the presence of JIA SF. More importantly, this effect was
completely reversed by a neutralizing anti-IL-12 mAb, strongly
suggesting that the shifting of Th17 cells toward the Th1 phenotype
was related mainly to the activity of IL-12 present in the SF.

The late plasticity of Th17 cells to Th1 cells has been recently
confirmed also in mice, where it has been found that IL-12, or
the prolonged exposure to IL-23, is able to polarize Th17 cells

toward the Th1 phenotype (55). Furthermore, similar results were
recently reported by Nistala and colleagues (56), that showed Th17
plasticity to Th1 to be driven by the inflammatory environment in
human autoimmune arthritis. Finally, very recently, the instability
of the Th17 phenotype has been definitively demonstrated, at a
genetic level, in mice (57).

These new data leads us to argue that up to now the scientific
community overlooked this population of “non-classic Th1” cells
expressing CD161 and IL-1RI (53). As mentioned before in this
review many animal models of autoimmune disorders demon-
strate the pivotal role of IL-1 in the pathogenesis of the disease
and its relationship to Th17, but failed to look at the Th1 cells that
could be affected by a lack of IL-1 signaling. In this context, the
presence, and sometimes the prevalence, of Th1 cells in the inflam-
matory tissues have been interpreted as a protective, rather than
proinflammatory, function. In humans many autoinflammatory
disorders are treated blocking IL-1β [i.e., Familial Mediterranean
fever (FMF), Pyogenic arthritis, pyoderma gangrenosum, acne
(PAPA), CAPS, Hyper IgD syndrome (HIDS), Adult and juve-
nile Still disease Schnitzler syndrome, TNF receptor-associated
periodic syndrome (TRAPS), Blau syndrome; Sweet syndrome,
Deficiency in IL-1 receptor antagonist (DIRA)]. Initially, Anakinra
(IL-1RA) was used to treat several chronic inflammatory diseases,
today, these diseases are also successfully treated with neutraliza-
tion by human anti-IL-1β monoclonal Abs. It’s time to speculate
that the improvements observed during these treatments are not
only due to the general anti-inflammatory effects and to the
reduction in terms of production, survival and differentiation
of Th17 cells, but also on the activity on Th1 effector cells in
particular Th1 expressing IL-1RI probably derived from a Th17
phenotype (42, 53).

CONCLUDING REMARKS
Since the discovery of the lack of IL-1RI on murine Th1 cells, most
of the studies focused their attention to in vivo animal models of
Th2 related diseases. Different models of mice either deficient for
IL-1RI or for IL-1α/IL-1β were analyzed to verify the effects in
the Th2 response; most of the studies agree with the idea that
both cytokines promote proliferation and differentiation of Th2
cells in vitro and in vivo, but some other found no effects or
even the opposite. The contradictory findings could be related
to the different animal models used, the different protocol of dis-
ease induction, the different genetic background; furthermore the
analysis conducted on ex vivo bulk cultures may induce to overesti-
mate some observations that are actually side or indirect effects. As
most of the conclusions made on the basis of animal models could
have an impact in clinical practice, we would have expected to find
many papers confirming or disproving these data on human cells.
Surprisingly very few studies focused on the effects of IL-1α either
IL-1β in human Th2 cells, and the findings do not enlighten if
human Th2 cells express a functional IL-1RI and therefore can be
modulated by these cytokines.

Conversely, as we look to the relationship between IL-1β and
Th17, human’s studies and animal models supported both the con-
cept that IL-1β has a fundamental role in Th17 modulation. Two
genetic human diseases carrying an impairment in IL-1β either
in the expression or in its regulation and showing a skewed Th17
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FIGURE 1 | IL-1β and IL-23 induce the differentiation of human CD161+ precursor toward both theTh17 and the non-classicTh1 phenotype. IL-1 β

together with IL-23 acts on human CD4+CD161+ precursor to induce Th17 and non-classic Th1 effector cells. Th17 can shift toward a non-classic Th1 phenotype
in the presence of IL-12.

phenotype, is for sure of great confirmation of in vitro/ex vivo data.
The in vitro assays clarify that IL-1β is able to induce those tran-
scription factors necessary for Th17 development, as soon as its
own receptor is upregulated in naïve T cells upon TCR triggering
in the presence of γ-chain cytokines. The cooperation with other
cytokines, i.e., IL-23, IL-6, IL-21 leads to the differentiation and the
stabilization of the phenotype (39, 43, 58, 59); IL-1RI expression
is long lasting, maintained on effector Th17 cells and its signaling
is probably responsible for their survival during inflammation.
The recent discovery of Th17 plasticity toward a Th1 phenotype
in the presence of an inflammatory environment is driving the

scientific community to focus attention also to those Th1 highly
present in many autoimmune diseases that have been so far con-
sidered protective rather than pathogenic; it is intriguing, that also
a sub population of human Th1 cells expressing CD161 and deriv-
ing from Th17 (named “Th1 non-classic”) do express IL-1RI and
most likely respond to IL-1β (Figure 1). It is therefore likely that the
therapeutically approaches were the IL-1β activity is blocked, like
in JIA patients, are effective because acting on these Th1 CD161+
IL-1RI cells whose number correlate with some parameter disease.
Moreover other autoimmune diseases, where Th1 CD161+ IL-1RI
cells were increased, could benefit of an anti-IL-1 treatment.
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