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IL-1 cytokine family plays a key role in the innate immune
response against pathogen- and danger-associated molecular
patterns. More recently, IL-1 receptor type 1 (IL-R1) signaling
has been identified as a critical step in the differentiation and
commitment of Th17 cells, which mediate the development of
autoimmune diseases. Given its significance in the induction
of the adoptive immune response, this complex signaling
pathway is tightly regulated. Upon binding of IL-1 to IL-1R1, IL-
1R accessory protein (AcP) is recruited to form a high affinity
IL-1R1-IL-TRACP heterodimeric receptor, which initiates the
downstream signaling cascade. Multiple negative regulators
of this pathway, including inhibitory membrane-bound IL-RII,
secreted soluble (s)IL-1RI, sIL-RIl and sIL-1RAcP, the regulatory
IL-1R1 antagonist (IL-1R1a) and the IL-1R1-signlaing-induced
single Ig-IL-1R-related (SIGIRR), provide a negative feedback
control of this pathway, and suppress excessive IL-1 signaling
and Th17 cell differentiation. IL-1R1 signaling induces human
Th17 cell differentiation, leading to the expression of IL-1R-
associated protein kinase (IRAK)4 and retinoic acid-related
orphan nuclear hormone receptor (ROR), Th17 cell lineage
transcription factors, which together with signal transducer
and activator of the transcription (STAT)3, activate this cell
lineage’s specific cytokine expression profile, including IL-
17A, IL-17F, IL-21 and IL-22. Given the role of IL-1 signaling and
Th17 cells in the development of the autoinflammatory and
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autoimmune diseases, therapeutic strategies inhibiting IL-1R1
signaling are discussed as a novel approach for the treatment
of autoimmune diseases and particularly multiple sclerosis
(MS).

Introduction

The IL-1 receptor (IL-1R)/toll-like receptor (TLR) superfam-
ily plays an essential role in the regulation of inflammatory and
immune responses.! More recently, IL-1R1 signaling has been
recognized as a defining step in the differentiation and com-
mitment of Th17 cells, which play a key role in the develop-
ment of the autoimmune diseases. After IL-1 binds to IL-1RI,
an IL-1RACP is recruited to form a high affinity IL-1R1-IL-
1R ACcP heterodimeric receptor, which initiates the downstream
signaling cascade. Subsequent to the ligand binding, the
IL-1RI complex recruits the myeloid differentiation protein
(MyD88), IRAKSs, and tumor necrosis factor (TNF) receptor
associated factor (TRAF)6 to transmit an intracellular signal
through its highly conserved toll/IL-1R (TIR) domain, which
results in the activation of the nuclear factor (NF) kB, mitogen-
activated protein kinase (MAPK) and ¢-Jun N-terminal kinase
(JNK) pathways. Recent studies of the human autoimmune
diseases have shown that IL-1 signaling represents a key step in
the Th17-mediated autoimmune response in MS, rheumatoid
arthritis (RA), psoriasis and inflammatory bowel disease.?

In this mini-review, we will discuss the complex regulation
of the IL-1R1 signaling, including regulation of the cell surface
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Tabe 1. IL-1-associated molecules

Molecules Abbreviation
Interleukin-1 receptor type | IL-1R |
Interleukin-1 receptor type Il IL-1R 11
Interleukin-1 receptor antagonist IL-1Ra
Interleukin-1 receptor accessory protein IL-TRACP
Toll interacting protein Tollip
Interleukin-1 receptor-associated kinase 4 IRAK4
Myeloid differentiation primary response gene MYDSS8
(88)

Single Ig IL-1-related receptor SIGIRR
Interleukin-1 receptor-associated kinase 1 IRAK1
Interleukin-1 receptor-associated kinase 2 IRAK2

Tumor necrosis factor receptor-associated factor 6 TRAF6
Ubiquitin-conjugating enzyme E2 N Ubc13
Ubiquitin-conjugating enzyme E2 variant 1 UeviA
Transforming growth. factor-B-activated protein TAK
kinase 1
Transforming growth factor-B-activated protein
kinase-binding protein 1 TABI
Nuclear factor-kappaB NFXkB
Inhibitor of nuclear factor kappaB IkBa
Nuclear factor-kappaB essential modulator NEMO
Inhibitor of nuclear factor kappaB kinase subunit
alpha Ikka
Inhibitor of nuclear factor kappaB kinase subunit
beta fic
Mitogen-activated protein kinase kinase kinase 3 MEKK3
Mitogen-activated protein kinase kinase kinase 6 MEKK6
p38 mitogen-activated protein kinases p38MAPK
cJun N-terminal kinase JNK
Extracellular signal-regulated protein kinase ERK
cJun cJun
c-Fos c-Fos
Activator protein 1 AP1

expression of IL-la and secretion of IL-1B. Given the impor-
tance of the IL-1Ra signaling, complex negative regulators of
this pathway, including inhibitory IL-RII, secreted soluble (s)
IL-1RI and sIL-RII, as well as the regulatory IL-1R1 antago-
nist (IL-1R1a) will be considered in therapeutic approaches
targeting this signaling pathway. Since IL-1Ra very effectively
suppresses 1L-1 signaling, several studies have proposed that
the IL-1B/IL-1Ra ratio reflects the activity of this signaling
pathway better than the isolated cytokine or cytokine recep-
tor expression levels. Furthermore, IL-1R1 expression is regu-
lated via the ubiquitination and transmembrane proteolysis
of IL-1R1, whose expression is a key determinant of human
T-cells ability to differentiate into the pathogenic Th17 cells.
Further mechanisms for the inhibition of the IL-1-induced
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Description
cytokine receptor which binds interleukin 1
cytokine receptor which binds interleukin 1
antagonist that binds to the cell surface interleukin-1 receptor
transmembrane protein that interacts with IL-1R,
inhibitory adaptor protein

protein kinase involved in signaling from Toll-like receptors

universal adapter protein recruited after Toll-like receptors ligation

negative regulator of interleukin 1 receptor and Toll-like receptor signaling

protein kinase involved in signaling from Toll-like receptors
protein kinase involved in signaling from Toll-like receptors
signal transducer in the nuclear factor-kappaB pathway
ubiquitin E2 ligase
ubiquitin E2 ligase

interleukin 1-signaling intermediate

interleukin 1-signaling intermediate

protein complex that controls the transcription of DNA
NF-kB transcription factor inhibitor

part of the inhibitory complex of nuclear factor kappaB kinase

part of the inhibitory complex of nuclear factor kappaB kinase

part of the inhibitory complex of nuclear factor kappaB kinase

protein kinase that mediates TLR and IL1R signaling-induced gene activation

protein kinase that mediates TLR and IL1R signaling-induced gene activation

mitogen-activated protein kinase responsive to stress stimuli
mitogen-activated protein kinase responsive to stress stimuli

protein kinase intracellular signalling molecule

protein that interacts with specific target DNA sequences to regulate gene

expression

transcription factor that regulates gene expression

transcription factor, a heterodimeric protein composed of c-Fos and c-Jun

signaling cascade include an inhibition of the formation of
IL-1 and IL-1RAcP heterodimeric complex, and inhibition
of the recruitment of IRAK1, IRAK4 and TRAFG signaling
molecules by SIGIRR, which together with a suppressor of
cytokine secretion (SOCS)1, and MyD88s (a splice variant of
MyD88) provide the intracellular mechanisms for signaling
regulation.’¢

Therapeutic approaches that target IL-1 signaling and its
regulatory components will be reviewed in the context of the
autoimmune response in patients with MS, which is a focus of
the studies in our laboratory. Recent data from our laboratory
supporting a critical role of IL-1R1 signaling in the develop-
ment of the autoimmune response in relapsing remicting (RR)
MS will also be discussed.
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IL-1 Family

The IL-1 family consists of eleven structurally related molecules,
among which are IL-la and IL-1B (stimulatory ligands for the
IL-1R complex), and a specific IL-1 receptor antagonist (IL-1Ra)
Table 1. The members of the IL-1 family are coded by closely
located genes on the human chromosome 2. IL-la and IL-13
are synthesized as precursor proteins, which are proteolytically
cleaved by caspase 1, the IL-1 converting enzyme, to generate
biologically active cytokines.>” In contrast, IL-1Ra is secreted
extracellularly through the endoplasmic reticulum and its bind-
ing to the IL-1R1 prevents its association with IL-1RAcP and sig-
naling, upon ligand binding to the receptor.® All nucleated cells
and particularly mononuclear cells, produce IL-1 upon induction
by infection, inflammation and cell injury.

IL-1 is a pleiotropic mediator of the response to infection and
injury, and it coordinates the activities of other cells and cyto-
kines. It is produced by macrophages, dendritic cells (DCs),
B- and T-cells in the peripheral circulation, where it stimulates
the secretion of other cytokines, such as granulocyte colony-
stimulating factor (G-CSF), TNFa, IL-6, IL-8, IL-11 and IL-17.
IL-1 cytokines link cell injury to the adaptive immune response.
High mobility group nucleosome-binding (HMGN)1, a nuclear
DNA binding protein that is passively released from necrotic
cells, induces monocyte secretion of IL-18,” which then leads to
the augmented Thl and Th17 cell differentiation and an adap-
tive immune response. IL-1 upregulates multiple cytokine recep-
tors, inducing IL-1R1, the IL-2Ra chain, and the receptors for
interferon (IFN)vy, IL-13 and granulocyte macrophage colony-
stimulating factor (GM-CSEF), thereby promoting the synergistic
action of those cytokines with IL-1. When produced locally, IL-1
acts as an autocrine and paracrine costimulator of the early innate
inflammatory and adaptive immune responses, enhancing CD4
T-cells’ antigen-driven differentiation and proliferation of the
Th1, Th2 and Th17 cell subsets.”' In the context of the autoim-
mune diseases, IL-1 is responsible for the activation of autoreac-
tive T-cells through induction of their expression of CD40L and
OX40 '"'? and matrix metalloproteinases,'? which facilitate cell
migration to the sites of inflammation.

Systemically, in addition to its pro-inflammatory effects, IL-1
causes hyperthermia, the activation of the hypothalamic-pitu-

14,15

itary adrenal axis,'" and contributes to the systemic hypotension

induced by bacterial infections.!®

Studies of patients with deletion of individual or multiple
genes of the IL-1 family, provide an invaluable insight into the
systemic and local effects of IL-18 and multiple components of
this signaling pathway in humans.”"" Autoinflammatory diseases
include neonatal-onset multi-inflammatory disease, Muckle-
Wells syndrome, familial cold autoinflammatory syndrome,
hyper IgD syndrome, familial Mediterranean fever, urate crystal
arthritis (gout) and type 2 diabetes mellitus.?

As our laboratory focuses on the role of IL-1f in the develop-
ment of the autoimmune response in RR MS, it is important
to emphasize that polymorphisms encoded within the IL-1 gene
cluster have been associated with susceptibility to RRMS.!¢ IL-1
is detected in active MS lesion in the microglia, astrocytes and in
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brain endothelial cells,?*?! where it regulates through upregula-

tion of intracellular adhesion molecule ICAM) and the vascu-
lar cell adhesion molecule (VCAM)-1, leukocyte transmigration
into the central nervous system (CNS) inflammatory sites." It
has been reported that IL-1 induces astrocyte activation and is
in turn secreted from the activated astrocytes. IL-1 produced
within the CNS lesions induces permeability of the blood brain
barrier via induction of the vascular endothelial growth factor
(VEGF)-A. In addition, IL-1f3 promotes apoptosis of neurons
and oligodendrocytes, thereby contributing to the inflammation-
mediated damage of the CNS parenchyma.? Interestingly, IL-1
is also produced by neurons, which at a later time point also pro-
duce IL-1Ra. The relative levels of IL-1 and IL-1Ra determine
the extent of tissue injury in the CNS; these levels are tightly
regulated by cell type-specific regulatory pathways.?

IL-1R1 Signaling

IL-1R is related to TLRs and its structure is characterized by
the presence of extracellular immunoglobulin (Ig)-like domains
and an intracellular TIR domain. The three Ig domains are
responsible for ligand binding, while the conserved TIR
domain—characterized by the presence of three homologous
regions (boxes 1, 2 and 3), is critical for signaling.” IL-1RI acti-
vation is induced by IL-1at and IL-1f binding, followed by the
association of IL-IRAcP with the receptor complex.?? IL-1R1 is
expressed on the surface of a variety of cells, including mono-
cytes, DCs, fibroblasts, epithelial cells and T-cells.?® IL-1at and
IL-1B also bind to the surface IL-1RII (expressed predomi-
nantly on B-cells and neutrophils),” which is dispensable for
signaling and acts as a decoy receptor.”® In addition, IL-1RII
inhibits IL1IRT’s association with ILIRAcP by sequestering it
and preventing effective IL-1RI signaling.?” Soluble IL-1RI and
IL-1RII bind to IL-1B with higher affinity than do IL-1a and
IL-1Ra, effectively preventing IL-1R1 signaling.?® The secreted
receptor antagonist IL-1Ra binds to IL-1RI with a similar affin-
ity as IL-1 and inhibits the binding of both IL-la and IL-1
and their induction of signaling.? In addition to decoy and
antagonistic IL-1 receptors, TRAF6 can induce ubiquitination
and regulates intramembrane proteolysis of IL-1R1,%*3? which
further contributes to the regulation of this important signal-
ing pathway.

IL-1B binding to IL-1R1 induces its formation of a heterodi-
mer with the IL-IRAcP, followed by the recruitment of the
MyD88 adapter and its activation and association with IRAK4,
which phosphorylates IRAK1 and IRAK2 and bind TRAF6.
The formation of this complex leads to the induction of the
MAPK p38 cascade and the NF-kB pathway (Fig. 1)."%%

NF-kB is a critical transcription factor for the immune
and inflammatory responses since it regulates the transcrip-
tion of multiple proinflammatory cytokines. The key event in
the NF-kB activation is the IL-1-induced phosphorylation and
degradation of the inhibitory cytoplasmic protein IkB, which
leads to the release of NF-kB, its translocation to the nucleus
and binding and transcriptional regulation of its target genes
(Fig. 1).%
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Figure 1. IL-1RI signaling. Upon binding of IL-1 to IL-1RI, an IL-TRACP is recruited to form a high affinity IL-1R1-IL-TRAcP heterodimeric receptor, which
initiates the downstream signaling cascade. The trimeric complex rapidly assembles MyD88 and IRAK4 and forms a stable IL-1-induced first signaling
module, which subsequently phosphorylates IRAKT and IRAK2, and recruits TRAF6. Complexes of IRAK1, IRAK2 and TRAF6 dissociate from the initial
receptor complex and promote TGFB-activated protein kinase (TAK)1/TAK-binding protein (TAB)1 association, which is followed by the activation of
NFkB, JNK and p38 MAPK pathways. Activation of the IKK complex by IL-1 promotes IkBa ubiquitination. The nuclear translocation of NFkB with the
nuclear translocation of c-JUN, induced by the activation of JNK and p38 MAPK, modulates the gene expression of IL.-6, TNFa, IL-1B3, IFNa, IFNB and
TGFB. Multiple negative regulators of this pathway, including inhibitory IL-RII, secreted soluble (s)IL-1RI and sIL-RIl, regulatory IL-1R1a and SIGIRR
provide a negative feedback control of this pathway and suppress excessive IL-1 signaling.
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Figure 2. IL-1-induced Th17 cell differentiation. IL-1R1 signaling is critical for the differentiation and commitment of Th17 cells. IL-1B is induced via
activation of the TLR signaling pathways and is processed by caspase-1. Activation of TLR pathways also induces the production of proinflammatory
cytokines including IL-6 and IL-23. Naive T-cells primed by APCs such as DCs can differentiate into Th17 cells depending upon the cytokine environ-
ment. Priming in the presence of IL-1/IL-6/1L-23 promotes the differentiation of Th17. In naive CD45RA* T-cells, Th17 cell differentiation induced by IL-1
signaling may be mediated through the induction of IRF4 and RORc, key transcription factors for Th17 cell differentiation. IL-1R1 signaling also induces
IL-23 secretion and the subsequent activation of STAT3, which induces RORc expression and the transcription of Th17 cytokines, including IL-17A,

IL-1R1 Signaling in Antigen Presenting Cells (APCs)

During activation of the innate immune response by infection,
APCs, such as macrophages and DCs, can recognize the patho-
gen’s structural components using TLR/IL-IR and produce
pro-inflammatory cytokines to induce T-cell differentiation and
the activation of the adaptive immune response.’> DCs are pro-
fessional antigen-presenting cells, able to capture and process
antigens, migrate into lymphoid organs and present antigenic
peptides to naive T-cells.” The APCs’ capacity to induce Th17
responses is defined by their cytokine secretion profile. Acosta-
Rodriguez et al. have reported that activated monocytes and
circulating conventional DCs produce large amounts of IL-13
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and IL-6, representing the most efficient APCs for Th17 dif-
ferentiation (Fig. 2).* Monocyte-induced Th17 differentiation
was inhibited by anti IL-1f and anti IL-6 neutralizing antibodies
and by inhibitors of Caspase 1, required for the IL-1B release.
Importantly, the proportion of cells producing IL-17 was higher
after priming naive T-cells by APCs than by anti-CD3 and anti-
CD28 mAbs.”’

DCs can also migrate into the CNS, where together with
microglia and astrocytes, they participate in the myelin anti-
gen presentation to T-cells. During chronic inflammation, these
APCs can perpetuate the self-destructive inflammatory response
by secretion of inflammatory cytokines, which further enhance
their antigen presentation to the autoreactive T-cells.
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It has been shown that TRAF6 is involved in the signaling
cascade downstream of the IL-1R, coupling IL-1RI to the NF-xB
activation. TRAFG is also a critical factor for DCs’ activation and
maturation. DCs from MyD88-deficient mice failed to produce
inflammatory cytokines (IL-18, IL-6, TNFa, TGEp, IL-12)
in response to IL-1, suggesting that MyD88 is indispensable for
inflammatory cytokine production in IL-1R signaling.?” Further
evidence that TRAF6 plays a critical role in DCs’ function is pro-
vided by the observation that lipopolysaccharide (LPS) treatment
of TRAF6-deficient DCs fails to augment their T-cell stimula-
tory capacity.”

The major cell types responsible for an inflammatory response
in the brain are microglia and astrocytes, which secrete inflam-
matory cytokines upon activation.”® IL-1 is rapidly expressed
by microglia and astrocytes in response to neuronal injury and
elevated levels of IL-1 further contribute to the CNS injury and
astrogliosis.

IL-1R Signaling in T-cells

IL-1 plays an important role in the regulation of the T-cells)
B-cells’ and natural killer cells’ activation. IL-1R1 expression
in T cells, which is induced by IL-6, is necessary for the early
T helper (Th) 17 cell differentiation, as it induces IFN regula-
tory factor (IRF)4 and RORyt transcription factor expression.®"
Since IL-1R1" T-cells have lower IL-23R expression, it is con-
ceivable that IL-1 may enhance IL-23R expression in Th17 cells.®
Furthermore, a disinhibited IL-1 signaling in IL-1Ra-deficeint
mice induces a strong IL-23 production, which enhances Th17
cell differentiation.® IL-1RI”" mice have a reduced incidence of
experimental autoimmune encephalomyelitis (EAE), associated
with failure to induce autoantigen-specific Th17 cells.?”*4 IL-1R1
expression is increased in Th17 cells in comparison to the Thl or
Th2 cell subsets,® and IL-1 signaling maintains Th17 cell expan-
sion even in the absence of TCR stimulation.?

In humans, IL-1B has been implicated as an essential cytokine
for the Th17 cells differentiation,** since IL-1B in naive CD4
cells induced RORc expression and Th17 differentiation, which
was enhanced by IL-6 and IL-23 (Fig. 2). In human peripheral
blood, CD4"* T-cells that express IL-1R1 have the capacity to pro-
duce IL-17 in naive and memory T-cells. IL-R1* memory cells
had increased gene expression of IL-17, RORc and IRF4, even
before TCR triggering, suggesting that IL-1R1 expression ren-
ders cells committed to Th17 differentiation.?” IL-1RI* memory
CD4* T-cells produce higher levels of IL-17 in response to TCR
triggering, as well as increased gene expression of IRF4, RORc,
RORa, IL-17A, IL-17F, IL-26 and IL-23R, in comparison to
IL-1RI" memory CD4* T-cells. IL-1RI* naive CD4* T-cells pro-
duce higher levels of IL-17 in response to a combination of IL-1f3
and TCR triggering compared to IL-1RI" naive CD4* T-cells,
which are capable of producing IL-17 only upon TCR stimula-
tion-induced IL-1R1 expression. The decoy IL-1RII expression
was expressed at higher levels in IL-1R1* than in IL-1R1" cells,
but both cells had similar levels of IL-1RAcP expression, indicat-
ing that inducible IL-1RII has a role in limiting the response to
IL-1B.
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Recent data from our laboratory have demonstrated that
IL-1R1 expression is significantly higher in both the naive and
memory CD4* T-cells derived from RRMS patients in com-
parison to those from healthy controls (HCs). Moreover, in-
vitro differentiated Th17 cells expressed higher levels of IL-R1
than did Thl or Th2 differentiated cells. Finally, the siRNA
silencing of IL-1R1 in naive CD4* cells inhibited in-vitro
Th17 cell differentiation, by inhibiting IRF4 and RORc, as
well as IL-17A, IL-17F, IL-21, IL-22 and IL-23R gene expres-
sion. Cytokine secretion measurements detected a significantly
decreased IL-17A and IL-21 secretion by the siRNA IL-1R1-
transfected naive in-vitro polarized Th17 cells (Sha et al. manu-
script in preparation).

Regulatory T cells (Tregs) are critical in the active suppression
of the autoimmune responses. The expression of IL-1R1 is higher
on resting mature T compared to naive or memory T-cells.
However, IL-1R1 expression does not affect T, ability to sup-
press T-cell proliferation, but more likely represents a specialized
Treg subset that is better equipped to respond to IL-1 at the site
of inflammation. It is proposed that IL-1R1 could be used as
an activated T _-specific marker, allowing separation of purified
activated T, which could be utilized as a therapeutic strategy in
autoimmune diseases.”

IL-1R1 Signaling in the Development
of Autoimmune Diseases

A pivotal role of IL-1 signaling in the induction of autoimmune
diseases is demonstrated by the induction of EAE exacerbations
following IL-1ot or IL-1 administration.!” The paralysis of the
IL-1-treated mice with EAE lasted longer, was more severe and
animals exhibited more severe weight loss.*” Furthermore, mice
deficient for IL-1R1 or IRAK1, which did not develop Th17 cells,
were resistant to EAE.!MP

Elevated IL-1B cerebrospinal fluid (CSF) and serum lev-
els have been reported in patients with RRMS in comparison
to healthy controls.?® Increased IL-1B levels have also been
detected in MS lesions, where it is produced predominantly
by microglia and astrocytes.” Families with a high IL1-B to
IL-1Ra production ratio are at greater risk of having a rela-
tive with RRMS than are those with a low ratio,?"*? suggesting
that the balance between IL-1f and IL-1Ra production may
be more relevant for predicting the risk for RRMS than the
cytokine levels.

In the archritis model, the injection of IL-13 into normal rab-
bit joints caused severe arthritis, while anti-IL-1-blocking anti-
bodies ameliorated the disease.'* In contrast, mice deficient for
IL-1Ra spontaneously develop arthritis, due to the disinhibited
IL-1B-induced IL-23 production, which induced Th17 cell dif-
ferentiation."” However, mice deficient in IL-1Ra did not develop
spontaneous arthritis when also deficient for IL-17.

A number of human diseases associated with the dele-
tion of the gene for IL-1 regulatory molecule (IL-1Ra) exhibit
unopposed IL-1 signaling, while patients with the mutation of
NOD-like receptor family 3 and inhibition of IL-1 converting
enzyme do not produce secreted IL-1f3. These rare diseases with
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identified mutation of the IL-1 family genes have been success-
fully treated with therapeutic administration of the recombinant
IL-1Ra, which was more recently used also in the treatment of
the IL-1-mediated autoimmune disease, RA.>

Inhibition of IL-1R1 Signaling as a Therapeutic
Approach in Autoimmune Diseases

Currently available strategies to counter pathological IL-1 sig-
naling rely on a recombinant IL-1Ra, which directly competes
with IL-1 for its binding site." Badinovac et al.** have reported
that recombinant IL-1Ra delayed the EAE onset and suppressed
the severity and duration of the clinical disease activity, by
influencing the activation and proliferation of encephalitogenic
cells. Both IL-1Ra and sIL-1R1 have been proposed to suppress
IL-1-mediated inflammation in RA.* Anakinra, a recombinant
IL-1Ra has been reported to be safe and effective in suppress-
ing disease activity in patients with RA* and juvenile idiopathic
arthritis.” Furthermore, more selective reversible noncompeti-
tive small peptide antagonist (RYTVELA) of IL-1R1 may only
diminish the binding activity of IL-1, in contrast to recombi-
nant IL-1Ra which disables all functions triggered by the IL-1R1
receptor.'®

Based on evidence that IL-1RAcP interacts with the IL-1R
subunit of the IL-1R1 receptor complex and that the recombinant
extracellular portion of IL-IRAcP can interfere with IL-1R1’s
actions, Smeets et al. have designed a peptide that is rationally
derived from an extracellular loop of the IL-1RAcP regions and
interferes with IL-1R1 signaling.*® Anti-IL-IRAcP mADbD has also
been used to inhibit IL-1et, IL-1f and the related IL-33 signal
transduction.

Soluble IL-1R1 (sIL-1R1) is a naturally occurring regulatory
protein that inhibits the biological activities of IL-1. sIL-1R1 has
been reported to improve the survival of heart allografts, protect
from experimental autoimmune diabetes mellitus and decrease
the severity of arthritis.®® In studies of mouse peritoneal mac-
rophages incubated with LPS, addition of sIL-1R1 significantly
inhibited the bioactivity of IL-1, suggesting that sIL-1R1 is a
potential therapeutic agent for targeting IL-1-mediated path-
ways.” Most recently, novel strategies have been utilized for the
development of anti-inflammatory therapeutics based on inter-
ference with the function of the TIR domain of members of the
IL-1R superfamily (Fig. 2).°

Recently described negative regulator of IL-1R and TLR sig-
naling SIGIRR is induced during Th17 cell differentiation upon
IL-I’s binding to the IL-1R1. This IL-1-induced regulator of
excessive IL-1 signaling and Th17 cell differentiation represents
a unique target for therapeutic intervention in the Thl17 cell-
mediated autoimmune diseases (Fig. 2).” SIGIRR is expressed
in T-cells, B-cells and DCs and mediates the fine tuning of the
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inflammatory response, since its deficiency is associated with
hypersusceptibility to autoimmune diseases, including systemic
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activation and dampening of the signaling by SIGRR, which
represents a novel and not yet therapeutically manipulated tar-
get.” Interestingly, SIGIRR is expressed in the CNS by neurons,
microglia and astrocytes, where it negatively regulates microglia
activation.”®

In addition to the above-proposed direct manipulation of
IL-1R1 signaling by its inhibitors, multiple naturally occur-
ring anti-inflammatory and immunomodulatory therapies were
reported to provide therapeutic effect by targeting IL-1R1 signal-
ing. Corticosteroids, frequently used as anti-inflammatory agents
in patients with acute MS relapses, were reported to induce the
elevation of IL-1Ra and IL-1RII in the sera of treated patients,
suggesting that their therapeutic mechanisms may in part be
mediated by the activation of IL-1 antagonistic mechanisms.?

Treatment of MS patients with IFNB-1b has been reported to
induce IL-1Ra in treated patients,””® while study of glatiramer
acetate, another approved immunomodulatory therapy for MS,
reportedly elevated sIL-1Ra blood levels.”

Summary

In conclusion, the IL-1R1 signaling pathway has received sig-
nificant attention due to its recently described role in Th17 cell
differentiation and the generation of autoimmune responses. Its
complex regulation by multiple naturally occurring inhibitors
opens new possibilities for the treatment of autoinflammatory
and autoimmune diseases. Since clinical trials targeting specific
genetic defects in the IL-1/IL-1R signaling pathway showed
remarkable efficacy in systemic autoinflammatory diseases, we
propose that multiple available compounds, including recombi-
nant IL-1Ra, IL-1R and IL-1RAcp (IL-1 Trap), soluble IL-1RII,
anti-IL-RAcP and it soluble peptide antagonists, as well as anti-
IL-1 mAbs may provide new opportunities for the treatment of
autoimmune diseases in the future.
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