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Abstract: Interleukin-1 superfamily of cytokines (IL-1, IL-18, IL-33) play key roles in inflammation
and regulating immunity. The mechanisms of agonism and antagonism in the IL-1 superfamily have
been pursued by structural biologists for nearly 20 years. New insights into these mechanisms
were recently provided by the crystal structures of the ternary complexes of IL-1§ and its recep-
tors. We will review here the structural biology related to receptor recognition by IL-1 superfamily
cytokines and the regulation of its cytokine activities by antagonists.
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Introduction

The interleukin 1 (IL-1) superfamily of cytokines are
important regulators of innate and adaptive immu-
nity, playing key roles in host defense against infec-
tion, inflammation, injury, and stress. The IL-1
superfamily is comprised of the IL-1, IL-18, IL-33,
and the more recent IL-36 and IL-37.%2 These cyto-
kines are related to each other by origin, receptor
structure, and signal transduction pathways.® The
receptors for IL-1 superfamily share a similar archi-

Abbreviations: BP, binding protein; IL, Interleukin (IL); TLR,
toll-like receptor; TIR, toll/interleukin-1 receptor.

Grant sponsor: NIH; Grant number: Al081928. Grant sponsor:
Oklahoma Agricultural Experiment Station at Oklahoma State
University; Grant number: OKL02848; Grant sponsor: NIH;
Grant number: AlI079217.

*Correspondence to: Junpeng Deng, Department of Biochemis-
try and Molecular Biology, 246 Noble Research Center, Okla-
homa State University, Stillwater, OK 74078, USA. E-mail:
junpeng.deng@okstate.edu

526 PROTEIN SCIENCE 2014 ‘ VOL 23:526-538

tecture, comprised of three Ig-like domains in their
ectodomains, and an intracellular Toll/IL-1R (TIR)
domain that is also found among Toll-like receptors
(Fig. 1).%® The initiation of cytokine signaling
requires two receptors, a primary specific receptor
and an accessory receptor that can be shared in
some cases. The primary receptor is responsible for
specific cytokine binding, while the accessory recep-
tor by itself does not bind the cytokine but associates
with the preassembled binary complexes from the
cytokine and the primary receptor. The binding of
the cytokines to their respective receptors results in
a signaling ternary complex, leading to the dimeriza-
tion of the TIR domains of the two receptors. This
initiates intracellular signaling by activating
mitogen-activated protein kinases (MAPK) and
nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-kB). The signaling induces inflam-
matory responses such as the induction of
cyclooxygenase Type 2, increased expression of adhe-
sion molecules, and synthesis of nitric oxide.® A brief

Published by Wiley-Blackwell. © 2014 The Protein Society



IL-1RAcP IL-1RI

Signaling

Pathways SRR

L2 MAPK, JNK

IL-18RB  IL-18Ra

Signaling
Pathways

L NFkB

L MAPK, INK

IL-1RII

IL-1RI

IL-1RAcP  IL-33Ra

Signaling

Pathways = HF-H

L= MAPK, JNK

Figure 1. Cartoon representation of IL-1 superfamily signaling. A: IL-1 signaling is initiated by the ternary complex formation of
IL-1a/B:IL-1RI:IL-1RACP. The decoy receptor IL-1RIl lacks an intracellular TIR domain and forms a non-signaling ternary com-
plex with IL-1a/B and IL-1RAcP. The receptor antagonist IL-1Ra binds IL-1RI and forms an inhibitory binary complex that fails
to recruit IL-1RAcP. B) IL-18 signaling complex involves IL-18, IL-18Ra and IL-18RpB. Antagonism is achieved through binding
of IL-18BP to IL-18. C) IL-33 signaling involves IL-33, IL-33Ra and IL-1RAcP. The ectodomains of IL-1 superfamily receptors
each contains three Ig-like domains, which are labeled as D1, D2, and D3 respectively.

overview of the biology of IL-1 superfamily is provided
below but more in depth information can be found
elsewhere.®>*"™ 1! In the past decade, a great deal of
structural information on IL-1 receptors (IL-1R) has
been acquired. This review will focus mainly on the
current knowledge about the ligand-receptor recogni-
tion and regulation for IL-1R superfamily members.

IL-1

IL-1 includes interleukin-la (IL-1a) and interleukin-
18 (IL-1B). Both are agonists and are expressed in
multiple cell lines including monocytes, macro-
phages, neutrophils, hepatocytes, and tissue macro-
phages throughout the body. IL-la is expressed in
the cytoplasm as a 31 kDa precursor form (pro-IL-
la) that is biologically active and capable of binding
to IL-1R and activating cells. Pro-IL-la may be
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cleaved by calpain, a membrane-bound cysteine pro-
tease, into the mature 17 kDa IL-1a. Pro-IL-1a lacks
a signal peptide or a leader sequence, so it is not
released from cells through the typical vesicular
transport of the secretary pathway.'>® The mecha-
nism by which IL-la is released from cells is not
completely understood. Constitutively expressed IL-
la plays a role in regulating interferon-y (IFN-vy)
and its effector genes by maintaining a basal level of
the transcription factor NF-xB. Up-regulated expres-
sion of IFN-y in-turn results in the overexpression
of the membrane bound form of IL-1a.'* In compari-
son, IL-1B is not constitutively expressed but its
expression is induced upon stimulation by inflamma-
tory signals.? IL-1pB is expressed in the cytoplasm as
a 31 kDa pro-form and is processed and released
from cells by a mechanism involving IL-1B
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converting enzyme (ICE), also known as caspase-1.
The conversion of the pro-IL-1p by ICE to its mature
form can take place in specialized secretory lyso-
somes or in the cytoplasm.'®!” Unlike pro-IL-1c,
pro-IL-1B is biologically inactive and must be con-
verted to the mature 17 kDa IL-1B to acquire the
ability to bind to its receptors and activate cells. The
primary and accessory receptors for IL-1a/B signal-
ing are IL-1 receptor Type I (IL-1RI) and its acces-
sory protein (IL-1RAcP), respectively.®2°

Antagonism of IL-1 signaling at the extracellu-
lar level involves at least two distinct mechanisms
through (1) the use of a receptor antagonist, IL-1Ra,
which prevents the recruitment of IL-1RAcP; (2) the
use of a membrane bound decoy receptor, IL-1 recep-
tor Type II (IL-1RII), which cannot form a signaling
complex [Fig. 1(A)]. IL-1Ra is structurally related to
other IL-1 cytokines, which binds IL-1RI competi-
tively and prevents its binding to either IL-1a or IL-
1B8. IL-1RII is highly homologous to IL-1RI with an
extracellular domain also being comprised of three
Ig domains. However, its cytoplasmic domain is very
short (~25 amino acids), with the TIR domain being
absent and thus incapable of initiating signal trans-
duction. Therefore, IL-1RII is a decoy receptor that
binds and sequesters IL-1, preventing signal trans-
duction and cell activation. The decoy receptor IL-
1RII preferentially binds IL-1p rather than IL-1Ra
with a much higher affinity,?’ representing one of
the natural regulatory mechanisms of IL-1.2

IL-18
Interleukin-18 (IL-18) is involved in both innate and
adaptive immune responses.!®?272% 11.-18 was origi-
nally referred to as IFN-y Inducing Factor (IGIF) for
its ability to stimulate the production of IFN-y.26:27
IL-18 stimulates IFN-y production from T-helper lym-
phocytes cells (Th1l and Th2) and macrophages, and
enhances the cytotoxicity of natural killer (NK) cells.
The IL-18 stimulated IFN-y production is synergisti-
cally amplified with other Thl-related cytokines, IL-
2, IL-15, IL-12, and IL-23.2228-39 Much like IL-1B,
IL-18 is synthesized as a 23kDa inactive precursor,
which is subsequently cleaved into an 18kDa active
form by ICE (Caspase-1) and then secreted, resulting
in the initiation of IL-18 signaling cascade.?”*! The
primary and accessory receptors specific for IL-18 sig-
naling are IL-18Ra and IL-18R, respectively.?2:33
IL-18 activity is modulated in vivo by
Interleukin-18 Binding Protein (IL-18BP), a soluble
protein comprised of a single Ig domain.?*3® The
human IL-18BP (hIL-18BP) has an exceptionally
high affinity for IL-18 of 400 pM and has been shown
to be up-regulated in various cell lines in response to
elevated IFN-vy levels, suggesting that it serves as a
negative feedback inhibitor of IL-18 mediated
immune response.®>2¢ IL-18BP is also present in the
serum of healthy individuals in an ~20-fold molar
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excess of IL-18, thus preventing IL-18 from engaging
its primary receptor IL-18Ra (discussed in more
detail below). Another cytokine of the IL-1 superfam-
ily, IL-1F7B, has been identified with putative antag-
onist activities against IL-18. However, information
about the potential role of IL-1F7B in regulating IL-
18 activities remains unclear.>”%®

IL-33

Interleukin-33 (IL-33/IL-1F11) is one of the newest
members of the IL-1 cytokine superfamily and has
many attributes similar to IL-1a. IL-33 is principally
involved in Th2-mediated immune responses such as
asthma, allergy-induced inflammation, and parasitic
infections. It is expressed as a 31 kDa pro-form, while
mature IL-33s vary in length with greater than 10-
fold potency over the pro-form.3%%° T1/ST2, previously
considered an orphan receptor, has been identified as
IL-33Ra and is the primary receptor of IL-33. IL-
33Ra is principally expressed on Th2 polarized cells
and cells involved in the Th2 immune response.*! IL-
1RACP is necessary to form the ternary complex with
1L-33:IL-33Ra for signaling. Thus, IL-1RAcP appears
to be promiscuous and can participate in the signaling
of both IL-1 and IL-33 signaling.*?*3

Structural Biology of the IL-1 Superfamily

Cytokines

The three-dimensional structures of six cytokines of
the IL-1 superfamily have been determined by either
solution NMR or x-ray crystallography (Fig. 2). These
include 5 human (IL-1«, IL-1B, IL-1Ra, IL-18, and IL-
33) and 1 murine (IL-36Ra/IL-1F5) cytokines. Despite
having limited sequence similarity, these cytokines
adopt a conserved signature B-trefoil fold comprised of
12 anti-parallel B-strands that are arranged in a
three-fold symmetric pattern. The B-barrel core motif
is packed by various amounts of helices in each cyto-
kine structure. Superimposition of the Ca atoms of
each of the five human cytokine reveals a conserved
hydrophobic core, with significant flexibility in the
loop regions (Fig. 2 - Composite). Surface residues and
loops between B-strands do not appear to be crucial for
overall stability and have diverged significantly
between the cytokines, consistent with their low
sequence similarity and partially explaining their
unique recognition by their respective receptors. For
example, human IL-18 shares ~65% sequence identity
to murine IL-18 while sharing only 15% and 18% iden-
tity to human IL-1la and human IL-1B, respectively.
Nevertheless, IL-18 shows striking similarity to other
IL-1 cytokines in its three-dimensional structure.**

Binary complex: Cytokine recognition by
primary receptors

A key step in signaling initiation by IL-1 superfam-
ily is the formation of a binary complex between the

Structural Biology of the IL-1 Superfamily
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Figure 2. Structures of IL-1 superfamily cytokines. Cytokines of the IL-1 superfamily adopt a conserved B-trefoil fold. PDB files
displayed: IL-1a:2KKI, IL-1B:111B, IL-1Ra:1ILR, IL-18:1J0S, IL-33:2KLL.

respective cytokine and its primary receptor, subse-
quently recruiting a second auxiliary receptor subu-
nit. Formation of the hetero-trimeric complex on the
cell surface induces the juxtaposition of the cytoplas-
mic TIR domains from both receptors, which further
recruits intracellular factors and triggers the signal-
ing cascade (Fig. 1). A significant amount of struc-
tural and functional studies have been accomplished
in elucidating the mechanism by which IL-1 super-
family agonists bind their respective receptors. IL-
la, IL-1B, IL-18, and IL-33 each contain at least two
key receptor-binding sites for engaging their respec-
tive primary receptors. These receptor-binding sites
have similar locations on the surface of the cytokine
but display distinctive surface residues. For exam-
ple, the difference in surface residues among IL-18,
IL-18, and IL-33 was thought to be one of the mech-
anisms by which cognate receptor discrimination is
achieved (Fig. 3).44%5

Crystal structures of two signaling binary com-
plexes within the IL-1 superfamily have been deter-
mined to date. These include the binary complex of
IL-1B and the ectodomain of IL-1RI, and that of IL-
33 and the ectodomain of IL-33Ra [Fig. 4(A,B)].
These binary structures provided key information
about the overall architecture of the IL-1 receptor
superfamily ectodomain and insights into a common
mechanism for the specific recognition of the IL-1
superfamily cytokines by their respective primary
receptors.*®* Overall, the IL-1RI resembles a ques-
tion mark in shape, wrapping around IL-1B at the
center. The first two Ig-like domains [annotated as
domain 1 (D1) and domain 2 (D2), respectively] of
IL-1RI are connected via an extended 13-residue
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linker and further tethered together through an
inter-domain disulfide bond (C104 of D1-D2 linker
with C147 of D2), forming a rigid and compact struc-
ture. Domains D2 and D3 are connected via a 5-
residue linker, allowing a degree of flexibility
between the domains. The architecture of the binary
complex of IL-33 and IL-33Ra is remarkably similar
to that of IL-1B:IL-1RI receptor complex. Both recep-
tors engage their respective cytokines at two surface
locations; named site A and B for IL-1B, site I and II
for IL-33. Binding site A (site I) involves a composite
surface from the D1/D2 of IL-1RI and IL-33Rq,
respectively. The respective binding site A (Site I)
are also similar in size, burying 1087 A? and 997 A?
of solvent accessible surface area for IL-1B:IL-1RI
and IL-33:IL-33Ra, respectively. Structural and
mutagenesis studies identified at least four residues
(R11, Q15, H30, and Q32) on IL-1B site A that are
critical for receptor binding and signaling, predomi-
nantly through polar interactions with main-chain
atoms on the receptor [Figs. 3(A) and 4(B)].*"*8 In
contrast, site I interactions in the IL-33:IL-33Ra
binary complex are mainly through side-chain inter-
actions exhibiting a strong electrostatic complemen-
tarity between the cytokine and receptor [Figs. 3(C)
and 4(C)].*>*° This suggests in part the importance
of the site A (site I) in determining the ligand bind-
ing specificities.?®* The interface at binding site B
(site II) involves the third Ig-domain (D3) of IL-1RI
and IL-33Ra in the respective binary signaling com-
plex [Figs. 3(A,C) and 4(B,C)]. Seven key residues at
binding site B of IL-13 were identified (R4, L6, F46,
156, K93, K103, and E105) from the structure and
confirmed by mutagenesis studies.*®*®® The
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Figure 3. Receptor binding sites on IL-1p, IL-18, and IL-33. Depicted are the secondary structures (top) and the electropotential
surfaces (bottom) of IL-13 (A and D, PDB ID 1ITB), IL-18 (B and E, PDB ID 4EKX) and IL-33 (C and F, PDB ID 4KC3). Residues
that have been shown to interact with their respective receptors are shown as spheres and colored in red and orange for site A
(site | for IL-18 and IL-33) and site B (site Il for IL-18 and IL-33), respectively. A third putative receptor-binding site (site Ill) on IL-18
is shown as blue spheres. The surface area of the binding site A (site I) is indicated as a red circle on each cytokine (bottom).

interactions at IL-1B site B bury ~1001 A? of solvent
accessible surface area. Similarly, receptor binding
site II on IL-33 is comprised of eight residues (1119,
Al24, E165, K180, L182, N222, N226, and 1268)
burying ~727 A? of solvent accessible area as ana-
lyzed by the PISA server,®! involving a mixture of
hydrophobic and hydrophilic interactions.

IL-1 ternary complexes: Mechanisms for signal
initiation

The recent crystal structures of the signaling and
nonsignaling IL-1 receptor ternary complexes pro-
vided insights into how signaling by IL-1 superfamily
of cytokines is modulated at the receptor level. The
crystal structure of the nonsignaling ternary complex
of IL-1B:IL-1RII:IL-1RAcP provided the first look at
the architectural assembly of the ternary complex
and the initiation mechanism for IL-1 signaling (Fig.
5).52 As discussed previously, the IL-1RII forms a
nonfunctional signaling complex because it lacks the
necessary cytoplasmic TIR domain for recruiting
intracellular signaling factors. However, it still binds
IL-18 with comparable affinity as IL-1RL2' The
binary complex of IL-1B:IL-1RII within this ternary
complex closely resembles the structure from the pre-
viously determined IL-1B:IL-1RI complex, having an
r.m.s.d of only 1.1A for all aligned backbone Ca atoms
and sharing similar buried surface areas. For exam-
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ple, the buried surface areas between site A of IL-1B
and the receptors are ~980 A? versus ~1100 A2 for
IL-1RI and IL-1RII, respectively.®?

Previous studies using in silico docking and
SAXS analysis led to the “BACK” and “RIGHT”
binding modes for the recruitment of IL-1RAcP to
the binary complexes of IL-18 and IL-33 with their
primary receptors.‘“”53 However, the crystal struc-
ture of the IL-1B:IL-1RIL:IL-1RAcP complex shows
that IL-1RAcP adopts the ‘LEFT’ binding mode (Fig.
5).52 IL-1RACP interacts with the preassembled IL-
1B:IL-1RII via a composite binding surface with
nearly equal contribution in surface areas from IL-
18 and IL-1RII. Specifically, IL-18 uses B-strand 9
(B9) and the loops between B4-B5 and B11-B12 for
making contacts with the D2 and D3 Ig domains of
IL-1RAcP, burying ~675 A? solvent accessible sur-
face area. These interactions are from a mixture of
both charge-charge and van der Waals interactions.
IL-1RII and IL-1RAcP directly contact each other
mainly through hydrophobic interactions via D2-D2
(V173 and L180 of IL-1RAcP, and L180 of IL-1RII)
and D3-D3 (1223, V225 and F248 of IL-1RII, and
H226 and H231 of IL-1RAcP) interactions, with a
buried surface area of approximately 570 A?. Inter-
estingly, the D1 Ig-domain of IL-1RAcP does not
have any interactions with the binary complex of IL-
1B:IL-1RII (Fig. 5).

Structural Biology of the IL-1 Superfamily



Figure 4. A common binding mode for receptor:ligand binary complexes. A: IL-1Ra (red) binds IL-1RI (yellow) predominantly at
site A, with minimal interactions with the D3 domain of IL-1RI (PDB ID 1IRA). B) The binary complex of IL-1B (green):IL-1RlI
(cyan) revealed two binding sites, shown as spheres and colored in red (site A) and orange (site B), respectively (PDB ID 1ITB).
C) The binary complex of IL-33 (magenta):IL-33Ra (blue) (PDB ID 4KC3). The receptor binding sites | and Il on IL-33 are shown
as red and orange spheres, respectively. D) and E) Rotation of the D3 domains of IL-1RlI in different binary complexes. D)
Superimposition of the structures of IL-1Ra:IL-1RI and IL-1B:IL-1RI reveals an approximate 20° rotation between the D3
domains of IL-1RI in the respective structures. E) The D3 domains of the respective receptors in IL-33:IL-33Ra and IL-1Ra:lL-
1RI complexes display an approximate 10° rotation. The coloring schemes for the D3 domains of IL-1RI and IL-33Ra are same

as above.

Subsequently, the crystal structure of the signal-
ing ternary complex of IL-1RI:IL-1B:IL-1RAcP was
determined, providing additional insights into the
mechanism of IL-1 receptor activation.’* The overall
architecture of this productive receptor ternary com-
plex closely resembles the nonsignaling receptor
complex, with about 2.1 A rm.s.d for all aligned Ca
backbone atoms [Fig. 5(A)]l. There were essentially
no structural changes for IL-1B3:IL-1RI upon binding
IL-1RACcP, displaying only 1.4 A rm.s.d for all back-
bone Ca atoms when compared with the previously
determined binary complex structure.?®®* In addi-
tion, the interactions between IL-18 and the acces-
sory receptor were retained in both ternary complex
structures. Similar to the observation in the non-
signaling receptor complex structure, the first Ig-
domain of IL-1RAcP points away from IL-1B:IL-1RI
binary complex and makes no contacts with either
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IL-1B or IL-1RI. Hydrophobic interactions between
IL-1RAcP D2 domain (I135, LL180, and 1181) and the
respective D2 domain of the primary receptor (V160,
1165 on IL-1RI; V173 and L180 in IL-1RII) were also
conserved. Nevertheless, distinct interactions were
observed between IL-1RI and IL-1RAcP in contrast
to IL-1RII and IL-1RAcP of the nonsignaling com-
plex. Among the unique interactions found at the
IL-1RI:IL-1RAcP interface, contacts were observed
between P245, Y234 of IL-1RAcP D3 domain and
the glycosylation moiety attached on N216 of IL-1RI
D3 domain. As a result, the IL-1RI:IL-1RAcP inter-
face also has a slightly larger buried surface are of
773 Az’ an increase of greater than 200 A? with
respect to the nonsignaling complex. This increase
was largely due to additional interactions in IL-
1RI:IL-1RAcP D3-D3 interface and in part a reflec-
tion of the further rotation along with a subtle
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IL-1B:IL-1RI/IL-1RII:IL-1RACP

Figure 5. Ternary complex structures of IL-18 and its receptors. A) Superimposition of the non-signaling complex [IL-13
(Green):IL-1RIl (Magenta):IL-1RAcP (Cyan), PDB ID:3040] and the signaling Complex [IL-18 (Yellow):IL-1RI (Pink):IL-1RAcP (Sil-
ver) PDB ID:4DEP]. B) Zoom-in view of the D3-D3 domain interactions of IL-1RAcP:IL-1RI and IL-1RAcP:IL-1RII. IL-1B is
removed for clarity. The signaling complex showed additional interactions (residues shown in sticks) between IL-1RAcP with IL-
1RI due to further rotation of the D3 domain of IL-1RI. These interactions were not observed between IL-1RAcP and IL-1Rll in
the non-signaling complex. C) Zoom-in view of the additional interactions between IL-13 and IL-1RAcP in the signaling ternary
complex. Residue T300 of IL-1RACP is involved in exquisite interactions with residues D54, 1104, E105 and 1106 of IL-13.

upward shift of the IL-1RI D3 domain, bringing it in
closer proximity to the D3 domain of IL-1RAcP [Fig.
5(B)]. This subtle movement of IL-1RI D3 domain
promotes additional contacts between the extended
linkers connecting the D2-D3 domains and between
the D3 domains of the respective receptors. They
include the interaction between IL-1RI P206 and IL-
1RAcP N219 and a m-cation interaction between IL-
1RI R208 and IL-1RAcp Y249 [Fig. 5(B)]. Neither
interaction was observed in the nonsignaling struc-
ture. It is also significant to observe that residue
T300 on the B7-B8 loop of IL-1RI D3 domain is now
sandwiched between the B4-p5 loop and B8 of IL-1B
making van der Waals and hydrogen bonding inter-
action with residues D54, 1104, E105, and 1106 of
IL-1B [Fig. 5(C)]. These T300 interactions could be
an important feature for the productive signaling
complex as they were not observed in the inhibitory
IL-1Ra:IL-1RI complex (see below) due to a much
shorter B4-B5 loop of IL-1Ra. Interestingly, when
this B4-B5 loop together with B11-B12 were replaced
with the corresponding loops from IL-1B, IL-1Ra
could be converted into a partial agonist.>%?°
Whether the mechanism of signal initiation
revealed by IL-1R ternary complexes is conserved
for all IL-1R superfamily will need further struc-
tural studies. For example, putative receptor binding
sites on IL-18 have been identified by mutagenesis
studies and named as sites I-III [Fig. 3(B)].** The
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comparison of the tertiary and primary structures of
IL-18 and IL-1B reveals IL-18 binding sites I and II
are analogous to the binding sites A and B on IL-18,
which indeed are important for interacting with IL-
18Ra as shown by in vitro binding and solution
NMR studies.**%%®7 Intriguingly, perturbation at
site III on IL-18 by mutagenesis abolished IL-18 bio-
logical activities, suggesting this site may be
involved in the binding of IL-18RB.** Superimposi-
tion of IL-18 onto IL-1p of IL-1B:IL-1RI:IL-1RAcP
complex reveals the surface of IL-1f that corre-
sponds to the third putative receptor-binding site on
IL18 (site III) is not in contact with either subunit
of IL-1 receptor. Therefore IL-18 receptor activation
mechanism may not be fully explained by the struc-
ture of IL-1R ternary signaling complex (Fig. 6). In
addition, it was shown that an antibody against
hIL-18, (125-2H) inhibits the formation of the IL-
18:IL-18Ra binary complex. Simultaneous binding of
125-2H and IL-18Ra would result in collision of the
antibody heavy chain with the D2 domain of the
receptor.®® Intriguingly, 125-2H renders the ternary
complex nonfunctional without blocking the forma-
tion of the high affinity hetero-trimeric receptor
complex.®® It was postulated that in order for this
binding to occur, IL-18Rf must induce conforma-
tional changes of either IL-18 or the IL-18:IL-18Ra
binary complex. These conformational changes will
presumably alter the 125-2H epitope region such

Structural Biology of the IL-1 Superfamily
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Model

Figure 6. Unresolved questions regarding IL-18 subfamily signaling. A) IL-1R signaling ternary complex. IL-1B, IL-1RI and IL-
1RACP are colored in green, cyan and magenta (PDB ID 4DEP). Binding sites A and B are shown in red and orange spheres,
respectively. B) A model of IL-18 (yellow):IL-18Ra (cyan):IL-18RB (magenta) based on the structure of IL-1B:IL-1RI:IL-1RACP ter-
nary complex. Putative receptor binding sites | (grey), Il (grey) and Ill (blue) on IL-18 are shown as spheres. Notice site lll is not

involved in binding of either IL-18R in this model.

that the antibody:cytokine:receptors quaternary
complex cannot achieve the necessary signaling
configuration.>®

Antagonism of IL-1 Signaling by IL-1Ra
The signaling binary complexes of IL-1B:IL-1RI and
IL-33:IL-33Ra reveal key information about how
respective cytokines are recognized by their corre-
sponding primary receptors. At the same time, the
crystal structure of the binary complex of IL-1Ra:IL-
1RI provided insights into how IL-1 signaling is
antagonized by IL-1Ra [Fig. 4(A)1.%° In contrast to
the other two signaling binary complex structures,
there was only one major binding site, site A,
observed at the interface in this inhibitory complex.
There were also only minimal interactions observed
in the crystal structure between IL-1Ra and the D3
domain of IL-1RI, which was consistent with the
mutational data that predicted only one major recep-
tor binding site on IL-1Ra.*® Similar to the observa-
tions in the signaling binary complex, the interface
at binding site A involves a composite surface from
the D1 and D2 domains of IL-1RI. IL-1Ra interacts
with IL-1RI mostly through polar main chain inter-
actions, covering a large buried surface area of about
1774 A% The inhibitory binary complex failed in
recruiting IL-1RAcP, suggesting the D3 domain of
IL-1RI plays a critical role for binding IL-1RAcP and
signaling. This was further demonstrated by the
crystal structure of the signaling ternary complex of
IL-1B:IL-1RI:IL-1RACP, as discussed previously.
Structural comparison of the binary complexes
provides insights into the mechanism(s) of IL-1
superfamily receptor antagonism and signaling ini-
tiation. Binding site A in the antagonist binary com-
plex displayed a nearly 60% larger binding surface
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area (1774 A2 compared with 1087 A2 or 997 A? for
IL-18 and IL-33, respectively). This partially
explains the higher affinity of IL-1Ra for IL-1RI
when compared to IL-18.21%° Consequently, the
number of cytokine:receptor interactions at site A
have also increased in the IL-1Ra:IL-1RI binary
complex (hydrogen bonds increased to 19 from 7 and
14 in IL-1B and IL-33, respectively). Therefore, cyto-
kine:receptor interactions at site A appear to be the
driving force for affinity and specificity. This was
further supported by a recent chimera study on IL-
1Ra.2! In this study, Hou et al. engineered a chi-
meric IL-1Ra by combining the site A surface of IL-
1Ra and site B surface of IL-1B into one single mole-
cule. They showed that the D1-D2 tandem fragment
(containing site A) of IL-1RI has a much higher
affinity to IL-18 and IL-1Ra, in comparison to the
D3 domain. In addition, they showed the chimera
cytokine behaved like IL-1Ra and not like IL-1B,
with much higher binding affinity to IL-1RI than
IL-1RIL.

Interestingly, none of the cytokines (IL-1pB, IL-
33, or IL-1Ra) in their respective binary complex
undergoes significant structural changes when com-
pared to their uncomplexed structures. However, sig-
nificant conformational changes were observed from
the D3 domain of IL-1RI in the signaling complex
(IL-1B:IL-1RI) compared with the inhibitory complex
(IL-1Ra:IL-1RI), displaying an ~20 rotation [Fig.
4(D)]. In the binary complex of IL-33:IL-33R«, the
IL-33Ra D3 domain reveals an ~10° rotation [Fig.
4(E)]. The conformational differences of the D3
domains from IL-1RI and IL-33Ra suggest their flex-
ibility and dynamics in nature, whose correct orien-
tation upon cytokine binding would be critical for
the recruitment of IL-1RAcP in forming the
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Figure 7. Mechanism of antagonism of IL-18 signaling by IL-18BP. A) The inhibitory complex of ectromelia virus (ectv) IL-18BP
(yellow) and human IL-18 (hIL-18, cyan) in a 1:1 stoichiometry (PDB ID 3F62). B) The inhibitory complex of yaba-like disease
virus (yldv) IL-18BP (green and magenta) and hIL-18 (yellow and cyan) in a 2:2 stoichiometry (PDB ID 4EKX). There is an intra-
molecular disulfide bond within the yldv-IL-18BP homodimer as shown in orange spheres. C) Ectv-IL-18BP blocks the putative
receptor-binding site Il. Ectv-IL-18BP is shown as yellow ribbon with the key residues at the interface highlighted shown as
sticks. Putative receptor binding sites |, Il, and Il on hIL-18 (cyan) are shown as spheres and colored in red, orange, and blue,
respectively. Residues shared for binding with both IL-18Ra and ectvIL-18BP are shown as purple spheres.

signaling ternary complex. Indeed, SAXS analysis
along with Minimal Ensemble Search (MES) of the
unbound IL-33Ra revealed it exists in three distinct
states of open, half-open, and closed, with respect to
the relative orientations of the D3 domain to the D1-
D2 tandem domains of IL-33Ra. The crystal struc-
ture of the binary IL-33:IL-33Ra complex represents
the half-open conformation.*®

Antagonism of IL-18 Signaling by IL-18BP

Modulation of IL-18 signaling and thus immune
response is accomplished in part by IL-18BP. Func-
tional IL-18BPs are not limited to just vertebrates
but are also encoded by many poxviruses including
Molluscum Contagiosum Virus (MCV) and orthopox-
viruses. These viruses include several significant
human pathogens such as variola virus that causes
smallpox, and monkeypox virus which is an emerg-
ing zoonosis causing a smallpox-like disease in
humans.%°%? Poxvirus IL-18BPs are highly con-
served within their respective species but share only
limited homology with human IL-18BP (hIL-18BP).
Nevertheless both human and viral IL-18BPs bind
to hIL-18 extremely tightly with sub-nanomolar
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affinity and potently block hIL-18 activity.>4%25% It
has been shown that IL-18BP from vaccinia virus
contributes to virulence by down-modulating IL-18
mediated immune responses, suggesting a possible
role as a decoy for human immune evasion.®>%* The
molecular mechanism by which IL-18BP modulates
IL-18 signaling has been elucidated from the two
recent high-resolution crystal structures of human
IL-18 in complex with two divergent IL-18BPs from
ectromelia (ectv) and yaba-like disease virus (yldv)
[Figs. 7(A,B)1.85%¢ The ectvIL-18BP adopts a single
Ig-fold and binds IL-18 with nanomolar affinity in a
1:1 stoichiometry. The ectvIL-18BP uses one edge of
its B-sandwich for interacting with three surface
cavities on IL-18 via extensive hydrophobic and
hydrogen bonding interactions, burying as much as
1930 A2 of solvent accessible surface area. One of
the most significant interactions at the complex
interface involves residue K53 of IL-18 and the aro-
matic residue F67 from ectvIL-18BP, through r-
cation interaction. Mutation of either residue
resulted in a greater than 100-fold decrease in bind-
ing affinity as shown from SPR.6"%° Most of the
ectvIL-18BP residues observed at the binding
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interface are conserved in both human and viral
homologs, explaining their functional equivalence
despite limited sequence homology [Fig. 7(C)]. In
contrast to ectvIL-18BP, yldvIL-18BP forms a unique
disulfide-bonded homo-dimer and engages IL-18 in a
2:2 stoichiometry [Fig. 7(B)]. Disruption of the dimer
interface resulted in a functional monomer, however
with a 3-fold decrease in binding affinity. Despite
lacking the critical Lys-Phe mn-cation interaction, the
overall architecture of the yldvIL-18BP:hIL-18 com-
plex is similar to that observed in the ectvIL-
18BP:hIL-18 complex. Through structure-based
mutagenesis and SPR analysis, a set of contact resi-
dues that are unique to the yldvIL-18BP:hIL-18
interface were identified. Nevertheless, despite the
extensive divergence, yldvIL-18BP binds to the same
surface of hIL-18 used by other IL-18BPs, suggest-
ing that all IL-18BPs, including hIL-18BP, use a
conserved inhibitory mechanism by blocking a puta-
tive receptor-binding site (site II, analogous to site B
of IL-1pB) on IL-18 [Figs. 3(B) and 7(C)].57:65:66

Rational Design of Antagonists of IL-1 Super-
family Members
The current strategy for treating inflammatory and
autoimmune diseases is to target proteins involved
in the initiation event(s) of inflammation or
upstream events of the innate immune response.
These upstream effector proteins include but are not
limited to Cyclooxygenase-2 (Cox-2) and Caspase-1
(Interleukin-18 Converting Enzyme, ICE), which
respond to Non-Steroidal Anti-Inflammatory Drugs
(NSAID) or specific caspase inhibitors, respectively.
However, these treatments suffer from side effects
such as colitis.”’ Agents that specifically block the
biological activities of IL-1 or Tumor Necrosis Factor
(TNF) have been used to treat many patients world-
wide with autoimmune diseases such as rheumatoid
arthritis, Crohn’s disease or psoriasis to reduce the
severity of the diseases. Patients treated with anti-
TNF-a agents such as Humira and Entanercept or
IL-1 blocking therapies (Anakinra) showed consider-
able improvement of their condition, which suggests
that other chronic inflammatory diseases will also
benefit from anti-cytokine therapies.”* Additionally,
there exist potential therapies that involve the use
of antibodies directed against the interface of IL-18
and IL-18Ra or the use of recombinant hIL-18BP,
both of which are being tested in clinical trials.”?""*
The blockage of IL-1 activity with the recombi-
nant IL-1 receptor antagonist appears to be rela-
tively safe (a commercially available version known
as Anakinara). Recently, Hou et al. demonstrated an
antagonist superior to IL-1Ra could be developed
through the use of chimeric cytokine strategy.?' Spe-
cifically, by retaining both the binding site A of IL-
1Ra and the binding site B of IL-1B, the authors
were able to create a specific chimera (93:60) with
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85-fold higher affinity for IL-1RI compared to IL-
1Ra. In addition, this chimera also maintains bias
for IL-1RI over IL-1RII. Comparison of the crystal
structures of the binary complexes of chimera:IL-1RI
and IL-1B:IL-1RI reveals that all key interactions
were indeed preserved in the analogous chimera
binding sites A and B at the IL-1RI interface. As a
result of binding site grafting, the total buried sur-
face area of the chimera:IL-1RI complex is larger
than the respective binary complexes (178 A?
greater than IL-1B3:IL-1RI and 338 A? greater than
IL-1Ra:IL-1RI).2! The antagonistic effect from the
chimera could be partly due to the replacement of
B11-B12 loop of IL-1B8 with that of the IL-1Ra. This
loop in IL-1Ra was previously shown to be responsi-
ble in part for its antagonism.’? In addition, IL-1B
residues (G140, Q141, and D145) that were previ-
ously shown to be important for binding IL-1RAcP
were also replaced with IL-1Ra residues.21:5%75:76
Specifically, D145 was charge-reversed to a lysine in
both the IL-1Ra and the 93:60 chimera. Although
not presented in the chimera study, it is likely the
93:60 chimera will fail to recruit IL-1RAcP because
of the substitutions of the B11-B12 loop and the resi-
dues around residue D145 of IL-1B.

Conclusions

The IL-1 superfamily of cytokines plays critical roles
in immune response and autoimmune and inflam-
matory diseases. The structural biology research on
IL-1 superfamily signaling in the past two decades
have provided extensive information on not only the
architectures of the cytokines and receptors but also
the molecular principles that dictate their specific
binding and recognition. The structural and func-
tional data have provided key insights into the
mechanism by which the IL-1 superfamily signaling
is initiated and regulated. These insights provide
great opportunity for rational development of inhibi-
tors against specific cytokines for treating inflamma-
tory diseases. While many questions still remain
regarding the mechanism by which the signal of
cytokine:receptor binding transmits across the mem-
brane and triggers intracellular signaling.
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