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Interleukin-36 (IL-36) Ligands Require Processing for Full
Agonist (IL-36«;, IL-36 3, and IL-367) or Antagonist (IL-36Ra)
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Background: IL-36 proteins are IL-1 family members with a key role in the skin.

Results: Truncation of IL-36 ligands and IL-36Ra is required for full activity. IL-36Ra binds IL-1Rrp2 and prevents signaling.
Conclusion: The mechanism of action of IL-36Ra is directly analogous to that of IL-1Ra.

Significance: Protease(s) that activate IL-36 cytokines could be excellent drug targets for psoriasis.

IL-36¢, IL-36f3, and IL-367y (formerly IL-1F6, IL-1F8, and
IL-1F9) are IL-1 family members that signal through the IL-1
receptor family members IL-1Rrp2 (IL-1RL2) and IL-1RAcP.
IL-36Ra (formerly IL-1F5) has been reported to antagonize
IL-367y. However, our previous attempts to demonstrate IL-
36Ra antagonism were unsuccessful. Here, we demonstrate that
IL-36Ra antagonist activity is dependent upon removal of its
N-terminal methionine. IL-36Ra starting at Val-2 is fully active
and capable of inhibiting not only IL-367y but also IL-36« and
IL-36f. Val-2 of IL-36Ra lies 9 amino acids N-terminal to an
A-X-Asp motif conserved in all IL-1 family members. In further
experiments, we show that truncation of IL-36«, IL-368, and
IL-36y to this same point increased their specific activity
by ~103-10*fold (from EC5, 1 pg/ml to EC5, 1 ng/ml).
Inhibition of truncated IL-36 activity required ~10?-103-fold
excess IL-36Ra, similar to the ratio required for IL-1Ra to inhibit
IL-18. Chimeric receptor experiments demonstrated that the
extracellular (but not cytoplasmic) domain of IL-1Rrp2 or
IL-1R1 is required for inhibition by their respective natural
antagonists. IL-36Ra bound to IL-1Rrp2, and pretreatment of
IL-1Rrp2-expressing cells with IL-36Ra prevented IL-363-me-
diated co-immunoprecipitation of IL-1Rrp2 with IL-1RAcP.
Taken together, these results suggest that the mechanism of
IL-36Ra antagonism is analogous to that of IL-1Ra, such that
IL-36Ra binds to IL-1Rrp2 and prevents IL-1RAcP recruitment
and the formation of a functional signaling complex. In addi-
tion, truncation of IL-36«, IL-36f, and IL-36y dramatically
enhances their activity, suggesting that post-translational pro-
cessing is required for full activity.

The IL-1 family of cytokines consists of 11 members, includ-
ing the canonical IL-1 ligands, IL-1a (IL-1F1) and IL-1f3 (IL-
1F2), and their natural receptor antagonist, IL-1Ra (IL-1F3).
Other well studied ligands in this family are IL-18 (IL-1F4) and
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the recently characterized IL-33 (IL-1F11) (1, 2). IL-1 family
ligands signal through heterodimeric receptors. IL-1a and
IL-18 bind to their primary receptor, IL-1 receptor type 1 (IL-
1R1), which allows for recruitment of a second receptor sub-
unit, IL-1R accessory protein (IL-1RAP, IL-1RAcP). Formation
of the receptor heterodimer induces signaling, which typically
involves the activation of NF-kB and MAPK pathways (3).
IL-1Ra functions through binding to IL-1R1, thereby inhibiting
binding of IL-1« and IL-18. However, unlike IL-1a and IL-1f,
IL-1Ra binding to IL-1R1 does not allow recruitment of
IL-1RACcP and does not generate a functional signaling receptor
(4). IL-18 signaling occurs through a similar mechanism
whereby IL-18 binds initially to IL-18R, which allows recruit-
ment of a second receptor, IL-18RAP, which leads to signaling
and activation of NF-«kB and MAPKs (5). IL-18 also has a natu-
ral antagonist, IL-18-binding protein (IL-18BP). The mecha-
nism of IL-18BP inhibition is distinct from that of IL-1Ra in that
it inhibits IL-18 by binding to the ligand itself and preventing
IL-18 binding to its receptor (6).

IL-1F5, IL-1F6, IL-1F8, and IL-1F9 were, for a long time,
orphan ligands in the IL-1 family. In 2001, IL-1F9 was shown to
activate signal transduction in an IL-1Rrp2 (IL-1RL2)-depen-
dent manner (7), and the authors claimed that IL-1F5 antago-
nized this response. In 2004, these results were extended by the
demonstration that IL-1F6 and IL-1F8 also signal through
IL-1Rrp2 and that IL-1RAcP is a required co-receptor for
IL-1F6, IL-1F8, and IL-1F9 (8). The receptor requirements
for IL-1F6 were confirmed in vivo when IL-1F6 transgenic mice
were crossed onto an IL-1Rrp2 or IL-1RAcP null background
(9). Transgenic mice expressing IL-1F6 in basal keratinocytes
driven by the K14 promoter had a neonatal skin phenotype
characterized by acanthosis, hyperkeratosis, a mixed inflamma-
tory cell infiltrate, and elevated cytokine and chemokine
expression. The phenotype was most severe at postnatal day 7
and had overtly resolved by postnatal day 21. When K14/IL-1F6
mice were crossed onto the IL1RL2- or IL1RAP-deficient back-
ground, the phenotype was eliminated, demonstrating that
both receptors are required for IL-1F6 signaling in vivo. IL-1F6
mice on an ILIF5 heterozygous knock-out background had an
even more pronounced skin phenotype that did not resolve at
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weaning, and on a homozygous IL1F5-deficient background,
the majority of the IL-1F6 transgenic mice did not survive.
These results are consistent with IL-1F5 acting as an antagonist
of IL-1F6 in vivo. However, we found that, in vitro, IL-1F5 was
not a potent antagonist of IL-1F6 (or IL-1F8 and IL-1F9) (8).
IL-1F5, IL-1F6, IL-1F8, and IL-1F9 have been recently renamed
as IL-36Ra, IL-36q, IL-363, and IL-36y (10) and will be referred
to as such throughout the rest of the study.

IL-36Ra, IL-36a, IL-36f3, and IL-36 lack a conventional sig-
nal sequence, and although they are presumed to act extracel-
lularly, it is unclear how they are secreted (2). IL-18 and IL-18
have prodomains at their N termini that require cleavage by
caspase-1 for activation and secretion. The cellular processes
that control cleavage of pro-IL-18 and pro-IL-18 are highly
regulated and dependent on activation of the inflammasome
(11). IL-364, IL-36f3, and IL-367y contain no obvious prodo-
mains or caspase cleavage sites, and although they have biolog-
ical activity as full-length molecules, relatively high concentra-
tions are required to elicit maximal cellular responses (>1
pg/ml IL-36f is required for maximal activity, whereas IL-13
activity is maximal at <1 ng/ml in the same assay) (8).

In this study, we show that IL-36Ra is indeed an antagonist
not only of IL-367y but also of IL-36« and IL-3683 and demon-
strate that this activity requires removal of the N-terminal
methionine from IL-36Ra. More extensive N-terminal trunca-
tion of IL-36¢, IL-368, and IL-367y also leads to a dramatic
enhancement in their activity (>1000-fold). As expected from
this result, the truncated ligands bind to the IL-1Rrp2/IL-
1RACP receptor heterodimer with greater affinity than the full-
length ligands. IL-36Ra inhibits both the full-length and trun-
cated ligands; the ratio of antagonist to agonist required for full
inhibition is similar to that of IL-1Ra to IL-183. We further show
that IL-36Ra binds to IL-1Rrp2 and inhibits an IL-363-medi-
ated association of IL-1Rrp2 with IL-1RAcP in vitro. Therefore,
IL-36Ra antagonizes IL-36«, IL-36(3, and IL-36vy through a
mechanism analogous to IL-1Ra inhibition of IL-1e and IL-1p.

EXPERIMENTAL PROCEDURES

Expression of IL-36 Protein—The following IL-36 constructs
were generated, and protein was expressed in Escherichia coli.
(@) Untagged human IL-36«, IL-3683, and IL-36y and mouse
IL-36a, IL-36f3, and IL-36y (Met-1-Phe-158, Glu-157, Asp-
169, His-160, Lys-156, and Ser-164, respectively) were purified
by conventional means. (b) N-terminal truncation series of
mouse IL-36c« (Lys-3, Glu-4, Lys-5, Glu-6, Leu-7, and Arg-8, all
with a methionine added prior to the indicated N-terminal
amino acid to enable translation initiation, and Ser-8 and Ala-9,
which will not retain the initiating Met) were expressed as
fusion proteins containing a C-terminal FLAG-polyhistidine
tag (RSGSSDYKDDDDKGSSHHHHHH) and purified from
lysates via affinity chromatography over nickel-nitrilotriacetic
acid columns (Qiagen). (¢) N-terminally truncated human
IL-36a (Lys-6—Phe-158), human IL-368 (Arg-5-Glu-157),
human IL-36y (Ser-18 —Asp-169), mouse IL-36c (Arg-8 —His-
160), mouse IL-36f3 (Ser-4—Lys-156), mouse IL-367y (Gly-13—
Ser-164), and mouse IL-36Ra (Val-2—Asp-155) were expressed
in the vector pET SUMO (Invitrogen) and purified according to
the manufacturer’s instructions. (d) Two forms of human
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IL-36Ra (Met-1-Asp-155 and Val-2—Asp-155) were expressed
containing both a C-terminal FLAG-polyhistidine tag and an
N-terminal glutathione S-transferase fusion (separated from
the IL-36Ra by a factor Xa cleavage sequence (IEGR)) (EMD
Biosciences). The N-terminal tag was removed, and IL-36Ra
was purified according to the manufacturer’s instructions. In
addition, human IL-36Ra (Met-1-Asp-155) with a C-terminal
FLAG-polyhistidine tag was expressed in mammalian cells
(COS) and purified via affinity chromatography over a nickel-
nitrilotriacetic acid column.

Expression of IL-1Rrp2-Fc/IL-1RAcP-Fc Heterodimer—COS
cells were cotransfected with the extracellular domains of
human IL-1Rrp2 and IL-1RAcP, both fused at their C termini to
the Fc domain of human IgG1, and bioactive material in the
conditioned medium was purified by affinity chromatography
on IL-36(K6) (IL-36« starting at Lys-6) coupled to agarose,
followed by elution at pH 3.0 and immediate neutralization.
Some preparations were further purified by chromatography
on protein A-Sepharose.

Expression Constructs—Constructs for full-length IL-1R1
and IL-1Rrp2 were described previously (8). The IL-1Rrp2,,,./
IL-1R1;, chimera fused Met-1-Tyr-337 of IL-1Rrp2 to Met-
338-Gly-569 of IL-1R1. The IL-1R1_,/IL-1Rrp2;, chimera
fused Met-1-Phe-359 of IL-1R1 to Lys-360-Gly-575 of
IL-1Rrp2. The IL-8p-luciferase reporter contains 181 bp of the
human IL-8 promoter (see supplemental Fig. S4 for a list of
primers) in the pGL4.20- or pGL4.22-luciferase vector
(Promega).

Reporter Cell Lines and Assays—Human Jurkat T cells
(ATCC TIB-152) were stably transfected with the pGL4.20-
IL-8p-luciferase reporter construct and a tetracycline-in-
ducible expression vector (Invitrogen T-REx system) con-
taining the human ILIRrp2 gene to generate the Jurkat
T-REx/IL-8p-luciferase reporter cell line. For assay of
human IL-36 proteins, IL-1Rrp2 expression was induced
with 1 wg/ml doxycycline and 1 mm sodium butyrate for
18-24 h. Cells were then seeded in 96-well tissue culture
plates at 2 X 10° cells/well and treated with or without
IL-36Ra for 15 min before the addition of agonist ligands for
5 h, after which cells were lysed, and luciferasel IL-IR P2,
activity was measured. Mouse IL-36 proteins were assayed
using BaF3 pre-B cells stably expressing both murine (mu)?
IL-1Rrp2 and the IL-8p-luciferase reporter. Cells were
seeded in 96-well tissue culture plates at 75 X 10> cells/well
and treated with a dose titration of agonist ligands for 5 h
before measurement of luciferase activity. Inhibition of
IL-1R1, IL-1Rrp2, or chimeric receptors with IL-1Ra or
IL-36Ra was assessed by transfecting parental Jurkat cells
with the IL-8p-luciferase reporter and either IL-1R1,
IL-1Rrp2, or a chimeric receptor construct using Lipo-
fectamine 2000 transfection reagent (Invitrogen). 18-24 h
later, washed cells were seeded in 96-well tissue culture
plates at 2 X 10° cells/well and treated with or without inhib-
itors (IL-36Ra or IL-1Ra) for 15 min before the addition of
agonist ligands (IL-18 or IL-36«) for 5 h, followed by mea-
surement of luciferase activity.

2 The abbreviations used are: mu, murine; hu, human.
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Biacore Binding Assay—A Biacore T100 optical biosensor
was used. Goat anti-human IgG (Jackson ImmunoResearch
Laboratories) was immobilized (~7000 resonance units) on
flow cells 1 and 2 of a CM5 sensor chip (GE Healthcare), follow-
ing which the IL-1Rrp2/IL-1RAcP heterodimer was captured
(~250 resonance units) onto flow cell 2, whereas flow cell 1 was
used as a reference. IL-36 proteins (serial 3-fold dilutions) were
run over the chip at 25°C, and the association (4 min) and
dissociation (10 min) rates were monitored. Data were fit to a
1:1 binding model (global R_,.,) via Scrubber2 software (Bio-
Logic Software Pty. Ltd). Data were fit using a mass transport
model. The ligand concentrations used were as follows: IL-36a,
12.3-1000 n™m; IL-36(K6), 2.78 —25 nm; IL-363, 12.3—1000 nm;
IL-36B8(R5), 0.412-11.1 nm; IL-367y, 4.12-1000 nm; IL-
36y(S18), 0.309 -75 nwm; and IL-36Ra(V2), 12.3-333.3 nm.

Co-immunoprecipitation and Western Blotting—BaF3 cells
stably overexpressing mulL-1Rrp2 were pretreated with vari-
ous concentrations of mulL-36Ra or BSA (1 min, room temper-
ature), followed by the addition of 0.1 pg/ml mulL-363(S4) and
incubation at 37 °C for 4 min. Cells were lysed on ice (Clontech
phosphoprotein kit buffer A (635626) supplemented with
Roche Complete protease inhibitors (11836170001)), and
mulL-1RAcP was immunoprecipitated from cleared lysates
with anti-mulL-1RAcP antibody M215 (Amgen) (12). Co-im-
munoprecipitation of mulL-1Rrp2 was detected on Western
blots with a goat anti-mulL-1Rrp2 polyclonal antibody (R&D
Systems (AF2354)).

FACS Competition Studies—IL-1Rrp2 expression was
induced in Jurkat T-REx/IL-8p-luciferase reporter cells (see
above). 1 X 10° cells were blocked for 15 min on ice with FACS
buffer (PBS containing 3% fetal calf serum, 3% normal goat
serum, and 3% normal rabbit serum) alone or containing
IL-36(K6), IL-36Ra, or IL-1Ra (all at 1.5 uMm) as competitor.
They were then incubated for 90 min on ice in the same buffer
containing antibody at 6.7 nM (anti-mulL-1Rrp2 antibody
M145, anti-mulL-1RAcP antibody M49, or mouse anti-FLAG
control antibody M2 (all from Amgen)), washed, counter-
stained using a phycoerythrin-conjugated goat anti-mouse IgG
F(ab’), fragment (Jackson ImmunoResearch Laboratories), and
analyzed on a FACScan cell sorter (BD Biosciences).

RESULTS

IL-36Ra(V2) Inhibits IL-36a-, IL-36B-, and IL-367y-stimu-
lated IL-8 Promoter-driven Luciferase Activity in Jurkat Cells—
Previously, Debets et al. (7) demonstrated that IL-36Ra antag-
onizes IL-367 activity in IL-1Rrp2-transfected Jurkat cells. We
later reported that IL-36«, IL-36f3, and IL-36y are active in
IL-1Rrp2-transfected Jurkat cells, but we were unable to dem-
onstrate inhibition by IL-36Ra (8). In addition, although all
three ligands were active, the agonist doses required both in our
own study (8) and in that of Debets et al. (7) were much higher
than is typically seen for cytokines. To address the discrepancy
between our IL-36Ra in vitro results and those of Debets et al.
(7), we characterized several different recombinant IL-36Ra
preparations, including those produced in E. coli (as used pre-
viously) and in mammalian (COS) cells. IL-36Ra proteins were
examined for their ability to inhibit IL-36y activation of an IL-8
promoter-driven luciferase reporter in Jurkat cells stably
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FIGURE 1. Antagonistic activity of IL-36Ra requires removal of its N-ter-
minal methionine. A, Jurkat reporter cells were incubated with a dose titra-
tion of hulL-36Ra (starting at 1.18 um, 1:5 dilutions) expressed in E. coli or COS
cells before stimulation with hulL-36y (used at ECy, ~ 0.138 um). B, cells were
incubated with a dose titration of hulL-36Ra beginning with Met-1 (M1) or
Val-2 (V2) (starting at 1.18 um, 1:5 dilutions) before stimulation with hulL-36y
(used at ECyy ~ 0.138 um). C, cells were incubated with a dose titration of
hulL-36Ra(V2) (starting at 2.94 um, 1:5 dilutions) before stimulation with hulL-
36a (used at EC ~ 0.576 um), hulL-368 (used at ECyo ~ 0.209 um), or hulL-
36y (used at ECyo ~ 0.435 um). In A-C, all cells were treated with the hulL-36Ra
proteins for 15 min before the addition of agonist for 5 h, although in other
experiments, we have shown that simultaneous addition of IL-36Ra with the
IL-36 agonist is equally effective as preincubation with IL-36Ra prior to ago-
nist addition. IL-8p-luciferase activity was measured and is expressed as a
percentage of the luciferase activity in the absence of IL-36Ra (set at 100%).
IL-36Ra(V2) IC5, values were similar and ranged from 0.001 to 0.006 um. Data
are means * S.D. from one experiment (in duplicate or triplicate) that is rep-
resentative of at least three similar experiments with comparable results.
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a

expressing IL-1Rrp2. During characterization, a consistent dif-
ference in activity was observed between preparations gener-
ated in either COS cells or E. coli containing a free N terminus
versus those generated in E. coli with a cleavable N-terminal
GST domain that was removed post-purification via treatment
with factor Xa to yield an N terminus beginning with Met-1.
The latter were much less effective as antagonists of IL-36y-
induced signaling (Fig. 14). To understand the basis for this
differential activity, we compared the biochemical properties of
two of these preparations, one made in mammalian cells and
the other as an N-terminal GST fusion in E. coli. Both prepara-
tions behaved as monomers during size exclusion chromatog-
raphy (estimated mass of 17—18 kDa), and both migrated with
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an apparent mobility of 18 kDa when reduced and subjected to
SDS gel electrophoresis. Mass spectrometry analysis revealed
the mass of the factor Xa-cleaved IL-36Ra preparations to be
19,480 Da, consistent with a theoretical mass of 19,486 Da
(including the C-terminal FLAG-polyhistidine tag), whereas
the mass of the IL-36Ra-FLAG-polyhistidine polypeptides
expressed independently of the N-terminal GST tag was
observed to be 19,348 Da, a value of 138 Da less than the theo-
retical value of 19,486 Da. Removal of the N-terminal initiator
methionine from the non-GST-tagged IL-36Ra polypeptides by
endogenous methionyl aminopeptidases would result in a loss
of 131 Da. Edman degradation confirmed that the two IL-36Ra
preparations differed with respect to the presence of the N-ter-
minal methionine: the factor Xa-cleaved IL-36Ra construct
began with Met-Val-Leu-Ser-Gly-Ala-Leu, whereas the N ter-
minus of the non-N-terminally tagged IL-36Ra construct
yielded Val-Leu-Ser-Gly-Ala-Leu. Thus, removal of the N-ter-
minal methionine from IL-36Ra appeared to correlate with bio-
logical activity.

To confirm that the absence of the N-terminal residue and
not the host cell or some other uncharacterized difference was
the important variable, IL-36Ra forms starting at either Met-1
(M1) or Val-2 (V2) were generated in E. coli by use of a remov-
able N-terminal GST tag. The V2 version potently inhibited
IL-36v activity, whereas the M1 version was completely inac-
tive (Fig. 1B). Because IL-36a and IL-36f signal through the
same heterodimeric receptor complex as IL-367y, we tested
whether IL-36Ra could inhibit IL-36a and IL-36 activity. Jur-
kat reporter cells were preincubated with truncated IL-36Ra for
15 min, followed by stimulation with IL-36¢, IL-36(3, and
IL-36y at the EC,, concentration. IL-36Ra inhibited IL-36c
and IL-36f activity with comparable potency to inhibition of
IL-367. Therefore, IL-36Ra is an antagonist of IL-36«;, IL-36f,
and IL-36v, and removal of the N-terminal methionine is key to
IL-36Ra activity.

Specific Truncation of IL-36¢c, IL-36, and IL-367y Leads to
Dramatic Enhancement of Their Potency— As alluded to above,
unusually high doses of the agonist ligands IL-36¢, IL-3683, and
IL-36yare required to demonstrate biological activity (7, 8). We
wondered whether N-terminal truncation of these molecules
would lead to increased specific activity, similar to N-terminal
truncation of IL-36Ra. Accordingly, deletion series were con-
structed for IL-36 proteins in which increasing numbers of
amino acids were removed from the N termini and replaced
with a single methionine to allow translation initiation. For
each IL-36 protein, we found a particular N-terminal trunca-
tion that led to substantially increased activity (1000 —-10,000-
fold increase), whereas shorter or longer truncations had activ-
ity similar to the full-length protein (Fig. 2 (B and C), Table 1,
and supplemental Figs. S1 and S2). Interestingly, the amino acid
motif A-X-Asp (where A is an aliphatic amino acid) is con-
served in IL-1 family members because it plays a structural role
in forming the B-sheet structure, and if this motif is used to
anchor the sequence, then the N-terminal truncations leading
to dramatically increased specific activity of all IL-36 cytokines
(IL-36Ra, IL-36¢, IL-363, and IL.-367y) have their new N termi-
nus 9 residues N-terminal to the aliphatic residue (Fig. 24).
Interestingly, despite being more potent, the magnitude of the
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FIGURE 2. Truncating IL-36¢, IL-363, and IL-367y enhances their activity.
A, alignment of the protein sequences of human IL-36Ra, IL-36¢, IL-363, and
IL-367y highlighting the A-X-Asp (@XD) motif, the position 9 amino acids N-ter-
minal to it, and the hulL-36y truncations (positions —8, —9, and —10) gener-
ated for activity testing. B, Jurkat reporter cells were stimulated with a dose
titration of full-length (FL) hulL-36y (starting at 2.94 um, 1:5 dilutions) or hulL-
36y truncated at position —8, —9, or —10 (with respect to the A-X-Asp motif)
(hulL-36y(Q17) starting at 2.94 um, hulL-36y(S18) starting at 0.005 um, and
hulL-36y(M19) starting at 2.94 um; 1:5 dilutions). C, Jurkat reporter cells were
stimulated with titrations of full-length (starting at 2.35 um) or appropriately
truncated (starting at 0.002 um) hulL-36¢, IL-363, and IL-36y (1:5 dilutions) for
comparison.In Band C, all cells were stimulated with the IL-36 proteins for 5 h
before measurement of luciferase activity. Data are expressed as relative light
units (R.L.U) and are means = S.D. from one experiment (in duplicate) that is
representative of at least three similar experiments with comparable results.

response elicited by truncated IL-36¢, IL-36, and IL-36y was
comparable to that induced by full-length cytokines (Fig. 2C
and supplemental Fig. S2). Similar truncations in murine
IL-36Ra, IL-36¢, IL-36(3, and IL-36 also greatly enhanced the
activity of these cytokines (supplemental Fig. S3). Preliminary
experiments suggest that mouse truncated ligands have very
low activity on human cells, whereas human ligands act on
mouse cells with an ~2-3 log decrease in activity compared
with human ligands on human cells or mouse ligands on mouse
cells.

To understand the mechanism of increased activity of the
IL-36«, IL-368, and IL-367y truncations, we examined their
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receptor binding affinity. For unknown reasons, we have not
been able to express the extracellular domain of the IL-1Rrp2
receptor in a form that is active in binding ligand, but we have
managed to generate a small amount of IL-1Rrp2/IL-1RAcP
heterodimer that is capable of binding. The IL-1Rrp2/IL-
1RACcP heterodimer was immobilized on a Biacore flow cell,
and the binding of full-length and truncated ligands was mea-
sured. The truncated ligands bound to the receptor het-
erodimer with 1-35 X 10°-fold higher affinity compared with
the full-length ligands (Table 2). Similar to the cell-based activ-
ity data, full-length IL-36Ra was unable to bind to the receptor,
whereas IL-36Ra(V2) bound with an affinity intermediate
between the full-length and truncated agonist IL-36 ligands.
Thus, it appears that truncation of IL-36¢, IL-363, IL-36y, and
IL-36Ra leads to increased biological activity due to increased
affinity of the truncated ligands for the heterodimeric receptor.

IL-36Ra Inhibits Full-length and Truncated Ligands with
Similar Potency, but a Higher Molar Excess of IL-36Ra Is
Required for Inhibition of Truncated IL-36 Activity—IL-
36Ra(V2)isa potent inhibitor of full-length IL-36«, IL-363, and
IL-36y (Fig. 1C). When full-length or truncated ligands were
tested in the Jurkat assay at their EC,, concentrations,
IL-36Ra(V2) inhibited full-length and truncated proteins with
comparable IC., values (between 3 and 6 nm) (Figs. 1C and 3A).
However, when the data were plotted as a ratio of inhibitor to
stimulus (IL-36Ra to IL-36¢, IL-363, and IL-36), it was appar-
ent that a much greater molar excess of IL-36Ra was necessary
to inhibit the truncated ligands (Fig. 3B8). When IL-1Ra inhibi-
tion of IL-13 was examined in a similar assay (Jurkat cells trans-
fected with IL-1R1 and the IL-8p-luciferase reporter), it was
clear that the stoichiometry of IL-36Ra inhibition of the trun-
cated ligands was similar to the stoichiometry of IL-1Ra inhibi-
tion of IL-13 activity, whereas the molar excess of IL-36Ra inhi-
bition of the full-length ligands was comparable to that

TABLE 1

Truncating IL-36 ligands enhances their activity

EC,, values compare the activities of full-length and truncated human IL-36c,
IL-36f3, and IL-367 stimulation of Jurkat reporter cells (data are from the same
experiment as depicted in Fig. 2C). EC,, values were obtained using a 4-parameter
curve fit in GraphPad Prism.

Ligand EC;, Increase in activity
nm -fold
IL-36a 206
IL-360(K6) 0.066 ~3000
1L-363 120
IL-36B(R5) 0.015 ~8000
IL-36y 177
IL-367y(S18) 0.122 ~1500

TABLE 2

reported by Debets et al. (7) with significant inhibition at a 1:1
ratio of IL-36Ra to the full-length ligands.

Mechanism of Action of IL-36Ra Is Similar to That of IL-1Ra—
To further determine the mechanism of IL-36Ra antagonism of
IL-36¢, IL-363, and IL-36, we utilized chimeric receptors con-
taining either the IL-1Rrp2 extracellular domain fused to the
IL-1R1 transmembrane and cytoplasmic domains or the IL-1R1
extracellular and transmembrane domains fused to the IL-
1Rrp2 cytoplasmic domain as described previously (13). IL-1Ra
inhibits IL-1 signaling by binding to the same site on IL-1R1
that is used by IL-1a and IL-1, thereby preventing the agonist
ligands from binding to the receptor. If IL-36Ra acts via a sim-
ilar mechanism, then antagonism by IL-36Ra should require
only the extracellular domain of IL-1Rrp2, and thus, IL-36Ra
inhibition should be observed with the chimeric construct con-
taining the IL-1Rrp2 extracellular domain and the IL-1R1 cyto-
plasmic domain (IL-1Rrp2 . /IL-1R1,,). To test this hypothe-
sis, we transfected Jurkat cells, which endogenously express
IL-1RAcP (but not IL-1R1 or IL-1Rrp2), with full-length
IL-1R1, full-length IL-1Rrp2, or the chimeric receptors (IL-
1Rrp2,,/IL-1R1,, or IL-1R1_ /IL-1Rrp2 ;) and the IL-8p-lu-
ciferase reporter. Cells were stimulated with IL-36« (full-length
or truncated) or IL-18 in the presence or absence of IL-36Ra or
IL-1Ra. IL-36Ra inhibited activation of the IL-8p-luciferase
reporter only in cells transfected with full-length IL-1Rrp2 or
IL-1Rrp2,,/IL-1R1;, constructs (Fig. 4A). Likewise, IL-1Ra
inhibited cells transfected only with IL-1R1 or IL-1R1_/IL-
1Rrp2,, constructs, demonstrating that only the extracellular
domain of the respective receptors is required for inhibition by
IL-36Ra and IL-1Ra. This suggests that [L-36Ra inhibits IL-36c,
IL-368, and IL-36 through a mechanism similar to that of IL-
1Ra inhibition of IL-1« and IL-1.

IL-1a or IL-1B binding to IL-1R1 leads to subsequent
recruitment of the second subunit, IL-1RAcP, which is neces-
sary for signal transduction. IL-1Ra not only blocks binding of
IL-1 or IL-1P to the receptor but also fails to enable IL-1RAcP
recruitment. We asked whether IL-36Ra acts similarly. Murine
BaF3 B cells transfected with IL-1Rrp2 were stimulated with
full-length or truncated mulL-3683(S4) in the presence of
IL-36Ra or a control protein, BSA. After stimulation, cell lysates
were immunoprecipitated with an anti-IL-1RAcP antibody,
and recruitment of IL-1Rrp2 into a heterodimeric receptor
complex was monitored by Western blotting of the immuno-
precipitate with an anti-IL-1Rrp2 antibody. mulL-368 pro-
moted the association of IL-1Rrp2 with IL-1RAcP as evidenced
by the coprecipitation of IL-1Rrp2 with IL-1RAcP (Fig. 4B).

out

Truncated IL-36 ligands display enhanced binding to an IL-1Rrp2/IL-1RAcP heterodimer

The binding affinities of full-length and truncated ligands for human IL-36¢, IL-363, and IL-36y and truncated IL-36Ra(V2) to an IL-1Rrp2/IL-1RAcP heterodimer were
determined in a Biacore binding assay. Full-length IL-36Ra did not bind. IL-36Ra(V2) was tested in a separate experiment from the rest.

Ligand k, on-rate k, off-rate K, Improvement with truncation
M st s1 nm -fold

IL-36a 254 X 10° 1.94 X107 762

IL-36a(K6) 8.59 X 10° 1.83X107° 0.021 ~36,000

IL-3683 4.66 X 10* 4.33 X 1073 92.9

IL-36B(R5) 3.52 X 10° 2.58 X 107° 0.007 ~13,000

IL-36y 4.67 X 10° 6.76 X 107* 144

IL-36y(S18) 1.87 X 10° 274X 107° 0.147 ~980

IL-36Ra(V2) 8.33 X 10° 8.47 X 1072 10.2
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FIGURE 3. Large molar excess of IL-36Ra is required to block truncated
IL-36 agonist activity. A, Jurkat reporter cells were treated with a dose titra-
tion of hulL-36Ra(V2) (starting at 2.94 um, 1:5 dilutions) for 15 min before the
addition of human IL-36a(K6), IL-363(R5), and IL-36y(S18) at their ECqy, con-
centrations (IL-36a(K6), ~0.118 nm; IL-363(R5), ~0.019 nm; and IL-36y(S18),
~0.294 nm) for 5 h. IL-8p-luciferase activity was measured and is expressed as
a percentage of the luciferase activity in the absence of IL-36Ra (set at 100%).
IL-36Ra IC;, values were similar for inhibition of IL-36«, IL-36 3, and IL-36yand
ranged from 0.003 to 0.006 um. B, Jurkat cells were transiently transfected
with hulL-1R1 and the IL-8p-luciferase reporter. Cells were treated with a dose
titration of hulL-1Ra (starting at 0.294 um, 1:5 dilutions) for 15 min before the
addition of hulL-1p at the EC,, concentration (IL-13, ~0.647 pm). IL-8p-lucif-
erase activity was measured and is expressed as a percentage of the luciferase
activity in the absence of inhibitor. The ratios of IL-1Ra to IL-18 and of IL-36Ra
to IL-36 agonist were calculated and are plotted versus the percentage of
IL-8p-luciferase activity. The ratios of IL-36Ra(V2) to full-length (FL) and trun-
cated IL-36 agonists were calculated from Fig. 1C and panel A. Data are
means * S.D. from one experiment (in duplicate) that is representative of at
least three similar experiments with comparable results.

Truncated mulL-368(S4) at 0.1 ug/ml promoted this associa-
tion more efficiently than full-length mulL-3683 at 50 ug/ml.
Pretreatment of cells with mulL-36Ra(V2) inhibited mulL-
36B(S4)-mediated IL-1Rrp2 association with IL-1RAcP in a
dose-dependent manner, whereas the BSA control had no
effect (Fig. 4B). Therefore, IL-1Rrp2 and IL-1RACcP associate in
an IL-363-dependent manner, and IL-36Ra prevents this asso-
ciation. This result is consistent with IL-36Ra binding to
IL-1Rrp2 and preventing the binding of IL-36«, IL-36(3, and
IL-36 and the subsequent recruitment of IL-1RAcP to gener-
ate a competent signaling receptor.

IL-360 and IL-36Ra Bind to IL-1Rrp2 on the Surface of Cells—
For unknown reasons, we have been unable to detect binding of
IL-36 proteins to IL-1Rrp2-expressing cells via FACS. How-
ever, we raised an antibody to human (hu) IL-1Rrp2, M145,
which can both detect IL-1Rrp2 cell surface expression and
inhibit IL-36¢, IL-36, and IL-36+ activity in vitro (data not
shown). Because M145 is a neutralizing antibody, it likely
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FIGURE 4. IL-36Ra blocks IL-36 ligand binding to the IL-1Rrp2 receptor
and the subsequent recruitment of IL-1RACP. A, Jurkat cells were trans-
fected with the IL-8p-luciferase reporter along with various receptor con-
structs. Cells were treated with 1.18 um hulL-1Ra or hulL-36Ra(V2) for 15 min
before the addition of full-length (FL) hulL-36« (0.059 um), truncated (Trunc.)
hulL-36a (0.006 wMm), or hulL-18 (0.059 nm) for 5 h. Luciferase activity was
measured and is expressed as relative light units (R.L.U). Data are means =
S.D. from one experiment (in quadruplicate) that is representative of at least
three similar experiments with comparable results. B, murine BaF3 cells stably
overexpressing mulL-1Rrp2 were pretreated with 0.2, 0.5, 5, or 50 ug/ml
mulL-36Ra(V2) or the BSA control for 1 min before the addition of 0.1 ug/ml
mulL-363(54) for 4 min at 37 °C. Control samples receiving no mulL-36Ra(V2)
or BSA were treated with 50 ug/ml full-length mulL-3683, 0.1 pg/ml mulL-
36[3(S4), or medium alone. mulL-1RAcP was immunoprecipitated from cell
lysates overnight with an anti-mulL-1RAcP antibody. Co-immunoprecipita-
tion of IL-1Rrp2 was detected with an anti-mulL-1Rrp2 antibody by Western
blotting. Data are representative of at least three similar experiments with
comparable results.

inhibits binding of IL-36«, IL-36f3, and IL-36 to the recep-
tor. We used this antibody to investigate to which receptor
subunit IL-36 proteins bind. Jurkat reporter cells were pre-
incubated with or without IL-36a(K6), IL-36Ra(V2), or
IL-1Ra as a control for 15 min before M145 antibody stain-
ing. An irrelevant anti-FLAG antibody did not stain the Jur-
kat cells and was used as a negative control. As shown in Fig.
5A, IL-36a(K6) competed with M145 completely at a 220:1
molar ratio. Similar data were obtained for truncated IL-363
and IL-36y (data not shown). IL-36Ra(V2) also competed
with M145 staining, but the inhibition was not complete.
IL-1Ra did not compete with M145 binding to IL-1Rrp2. The
same experiment was conducted with an anti-IL-IRAcP
antibody, M49. IL-36a(K6), IL-36Ra(V2), and IL-1Ra did not
compete with the anti-IL-1RAcP antibody (Fig. 5B). These
results demonstrate that IL-36a and IL-36Ra bind to
IL-1Rrp2 but not to IL-1RAcP. Taken together, the results
suggest that IL-36Ra inhibits IL-36«, IL-36f3, and IL-367y
activity by binding to the IL-1Rrp2 receptor and preventing
IL-36a, IL-368, and IL-367 binding, without itself leading to
the recruitment of IL-1RAcP to form a functional signaling
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FIGURE 5.IL-36Ra(V2) and IL-36 «(K6) can compete with anti-IL-1Rrp2 antibody binding. A, Jurkat reporter cells were preincubated with or without human
IL-36(K6), IL-36Ra(V2), or IL-1Ra for 15 min before staining with anti-hulL-1Rrp2 antibody or anti-FLAG control antibody. B, Jurkat reporter cells were prein-
cubated with or without human IL-36(K6), IL-36Ra(V2), or IL-1Ra for 15 min before staining with anti-hulL-1RAcP antibody or anti-FLAG control antibody. Data
are representative of at least two similar experiments with comparable results. PE, phycoerythrin.

complex. This is exactly parallel to the mechanism used by
IL-1Ra to inhibit IL-1« and IL-1p.

DISCUSSION

IL-1 family cytokines play critical roles in the function of
the innate and adaptive immune system (2). IL-36¢, IL-36p,
and IL-367y signal through a shared receptor to activate
NF-«B and MAPKs and have important roles in skin pathol-
ogy. A number of mysteries have surrounded the biology of
the IL-36 ligands. For instance, unusually high levels of cyto-
kine have been required in previous studies to elicit a biolog-
ical response. Moreover, IL-36Ra was claimed to antagonize
IL-36% (7), but we were unable to replicate these results (8).
We have shown here that IL-36Ra is indeed an antagonist of
not only IL-367y but also IL-36a and IL-368. Antagonist
activity requires removal of the N-terminal methionine pres-
ent in the primary translation product. The mechanism of
antagonism by IL-36Ra is exactly analogous to that used by
IL-1Ra to inhibit IL-1. Finally, we have demonstrated that
like IL-36Ra, IL-36¢, IL-36f3, and IL-36vy have dramatically
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enhanced activity when N-terminally truncated to a specific
position.

Most likely, our earlier failure to reproduce claims of
IL-36Ra antagonism was due to our use of an N-terminal tag
to facilitate purification, followed by cleavage in vitro to
leave the intact full-length protein. Methionyl aminopepti-
dases in cells normally cleave the initiating methionine when
it is followed by a small amino acid residue (14) such as the
valine at position 2 in IL-36Ra. We have shown that
IL-36Ra(V2) is a potent antagonist of not only IL-36v, as
demonstrated earlier (7), but also IL-36« and IL-3683. We
used chimeric receptors to demonstrate that the extracellu-
lar domain of IL-1Rrp2 is necessary and sufficient for
IL-36Ra inhibition of IL-363. We further demonstrated that
IL-1Rrp2 and IL-1RAcP associate in a ligand-dependent
manner and that IL-36Ra is able to prevent this association.
Finally, we demonstrated using FACS that both IL-36Ra and
the agonist ligand IL-36a bind to the IL-1Rrp2 subunit of the
receptor rather than to IL-1RAcP. All of these results lead to
the conclusion that IL-36Ra inhibits IL-36«, IL-368, and
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IL-36v action in a manner parallel to that used by IL-1Ra to
inhibit IL-1c and IL-13 activity.

Having found that removal of the N-terminal methionine is
key to IL-36Ra activity, we wondered whether N-terminal trun-
cation of the IL-36 agonist ligands could also lead to enhanced
specific activity. Full-length IL-36«, IL-36f3, and IL-36y had
been shown to induce NF-«kB and MAPKs as well as IL-6 and
IL-8 secretion; however, high concentrations (EC,, values in
the um range) were required for these activities (8). Because
other IL-1 family members such as IL-1¢, IL-13, and IL-18 have
EC,, values in the low nM range, it seemed that the activity of
IL-36¢, IL-363, and IL-36y was not optimal. Indeed, truncation
of IL-36q, 1L-36f3, and IL-36Y to a specific position 9 amino
acids N-terminal to a conserved A-X-Asp motif resulted in a
dramatic enhancement of their activity, resulting in EC, values
in the low nm range. In addition, IL-36Ra inhibition of the trun-
cated ligands looks much more similar to IL-1Ra inhibition of
IL-1B in that a substantial molar excess is required for
inhibition.

One remaining unanswered question concerns the mecha-
nism of secretion of the IL-36 ligands. Similar to IL-1«, I[L-1p,
and IL-18, IL-36¢, IL-36B, and IL-367 are translated from
mRNAs that do not encode a signal sequence (15, 16). The
cellular processes that control post-translational processing
and the export of IL-18 and IL-18 are complex and involve
activation of the inflammasome and cleavage of the full-length
molecule by caspase-1 (11, 17). It is unclear whether trunca-
tion of IL-36 is coupled to release of the cytokines, but it is
unlikely that IL-36 processing occurs via caspase-1, as the
amino acid sequences surrounding the truncation sites do
not resemble a caspase-1 site. Moreover, no evidence of
IL-36a processing was observed in transfected mouse
macrophages under conditions in which caspase-1 activa-
tion of pro-IL-1B occurred (18). The protease responsible
for cleaving IL-36¢, IL-363, and IL-367y is unknown. It is also
unclear whether a single protease is responsible for cleavage
of all three cytokines. The sequences of the three ligands
surrounding the truncation sites bear little similarity to one
another, and therefore, it is possible that distinct proteases
are responsible for cleaving the individual ligands.

Transgenic overexpression of IL-36c in mouse epidermis
results in an inflammatory skin condition at birth that resolves
by 2—-3 weeks of age (9). The skin of young adult IL-36« trans-
genic mice is histologically normal, but application of phorbol
ester rapidly elicits a pronounced inflammatory state that
strongly resembles human plaque psoriasis in its histological
and molecular characteristics and responsiveness to therapeu-
tic agents (19). It is unclear why the skin phenotype resolves in
transgenic mice at weaning or why the adult transgenic mice
are hyper-responsive to irritants, but it does not appear to be
simply due to IL-36a or IL-36Ra expression levels, as there
are only modest changes in expression in either condition that
are unlikely to account for such a dramatic change in pheno-
type. It is possible that the key change is in the expression or
activation of the protease required for truncation of IL-36« into
its active form, which could be regulated temporally and/or by
phorbol ester. The antagonistic role of IL-36Ra in vivo is clearly
demonstrated by the successively more severe inflammation
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seen when the IL-36a transgene is crossed onto IL-36Ra*’~

and IL-36Ra~/~ backgrounds (9). IL-36 cytokines also appear
to be important in human psoriasis, as they are strongly ele-
vated in psoriatic lesional tissue, and the phenotype of human
psoriasis lesional skin transplanted onto immunodeficient mice
is normalized when the mice are treated with an anti-hulL-
1Rrp2 antibody (9, 19). In addition, a rare life-threatening form
of psoriasis, generalized pustular psoriasis, has recently been
shown to be caused by mutations in IL-36Ra (20, 21). Together,
these data suggest that IL-36«, IL-36f3, and IL-367 play a sig-
nificant role in human psoriasis and that the protease(s)
involved in activation of these cytokines would be excellent
drug targets.
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