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Years after HSCT

Fig. 1 Overall survival. Kaplan Meier estimate of survival probability of
all study patients. | delincates a censored event

but 5 patients had platelet counts of >150x10% /ul (See
Supplementary table 1). None had unusual bleeding ten-
dency. Patient 14 who had become 100 % donor had a
platelet count of 39x10° /ul, but no bleeding problems.
Interestingly, his donor was a matched sister who was a
carrier for the 559+5G>A mutation who had mild throm-
bocytopenia with a platelet count of 39x 10 /ul [11]. The
progressive IgA nephropathy affecting patients 19 and 20
improved clinically and by renal biopsy and both patients
remained in remission at 3 and 13.5 years, respectively,
after cessation of immunosuppressive therapy post trans-
plantation [12]. The overall survival rate of our cohort
was 83.3 %. Importantly, the patients recovered from
pretransplant symptoms and transplantation related com-
plications including GVHD and thrombotic microangiop-
athy. However, HSCT is not a benign procedure and may
result in long-term complications such as chronic GVHD,
infertility, or loss of the graft. In view of the excellent
overall but unfavorable event-free survival of patients
with XLT treated conservatively, it is imperative to ad-
dress all aspects of HSCT before a decision is made for or
against transplantation of patients with XLT. There are
variables such as the experience of the transplant center,
the health status of the patient, donor selection, condition-
ing regimen, and GVHD prophylaxis, the possibility of
chronic GVHD, infertility, graft rejection. Our retrospec-
tive data analysis suggests that HSCT with myeloablative
conditioning can be curative and considered a safe treat-
ment option for XLT patients, and is not limited to pa-
tients<5 years of age, especially if an HLA identical
sibling or a fully matched (9/10 or better) unrelated donor
is available.
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Two Novel Gain-of-Function Mutations of STAT1 Responsible
for Chronic Mucocutaneous Candidiasis Disease: Impaired
Production of IL-17A and IL-22, and the Presence of
Anti-IL-17F Autoantibody

Yasuhiro Yamazaki,* Masafumi Yamada,* Toshinao Kawai,” Tomohiro Morio,*
Masafumi Onodera,” Masahiro Ueki,* Nobuyuki Watanabe,” Hidetoshi Takada,®
Shunichiro Takezaki,* Natsuko Chida,* ¥ Ichiro Kobayashi,* and Tadashi Ariga*

Heterozygous gain-of-function (GOF) mutations of STATI are responsible for chronic mucocutaneous candidiasis disease
(CMCD), one of the primary immunodeficiency diseases characterized by susceptibility to mucocutaneous Candida infection.
To date, 30 aa changes have been reported: 21 in the coiled-coil domain and 9 in the DNA-binding domain. In this study, we report
two novel STATI GOF mutations of p.K278E in coiled-coil domain and p.G384D in DNA-binding domain in Japanese CMCD
patients. Ectopic expression of these STAT1 mutants in HeLa cells was associated with increased phosphorylation of the mutant
and the endogenous wild-type STAT1 due to impaired dephosphorylation, indicating heterodimers of the wild-type and mutant
STAT1 cause impaired dephosphorylation, as did homodimers of the mutants. Because IL-17A production was not significantly
reduced at least in one of the patients following PMA plus ionomycin stimulation, we further studied Th17-associated cytokines
IL-17A, IL-17F, and IL-22 in response to more physiologically relevant stimulations. IL-17A and IL-22 production from PBMCs
and CD4" cells was significantly reduced in four patients with STATI GOF mutations, including the previously reported R274Q in
response to anti-CD3 plus anti-CD28 Abs or Candida stimulations. In contrast, IL-17F production was comparable to healthy
controls in response to anti-CD3 plus anti-CD28 Abs stimulation. These results indicate impaired production of IL-17A and IL-22
rather than IL-17F was associated with the development of CMCD in these patients. Additionally, only the anti-IL-17F autoan-
tibody was detected in sera from 11 of 17 patients with STATI GOF mutations, which may be useful as a marker for this disease.
The Journal of Immunology, 2014, 193: 000-000.

ized by susceptibility to Candida infection of the skin, isolated CMC or CMC disease (CMCD). Extensive analyses of

C hronic mucocutaneous candidiasis (CMC) is character- identified ACT1 deficiency (1, 2). This condition is described as
nails, and mucosal membrane. CMC can occur as one of CMCD patients resulting from impaired Th17 immunity have

the various manifestations in patients with primary immunodefi- indicated the role of Th17 cells and Th17-associated cytokines in
ciency diseases such as SCID, STAT3-deficient hyper-IgE syn- host defense against mucocutaneous Candida infection. In 2011,
drome (HIES), and autoimmune polyendocrine syndrome type 1 heterozygous STAT/ mutations were reported as a cause of CMCD

(APS1). Alternatively, CMC can be the only manifestation in (3, 4), and since then, 30 aa changes have been reported: 21 in the
patients with IL-17F deficiency, IL-17RA deficiency, or recently coiled-coil domain (CCD) and 9 in the DNA-binding domain
(DBD) (see Fig. 1A) (3-13). Accumulatéd data indicated these
mutations account for around half of CMCD patients and were
*Department of Pediatrics, Hokkaido University Graduate School of Medicine, Sap- . . . . MC P .S
poro 060-8638, Japan; "Department of Human Genetics, National Center for Child associated with gain of STAT! function due to impaired dephos-
Health and Development, Tokyo 157-8535, Japan; *Department of Pediatrics and phorylation of STAT1 (4, 13). The development of CMCD in this
Developmental Biology, Tokyo Medical and Dental University, Tokyo 113-8519, . ATer ittt e . L P .
Japan; li:]L)epurtmem obf Pediatrics, Graduate School of Medical Sciences, Kyushu disorder could be also attrfbutable to l.mp aired Th17 lmm”m“f (3’ 4,
University; Fukuoka 812-8582, Japan; and ”Department of Dentistry for Children 13, 14), althOUgh the precise mechanisms have not been elucidated.
;nd Disagé%jgg?go?& Hokkaido University Graduate School of Dental Medicine, In the present study, we describe two novel STATI mutations of
Apporo TREREIED, apan o p.K278E and p.G384D in CCD and DBD, respectively, in three
Received for publication June 9, 2014. Accepted for publication September 10, 2014. CMC patients. These mutations were associated with gain of
This work was supported in part by a grant for Research on Intractable Diseases from STAT1 function due to impaired dephosphorylation of STAT, but
the Japanese Ministry of Health, Labor, and Welfare. . + S .
the proportion of IL-17A™ cells was not significantly reduced in
one of the patients after PMA plus ionomycin (IOM) stimulation.

Address correspondence and reprint requests to Dr. Masafumi Yamada, Department
of Pediatrics, Hokkaido University Graduate School of Medicine, North 15 West 7,

Kita-ku, Sapporo 060-8638, Japan. E-mail address: yamadam@med.hokudai.ac.jp Thus, we further studied Thl7-associated cytokines IL-17A, IL-
Abbreviations used in this article: ANA, anti-nuclear Ab; APS1, autoimmune poly- 17F, and IL-22 in response to more physiologically relevant
endocrine syndrome type 1; CCD, coiled-coil domain; CD3/28, anti-CD3 plus anti- stimulations (15) and found impaired production of IL-17A and
CD28 Abs; CMC, chronic mucocutaneous candidiasis; CMCD, chronic mucocuta- IL-22 but ¢ TL-17F. Wi 1 tudied ibodi .

neous candidiasis disease; DBD, DNA-binding domain; EGFP, enhanced GFP; GOF, ut no . ¢ also studied autoantiboaies against
gain-of-function; HIES, hyper-IgE syndrome; ILC, innate lymphoid cell; 1OM, ion- Thl7-associated cytokines in 17 patients with STAT! GOF

omycin; IP10, IFN-y~inducible protein 10; LCL, lymphoid cell line; rh, recombinant mutations based on the facts that these patients manifest various

human; WT, wild-type. . . } . . .
e autoimmune disorders (3, 4), and that patients with APS1 exhib-

Copyright © 2014 by The American Association of Immunologists, Inc. 0022-1767/14/$16.00 iting various autoimmune disorders were shown to have neutral-
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izing autoantibodies against various Th17-associated cytokines that
could be associated with the development of CMC (16, 17). Patients
with STAT! GOF mutations were demonstrated to have anti~IL-17F
autoantibody, although no neutralizing activity was observed.

Materials and Methods
Patients

Patient 1 is a 20-y-old woman born to nonconsanguineous healthy Japanese
parents. Recurrent oral thrush developed since the age of 1 y. She also had
recurrent herpes zoster more than five times since the age of 4 y, and re-
current stomatitis about once every 2 mo that persisted around a week every
time. Candida esophagitis developed at the age of 18 y. Impetigo con-
tagiosa on the right thigh developed at the age of 19 y.

- Patient 2 is a 35-y-old woman who had suffered from repetitive oral
thrush and stomatitis since infancy. She had atopic dermatitis treated by anti-
allergy drugs and topical corticosteroid. Bronchiectasis developed at the age of
18 y. Esophageal stenosis possibly caused by Candida esophagitis developed
at the age of 19 y, which required balloon dilatation for swallowing foods.
Iron-deficiency anemia had developed since her late 20s. She suffered from
herpes zoster infection three times at the age of 11, 30, and 33 y.

Patient 3 is a 5-y-old boy who is a son of patient 2. He had oral thrush and
onychomycosis, and was diagnosed as having CMC at the age of 1 y. Herpes
zoster infection developed at the age of 4 y.

Patients 1, 2, and 3 had normal proportion of lymphocytes and their
subsets with normal levels of serum y-globulins. These 3 patients had not
presented with endocrine diseases or autoimmune diseases.

Patient 4 is a 14-y-old boy with a heterozygous GOF mutation of
p-T385M affecting the DBD of STAT! as described previously (13). We
studied patient 4 as a control to study the phosphorylation state of STATI
GOF.

Patient 5 is an 18-y-old woman with a heterozygous GOF mutation of
p-R274Q affecting the CCD of STAT! as described previously (13). We
studied patient 5 as a control to analyze Thl7-associated cytokine pro-
duction.

Informed consent for genetic analysis was obtained from the patients as
well as normal controls under a protocol approved by the Institutional
Review Board of Hokkaido University Hospital.

DNA isolation, PCR, and sequence analysis of PCR products

These procedures were performed following the methods described else-
where (18).

Generation of EBV-transformed cell lines

EBV-transformed cell lines (EBV-lymphoid cell lines [LCLs]) were gen-
erated by in vitro transformation of human B cells with EBV (strain B95-8)
as described elsewhere (18). Based on the results of STAT!/ sequence
analysis, EBV-LCLs from patients 1, 3, and 4 with the heterozygous muta-
tions of p.K278E, p.G384D, and p.T385M were designated as K278E/
wild-type (WT), G384D/WT, and T385M/WT, respectively. Two EBV-
LCLs from healthy controls were designated as WT1 and WT2.

Measurement of IFN-y—inducible protein 10 concentration in
supernatant of EBV-LCLs using cytometric bead array

This procedure was performed following the methods described elsewhere

(13).

Transient transfection of plasmids expressing STATI—-enhanced
GFP WT or mutants into HeLa cells

To evaluate the phosphorylation state of the ectopically expressed STAT]
and the endogenous WT STAT| separately, we prepared the constructs
expressing STAT |-enhanced GFP (EGFP) fusion protein, which was made
by inserting WT STATI cDNA into the pEGFP-N1 vector (BD Bio-
sciences, Franklin Lakes, NJ) multicloning site. We generated STAT/
mutants with K278E, G384D, or T385M by mutagenesis (PrimeSTAR
mutagenesis basal kit, TaKaRa Bio, Shiga, Japan) following the manu-
facturer’s protocol. HeLa cells- were stripped by trypsin treatment 7 h
before transfection and replaced at a density of 2.5 X 10° cells/ml in six-
well plates. Plasmid DNA (5 pg/plate) carrying the WT or the various
mutants or without STAT/ alleles was used for cell transfection with the
TransIT-LT1 reagent (Mirus Bio, Madison, WI). HelLa cells stimulated
with recombinant human (th)IFN-y or rhIFN-a 36 h after transfection
were harvested by trypsin. Transfection efficiencies were evaluated by
FACSCalibur on the basis of the EGFP" cells.
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Studies of STATI phosphorylation state and staurosporine
treatment of cells

A total of 1 X 10 cells/ml EBV-LCLs in RPMI 1640 with 10% FBS or
transfected HeLa cells as described above were stimulated with 1:1000
diluted rhIFN-y (Shionogi, Osaka, Japan) for 30 min, or 1500 U/ml rhIEN-o
(BioSource International, Camarillo, CA) for 15 min in 5% CO, at 37°C.
For staurosporine treatment, these cells were then incubated with 1 WM
staurosporine (Alomone Labs, Jerusalem, Israel), the tyrosine kinase in-
hibitor, in 0.5% DMSO final concentration for 15 min successively. The
cells were harvested, and nuclear extracts obtained as described previously
(13) were subjected to immunoblot analysis.

Immunoblot analysis for the studies of STATI phosphorylation
state

This procedure was performed basically following the methods described
previously with minor modification (13). Briefly, the SNAP i.d. 2.0 protein
detection system (EMD Millipore, Billerica, MA) was used for the de-
tection of STAT1, p-STATI, and lamin A based on the manufactures
protocols. All of the primary Abs were used at 1:2500 dilution. HRP-
conjugated anti-mouse 1gG secondary Ab (GE Healthcare, Buck-
inghamshire, U.K.) was used at 1:2500 dilution. The blots were then
visualized by Luminata Forte Western HRP substrate (EMD Millipore).

Analysis of the production of IL-17A, IL-17F, IL-22, IFN-v,
and IL-4 from PBMCs and CD4™ cells

PBMCs were recovered by centrifuging blood samples on Ficoll gradients.
CD4* cells were positively selected by magnet sorting using CD4
microbeads (human) (Miltenyi Biotec, Auburn, CA) from PBMCs fol-
lowing the manufacturer’s instructions. They were then adjusted to | X
10° cells/ml in RPMI 1640 containing 10% FBS. For stimulation with anti-
CD3 plus anti-CD28 Abs (CD3/28), 1 X 10° cells/m! PBMCs were stimu-
lated with 25 pl Dynabeads Human T-Activator CD3/28 (Life Technologies,
Oslo, Norway) for 72 h. For Candida stimulation, PBMCs were stimulated
with 100 pg/ml Candida Ag for skin test (Torii Pharmaceutical, Tokyo,
Japan) for 72 h. CD4" cells were stimulated with 25 pl Dynabeads Human
T-Activator CD3/28 for 1 X 10° cells/ml for 72 h, and 400 ng/ml PMA and
10 pwg/ml IOM for 6 h. The concentration of IL-17A, IL-17F, IFN-y, and IL-4
in the supernatant was measured with cytometric bead array (BD Biosciences)
following the manufacturer’s instructions. 1L-22 was measured with a human
1L-22 Quantikine ELISA kit (R&D Systems, Minneapolis, MN). Data from
triplicate independent experiments are reported as the means *= SD. The
p values were calculated with a Mann-Whitney U test. The purity-of CD4*
cells was examined with FACSCalibur using anti-human PE-CyS-conjugated
anti-CD4 Ab (BioLegend, San Diego, CA).

Flow cytometric analysis of intracellular IL-17A expression in
CD4*cells

PBMCs at a density of 1 X 10° cells/ml were stimulated with 500 ng/ml
PMA plus 5 pg/ml IOM for 6 h. We added of 10 pg/ml brefeldin A for the
last 2 h. Harvested PBMCs were washed with TBST and stained with
allophycocyanin-conjugated anti-human CD4 Ab (BioLegend) for 20 min.
Cells were washed three times with PBS and fixed and permeabilized with
a Foxp3 staining buffer set (eBioscience, San Diego, CA) for 20 min at
4°C. Cells were then washed three times and incubated for 30 min with PE-
conjugated anti-human IL-17A (BioLegend). Cells were washed three
times and analyzed with a BD LSRFortessa.

Detection of anti-cytokine autoantibodies in sera from patients
by immunoblot analysis

Five hundred nanograms rhlL-17A, 1L-17F, [L-22, IL-23, IL-1B, IL-6 (R&D
Systems), IFN-a (BioSource International), and TGF-B1 (BioLegend) were
separated by 15% polyacrylamide gels and transferred to Immobilon-P
transfer membranes. The membranes were blocked by TBST with 5% non-
fat skim milk for | h. They were then reacted with the sera at 1:1500 dilutions
overnight at 4°C. The sera involved 17 STAT1 GOF CMC patients, 2 APS1
patients, 2 STAT3-deficient HIES patients, and 21 healthy controls. After
washing four times with TBST, the membranes were incubated with HRP-
conjugated goat anti-human IgG or IgA (Invitrogen, Frederick, MD) at
1:150,000 or 1:40,000 dilutions, respectively, in TBST with 5% non-fat skim
milk for 1 h at 4°C. After washing four times, the blots were then visualized
by ECL Select Western blotting detection reagent (GE Healthcare). To titrate
anti-IL-17F autoantibody, we performed immunoblot analysis of sera from
the patients serially diluted from 1:640 to 1:81,920.
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Results

Two novel amino acid substitutions in STATI

Direct sequence analysis demonstrated that patient 1 had
a heterozygous base change of ¢.832A—G, p.K278E (K278E) in
CCD, and the parents of patient 1 had WT sequence in STAT.
Both patients 2 and 3 had the heterozygous base change of
c.1150G—A, p.G384D (G384D) in DBD of STAT! (Fig. 1A,
IB). These base changes have not been reported either as
disease-causing mutations or as single nucleotide polymor-
phisms in the National Center for Biotechnology Information
database, the Ensembl] database, the Single Nucleotide Poly-
morphism Database, and the Human Genetic Variation Data-
base, which have information on 1208 Japanese single
nucleotide polymorphisms, or in our 100 controls without CMC
(data not shown). Both K278E and G384D were evolutionarily
conserved (Fig. 1C). K278E was predicted as tolerated by the
sort intolerant from tolerant algorithm, and it was predicted as
benign with a score of 0.011 (sensitivity, 0.96; specificity, 0.78)
by the polymorphism phenotype-2 algorithm. G384D was
predicted as tolerated by the sort intolerant from tolerant al-
gorithm but was predicted as probably damaging by the poly-
morphism phenotype-2 algorithm with a score of 1.000
(sensitivity, 0.00; specificity, 1.00).

A STAT1 GOF Mutations

86T  Y170N M202V
L163R F172L R2101
D185G C174R  E235A
D18sH M2021 V286l

A267V  R274W
Q271P  K278E (P1)
R274G Q285R T288A
A274Q K286l T2881

K278E and G384D were associated with STATI GOF and
increased STATI phosphorylation after IFN-y and IFN-a
stimulation

Heterozygous STAT! GOF mutations were shown to be the
genetic causes of autosomal dominant or sporadic CMC. The
reported mutations were associated with increased STATI1
phosphorylation due to impaired dephosphorylation. First, to
study whether the amino acid substitutions of K278E and
G384D in STAT1 also lead to STAT1 GOF, the production of
IFN-y—inducible protein 10 (IP10), the downstream target of
STATI, was analyzed. IP10 production was significantly higher
in K278E/WT and G384D/WT EBV-LCLs compared with
healthy controls following IFN-y stimulation (Fig. 2A). We
then studied the STAT1 phosphorylation state in EBV-LCLs
from the patients and controls. Expression of p-STAT1 fol-
lowing IFN-vy or IFN-a stimulation was higher in G384D/WT,
K278E /WT, and T385M/WT than in WT1 EBV-LCLs (Fig. 2B,
2C). Ectopic expression of STAT] mutants was associated with
increased phosphorylation of the STAT1 mutants in HeLa cells
(Fig. 2D). These results indicate that K278E and G384D are
GOF mutations responsible for CMCD, and the mechanism of
GOF is STAT! hyperphosphorylation following the IFNs
stimulations.

P329L.  L358F

E383K  G3840 (P28}

L354M T385M N397D
L358W M3BQ0T F404Y

NH2| N-term. Coiled-coil

SH2 || TA|coon

Linker

DNA-binding

N-term.: N-terminal domain. Coiled-coil: Coiled-coll domain. DNA-binding: DNA-binding domain. Linker: Linker domain.
SH2: Src homology 2 domain. Tail seg.: Tail segment domain. TA: Transactivalion domain
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Ecpbalive P ENACLUGLONY P T I VAS S LOOVROOLEKLEE LEQR I Y ERD P I DINRGG
Bopaurus BENACLOOLON R P T I VAR S LOQVROUL KL EE LEOR I Y ERD PITREKGA
Zaperols PRRACLDOLONNET IVAESLOOVAGOLXELEELEGR Y TYERDP ITRNEQA
a3 e PUNACLDOLONN P TVVAESLOOVAGOLKRLEELEOK Y TYEHDP I TRNKQE
Bonoryegicus  PRNACLDOLOSWRTIVAESLOQVRGOLXKRLEELEOKFTYRQDPITKNRQY
A I PRRACLDOLOSWET IVARTLOQINGOLKKLERLEQKFTYEPDPITRNEQY
Hodopestica  PPNACLDOLONWETIVAYSLOOARGOLXELERLEOKYTYDLOPIPRNKDE
Goanlivs PRNACLOOLONHITI I ARSLOOVRGOLKRLEELEQRLTYDPDO I TRUEQY
T niaka PEBACLDQLONET IVAESLOQOVRQOLXKLEELEQRPTY DPOPITRNRGE
E.lapeis POBAC Laax&ssrmz%sa&waﬂ%x KLEELEQRLTYDIOPITCHRAR

= FERACLDOLONWPTAVARSLOQVROOLKELOELEQR Y TY DEDPTKQOKEY
Samnlar PENACLOQLONSFTAVAES LOOVROLLAELOELEQR Y TY DEDP IKQOKGE
Bororie LIRS CLOGLON P IS LGRS LLQSROOLAKLLELEORLEYSTDPILOSRLS
Boaroslodvies PRNLCLOALENRITELARSOLOTRODINKLEELOOKVEYKCORIVOHRPH
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g lanions PESICLORLETH I SLARSOLO TROO I XKL EELOURVE Y KEDPL IDHRPA
Zepzepiealis  PTETSLKNLOGRVIRTARCPPQLURIFENLARLISRISYRGDRLRIOPDPY

FIGURE 1.

: : G384 | .
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Beoabaliug  LOBLNENLKVKVLEDKOVHERNTVEGPRKPHILOTHTAVHNHERSTHESL
Batauzun LOELRYNLEVRVLEDKDVNERNTVEG PR PRILGTHTRVMNHERSTNGSL
Soarnts LOKLRYNLEVEVLEDRDVSERRTYEGFREPN LLETHTRVANNEESTRGSY
¢ lunun LOBLNYNLEVEVLEDADVSERNTVECFRKEN TLOTHIRVENREESTNGSL
Besorvegions  LOBLHYNLKVRVSFDXDVEERNTVRGERRPNILOTHTKVHRHEESTHOSL
Honusppiyg LOELNYNLEVAVSEDEDVNEKSTVRGPREPRI LU THTRVANHESSTNGEL
Hudomestics  LOELEYNLKVEVLPDXDUSEKNWIVKGPREFHILOTHIXVENMEESTNGSL
Gaaaling LOELNYNLEVEVLEDKDVNEKNSVRGERK PN ILETHTRVANHERS THOSL
Taaktata LOBLNYNLKVKVLPDKOVTERNSVRGFREPHI LT RTKVMENEESTHGSL,
Ko daovis LUELRYOLEVEVLPDRDURDKN I VRGFREFN I LGS HTRYHENEESTHGSL
Sunpkiss LOSFNYOLKVKALFDEDVTEKG »~ - PREPE I LOTHIXVLNHEE - SNGSL
S.anlng LOEFNYOLKVKALFDEDVTE K ~n~ PREPN I LOTE TRVENNEE- SNGSL
Barerit IPEFNRTVRVKVQFDKDIVERG - PRUFNI LOTSHAVENHEE - SRG-Y

Euegglodyeen PPELRYDLRIKVCIDKDSGDVARLRGSRKPRILETNTRVENMEESENGSL

Bouiazia PPELNYOLKIRVEI DEDSGDVAALRGSREPRI LTS T AVHSEHEESHNGSL,
2. datipes FPELRYQLEIRVCIDRESGOVARIRGSREFN I LETNTRVMENGESHNGSL

Xutroplonlis  LPKLKDNLKVSFCYDRNPPSEI ~_~»KGYRX}’%‘LWQKXM~»BEEQG%GL

Two heterozygous base changes of STAT! leading to amino acid substitutions were identified in three CMCD patients. (A) The re-

ported heterozygous STAT/ mutations responsible for CMCD are shown. Mutations identified in this study are shown in red. (B) Direct sequence
analysis of STATI exon 10 in patient 1 (P1) and exon 14 in patients 2 (P2) and 3 (P3). Forward sequences are shown. (C) Comparison of the amino
acid sequences of STAT1 in different species. The red rectangles indicate the amino acids corresponding to p.K278 or p.G384 in humans, re-
spectively.
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4 CMCD CAUSED BY STAT1 GOF MUTATIONS
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FIGURE 2. (G384D and K278E were associated with GOF and increased phosphorylation of STAT in response to IFN-y or IFN-a stimulation. (A) IP10
production from EBV-LCLs stimulated with or without IFN-y for 6 h. (B and €) p-STAT| and STAT expression in EBV-LCLs following IFN-vy stimulation
for 30 min (B), and IFN-a stimulation for 15 min (C). (D) p-STAT1 and STAT1 expression in transfected HeLa cells following IFN-v stimulation for
30 min. Transfection efficiencies were analyzed on the basis of GFP* cells and are described under each lane.

Increased phosphorylation of the STATI mutants was due to nisms underlying increased STAT1 phosphorylation of K278E and
impaired dephosphorylation G384D mutants involve impaired dephosphorylation of STATI.

The mechanisms underlying increased phosphorylation of the
STAT1 mutants were further investigated with the tyrosine kinase
inhibitor staurosporine. Dephosphorylation of the ectopically .
expressed STAT1-EGFP K278E or G384D mutants was impaired ~ ¢XPressed mutants in HeLa cells

in HeLa cells following IFN-y or IFN-a stimulation, compared The endogenous WT STAT! was also demonstrated to have in-
with that of STAT1-EGFP WT (Fig. 3). Therefore, the mecha- creased STAT1 phosphorylation following IFN-y stimulation when

Increased phosphorylation and impaired dephosphorylation of
the endogenous WT STATI in addition to the ectopically

A Empty WT (33840 K278 E
IFNy B B S A
Staurosporine - - - 4+ - - 4+ - - +  15mn

pSTAT1-EGFP
pSTAT1 endogenous WT

STAT1-EGFP

FIGURE 3. G384D and K278E were as- STAT1 endogenous WT

sociated with increased phosphorylation of
STAT1 due to impaired dephosphorylation.
The p-STAT1 expression is shown in trans-
fected HeLa cells first stimulated with IFN-y
for 30 min (A) or IFN-a for 15 min (B)
followed by incubation with 1 pM staur- B Emply WT G384D K278E
osporine for 15 min. Transfection efficien- IFNa
cies are described under each lane.

Lamin A

66.8 425 40.1 429 49.4 47.6 48.8 284 205 31.9 [fransfection efficiency (%)

L S T T ST N
Staurosporine - - - o+ - - o+ - - % 15 min

pSTAT1-EGFP
pSTAT1 endogenous WT

STAT1-EGFP
STAT1 endogenous WT
Lamin A

68.6 58.6 56.3 51.4 596 564 54,5 59.4 57.4 584 [ransfection efficiency (%)
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either of the STATI1-EGFP mutants of K278E, G384D, and
T385M was transiently transfected into HeLa cells (Fig. 2D).
Moreover, impaired dephosphorylation was observed in the en-
dogenous WT STAT1 when either of the STATI-EGFP mutants
was transiently expressed in HeLa cells (Fig. 3). Although these
mechanisms were not fully elucidated in our study, they suggest
that heterodimers of WT and the mutants of STAT1 could cause
impaired dephosphorylation, as do homodimers of the STAT1
GOF mutants.

Thl7 population was reduced in patients 1 and 3 but not in
patient 2

Impaired differentiation of Th17 cells was indicated to be asso-
ciated with the development of CMCD in patients with STAT! GOF
mutations (3, 4, 13, 14). Therefore, we studied the proportion of
CD4'IL-17A" cells among CD4" cells in the patients with novel
STATI GOF mutations following PMA plus IOM stimulation for
6 h (Fig. 4). Patient 1 with a heterozygous K278E mutation and
patient 3 with a heterozygous G384D mutation were shown to
have relatively reduced CD4*IL-17A™ cells (0.28 and 0.24% of
CD4* cells, respectively). In contrast, patient 2 with the same
heterozygous G384D mutation as patient 3 had almost normal
CD4*IL-17A" cells (0.58% of CD4" cells). These findings
prompted us to further study Thl7-associated cytokines IL-17A,
IL-17F, and IL-22 following various stimulations.

Evaluation of the profile of Thl7-associated cytokine
production

First, cytokine production was analyzed in the supernatant of the
purified CD4* cells following PMA plus IOM stimulation for 6 h,
the same stimulation as performed in evaluating Th17 population
(Fig. 5). The purity of CD4" cells positively selected by CD4
microbeads was 97.5-99.7%. Production of the Thl7-associated
cytokines IL-17A, IL-17F, and IL-22 was not significantly reduced
in the patients with STAT/ GOF mutations compared with healthy
controls. We then studied cytokine production after more physi-
ologically relevant stimulations, that is, Candida or CD3/28
stimulations. Production of all the Thl7-associated cytokines in
PBMCs and CD4™ cells was significantly reduced in response to
Candida stimulation. Alternatively, although production of IL-
17A and IL-22 was significantly reduced, IL-17F production
was comparable to healthy controls following CD3/28 stimulation.

Additionally, IFN-vy and IL-4, the principal cytokines of Thl and
Th2, respectively, were analyzed (Fig. 5). IFN-y and IL-4 pro-
duction from patients’ PBMCs or CD4" cells was not significantly
different from that of controls following Candida or CD3/28
stimulation. Each sample without stimulation showed nil or neg-
ligible cytokine production (data not shown).

Anti~IL-17F autoantibody was present in sera from CMC
patients with STAT! GOF

In 2010, two reports indicated the neutralizing Abs against IL-17A,
IL-17F, and IL-22 would be the etiology of CMC in APSI patients
(16, 17). It is possible that CMCD in patients with STAT! GOF
mutations could be also attributable to neutralizing Abs based on
the fact that these patients often manifest autoimmune diseases.
Thus, we analyzed autoantibodies against various cytokines, in-
cluding Thl7-associated cytokines, first with HRP-conjugated
goat anti-human IgG Ab. Immunoblot analysis of sera from two
APS1 patients showed various autoantibodies against Thl7-
associated cytokines in addition to IFN-a as reported previously
(Fig. 6) (16, 17). We then studied sera from 17 STAT1 GOF
patients and demonstrated the exclusive presence of anti—IL-17F
[gG autoantibody (thereafter described as anti~IL-17F autoanti-
body) in 11 patients (64.7%) (Fig. 6). Two patients with STAT3-
deficient HIES also showed anti—IL-17F autoantibody (Fig. 6).
Immunoblot analysis of serially diluted sera from STAT1 GOF
patients demonstrated that the titer of this autoantibody ranged
from 1:2,560 to 1:20,480, and 1:2,560 was the most frequently
observed (data not shown). Furthermore, with HRP-conjugated
goat anti-human IgA Ab, anti-IL-17F IgA autoantibody was
demonstrated in sera from six patients (P1, P6, P§-P11) who were
all positive for anti~IL-17F autoantibody (data not shown). In
contrast, none of the present patients was demonstrated to have
autoantibodies against IL-1(3, IL-6, and TGF-B1 that could be
associated with Th17 differentiation (data not shown). Each of
the anti—IL-17F, anti-IFN-«, and anti-IL-6 autoantibodies was
detected in 1 among 21 healthy controls without any overlaps
(Fig. 6 and data not shown).

We confirmed the results by more than two independent
experiments.

Neutralizing activity was not demonstrated when IL-17F~in-
duced IL-6 production was studied in healthy control fibroblasts in
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FIGURE 4. Patients 1 and 3 had reduced {175 YO PEA ’ L1754 Y6 PE-A 7 IL17A YG PE-A
CD47IL17A™ cells in response to PMA plus
10OM stimulation, whereas patient 2 had a nor- Control 1 0.49% Control 2 0.93% Control 3 1.16%
mal proportion of CD4¥IL-17A" cells compared -
al prop mpar 2w @2 "2l ot a2 ‘2| ot B |
with controls. .
3 "a o |
s Sa
S Z
oy o e
8* . g™
< ot el w o o4
¥ ‘“,;:; T o5 & T 5 PR 3 ey 2 s T
8 Travorea | @ % e rda " w8 0 780 P *

IL-17A

157

$10Z ‘6 1990100 U0 ANSISATU) OPIESP[OY] 18 /B0 fountrwi{ammamy/:d11y WOIl popeo[umo(]
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the presence of patients’ sera (data not shown). This result may
not completely exclude the possibility that the autoantibody has
some neutralizing activity, because fairly high concentration of
rhIL-17F (50 ng/ml) was required to induce significant IL-6 pro-
duction from fibroblasts. Future studies are necessary to distin-
guish these possibilities.

We further addressed profiles of autoantibodies in the [7
patients with STAT{ GOF (Table I). Patients with anti~IL-17F
autoantibody were more likely to have anti-nuclear Ab (ANA)
or other autoantibodies, although information of more patients
is needed.

Discussion

In this study we reported two novel heterozygous STAT! GOF
mutations of K278E in CCD and G384D in DBD that are re-
sponsible for CMCD. These mutations were associated with
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increased STAT1 phosphorylation due to impaired dephosphory-
lation as observed in the previous reports (4, 13).

Extensive analyses of CMCD patients resulting from impaired
Th17 immunity such as IL-17F deficiency or IL-17RA deficiency
have indicated nonredundant roles of Thl7 cells and Thl7-
associated cytokines in host defense against mucocutaneous
Candida infection (1). The development of CMCD in patients
with heterozygous STAT! GOF mutations was also indicated to be
associated with impaired differentiation of Th17 cells (3, 4, 13, 14).
However, a CMCD patient with a heterozygous STAT/ GOF mu-
tation of L163R was recently shown to have normal CD4*TL-17A"
cells, although in vitro Thl7 differentiation was impaired (7).
Our study also demonstrated that CD4*IL-17A" cells were not
remarkably reduced at least in patient 2  with a heterozygous
STAT! GOF mutation of G384D (Fig. 4). These findings prompted
us to speculate that susceptibility to CMCD in patients with STAT/
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STAT1 GOF CMC patients

P1 K278E

P2 (384D

P3 G384D
FIGURE 6. Immunoblot analysis showed the ex- PS R274Q
clusive presence of anti-IL-[7F autoantibody in the 11 P
of 17 STATI GOF patients’ sera (64.7%). We con-
firmed the results by more than two independent P7
experiments.

P8

P9

P10

P11

P12

GOF mutations depends more on impaired production of other
Th17-associated cytokines such as IL-17F or IL-22 than of IL-
17A, which has been more extensively studied. ELISA and
cytometric bead array studies unexpectedly revealed that pro-
duction of IL-17F and IL-22 as well as IL-17A was not reduced in
CD4" cells from the four patients with STATI GOF mutations
following PMA plus IOM stimulation. However, production of IL-
17A and IL-22 but not IL-17F was significantly reduced in
PBMCs or CD4" cells from these patients following more phys-
iologically relevant stimulation of CD3/28. Therefore, it is pos-
sible that impaired production of IL-17A and IL-22 are more
closely associated with the development of CMCD than of IL-17F
in patients with STATI GOF mutations in physiological con-
ditions. Furthermore, production of IL-17A, IL-17F, and IL-22
from PBMCs was significantly reduced after Candida stimula-
tion as observed in previous reports (3, 9), indicating that Can-
dida-specific Th17 responses are impaired in patients with STAT]
GOF mutations.

Table 1. Profiles of autoantibodies in the 17 patients with STAT1 GOF

124 Hei7F 02 123 IFNa

Het178 1176 1028 123 FNa

APS1-1

APS1-2

HIES-1
HIES-2

Without any serum

One of the 19 healthy :
controls without any bands |-

A healthy control
with [FNa antibody

A healthy control
with IL17F antibody

Whereas Th17 cells are widely accepted as the major IL-22
producers in the murine system (19-21), Th22 cells are sug-
gested to be the major T cell subsets producing IL.-22 in humans
(22-24). Th22 cells are characterized by production of IL-22 with
little or no IL-17, and they are important contributors to mucosal
host defense. Thus, it is reasonable to think that deficient pro-
duction of IL-22 from CD4" cells in the present patients was at-
tributable to impaired Th22 differentiation and/or response,
altbough it was not confirmed in this study.

Moreover, subsets of innate lymphoid cells (ILCs) recently
identified in mice and humans are restricted to mucosal tissues and
react promptly to acute bacterial or fungal infection (25). IL-17-
producing ILC3, including lymphoid tissue inducer cells, pro-
duces IL-17 and IL-22, and IL-22—-producing ILC3 produces only
IL-22 (26). Recent studies indicate that ILC3 provides a rapid
source of Th17-associated cytokines that is essential for early host
protection, and Th17 or Th22 cells in turn become the dominant
source of these cytokines that is required for complete clearance

Patient Positive Autoantibodies Negative Autoantibodies «IL17F
1 ANA 160X, microsome 100X, TRAb 1.0 (< 0.9 IU/N) TgAb +
2 ANA, dsDNA, TRAb, TPO, TgAb, GAD, 1AA, direct +

Coombs test
3 dsDNA 10 (<10 IU/ml) ANA, TRADb, TPO, TgAb, GAD, IAA, direct Coombs test +
4 TRAD (blocking rate 16% [<15%]) ANA -
5 TgAb 55.33 (<40 1U/ml) ANA, dsDNA, TRAb, TPO, GAD, IAA, IA-2, CCP, RF, +
¢c-ANCA, p-ANCA, AMA, oPL
6 ANA 160X TPO, TgAb +
7 Direct and indirect Coombs test ANA, TRAb +
8 ANA 40X TPO, TgAb +
9 ANA 40X dsDNA, TPO, TgAb, GAD, 1AA, IA-2 +

10 ANA 40X dsDNA, TPO, TgAb +

11 ANA 80X TRAD +

12 ANA, GAD, TAA, TA-2 +

13 ANA, TPO, TgAb -

14 ANA, TRAb -

15 ANA, TPO, TgAb, ASMA -

16 ANA, TPO, TgAb -

17 ANA -

AMA, anti-mitochondrial Ab; ASMA, anti-smooth muscle Ab; c-ANCA, proteinase 3-anti-neutrophil cytoplasmic Ab; CCP, anti—cyclic citrullinated peptide Ab; dsDNA,
anti-dsDNA Ab; GAD, anti-glutamic acid decarboxylase Ab; IA-2, anti-insulinoma—associated protein-2 Ab; IAA, insulin autoantibody; alL17F, anti-IL-17F autoantibody;
microsome, anti-microsomal Ab; p-ANCA, myeloperoxidase-anti-neutrophil cytoplasmic Ab; «PL, anti-phospholipid Ab; RF, rheumatoid factor; TgAb, anti-thyroglobulin Ab;

TPO, anti~thyroid peroxidase Ab; TRAb, TSH receptor Ab.
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of infection (26). Although genetic causes of CMCD have been
associated with defects of Th17 immunity, they may also affect
innate sources of IL-17 or IL-22. Future studies may provide an
understanding of the relative contribution of innate and adaptive
sources of these cytokines to the development of CMCD.

We further studied autoantibodies against Thl7-associated
cytokines in 17 patients with STAT/ GOF mutations that could
be associated with the development of CMCD. Autoantibodies
were detected exclusively against IL-17F in sera from 11 of 17
patients and additionally 2 HIES patients (Fig. 6), although no
neutralizing activity was observed. This result is in contrast with
the previous report by Liu et al. (4) addressing that no autoanti-
bodies against IL-17A, IL-17F, and IL-22 were detected in sera
from patients with STAT/ GOF mutations. The discrepancy may
reflect the sensitivity of each assay system used, although the
method of the previous study was not shown. One recent case
report using immunoblot analysis showed the presence of anti—IL-
17F autoantibody in a patient with R274Q mutation of STAT]
(27). These results may indicate that anti-IL-17F autoantibody is
useful as a marker for CMC, although the presence of this auto-
antibody may not be associated with the development of CMC.

Note that the expression of STAT1 GOF mutants was associated
with impaired dephosphorylation of the endogenous WT STAT' as
well as the mutants themselves following the IFNs stimulation
(Fig. 3). To our knowledge, this finding has not been reported
because U3C cells deficient for endogenous STAT1 expression
were used in the previous studies. Our results indicate that im-
paired dephosphorylation is present in heterodimers of WT STAT1
and GOF mutants as well as homodimers of the GOF mutants.
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The structural basis for receptor recognition
of human interleukin-18
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Interleukin (IL)-18 is a proinflammatory cytokine that belongs to the IL-1 family and plays an
important role in inflammation. The uncontrolled release of this cytokine is associated with
severe chronic inflammatory disease. IL-18 forms a signalling complex with the 1L-18 receptor
o (Re) and B (RP) chains at the plasma membrane, which induces multiple inflammatory
cytokines. Here, we present a crystal structure of human [L-18 bound to the two receptor
extracellular domains. Generally, the receptors’ recognition mode for I1L-18 is similar to IL-1B;
however, certain notable differences were observed. The architecture of the IL-18 receptor
second domain (D2) is unique among the other IL-IR family members, which presumably
distinguishes them from the IL-1 receptors that exhibit a more promiscuous ligand recognition
mode. The structures and associated biochemical and cellular data should aid in developing
novel drugs to neutralize IL-18 activity.
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| nterleukin (IL)-18 belongs to the IL-1 superfamily and was
first discovered as an interferon gamma (IFN-y)-inducing
factor in sera from mice with hepatitis stimulated with
Propionibacterium  acnes and  lipopolysaccharide!.  This
proinflammatory cytokine is secreted by various types of cells
and strongly augments IFN-y production in type-1 helper T (Thl)
cells and natural killer (NK) cells following activation of NK-cell
cytotoxicity; thus, it plays a critical role in inflammation and the
host defense against microbes. In addition to IL—1B2’3,
IL-18 is synthesized as a biologically inactive precursor (prolL-
18) on activation of a certain class of receptors, such as Toll-like
receptors and proinflammatory cytokine receptors, and then stored
in the cytosol. Once it matures via caspase-1 (ref. 4), which is
regulated by a large protein complex referred to as the
inflammasome®, IL-18 is extracellularly secreted and binds
IL-18 receptor o (Ra) as well as IL-18 receptor B (RP) at the
immunocyte plasma membrane in a stepwise manner. IL-18/
IL-18Ra/IL-18RP ternary complex formation juxtaposes the
intracellular Toll-Interleukin-1 recéptor domains of IL-18Rat and
IL-18Rp, to which the adaptor molecule myeloid differentiation
factor 88 (MyD88) is recruited presumably with the aid of TRAM®.
MyD88 further interacts with IL-1 receptor associating kinase
(IRAK) 4 and IRAK1/2 to form the large molecular assembly
referred to as Myddosome, which subsequently activates IKK via
TRAF6. Finally, the signal activates the NF-kB and mitogen-
activated protein kinase pathways’, which upregulate the
expression of varjous inflammatory cytokines.

Of the IL-1 family cytokines, IL-18 and IL-1B have garnered
much attention because they are causal cytokines that lead to
severe chronic inflammatory syndrome. IL-1B is associated with
immunological disorders, such as autoinflammatory syn-
dromes®®. The central pathogenic feature of autoinflammatory
syndromes is excess production of mature IL-1B derived from
abnormal inflammasome activation due to certain gene
mutations. IL-1P-related autoinflammatory diseases are treated
through neutralizing IL-1B by anti-IL-1B (canakinumab and
gevokizumab), engineered soluble receptors (rilonacept) or the
receptor antagonist IL-1Ra (anakinra), which is fremarkablgr
effective; thus, these treatments are currently in clinical use!’.
Similar to IL-1B, IL-18 overproduction likely leads to severe
autoimmune, autoinflammatory, allergic, neurological and
metabolic disease, which might be associated with IL-18 or
IL-18 receptor genetic polymorphisms!'~1% Two recent papers
have revealed that constitutive activation of the inflammasome
caused by single point mutations in NLRC4 is associated with a
novel autoinflammatory disorder, and the patient with NLRC4-
mediated macrophage activation syndrome showed ultra—hi§h
circulation levels of IL-18 even after IL-1 blockade!>'.
Consistent with these observations, therapeutic approaches that
block IL-18 activity have been effective in inflammatory disease
models!”!8, Therefore, developing drugs that impede binding
between IL-18 and the receptors is clinically important. Generally,
the atomic structures of targeted proteins and their complexes
play vital roles in drug design. Thus far, despite the reported
structures for free IL-18 and its related complexes!®?%, a
structure for the genuine complex between IL-18 and its
receptors has not yet been determined.

Previously, we reported a solution structure for IL-18 and
identified the functional residues for which mutation markedly
decreased its binding affinity for IL-18Ra!®. The results suggest
that the binary complex between IL-18 and IL-18Ra exhibits an
essentially identical binding mode to the complex between IL-1f
and its receptors (IL-1RI or IL-1RII). However, the binding mode
for IL-18Rp, which is the IL-18 co-receptor, to IL-18/IL-18Ra
remained ambiguous. Recent structural studies on the ternary
complex between IL-1B and its receptors’ ectodomains?>%*
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demonstrate that IL-1RAcP, which is the commonly used-
co-receptor for IL-1¢t, IL-1f, IL-33 and IL-36s, adopted a ‘left’
binding mode. In this mode, IL-1RAcP binds the IL-1B/IL-1RI or
IL-1B/IL-1RII binary complexes from the left side as seen from
the concave IL-1P recognition surface of IL-1RI or IL-1RIL
Furthermore, the other IL-1 superfamily molecule, IL-33/ST2/IL-
1RACP, was also suggested to adopt the ‘left’ binding mode based
on the model structure from the small angle X-ray scattering
(SAXS) proﬁle325. Thus, left binding seems common in
complexes that employ IL-1RAcP. In contrast to other IL-1
family cytokines, IL-18 is unique due to its pair of specialized
receptors (IL-18Ra and IL-18RP); hence, the recognition details
are not sufficiently understood based only on homology to the
IL-1B and IL-33 system.

Here, we performed X-ray crystallography using human IL-18
and its complexes with the receptors’ extracellular domains. The
structures demonstrate that the co-receptor (IL-18RP) binding
mode is generally identical to IL-1P; however, substantial
differences were observed in the subdomain orientations and
interaction details throughout the complex. Intriguingly, the
second domain (D2) of the two IL-18 receptors lacked one
B-strand, d2, which is conserved among other IL-1-related
receptors, and was previously shown to contribute to the inter-
receptor interaction. In addition, N-linked glycans played a role
in bridging the two receptors, which was observed in the
signalling IL-1P receptor complex but was absent in its decoy
complex. We further show that other IL-18Ra N-linked glycans
proximal to IL-18 in the complexes contributed to the binding
affinity. With the associated biochemical and cell biological data,
the structures comprehensively clarify the IL-18 receptor
recognition mode, which will facilitate rational drug development
to neutralize IL-18 activity, the uncontrolled release of which has
been shown to cause severe chronic inflammatory diseases.

Results

Structural comparison between the IL-18 and IL-1p complexes.
We determined the crystal structures of IL-18 (Fig. 1a), the IL-18/
IL-18Rat binary complex (Fig. 1b) and the IL-18/IL-18Ro/IL-
18Rp signalling ternary complex (Fig. lc,d) at the resolutions
2.33, 3.10 and 3.10 A, respectively. The crystallographic statistics
are provided in Table 1.

IL-18Ra curls around IL-18, and IL-18Rp contacts the lateral
portion of the IL-18/IL-18Ra binary complex in a similar manner
as the IL-1B/IL-1RI(RI)/IL-1RACP complex?>?%. The IL-18
structure essentially does not change on complex formation,
maintaining the p-trefoil fold that comprises 12 B-strands
(B1-p12) and 2 o-helices (a1-02) (Supplementary Fig. la), as
previously reported!®. The IL-18Ra ectodomain folds into three
immunoglobulin (Ig)-like domains, which are referred to as D1,
D2 and D3, in the same manner as the IL-1 receptor323’24’26. Each
domain comprises a two-layer sandwich of six to nine f-strands
and contains at least one intra-domain disulfide bond
(Supplementary Fig. 1b). Within IL-18Ra, D1 extensively
contacts D2, whereas D3 is distant and is connected by the
long D2-D3 linker (Fig. 1d middle), which implies that D1 and
D2 behave as a single module, similar to IL-1-related primary
receptors. In the Ig superfamily, including the IL-1 receptor
family (Fig. 2a), the core cysteine residues on the b and f strands
are highly conserved (Fig. 2b). However, for IL-18Ra-D1, the f
strand cysteine is replaced with phenylalanine (Fig. 2b), which
yields two unexpected surface disulfide bonds (Fig. 2c). In
addition, the D2 domain lacks one -strand (d2 in Fig. 2b,d) that
is structurally conserved among most IL-1 receptor family
members, IL-1RI, IL-1RII and ST2 as well as IL-1RAcP.

On ternary complex formation, the IL-18/IL-18Ra binary
complex structure essentially does not change; the root mean
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+[L-18Ra. +IL-18Rp

Figure 1 | Overall structures for IL-18 and its extracellular complexes. (a-c¢) Schematic flow diagram of the stepwise complex formation for IL-18/
IL-18Ra/IL-18RB. Crystal structures of (a) IL-18, (b) [L-18/1L-18Ra and (€) IL-18/1L-18Ra/IL-18Rf are shown as a ribbon (IL-18, blue) or surface (IL-18Ra,
palegreen; IL-18RB, wheat) representation, respectively. (d) Ribbon diagrams of the ternary complex structure for IL-18 (blue), IL-18Ra (green) and

IL-18RB (orange) from three perspectives.

square deviations (RMSD) for the backbone Co atoms are
0.41-0.90 A compared with the asymmetric unit (ASU) mole-
cules. IL-18Rp is also composed of three Ig-like domains, similar
to IL-18Ra except for the aforementioned disulfide bonds
(Supplementary Fig. 1c); however, the spatial arrangement of
these domains is markedly distinct from IL-18Ra in the ternary
complex (Fig. 1d). D2 and D3 of IL-18Rp are close to each other
and directly associated with IL-18/IL-18Ra, while D1 does not
contribute to ternary complex formation. In fact, a part of the
IL-18RB-D1 electron density is ambiguous presumably because
the region was loosely packed in the crystal (Supplementary
Fig. 2). The D1 isolation of the co-receptor was also observed
previously in the IL-1B/IL-1RI(RII)/IL-1RAcP complex, where
IL-1RAcP-D1 is outstretched and does not participate in the
molecular interface. Despite of the similarity in the binding mode,
relative orientation of IL-18RB-D24 D3 to IL-18/IL-18Ra is
different from that of IL-1RAcP-D2+ D3 to IL-1B/IL-1RI(RII)
(Fig. 3a—c). This difference in the orientations is attributable to
the interaction manner at the interface between IL-18RB-D2 and
IL-18/IL-18Ra (Fig. 3b,d). Owing to the aforementioned absence
of the d2 strands in D2s (Fig. 2b,d), IL-18Ra-D2 and IL-18RB-D2
supply only two strands (b2 and e2) and loops at the interface,
respectively, while for IL-1RI(RII) and IL-1RAcP-D2, three
strands (b2, €2 and d2) and loops interact (Fig. 1d and
Fig. 3a-c). Furthermore, IL-18RB-D2 supplies not only electro-
static side chains but also aromatic rings that interact with IL-18,
whereas IL-1RAcP-D2 utilizes electrostatic and aliphatic side
chains for ligand binding. The B4-B5 loop of IL-18 and IL-18Rp-
D3 do not interact, which may also contribute to the orientation
difference (Fig. 3d). A more marked dissimilarity is observed for
the IL-18RB-D1 orientation relative to -D2, which differs from

IL-1RACP in the complex (Fig. 3e). As a result, despite the same
‘left’ binding mode, the spatial arrangements of the subdomains
in the IL-18/IL-18Rat/IL-18RP ternary complex differ somewhat
from IL-1B/IL-1RI/IL-1RAcP with Co atom RMSD values of
6.64-6.73 A.

The binding interface between IL-18 and IL-18Ra. IL-18Ra
recognizes IL-18 through a large interaction surface area at
~ 1,850 A2, Two IL-18 sites, Sites I and II, contact IL-18Ra; Site I
is located on a side of the core barrel of the B-trefoil structure,
and Site II is at the top of the B-barrel (Fig. 4a).

Our previous NMR study showed that the residues 34 to 42 are
flexible despite partial a-helix formation in this region (residues
38-41)'%. In addition, two isomeric forms that originate from a
cis or trans peptide bond between Ala42-18-proa3-18 in the
loop are equally populated in the solution structure. The flexible
nature of the segment produces a variety of architectures, as
demonstrated in several crystallographic reports, including a loop
with a trans isomer®?, an a-helix with a cis isomer?! or, primarily,
unobservable flexible loop with a trans isomer?®?? (Fig. 4a—). In
both the binary and ternary complexes, the segment between
residues 35 and 40 adopts an o-helix structure with a cis
Ala42™-18_proa3l-18 bond, which is stabilized by hydrogen
bonds and electrostatic interactions with IL-18Ra (Fig. 4c).

Surrounding Site I, a-helix I mediated the interaction (Fig. 4¢
and Fig. 5a), wherein the Arg25R* side chain is buried within the
B3-a1 acidic groove of IL-18. Two disulfide bonds, Cys22R*-
Cys41®* and Cys43R*-Cys817%, bridge the bl-cl loop to the
N-terminal loop and dl-el turn, respectively (Figs 2c and 5a),
which likely reinforce the proximal loop structure, to which the
long P10-B11 hairpin of IL-18 is fitted. This unique feature
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Table 1| X-ray crystallographic statistics of’IL-18 and its extracellular complexes.

1L-18/1L-18Ra,

IL-18/1L-18Ro/IL-18Rp

Data collection
Beamline
Wavelength
Space group
Cell dimensions

a, b, ¢ (A

o B,y ()
Resolution (A)
Rmerge
/ol
Completeness (%)
Redundancy

Refinement
Resolution (A)
No. reflections
Rwork/ Riree
No. atoms
Protein
Glycan
Others
B-factors
Protein
Glycan
Others
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Ramachandran plot

BL38B1 (SPring-8)
1.0000
P2,

68.15, 79.51, 73.46
90.00, 100.97, 90.00
45.0-2.33 (2.46-2.33)

4.9 (39.6)
20.5 (3.6)
97.8 (97.1)

38 (3.8)

34.82-2.33 (2.41-2.33)
32,157 (2,861)
21.8/27.1 (27.6/29.8)

5,022

m

46.13

60.94

0.010
1.38
95.2, 4.8

BL44XU (SPring-8)
0.9000
P2:2,2

135.49, 174.81, 183.40
90.00, 90.00, 90.00
43.9-3.10 (3.27-3.10)
10.0 (58.2)
14.9 (2.5)
99.6 (100}
37 3.8

42.00-3.10 (3.18-3.10)
79,130 (5,821)
19.1/22.2 (22.7/26.3)

20,533
1,225
289

78.31
121.43
109.02

0.009
m
944,50, 0.5

BL17A (Photon Factory)
0.9800
P2,2:2;

72.56, 111.56, 134.57
90.00, 90.00, 90.00
50.0-3.10 (3.21-3.10)
1.5 (68.3)
19.8 (2.9)
99.9 (99.3)
9.8 (9.2)

42.00-3.10 (3.29-3.10)
17,368 (1,825)
18.8/23.2 (20.9/29.7)

5,663
335
32

74.38
139.74
36.55

0.009
117
93.7, 54, 0.8

Values for Ramachandran plots are presented as favoured, allowed, outlier examined by RAMPAGE. Data collection statistics were summarized from the report®>.

implies that the loop structure may be loosened under certain
reductive conditions, which affects the affinity for the ligand.
The Ser42®* amide proton supplies a hydrogen bond for the
Asp132™-18 side chain, which also exhibited a backbone-
backbone hydrogen bond with Cys22R* Around Site II
(Fig. 5b), the IL-18Ra acidic surface, which is composed of the
Glu253R* and Glu263®* carboxylates as well as Trp249R*
backbone oxygen, captures the Lys53'""1% g-amino group.

IL-18Rp recognition by IL-18/IL-18Ret. The IL-18/IL-18Ro/IL-
18RP signalling ternary complex is formed by IL-18Rf binding
with the lateral portion of the binary complex (Fig. 1). The
IL-18RB-D2 convex surface with the key Tyr212RP aromatic
residue fits into the concave surface jointly formed by IL-18 and
IL-18Ra-D2 (Fig. 5¢ and Supplementary Fig. 3a) with a 613 A2
buried surface area, which is shallower than that in the IL-1p
complexes. The concave surface area is divided into Site III on
IL-18 (354A2%, Fig. 5c) and part of IL-18Ra-D2 (259 A%
Supplementary Fig. 3a). Note that IL-18 Site III is revised in this
work!?. Site III of IL-18 comprises the prominent $8-89 hairpin
and B11-02 loop (Fig. 5¢), where the aromatic ring of His10918
forms m-m stacking with Tyr212RP at a 3.4 A distance, which is
surrounded and stabilized by multiple hydrogen bonds. IL-18Ra-
D2 is composed of an antiparallel B-sheet formed by b2 and e2
(Supplementary Fig. 3a) but lacks the conserved d2 strand
compared with the corresponding P-sheets of IL-1RI and ST2.
Although the structure of IL-36R has not been determined yet,
the multiple sequence alignment suggests that the b2/e2/d2
sheet is conserved among the primary receptors (Fig. 1b and
Supplementary Fig. 1b). In addition to these interactions,
IL-18RPB-D3 extensively contacts IL-18Ra-D3 with the buried
area ~550A% to which both electrostatic (Supplementary

4 NATURE COMMUN

Fig. 3b) and hydrophobic interactions (Supplementary Fig. 3c)
contribute. These inter-recegtor interfaces in the IL-18 complex
are designated as Site V%3, in which the IL-1B B4-B5 loop
interacts with IL-1R1-D3 and IL-1RAcP-D3 to at least partly
establish the ligand’s agonism/antagonism. The same would be
true for the IL-36 system based on the crystal structure of IL-36
(ref. 27). In contrast, the corresponding IL-18 loop does not
contact IL-18RB-D3 and only interacts with IL-18Ra-D3 (Fig. 3d).

N-linked IL-18Ra glycans and its interactions. In the IL-18/IL-
18Ra and IL-18/IL-18Ro/IL-18RP crystal structures, seven
N-linked glycosyl chains were identified in IL-18Re at Asn91,
102, 150, 197, 203, 236 and 297 (Fig. 6a). These carbohydrates are
high-mannose glycans (Fig. 6b) because the receptor proteins
were prepared using the Sf9 expression system. The glycan on
Asn197R%, which are located in the D2 domain, forms moderate
intramolecular interactions with Arg114%* and His117R%% at the
D1-D2 loop (Fig. 6¢), seemingly contributing to the subdomains’
spatial arrangement. The core-NAG (N-acetyl-p-glucosamine)
directly linked to Asn297%* branches into the second-NAG and
L-fucose (FUC), which is referred to as the core-FUC (Fig. 6b-d).
Interestingly, the core-FUC and second-NAG on Asn297%%* are
proximal to the B4-B5 loop of IL-18 (<4 A); hence, they likely
interact through electrostatic and hydrophobic interactions with
the ligand (Fig. 6d) and partly contribute the unique D3:D3
interaction.

Notably, the NAG-NAG extended from the IL-18Ra-D3
Asn236R* and points to the receptor C-terminus in the binary
complex; however, in the ternary complex, the NAG-NAG chain
changes direction and points to IL-18RB-D3 within the distance
possibly to form electrostatic interaction with Val257RP and
Asp259RP (Fig. 6¢). A similar inter-receptor interaction via an
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Figure 2 | Structural features of IL-18 and its receptors. (@) Promiscuous interactions between the IL-1 family agonists and IL-37 with the receptor
molecules. Except IL-18, all agonists employ IL-IRAcP as a co-receptor, while IL-18 uses IL-18Rp. (b) Certain regions of the receptor multiple sequence
alignments manifest the unique qualities of IL-1R family IL-18Rs. The full set of sequence alignments is in Supplementary Fig. 1. (¢) Structural comparison
of D1 and (d) D2 of the receptors from the signalling complex. The green circles in (¢) show the disulfide bond positions.

N-linked oligosaccharide was previously observed between
IL-1RI-D3 and IL-1RAcP-D3 in the IL-1P signalling complex,
but it is intriguingly absent in the IL-1B/IL-1RII/IL-1RAcP
non-signalling decoy complex, which suggests that the N-linked
oligosaccharides bridging the two receptors are important for
IL-1 family signal transduction.

Characterization of IL-18/IL-18Ra/IL-18RP in solution. A
previous SPR analysis showed that IL-18RP does not bind free
IL-18, but it does bind a preformed IL-18/IL-18Ro binary
complex'?. To better understand the formation of this complex
under more physiological conditions, we performed titration
experiments using solution NMR spectroscopy. The 'H-!°N
correlation spectrum for [2H,'°N]-IL-18 did not change on
adding a small excess of IL-18Rp, indicating that the molecules do
not interact. However, marked spectral changes were observed
when IL-18 was titrated with IL-18Ra (Supplementary Fig. 4a,b).
The amino-acid residues that were perturbed during the titration

are at the molecular interface of the binary complex,
which indicates that the binding mode in solution is identical
to the crystal structure (Supplementary Fig. 4b, bottom).
Cross-saturation NMR experiments®® further confirmed this
result with more precision (Fig. 7a, forest and Supplementary
Fig. 4c). Next, [L-18RP was added to the preformed [2H,1>N]-IL-
18/IL-18Rat binary complex. The 'H-1N correlation spectrum
was then changed due to ternary complex formation. Although
significant changes were not observed in the region including the
previously defined Site III (Supplementary Fig. 4d), the cross-
peaks that disappeared or shifted on ternary complex formation
(Supplementary Fig. 4e) are mostly at the interface with IL-18Rp,
which is consistent with the ternary complex crystal structure
(Fig. 7a, orange). Furthermore, we performed SAXS to analyse the
architecture of the ternary complex (Supplementary Fig. 4f-h);
these data were used to construct a low-resolution dummy atom
model. The crystal structure of the complex reasonably fits the
SAXS-derived model envelope (Fig. 7b). Together, the crystal
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Figure 3 | Structural comparison of the IL-1 family cytokine ternary complexes. (a) Structural alignment of IL.-18/1L-18Ra/IL-18Rf (biue) and IL-1B/IL-1RI/
IL-IRACP (4DEP, red) using the binary complex region. The backbone Ca RMSD between IL-18/1L-18Re and IL-1B/1L-1RI is 4.35-4.36 A. (b) The orientation
of D2 and D3 from IL-18RpB and IL-TIRAcP in the complexes. The dotted lines show the approximate orientation of the longitudinal D2 and D3 axes.

A close-up of the binary complex interface, which recognizes the co-receptor protein D2 domains, is also shown. (¢) A comparison of IL-18/IL-18Ra/
IL-18RB (blue) and IL-1B/IL-TRII/IL-IRACP (3040, green). The backbone Ca RMSD was 4.39 A surrounding the binary complex portion. (d) A close-up
of the B4-B5 loops of the ligands in IL.-18/I1L-18Ra/IL-18RB (left) and IL-1B/IL-1RII/IL-TRACP (right). () Superimposition of IL- 18R|3 and IL-1IRAcP

(from 3040). The IL-18RB-D1 orientation relative to D2 is the opposite of IL-TRACP.
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Figure 4 | IL-18 structural perturbations on binding IL-18Ru or other proteins. (a) Superimposition of the structures of I1L-18 in free and various
complex forms: crystal structure of IL-18 with CHPAS (red); the solution structure (1JOS, raspberry); the crystal structure of IL-18 in complex with
Ectromelia virus [L-18BP (3F62, pink); the crystal structure of IL-18 complexed with murine reference antibody 125-2H Fab (2VXT, salmon); the crystal
structure for IL-18 in complex with YLDV 14L IL-18BP (4EEE, brown); the crystal structure for IL-18 in complex with a DVD-Ig molecule (4HJJ, gray);
the crystal structure of I1L-18 in complex with IL-18Ra (blue). (b) The zoom window of the dashed line box shown in 2a. (¢) The stabilized structure
and IL-18 a-helix | interactions. The structure of IL-18 «-helix | stabilized by interactions with IL-18Ra.

structures solved in this study are consistent with the data
collected in the solution state, which underscores the
physiological significance of the crystal structures.

Effects of mutation on the signaling and binding affinities. To
confirm the importance of the IL-18 Site III interactions in signal
transduction, we performed cell-based assays using IL-18RP
mutants (Fig. 8a). IL-18RB-WT and its mutants were transiently
expressed in HEK293 cells with a background of stably expressed
IL-18Re; the NF-kB activity was measured using the luciferase
reporter system with or without an IL-18 stimulus. A complete
loss of function was observed for the IL-18RB-E210A-Y212A-
Y214A triple mutants, while IL-18RB-E210A, -Y212A and -
K313A exhibited approximately half the activity compared with -
WT. Remarkably, only a minor decrease in activity was observed
when the D1 region of IL-18R[} was deleted (A15-65 and A15-
146, Fig. 8b), likely because IL-18RB-D1 is distal to the other
parts of the ternary complex and seemingly does not affect
binding. However, a substantial decrease in activity was observed
when the D1-D2 loop (A15-153) was deleted, and the activity was
fully abolished in the D1/D2-deficient experiments (A15-176 and
A15-243). Therefore, IL-18RB-D2 + D3 is sufficient, but D1 is
not essential for signalling.

To identify the amino-acid residues that are critical for ternary
complex formation, we performed a binding study using surface
plasmon resonance (SPR) analysis (Supplementary Figs 5 and 6
and Supplementary Table 1). The prominent binding residues are
sumimarized in Table 2 and Supplementary Fig. 7. First, IL-18Rf3
was immobilized on the sensor chip, and binary complexes that
formed between one of IL-18 mutants and IL-18Ro were
examined for binding. When the binary complex contained

either of three IL-18 mutants, GI08A, H109A or K112A4, it lost
affinity for IL-18Rp, even though these mutants maintained full
binding activity for IL-18Ra. Thus, the mutated residues are only
important for IL-18Rp binding. Next, one of IL-18Rp mutants
was immobilized on the sensor chip, and the IL-18/IL-18Ra
binary complex was examined for binding. Our data show that
IL-18RB-Y212A did not bind the binary complex, which is
consistent with the structure, wherein substantial n- stacking
were observed between Tyr212RP and His109'!8 (Fig. 5c).
IL-18RB-K313A and -E210A exhibited 7- and 20-fold lower
affinity for the IL-18/IL-18Rot complex relative to the wild-type
receptor, respectively. These data are also consistent with the
NF-«B luciferase reporter assay and the structure, wherein
the mutated residues extensively interact with His109'18,
Aspl10™-18 Lys112M-18  and - Phel3sR* (Fig. 5¢  and
Supplementary Fig. 3a).

To determine the contribution of the IL-18Ro N-linked
oligosaccharides to the receptor complex formation, we mutated
two IL-18Ro asparagine residues to glutamine (Table 2). The
affinity of IL-18 for IL-18Ra decreased to one-third when
Asn297%% was mutated to Gln compared with the wild type,
which indicates that the sugar chain is important for the
recognition of ligand, wherein the Asn2978% core-FUC and
second-NAG are proximal to IL-18 (Fig. 6d). However, we did
not observe a different affinity on mutating Asn236%%

Discussion

It is well-known that the IL-1 family system has only two
co-receptors, IL-1RACP and IL-18Rp, despite its seven agonists
(IL-1o, IL-1B, IL-18, IL-33, IL-360,, IL-36B and IL-36Y) and four
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Figure 5 | The key residues involved in forming the ternary signalling complex. (a) The interactions in the IL-18 receptor binding Site I. In addition
to the area surrounding the stable a-helix I, Asp132'58 at the tip of the B10-B11 hairpin exhibits ionic interactions with the structure, which are formed by

the two unique disulfide bonds in IL-18Ra. (b) Interactions surrounding the IL-18 Site ll. The key residue of Lys5

318 is recognized by the IL-18Ra acidic

surface through multiple hydrogen bonds. (¢) The interface between Site Il of I1L-18 and IL-18Rp. In addition to His109'-18/Tyr212RP stacking, multiple
hydrogen bonds were observed: the His109'-"8 Ne-H to the Val211RP backbone carbony! oxygen as well as the Lys112'18 NE-H to the Glu210RP side chain

and Tyr212RB On.

primary receptors (IL-1RI, IL-18Ra, ST2 and IL-36R)%°. Thus,
certain receptors must be used by multiple ligands (Fig. 2a). In
fact, IL-1RACP is commonly involved in signals with six ligands
other than IL-18, which is recognized by its specific receptors,
IL-18Ro and IL-18RP. Accordingly, the IL-18 binding mode
remained unclear even after several crystal structures of the IL-1
and receptor complexes became available. The IL-18 complex
structures determined in this work exhibited essentially the same
binding mode as IL-1B?*-2°, This feature was confirmed under
more physiological conditions by using two solution techniques,
NMR and SAXS. On the basis of these results, it is highly likely
that the left binding mode is the common mode in the IL-1
family; however, the IL-36/IL-36R/IL-1RAcP ternary complex
structure has not been determined. Although the general binding
mode was conserved, substantial differences were observed at the
ligand-receptor or receptor-receptor interfaces in the IL-18 and
IL-1PB ternary complexes, which was expected based on the
significant sequence deviations (Supplementary Fig. 1). The
pronounced effects from such deviations include the unique
compositions of secondary structure elements in IL-18Ra-D1
and IL-18Rs-D2, such as the lack of a B-strand that is
typically conserved among Ig-like domains. This feature has
led to the unique subdomain orientation of IL-18Rp, and may
partly explain why IL-1RAcP exhibits the promiscuous ligand
recognition mode, although IL-18Rf does not. On the basis of the
presumable existence of d2 in IL-36R-D2 and the IL-36
(ref. 27) structure, it is likely that the IL-36 system also
adopts the left binding mode with similar orientation to the
IL-1P system.

8

UMIC

Furthermore, we found a potential common trait among
the IL-1 family, which is that the N-linked glycans presumably
bridge two receptors in the ternary complex. Intriguingly, this
feature was only observed in two functional ternary complexes
(IL-1B/IL-1RI/IL-1RAcP and IL-18/IL-18Ro/IL-18RPB) but was
absent in the decoy ternary complex (IL-1B/IL-1RII/IL-1RAcP)
and may contribute the binding affinity. Nevertheless, our SPR
analyses showed that the difference in IL-18Ra-binding affinity
for IL-18RP was only trivial even without glycosylation
(N236QR* in Table 2). This discrepancy may be due to the
distinct sugar modification patterns between insects and
mammals. N-glycans are mostly pauci-mannose (Fig. 6b, not
greater than three MAN) oligosaccharides in silkworm®’, while
mammals contain more varied outer sugar chains; certain chains
are longer with more complicatedly mixtures (that is, MAN,
NAG, galactose and sialic acid). Thus, larger interaction surfaces
on N236R% sugar chains in humans are expected, which could
strengthen the affinity. In contrast, one N-glycan chain likely
plays a unique role in the IL-18 system, as the IL-18Ro Asn297R%%
sugar chain moderately interacts with IL-18 in both the binary
and ternary complexes (Fig. 6d). In fact, IL-18Ra without the
sugar chain (N297Q) exhibited a threefold lower binding affinity
(Table 2). To our best knowledge, such sugar-ligand interactions
have not been reported for other IL-1 family members. For the
IL-1B complexes, any N-glycan chains on IL-1RI(RII) appear too
distal to the ligand for direct contact.

IL-1 family activity in vivo are modulated by the counteractions
of natural inhibitors, such as receptor antagonists (IL-1Ra,
IL-36Ra and IL-38), soluble receptors (sIL-1RI, sIL-18R and
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Figure 6 | The sugar contacts that maintain IL-18/IL-18Ra/IL-18Rp. (a) The N-linked glycans identified from the structure. (b) The N-linked glycosylation
in this study. (¢) Intramolecular interactions between the carbohydrates on Asn150%* and His190R* as well as on Asn197R* and the D1-D2 loop.

(d) Interactions between the N-finked carbohydrates on Asn297%% and IL-18. Core-FUC moderately interacts with IL-18 at an ~4 A distance.

(e) Interactions between the N-linked carbohydrates on Asn236R* and IL-18RB.

sST2) and IL-18BP. These proteins tightly bind their target
cytokines or receptors, which impedes formation of ternary
complexes that initiate intracellular signal transduction. This
balancing feature facilitates secure control of inflammatory
responses in vivo. Our structures not only demonstrate the
receptors’ molecular recognition mode for IL-18, but they
also explain the IL-18 inhibitors ~mechanism of action.

Superimposition of the IL-18/IL-18Ro and IL-18/IL-18BPs
complex structures?®?*? shows that the IL-18BP binding site on
IL-18 precisely corresponds with the IL-18Ra-D3 binding site.
Thus, IL-18BP clearly inhibits IL-18Ra binding through steric
hindrance (Supplementary Fig. 8a). Recently, IL-37 (IL-1F7b) was
proposed to function as an anti-inflammatory cytokine®!. IL-37
weakly bound IL-18Ra with 50 times lower affinity than IL-18
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Figure 7 | The solution-state IL-18/IL-18Ro/IL-18Rf binding mode. (a)
The results of cross-saturation experiments with [2H-1"NJ-IL-18/IL-18Ra
(forest) and the chemical shift change of [2H-">NJ-IL-18/IL-18Ra on adding
IL-18RpB (orange) are coloured on the crystal structure of IL-18 in complex
with IL-18Ra and IL-18RB. (b) Superimposition of the 1L-18/IL-18Ra/IL-18RB
crystal structure and the low-resolution SAXS envelope.
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Figure 8 | The effect of mutations on protein-protein interfaces for
signal transduction. Cell-based NF-kB activity assay for IL-18RB with

(a) an alanine substitution and (b) N-terminal deletion. Each column
indicates the relative luciferase activity unit (R.L.U.), for the stimulated
cells(4) and the non-stimulated cells( — ). The data are the mean % s.d. for
triplicate experiments. Asterisks inside the graphs indicate the significance
from comparing mutant versus wild-type IL-18 Rp, which was determined
using a one-way ANOVA with Bonferroni's multiple comparison test;
*P<0.05. This experiment is representative of three independent
experiments.
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Table 2 | Functional epitopes of IL-18 and IL-18 receptors.
Ks 10-8 M)
Ligand: IL-18Rp WT
Analyte: IL-18 mutant/IL-18Rat WT complex
IL-18 WT(control) 1.5+0.1
IL-18 G108A No binding
IL-18 H109A No binding
IL-18 D110A 56+0.38
IL-18 K112A No binding
IL-18 G145A 2.8+0.1
IL-18 R147A 57+03
IL-18 M150A 6.0+£0.5
Ligand: IL-18RB mutant
Analyte: IL-18 WT/IL-18Ra. WT complex
IL-18RB WT (control) 1.5+0.1
IL-18RB L167A 33104
IL-18RB E2Z10A 327+09
IL-18RB Y212A No binding
IL-18RB Y214A 50+05
IL-18RB K313A 10.9+£0.9
Ligand: IL-18Rp WT
Analyte: IL-18WT/IL-18Ra. mutant complex
IL-18Rae WT (control) 15101
IL-18Ra. N236Q 17103
Ligand: IL-18Ra mutant
Analyte: IL-18 WT
IL-18Rat WT (control) 69+0.2
IL-18Ra N297Q 258+2.6
Ligand: the interactant captured on the sensor surface. Analyte: the interactant in free solution.
WT: wild type. Values are the means * s.d. of the results derived from three independent
experiments.

(Fig. 2a), and did not activate signal transduction®?. Consistent
with this notion, the essential IL-18 amino acids for the IL-18Rf3
interactions, as well as for IL-18Ra, determined in this study are
not conserved in IL-37 (Supplementary Fig. la), which suggests
that IL-37 is incapable of forming the ternary complex that
enables signal transduction. In addition to the natural inhibitors,
several anti-IL-18 antibodies have been developed for therapeutic
purposes®!"¥3. The structures herein clearly explain how these
antibodies impede binding between the ligand and receptors
(Supplementary Fig. 8b).

The molecular interface differences herein are important
because they may provide numerous opportunities for designing
molecules that specifically stabilize or interrupt IL-18 ternary
complex formation without affecting other IL-1 family members.
Unlike molecules that target more downstream signalling path-
ways, these molecules can be used to treat ligand-specific diseases
and avoid side effects due to interference with common
intracellular signalling pathways. The structural information
collected in this work will facilitate development of an IL-18
modulator in multiple ways. For example, recombinant deriva-
tives of IL-18, which bind to IL-18Ra more strongly relative to
wild type of IL-18, can be logically designed based on the
structures®®. The structures will especially benefit small molecule
design; small molecules are generally more cost effective once
developed, and thus preferable to proteinous compounds. The
data obtained in this study provide an atomic framework for
molecular interfaces between IL-18 and receptors as well as
between the two receptors, which serve as promising drug target
sites, and hence will aid in development of effective IL-18
inhibitors.
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