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Good syndrome (immunodeficiency with thymoma)
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WA E (I ORE Bk, WFmR BRI A, F MR ER
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KOIERPERICHEL TLDEOE, 1) 2/NRO
BETFHAMZIBEL TEEL T2 EOMH
5. UINBOBEFHRARZICRELTHELT
L \D DNA BEBETIE, REROREO—DOTH
SNFERENCERROBRICBELTNS. TH
i, BIBRISMERENGSZBNRERRLTSHY,
FRENTHIRESEE, BHESER (RBrJ/07
) s&ldng. #nEnOZERIISRESRE
BIDEOITEBFHAMRAZITD. ZOBREIE
DNA O 2 R S HEEZED.

BB FHEAMEZICEES L TS RAG EIEF
DFRIT) VIR RMBBICBESTWhaZ &h
5, BEE UARRBRIRESNTSID. £
D, RAGOBERTEIEEEEREBARIE
(severe combined immunodeficiency : SCID) (DRI
ZRY. EOEMKTL, RAGEETFEBLEE DNA
BEBEICEDONDH, KIBTIE 2/ ERRDAH
ICBREE Y, HIBRERRD DNA BEICES T 5iB(E
FRHOBRBIZDNTHSRTD
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HESRME/NMIEANE (ataxia-telangiectasia), Nijmegen
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ERME IR/ MM IIRE (ataxia-telangiectasia ©
A-T, OMIM : 604391) (FHETTEED/NSEE, BRERD
EMMENE, REBAREELEHETDHEREN
LUOBEGHEERBETHD. ATIIRY Y, ZLFZ
VERFF—EO 1 ET2KE DNABEEEBEICE
57T ataxia telangiectsia-mutated (ATM) DHRBEXNIELC
FBERBTHDEEHETDIENTED.

A-TDEFBEF ATM 1T 11q223 RICEEBL, £
EBH150kb T66 L0V A5 EDERBLRFTHD.
3056 73/ CBad1—RLTHY, EBALLTE
D F8IE350.6kDa EERTHD?. CRIFLC PI
(phosphoinositide) -3 kinase K A~ >%&+£7%5, TELI,
DNA-PKes B EE2ERDBE LB TND &AM
AN EE AT

ATM I v, LA EEaTF—EEEES
5. ATMIC) VEBIEESZITDHERE LT ps3,
chk2, c-abl, BRCAl, NBS-1, BLM £ & N$H D99,
EHRRREIC KV 4E U /- DNA D 2 REEEIMTD 7
FIEZITT AIMISEEL I, pS3 & VER(ET
5. B EN/C ps3 1 THREHORIMETD.
—73, ATMIZNBS-1 &!) VB, Mrell, Rad50
% DNA DYIWIRIC) 2)L— KL, 2 A8 DNA DY)
ErAMBIE S NS, ATMIZHERIHEARZ LV HIEEE
FHABXICEDEBERICKIVEETCHDEEALNT
DY, AT RIS HEHR IS L T HiR
SEOEM, BENGEEEREREOEN, HiaEE
FITYIIRA NDERS, PR IADEERE
=Y.
R

1. ETH IR

EoEBHRAONERERIRIETHD. HEHRODEN
SEBHEIBIELHD. 2~4REE T DAl
BENICHENZOND I EEHDN, ZDE, B
OSBITET LD D, FBREEZ 55 oculomotor

%%EEE"‘";}J’“ AR \H"'QEJJF'
(ataxia-telangiectasia)

apraxia (RFPAEBYDEDEBICERLY), BRT
7 b—12 (choreoathetosis) HFEHOND. BE, 10
METICEIENTEEELD. HHTBRPERS
h, ERMOEREST. MELEETHDN,
BE), SEORICHENZDHIQ 72 NTOHEFHIL
LML, NMHOEBINRYBINDRDS
., MRI T 7~8 B D/MBAYNESWENWDFRR
MEHND. ZHITHHISL T, Purkinje HIRBDH %
EERHIRORI D HOND.

2. RETRESBRM

A-T BED 60~80% |[CHBARENRDONDAY,

HETHETIIAN. FRIKEZERT O F o\ DHIR
EEA2MLIELIEASH, MEPD I1gA, IgE,
[gG2 hYELY. #930% DERITIE T MR E RN,
phytohaemagglutinin (PHA) (2339 % T #il2D&IG
HOETY, BEEBRRIICODRMIZNROHSND.
QERGEEBVURL, BURBLIEREEE/-T.

3. EHMEHER

EMMENERIL 5 mETIC, BHRERE, BNnad
ICHIRI DT ENEZN. %@J:, RS DN, H
MBS DT, ERICE>TEEAAZONE
W2 ERZN.
REFRR

TR, REROEMMELE, M5
o-fetoprotein (AFP) D ERNFA 2L, AfE L BRER

ZHI DI EIIHEBRINBETCHD. BEZKIZIZL
ATMERDORIEE U IIBEEEE, BnTEREDITE
BAWMEBE RS, Fiz, BEERICSDHEHISE
STHORBELZMICERTHY, NMKHE, mE
AFP DELVSE, BEMAICEDHERSRE
NEAZITAT EBHTEDRETNTLD.

1. [IE AFP

95% LA EDEEZEIZHSINT 10ng/mL PAEICERL
Thad., L, %% 24 HBMADIER/NETE
AFP IIBEEZETDH/OFENDETHD.
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2. EafAEE

7T HBREEME 14 BREOKOEEEEND 5~15% D
ATEEDFRBEMTRHOND? . A-TRED!) /3
RRITFPHAICRIS LIS L, BROREFEBREN T
LW ENHD.
=] SERURSHA S TRTERSHA

1. AMEBEDAL/70OY b

MEBWICEHLDEELBRADIE ATM EEDA L
/70w b THY, 80~90% D A-T BE TIL ATM
BENIBETELNYY. ZLTH 10% D AT BE
TIIAIMEANELBPLTEY, 1% D AT E
HIIERCEESEDO AIMEREED. ) /NFIR
(Epstein-Barr virus transformed lymphoblastoid ‘cell line)
PEOELERTEDB/ETHD. LL, ATE
FNZBNTIZ D cell line BMER LIS W EEBBHD.

2. ATM EEFE2H

7 ) LLNIE L <IdeDNA LXILD EB S DR
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WaEfT 27225, 10 8% 20 7))L, 7883dels,
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3. HREE
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WITMARE, IR S A B A-T DRIIIEED
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% Nijmegen breakage AE1REE'Y, A-T HURE (A-T like
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prEY

IR DT BB DT R B O U DRI TN
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SHH S OMBGRIDIEFEIAL, 10fEER/NRICY
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BE, 10 R TENI TOEFENDRELD. 7R
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ATREZDENA U Z 03— REFDK 4 15
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Abstract

Purpose Hereditary periodic fever syndromes have been
considered monogenic diseases. However, some recent
reports have described patients with co-existence of recur-
rent fever responsible genes. This study assessed whether a
rare variant, found in Japanese children showing atypical
autoinflammatory syndrome, located in the leucine-rich re-
peat domain of Nod-like receptor family, pyrin domain
containing 3 (NLRP3) with co-existence of Mediterranean
fever (MEFV) haplotype variants may contribute to a proin-
flammatory phenotype using a systematic approach.
Methods Cytokine production. in serum or from peripheral
blood monocytes was measured by ELISA. DNA sequence
analysis of genes including NLRP3, MEFV, mevalonate
kinase (MVK), and tumor necrosis factor receptor superfam-
ily, member 1A (INFRSFI4) were performed on patient
samples. In vitro functional assays determined the effects
of the NLRP3 variants and pyrin using NF-xB activation
and speck formation assays.
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Results A heterozygous genetic variant of NLRP3, G809S,
was found in samples from both patients. Additiopally the
previously reported heterozygous MEFV variants (P369S-
R408Q or E148Q-P369S-R408Q) were also detected in
both patients. Serum IL-1ra and sTNFRI levels increased
in the attack phase of the disease in both patients. The
production levels of IL-1p from monocytes isolated from
both cases were elevated following LPS and IFN-y stimu-
lation. The NLRP3 G809S variant demonstrated no increase
of NF-«B activity following monosodium urate stimulation,
whereas it significantly increased speck formation by inter-
acting with apoptosis-associated speck-like protein with
caspase recruitment domain. )

Conclusions The phenotype- atypji,a{al autoinflammatory
disease in patients could be modified by a synergistic effect
with two other variants of autoinflammatory-associated
genes. ' &
Keywords NLRP3 - leucine-rich repeat domaia -
autoinflammatory discase - ASC

Abbreviations
ASC Apoptosis-associated speck-like protein
containing a CARD

CAPS Cryopyrin-associated periodic syndrome

CINCA Chronic infantile neurologic cutaneous,
articular

FCAS Familial cold-induced autoinflammatory
syndrome

FMF Familial Mediterrancan fever

HEK Human embryonic kidoey

IL Interleukin
MEFYV Mediterranean fever
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MVK Mevalonate kinase

MWS Muckle—~Wells syndrome

MSU Monosodium urate

NBS Nucleotide-binding site

NLRP3 Nod-like receptor family pyrin domain
containing 3

NOMID Neonatal-onset multisystem inflammatory
disease

PAMPs Pathogen-associated molecular patterns

PBMCs Peripheral blood mononuclear cells

TNFRSFIA Tumor necrosis factor receptor superfamily
member 1A

TRAPS Tumor necrosis factor receptor-associated
periodic syndrome

Introduction

Autoinflammatory syndromes are characterized by systemic
inflammation without the presence of antigen-specific T cells
or high-titers of autoantibodies [1]. Many autoinflammatory
syndromes are clinically characterized by recurrent or per-
sistent features that include fever, elevation in the levels of
acute-phase reactants, and organ-specific complications such
as skin rashes and osteoarticular, serosal, neurologic, and
ocular manifestations [2]. To date, well-known hereditary
periodic fever syndromes are familial Mediterranean fever
(FMF), hyperimmunoglobulinemia D with periodic fever
syndrome, cryopyrin-associated periodic syndromes
(CAPS), and tumor necrosis factor (TNF) receptor-
associated periodic syndrome (TRAPS). These syndromes
are discriminated by some characteristic phenotypes such as
varying age of onset, duration of fever, development of
cutaneous manifestations, and several other features.

CAPS include familial cold-induced autoinflammatory
syndrome (FCAS), Muckle-Wells syndrome (MWS), and
neonatal-onset multisystem inflammatory disease (NOMID),
also known as chronic infantile neurologic, cutaneous, articu-
lar (CINCA) syndrome. FCAS exhibits cold-induced
urticaria-like skin rash whereas MWS develops severe pheno-
types, such as periodic fever, neural progressive hearing loss
and renal amyloidosis. CINCA/NOMID syndrome shows
additional more severe phenotypes, such as severe arthritis,
patella overgrowth, aseptic meningitis, and mental retardation
[3]. CAPS are caused by mutations in the Nod-like receptors
(NLRs) family, pyrin domain containing 3 (NLRP3) gene, and
more than 80 variants are associated with CAPS, in addition to
over 50 variants of unclear significance that have been
reported in the INFEVERS database (hitp://fmf.igh.cars.fi/
ISSAID/infevers/) to date [4].

NLRs recognize microbial molecules such as pathogen-
associated molecular patterns (PAMPs) or endogenous
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danger-associated molecular patterns, which trigger inflam-
mation as well as Toll-like receptor immune responses.
NLRP3 protein contains an N-terminal pyrin domain, a
central nucleotide-binding site (NBS) domain, and C-
terminal leucine-rich repeats (LRR) [5]. Most pathogenic
mutations associated with autoinflammatory syndromes are
located in exon 3 of NLRP3, which encodes the NBS do-
main. In addition, several mutations outside exon 3 on the
LRR domain of NLRP3, such as G755R, G755A, and
Y859C have been found in patients with CINCA syndrome
or atypical autoinflammatory disorders [6-8].

This study reports two cases of Japanese children who
presented with atypical periodic fever episodes and who had
the variants in the LRR domain of NLRP3 with co-eXistence
of Mediterranean fever (MEFV) haplotype variants. The
patients showed periodic prolonged fever and erythema,
but lacked symptoms typical of CAPS, FMF, and other
common autoinflammatory syndromes. By genetic analysis
and functional assays of these variants, the data from this
study suggest that the phenotype of atypical autoinflamma-
tory disease in patients could be madified by a synergistic
effect with other autoinflamnmatory-associated genes.

Methods
Subjects
Case 1

The first case was a 9-year-old girl who had experienced
recurrent fever episodes approximately three times a year for
6 years from onset at 3 years of age. Although she underwenta
tonsillectomy at the age of 5, she still experienced recurrent
fever episodes. She presented with mild abdominal pain with-
out signs of peritoneal irritation, peritonitis or pleuritis as
typically observed in FMF. High serum C-reactive protein
(CRP) levels were observed in the attack phase, She presented
with pigmented macules with erythema, which persisted for
6 months, and bilateral petechiae on her legs and dorsa of feet
(Fig. 1a). Histological examination of the skin lesion revealed
perivascular infiltrate with mononuclear cells in the upper and
middle dermis, but vasculitis was not observed (Fig. 1b).
Direct immunofluorescence analysis revealed deposits of
complement component 3 (C3) at the capillary walls in the
upper to middle dermis, but not the presence of immunoglob-
ulin (Ig)A or IgM (Fig. 1c). Rheumatoid factor and autoanti-
bodies were not detected. Colchicine treatment (0.5 mg per
day) was effective in treating the erythema and alleviating
fever with elevating CRP. Both parents had experienced last-
ing recurrent fever episodes during their childhood although it
was likely that their symptoms were not so severe. The fever
episodes of parents resolved spontancously without specific
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Fig. 1 Presence of skin rash in
patients with atypical
autoinflammatory syndrome. a
The clinical appearance of rash
on the dorsum of foot in case I.
b The histopathological
examination of a skin biopsy
specimen (hematoxylin and
cosin stain, original
magnification x 200).
Perivascular infiltvate with
mononuclear cells was
observed in the upper and
middle dermis. ¢ Direct
immunofluorescence
demonstrates C3 deposits in the
capillary walls (original
magnification x 50). d The
clinical appearance of the skin
rash on the breast in casc 2

medications such as colchicines and corticosteroids or tonsil-
lectomy when they were about 10 years old. However, they do
not remember their childhood in detail as it was over 30 years
ago. Their episodes may represent autoinflammatory disease.

Case 2

The second case involved a 4-year-old boy, presenting with
recurrent episodes of fever of various duration from a few days
to weeks, with or without mild liver dysfunction and multiple
erythema without skin itch. The frequency of episodes was at
least twice a year. The skin erythema was observed during the
fever episodes at 18 months old and at 4 years old (Fig. 1d).
The cervical lymphadenopathy and diarrhea were observed in
almost all of the fever attack episodes. Although fever dura-
tion was 1 week, it resolved immediately following oral ad-
ministration of 1 mg/kg prednisolone. Rheumatoid factor and
autoantibodies were not detected. His parents had no symp-
toms like periodic fever syndromes ot rheumatic diseases. The
fever did not recur for a few months after the cessation of oral
prednisolone treatment. From 3 years old, colchicine treatment
was started because of recurrent fever attacks. However, cut-
rently this treatment is not effective.

The genotypes and the clinical protiles of these cases are
summarized in Table I. This study was performed according
to the Helsinki Declaration. All subjects provided informed
consent to participate in the study.

DNA Sequencing
Genomic DNA was extracted from leukocytes using Sepa-

Gene (EIDIA, Tokyo, Japan). DNA fragments of the
NLRP3, MEFV, mevalonate kinase (MVK), and TNF

receptor superfamily, member 1A (TNFRSF14) genes were
amplified by polymerase chain reaction (PCR), and ana-
lyzed using big dye terminator bidirectional sequencing
(Applied Biosystems, Foster City, CA, USA).

Table I Genotype and clinical profiles of cases

Case 1 Case 2
Tnitial diagnosis FMF TRAPS
Gender . Female: Male
Clinical features
Age at onset 3 years 6 months

of attacks

Duration of episodes 3-5 days >1 week
Fever Yes Yes
Abdominal signs Yes Yes
Aithralgia No No
Lymphatic signs No Yes

Cutaneous manifestations persistence of rash  Two episodes of rash
(pigmented erythema with petechiae)

Hearing loss No No

Neurologic signs No No

Proteinuria No No

Laboratory findings

WBC (/ul) 11,300 14,620

CRP (mg/dl) 10.1 3.1

ESR (mm/h) 45 32

NLRP3 Genotype G809S G809S

MEFV Genotype P369S, R403Q E148Q, P369S, R408Q

CRP the serum C-reactive protein level. WBC white blood cells. ESR
erythrocytes sedimentation rate. Laboratory findings were the data in
the attack phase
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Genotyping

Allelic frequency of NLRP3 G809S (rs141389711) was
investigated on a Step One Real-Time PCR System using
Custom TagMan SNP Genotyping assays (Applied Biosys-
tems) in 421 healthy subjects. Further, genotype was con-
firmed by direct sequence analysis.

Cell Culture

Peripheral blood mononuclear cells (PBMCs) were isolated
from heparinized blood of control donors and from patients
by gradient centrifugation using Ficoll-Paque (GE Health-
care, Uppsala, Sweden). The CD14-positive cells were cul-
tured in medium consisting of RPMI 1640 supplemented with
10 % heat-inactivated fetal calf serum (FCS), L-glutamine
(2 mmol/l), penicillin (100 U/ml), and streptomycin
(100 pg/ml). Human embryonic kKidney (HEK) 293 T cells
and HEK293-ASC cells were cultured in high glucose
Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad,
CA, USA) supplemented with 10 % heat-inactivated FCS
(Sigma-Aldrich, St. Louis, MO, USA), penicillin (100 U/mL),
and streptomycin (100 pg/mL).

Analysis of Serum Cytokine Levels by Eﬁzyme-Linked
Immunosorbent Assay (ELISA)

Serum samples of patients and controls were stored at ~80 °C
until assayed. TNF- concentrations were measured with an
Immunoassay Kit (BioSource International, Carlsbad, CA,
USA) with a detection limit of 1.7 pg/ml. Similarly, interleu-
kin (IL)-6 and IL-1§3 concentrations wete measured by im-
munoassay Kit (BioSource) with detection limits of 1.7 pg/ml
and 1.0 pg/ml, respectively. IL-1ra and sTNFR1 concentra-
tions were measured by ELISA (R&D Systems) with detec-
tion limits of 6.26 pg/ml and 0.77 pg/ml, respectively. [L-18
was assayed by ELISA (MBL, Nagoya, Japan), with a detec-
tion limit of 25.6 pg/ml. We defined setum cytokine levels of
more than the mean -+ 2 SD as increasing. Values below the
detection limit are shown as not detected.

IL-13 Production from Monocytes

CD14-positive cells were purified from PBMCs using CD14
MACS MicroBeads and MACS magnetic columns according
to the manufacturer’s instructions (Miltenyi Biotec, Gladbach,
Germany). The CD14 positive cells were seeded to a density
of 3.0 10° per ml and cultured with the addition of 1.0 pg/mL
LPS 0127 (Sigma-Aldrich) and 20 pg/ml IFN-y (R&D Sys-~
tems, Minneapolis, MN, USA) for 24 h at 37 °C in a humid-
itied atmosphere at 5 % CO, and pulsed with 5 mM ATP
(Sigma-Aldrich) for 30 min before harvesting. The cell-
culture supernatants were harvested, and stored at —80 °C until
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assayed. The IL-1f3 was measured with ELISA. The assay
was performed at two different times. The statistical signifi-
cance between control and each case in the IL~-13 production
was analyzed using Dunnett’s multiple comparison test. P-
value of <0.05 was considered statistically significant.

Vector Preparations

cDNA encoding NLRP3 tagged at the C-terminus with a
FLAG-epitope (NLRP3-FLAG) was cloned into plasmid
pcDNA3. 1+ (Invitrogen). NLRP3 mutants (D303N,
G755R, G809S and Y859C) were generated using the Gen-
eEditor In vitro Site-Directed Mutagenesis System (Prom-
ega, Madison, W1, USA). A ¢cDNA encoding pyrin tagged at
the C-terminus with an HA-epitope (pyrin-HA) was cloned
into plasmid pcDNA3.1+, Pyrin variants (P369S+R408Q)
were generated using the GeneEditor in vitro Site-Directed
Mutagenesis System (Promega). The apoptosis-associated
speck-like protein containing a CARD (ASC) variant 1 tagged
at the C-terminus with a myc-epitope (ASC1-myc) construct
was cloned into pcDNA3.1+. The NF-«B luciferase reporter
vector (pGL4.32-luc2P/NF-kappaB-RE/Hygro) and the
Renilla luciferase reporter vector (pGL4.74-hRluc/TK) were
purchased from Promega.

NF-«B Reporter Gene Activity

HEK293T cells were transfected with 16 ng per well of
pcDNA3.1+ conirol vector or pcDNA3.1+ NLRP3-FLAG
(wild type or mutant) or pcDNA3.1+ pyrin-HA (wild type or
mutant) in 96-well plates using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. The pcDNA3. [+
ASCl-myc, NF-xB luciferase reporter, and Renilla luciferase
repotter were co-ransfected. After transfection, cells were incu-
bated for 24 h. Cells were stimulated with R837 at a concentra-
tion of 10 pg/ml (InvivoGen, San Diego, CA, USA) or
monosodium urate (MSU) at 250 pg/ml (InvivoGen) for 8 h.
Luciferase reporter activity was analyzed using the Dual-
Luciferase Reporter Assay System (Promega). The statistical
significance of differences in luciferase activity between
wild-type and mutant gene activity in the NF-kB repotter assays
was analyzed using Dunnett’s multiple comparison test. A
P-value of <0.05 was considered statistically significant.

Speck Quallﬁﬁcation Assay

HEK293 cells were transfected with ASC-myc and positive-
ly selected using 1 mg/ml G418 for 4 weeks. HEK293-ASC
cells (1x10%) were co-transfected with 250 ng of each
NLRP3 expression plasmid and pyrin expression plasmid
using Lipofectamine LTX (lnvitrogen) according to the
manufacturer’s instructions. After 24-h incubation, cells
were fixed with 3.7 % paraformaldehyde in PBS for 10 min,
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and washed with [0 mM glycine in PBS. Fixed cells were
permeabilized using PBS containing 0.2 % Triton X-100 for
| h at room temperature. Cells were then incubated with an
anti-FLAG M2 monoclonal antibody (Sigma-Aldrich) and
anti-myc antibody (Invitrogen). Primary antibody binding
was detected by incubation with Alexa Fluor 488 goat anti-
mouse IgG and Alexa Fluor 594 donkey anti-rabbit IgG
(Invitrogen) secondary antibodies. Fixed cells were incubated
with 4’-6-diamidino-2-phenylindole, a nuclear stain, and
mounted using Vectashield Mounting Medium (Vector Labo-
ratories Burlingame, CA, USA). The percentage of cells con-
taining ASC specks in the cells expressing NLRP3 was
calculated by randomly selecting at least 10 fields. Differences
were analyzed using Dunnett’s multiple comparison test. A P-
value of <0.05 was considered statistically significant.

Results

Detection of NLRP3 and MEFV Mutations in Two Patients
with Autoinflammatory Syndrome

In case 1, a heterozygous ¢.2425G>A (p.Gly809Ser) on
LRR in exon5 of NLRP3 and heterozygous P369S-R408Q in
exon3 of MEFV were identified (Table I). There ate 17 indi-
viduals who have the allele of G809S in 421 healthy control
subjects. The allele frequency of this variant was 0.02. There
were no control subjects carrying P369S-R408Q in MEFV in
addition to the GB09S variant. Interestingly, the same NLRP3
and MEFV haplotype variants were identified in the father of
case 1. The heterozygous MEFV variant haplotype P369S-
R408Q were also observed in the mother of case 1.

Case 2 expressed the same heterozygous NLRP3 variant

found in case 1. In addition, heterozygous E148Q-P369S-

R408Q in exon2 and exon3 of MEFV were identified (Table T).
The G809S variant of NLRP3 was inherited from his asymptom-
atic father. His asymptomatic mother was positive for homozy-
gous E148Q and heterozygous P369S-R408Q sequences.

MVK and TNFRSFIA mutations were not detected in
cither case.

The Cytokine Profile of Patients

Serum IL~13, [L~6 and TNF-x levels were not detected in the
sera of healthy control subjects. The mean concentration = SD
of serum IL-18 and IL-1ra in healthy control subjects were
169.2+85.7 pg/ml and 213.4£87.1 pg/ml, respectively [9].
The mean concentration % SD of serum sTNFRI1 in healthy
control subjects was 1009+276.4 pg/ml. Figure 2a and b show
the serum cytokine profiles from the patients. The serum
cytokine concentrations were measured at two different points
at least during fever and inter-ictal periods respectively, and
average values were calculated. In both cases, serum IL-1f3,
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Fig. 2 Inflammatory cytokine levels from two cases during the inter-
ictal phase and attack phase. a White bars indicate serum inflammatory
cytokine levels of control. Grey bars indicate serum inflammatory
cytokine levels of case 1 during the inter-ictal period. Black bars
indicate serum inflammatory cytokine levels of case 1 during the attack
phase. b White bars indicate serum intflammatory cytokine levels of
control. Grey bars indicate serum inflammatory cytokine levels of case
2 during the inter-ictal period. Black bars indicate serum inflammatory
cytokine levels of case 2 during the attack phase

TNF-«, and IL-6 did not increase during the fever episodes,
whereas serum IL-1ra and sTNFR1 levels were increased. 1L~
18 levels during the fever episodes were increased in case 2,
not in case 1. Interestingly, the serum I.-1ra and IL-18 levels
from case 2 were elevated during the inter-ictal period.
Figure 3 shows the production of IL-1f3 from monocytes
with LPS, IFN-y and/or ATP stimulation. The mean con-
centration = SD of TL-1§ from monocytes of healthy control
subjects (n=>5) without stimulation were 5.54:4.40 pg/ml.
The mean concentration £ SD of IL-1f from monocytes of
healthy control subjects stimulated with 20 ng/ml IFN-y or
1 pg/ml LPS were 7.74::9.81 pg/ml and 236.0+188.4 pg/ml,
respectively. The mean concentration + SD of IL-1 from
monocytes of healthy control subjects stimulated with 1 pg/ml
LPS added 5 mM ATP was 166.0+:138.3 pg/ml. The mean
conceniration & SD of IL-1$ from monocytes of healthy
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Fig. 3 IL-1§ levels from monocytes in case 1 and 2. White bars
indicate IL~183 levels in control. Grey bars indicate 1L-1$ levels in
case 1. Black bars indicate 1L-1{ levels in case 2, IL-1§3 levels from
monocytes from case 1 and 2 were significantly increased compared
‘with controls (n=5). * P<0.05

control subjects stimulated with both 20 ng/ml [FN-y and
1 pg/mal LPS were 441.3+316.5 pg/ml. The mean concentra-
tion + SD of IL-1§3 from monocytes of healthy control sub-
jects stimulated with both 20 ng/ml IFN<y and 1 pg/ml LPS
added 5 mM ATP was 549.24:327.3 pg/ml. In both cases, IL~
1B sectetion was increased compared with the healthy con-
trols when the monocytes were stimulated with LPS and IFN-
v. Additionally, IL-1§3 from monocytes in case 2 stimulated
with LPS and IFN-y was increased in tesponse to ATP. This
was not observed for monocytes from case 1.

NF-xB Reporter Gene Activity of NLRP3
and Pyrin Variants

To assess the function of the NLRP3 variant G809S on NF-
kB signaling, we compared the G809S sequence with those
of wild-type and three NLRP3 mutations (D303N, G755R
and Y859C). D303N, G755R, and Y859C were identified in
CAPS patients [6, 10, 1] (Fig. 4). When ASC was co-
expressed, D303N and G755R mutations increased NF-«B
reporter gene activity. However, G809S and Y859C did not
lead to significant activation of NF-kB. In the presence of
R837, an NLRP3 intlammasome activator, NLRP3 D303N
and G755R mutations showed enhanced NF-kB activation,
whereas G809S and Y859C did not induce any increase in
activity. Subsequently, the evaluation of G809S enhanced NF-
KB activation in the presence of MSU was measured. MSU
induced NF-«B activation of wild-type, D303N and G755R
NLRP3. However, both G809S and Y859C mutations signif-
icantly inhibited NF-«B activation mediated by MSU,

To investigate the role of mutational effect of pyrin in the
NF-«B signaling pathway, wild-type or variant pyrin
(P369S5+R408Q) was expressed in HEK293 cells and co-
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Fig. 4 NF-«B reporter gene activity of NLRP3 mutants. Bars represent
the mean + SD of triplicate assays. a White bars indicate the NF-xB
reporter gene activity of the NLRP3 mutants without co-transfection of
ASC. Black bars indicate activity with co-transfection of ASC. ASC-
dependent NF-xkB reporter gene activity was increased by mutants
D303N and G755R. G809S and Y859C did not induce NF-kB reporter
gene activity. b White bars indicate NF-xB reporter gene activity with
co-transfection of ASC. Black bars indicate activity after stimulation
with 10 pg/ml R837. ¢ White bars indicate NF-«kB reporter activity
following co-transfection of ASC. Black bars indicate activity after
stimulation with 250 pg/ml MSU. * P<0.05
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Fig. 5 Pyrin and NLRP3 mutant-induced NF-kB reporter gene activ-
ity. Bars represent the mean + SD of wiplicate assays. White bars
indicate NF-kB reporter gene activity with co-transfection of ASC.
Grey bars indicate activity with co-transfection of ASC and wild-type
pyrin. Black bars indicate activity with co-transfection of ASC and
pyrin variant P369S+R408Q. * P<0.05

transfected with ASC (Fig. 5). Although both wild-type and
variant pyrin inhibited NF-kB activation with co-
transfection of wild-type or mutant NLRP3 protein, there
was no significant difference in inhibitory capacity between
the wild-type and variant pyrin.

Speck Quantification Assay

Previous studies have shown that NLRP3 LRR variants have
an increased ability to induce speck formation in the presence

mock &
wild

Fig. 6 Effect of the G8098S variant on speck formation. Transfection of
HEK293-ASC cells with 250 ng each of the NLRP3 expression plas-
mids or an empty vector and pyrin expression plasmid was performed.
Speck formation was assessed by immunetluorescence microscopy. a

of ASC [6, 12]. To test the effect of G809S on NLRP3-ASC
interactions and speck formation, wild-type, NLRP3 variants
or empty vectors and pyrin were transiently transfected with
cells stably expressing ASC. Cells transfected with NLRP3
wild-type displayed speck formation (mean + SD, 36.7+
6.1 %). In comparison, the NLRP3 D303N, G755R, G809S
and Y859C mutants induced significantly higher numbers of
speck formation (62.148.8 %, 72.6+4.8 %, 53.1+10.1 % and
48.8+13.2 % respectively, Fig. 6).

Discussion

The current study identified a G809S variant within the LRR
domain of NLRP3 with the co-existence of MEFV haplotype
variants in two unrelated patients with atypical autoinflamma-
tory syndrome. Although we recently reported a CINCA/
NOMID patient with the compound heterozygous gene muta-

" tions E688K and G809S, it is unclear whether G809S is a

pathogenic mutation [9]. To confirm a functional role for the
G809S variant, its cffect on the NF-kB signaling pathway was
investigated in vitro. Although several variants of NLRP3
show significant increases of ASC dependent NF-kB repotter
gene activity in a previous report and as data presented here,
no significant increase was observed owing to the NLRP3
G809S variant in this assay. Kambe et al. demonstrated that
the NLRP3 G755R mutation located within the LRR domain
could induce significant NF-«B activation in the presence of
an NLRP3 inflammasome activator, R837 [13]. Therefore,
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This panel shows examples of fields obtained by immunofluorescence
microscopy. b The percentage of cells containing ASC-myc specks
was calculated as the mean + SD percentage of cells. * P<0.05
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G809S may be expected to enhance NF-kB activation in the
presence of R837. However, G809S did not increase NF-kB
activity like as Y859C [6] (Fig. 4b). Since the NLRP3 LRR
domain plays a central role in mediating inflammation in-
duced by another inflammasome activator, MSU crystals,
we examined whether G809S affected NF-«B activation in
the presence of MSU [14]. Interestingly, G809S and Y859C
mutations did not show any NF-kB activity responses by
MSU stimulation. In contrast, wild-type, D303N and G755R
mutations significantly increased NF-xB activity following
MSU stimulation. These data suggest the G809S LRR mis-
sense variant, which may diminish the responsiveness to
PAMPs as NOD2 LRR variant reported in Crohn’s disease,
has a pathogenic effect on these pathways [15-17].

Jéru et al. recently identified a pathogenic Y859C muta-
tion in the LRR domain of NLRP3, which increased speck
formation and pro-caspase 1 processing, but which had no
direct effect on NLRP3 mediated NF-kB signaling. The
G809S variant also increased speck formation relative to
wild-type NLRP3. These results suggest that G809S, as well
as Y859C in the LRR domain, may be a gain of function
variant, It should be noted that although the assays used in
this study are sensitive, our findings may provide limited
evidence to prove that the G809S variant is pathogenic.
However, these results indicate that the variant alters the
function of NLRP3.

The two case studies presented here consistently showed
elevated IL-1-related serum cytokines, IL-1ra, during the at-
tack phase. Tn addition, monocytes from case 1 and 2 secreted
high levels of IL~1{3, which may indicate a gain of function
variant in NLRP3, associated with inflammasome activation.
Additionally, we previously reported a CINCA/NOMID pa-
tient positive for the compound heterozygous gene mutations,
E688K and G809S [9]. This patient developed severe a phe-
notype compared with her mother, who carried a single mu-
tation, E688K. This genotype-phenotype correlation suggests
that the GB09S variant may act as an additional genetic factor
associated with the severity of CAPS.

However, in this study IL-1f3 was not detectable in the
serum of patients, as IL~-1f3 might be rapidly neutralized,
metabolized, or captured by a plethora of TL-~1 receptors in
vivo. Furthermore, although elevated serum IL-18, which is
activated by caspase-1 as well as IL-13, and IL-6 levels
were observed in CINCA/NOMID patient [9], the serum [L-
18 levels were increased in case 2 but not case 1, and serum
IL-6 levels in both cases did not increase during the fever
episades. Thus, it may be considered that the differences of
cytokine profiles and disease phenotypes between case 1
and 2 and typical CINCA/NOMID patients result not only
from their genetic background, but also environmental
factors.

Additional mutation analysis of our patients also revealed
heterozygous variant haplotype of MEFV, a gene involved in
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the pathogenesis of FMF, in addition to G809S in NLRP3.
Case 1 was heterozygous for P369S and R408Q in cis and
case 2 was heterozygous for E148Q, P369S, and R408Q in
cis. Allele frequencies of P369S and R408Q in the Japanese
population are 3.6 % and 4.8 %, respectively, according to the
International HapMap Project (http://www.hapmap.org/).
These frequent variant haplotypes were found to be in strong
linkage disequilibrium in the Japanese population. In addition,
P369S and R408Q variant haplotype are associated with a
variable phenotype and are infrequently associated with typ-
ical FMF symptoms [18~21]. Heterozygous P369S and
R408Q variant haplotype are also associated with other in-
flammatory discases, such as Behget’s disease [18], and sys-
temic lupus erythematosus [21]. Moreover, heterozygous
E148Q-P369S-R408Q variant haplotype is more rare, which
is associated with chronic recurrent multifocal osteomyelitis
[20]. Tn this report, case | and case 2 showed the similar
phenotypes as FMF or TRAPS, respectively. Although de-
tailed clinical features and cytokine profiles of the two cases
are various, they exhibited a long duration of recurrent fever
episodes compared with typical FMF, Thus, these findings
suggest that P369S and R408Q variant haplotype may have
effects on several inflammatory discases, but the functional
evidence of these variant haplotype remains unclear.

The MEFV gene codes for pyrin, that can interact with
ASC to induce ASC oligomerization and the activation of
procaspase-1, which promotes IL-13 and IL-18 processing
{12, 22]. In contrast, some reports have described that pyrin
inhibited NLRP3-mediated NF-kB activation by disrupting
the NLRP3-ASC interaction [23, 24]. In accordance with the
rcpbrts, co-expression of NLRP3 and pyrin in HEK293T cells
indicated less ASC-dependent NF-«B activation than expres-
sion of NLRP3 only, whereas there was no difference in the
inhibitory capacity of NF-xB activity between pyrin variants
and the wild-type protein. Interestingly, a recent study using
pyrin deficient and mutated pyrin knock-in mice demonstrated
a gain of function with pyrin variants located in B-Box
domains, which caused autoinflammatory phenotypes [22].
Thus, research using knock-in mouse experiments with
MEFV exon3 variants into pyrin deficient mice would help
clarify the pathogenic effects of the MEFV vatiant.

Tn general, hereditary periodic fever syndromes have been
considered monogenic diseases. On the other hand, recent
reports have described patients with heterozygous low pene-
trance variants in two recurrent fever genes [2, 25, 26]. These
indicate that oligogenic inheritance has been related to patho-
genesis of autoinflammatory diseases. In some cases, patients
presented with specific symptoms of both diseases or with a
more severe phenotypes. Although the patients in this study
were positive for the NLRP3 variant, they did not present with
typical symptoms of CAPS, such as deafhess or cold-induced
rash. In addition, variants in MEFV have been detected in both
cases, but they also lacked typical FMF symptoms. However,



