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an E. coli expression system (Materials and Methods). The 2D
TH-15N correlation spectra of the MyD88-TIR mutants showed
widespread patterns in the backbone amide 'H-5N cross-peaks,
which were mostly superimposable with that of the wild-type
MyD88-TIR (Fig. 4A), indicating no substantial structural change
was induced by the amino acid substitution. In the spectra of
the Arg-196 and Arg-217 mutant proteins, and the Lys-282 and
Arg-288 double mutant proteins, cross-peaks of F1 64, 1165, C168,
L191, V193, $194, G201, V204, $206, A208 and E210, cross-peaks
of F161, D162, A163, K190, C192, S194, E213, G246, L289, S294

Relative Lucferase Activity

8

8

and L295, and cross-peaks of K256, Y257, F264, S266, R269, F270,
1271, D275, T277, C280, T281, $283, F285, T287, L289 and K291
disappeared in the original positions of the MyD88-TIR wild-type,
respectively (Ohnishi et al., 2010). However, in most cases, cross-
peaks could be found very close to the original positions, which
are presumably from the corresponding residues (Fig. 4A). In the
spectrum of the R217A mutant, the G201 cross-peak does not
appear; it exists at the same position as that of the wild-type but
with lower intensity than the threshold used to generate the fig-
ure. These residues are mapped onto the structures of MyD88-TIR
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Fig. 3. Functional assay for MyD88-TIR in TLR1/TLR2 signaling. (A) Evaluation of the expression levels of all of the alanine-substituted mutant proteins containing MyD88-TIR
in HEK293 cells, Arrowheads indicate mutants with poor expression levels. The expression levels of D162A, D171A, E177A, E183A, K190A, D195A, E210A, E213A, D225A,
K256A, K258A and D275A were significantly lower than those of the other mutants. (B) NF-«B reporter gene assay with Pam3CSK4-induced (0.1 pg/ml) 293-hTLR1/2 cells.
In this graph, each column indicates the relative luciferase activity of the stimulated cells over the non-stimulated cells. Data represent the mean +S.D. of triplicate wells.
This experiment is representative of at least three independent experiments. Black bars indicate the significantly increased NF-xB activity, as compared with the wild-type
group. The statistical significance of the differences in the luciferase activities between the wild-type and mutants was analyzed using Dunnett’s multiple comparison test.

Statistical significance was assumed to be P<0.05.
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Fig. 4. 'H-'5N correlation NMR spectra of MyD88-TIR. (A) Superimposition of ' H~!*N correlation NMR spectra for the wild-type MyD88-TIR (red) and mutants (blue). The
residues for which the cross-peaks disappeared in the original position of the wild-type MyD88-TIR in the 2D 'H-'5N correlation spectra of the mutant proteins are indicated.
(B) Structure of the MyD88-TIR (PDB ID: 225v) onto which Site [ (Arg-217), 11 (Arg-196), 111 (Lys-282 and Arg-288) (red), and the residues for which the cross-peaks disappeared
in the original position of the wild-type MyD88-TIR in the spectra of the mutant proteins (light brown) are mapped; these residues reside close to each mutated residues
(Arg-196, Arg-217, Lys-282, or Arg-288). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(Fig. 4B). The ribbon diagrams of MyD88-TIR structure were gen-
erated using the program PyMOL. Additionally, we also performed
mutational analysis of MyD88 using a NF-kB luciferase reporter
gene activity assay with. HEK293T cells transfected with plasmids
encoding full-length MyD88. For this assay, we created full-length
MyD88 mutants for Sites I-lI (R196C,R217A, and K282A/R288A). As
shown in Fig. 5A, expression of the full-length MyD88 wild-type in
HEK293T cells led to a strong, ligand-independent induction of the
NF-kB-dependent luciferase reporter gene. In contrast, expression
of the MyD88 mutants, especially R196C and K282A/R288A, ledto a
significantly reduced induction of the NF-kB-dependent luciferase
reporter gene. This result suggests that Sites I, II, and IIl con-
tribute to interfaces with molecules involved in MyD88 dependent

signaling. Among those residues that form Sites [, 11, and HI, Arg-
196 (which forms Site I1) has recently been found:to be mutated to
cysteine in MyD88-deficiency primary immunodeficiency patients
(von Bernuth et al., 2008). Hence, we analyzed the effect of cysteine
substitution of Arg-196 on interaction with the TLR2-TIR using
the GST pull-down assay. In this assay, TLR2-TIR was pulled down
by the wild-type MyD88-TIR. Interestingly, the Arg-196 substitu-
tion by cysteine resulted in a significant decrease in MyD88-TIR
affinity for the TLR2-TIR (Fig. 5B). GST pull-down assays were also
conducted to analyze the effects of incorporating an alanine sub-
stitution of Arg-217 and a double alanine substitution of Lys-282
and Arg-288 (which form Site I and Site Il of the MyD88-TIR,
respectively)on interactions with the TLR2-TIR. In these assays, the
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Fig. 5. Functional assay for full-length MyD88 and binding assays for MyD88-TIR mutants with TLR2-TIR. (A) Mutational analysis of MyD88 derived from transfection of
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pull-down assays. The cysteine substitution of Arg-196, which forms Site II, caused a reduced interaction with the TLR2-TIR. (C) The double alanine substitution of Lys-282
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alanine substitution of Arg-217 had no significant effect. In contrast,
the double alanine substitution of Lys-282 and Arg-288 resulted ina
significant decrease in MyD88-TIR affinity for the TLR2-TIR (Fig. 5C).
These results suggested, therefore, that Site II and Site 1II, but not
Site I, contribute to the interface with TLR2-TIR, as well as with
Mal-TIR.

3.4. Similar kinetics of interaction between MyD88, Mal, and TLR2

The binding mode of the TIR domains of MyD88, Mal, TLR1 and
TLR2 was analyzed as indicated above (Section 3.1). In addition,
we showed that Site Il and Site I of the MyD88-TIR served as the
binding sites for TLR2-TIR. These two sites also served as bind-
ing sites for Mal-TIR in our previous study (Ohnishi et al., 2009).
Thus, the present study shows that Site II and Site 11l of MyD88-TIR
form shared bindingsites for both TLR2-TIR and Mal-TIR. To analyze
mechanisms for the interaction of these TIR proteins, we next eval-
uated the time-dependent interaction between MyD88, Mal and
TLR2 after stimulation with Pam3CSK4 using immunoprecipitation
assays. Negative controls consisted of lysates fromHEK293T cells, in
which expression of TLR2 was not detected, co-transfected with the
pcDNA3.1+ myc-tagged MyD88 and pFLAG-CMV6a Mal and stim-
ulated with 0.1 pg/ml Pam3CSK4 for 15 min. In these experiments,
stimulation induced the binding activity of MyD88 to TLR2. The
binding activity was most significantly enhanced at 30 min post-
stimulation. Similarly, the stimulation-induced binding activity of
Mal to TLR2 was most significantly enhanced at 15-30 min post-
stimulation (Fig. 6). Consequently, these experiments showed that
both MyD88 and Mal interacted with TLR2, with the maximal effect
occurring 15-30min after stimulation; this result suggests that
these proteins share similar interaction kinetics.

4. Discussion

TIR domains are important signaling modules in TLRs and IL-
1/IL-18 signaling events. A TIR domain is typically composed of

135-160 amino acid residues, with the sequence conservation
within the domain ranging from 20 to 30%. While the hydropho-
bic core residues are conserved, the surface exposed residues vary
greatly between TIR domains. Consequently, distribution of surface
electrostatic potential differs significantly between TIR domains
(Dunne et al., 2003), which possibly underlies differences in the
binding specificities. Furthermore, recent structural analyses of TIR
domain proteins have revealed that the structure of the BB loop,
which is considered a functionally important region of TIR domains,
differs significantly between TIR domains (Nyman et al., 2008;
Ohnishi et al,, 2009; Valkov et al., 2011; Xu et al., 2000), suggesting
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Fig. 6. Time-dependent interaction between MyD88, Mal and TLR2, post-
stimulation. The 293-hTLR1/2 cells co-transfected with the pcDNA3, 1+ myc-tagged
MyD88 and pFLAG-CMV6a Mal were stimulated with 0.1 pug/ml Pam3CSK4 for the
indicated intervals. The cell lysates were immunoprecipitated and western blot-
ted. As a negative control, we used lysates from HEK293T cells co-transfected with
the pcDNA3.1+ myc-tagged MyD88 and pFLAG-CMV6a Mal and stimulated with
0.1 pg/ml Pam3CSK4 for 15 min. Stimulation with Pam3CSK4 induced the binding
activity of MyD88 to TLR2; this activity was most significantly enhanced at 30 min
post-stimulation. Similarly, stimulation induced the binding activity of Mal to TLR2,
which was most significantly enhanced at 15-30 min post-stimulation,
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that the structural deviation of the BB loop might reflect different
specificities of the TIR-TIR interaction. Several homotypic interac-
tions have been observed in crystals of TIR domains (Bernoux et al.,

. 2011; Chan et al,, 2009; Khan et al., 2004; Tao et al., 2002; Valkov
etal, 2011), but heterotypic interactions between TIR-TIR domains
have not yet been explained.

We analyzed direct interactions between TIR domains involved
in TLR2 signaling using the GST pull-down assay. Mal-TIR directly
bound to the TIR domains of receptors (TLR1, TLR2) and MyD88, as
well as to TLR4-TIR. In contrast, MyD88-TIR directly bound to the
cytosolic TIR domains of TLR1, TLR2, and Mal, but not to TLR4-TIR
(Ohnishi et al., 2009) (Fig. 2). These findings are consistent with
a previous observation revealed by yeast two-hybrid experiments
and GST pull-down assays (Kenny et al., 2009). Thus, these results
suggest that hetero-oligomeric TIR-TIR formation between TLR1,
TLR2, and adaptors (MyD88 and Mal) is different from that between
TLR4 and the same adaptors.

We also identified that three functional surface sites (Sites I-11I)
of the MyD88-TIR were also important for the Pam3CSK4-activated
TLR1/TLR2 signaling pathway, as well as for TLR4 signaling path-
way. The alanine substitution of Asp-197, which we previously
found to be the functional residue for TLR4 signaling pathway
(Ohnishi et al., 2009), resulted in a moderate, but not signifi-
cant, reduced inhibitory effect in the Pam3CSK4-induced luciferase
activity. This indicates that Asp-197 is also likely to be involved in
interactions during TLR2 signaling pathway as well as TLR4 signal-
ing pathway (Fig. 3B).

Furthermore, we showed that Sites 1, II, and Ill contributed to
interfaces with molecules involved in MyD88 dependent signal-
ing; two of these three functional surface sites, Site Il and Site
1, served as the binding sites for TLR2-TIR (Fig. 5A-C). Amino
acid substitutions may cause unintended global changes in the
three-dimensional structures of proteins that can lead to. inap-
propriate conclusions. Therefore, we also examined the purified
recombinant proteins using NMR spectroscopy to ensure that no
misfolding or global re-arrangements of TIR domains had occurred
(Fig. 4A). The residues for which the cross-peaks disappeared in
the original position of the wild-type MyD88-TIR in the 2D 'H-15N
correlation spectra of the mutant proteins reside close to Arg-196,
Arg-217, Lys-282, or Arg-288 (Fig. 4B). This indicates that intro-
duction of the mutations did not affect the overall folding of the
domain structures. Interestingly, the two sites have also served
as the binding sites for Mal-TIR in our previous study (Ohnishi
et al., 2009). Thus, the present study shows that Site I and Site
111 of MyD88-TIR serve as shared binding sites for both TLR2-TIR
and Mal-TIR. Arg-217 in Site I played a crucial role in the TLR2-
mediated cellular response to Pam3CSK4 stimulation, but was not
involved in direct binding to TLR2. This site has also not been
involved in direct binding to Mal-TIR, and the direct interaction
of MyD88-TIR with the death domain of IRAK4 was not observed
in our previous study (Ohnishi et al., 2009). We demonstrated
that the alanine substitution of Arg-217 resulted in no significant
decrease in MyD88-TIR affinity for the TLR1-TIR (data not shown).
Therefore, Site I may have no involvement in, or make minimal
contributions to, interfaces with the TIR domains in TLR1/TLR2 sig-
naling.

We next investigated the time-dependent interaction between
MyD88, Mal and TLR2 post-stimulation. This experiment showed
that the interaction kinetics of TLR2 with MyD88 was similar to
that observed for Mal (Fig. 6). Therefore, it is possible that MyD88
and Mal bind to identical or different TLR2 molecules and share
similar interaction kinetics. The crystal structure of the MyD88-
IRAK4-IRAK2 death domain complex has recently been reported
(Lin et al., 2010). The structure reveals a helical oligomer (called a
Myddosome), which consists of six MyD88, four IRAK-4 and four
IRAK-2 death domains. As this structure, an unknown complicated

assembly of the TIR domains, including MyD88, Mal, TLR1, and
TLR2, may form the higher order oligomer.

Primary immuno-deficiency syndromes with innate immune
defects have recently been defined (Notarangelo et al,, 2009). The
phenotypes characteristic of IRAK-4 deficiency and MyD88 defi-
ciency suggest that the Gram-positive bacterial recognition system
is dependent on the TLR2/Mal/MyD88/IRAK-4 signaling cascade,
indicating that it is important to consider the links between pro-
tein functions and gene mutations in the TLR2 signaling pathway.
Most gene variations in IRAK-4 deficiency and MyD88 deficiency
cause the loss of stability of proteins or the deletion of proteins
(Conway et al., 2010; Ku et al., 2007; von Bernuth et al., 2008). We
focused on the Site Il residue, Arg196 of MyD88, which has been
found to be mutated to cysteine in MyD88 deficiency patients (von
Bernuth et al., 2008). The 2D 'H-'5N correlation spectrum showed
that the residues for which the cross-peaks were shifted by the
cysteine substitution at Arg-196 reside close to Arg-196. In these
residues, F164, 1165, C168 are all located distant in the sequence,
but proximal in space to Arg-196 (Fig. 4B). This indicates that intro-
duction of the mutation did not affect the overall folding of the
domain structure, although it would be expected to exert a minor
effect on the BB loop that connects the second B-strand and sec-
ond helix and consists of residues 194-208, owing to its proximity.
Consequently, the Arg-196 substitution did not cause destabiliza-
tion of the MyD88-TIR protein. However, this missense mutation
caused a significant decrease in the direct binding ability to TLR2-
TIR as well as to Mal-TIR (Fig. 4A) (Ohnishi et al,, 2009). The loss of
interactions of MyD88-TIR with TLR2-TIR or Mal-TIR caused by the
mutation would be a critical molecular factor influencing the spe-
cific phenotype of MyD88 deficiency patients. Thus, this result may
provide a molecular explanation of the symptoms experienced by
MyD88 deficiency patients.

In conclusion, we have demonstrated that MyD88-TIR directly
binds to TLR2-TIR, but not to TLR4-TIR. We have also shown that
two isolated sites in the MyD88-TIR mediate direct interactions
with TLR2-TIR and that these sites are shared with Mal-TIR. The
interaction Kinetics for TLR2 with MyD88 is similar to TLR2 with
Mal. Identification of the MyD88 residues that are involved in direct
interactions with TLR2 is of clinical significance because of the asso-
ciation of one of these residues with primary immunodeficiency
syndrome. The mechanism of TLR2 signaling initiation remains to
be clarified by further studies. However, we believe that the novel
information on the binding mode of the TIR proteins provided by
this study will facilitate future structural determination of hetero-
oligomeric TIR domain complexes.
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Abstract :

Purpose To describe a case of autosomal-dominant (AD)-
chronic mucocutaneous candidiasis (CMC) with a signal
transducer and activator of transcription (STAT) 1 gene
mutation, and some of the important complications of this
disease such as chronic hepatitis.

Methods We present a 23-year-old woman with CMC,
chronic active hepatitis, and hypothyroidism. Her father also
had CMC. We performed several immunological analyses of
blood and liver samples, and searched for gene mutations
for CMC in the patient and her father. '
Results We identified the heterozygous substitution ¢.821 G
>A (p.Arg274Gln) in the STATI gene of both the patient
and her father. The level of 3-glucan induced interferon
(IFN)-y in her blood cells was significantly low. Immuno-
blot analysis detected serum anti-interleukin (IL)-17 F auto-
antibody. She was found to have increased (low-titer)
antibodies related to her hypothyroidism and hepatitis. Her
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serum IL-18 levels fluctuated with her AST and ALT levels.
Liver biopsy revealed CD68-positive cell infiltration and IL-
18 expression in the sinusoidal regions. These results sug-
gest that the chronic active hepatitis in this patient may be
exacerbated by the excessive IL-18 accumulation caused by
recurrent mucocutaneous fungal infection, and decreased
IFN-y production.

Conclusions AD-CMC is known to be caused by a gain-of-
function mutation of the ST4T/ gene. Chronic active hepa-
titis is a rare complication of AD-CMC, with currently
unknown pathogenesis. It seems that the clinical phenotype
in this patient is modified by autoimmune mechanisms and
cytokine dysregulation. AD-CMC can be complicated by
various immune disorders including autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy.

Keywords AD-CMC - STAT1 - hypothyroidism - chronic
active hepatitis - anti-IL-17 F autoantibody - IL-18
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Abbreviations

AD Autosomal dominant

AIRE Autoimmune regulator

ANA Antinuclear antibody

APECED Autoimmune polyendocrinopathy-candidiasis-

ectodermal dystrophy
AR Autosomal recessive

ASMA Anti-smooth muscle antibody

CARD Caspase recruitment domain-containing protein

CMC Chronic mucocutaneous candidiasis

DOCK Dedicator of cytokinesis

GAF Interferon-y activating factor

HIES Hyper-IgE syndrome

IFN Interferon

IL Interleukin

ISGF3 Interferon-stimulated-y factor 3

LKM-1 Liver-kidney microsome 1

MSMD  Mendelian susceptibility to mycobacterial
disease

PBMCs  Peripheral blood mononuclear cells

PHA Phytohemagglutinin

STAT Signal transducer and activator of transcription

TNF Tumor necrosis factor )

TPOAb Anti-thyroid peroxidase antibody

TSBAb Thyroid stimulating hormone blocking
antibody

Introduction

Chronic mucocutaneous candidiasis (CMC) is characterized
by susceptibility to candida infections of the skin, nails, and
mucous membranes. CMC is caused by inborn errors of
interleukin (IL)-17 immunity [1], due to mutations of the
autoimmune regulator (4/RE) gene that cause autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy
(APECED) [2-4], the signal transducer and activator of
transcription-3 (S7AT3) gene that cause autosomal dominant
(AD)-hyper-IgE syndrome (HIES) [5], the dedicator of
cytokinesis-8 (DOCKS) gene that cause autosomal recessive
(AR)-HIES [6], the caspase recruitment domain-containing
protein-9 (CARD9) gene [7], the IL-17 receptor-A (IL17RA)
gene, the IL/7F gene [1], or the STAT! gene [8, 9].

STAT1 has an essential role in the interferon (IFN)~y and
type I interferon-receptor signaling pathways. In response to
IFN-y stimulation, STAT1 forms homodimers or hetero-
dimers with STAT3 that bind to the IFN-y activation site
promoter element (IFN-y activating factor, GAF). In response
to IFN- or IFN-3 stimulation, STAT1 forms a heterodimer
with STAT?2 that can bind to the interferon-stimulated re-
sponse element (IFN-stimulated-y factor 3, ISGF3) [10].

Loss of function of the STAT! gene results in Mendelian
susceptibility to mycobacterial disease (MSMD) [11]. In

9} Springer

2011, the gain-of-function mutation of STAT! was shown
to cause AD-CMC [8, 9]. Here, we report a family with AD-
CMC and STAT! mutation, and show that chronic active
hepatitis and hypothyroidism may be associated with this
specific condition.

Methods
Patients

The patient is now a 23-year-old female. She first consulted us
at age 11 years because of chronic candidiasis of her skin,
nails, and oral cavity that she had experienced since the age of
3 years. She had short stature (3 standard deviations below the
mean), myxedematous fingers, and puffy lips. Her thyroid
was described as atrophic on ultrasonography. Her father also
had a history of CMC since childhood. He had a history of
smoking and alcohol ingestion, and had died of oral cancer
(squamous cell carcinoma) at the age of 49 years. The results
of laboratory examinations are shown in Table I. She had
hypothyroidism and liver dysfunction. Anti-thyroid peroxi-
dase antibody (TPOAD) was positive. Testing for hepatitis-
associated autoantibodies revealed positive serum antinuclear
antibody (ANA) at the first visit and at age 22 years, and
positive (low-titer) serum anti-smooth muscle antibody
(ASMA) and anti-liver-kidney microsome 1 (LKM-1) anti-
body at age 22 years, but anti-mitochondrial antibody was
negative. Serum markers for hepatitis virus were negative.

Oral administration of levothyroxine (100 pg/day) im-
proved her growth rate. Her liver function deteriorated (AST
560 TU/L, ALT 1040 TU/L) at age 12 years and liver biopsy
revealed chronic active hepatitis with piecemeal necrosis.
She was diagnosed with autoimmune hepatitis according to
the International Autoimmune Hepatitis Group criteria
(1999) [12]. Her liver function improved with administra-
tion of oral prednisolone for 17 months followed by oral
azathioprine (100 mg/day).

Analysis of Gene Mutations

Genomic DNA was extracted from leukocytes (except from
the patient’s deceased father, whose DNA was extracted
from stored skin tissue) using SepaGene (EIDIA, Tokyo,
Japan), DNA fragments of the AIRE and STAT! genes were
amplified by polymerase chain reaction, and analyzed using
big dye terminator bidirectional sequencing (Applied Bio-
systems, Foster City, CA, USA).

Cell Culture

Peripheral blood mononuclear cells (PBMCs) were isolated
from the heparinized blood of control donors and the patient
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Table I Laboratory examina-
tion results

leukin, /FN interferon, PBMCs
peripheral blood mononuclear
cells, ECLIA electrochemilumi-
nescence immunoassay, RIA4
radioimmunoassay

ND not detected, NP not
performed

* <17: negative, 17-49: indeter-
minate, >49: positive

I1 years old
(first presentation)

22 years old

Reference value (re-presentation)

TSH
FT3
FT4
TPOAD (RIA)
TPOAD (ECLIA)
TgAb
TRAD
TSBADb
AST
TSH thyroid-stimulating hor- ALT
mone, FT3 free triiodothyronine, LDH
FT4 free thyroxine, TPOAb anti-
thyroid peroxidase antibody, ANA
TgAb anti-thyroglobulin anti- AMA
body, TRAb thyroid sfxmulatmg ASMA
hormone receptor antibody, . .
TSBAb thyroid stimulating hor- anti-LKM-1 antibody
mone blocking antibody, AST [gG
aspartate aminotransferase, ALT IgA
alanine aminotransferase, LDH oM
lactate dehydrogenase, ANA an- g
tinuclear antibody, AMA anti- Lymphocytes subscts
mitochondrial antibody, ASMA CD3
anti—smopth m}tscle anfibody', CD4
LKM-1 liver-kidney microsome cDs
1, PHA phytohemagglutinin,
Con A concanavalin A, IL inter- CD19

Lymphocyte proliferation assay
no stimulus

PHA

Con A

neutrophil phagocytosis function
neutrophil sterilizing function
natural killer cells activity

(UML)  0.35-4.94 622 201.3
(pgmL)  1.71-3.71 0.55 1.45
(ug/dl)  0.70-1.48 0.06 0.24
(IUmL) <03 8.6 NP
IU/mL) <16 NP 23
ND ND
ND ND
ND ND
(U/L) 7-35 137 124
(IU/L) 7-40 159 169
(IU/L) 125-225 885 206
<1:40 1:160 1:30
ND ND
<1:40 ND 1:40
(index) a NP 26
(mg/dL)  890-1850 1947 1928
(mg/dL)  95-460 176 289
(mg/dL)  45-300 414 532
(%) 65.0-85.0 NP 78.4
(%) . 35.0-65.0 NP 442
(%) 20.0-35.0 NP 35.7
(%) 5.0-15.0 NP 7.4
(cpm) 127-459 NP 179
(epm)  20500-56800 NP 42800
(cpm) 20300-65700 NP 38000
(%) 70-87 NP 91.6
(%) 93-97 NP 89.6
(%) 1840 NP 50

by gradient centrifugation using Ficoll-Paque (GE Health-
care, Uppsala, Sweden). The PBMCs were cultured in me-
dium consisting of RPMI 1640 supplemented with 10 %
heat-inactivated fetal calf serum, L-glutamine (2 mmol/L),
penicillin (100 U/mL), and streptomycin (100 pg/mL).

PBMCs were seeded to a density of 10° per mL, and
cultured in the presence or absence of 10 pg/mL of
phytohemagglutinin (PHA) (GIBCO, Life Technologies
Corp., Grand Island, NY, USA) and 300 pg/mL of
curdlan (B-1,3-glucan; Wako Pure Chemical Industries,
Osaka, Japan) for 72 h in 24-well plates at 37 °C in a
humidified atmosphere at 5 % CO,.

Analysis of Cytokine Levels by ELISA

Serum samples were stored at —80 °C until assayed. Culture
supernatants in test tubes or microtest plates were centrifuged

to remove cells and stored at —80 °C until assayed. [FN-y
concentrations were measured with a human IFN-y analysis
kit (Otsuka Pharmaceutical Co., Tokyo, Japan) with a detec-
tion limit of 2 pg/mL. Similarly, tumor necrosis factor (TNF)-
o concentrations were measured with an immunoassay kit
(BioSource International, Carlsbad, CA, USA) with a detec-
tion limit of 1.7 pg/mL. IL-18 was assayed by ELISA (MBL,
Nagoya, Japan), with a detection limit of 25.6 pg/mL.

Immunoblot Analysis

Recombinant IL-17 A, IL-17 F, and 1L-22 (R&D Systems,
Minneapolis, MN, USA) were electrophoresed on 15 % gel
(XV Pantera gel, DRC Corp., Tokyo, Japan). Separated
proteins were then transferred onto membranes using an
iBot system (Invitrogen Corp., Carlsbad, CA, USA) at
30 mA for 14 min. The membranes were blocked with

@_ Springer
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blocking buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 3 %
BSA) for 1 h at room temperature. After two 5-min washes
in TBS-T (10 mM Tris, pH 8.0, 150 mM NaCl, 0.1 %
Tween20), they were reacted with the patient’s sera for
1 h. After washing four times, the membranes were incu-
bated with goat anti-human IgG conjugated to HRP
(1:3,000). Detection was performed using ECL-plus (Amer-
sham, Piscataway, NJ, USA) and a light capture system
(AE6970CP; ATTO, Tokyo, Japan). Additional immunoblot
analyses were performed using the patient’s serum neutral-
ized by the antigenic proteins, and the sera of healthy
control subjects, to confirm the staining band as IL-17 F.
The neutralizing serum was produced by mixing 40 pL of
the patient’s serum with 1,250 ng of the antigenic proteins,
and incubating for 24 h. Each 250 ng of the antigenic
proteins was electrophoresed on 15 % gel.

~ Immunohistochemistry

The patient’s liver biopsy specimen was histologically exam-
ined after hematoxylin-eosin and immunohistochemical stain-
ing. Hepatic immunohistochemical staining was performed as
previously described [13]. Immunohistochemical analysis of
IL-18 expression was performed with an antihuman IL-18
monoclonal antibody, clone CPTC-IL18-1 (Millipore, Bill-
~erica, MA, USA). Mouse monoclonal anti-CD68 antibody
clone KP1 (Dako, Glostrup, Denmark) was used as another
primary antibody. Replacement of the primary antibody with
Mouse IgG1 K Isotype Control Purified (eBioscience, San
Diego, CA, USA) resulted in negative staining.

Results
Identification of the Patient’s Pathogenic Gene Mutation

We initially considered APECED (also known as autoim-
mune polyendocrinopathy type 1) as a possible diagnosis.
This multi-organ autoimmune disease with CMC is caused
by mutation of the AIRE gene [2, 3]. Hypoparathyroidism,
adrenal failure, and CMC are three major hallmarks of this
disease [14]. In 2011, van de Veerdonk et al. and Liu et al.
reported that the gain-of-function mutation of STAT/ caused

AD-CMC [8, 9]. We therefore analyzed the AIRE and

STAT! genes in the patient and her father.

We identified the homozygous polymorphism ¢.961 C>G
(p-Ser278Arg) in the patient’s AIRE gene. However, no path-
ogenic mutation was found in AJRE. We eventually identified
the heterozygous substitution ¢.821 G>A (p.Arg274Gln) in
the STATI gene of both the patient and her father. Liu et al.
reported that this mutation caused AD-CMC [9]. We therefore
concluded that CMC was caused by the STAT/ mutation in
this family.

@_ Springer

Immunological Analyses

Analysis of the patient’s IFN-y, TNF-«, and IL-18 produc-

tion levels by PBMCs after B-glucan or PHA stimulation
revealed that her 3-glucan-stimulated IFN-y production was
significantly lower than that of age-matched healthy con-
trols, although PHA-stimulated IFN-y production and f3-
glucan-stimulated TNF-o and IL-18 production were not
significantly different compared with healthy controls
(Fig. 1).

We analyzed anti-IL-17 antibody in the patient’s serum
because it has been reported that the anti-IL-17 family of
autoantibodies may contribute to the pathogenesis of CMC
in APECED [4]. Immunoblot analysis showed anti-IL-17 F
autoantibody in her serum, but not anti-IL-17 A or anti-IL-22
autoantibodies (Fig. 2a). Moreover, her serum neutralized
by IL-17 F had lower reactivity than her non-neutralized
serum, and the control was negative (Fig. 2b). We therefore
considered that this staining band indicated the presence of
anti-IL-17 F autoantibody. ) ,

When she re-visited our hospital at age 22 years we were
able to evaluate her immunological status, as she had not
taken medication for more than 6 months. At that time, she
had increased serum immunoglobulin levels (Table ). Anal-
ysis of her serum IL-18 levels, liver enzyme levels, and liver
tissue at the time of exacerbation of hepatitis revealed that
her IL-18 levels fluctuated with AST and ALT levels (serum
IL-18 level in age-matched healthy controls is [89+82 pg/
mL) (Fig. 3). Histological examination of her liver biopsy
specimen after hematoxylin-eosin staining strongly sug-
gested the presence of chronic active 'hepatitis because of

‘the features of interface hepatitis with a heavy infiltrate of

plasma cells in the portal tracts, and the absence of abnormal
angiogenesis. Additionally, CD68-positive cell infiltration
and IL-18 expression were seen in the sinusoidal regions
(Fig. 4).

Discussion

We present a case of AD-CMC with STATI mutation com-
plicated by chronic active hepatitis and hypothyroidism.
Previous studies indicated that AD-CMC patients with
STAT! mutation have a relatively high frequency of hypo-
thyroidism and other rare disorders. Qur patient’s chronic
active hepatitis is a rare complication compared with 61
other AD-CMC patients with STAT/ mutation [8, 9].

The pathogenesis of CMC is generally thought to have two
possible mechanisms: impaired IL-17-mediated immunity
and secondary immunodeficiency due to anti-IL-17 autoanti-
bodies. Liu et al. and Smeekens et al. reported that the gain-of-
function mutation of STAT! causes AD-CMC by impairing
IL-17-mediated immunity [9, 15]. The constitutively activated
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Fig. 1 [FN-y, TNF-qo, and IL-
18 production by peripheral
blood mononuclear cells after
{3-glucan or phytohemaggluti-
nin stimulation. The patient’s
B-glucan-stimulated [FN-y
production was significantly
lower than that of age-matched
healthy controls (a).
Phytohemagglutinin-stimulated
IFN-y production and -
glucan-stimulated TNF-« and
[L-18 production did not show
significant differences com-

pared with healthy controls (b, '

¢, d). ND, Not detected

Fig. 2 Immunoblot analysis of
autoantibodies against IL-17 A,
IL-17 F, and IL-22. The patient’s
serum was positive for anti-IL-
17 F autoantibody (arrowhead),
but not anti-IL-17 A oranti-IL-22
autoantibodies (a). For immuno-
blot analysis of autoantibodies
against IL-17 F, the patient’s se-
rum was compared with her se-
rum neutralized by IL-17 F
antigen and the serum of control
subjects. Her serum neutralized
by IL-17 F had a lower reactivity
than the non-neutralized serum
(arrows). The control was
negative (b)
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Fig. 3 Time-course 6f serum AST, ALT, and IL-18 levels. The
‘patient’s serum [L-18 levels were elevated due to her hepatitis (levels
in age-matched healthy controls are 189+82 pg/mL)

STAT1 mutants are dephosphorylated. Cellular responses may
then cause an imbalance between STAT1-dependent signaling
and STAT3-dependent signaling, and suppress the develop-
ment of T cells producing IL-17 A, IL-17 E, and IL-22. The
candidiasis is probably explained by subsequent impaired f3-
defensin production (which should be driven by IL-22) and a
lack of local neutrophil response and activation. Van de Veer-
donk et al. reported that the mononuclear cells of AD-CMC
patients with STAT! mutation were characterized by poor
production of [FN~-y, IL-17, and IL-22, suggesting defects
within the IL-12 and IL-23 receptor signaling pathways [8].
The cytokine production patterns in our patient were similar to
those in the AD-CMC patients with STAT! mutation reported
by van de Veerdonk et al. [8] (Fig. 1). This specific cellular
response seems to be associated with the pathogenesis of
CMC caused by mutated STAT/. However, it has also been
reported that the suppression of IL-17 function causes second-
ary immunodeficiency and CMC in APECED [4]. The impor-
tance of IL-17 in the pathogenesis of CMC is also supported

Fig. 4 Immunohistochemical
analysis of liver tissue. After
hematoxylin-eosin staining, ex-
amination showed interface
hepatitis (arrows) and a heavy
infiltrate of plasma cells in the
portal tracts (a). Isotype control
is shown in (b). CD68-positive
cell infiltration and IL-18 ex-
pression are seen in the sinu-
soidal region (arrows) (e, d)

(a) Hematoxylin-eosin stain

(c) IL-18

by the fact that /L1 7RA and ILI7F gene mutations have been
shown to cause CMC [1]. Interestingly, our patient had anti-
IL-17 F autoantibodies (Fig. 2), as in APECED. Both poor {3-
ghucan stimulated IFN-y production and anti-IL-17 F anti-

‘bodies may be contributing to the clinical manifestations in

our patient. These findings in STAT-1 deficiency cast some
doubt on this putative mechanism for CMC in APECED. The
pathogenic mechanisms of immunodeficiency which cause

~ candidiasis in APECED may result from both suppression of

IL-17 function and some kind of cytokine dysregulation.
'Hypothyroidism caused by a mutated STAT/ gene may be
associated with thyroid autoantibodies. Van de Veerdonk et
al. reported that of 14 patients with AD-CMC with STAT!
mutations, 3 had hypothyroidism, 2 of whom were positive
for thyroid autoantibodies, and 1 additional patient with
normal thyroid function also tested positive for thyroid
autoantibodies [8]. The reason that the STATI mutation
causes hypothyroidism is as follows. It is known that thyro-
tropin induces production of suppressor of cytokine signal-
ing 1, which in turn alters STAT1 phosphorylation.
Thyrotropin may act as a cytokine inhibitor in thyroid tissue,
and mutated STAT/ may inhibit the rescue of thyroid cells
by thyrotropin and contribute to hypothyroidism [8, 16]. In
our patient, the thyroid gland was atrophic, and TPOAD, but
not thyroid stimulating hormone blocking antibody
(TSBAD), was detected in her serum. TPOAb is known to
be a major pathogenic factor in chronic (Hashimoto’s) thy-
roiditis. Some patients with this disorder have been reported
to have atrophic thyroiditis [17]. TSBAD is also known to
cause hypothyroidism in patients with atrophic autoimmune

(b) Isotype control

(d) cD68
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thyroiditis [18, 19]. We therefore speculate that both TPOAb
and the previously mentioned cytokine signaling mechanisms
may be causally related to our patient’s hypothyroidism.

As discussed above, the pathogenesis of CMC and hypo-
thyroidism caused by mutated STAT can be explained by the
combination of autoimmune disorders and cytokine dysregu-
fation which have previously been reported. However, chronic
active hepatitis is thought to be a rare complication, with
unclear pathogenesis. We describe the pathogenesis of hepa-
titis caused by mutated S7A7/ as having both autoimmune
and cytokine dysregulation mechanisms.

Hepatitis-associated autoantibodies may be positive in
chronic active hepatitis caused by mutated STAT/. Our
patient’s chronic active hepatitis seems to be caused by a
polyclonal increase in hepatitis-associated autoantibodies,
such as ANA, ASMA, and anti-LKM-1 antibody. However,
the pattern of these antibodies in this patient was thought to
be atypical. Generally, ANA and ASMA are detected in type
1 autoimmune hepatitis, and anti-LKM-1 antibodies are
detected in type 2 autoimmune hepatitis [20, 21]. The path-
ogenesis of hepatitis in this patient can therefore be
explained by both autoimmune and other mechanisms. Our
results also suggest that chronic active hepatitis caused by
mutated STATI may be associated with excessive IL-18
production. IL-18 was found to be a major factor in
pathogen-associated molecular patterns induced hepatitis
[22]. Liver biopsy showed CD68-positive cell infiltration,
which is also seen in other disorders with cytokine dysre-
gulation complicated by hepatitis such as Still’s disease and

mevalonate kinase deficiency [23]. It is well known that the -

autoantibodies are not associated with the pathogenesis of
hepatitis in these two discases. The hepatitis in our patient
may be caused by excessive IL-18 accumulation due to
recurrent mucocutaneous fungal infection. It is known that
IL-18 binding protein induced by IFN-y production medi-
ates negative feedback of IL-18 production [24]. Decreased
IFN-y production by mutated STAT! therefore seems to
cause increased IL-18 production. ‘

At least one of the patients reported by van de Veerdonk
et al. had chronic hepatitis, and that patient had a mutation
of same amino acid residue (p.Arg274Trp) as our patient
[8]. This may mean that a specific STAT! gene mutation
(such as p.Arg274Tmp or p.Arg274Gln) contributes to the
pathogenesis of chronic hepatitis.

Conclusions

We present a rare case of AD-CMC with STAT/ mutation
complicated by both hypothyroidism and chronic active hep-
atitis. The pathogenesis of both CMC and hypothyroidism
caused by mutated STAT! can be explained by the combina-
tion of autoimmune disorders and cytokine dysregulation. The

pathogenesis of chronic active hepatitis in AD-CMC is still
unclear. Our results suggest that hepatitis may be associated
with the accumulation of IL-18. AD-CMC with STAT] muta-
tion can be complicated by multiple immune disorders includ-
ing APECED, with primary immune deficiency syndromes
showing the phenotype of CMC.
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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, MEFYV, mevalonate
kinase (MVK), and tumor necrosis factor receptor superfam-
ily, member 1A (TNFRSF14) were performed on patient
samples. In vitro functional assays determined the effects
of the NLRP3 variants and pyrin using NF-«B activation
and speck formation assays.
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Results A heterozygous genetic variant of NLRP3, G809S,
was found in samples from both patients. Additionally 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-13 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 of atypical autoinflammatory
disease in patients could be modified by a synergistic effect
with two other variants of autoinflammatory-associated
genes.

Keywords NLRP3 - leucine-rich repeat domain -
autoinflammatory disease - 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 Mediterranean fever

HEK Human embryonic kidney

IL Interleukin
MEFV 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 S0 variants of unclear significance that have been
reported in the INFEVERS database (http://fimf.igh.cors.fi/
[SSAID/infevers/) to date [4]. :

NLRs recognize microbial molecules such as pathogen-
associated molecular patterns (PAMPs) or endogenous

2} Springer

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 diseasé in patients could be modified by a synergistic
effect with other autoinflammatory-associated genes.

Methods
Subjects
Case ]

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 underwent a
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 infiltraté with mononuclear cells in the upperand
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. [¢). 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 1.
b The histopathological
examination of a skin biopsy
specimen (hematoxylin and
eosin stain, original
magnification x 200).
Perivascular infiltrate 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 case 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 diarthea 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 or 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, cur-
rently this treatment is not effective.

The genotypes and the clinical profiles 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, MEFYV, mevalonate kinase (MVK), and TNF

receptor superfamily, member 1A (TNFRSFIA) 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 -
Initial 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
Arthralgia No- No
Lymphatic signs No Yes

Cutaneous manifestations persistence of rash
(pigmented erythema with petechiae)

Two episodes of rash

Hearing loss No No

Neurologic signs No No

Proteinuria No No

Laboratory findings

WBC (/ul) 11,800 14,620

CRP (mg/dl) 10.1 3.1

ESR (mmvh) 45 32

NLRP3 Genotype G809S G809S

MEFV Genotype P369S, R408Q 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/1), penicillin (100 U/ml), and streptomycin
(100 pg/ml). Human embryonic kidney (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 Enzyme-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-13 concentrations' were measured by im-
munoassay Kit (BioSource) with detection limits of 1.7 pg/ml
and 1.0 pg/ml, respectively. IL-1ra and sSTNFR1 concentra-

tions were measured by ELISA' (R&D Systems) with detec- -

tion limits of 6.26 pg/ml and 0.77 pg/ml, respectively. IL-18
was assayed by ELISA (MBL, Nagoya, Japan), wi,th' a detec-
tion limit of 25.6 pg/ml. We defined serum 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
0f 3.0x 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-
ified 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

@ Springer

assayed. The IL-1$ was measured with ELISA. The assay
was performed at two different times. The statistical signifi-
cance between control and each case in the IL-1§ 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, WI, 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-kB Reporter Gene Activity

HEK293T cells were transfected with 16 ng per well of
pcDNA3.1+ control 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 pcDNA3.1+
ASCl-myc, NF-kB luciferase reporter, and Renilla luciferase
reporter were co-transfected. 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 reporter assays
was analyzed using Dunnett’s multiple comparison test. A
P-value of <0.05 was considered statistically significant.

Speck Quantification Assay

HEK?293 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 (Invitrogen) 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 10 mM glycine in PBS. Fixed cells were
permeabilized using PBS containing 0.2 % Triton X-100 for
1 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 exonS of NLRP3 and heterozygous P3698-R408Q in
exon3 of MEFV were identified (Table I). There are 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 G809S 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-P369S8-
R408Q in exon2 and exon3 of MEFV were identified (Table I).

The GB09S 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
either case.

The Cytokine Profile of Patients

Serum IL-13, IL-6 and TNF-« 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 sTNFR1 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-13,
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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 inflammatory 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-c, and IL-6 did not increase during the fever episodes,
whereas serum IL-1ra and sTNFR1 levels were increased. IL-
18 levels during the fever episodes were increased in case 2,
not in case 1. Interestingly, the serum IL-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 IL-1 from monocytes of healthy control
subjects (n=5) without stimulation were 5.54+4.40 pg/ml.
The mean concentration £ SD of IL-1f3 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-13 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
concentration + SD of IL-13 from monocytes of healthy
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Fig. 3 IL-1§ levels from monocytes in case 1 and 2. White bars
indicate IL-1f3 levels in control. Grey bars indicate IL-1B levels in
case 1. Black bars indicate [L-18 levels in case 2. IL-1B 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 IFN~y and
1 pug/ml LPS were 441.3+316.5 pg/ml. The mean concentra-

tion + SD of IL-1{ 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 549.2+327.3 pg/ml. In both cases, IL-
1B secretion was increased compared with the healthy con-
trols when the monocytes were stimulated with LPS and TFN-
. Additionally, IL-1$3 from monocytes in case 2 stimulated
~with LPS and IFN-y was increased in response to ATP. This
was not observed for monocytes from case 1.

NF-kB 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, 11] (Fig. 4). When ASC was co-
expressed, D303N and G755R mutations increased NF-kB
reporter gene activity. However, G809S and Y859C did not
lead to significant activation of NF-kB. In the presence of
R837, an NLRP3 inflammasome 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-kB signaling pathway, wild-type or variant pyrin
(P369S+R408Q) was expressed in HEK293 cells and co-
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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-kB reporter gene activity was increased by mutants
D303N and G755R. G809S and Y859C did not induce NF-«B reporter
gene activity. b White bars indicate NF-kB 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 triplicate 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-«B 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

)

D303N mock

G809S

Fig. 6 Effect of the G809S 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 immunofluorescence 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 (62.1£8.8 %, 72.6+4.8 %, 53. 1:1:10 1% and
48.8+13.2% respectlvely, 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 effect on the NF-«B signaling pathway was
investigated in vitro. Although several variants of NLRP3
show significant increases of ASC dependent NF-«B reporter
gene activity in a previous report and as data presented here,
no significant increase was observed owing to the NLRP3
GB8O09S variant in this assay. Kambe et al. demonstrated that
the NLRP3 G755R mutation located within the LRR domain
could induce significant NF-kB activation in the presence of
an NLRP3 inflammasome activator, R837 [13]. Therefore,
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This panel shows cxamples 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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