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Human interleukin-1 receptor-associated kinase 4 (IRAK4) deficiency and myeloid differentiating factor
88 (MyD88) deficiency syndromes are two primary immune-deficiency disorders with innate immune
defects. Although new genetic variations of IRAK4 and MyD88 have recently been deposited in the sin-
gle nucleotide polymorphism (SNP) database, the clinical significance of these variants has not yet been
established. Therefore, it is important to establish methods for assessing the association of each gene
variation with human diseases. Because cell-based assays, western blotting and an NF-kB reporter gene

{;ezg:rds: assay, showed no difference in protein expression and NF-kB activity between R12C and wild-type IRAK4,
MyDS8 we examined protein-protein interactions of purified recombinant IRAK4 and MyD88 proteins by ana-
Myddosome lytical gel filtration and NMR titration. We found that the variant of IRAK4, R12C, as well as R20W, located
TIR domain in the death domain of IRAK4 and regarded as a SNP, caused a loss of interaction with MyD88. Our studies

suggest that not only the loss of protein expression but also the defect of Myddosome formation could

cause IRAK4 and MyD88 deficiency syndromes. Moreover a combination of in vitro functional assays is

effective for confirming the pathogenicity of mutants found in IRAK4 and MyD88-deficiency patients.
© 2013 Elsevier Ltd. All rights reserved.

Death domain
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1. Introduction immune system have been shown to cause newly categorized

human primary immune-deficiency syndromes (Al-Herz et al.,

Interleukin-1 receptor-associated kinase (IRAK) 4 is the one
of the essential molecules of the Toll/interleukin-1 receptor
signaling pathway (Suzuki et al., 2002). In this pathway, ligand-
induced hetero- or homodimerization of receptors recruits the
Toll/interleukin-1 receptor homology domain (TIR domain) con-
taining adaptor oligomers. One of these adaptors, MyD88, then
binds IRAK4 (Burns et al.,, 2003). Recently, defects in the innate
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2011) such as human IRAK4 deficiency (Picard et al., 2003).

In affected IRAK4 deficient patients, invasive infections such as
bacterial meningitis, sepsis, arthritis, or osteomyelitis are caused by
Streptococcus pneumonia, Staphylococcus aureus, and Pseudomonas
aeruginosa (Picard et al., 2010). Human MyD88 deficiency (von
Bernuth et al., 2008) has remarkably similar clinical features to
human IRAK4 deficiency. Interestingly, the life-threatening infec-
tions in IRAK4 or MyD88 deficient patients first occur during early
infancy, but their frequency and severity reduce after the teenage
years (Picard et al., 2011). Therefore, it is necessary for them to be
diagnosed quickly.

IRAK4 and MyD88 proteins both consist of two major func-
tional domains. In IRAK4, the death domain (DD) interacts with
MyD88, while the kinase domain phosphorylates downstream
signaling factors such as IRAK1, IRAK2, and subsequently causes
activation of TNF Receptor Associated Factor 6 (TRAF6). In MyD88,
both the DD and TIR domains interact in homotypic binding to
similar domain structures. The domain-domain interactions are
critical for these signaling pathways. IRAK4 and MyD88 form a
hetero-oligomeric signaling complex via a shared DD, so-called
Myddosome (Motshwene et al., 2009). Appropriate Myddosome


dx.doi.org/10.1016/j.molimm.2013.11.008
http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molimm.2013.11.008&domain=pdf
mailto:tochio@moleng.kyoto-u.ac.jp
mailto:ohnishih@gifu-u.ac.jp
dx.doi.org/10.1016/j.molimm.2013.11.008

T. Yamamoto et al. / Molecular Immunology 58 (2014) 66-76 67

formation can induce activation of the downstream signaling path-
way, which eventually leads to the activation of NF-kB and activator
protein 1 (AP-1).

Most previously identified causative mutations of human IRAK4
deficiency are nonsense or frame shift mutations that create early
stop codons (Cardenes et al., 2006; Davidson et al., 2006; Enders
et al., 2004; Krause et al., 2009; Ku et al., 2007; Medvedev et al.,
2003; Picard etal.,2010; Takadaetal.,2006; Yoshikawa etal.,2010),
however, three missense mutations (M1V, R12C, and G298D) have
been reported (Bouma et al., 2009; de Beaucoudrey et al., 2008;
Hoarau et al., 2007). In human MyD88 deficiency, one nonsense
mutation (E53X) and three missense mutations (E52del, L93P, and
R196C) were reported as causative mutations (Conway et al., 2010;
von Bernuth et al., 2008). Recently, new gene variations of IRAK4
and MyD88 have been deposited in the single nucleotide polymor-
phism (SNP) database following next-generation DNA sequencing,
but the significance of these variants has not been evaluated.
It is therefore important to establish methods to determine the
association of gene variations with human diseases. For exam-
ple, about MyD88, previous attempts have used western blotting,
reporter gene assays, immunoprecipitation, and size exclusion
chromatography of recombinant proteins to show that the SNPs
MyD88 S34Y and R98C were loss-of-function variants (George
et al., 2011), while another study used immunofluorescence to
determine that S34Y fails to interact with IRAK4 (Nagpal et al.,
2011).

Methods to detect the impaired responses to the
Toll/interleukin-1 receptor agonists, such as enzyme-linked
immunosorbent assay (ELISA) and flow-cytometry, are useful
for rapid screening of innate immune deficiency syndromes
(Davidson et al., 2006; Ohnishi et al., 2012a; Takada et al., 2006;
von Bernuth et al., 2006). However, no in vitro method to assess the
pathogenicity of novel variants of human IRAK4, MyD88 and the
other possible signaling components has been established. There-
fore, when novel gene variants are found in that possible cases of
IRAK4 or MyD88 deficiency syndromes, it is difficult to analyze
the pathogenetic significance of these variants. In this study, we
used a cell-based assay as well as in vitro protein-interaction
analyses to show that IRAK4 R12C and R20W caused a loss of
interaction with MyD88. This suggested that not only the loss of
full-length IRAK4 and MyD88 protein expression but also the loss
of Myddosome formation could cause IRAK4 and MyD88 deficiency
syndromes.

2. Materials and methods
2.1. Cell culture

Human embryonic kidney (HEK) 293T cells were cultured in
high glucose-containing DMEM (Invitrogen, Carlsbad, CA) sup-
plemented with 10% heat-inactivated FBS (Sigma-Aldrich, St.
Louis, MO), penicillin (100 U/ml), and streptomycin (100 p.g/ml).
Cells were incubated at 37°C in a humidified atmosphere of
5% CO5.

2.2. Vector preparations

cDNA encoding full-length IRAK4 (amino acid residues 1-460)
or the DD and the internal domain (ID) of IRAK4 (IRAK4-DD +ID,
amino acid residues 1-150) were tagged at the N terminus with a
FLAG-epitope and cloned into the plasmid vector pcDNA3.1+ (Invi-
trogen). M1V was tagged at the C terminus because of a substitution
of the start codon, and wild type (WT) tagged at the C terminus
was prepared as a reference. Similarly, cDNA encoding full-length
MyD88 (amino acid residues 1-296) or the TIR domain of MyD88

(MyD88-TIR, amino acid residues 148-296) tagged at the N ter-
minus with a myc-epitope were cloned into the plasmid vector
pcDNA3.1+ (Nada et al., 2012; Ohnishi et al., 2009). IRAK4 mutants
and SNPs taken from dbSNP135 of the National Center for Biotech-
nology Information (NCBI, http://www.ncbi.nlm.nih.gov/snp) were
generated using the GeneEditor in vitro Site-Directed Mutagene-
sis System (Promega, Fitchburg, WI). The pUNO hIL1R1(mb) vector
(InvivoGen, San Diego, CA) was purchased and cDNA encoding
IL-1RAcP and IL-18RAcPL were cloned into the plasmid vector
pcDNA3.1+. The pGL4.32[luc2P/NF-kB-RE/Hygro] vector, used as
an NF-kB luciferase reporter vector, and the pGL4.70[hRluc] vec-
tor, used as an internal control Renilla luciferase reporter vector,
were purchased from Promega.

2.3. Western blot analysis

To detect protein expression, HEK293T cells were seeded on
six-well plates at a density of 2 x 10°/ml and transfected with
1 g of expression plasmids of FLAG-tagged IRAK4 full length,
FLAG-tagged IRAK4-DD, and myc-tagged MyD88 full length using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. After 48 h incubation, cells were harvested, washed
with PBS, and lysed using CytoBuster Protein Extraction Reagent
(Novagen, Darmstadt, Germany) containing a protease inhibitor
mix (Roche Applied Science, Indianapolis, IN). All extracts were
adjusted to contain equal amounts of total cellular proteins, as
determined using the Bradford method. Supernatants and whole
cell lysates were separated by electrophoresis on SDS polyacryl-
amide gels and transferred to nitrocellulose membranes using an
iBlot Gel Transfer Device (Invitrogen). Membranes were blocked
for 1h in 5% BSA in TBST (pH 8.0, 10mM Tris buffer contain-
ing 0.15M NaCl and 0.1% Tween 20), then incubated at room
temperature for 2 h with an anti-FLAG M2 monoclonal antibody
(Sigma-Aldrich), anti-myc antibody (Invitrogen), or anti-f-actin
antibody (Sigma-Aldrich) followed by incubation with anti-mouse
IgG HRP conjugate (Promega) at room temperature for 30 min.
Detection was performed using the ECL Chemiluminescent Sub-
strate Reagent Kit (Invitrogen) and LightCapture system AE6970CP
(ATTO, Tokyo, Japan).

2.4. NF-kB reporter gene activity

For the functional assessment of IRAK4, HEK293T cells,
HEK293-hTLR1/2 cells (InvivoGen), HEK293-hTLR4-MD2-CD14
cells (InvivoGen) and HEK293-hTLR5 cells (InvivoGen) were trans-
fected with NF-«kB luciferase reporter vector, Renilla luciferase
reporter vector, pcDNA3.1+ empty vector or pcDNA3.1+ FLAG-
IRAK4 WT using Lipofectamine 2000. After transfection, cells
were incubated for 24 h then stimulated with recombinant IL-13
(10ng/ml) prepared as previously described (Wang et al., 2010),
Pam3CSK4 (10 ng/ml, InvivoGen), LPS (10 ng/ml, Sigma-Aldrich),
and recFLA-ST (10ng/ml, InvivoGen) for 6h. In a similar way,
HEK293T cells were transfected as described above and with
IL-18RACPL, and stimulated with recombinant IL-18 (50 ng/ml)
prepared as previously described (Kato et al.,, 2003; Li et al.,
2003) for 6h. Luciferase reporter gene activities were analyzed
using the Dual-Luciferase Reporter Assay System (Promega). Sim-
ilarly, HEK293T cells were transfected with pUNO-hIL1R1 vector,
pcDNA3.1+ IL-1RAcP vector, NF-kB luciferase reporter vector,
Renilla luciferase reporter vector, pcDNA3.1+ empty vector or
pcDNA3.1+ FLAG-IRAK4 WT or variants, as described above. After
transfection, cells were incubated for 24 h and luciferase reporter
gene activities were analyzed.

For the functional assessment of MyD88, HEK293T cells were
transfected with NF-kB luciferase reporter vector, Renilla luciferase
reporter vector, and different amounts of pcDNA3.1+ myc-MyD88
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WT or variants (5, 15 or 50 ng). The amounts of transfected plasmid
were adjusted to an equal amount with pcDNA3.1+ empty vec-
tor. After transfection, cells were incubated for 24 h. To compare
the dominant negative effect of MyD88, pcDNA3.1+ myc-MyD88-
TIR WT or variants (5, 15 or 50 ng), pcDNA3.1+ IL-18RAcPL, NF-kB
luciferase reporter vector, and Renilla luciferase reporter vec-
tor were co-transfected, and then, cells were incubated for 24 h
and stimulated with/without IL-18 (10ng/ml) for 6 h. Luciferase
reporter gene activities were analyzed as described above.

The NF-kB activation of each condition was assessed in at least
three independent experiments. The statistical significance of the
differences in luciferase activities was determined using one-way
ANOVA with Bonferroni’s post-hoc test. The statistical significance
was defined as P<0.05.

2.5. Protein preparation

The portion of the human IRAK4 gene encoding the DD +ID
(amino acid residues 1-150) and the human MyD88 gene encod-
ing the DD and the ID (MyD88-DD+ID, amino acid residues
1-152) were cloned into vector pGEX-6P-1 (GE Healthcare, Lit-
tle Chalfont, UK). These vectors were transformed into Escherichia
coli BL-21 (DE3) (Novagen). IRAK4-DD +ID variants and MyD88-
DD +ID, which were expressed as GST fusion proteins, were first
purified by glutathione Sepharose 4B FF (GE Healthcare) affinity
chromatography, and the GST-tag was removed by digestion with
PreScission protease (GE Healthcare). Subsequently, the DD +IDs
were purified by anion exchange chromatography (Q-Sepharose
column; GE Healthcare) and gel filtration (Superdex 75 HR 26/60
column; GE Healthcare). Using a similar purification protocol,
TH-15N-labeled MyD88-DD +ID was prepared. All nuclear mag-
netic resonance (NMR) samples were uniformly >N-labeled and
prepared in 210l solutions of H,0/D,0 (95%/5%) containing
20 mM potassium phosphate buffer at pH 6.0 with 10 mM DTT. The
portions of the human TIR domains of MyD88 WT and its mutants
(M178I, R196C) and MyD88 adaptor-like (Mal) (Mal-TIR, amino
acid residues 75-235) were cloned into pGEX-5X-1 and pGEX5X-3
vectors (GE Healthcare), respectively. The proteins were purified as
previously described (Ohnishi et al., 2009).

2.6. Analytical gel filtration

Molecular masses of the purified recombinant proteins IRAK4-
DD+ID and MyD88-DD+ID were evaluated by size exclusion
chromatography. Gel filtration analysis was performed using a
Superdex-200 10/300 GL column (GE Healthcare) attached to an
AKTA purifier (GE Healthcare) at 10°C. The column was equili-
brated with 20 mM HEPES buffer (pH 7.0), 100 mM KCl, 10 mM DTT
and 1 mM EDTA. The column was calibrated using a gel filtration
standard kit (Bio-Rad, Hercules, CA). A total of 100 wl of 100 uM
IRAK4-DD +1ID and 100 wuM MyD88-DD +ID proteins was applied
to the gel filtration column. Protein elution was monitored by UV
absorption at 280 nm. The molecular masses of these proteins were
estimated using a calibration curve.

2.7. GST pull-down assays

GST-fusion proteins of MyD88-TIR and purified proteins of the
TIR domain of Mal were incubated with Glutathione Sepharose 4B
(GE Healthcare) in binding buffers (20 mM potassium phosphate
buffer (pH 6.0), 0.1 mM EDTA, 10 mM DTT, and 0.2% Triton X-100)
for 16 h. After four wash steps using 20 mM potassium phosphate
buffer (pH 6.0), 100 mM KCI, 0.1 mM EDTA, 10 mM DTT, and 0.2%
Triton X-100, the resin was analyzed by SDS-PAGE and Coomassie
Brilliant Blue staining.

2.8. NMR titration

An aliquot of 0.25 equivalent amounts of non-labeled IRAK4
WT or its variants was added to 210wl of 50 uM '>N-labeled
MyD88-DD +ID, with the exception for R20W, up to its 2.0 equiv-
alent amounts. For the titration with R20W IRAK4-DD +1D, 25 pM
MyD88-DD +ID was used. The samples were in 20 mM potassium
phosphate (pH 6.0) and 10 mM DTT in H20/D20 (95%/5%). At each
titration point, 2D 'H-1>N SOFAST-HMQC spectra were recorded
at 298 K on Bruker Avance I1 700 MHz spectrometer equipped with
cryogenic probes. The 2D spectra were processed using NMRPipe
(Delaglio et al., 1995) and analyzed using the Sparky (Goddard
and Kneller, 1999) analysis software, whereas 1D projections were
generated using Bruker TopSpin 3.1. A well-resolved NMR signal
derived from a Trp sidechain aromatic 'H-1°N pair in the pro-
jection was selected (supplementary Fig. S1B) at each titration
point, and then intensities were normalized with the intensity of
the corresponding NMR signal of >N MyD88-DD +ID recorded in
the absence of IRAK4-DD +ID (Ohnishi et al., 2009). The normal-
ized intensities were plotted as a function of the equivalent molar
amounts of the titrant.

2.9. Protein stability assay

HEK293T cells were seeded on six-well plates at a density of
2 x 10°/ml and transfected with 1 g of expression plasmids Flag-
tagged IRAK4-DD using Lipofectamine 2000. After 48 h, cells were
treated with 25 wM cycloheximide for 0, 24, 48, and 72 h (Fukao
et al.,, 1999). Cellular extracts were prepared in CytoBuster Protein
Extraction Reagent containing complete protease inhibitor mix. All
extracts were adjusted to contain equal amounts of total cellular
proteins, as determined using the Bradford method. Western blot
analysis with anti-FLAG antibody was carried out using standard
protocols as described above.

3. Results
3.1. Cell-based assays of IRAK4 variants

3.1.1. Protein expression of IRAK4

To functionally characterize the genetic variants of IRAK4,
FLAG-tagged full-length expression constructs corresponding to
the loss-of-function mutations that were previously reported as
pathogenic mutations (‘IRAK4 mutants’) and nonsynonymous SNPs
(‘IRAK4 SNPs’) were generated. In this study, we selected the
six IRAK4 mutants (M1V, a missense mutation of start codon
reported in Slovenia (de Beaucoudrey et al., 2008); R12C, a mis-
sense mutation reported in France and located in the DD (Hoarau
et al.,, 2007); ¢.118insA and R183X, mutations reported in Japan
that include a frame shift mutation (Picard et al., 2010; Takada
et al., 2006); Q293X, the most common mutation in Europe
(Picard et al., 2010); G298D, a missense mutation reported in
UK and located in the kinase domain (Bouma et al., 2009)) and
five SNPs in the DD (Fig. 1A). Our five SNPs were all within
the DD as we focused on the interaction between IRAK4 and
MyD88.

No protein expression could be detected of the three IRAK4
mutations M1V, Q293X, and c.118insA. R183X expressed a
smaller protein than WT, while G298D protein expression lev-
els were decreased (Fig. 1B). The expression of R12C was
comparable with WT as were expression levels of all SNPs
(Fig. 1C).

3.1.2. Inhibition of NF-kB activation of IRAK4
Next, IRAK4 variants were tested for NF-kB reporter gene activ-
ity using a dual luciferase assay system. As Medvedev et al.
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Fig. 1. Protein expression of IRAK4 variants. (A) Schematic representation of IRAK4 showing all identified mutations and nonsynonymous SNPs. IRAK4 consists of 12 exons
and the protein is composed of an N-terminal death domain and C-terminal kinase domain. Mutations are annotated at the upper side of this schema, and SNPs at the lower.
(B) Expression levels of IRAK4 mutants in HEK293T cells. Protein expression of M1V, Q293X, and c.118insA could not be detected. R183X expressed a truncated protein and
the expression level of G298D was low. (C) Expression levels of IRAK4 SNPs in HEK293T cells. All SNPs examined in this study expressed protein at the same level as WT.

(2003) previously reported that IL-1B-induced NF-«kB activa-
tion was inhibited by overexpressed IRAK4 in HEK293T cells,
we repeated their method with five different HEK293 cell lines
and their appropriate ligands to compare the inhibition of NF-
kB activation (Fig. 2). IL-13, IL-18 and the ligands of TLR1/2,
TLR4, and TLR5-induced NF-kB activations were not significantly
inhibited by overexpressed IRAK4 (Fig. 2A-E), but the NF-kB
activity enhanced by both transiently transfected IL-1R1 and IL-
1RACP could be significantly inhibited by overexpressed IRAK4
(Fig. 2F).

This system was used to compare IRAK4 variants. Fig. 2G shows
that NF-«kB activation of the mutants c.118insA, R183X, Q293X,
and G298D was less inhibited than WT. However, R12C showed
a similar activity level to WT, although this mutation was pre-
viously reported to be a loss-of-function mutant in a human
IRAK4 deficiency patient (Hoarau et al., 2007). Fig. 2H shows
that all IRAK4 SNPs significantly inhibited NF-kB activity to the
same extent as WT. Only R20W showed a stronger inhibitory
effect.

3.2. Cell-based assays of MyD88 variants

3.2.1. Protein expression of MyD88

We analyzed four previously reported loss-of-function muta-
tions of MyD88: E52del, E53X, and L93P located in the DD, and
R196C located in the TIR domain, as well as three SNPs: S34Y
and R98C (loss-of-function variants (George et al., 2011; Nagpal
et al, 2011) located in the DD, and M178I in the TIR domain
(Fig. 3A). To functionally characterize the MyD88 genetic variants,
myc-tagged full-length expression constructs corresponding to
the loss-of-function mutations (‘MyD88 mutants’) and nonsynony-
mous SNPs (‘MyD88 SNPs’) were generated. No protein expression
was detected of S34Y and E53X, while expression of E52del and
L93P was very low. On the other hand, expression levels of R98C,
M178I, and R196C were similar to WT (Fig. 3B).

3.2.2. NF-kB activity of MyD88
Next, we assessed the abilities of MyD88 variants to activate the
NF-kB signaling pathway using a dual luciferase assay system in
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Fig. 2. Cell-based NF-kB activity assays of IRAK4 variants. (A-F) The inhibition of NF-kB activation in five different cell lines by IRAK4. IL-1(3- (10 ng/ml), IL-18- (50 ng/ml),
Pam3CSK4- (10 ng/ml), LPS- (10 ng/ml) and recFLA-ST- (10 ng/ml) induced NF-kB activations was not significantly inhibited by overexpressed IRAK4 WT in HEK293T cells (A,
B, F), HEK293-hTLR1/2 cells (C), HEK293-hTLR4-MD2-CD14 cells (D), and HEK293-hTLRS5 cells (E). Transient transfection of both IL-1R1 and IL-1RAcP significantly enhanced
NF-kB activity in HEK293T cells, which could be significantly inhibited by overexpressed IRAK4. (G and H) The inhibition of NF-«kB activation by IRAK4 variants in HEK293T
cells. The inhibition by mutants c.118insA, R183X, Q293X, and G298D of NF-kB activation induced by co-transfection both IL-1R1 and IL-1RAcP was significantly less than
in WT. R12C showed a similar inhibition level to WT. All IRAK4 SNPs significantly inhibited NF-«kB activity as well as WT. Only R20W showed a stronger inhibition of NF-kB
activity than WT. Data represent the mean + SD of a representative experiment (n =3). Asterisk indicates a statistically significant difference between WT and the others. NS

means “not-significant”.

HEK293T cells. Fig. 3C shows that overexpression of S34Y, E52del,
E53X, L93P, R98C, and R196C resulted in lower NF-«kB activation
than that of WT. We previously reported that the truncated MyD88
lacking a DD (MyD88-TIR) inhibited IL-18-stimulated NF-kB
activation by means of a dominant negative effect (Ohnishi et al.,
2012b). Therefore, in the present study, we examined NF-kB
activation inhibition from a dominant-negative effect in HEK293T
cells transiently co-transfected with IL-18RAcP and MyD88-TIR

WT, or M178I and R196C (Fig. 3D). MyD88-TIR M178I inhibited
NF-kB activation to a similar level as WT, but MyD88-TIR R196C
was compromised in its effect to inhibit NF-kB activation.

3.3. GST pull-down assay of MyD88-TIR to Mal-TIR

MyD88 interacts with Mal via a shared TIR domain and acti-
vates a downstream signaling pathway. To analyze the mutations
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Fig. 3. Cell-based assays of MyD88 variants. (A) Schematic representation of MyD88 with all identified mutations and nonsynonymous SNPs. MyD88 consists of five exons
and the protein is composed of an N terminal death domain and C-terminal TIR domain. Mutations are annotated at the upper side of this schema, and SNPs at the
lower. (B) Expression levels of MyD88 variants in HEK293T cells. The protein expression of S34Y and E53X could not be detected, and that of E52del and L93P was
very low. The expression levels of R98C, M178I, and R196C were similar to that of WT. (C) NF-kB reporter gene activities of MyD88 variants in HEK293T cells. S34Y,
E52del, E53X, L93P, R98C, and R196C were compromised in the ability to enhance NF-kB activation, with the exception of M178I. (D) Dominant negative inhibitory effects
of MyD88-TIR variants in HEK293T cells. MyD88-TIR R196C failed to inhibit NF-kB activation. Data represent the mean =+ SD of a representative experiment (n=3). All
data were compared at each transfection dose. Asterisk indicates statistically significant difference between WT and the others. NS means “not-significant”. (E) Binding
assays for WT or mutant MyD88-TIRs with Mal-TIR using GST pull-down assays. M178I interacted with Mal-TIR as well as WT. R196C showed a reduced interaction with

Mal-TIR.

located in the TIR domain of MyD88, we carried out a GST
pull-down assay of MyD88-TIR and Mal-TIR (Fig. 3E). As we
reported previously (Nadaetal.,2012; Ohnishietal.,2009), MyD88-
TIR R196C showed a significant decrease in its ability to directly
bind to Mal-TIR, while MyD88-TIR M178I interacted with Mal-TIR
as well as WT.

3.4. Analytical gel filtration of IRAK4 and MyD88

To compare the interaction between MyD88 and IRAK4, ana-
lytical gel filtration was carried out. We purified MyD88-DD +IDs
and IRAK4-DD +IDs recombinant proteins, and analyzed the elu-
tion profiles of mixtures of MyD88 WT or mutants in the presence
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Fig. 4. Analytical gel filtration of IRAK4 and MyD88. (A) IRAK4-R12C failed to interact with MyD88. R12C was unable to assemble into a Myddosome as shown by size
exclusion chromatography of mixtures of bacterially purified MyD88-DD +IDs and IRAK4-DD +IDs (added in excess). MyD88-DD +ID WT + IRAK4-DD + ID WT mixture eluted
in a discrete complex peak that was absent from R12C mixtures. (B) IRAK4 SNPs interacted with MyD88 WT. Only IRAK4 R20W showed a decreased peak intensity of complete
complex and residual peak of MyD88-DD +ID despite mixing an excess of IRAK4. (C) MyD88-R98C failed to interact with IRAK4. Individual peak fractions from gel filtration,
purified MyD88-DD +ID or IRAK4-DD +ID alone (for size comparison) were analyzed by reducing SDS-PAGE (data not shown).

of a molar excess of IRAK4-DD +ID WT or mutants. Individual frac-
tions or purified reference proteins were analyzed by SDS-PAGE
(datanotshown). The estimated molecular weights were calculated
using a calibration curve, and were 30.6 kDa, 48.3 kDa, and 423 kDa
for IRAK4-DD +ID, MyD88-DD + 1D, and their complex, respectively.
Although IRAK4-DD was eluted as a 1mer (George et al., 2011; Lin
et al.,, 2010; Motshwene et al., 2009), IRAK4-DD +ID was mainly
eluted as a 2mer. While MyD88 was mainly eluted as a 3mer.
IRAK4 WT formed a characteristic oligomer by mixing with MyD88
WT, but not R98C, as previously reported (Fig. 4C) (Nagpal et al.,
2011).Moreover, IRAK4 R12Calso failed to form a complex (Fig. 4A).
By contrast, IRAK4 SNPs interacted with MyD88 WT (Fig. 4B), but
only IRAK4 R20W showed a decreased intensity of the complex
and residual peak of MyD88-DD +ID, despite an excess amount of
IRAK4.

3.5. NMR titration

The IRAK4-MyD88 interaction was also examined using NMR
spectroscopy for which 2D TH-1>N correlation NMR spectra of 1°N-
labeled MyD88-DD +ID were recorded in the presence or absence of
various concentrations of IRAK4-DD +ID or its derivatives. Changes
of NMR signal intensities of a Trp residue in '°N-labeled MyD88-
DD +ID following titration were used to monitor the interaction
(Fig. 5). The normalized NMR signal intensity steeply decreased
upon IRAK4 titration. Attenuation of the NMR signal could be

Fig. 5. NMR titration study of 'H-'>N-MyD88-DD+ID and IRAK4-DD +ID. Nor-
malized intensities of NMR signals, obtained from the NMR titration experiment
(Supplemental Fig. S1), were plotted in a function of equivalent moles (eq) of
IRAK4-DD +ID added to '>N-MyD88-DD +ID. The attenuation of signal intensities
was presumably caused by formation of complexes between MyD88-DD +ID and
IRAK4-DD +ID. NMR signal attenuation of R12C and R20W was significantly sup-
pressed relative to WT, indicating a weak affinity for MyD88-DD +ID. Black box,
white circle, white box, black circle, gray box, gray circle, and black cross indicate the
normalized intensities of WT, 15V, R12C, R20W, 126T, 139V, and S98R, respectively.
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Fig. 6. Stability of IRAK4-DD variants in HEK293T cells. Cells were incubated in
cycloheximide (25 wM) for the indicated times before preparation of cell extracts
for SDS-PAGE separation and immunoblotting with an anti-FLAG antibody. IRAK4-
DD WT maintained a steady state of protein structure, but R20W began to collapse
after 24 h.

interpreted as a result of the formation of large protein complexes
involving 1°N-labeled MyD88-DD +ID, indicating an interaction of
the titrated IRAK4-DD +ID with 1>N-MyD88-DD +ID. Four IRAK4
derivatives, I5V, 126T, 139V, and S98R, showed a similar attenuation
pattern to that of WT. By contrast, attenuation of NMR signal inten-
sities was significantly suppressed when one of two derivatives,
R12C or R20W, was used as a titrant. These observations suggest
that the affinity of R12C and R20W towards MyD88-DD +ID was
weaker than that of WT.

3.6. Instability of IRAK4 R12C and R20W

In the analytical gel filtration and NMR titration assays, IRAK4
R12C failed to interact with MyD88. On the other hand, IRAK4
R20W could interact with MyD88, but the amount of complete
complex was lower than WT and other SNPs. Additionally, R12C
and R20W were predicted to be “probably damaging” with scores
of 1.000 and 0.998, respectively, by the PolyPhen-2 algorithm
(http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al., 2010).
Therefore, we next evaluated the protein stability of IRAK4-DD + 1D
R12C and R20W compared with WT following treatment with
cycloheximide (Fig. 6). IRAK4-DD +ID WT protein levels did not
change during 72 h of cycloheximide treatment, but R12C protein
levels slightly decreased after 48 h of treatment, and R20W protein
levels decreased after 24 h of treatment.

4. Discussion

4.1. Invitro assays for assessments of the mutational effects of
human IRAK4 gene

Several cell-based functional assays of IRAK4 mutants have
previously been described, but the mutational effects of novel
mutations have not been confirmed. For example, Lye et al. exam-
ined the NF-kB activation of IRAK4 mutants using IRAK4-knocked
out murine fibroblasts (Lye et al., 2004), while Qin et al. (2004)
used human fibroblasts derived from an IRAK4 deficiency patient.
Medvedev et al.(2005) examined the IL-1 signaling complex forma-
tion of an IRAK4 mutant using immunoprecipitation. In the present
study, we examined selected IRAK4 mutations, including three pre-
viously reported missense mutations (Fig. 1A). Protein expression
levels of WT and R12C were similar (Fig. 1B), so we then assessed
the signaling function using HEK293T cells (Medvedev et al., 2003)
as it is difficult to obtain an IRAK4-deficient human cell line. IRAK4
Q293X protein expression was undetectable and it did not appear
to inhibit NF-kB activity (Figs. 1B and 2G), which agrees with the
results of Medvedev et al. (2003).

The other IRAK4 mutants, with the exception of R12C which
expressed undetectable or low level IRAK4 protein, also did not
inhibit NF-kB activity. On the other hand, R12C inhibited NF-kB
activity to almost the same extent as WT. This suggests that overex-
pressed IRAK4 protein only inhibits NF-kB activity when full-length

IRAK4 is expressed at levels above a certain threshold. All SNPs ana-
lyzed expressed similar protein levels and inhibited NF-kB activity
to the same level as WT (Fig. 1C and E). Interestingly, R20W showed
a significantly stronger inhibition of NF-kB activity than WT and
other SNPs, while the PolyPhen-2 algorithm “probably damaging”
prediction for R12C and R20W meant that the behavior of both was
uncertain.

To clarify this, we focused on these two variants. From informa-
tion about the Myddosome protein structure (PDB code: 3MOP) (Lin
et al.,, 2010), residues R12 and R20 appeared to be located on the
surface of IRAK4-DD, in the interface between IRAK4 and MyD88,
and to directly interact with MyD88-DD E102 and D46, respectively
(Fig. 7B). A protein-protein interaction study was used to assess the
mutational effect of these residues. MyD88-DD R98 was located
in the interface to IRAK4-DD (George et al., 2011), while MyD88-
TIR R196 was located in the interface to Mal-TIR (Ohnishi et al.,
2009). These arginine to cysteine substitutions caused a change in
protein—-protein interaction abilities. The recombinant proteins of
IRAK4-DD +ID WT and MyD88-DD +ID WT formed a higher order
oligomeric complex, but IRAK4 R12C failed to interact with MyD88.

While we were preparing this manuscript, T77del, a novel
mutation of human IRAK4 deficiency, was reported as a loss-of-
expression variant following a western blot of a patient’s fibroblasts
(Andres et al., 2013). Lin et al. (2010) used immunoprecipitation
to show that both T76 and N78 are critical residues for the inter-
action with MyD88. Therefore T77 might be critical not only for
protein expression but also the interaction with MyD88. It should
be noted that although IRAK4 S98 is located on the surface of IRAK4-
DD (Fig. 7A), it is distant from the interface with MyD88-DD. From
the complex structural information, S98 might be located in the
interface between IRAK4 and IRAK2. Future work should carry out a
protein interaction study between IRAK4 S98R and IRAK2 or IRAK1
to evaluate the pathogenicity of IRAK4 S98R.

All IRAK4 SNPs examined in the present study formed a com-
plex in analytical gel filtration. Interestingly, R20W also formed
a complex, albeit less than WT and the other SNPs. In addition,
an incomplete complex of IRAK4 R20W and MyD88 was observed
between the peak of unbound proteins and complete complex
(Fig.4B). Moreover, the NMR signal attenuation titrated with IRAK4
R12C and R20W was reduced compared with WT (Fig. 5), suggest-
ing that the interaction was weakened by amino acid substitutions.
From these results, we speculated that not only the mild loss of
protein-protein interaction, but also the loss of IRAK4-DD R20W
protein stability inhibits the formation of a complete complex of
IRAK4 and MyD88. Therefore, we examined protein stability using
cycloheximide. The stability of IRAK4-DD R12C was slightly lower,
but that of R20W was much lower than WT and R12C (Fig. 6). Thus it
is conceivable that the hydrophilic Arg20 substitution to hydropho-
bic tryptophan reduces the stability of the protein structure. Finally,
we propose the possibility that not only IRAK4 R12C but also R20W
has an impact on human IRAK4 deficiency (Table 1).

4.2. Invitro assays for assessments of the mutational effects of
human MyD88 gene

Recently, the loss-of-function variants S34Y and R98C were
found in naturally occurring MyD88 SNPs (George et al., 2011;
Nagpal et al., 2011). The functions of these variants were also
shown by a luciferase reporter gene assay in HEK293 I3A cells, and
interaction analysis with recombinant proteins. On the other hand,
Napgal et al. carried out an initial functional assay of MyD88 vari-
ants using a luciferase reporter gene assay in HEK293T cells, which
are not MyD88-deficient. In addition, Loiarro et al. (2009) used
immunoprecipitation in HEK293T cells to indicate that E52 and Y58
were key residues that interact with both IRAK1 and IRAK4, and
that K95 was an important residue to interact with IRAK4. In this
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MyD88-DD R9SC - IRAK4-DD

IRAK4-DD R12C - MyD88-DD

IRAK4-DD R20W - MyD88-DD

Fig. 7. Protein structure of IRAK4-DD. (A) Schematic representation of IRAK4-DD (Protein Data Bank accession code 2A9I) generated with PyMOL (DeLano Scientific,
www.pymol.org). Mutants and variants are shown as red full-surface amino acid residues. R12, R20, and S98 are located on the surface of IRAK4-DD. (B) 3D interaction
models of IRAK4-DD (green) with MyD88-DD (orange). MyD88-DD R98 (side chain shown as a blue stick) interacts with IRAK4-DD T76. IRAK4-DD R12 and R20 (side chains

shown as red sticks) interact with MyD88-DD E102 and D46, respectively.

study, we revealed decreased protein expression levels of MyD88
variants (S34Y, E52del, and L93P) with HEK293T cells, indicating
that they have unstable protein structures (Fig. 3B). Moreover,
R98C as well as the loss-of-expression variants had lower NF-kB
activity than MyD88 WT (Fig. 3C), while MyD88-DD R98C had an
impaired direct interaction with IRAK4-DD WT (Fig. 4C). Conse-
quently, MyD88 R98C can be a risk-allele for MyD88 deficiency,
because it showed similar to IRAK4 R12C about the results of
interaction assay between MyD88-DD and IRAK4-DD. Thus, the
results of MyD88-DD gene variation from a cell-based assay using
a MyD88-non-deficient cell line are consistent with the protein
interaction study, unlike the IRAK4 variants.

MyD88 interacts with Mal via a shared TIR domain. We pre-
viously found that MyD88-TIR R196C had stable protein folding
but a significant decrease in its ability to directly bind Mal-TIR

Table 1
Summary of the expression and functional analysis of IRAK4 variants.

(Nada et al., 2012; Ohnishi et al., 2009). TIR domains have an
important functional region, the BB loop, which interacts with
other TIR domain-containing proteins. As the R196C mutation and
M178I SNP are located in or near the BB loop of the MyD88 TIR
domain, we tested MyD88 full-length-induced NF-kB activation
and the inhibition of ligand-induced NF-«B activity caused by a
dominant-negative effect to assess the functional effect of M178I.
MyD88 full-length M178I significantly enhanced NF-kB activity,
as seen in WT (Fig. 3C). MyD88-TIR M178lI inhibited NF-kB acti-
vation to the same extent as WT, but R196C did not (Fig. 3D).
Furthermore, a GST pull-down assay using recombinant purified
proteins found that MyD88-TIR M178I interacted with Mal-TIR as
well as WT (Fig. 3E), which was consistent with the cell-based
assays. Therefore we determined M178I to be a variant, although
the mutation of a neighboring residue, 1179N also called the Poc

Gene Variant Protein expression NF-kB activity Interaction Protein stability Pathogenicity
IRAK4 M1V Absent - - - Reported
15V Normal Inhibited Normal - Polymorphism
R12C Normal Inhibited Reduced Mild reduced Reported
R20W Normal Inhibited Mild reduced Reduced Probable
126T Normal Inhibited Normal - Polymorphism
139V Normal Inhibited Normal - Polymorphism
c.118insA Severely reduced Not inhibited - - Reported
S98R Normal Inhibited Normal - Polymorphism
R183X Truncated Not inhibited - - Reported
Q293X Severely reduced Not inhibited - - Reported
G298D Reduced Not inhibited - - Reported
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Table 2
Summary of the expression and functional analysis of MyD88 variants.

Gene Variant Protein expression NF-kB activity Interaction Pathogenicity

MyD88 S34Y Severely reduced Not enhanced - Probable
E52del Reduced Not enhanced - Reported
E53X Severely reduced Not enhanced - Reported
L93P Reduced Not enhanced - Reported
R98C Normal Not enhanced Reduced Probable
M178I Normal Enhanced Normal Polymorphism
R196C Normal Not enhanced Reduced Reported

mutation, is associated with a loss-of-function of MyD88 (Jiang
et al.,, 2006).

In Table 2, we summarize the functional phenotypes of MyD88
mutations and SNPs described in this study. Our results suggest that
the mutational effects of MyD88 variants, at least those located in
DD and TIR domains, can only be assessed by cell-based reporter
gene assays using widely available cell lines such as HEK293 cells,
unlike IRAK4 variants.

4.3. The additional discussion about another components of
Myddosome, Mal

Recently, several functional assays of variants of Mal, located
in the TIR domain have been reported. Nagpal et al. (2009) found
that Mal D96N was unable to interact with MyD88 using a reporter
gene assay and immunoprecipitation, while George et al. (2010)
confirmed this by immunofluorescence. We used a reporter gene
assay to show that E132K, R143Q, and E190D are loss of functional
variants (An et al., 2011). E132K is of particular importance as it
is located in the BB loop of the Mal TIR domain, so we speculate
that it might be a pathogenic mutation of Mal deficiency. More
recently, Weller et al. (2012) reported that Mal R121W, which is
also located in the Mal BB loop at a similar site to R196C of MyD88,
causes human Mal deficiency. Therefore, future work should exam-
ine the functions of the gene variants of not only IRAK4 and MyD88
but also Mal deposited in the SNP database.

5. Conclusion

Not only previously reported loss-of-function mutations but
also several SNPs are considered likely to be pathogenic for human
diseases, because of their loss of functions proved by in vitro meth-
ods. Loss of protein stability and defect of interaction between the
components of Myddosome may cause IRAK4 and MyD88 deficien-
cies as a result of a failure to form a precise Myddosome structure.
Our findings indicate that the analysis of Myddosome formation
with recombinant proteins is useful to distinguish whether mis-
sense mutations, especially those located in the DD of IRAK4, are
causative. Thus, the combination of in vitro functional assays is
effective to confirm pathogenicity of mutants found in IRAK4 and
MyD88 deficiency patients.

Acknowledgments

We thank Kasahara, K., Yamamoto, M., Tsuji, K. and Sakaguchi,
N. for technical assistance. We thank the members of the research
group of human IRAK4 deficiency in Japan for their collaboration.
This work was supported by Grants-in-Aid for Scientific Research
from the Ministry of Education, Culture, Sports, Science and Tech-
nology of Japan and by Health and Labour Science Research Grants
for Research on Intractable Diseases from the Ministry of Health,
Labour and Welfare.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.molimm.2013.
11.008.

References

Adzhubei, L.A., Schmidt, S., Peshkin, L., Ramensky, V.E., Gerasimova, A., Bork, P., Kon-
drashov, A.S., Sunyaev, S.R., 2010. A method and server for predicting damaging
missense mutations. Nature Methods 7, 248-249.

Al-Herz, W., Bousfiha, A., Casanova, J.-L., Chapel, H., Conley, M.E., Cunningham-
Rundles, C., Etzioni, A., Fischer, A., Franco, J.L.,, Geha, R.S., Hammarstrom, L.,
Nonoyama, S., Notarangelo, L.D., Ochs, H.D., Puck, ].M., Roifman, C.M., Seger,
R., Tang, M.LK,, 2011. Primary immunodeficiency diseases: an update on the
classification from the international union of immunological societies expert
committee for primary immunodeficiency. Frontiers in Immunology 2, 54.

An, Y., Ohnishi, H., Matsui, E., Funato, M., Kato, Z., Teramoto, T., Kaneko, H., Kimura, T.,
Kubota, K., Kasahara, K., Kondo, N., 2011. Genetic variations in MyD88 adaptor-
like are associated with atopic dermatitis. International Journal of Molecular
Medicine 27, 795-801.

Andres, 0., Strehl, K., Kélsch, U., Kunzmann, S., Lebrun, A.H., Stroh, T., Schwarz, K.,
Morbach, H., Bernuth, H.V,, Liese, J., 2013. Even in pneumococcal sepsis CD62L
shedding on granulocytes proves to be a reliable functional test for the diagno-
sis of interleukin-1 receptor associated kinase 4 deficiency. Pediatric Infectious
Disease Journal 32, 1017-1019.

Bouma, G., Doffinger, R., Patel, S.Y., Peskett, E., Sinclair, J.C., Barcenas-Morales, G.,
Cerron-Gutierrez, L., Kumararatne, D.S., Davies, E.G., Thrasher, AJ., Burns, S.O.,
2009. Impaired neutrophil migration and phagocytosis in IRAK-4 deficiency.
British Journal of Haematology 147, 153-156.

Burns, K., Janssens, S., Brissoni, B., Olivos, N., Beyaert, R., Tschopp, J., 2003. Inhibition
of interleukin 1 receptor/toll-like receptor signaling through the alternatively
spliced, short form of MyD88 is due to its failure to recruit IRAK-4. Journal of
Experimental Medicine 197, 263-268.

Cardenes, M., von Bernuth, H., Garcia-Saavedra, A., Santiago, E., Puel, A., Ku, C.L.,
Emile, J.F., Picard, C., Casanova, ].L.,, Colino, E., Bordes, A., Garfia, A., Rodriguez-
Gallego, C., 2006. Autosomal recessive interleukin-1 receptor-associated kinase
4 deficiency in fourth-degree relatives. Journal of Pediatrics 148, 549-551.

Conway, D.H., Dara, J., Bagashev, A., Sullivan, K.E., 2010. Myeloid differentiation pri-
mary response gene 88 (MyD88) deficiency in a large kindred. Journal of Allergy
and Clinical Immunology 126, 172-175.

Davidson, D.J., Currie, AJ., Bowdish, D.M.E., Brown, K.L., Rosenberger, C.M., Ma,
R.C.,, Bylund, J., Campsall, P.A., Puel, A., Picard, C., Casanova, ].L., Turvey, S.E.,
Hancock, REW., Devon, R.S., Speert, D.P., 2006. IRAK-4 mutation (Q293X):
rapid detection and characterization of defective post-transcriptional TLR/IL-1R
responses in human myeloid and non-myeloid cells. Journal of Immunology 177,
8202-8211.

de Beaucoudrey, L., Puel, A, Filipe-Santos, O., Cobat, A., Ghandil, P., Chrabieh, M.,
Feinberg, J., von Bernuth, H., Samarina, A., Janniere, L., Fieschi, C., Stephan, J.-L.,
Boileau, C., Lyonnet, S., Jondeau, G., Cormier-Daire, V., Le Merrer, M., Hoarau, C.,
Lebranchu, Y., Lortholary, O., Chandesris, M.-O., Tron, F., Gambineri, E., Bianchi,
L., Rodriguez-Gallego, C., Zitnik, S.E., Vasconcelos, J., Guedes, M., Vitor, A.B., Mar-
odi, L., Chapel, H., Reid, B., Roifman, C., Nadal, D., Reichenbach, ., Caragol, L., Garty,
B.-Z., Dogu, F., Camciogly, Y., Gulle, S., Sanal, O., Fischer, A., Abel, L., Stockinger,
B., Picard, C., Casanova, J.-L., 2008. Mutations in STAT3 and IL12RB1 impair
the development of human IL-17-producing T cells. Journal of Experimental
Medicine 205, 1543-1550.

Delaglio, F., Grzesiek, S., Vuister, G., Zhu, G., Pfeifer, ]., Bax, A., 1995. NMRPipe: a
multidimensional spectral processing system based on UNIX pipes. Journal of
Biomolecular NMR 6, 277-293.

Enders, A., Pannicke, U., Berner, R., Henneke, P., Radlinger, K., Schwarz, K., Ehl, S.,
2004. Two siblings with lethal pneumococcal meningitis in a family with a
mutationininterleukin-1 receptor-associated kinase 4. Journal of Pediatrics 145,
698-700.

Fukao, T., Kaneko, H., Birrell, G., Gatei, M., Tashita, H., Yoshida, T., Cross, S., Kedar,
P., Watters, D., Khana, K.K., Misko, I., Kondo, N., Lavin, M.F., 1999. ATM is


http://dx.doi.org/10.1016/j.molimm.2013.11.008
http://dx.doi.org/10.1016/j.molimm.2013.11.008
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0005
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0005
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0005
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0005
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0005
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0005
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0005
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0005
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0005
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0005
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0005
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0005
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0005
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0005
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0005
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0010
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0015
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0020
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0025
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0025
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0025
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0025
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0025
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0025
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0025
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0025
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0025
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0025
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0025
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0025
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0025
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0025
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0025
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0025
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0030
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0035
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0040
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0045
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0050
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0055
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0060
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065

76 T. Yamamoto et al. / Molecular Immunology 58 (2014) 66-76

upregulated during the mitogenic response in peripheral blood mononuclear
cells. Blood 94, 1998-2006.

George, ]., Kubarenko, A.V., Rautanen, A., Mills, T.C., Colak, E., Kempf, T., Hill, A.V.S.,
Nieters, A., Weber, A.N.R., 2010. MyD88 adaptor-like D96N is a naturally occur-
ring loss-of-function variant of TIRAP. Journal of Immunology 184, 3025-3032.

George, J., Motshwene, P.G., Wang, H., Kubarenko, A.V., Rautanen, A., Mills, T.C., Hill,
AV.S., Gay, NJ.,, Weber, AN.R,, 2011. Two human MyD88 variants, S34Y and
R98C, interfere with MyD88-IRAK4-Myddosome assembly. Journal of Biological
Chemistry 286, 1341-1353.

Goddard, T.D., Kneller, D.G., 1999. SPARKY 3. University of California, San Francisco.

Hoarau, C,, Gerard, B., Lescanne, E., Henry, D., Francois, S., Lacapere, ].J., El Benna, .,
Dang, P.M.C., Grandchamp, B., Lebranchu, Y., Gougerot-Pocidalo, M.A., Elbim, C.,
2007.TLR9 activation induces normal neutrophil responses in a child with IRAK-
4 deficiency: involvement of the direct PI3K pathway. Journal of Immunology
179, 4754-4765.

Jiang, Z., Georgel, P., Li, C., Choe, J., Crozat, K., Rutschmann, S., Du, X., Bigby, T., Mudd,
S., Sovath, S., Wilson, I.A., Olson, A., Beutler, B., 2006. Details of Toll-like recep-
tor: adapter interaction revealed by germ-line mutagenesis. Proceedings of the
National Academy of Sciences of the United States of America 103, 10961-10966.

Kato, Z., Jee, ]., Shikano, H., Mishima, M., Ohki, L., Ohnishi, H., Li, A.L.,, Hashimoto,
K., Matsukuma, E., Omoya, K., Yamamoto, Y., Yoneda, T., Hara, T., Kondo, N.,
Shirakawa, M., 2003. The structure and binding mode of interleukin-18. Nature
Structural Biology 10, 966-971.

Krause, J.C., Ghandil, P., Chrabieh, M., Casanova, J.L., Picard, C., Puel, A, Creech, C.B.,
2009. Very late-onset group B Streptococcus meningitis, sepsis, and systemic
shigellosis due to interleukin-1 receptor-associated kinase-4 deficiency. Clinical
Infectious Diseases 49, 1393-1396.

Ku, C.L., von Bernuth, H., Picard, C., Zhang, S.Y., Chang, H.H., Yang, K., Chrabieh,
M., Issekutz, A.C., Cunningham, CK., Gallin, ], Holland, S.M., Roifman, C., Ehl,
S., Smart, J., Tang, M., Barrat, FJ., Levy, O., McDonald, D., Day-Good, N.K.,
Miller, R., Takada, H., Hara, T., Al-Hajjar, S., Al-Ghonaium, A., Speert, D., Sanlav-
ille, D., Li, X.X., Geissmann, F., Vivier, E., Marodi, L., Garty, B.Z., Chapel, H.,
Rodriguez-Gallego, C., Bossuyt, X., Abel, L., Puel, A., Casanova, J.L., 2007. Selective
predisposition to bacterial infections in IRAK-4-deficient children: IRAK-4-
dependent TLRs are otherwise redundant in protective immunity. Journal of
Experimental Medicine 204, 2407-2422.

Li, A.L,, Kato, Z., Ohnishi, H., Hashimoto, K., Matsukuma, E., Omoya, K., Yamamoto,
Y., Kondo, N., 2003. Optimized gene synthesis and high expression of human
interleukin-18. Protein Expression and Purification 32, 110-118.

Lin, S.C,, Lo, Y.C., Wy, H., 2010. Helical assembly in the MyD88-IRAK4-IRAK2 complex
in TLR/IL-1R signalling. Nature 465, 885-890.

Loiarro, M., Gallo, G., Fanto, N., De Santis, R., Carminati, P., Ruggiero, V., Sette, C.,
2009. Identification of critical residues of the MyD88 death domain involved
in the recruitment of downstream kinases. Journal of Biological Chemistry 284,
28093-28103.

Lye, E., Mirtsos, C., Suzuki, N., Suzuki, S., Yeh, W.C., 2004. The role of interleukin
1 receptor-associated kinase-4 (IRAK-4) kinase activity in IRAK-4-mediated
signaling. Journal of Biological Chemistry 279, 40653-40658.

Medvedev, A.E., Lentschat, A., Kuhns, D.B., Blanco, J.C.G., Salkowski, C., Zhang, S.L.,
Arditi, M.H., Gallin, ].I,, Vogel, S.N., 2003. Distinct mutations in IRAK-4 confer
hyporesponsiveness to lipopolysaccharide and interleukin-1 in a patient with
recurrent bacterial infections. Journal of Experimental Medicine 198, 521-531.

Medvedev, A.E., Thomas, K., Awomoyi, A., Kuhns, D.B., Gallin, J.L,, Li, X.X., Vogel, S.N.,
2005. Cutting edge: expression of IL-1 receptor-associated kinase-4 (IRAK-4)
proteins with mutations identified in a patient with recurrent bacterial infec-
tions alters normal IRAK-4 interaction with components of the IL-1 receptor
complex. Journal of Immunology 174, 6587-6591.

Motshwene, P.G., Moncrieffe, M.C., Grossmann, J.G., Kao, C., Ayaluru, M., Sandercock,
A.M.,, Robinson, C.V,, Latz, E., Gay, NJ., 2009. An oligomeric signaling platform
formed by the Toll-like receptor signal transducers MyD88 and IRAK-4. Journal
of Biological Chemistry 284, 25404-25411.

Nada, M., Ohnishi, H., Tochio, H., Kato, Z., Kimura, T., Kubota, K., Yamamoto, T.,
Kamatari, Y.O., Tsutsumi, N., Shirakawa, M., Kondo, N., 2012. Molecular anal-
ysis of the binding mode of Toll/interleukin-1 receptor (TIR) domain proteins
during TLR2 signaling. Molecular Immunology 52, 108-116.

Nagpal, K., Plantinga, T.S., Sirois, C.M., Monks, B.G., Latz, E., Netea, M.G., Golenbock,
D.T., 2011. Natural loss-of-function mutation of myeloid differentiation protein
88 disrupts its ability to form Myddosomes. The Journal of Biological Chemistry
286, 11875-11882.

Nagpal, K., Plantinga, T.S., Wong, J., Monks, B.G., Gay, N.J., Netea, M.G., Fitzgerald, K.A.,
Golenbock, D.T., 2009. A TIR domain variant of MyD88 adapter-like (Mal)/TIRAP

results in loss of MyD88 binding and reduced TLR2/TLR4 signaling. Journal of
Biological Chemistry 284, 25742-25748.

Ohnishi, H., Miyata, R., Suzuki, T., Nose, T., Kubota, K., Kato, Z., Kaneko, H., Kondo,
N., 2012a. A rapid screening method to detect autosomal-dominant ectoder-
mal dysplasia with immune deficiency syndrome. Journal of Allergy and Clinical
Immunology 129, 578-580.

Ohnishi, H., Tochio, H., Kato, Z., Kawamoto, N., Kimura, T., Kubota, K., Yamamoto, T.,
Funasaka, T., Nakano, H., Wong, R.W., Shirakawa, M., Kondo, N., 2012b. TRAM is
involved in IL-18 signaling and functions as a sorting adaptor for MyD88. PLoS
ONE 7, e38423.

Ohnishi, H., Tochio, H., Kato, Z., Orii, K.E., Li, A., Kimura, T., Hiroaki, H., Kondo, N.,
Shirakawa, M., 2009. Structural basis for the multiple interactions of the MyD88
TIR domain in TLR4 signaling. Proceedings of the National Academy of Sciences
of the United States of America 106, 10260-10265.

Picard, C., Casanova, J.L., Puel, A., 2011. Infectious diseases in patients with IRAK-4,
MyD88, NEMO, or | kappa B alpha deficiency. Clinical Microbiology Reviews 24,
490-497.

Picard, C., Puel, A, Bonnet, M., Ku, C.L., Bustamante, J., Yang, K., Soudais, C., Dupuis,
S., Feinberg, J., Fieschi, C., Elbim, C., Hitchcock, R., Lammas, D., Davies, G., Al-
Ghonaium, A., Al-Rayes, H., Al-Jumaabh, S., Al-Hajjar, S., Al-Mohsen, 1.Z., Frayha,
H.H., Rucker, R., Hawn, T.R., Aderem, A., Tufenkeji, H., Haraguchi, S., Day, N.K.,,
Good, R.A,, Gougerot-Pocidalo, M.A., Ozinsky, A., Casanova, ].L., 2003. Pyogenic
bacterial infections in humans with IRAK-4 deficiency. Science 299, 2076-2079.

Picard, C., von Bernuth, H., Ghandil, P., Chrabieh, M., Levy, O., Arkwright, P.D., McDon-
ald, D., Geha, R.S., Takada, H., Krause, ].C., Creech, C.B., Ku, C.L,, Ehl, S., Marodi,
L., Al-Muhsen, S., Al-Hajjar, S., Al-Ghonaium, A., Day-Good, N.K., Holland, S.M.,
Gallin, J.I, Chapel, H., Speert, D.P., Rodriguez-Gallego, C., Colino, E., Garty, B.Z.,
Roifman, C., Hara, T., Yoshikawa, H., Nonoyama, S., Domachowske, ]J., Issekutz,
A.C., Tang, M., Smart, J., Zitnik, S.E., Hoarau, C., Kumararatne, D.S., Thrasher, A].,
Davies, E.G., Bethune, C,, Sirvent, N., de Ricaud, D., Camcioglu, Y., Vasconcelos,
J., Guedes, M., Vitor, A.B., Rodrigo, C., Almazan, F., Mendez, M., Arostegui, ].I.,
Alsina, L., Fortuny, C., Reichenbach, J., Verbsky, ].W., Bossuyt, X., Doffinger, R.,
Abel, L., Puel, A., Casanova, ].L., 2010. Clinical features and outcome of patients
with IRAK-4 and MyD88 deficiency. Medicine 89, 403-425.

Qin, J.Z,, Jiang, Z.F,, Qian, Y.C.,, Casanova, J.L., Li, X.X., 2004. IRAK4 kinase activity is
redundant for interleukin-1 (IL-1) receptor-associated kinase phosphorylation
and IL-1 responsiveness. Journal of Biological Chemistry 279, 26748-26753.

Suzuki, N., Suzuki, S., Duncan, G.S., Millar, D.G., Wada, T., Mirtsos, C., Takada, H.,
Wakeham, A, Itie, A, Li, S.Y., Penninger, ].M., Wesche, H., Ohashi, P.S., Mak,
T.W., Yeh, W.C,, 2002. Severe impairment of interleukin-1 and Toll-like receptor
signalling in mice lacking IRAK-4. Nature 416, 750-754.

Takada, H., Yoshikawa, H., Imaizumi, M., Kitamura, T., Takeyama, J., Kumaki, S.,
Nomura, A., Hara, T., 2006. Delayed separation of the umbilical cord in two sib-
lings with interleukin-1 receptor-associated kinase 4 deficiency: rapid screening
by flow cytometer. Journal of Pediatrics 148, 546-548.

von Bernuth, H., Ku, C.-L., Rodriguez-Gallego, C., Zhang, S., Garty, B.-Z., Marodi, L.,
Chapel, H., Chrabieh, M., Miller, R.L., Picard, C., Puel, A., Casanova, J.-L., 2006. A fast
procedure for the detection of defects in toll-like receptor signaling. Pediatrics
118, 2498-2503.

von Bernuth, H., Picard, C,, Jin, Z., Pankla, R., Xiao, H., Ku, C.-L., Chrabieh, M., Ben
Mustapha, 1., Ghandil, P., Camcioglu, Y., Vasconcelos, J., Sirvent, N., Guedes, M.,
Vitor, A.B., Herrero-Mata, M.J., Arostegui, ].I, Rodrigo, C., Alsina, L., Ruiz-Ortiz,
E., Juan, M,, Fortuny, C., Yague, J., Anton, ]., Pascal, M., Chang, H.-H., Janniere,
L., Rose, Y., Garty, B.-Z., Chapel, H., Issekutz, A., Marodi, L., Rodriguez-Gallego,
C., Banchereau, J., Abel, L., Li, X., Chaussabel, D., Puel, A., Casanova, ].-L., 2008.
Pyogenic bacterial infections in humans with MyD88 deficiency. Science 321,
691-696.

Wang, D., Zhang, S., Li, L., Liu, X., Mei, K., Wang, X., 2010. Structural insights into the
assembly and activation of IL-1 beta with its receptors. Nature Immunology 11,
905-911.

Weller, S., Bonnet, M., Delagreverie, H., Israel, L., Chrabieh, M., Marédi, L., Rodriguez-
Gallego, C., Garty, B.Z, Roifman, C, Issekutz, A.C.,, Zitnik, S.E., Hoarau, C.,
Camcioglu, Y., Vasconcelos, ]., Rodrigo, C., Arkwright, P.D., Cerutti, A., Mef-
fre, E., Zhang, S.Y., Alcais, A., Puel, A., Casanova, ].L, Picard, C., Weill, ].C,
Reynaud, C.A,, 2012. I[gM+IgD+CD27+ B cells are markedly reduced in IRAK-
4—, MyD88— and TIRAP— but not UNC-93B-deficient patients. Blood 120,
4992-5001.

Yoshikawa, H., Watanabe, S., Imaizumi, M., 2010. Successful prevention of severe
infection in Japanese siblings with interleukin-1 receptor-associated kinase 4
deficiency. Journal of Pediatrics 156, 168.


http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0065
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0070
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0075
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0080
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0080
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0080
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0080
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0080
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0080
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0080
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0085
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0090
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0095
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0095
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0095
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0095
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0095
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0095
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0095
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0095
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0095
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0095
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0095
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0095
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0095
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0095
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0100
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0105
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0110
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0115
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0115
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0115
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0115
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0115
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0115
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0115
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0115
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0115
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0115
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0115
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0115
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0115
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0115
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0120
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0125
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0130
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0135
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0140
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0145
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0150
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0155
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0160
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0165
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0170
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0175
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0180
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0180
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0180
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0180
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0180
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0180
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0180
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0180
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0180
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0180
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0180
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0180
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0180
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0185
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0185
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0185
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0185
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0185
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0185
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0185
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0185
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0185
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0185
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0185
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0185
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0185
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0185
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0185
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0185
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0190
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0195
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0200
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0205
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0210
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0210
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0210
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0210
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0210
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0210
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0210
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0210
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0210
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0210
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0210
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0210
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0210
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0215
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0220
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225
http://refhub.elsevier.com/S0161-5890(13)00558-0/sbref0225

fromtiers in
MICROBIOLOGY

REVIEW ARTICLE
published: 16 December 2013
doi: 10.3389/fmicbh.2013.00391

=

Epidemiology of virus-induced wheezing/asthma in children

Yuzaburo Inoue* and Naoki Shimojo

Department of Pediatrics, Graduate School of Medicine, Chiba University, Chiba, Japan

Edited by:
Hirokazu Kimura, National Institute of
Infectious Diseases, Japan

Reviewed by:

Linfa Wang, Commonwealth Scientific
and Industrial Research Organisation
Livestock Industries, Australia

Takeshi Saraya, Kyorin University
School of Medicine, Japan
*Correspondence:

Yuzaburo Inoue, Department of
Pediatrics, Graduate School of

Wheezing is a lower respiratory tract symptom induced by various viral respiratory
infections. Epidemiological studies have revealed the phenotypes of wheezing in early
childhood which have different risk factors for the development of asthma among school
age children. The major viral species causing wheezing in children include respiratory
syncytial virus, rhinovirus, human metapneumovirus and influenza viruses. It has been
shown that the impact on the development of asthma is different between those virus
species. Moreover, recent studies have also focused on the interaction between virus
infection and other risk factors in the development of asthma, such as genetic factors or
allergic sensitization. In this review, we summarize the previous findings and discuss how
clinicians can effectively intervene in these viral infections to prevent the development of

Medicine, Chiba University, 1-8-1
Inohana, Chuou-ku, Chiba,
Chiba 260-8670, Japan

e-mail: yuzaburo@chiba-u.jp

asthma.

INTRODUCTION

Wheezing is a lower respiratory tract symptom induced by var-
ious viral respiratory infections. It is in common in children,
with approximately one-third of the children having at least one
wheezing episode by age nine. However, about 1 to 2% of affected
infants need to be hospitalized due to respiratory distress. More-
over, although the condition is transient in the majority of cases,
some children develop recurrent wheezing and are diagnosed to
have asthma when they reach school age. In those children, the
virus-induced wheezing in early childhood may be associated with
the subsequent development of recurrent wheezing and/or asthma
in connection to the pathology of asthma, including chronic air-
way inflammation, thusleading to airway hyperresponsiveness and
airway remodeling.

Epidemiological studies are therefore considered to be impor-
tant for clarifying which populations are at risk for developing
virus-induced wheezing accompanied with other severe symp-
toms, recurrent wheezing and especially asthma. Moreover, recent
studies have also focused on the interaction between virus infec-
tion and other risk factors for the development of asthma, such as
genetic factors or allergic sensitization.

In this review, we summarize the previous findings and discuss
how clinicians can effectively intervene in these viral infections to
prevent the development of asthma.

PHENOTYPES OF VIRUS-INDUCED WHEEZING

Birth cohort studies have been conducted to clarify the natural
history of wheezing in early childhood and to assess the risk fac-
tors for the development of wheezing and subsequent asthma.
The first large prospective study focusing on the wheezing his-
tory was performed by the Tucson Children’s Respiratory Study
group (Halonen etal., 1999; Sherrill etal., 1999; Stein etal., 1999;
Taussig et al., 2003; Morgan et al., 2005). They followed 828 infants
until the age of 6 years and identified four different patterns of
wheezing in early childhood (never wheeze, transient early wheeze,

Keywords: wheezing, viral respiratory infection, cohort study, interferon, respiratory syncytial virus, rhinovirus

late-onset wheeze, and persistent wheeze) on the basis of clini-
cal observations. The “never wheeze” phenotype (51.5% of the
cohort) was defined as children with no episodes of wheezing
during the first 6 years of the life. The “transient early wheeze”
phenotype (19.9% of the cohort) was defined as children having
at least one lower respiratory tract illness with wheezing dur-
ing the first 3 years of the life, but no wheezing at 6 years of
age. The children with this phenotype had a diminished air-
way function both before the age of 1 year and at the age of
6 years, were more likely than the other children to have moth-
ers who smoked but not mothers with asthma, and did not have
elevated serum IgE levels or skin-test reactivity. The “late-onset
wheeze” phenotype (15.0% of the cohort) was defined as chil-
dren having no wheezing before the age of the 3 years, but having
wheezing at 6 years of age. The “persistent wheeze” phenotype
(13.7% of the cohort) was defined as children having wheezing
both before 3 years of age and at 6 years of age. The children
of this phenotype were more likely than the “never wheeze” chil-
dren to have mothers with a history of asthma, to have elevated
serum IgE levels and normal lung function in the first year of
life, and to have elevated serum IgE levels and diminished airway
function at 6 years of age. Interestingly, these phenotypes have
been shown to be associated with different risk factors for the
number of encountered viral infections in early childhood (Kusel
etal., 2007) and the development of asthma (Taussig etal., 2003;
Stein and Martinez, 2004).

Birth cohort studies from Europe using latent class analy-
sis identified more complicated wheezing phenotypes, including
an intermediate-onset wheezing phenotype. A population-based
birth cohort study of 6265 children in the United Kingdom (the
ALSPAC study) identified six wheezing phenotypes in childhood,
from birth to age 7 years, and demonstrated that these pheno-
types differed in the atopy prevalence and lung function levels
at 7-8 years of age (Henderson etal., 2008). Another multicenter
birth cohort study of 2810 children in the Netherlands (the PIAMA
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study) also identified five wheezing phenotypes in childhood from
birth to age 8 years. Interestingly, the wheezing phenotypes iden-
tified by the two birth cohort studies were comparable (Savenije
etal., 2011).

VIRAL SPECIES CAUSING WHEEZING

The major viral species causing wheezing in children include
respiratory syncytial virus (RSV), rhinovirus (HRV), human
metapneumovirus (hMPV) and influenza viruses.

RSV

Respiratory syncytial virus is a medium-sized negative-stranded
RNA virus of the family Paramyxoviridae, which causes respiratory
infections mainly in children. Interestingly, the clinical symptoms
of RSV infection in infancy and early childhood are extremely
variable. Most infants experience an RSV infection before 3 years
of age (Ruuskanen and Ogra, 1993), normally escaping with only
upper respiratory diseases, whereas approximately 1-2% of them
require hospitalization because of severe RSV bronchiolitis (Green
etal., 1989; Stretton etal., 1992). This is particularly common
in those who are premature or who have chronic lung disease
or congenital heart disease. Recently, a humanized monoclonal
antibody designed to provide passive immunity against an epitope
in the A antigenic site of the F protein of RSV has been widely
used for the prophylaxis of severe RSV lower respiratory infection
in those children.

HRV

Rhinovirus is a small-sized positive-strand RNA virus of the family
Picornaviridae, which is well known as the predominant cause of
the common cold. Because of the development of PCR techniques,
it has been recognized that HRVs cause not only upper respiratory
infections, but also lower respiratory infections or asthma exacer-
bation. HRVs consist of over 100 types classified into one of three
species (A, B, and C) according to the phylogenetic sequence cri-
teria. HRV C (HRV-C) is a recently classified group and has been
shown to be associated with severe asthma attacks more frequently
than other groups of HRV. The prevalence of HRV-associated
wheezing increases by age, and it is significantly more common
in children with recurrent wheezing episodes than in first-time
wheezers in age categories of <24 and <36 months (Jartti etal.,
2009).

HMPV

The hMPV is a medium-sized negative-stranded RNA virus of
the family Paramyxoviridae, which was recently discovered (van
den Hoogen etal., 2001), the clinical course of which resembles
RSV infection. Similar to RSV, it has been reported that hMPV
infection was associated with wheezing among children younger
than 3 years, especially during the winter, while hMPV was not
significantly associated with wheezing requiring hospitalization
among children 3 years of age and older (Williams et al., 2005).

INFLUENZA VIRUSES

Influenza viruses are a medium-sized negative-stranded RNA
virus of the family of Orthomyxoviridae. Influenza viruses cause
severe lower respiratory tract complications, such as bronchitis or
pneumonia. In addition, influenza is significantly associated with

wheezing during the winter among children younger than 3 years
of age although the detection percentage of the influenza virus is
lower than that of RSV (Heymann etal., 2004).

RISK FACTORS FOR THE DEVELOPMENT OF VIRUS-INDUCED
WHEEZING

BEHAVIORAL OR ENVIRONMENTAL FACTORS

In the Tucson study, it was reported that breast-feeding at early
infancy for at least 1 month was associated with lower rates
of virus-induced wheezing during the first 4 months of the life
(Wright etal., 1989). However, the results of the subsequent stud-
ies have been conflicting. A meta-analysis study finally showed that
there was no association between any or exclusive breast feeding
and wheezing illness (Brew etal., 2011).

Infants exposed to more children at home or day care experi-
enced more frequent wheezing when they were 2 years old, but less
frequent wheezing from years eight through year thirteen. There-
fore, although exposure to children at home or in day care during
infancy increased wheezing in early life, it appears to be protec-
tive against the development of frequent wheezing in school age
children (Ball et al., 2000).

HOST IMMUNOLOGICAL FEATURES

Interferon (IFN) secretion is important in the clearance of viral
pathogens. Therefore, IFN deficiency has been supposed to lead to
lower respiratory viral infections. There are three types of inter-
ferons: Type I (IFN-a/p), Type II (IFN-y) and Type III (IFN-A). It
was shown that low IFN-y production in cord bloods (Copenhaver
etal., 2004) or PBMCs in the first year of life (Stern etal., 2007)
was a risk factor for wheezing during childhood, in addition to a
risk factor for the development of asthma and allergies (Tang et al.,
1994). It has recently been clarified that the deficiency of IFN pro-
duction is related to atopy. It was reported that allergic asthmatic
children had an impaired HRV-induced IFN-a and IFN-A1 pro-
duction that correlated with an increased FceRI expression on plas-
macytoid dendritic cells in PBMCs, which were reduced by FceRI
cross-linking (Durrani etal., 2012). In addition, it was reported
that bronchial epithelial cells from asthmatic individuals produced
less IFN-B in response to HRV, leading to impaired apoptosis
and increased HRV replication (Wark etal., 2005). Interestingly,
it was revealed that allergic sensitization precedes HRV-induced
wheezing, but the converse is not true (Jackson etal., 2012). The
results of that study suggested that allergic sensitization can lead
to more severe HRV-induced lower respiratory illnesses, which is
considered to be a risk factor for the subsequent development of
asthma.

GENETIC FACTORS

There have been many genetic risk factors reported to be associ-
ated with the development of RSV bronchiolitis. Two large scale
genetic association studies were performed using a candidate gene
approach (Janssen etal., 2007; Siezen etal., 2009). They analyzed
384 single-nucleotide polymorphisms (SNPs) in 220 candidate
genes involved in the airway mucosal responses, innate immunity,
chemotaxis, adaptive immunity, and allergic asthma. They found
that SNPs in genes of the innate immune responses (the transcrip-
tional regulator Jun, alpha interferon, IFN-q, nitric oxide synthase
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and the vitamin D receptor) are important for determining the
susceptibility to RSV bronchiolitis in term children. As RSV is
recognized by Toll-like receptor (TLR) 4, SNPs in the genes of
molecules related to TLR4 signaling have also been studied (Tal
etal., 2004; Inoue et al., 2007).

In contrast, the genetic factors related to the development of
HRV-induced wheezing are less well known (Helminen et al., 2008;
Caliskan etal., 2013). However, the 17q21 variants, which were
found to be related to childhood-onset asthma in a genomewide
association study (Moffatt etal., 2007), were associated with HRV
wheezing illnesses in early life, but not with RSV wheezing illnesses
(Caliskan etal., 2013).

ASSOCIATION BETWEEN VIRUS-INDUCED WHEEZING AND
THE DEVELOPMENT OF ASTHMA, AND EFFECTIVE TYPES OF
INTERVENTION TO PREVENT THE SUBSEQUENT
DEVELOPMENT OF ASTHMA

It is still unclear whether lower respiratory viral infections are
causal factors, or instead serve as indicators, of a predisposition to
asthma. Moreover, recent studies have indicated that the impact
on the development of subsequent recurrent wheezing or asthma
is different between virus species.

It was reported that infant birth approximately 4 months before
the winter virus peak, which is the peak of bronchiolitis hos-
pitalizations for that winter season, carried the highest risk for
the development of asthma, thus suggesting that a lower res-
piratory infection with winter viruses, including RSV, in early
childhood may be an important factor in the development of
asthma (Wu etal, 2008). In a birth cohort study, Sigurs etal.
(2010) followed 47 children aged <1 year hospitalized with RSV
lower respiratory infection (RSV group) and 93 age- and gender-
matched controls (Control group) for 18 years. They found that
the RSV group had an increased prevalence of asthma/recurrent
wheezing, clinical allergy and sensitization to perennial allergens,
compared to the Control group (Sigurs etal., 2010). Meanwhile,
it was shown that RSV prophylaxis using Palivizumab, a human-
ized monoclonal antibody against the RSV fusion protein that
prevents severe RSV lower respiratory infection, in non-atopic
children decreased the relative risk of recurrent wheezing by
80%, but did not have any effect in infants with an atopic
family history (Simoes etal., 2010). These results suggest that
RSV predisposes to recurrent wheezing via an atopy-independent
mechanism.

Rhinovirus has been implicated as an important pathogen in
asthma pathogenesis due to the improvement of PCR for HRV
detection. In the Childhood Origins of ASThma (COAST) cohort,
HRV in nasal lavage samples were evaluated by PCR. They found
that, by age 3 years, wheezing in those with HRV-positive sam-
ples (OR, 25.6) was more strongly associated with asthma at age
6 years than aeroallergen sensitization (OR, 3.4; Jackson etal,
2008). As IFN deficiency is related to both atopy and the suscep-
tibility to HRV infection, the inhalation of IFN by HRV-infected
children with risk factors for asthma might thus help to prevent
the development of asthma.

Recently, pandemic HIN1 influenza virus has been reported to
increase the risk of lower respiratory tract complications includ-
ing asthma attack, pneumonia, and atelectasis even in atopic

children without any history of either an asthma attack or asthma
treatment, compared to the seasonal influenza virus (Hasegawa
etal., 2011). This observation suggests that the pandemic HIN1
influenza virus may be a strong risk factor contributing to the
development or exacerbation of asthma.

LIMITATIONS OF EPIDEMIOLOGY STUDIES

The correct diagnosis of individual viral infections is necessary
for assessing which virus infection is important for the devel-
opment of wheezing or the subsequent development of asthma.
The principal diagnostic methods for respiratory viruses are virus
culture, serology, immunofluorescence/antigen detection, and
nucleic acid/PCR-based tests (Tregoning and Schwarze, 2010).

Although virus culture proves that the virus detected in clin-
ically obtained samples is able to infect human cells, viral
culture is time-consuming and is not appropriate for analyzing
many samples in epidemiological studies. Viral serologic test-
ing is also time-consuming, and generally requires at least two
rounds of blood sampling, because viral serological testing can
diagnose infections by an increase of a virus-specific antibody
in the blood, which usually takes 2 weeks to develop. Most
previous epidemiological studies thus evaluated viral infections
by immunofluorescence/antigen detection or nucleic acid/PCR-
based tests. Antigen detection is based on the use of virus-specific
monoclonal antibodies. There are a variety of diagnostic test Kkits
that use nasopharyngeal aspirate, nasopharyngeal wash or nasal
swab specimens as the test material, and detect viral antigen by
using either a conjugated enzyme or fluorescence. Immunoflu-
orescence/antigen detection is appropriate for epidemiological
studies because it is convenient, cheap and possible to use when
handling for many samples. However, there is a limitation to the
species of target viruses. Nucleic acid tests are significantly more
sensitive than the other methods, and are now being multiplexed,
allowing for the rapid detection of many viruses concurrently. The
PCR method has greatly increased the recovery rates of viruses
(Johnston etal., 1995; Rakes et al., 1999). However, the PCR-based
diagnosis of viruses, especially HRV, may not necessarily indicate
that the virus is causing the observed disease, because virus RNAs
can be detected by PCR for several weeks after the onset of clinical
symptoms (van Benten etal., 2003; Jartti et al., 2004; Wright et al,,
2007).

Another limitation in epidemiological studies assessing wheez-
ing/wheezes in early childhood is the difficulty of diagnosing these
conditions in young children based on the clinical assessment of
symptoms by both guardians and clinicians. It was reported that
the parents of children aged 4 months to 15 years and clinicians
agreed on only 45% of occasions that the patient was wheezy or had
asthma (Cane etal., 2000), thus suggesting that epidemiological
studies using symptom records kept by guardians may sometimes
lead to a wrong conclusion. Moreover, it has been shown that
even specialists might not always correctly recognize wheezing
(Bisgaard and Bonnelykke, 2010).

FUTURE PROSPECTIVE

To our knowledge, previous epidemiological studies regarding
the association between viral infections and wheezing/asthma
did not evaluate all other risk factors for the development
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of wheezing/asthma in childhood, including behavioral fac-
tors, environmental factors, host immunological features and
genetic factors. Large birth cohort studies evaluating viral infec-
tions and these factors in childhood could thus better elucidate
the impact of viral infections on the development of wheez-
ing/asthma. However, epidemiological studies only reveal an
association, but not a causal relationship between some viral infec-
tions and the development of wheezing or asthma. Therefore, in
the future, intervention trials with preventative intervention or
therapies on a specific virus would be needed to clearly iden-
tify when and how clinicians should intervene in such viral
infections to thereby prevent the development of wheezing or
asthma.

CONCLUSION

Virus-induced wheezing is not only a burden in early childhood,
but also may be one of causes or signs of childhood asthma.
Therefore, clarifying the risk factors for virus-induced wheez-
ing in epidemiological studies can and have provided clues about
the pathogenesis of asthma. Further studies are needed to clarify
which virus(es) in which population should be the major target of
early intervention for preventing the subsequent development of
asthma.
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