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Abstract

Mutations in IRAK4 have been associated with recurrent
Gram-positive infections in children. Given the central role
of IRAK4 in innate immunity signaling, we hypothesized that
common genetic variants of IRAK4 may be associated with
prevalence of Gram-positive infection in critically ill adults.
Haplotype clade tag single nucleotide polymorphisms
(SNPs) of the IRAK4 gene were selected and genotyped in
a cohort of 1,029 critically ill patients with systemic inflam-
matory response syndrome (SIRS). We found that a haplo-
type clade tagged by the A allele of the htSNP G29429A
(Ala428Thr) was associated with increased relative risk of
Gram-positive infection at admission to ICU (RR = 1.2, p <
0.05). Furthermore, the 29429A allele was associated with de-
creased lymphoblastoid cell response to CpG (as measured
by IL-6 production) (raw values = 95% Cl40.3 * 32.3vs.85.8
+ 29.4 pg/ml; log-transformed values = 95% Cl 1.13 = 0.37
vs. 1.55 = 0.18, p < 0.04). We also found that IRAK4-deficient
fibroblasts transfected with an IRAK4 expression plasmid
containing the 29429A allele produced less IL-6 in response
to lipopolysaccharide (p = 0.07). Our data suggest that the

IRAK4 haplotype clade marked by 29429A (428Thr) alters
susceptibility to Gram-positive bacteria, by decreasing cel-

lular response to TLR ligands. Copyright © 2011 S. Karger AG, Basel

Introduction

The innate immune system is a first line of defense
against invading micro-organisms. Pattern recognition
receptors of the innate immune system, most important-
ly Toll-like receptors (TLRs), recognize conserved do-
mains of pathogens, or pathogen-associated molecular
patterns (PAMPs) [1, 2]. Upon interaction with a PAMP,
TLRs interact with a network of intracellular signaling
molecules through their Toll-like/interleukin-1 receptor
(TIR) domain leading to the activation of the inflamma-
tory response. The inflammatory response is critical for
isolation and clearance of pathogens; however, excessive
inflammation may result in the clinical phenotype of sys-
temic inflammatory response syndrome (SIRS) and
multi-system organ failure. There is considerable interin-
dividual variability in the degree of activation of the in-
nate immunity and inflammatory responses to infection
[3, 4]. Genotype has been shown to contribute signifi-
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cantly to outcome in diseases involving innate immunity
[5, 6]. For example, the genetic contribution to the out-
come from infectious diseases exceeded the genetic con-
tribution to cancer risk by 5-fold [7]. Genetic variation
within innate immunity genes may play a role in an indi-
vidual’s susceptibility to and outcome from severe infec-
tion.

IL-1 receptor-associated kinase 4 (IRAK4) is a critical
intracellular signaling molecule in the MyD88-depen-
dent pathway of Toll-like/IL-1-receptor (TIR) signaling
and is essential for all TLR signaling with the exception
of TLR3 [8]. IRAK4 is a serine-threonine kinase that
interacts with MyD88 and then phosphorylates down-
stream molecules, ultimately leading to the activation
and nuclear translocation of nuclear factor-kB (NF-«B)
and the subsequent transcription of inflammatory me-
diators such as IL-6 [8]. Pediatric patients with rare muta-
tions of IRAK4 experience recurrent Gram-positive in-
fections and leukocytes from these children are hypore-
sponsive to TLR ligands in vitro [9-14]. To date there have
been no studies of the role of common genetic variants of
IRAK4 in susceptibility to infection. We hypothesized
that common genetic variants of IRAK4 may be associ-
ated with the prevalence of Gram-positive infection in
critically ill adults.

In order to test our hypotheses, we recruited a pro-
spective cohort of critically ill patients with systemic
inflammatory response syndrome (SIRS). We inferred
haplotypes of IRAK4 and grouped them into clades, or
evolutionarily related sets of haplotypes [15]. We then
selected haplotype tag SNPs (htSNPs) that uniquely de-
fined all haplotype clades of IRAK4 to be genotyped and
associated to phenotype in the cohort of critically ill pa-
tients [16]. We found that a haplotype clade tagged by the
A allele of the htSNP G29429A (Ala428Thr) was associ-
ated with increased prevalence of Gram-positive infec-
tion at admission to ICU. In order to elucidate the mech-
anism behind this association we tested for a difference
of response (IL-6 production) to CpG (a TLRY ligand) or
CpG with a cytokine mixture (including IL-1) in lympho-
blastoid cell lines of known genotype and also tested for
a difference of response to lipopolysaccharide (LPS) in
IRAK4-deficient fibroblasts transfected with an IRAK4
expression plasmid containing the 29429A or G allele.

Methods and Materials

This study was approved by the Providence Health Care/Uni-
versity of British Columbia Research Ethics Board.
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Patient Cohort

1,029 consecutive patients admitted to the tertiary mixed
medical-surgical Intensive Care Unit (ICU) of St. Paul’s Hospital
were screened for inclusion into this study. We only report the
results for the Caucasian patients (n = 820) in order to decrease
the potential confounding influence of population admixture
secondary to ethnic diversity on associations between genotype
and phenotype [17]. Patients were screened daily and were includ-
ed in the study cohort (n = 775) if they met at least two of four
SIRS criteria and were successfully genotyped at all three htSNPs
of IRAK4. The SIRS criteria were (1) fever (>38°C) or hypother-
mia (<36°C), (2) tachycardia (>100 beats/min in the absence of
beta blockers), (3) tachypnea (>20 breaths/min) or need for me-
chanical ventilation, and (4) leukocytosis (total leukocyte count
>12,000/p.l) or leukopenia (total leukocyte count <4,000/p1) [18].
Patients were included in this cohort on the calendar day that 2/4
SIRS criteria were met.

Clinical Phenotypes

We assessed the risk of the presence of a positive bacterial cul-
ture at admission to ICU (primary outcome variable) by IRAK4
haplotype clade. Bacterial cultures were taken as part of routine
medical care for all patients at admission to the ICU. Cultures that
were judged to be positive due to contamination or colonization
by the attending physician were excluded. Positive bacterial cul-
tures were categorized as Gram-positive, Gram-negative, fungal,
or other. The source of a positive culture was categorized as respi-
ratory (sputum), gastrointestinal (peritoneal fluid, abscess drain-
age, biliary tract), skin (soft tissues or wounds), genitourinary
(urine), endovascular (blood) or other. Secondary outcome vari-
ables were sepsis upon admission to the ICU, septic shock upon
admission to the ICU, and 28-day mortality. Sepsis was defined
as the presence of two or more SIRS criteria plus the presence of a
known or suspected infection during the 24-hour period. Septic
shock was defined by sepsis plus significant hypotension (systolic
blood pressure <90 mm Hg or the need for vasopressors). Patients
were followed for 28 days for survival. Baseline demographics re-
corded were age, gender, medical or surgical diagnosis on admis-
sion to the ICU (based on the APACHE III diagnostic codes) [19],
and the admission APACHE II score [20].

Blood Collection and Processing for Genomic DNA

Discarded blood from routine clinical laboratory tests was col-
lected. Samples were centrifuged at 400 g for 15 min at room tem-
perature. The buffy coat was collected and transferred into 2.0 ml
cryotubes and stored at -80°C. DNA was extracted from the buffy
coat using the Qiagen DNA Blood Mini Kit (Qiagen Inc., Missis-
sauga, Ont., Canada).

Haplotypes and Selection of htSNPs

We used unphased genotypic data from 23 Caucasians from
the Coriell Cell Repository (from pga.mbt.washington.edu) to in-
fer haplotypes of the IRAK4 gene using PHASE software (fig. 1)
[15, 21]. We then used MEGA 2 software to infer a phylogenetic
tree to identify major haplotype clades [22]. Haplotypes were sort-
ed into clades according to this phylogenetic tree and this haplo-
type structure was inspected to choose a minimum set of ‘haplo-
type tag’ single nucleotide polymorphisms (htSNPs) (fig. 1) [23,
24]. We chose 3 htSNPs that identified 4 major haplotype clades
of IRAK4 in Caucasians. The first SNP was an intronic C-to-G
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Fig. 1. Haplotype structure of the IL-1 re-
ceptor-associated kinase 4 (IRAK4) gene.
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substitution at nucleotide 23,338 relative to the start of sequenc-
ing (NCBI ID: rs4251513). The second SNP was an intronic
T-to-C substitution at nucleotide 24,472 relative to the start
(rs4251520). The third SNP was a G-to-A substitution at nu-
cleotide 29,429 (rs4251545) (NCBI IRAK4 accession number
AF155118) that results in an alanine at amino acid position 428 in
exon 11 being replaced with a threonine. These three SNPs were
then genotyped in our 775 patient cohort and PHASE was used to
identify haplotypes of each patient.

Genotyping

The genotypic analysis was performed in a blinded fashion,
without clinical information. Patients’ genotypes were deter-
mined by real-time polymerase chain reaction (PCR) assay using
specific fluorescence-labeled hybridization probes in the ABI
Prism 7900HT Sequence Detection System (Applied Biosystems,
Inc., Foster City, Calif., USA) [25] (table 1). 5 ng of patients’ ge-
nomic DNA was used per genotyping reaction in a 384-well plate.
We genotyped DNA with known genotype from 23 lymphoblas-
toid cells lines from the Coriell Cell Repository using ABI Prism
7900HT Sequence Detection System and found complete concor-
dance between our genotyping and the SeattleSNPs genotyping
at all three positions of the IRAK4 gene [21].

Functional Studies

We measured and compared activation of the immune
response in cells of different IRAK4 genotype after stimulation
with bacterial products to elucidate the mechanism behind the
association of the non-synonymous SNP IRAK4 G29429A
(Ala428Thr) with Gram-positive infection.

Forty-three lymphoblastoid cell lines (B lymphocytes immor-
talized by Epstein-Barr virus) from the individuals sequenced by
the SeattleSNPs Programs for Genomic Applications were pur-
chased from the Coriell Cell Repository (appendix 1), since these
cell lines have been extensively genotyped and in particular were
genotyped for genes in the pathway of interest. Because B-lym-
phocytes most highly express TLR9 in humans, we decided to
stimulate them with CpG, which is recognized by TLR9 [26, 27].

IRAK4 Polymorphism Associated with
GP Infection

CpG oligonucleotide type B is a specific sequence with high GC
content found uniquely in bacterial DNA. CpG signals through
intracellular TLRY and activates the MyD88-IRAK1-IRAK4-NF
B signaling pathway. TLR9 is an important modulator of response
to sepsis [26, 28-30]. To ensure that any lymphoblastoid cells im-
mune response was specific to CpG, and not simply a result of
internalizing foreign DNA, NCpG oligonucleotide was used as a
negative control. NCpG oligonucleotide control is the same size
as CpG oligonucleotide type B and contains the same amount of
each nucleotide, but in a scrambled sequence (table 2). Earlier
work that suggested that the phosphorothioate modification of
CpG and NCpG oligonucleotides (to increase their stability) may
cause a nonspecific immune response. To avoid a nonspecific im-
mune response, we obtained phosphodiester-bonded CpG and
NCpG sequences to which the lymphoblastoid cells had no non-
specific immune response.

Thelymphoblastoid cells were cultured in suspension in RPMI
with 10% fetal bovine serum (FBS) and 50 p.g/ml gentamicin. For
CpG stimulation, cells were washed and gentamicin-free media
was added. 1-ml aliquots of the lymphoblastoid cells containing
halfa million cells were placed in a 12-well plate. The lymphoblas-
toid cells were then stimulated in triplicate with 10 or 50 M syn-
thetic CpG oligonucleotide type B or NCpG oligonucleotide con-
trol for 24 h. Following CpG or NCpG stimulation, IL-6 secretion
in the lymphoblastoid cells supernatant was determined as a mea-
sure of the immune response using ELISA (R&D Systems, Min-
neapolis, Minn., USA). To validate the genotypic difference in
lymphoblastoid cell response to CpG (n = 43), we next tested for
a difference in response to the well-studied stimulus ‘cytomix’
(cytokine mixture, IL-13, TNF-a, IFN-v, 2.5 ng/ml) [31, 32] with
CpG (12.5 wM) [33] in lymphoblastoid cells (n = 88, appendix 1B).
Finally, we tested for a difference in IRAK4 gene expression by
genotype measured in 88 lymphoblastoid cells under control con-
ditions using the Human WG-6 v.3 expression chip (Illumina,
San Diego, Calif., USA) (Génome Québec Innovation Centre,
Montréal, Que., Canada).

The lymphoblastoid cells lines from the Coriell Cell Reposito-
ries are from different individuals and so differ at many loci
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Table 1. Primer and probe sequences used for genotyping IRAK4 htSNPs in the ABI prism 7900HT sequence

detection system

htSNP
C23338G
Primer L TGTGCCTATAGGAAGGATCCAGATT
Primer R CCCTACTGAACACATCATCTCATTTCT
Probe VIC CTCTTCCATAGTATCCTC-VIC
Probe FAM CTCTTCCATACTATCCTC-FAM
T24472C
Primer L CATTTGCCTGGAGTGCCTTTC
Primer R CAGAGGGTGAAAAGTGTGCTTAGTA
Probe VIC TTTCCCTCATATAACTATTAAC
Probe FAM CCTCATATAACCATTAAC
G29429A
Primer L GAAGATTATATTGATAAAAAGATGAATGATGCTGATTCC
Primer R GCAGACATTGACTAGCAACAGAGT
Probe VIC ACTTCAGTTGAAGCTATGT
Probe FAM ACTTCAGTTGAAACTATGT

VIC and FAM are fluorophores used to label the allele-specific hybridization probes.

Table 2. Synthetic bacterial DNA sequences (CpG) used for stimulation of lymphoblastoid cells

Oligonucleotide

Sequence

CpG Oligonucleotide type B
NCpG (oligonucleotide control)

5" TCGTCGTTTTGTCGTTTTGTCGTT 3’ (24mer)
5" TGCTGCTTTTGTGCTTTTGTGCTT 3’ (24mer)

throughout the genome. In order to determine that the difference
in immune response observed was solely attributable to the
IRAK4 G29429A (Ala428Thr) SNP, we obtained a wild-type
IRAK4 expression plasmid from Amgen Inc. This was used to
transfect IRAK4-deficient fibroblasts (IDFs) (a gift from our col-
laborators, Dr. David Speert and Dr. Stuart Turvey at British Co-
lumbia Children’s and Women’s Hospital). These IRAK4-defi-
cient fibroblasts come from a patient with a homozygous substitu-
tion of thymidine for cytidine at position 877 in exon 8 of IRAK4
resulting in replacement of glutamine by a stop codon (Q293X)
[14]. This results in defective expression of full-length TRAK4
mRNA and do not activate NF-kB or produce cytokines in re-
sponse to TLR ligands. To test whether the Ala428Thr polymor-
phism was associated with altered immune response the A allele
was exchanged for the G allele at nucleotide 29429 in the IRAK4
expression plasmid using the Quick-Change site-directed muta-
genesis kit (Stratagene, La Jolla, Calif., USA) so that all other SNP
sites were the same between the two plasmids. Thus, the IDFs
transfected with either the wild-type or mutated IRAK4 expres-
sion plasmids differed at only nucleotide 249249 of the IRAK4
gene and were otherwise genetically identical. Sequence-specific
primers were designed containing the mutation based on the
IRAK4 wild-type cDNA sequence according to guidelines pro-
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vided by Stratagene (table 3). 5 ng of the IRAK4 expression plas-
mid was used as template DNA for the reaction. Following trans-
formation of the mutated plasmid into XL1-blue supercompetent
cells for nick repair the cells were plated onto agar plates contain-
ing 100 pg/ml ampicillin. Individual colonies were then picked
from the plates and grown at 37°C overnight in 4 ml of LB broth
with 100 pg/ml ampicillin. The mutated IRAK4 plasmids were
purified using the QIAprep Miniprep kit (Qiagen Inc.) with a mi-
crocentrifuge according to the manufacturer’s instructions. The
DNA was eluted in water for sequencing at the University of Brit-
ish Columbia Nucleic Acid Protein Service Unit using a custom-
designed primer (table 3). The sequencing results were compared
to the IRAK4 wild-type cDNA sequence using the Basic Local
Alignment Search Tool (BLAST) bl2seq to align two sequences.
Once the IRAK4 expression plasmid was successfully mutat-
ed to carry an A allele at nucleotide 294249, the IDFs were trans-
fected with the IRAK4 29429G plasmid, the IRAK4 29429A
plasmid or the pGL3 empty plasmid as a control. The IDFs were
grown in T75 flasks in DMEM with 10% FBS and 50 pg/ml gen-
tamicin. The day before transfection, the IDFs were seeded to 12-
well plates in media containing no antibiotics. On the day of
transfection, the cells were washed and 1 ml of serum-free media
was added to each well. There were approximately half a million
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Table 3. Primers used for site-directed mutagenesis (SDM) and sequencing of the IRAK4 expression plasmid

Primer Sequence

SDM-sense
SDM-antisense
Sequencing primer

5" CCACTTCAGTTGAAACTATGTACTCTGTTGCTAGTC 3’
5" GACTAGCAACAGAGTACATAGTTTCAACTGAAGTGG 3’
5" CGGGCTTCTGAGAAGTTTGC 3’

Table 4. IRAK 4 haplotype frequencies and patient baseline characteristics by haplotype

Clade Frequency Frequency Baseline characteristics (mean * SD)
a
(Eenioglis cozicate) HapMap age, years female medical Dx  APACHE II

C/TIG 30.7% (9.2/21.5%) 32.1% 57x16 37% 80% 23%9
C/T/A 8.6% (0.6/8.0%) 8.6% 59%16 36% 74% 23%9
C/IC/IG 10.1% (1.0/9.1%) 9.4% 58+18 32% 76% 22+9
G/T/IG 50.6% (24.4/26.2%) 50.8% 5817 37% 73% 23%9

p 0.4 0.7% 0.05% 0.7

* Haplotype frequency of HapMap CEU data.

cells per well. 2 pg of the appropriate plasmid and 0.5 g of lipo-
fectamine 2000 (Invitrogen, Burlington, Ont., Canada) in 200 wl
of Opti-MEM (Invitrogen) were added to each well. Four hours
post-transfection, the media was removed and fresh media with
serum and 50 wg/ml of gentamicin was added. The cells were in-
cubated overnight at 37°C. Following transfection, the cells were
washed with sterile PBS and 1 ml of fresh serum-free media was
added. 0.1 pg/ml of LPS or serum-free media in triplicate was
then added to the appropriate wells and the plates were incubated
for 6 hat 37°C. After 6 h, the supernatant was collected. IL-6 con-
centration in the supernatant was measured using ELISA (R&D
Systems, Minneapolis, Minn., USA).

Statistical Analysis

We used a cohort study design. Long and Langley [34] per-
formed an extensive simulation study to determine the power of
association-based studies when a dense, but not exhaustive, set of
SNPs is available over a candidate gene region. A hidden polymor-
phism was assumed to contribute to the variance of a quantitative
trait and the number of nearby SNPs was varied in an estimation
of the number of subjects necessary to detect the causative locus.
The power of SNP and haplotype association studies was also
compared to the quantitative trait TDT (TDT-Q5). Under the as-
sumptions of these models, a sample size of 500 or more is re-
quired to detect association with 80% power when 10% or less of
the variance in the trait is explained by the locus [34]. Our study
of 775 Caucasians had >80% power to detect an absolute differ-
ence of 10% in prevalence of positive bacterial cultures at admis-
sion to ICU, assuming a 40% baseline prevalence of positive bac-
terial cultures at admission with significance set at p < 0.05.

Rates of dichotomous outcomes (positive cultures at admis-
sion to ICU, sepsis and shock at onset of SIRS, 28-day survival)

IRAK4 Polymorphism Associated with
GP Infection

were compared between clades using Fisher’s exact test. Differ-
ences in continuous outcome variables (age, APACHE II score)
between haplotype clades were tested using ANOVA. 28-day sur-
vival was further compared between the two groups of patients
while adjusting for other confounders (age, sex, and medical vs.
surgical diagnosis) using a Cox regression analysis as well as a
Kaplan-Meier analysis of censored survival data. Haplotype clade
relative risk was calculated. Genotype distributions were tested
for Hardy-Weinberg equilibrium.

Supernatant IL-6 concentrations following CpG stimulation
of lymphoblastoid cells were compared among IRAK4 haplotype
clades by ANOVA. Supernatant IL-6 concentrations after stimu-
lation with LPS were compared among IDFs transfected with the
wild-type IRAK4 plasmid or the PGL3 empty plasmid and nor-
mal adult fibroblasts using ANOVA. Supernatant IL-6 concentra-
tions after stimulation with LPS were compared among IDFs
transfected with the IRAK4 29429G plasmid, the IRAK4 29429A
plasmid and the pGL7 empty plasmid by ANOVA.

We report the mean and 95% confidence intervals. Statistical
significance was set at p < 0.05. The data were analyzed using
SPSS 14.0 for Windows (SPSS Inc., Chicago, Il1., USA, 2003).

Results

Genotype-Clinical Phenotype Associations

We were able to infer haplotypes from complete se-
quencing of IRAK4 for 23 Caucasians in the Coriell Cell
Repository [21] using PHASE software, and identified
four major haplotype clades using MEGA2 software
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Table 5. Pathogens and sources of positive cultures

357 (46.0%)
177 (49.6%)
122 (34.2%)

Case of culture positive
Gram-positive
Gram-negative

Mixed 40 (11.2%)
Fungal 10 (2.8)
Other 8(2.2)
Source of a positive culture

Respiratory 152
Gastrointestinal 23

Skin 27
Genitourinary 18
Endovascular 128

Other 4

(tig. 1) [15, 22]. These 4 clades could be resolved by geno-
typing three htSNPs: C23338G, T24472C, and G29429A
[24]. 775 Caucasian patients with SIRS were successfully
genotyped for all three htSNPs. All three SNPs were in
Hardy-Weinberg equilibrium. The haplotype clade de-
fined by 23338C/24472T/29429G (C/T/G) occurred with
afrequency of 30.7%, the C/T/A haplotype clade occurred
with a frequency of 8.6%, the C/C/G haplotype clade oc-
curred with a frequency of 10.1%, and the G/T/G haplo-
type clade occurred with a frequency of 50.6% (table 4).
These frequencies were similar to frequencies deduced
from HapMap Caucasian data (table 4).
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For the 775 successfully genotyped individuals of the
cohort of Caucasian patients who had at least 2 of 4 SIRS
criteria, there were no differences in age, gender (percent
female), or severity of illness at the time of admission (as
estimated by the APACHE II score) by IRAK4 haplotype
clade (table 4). Of 775 patients, 357 patients had positive
cultures [main pathogens, Gram-positive (46.0%), Gram-
negative (34.2%); main site, respiratory (152), endovascu-
lar (128)] (table 5). The C/T/G haplotype clade was associ-
ated with a slightly increased prevalence of medical diag-
noses for admission to the ICU.

On initial analysis, the IRAK4 C/T/A haplotype clade
was associated with increased prevalence of positive bac-
terial cultures at admission to the ICU compared to the
other three haplotype clades (fig. 2a). For subsequent
analysis, we compared the C/T/A haplotype clade to all
other clades grouped. There was no difference in the
prevalence of medical diagnoses for admission to ICU be-
tween the C/T/A clade versus all the other clades (p >0.8).

The C/T/A haplotype clade was associated with sig-
nificantly greater prevalence of positive bacterial cultures
at admission to ICU (p < 0.03) (fig. 2a), and specifically
with increased prevalence of Gram-positive cultures (p <
0.01) (fig. 2b). Patients with at least one copy of the C/T/A
haplotype clade had a relative risk of 1.2 for a Gram-pos-
itive culture at admission to ICU. The prevalence of pos-
itive bacterial cultures from an endovascular source (i.e.
positive blood cultures) was also significantly increased
in patients who carried atleast one copy of the C/T/A hap-
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Fig. 3. Lymphoblastoid cellsimmune response to CpG or cytokine
mixture with CpG (as measured by IL-6 supernatant concentra-
tion) by IRAK4 haplotype clade. B-lymphocytes of known IRAK4
genotype were stimulated with media, scrambled CpG (NCpQG),
10 or 50 wM CpG, a TLRY ligand, for 6 h (a) or cytokine mixture
(IL-1B, TNF-a, IFN-v, 2.5 ng/ml) with CpG (12.5 uM) for 24 h
(b). Each stimulation was performed in triplicate. IL-6 superna-

lotype clade (p = 0.001) (fig. 2¢). It is clinically significant
to note that patients who carried at least one copy of the
C/T/A clade had relative risk of 1.8 for a positive Gram-
positive bacterial blood culture (p = 0.006) (fig. 2d).

IRAK4 haplotypes were not associated with a signifi-
cantly different prevalence of sepsis or septic shock upon
admission to the ICU, or with 28-day survival (table 6).
IRAK4 haplotype clades were not associated with 28-day
survival after adjusting for age, gender, APACHE II score,
and surgical diagnosis for admission to ICU in a Cox pro-
portional hazards regression analysis. Our study had
>80% power (o = 0.05) to detect an absolute difference of
survival of 10% assuming that the cohort had an average
survival rate of 60%.

Mechanism

With the purpose of explaining the association of the
IRAK4 C/T/A haplotype clade with increased preva-
lence of Gram-positive infections we compared lympho-
blastoid cells immune response to CpG by IRAK4 hap-
lotype clade. The measured IL-6 concentrations were
logarithmically (logyo) transformed prior to statistical
analysis as the data was not normally distributed. The
IRAK4 C/T/A haplotype clade was associated with sig-
nificantly decreased IL-6 secretion compared to all oth-
er clades following stimulation of lymphoblastoid cells

IRAK4 Polymorphism Associated with
GP Infection

tant concentration was measured using ELISA. Mean IL-6 con-
centrations were logarithmically (log;o) transformed and com-
pared between the C/T/A clade and all other IRAK4 clades using
Student’s t test. The C/T/A clade was associated with significantly
decreased IL-6 concentration (a, p < 0.04; b, p <0.01). Graph dis-
plays mean IL-6 concentration + 95% CL

Table 6. Prevalence of sepsis and septic shock at admission to ICU,
and 28-day survival by IRAK4 haplotype clade

Clade Sepsis at Septic shock  28-day  Days alive
admission  atadmission  survival (mean * SD)

C/T/G 81% 55% 66% 21

C/T/A 81% 53% 63% 20

C/C/IG 74% 52% 63% 21

G/T/IG 81% 54% 65% 21

P 0.2% 0.9% 0.8% 1.0

with 10 uM CpG (raw values £ 95% CI 40.3 £ 32.3 vs.
85.8 * 29.4 pg/ml; log-transformed values * 95% CI
1.13 * 0.37 vs. 1.55 £ 0.18, p<0.04) or 50 uM CpG (raw
values £ 95% CI 38.3 *+ 103.3 vs. 81.6 * 201.3 pg/ml;
log-transformed values * 95% CI 1.15 * 0.41 vs. 1.55
+ 0.16, p < 0.04) (fig. 3a). In a validation experiment of
lymphoblastoid cells (n = 88), the cells with the IRAK4
C/T/A clade had decreased inflammatory response to
cytokine mixture (IL-18, TNF-a, IFN-vy) with CpG
compared to all other clades (IL-6 log-transformed fold
change to baseline £ 95% CI 0.56 * 0.14 vs. 0.77 *
0.06, p < 0.01) (fig. 3b). IRAK4 gene expression under
control conditions was not different between cells with
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Fig. 4. TLR-ligand stimulation of IRAK4-deficient fibroblasts
(IDFs) transfected with IRAK4 expression plasmids containing
either the 29429G or A alleles or with the empty vector. IDFs
transfected with IRAK4 expression plasmids containing either
the IRAK4 29429G (IDF-G) (n = 3) or A (IDF-A) (n = 3) alleles
or the empty vector PGL3 (IDF-null) (n = 3) were stimulated for
6 h with 0.1 pg/ml lipopolysaccharide (LPS). Poststimulation
concentrations of IL-6 in the supernatant were measured using
ELISA. Mean IL-6 concentration was compared among IDF-G,
IDF-A and IDF-null cell lines by ANOVA. IDF-G and IDF-A cell
lines had significantly greater supernatant IL-6 concentrations
compared to IDF-null cell lines (p < 0.05). There was a trend
to decreased IL-6 concentration in the IDF-A cell lines com-
pared to the IDF-G cell lines in response to LPS stimulation
(p = 0.07). Graph displays mean IL-6 concentration + 95% CIL.

the C/T/A clade and cells with all other clades of 88 lym-
phoblastoid cells (p = 0.37).

In order to isolate the difference in immune response
caused by the IRAK4 G29429A (Ala428Thr) SNP, we
transfected IDFs with IRAK4 expression plasmids con-
taining either the 29429G or A allele and measured their
immune response (as measured by supernatant IL-6 con-
centration) to TLR ligands. We used site-directed muta-
genesis to replace the IRAK4 29429G allele in the plasmid
with an A at position 29429. We confirmed that we had
exchanged the G for an A using the bl2seq tool of NCBI
BLAST. We successfully transfected IDFs with expres-
sion plasmids containing either the 29,429G (IDF-G, n =
3) or A allele (IDF-A, n = 3) or with the empty expression
vector (IDF-null, n = 3). IDFs transfected with IRAK ex-
pression plasmids containing either the 29429G or A al-
lele produced significantly higher levels of IL-6 in re-
sponse to stimulation with LPS than IDFs transfected
with the empty vector (IL-6 production * 95% CI of
IDF-G vs. IDF-A vs. IDF-null in response to LPS: 1,580.6
+ 381.9vs. 1,292 * 116.1 vs. 61.6 * 25.6 pg/ml, p<0.05)
(fig. 4). There was a nonsignificant trend to the IDF-A cell
lines producing less IL-6 than the IDF-G cell line in re-
sponse to stimulation with LPS (p = 0.07) (fig. 4).

Discussion

We found that the IRAK4 haplotype clade marked by
23338C/24472T/29429A (C/T/A) was associated with in-
creased prevalence of positive bacterial cultures on ad-
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mission to the ICU in a cohort of 775 critically ill Cauca-
sians with SIRS. Specifically, the C/T/A clade was associ-
ated with increased prevalence of Gram-positive cultures
and increased prevalence of positive blood cultures. No
IRAK4 haplotype clade was associated with prevalence
of sepsis or septic shock at admission, or with 28-day
survival. Furthermore, we have demonstrated that the
IRAK4 C/T/A clade is associated with decreased lympho-
blastoid cell immune response to CpG (as measured by
IL-6), and that fibroblasts transfected with the 29429A
allele that marks the C/T/A clade show a trend to de-
creased IL-6 secretion in response to stimulation with
LPS compared to IRAK4 29429G fibroblasts. To our
knowledge, this is the first report of an association of ge-
netic polymorphisms of IRAK4 with prevalence and type
of bacterial cultures in a cohort of critically ill patients
and supported by mechanistic evidence of decreased cel-
lular immune response to TLR ligands.

Haplotypes within the C/T/A clade are uniquely dis-
tinguished from haplotypes in the other four clades of
IRAK4 by 29429A. The substitution of an A for a G at
position 29429 results in an alanine, a nonpolar aliphat-
ic amino acid, being replaced by a threonine, a polar un-
charged amino acid, at amino acid position 428 of the
IRAK4 protein [21]. The rs4251545 (Ala428Thr) IRAK 4
polymorphism could alter the kinase activity since it is
located in the kinase domain of the protein (154-460)
[35]. This amino acid substitution may disrupt IRAK4
signaling and result in a less-effective immune response
to invading pathogens so that critically ill patients car-
rying the C/T/A clade have an increased risk of positive
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bacterial cultures. Our finding that the C/T/A haplotype
clade of IRAK4 is associated with increased prevalence
of positive bacterial cultures at admission to the ICU is
consistent with our previous studies [36], and with re-
cent animal studies [37-39] which suggest that polymor-
phisms of innate immunity genes could be associated
with impaired clearance of bacteria. A number of stud-
ies have shown that rare germline mutations in IRAK4
cause recurring bacterial infections in children and de-
ficiencies in cytokine production in response to a range
of microbial-derived TLR agonists and to recombinant
IL-18 or IL-18 [10-13, 40, 41]. Our finding that the
IRAK4 C/T/A clade is associated with decreased lym-
phoblastoid cell immune response to CpG and with a
trend to decreased immune response to LPS in IDFs
transfected with the IRAK4 expression plasmid carry-
ing the 29429A allele suggests that the replacement of
Ala428 with a threonine decreases the cellular response
to TLR ligands, perhaps impairing the host’s ability to
clear an infection.

There are several strengths of our gene association
study that minimized limitations of genetic association
studies. Firstly, our large cohort of critically ill patients
(n = 775) reduced the risk of type I error (finding a spu-
rious association) compared to other studies of smaller
sample size. Our large sample size also ensured that we
had adequate power to determine that there was truly no
association of IRAK4 haplotype clades with prevalence of
sepsis and septic shock, or 28-day survival in our cohort
of critically ill patients. Second, we adjusted for con-
founders in our survival analysis (age, gender, APACHE
I score, surgical diagnosis) and still found no association
of IRAK4 haplotypes with 28-day survival. Third, to
avoid spurious associations we included only Caucasians
in our cohort of critically ill adults, thus limiting the risk
of positive associations due to ethnic heterogeneity [17].
Finally, by testing the immune response of cell lines of
different IRAK4 haplotypes to TLR ligands, we have pro-
vided plausible mechanistic data to support our clinical
association.

An important strength of the design of our association
study is our use of haplotypes and haplotype clades as the
unit of genetic variation. Haplotype analysis is more ef-
fective in determining association of genotype with phe-
notype than is individual SNP analysis [42, 43]. Haplo-
types serve as markers of unidentified polymorphisms
that may be the cause of phenotypic variation [42]. The
phylogenetic history of haplotypes within a population
may be determined and used to group haplotypes into
clades using cladistic analysis [16, 34, 44-46]. Cladistic
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analysis has two unique strengths. First, grouping haplo-
types into clades decreases the degrees of freedom, there-
by increasing the statistical power to associate genotype
with phenotype [43]. Second, grouping haplotypes into
clades facilitates identification of causal SNPs. Another
practical strength of our approach is that a small number
of ‘haplotype tag’ SNPs (htSNPs) can be used to distin-
guish haplotype clades, eliminating the need to genotype
all SNPs within a gene [24, 47]. Associations of altered
phenotypes with polymorphisms of key genes such as in-
nate immune receptors, second messengers in signaling
pathways and cytokines have been extensively studied in
critically ill patients [36, 48-50]. Our study shows that
variants of a second messenger, IRAK4, create a partial
innate immune response defect leading to increased risk
of Gram-positive infection while polymorphisms of re-
ceptors and signaling proteins show increased risk of sep-
sis (TLR1 [48], TLR2, CD14 and MBL [36]), and polymor-
phisms of receptors, second-messenger molecules and
cytokines are associated with an increased risk of death
(TLR1 [48], TNE, IL-6 [49], IL-10 [50]). We did not find
an association of IRAK4 294249G/A and altered risk of
sepsis, perhaps because this IRAK4 variant causes only a
partial defect in NF-kB pathway signaling as described
in case reports of IRAK4 deficiency [14]. Mutations that
cause IRAK4 deficiency create dysfunctional signaling
with partially intact NF-kB but defective MAPK signal-
ing and dysregulated complex function that affects tran-
scriptional and post-transcriptional control of TLR/IL-
1R response in cell- and cytokine-specific ways. Thus, the
IRAK4 294249G/A may alter the risk of acquiring Gram-
positive infection, but not the risk of sepsis, because of a
redundancy in the innate immune response.

There are several limitations of our gene association
study. We have not examined how the 29429G/A (A428T)
polymorphism affects the function or expression of the
IRAK4 protein, so we do not know the functional con-
sequences of the C/T/A haplotype clade in the systemic
inflammatory response syndrome. We also do not know
how the amino acid change at position 428 may affect
the interaction of IRAK4 with other proteins in the
MyD88-IRAK1-IRAK4 signaling pathway. Additional-
ly, we were only able to show a trend to decreased IL-6
secretion in response to LPS stimulation of IRAK4-defi-
cient fibroblasts transfected with the IRAK4 29429A al-
lele (compared to the IRAK4 29429G allele). As this
trend is in line with our finding of an association of
the C/T/A clade with decreased IL-6 secretion in lym-
phoblastoid cells, we believe that it is an important
result, although limited by the experimental design.
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The Ala428Thr amino acid change may only mildly dis-
rupt IRAK4 function, and thus cause only minor chang-
es in IL-6 secretion in response to stimulus with TLR
ligands. Although we treated all cells identically at the
same time, because we introduced IRAK4 into the IDFs
using transient transfection, it is possible that varying
numbers of cells in each well of the transfection and
stimulation experiments were viable and expressing
IRAK4. This experimental variability may affect our
ability to accurately measure the genetic variability in
the immune response due to the IRAK4 G29429A poly-
morphism. In the future, it may be appropriate to use
stable transfection to introduce the IRAK4 gene into
IDFs. Furthermore, although involved in wound repair,
tibroblasts are not the ideal cells in which to be measur-
ing variability of the innate immune response. The
IRAK4-deficient fibroblasts were a generous gift to us
from our collaborators and served to limit genetic het-
erogeneity at other loci. However, we may be able to ob-
serve greater genetic variability of the immune response

Appendix 1

to TLR ligands in monocytes or macrophages, cells that
are much more sensitive to TLR ligands.

In summary, we have demonstrated a novel associa-
tion between a haplotype clade of IRAK4 marked by
G29429A (Ala428Thr) and increased risk of Gram-posi-
tive infection in a cohort of critically ill adults. We have
shown that a possible explanation for this association is
decreased cellular response to TLR ligands through the
IRAK4 signaling pathway, potentially inhibiting the
host’s ability to clear an infection. Future studies in a sep-
arate clinical cohort and in other cellular models will be
needed to confirm these findings.
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Coriell Cell Repository IDs, SeattleSNP IDs and IRAK4 G29429A genotypes of lymphoblastoid cell lines used in mechanistic studies.

Table A1a. 43 lymphoblastoid cells

Coriell cell line ID Seattle SNPs ID G29429A genotype  Coriell cell line ID Seattle SNPs ID G29429A genotype
GM17109 D009 AA GM10845 E003 GG
GM17134 D034 AA GM10848 E012 GG
GMO07349 E009 AG GM10850 E019 GG
GM10844 E014 AG GM10851 E008 GG
GM10854 E015 AG GM10852 E021 GG
GM10858 E011 AG GM10853 E004 GG
GM17103 D003 AG GM10857 E010 GG
GM17104 D004 AG GM10860 E005 GG
GM17106 D006 AG GM12547 E002 GG
GM17106 D006 AG GM12548 E013 GG
GM17111 D011 AG GM12560 E001 GG
GM17113 D013 AG GM17107 D007 GG
GM17114 D014 AG GM17108 D008 GG
GM17133 D033 AG GM17110 D010 GG
GM17140 D040 AG GM17112 D012 GG
GMO06990 E022 GG GM17115 D015 GG
GMO07019 E023 GG GM17116 Do16 GG
GMO07348 E020 GG GM17135 D035 GG
GM10831 E017 GG GM17136 D036 GG
GM10842 E007 GG GM17138 D038 GG
GM10843 E018 GG GM17139 D039 GG
GM10843 E018 GG

456 J Innate Immun 2011;3:447-458 Sutherland/Walley/Nakada/Sham/

Wurfel/Russell



Table A1b. 88 lymphoblastoid cells

central TIR signaling mediator in innate im-
munity. Trends Immunol 2002;23:503-506.
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NK, Good RA, Gougerot-Pocidalo MA,
Ozinsky A, Casanova JL: Pyogenic bacterial
infections in humans with irak-4 deficiency.
Science 2003;299:2076-2079.

GM10830 GM10831 GM10835 GM10838 GM10839 GM10846 GM10847 GM10851
GM10854 GM10855 GM10857 GM10859 GM10860 GM10861 GM10863 GM11829
GM11830 GM11831 GM11832 GM11839 GM11840 GM11881 GM11882 GM11992
GM11993 GM11994 GM11995 GM12003 GM12004 GM12005 GM12006 GM12043
GM12044 GM12056 GM12057 GM12144 GM12145 GM12146 GM12154 GM12155
GM12156 GM12234 GM12236 GM12239 GM12248 GM12249 GM12264 GM12707
GM12717 GM12740 GM12750 GM12751 GM12752 GM12753 GM12760 GM12761
GM12762 GM12763 GM12801 GM12802 GM12812 GM12813 GM12814 GM12815
GM12864 GM12865 GM12872 GM12873 GM12874 GM12875 GM12878 GM12891
GM12892 GM6985 GM6991 GM6993 GM6994 GM7000 GM7019 GM7022
GM7029 GM7034 GM7048 GM7055 GM7056 GM7345 GM7348 GM7357
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