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Abstract

Polymorphonuclear neutrophils (PMN) play a key rolannate immunity. Their activation
and survival are tightly regulated by microbial gwets via pattern-recognition receptors such
as TLRs, which mediate recruitment of the IRAK cdéexp We describe a new inherited
IRAK-4 deficiency in a child with recurrent pyogenbacterial infections. Analysis of the
IRAK4 gene showed compound heterozygosity with two rartat a missense mutation in
the death domain of the protein (p.Arg12Cys) asdediin cis with a predicted benign variant
(p.Arg391His) and a splice-site mutation in intfothat led to the skipping of exon 7. A non-
truncated IRAK-4 protein was detected by westernttinlg. The patient’s functional
deficiency of IRAK-4 protein was confirmed by thiesence of IRAK-1 phosphorylation after
stimulation with all TLR agonists tested. The patie PMN showed strongly impaired
responses (L-selectin and CD11b expression, oxlaliurst, cytokine production, cell
survival) to TLR agonists which engage TLR1/2, TURZTLR4, and TLR7/8; in contrast,
the patient's PMN responses to CpG-DNA (TLR9) weramal, except for cytokine
production. The surprisingly normal effect of Cp®® on PMN functions and apoptosis
disappeared after pretreatment with PI3K inhibitoFsgether, these results suggest the
existence of an IRAK-4-independent TLR9-inducechsduction pathway leading to PI3K
activation. This alternative pathway may play a kele in PMN control of infections by

microorganisms other than pyogenic bacteria inribda IRAK-4 deficiency.
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I ntroduction

Polymorphonuclear neutrophils (PMN) play a key rolehost defense against bacterial and
fungal pathogens (1). They contribute to early tengesponse by rapidly migrating into
inflamed tissues, where their activation triggeisrobicidal mechanisms such as release of
proteolytic enzymes and antimicrobial peptides, aapid production of reactive oxygen
species (ROS), in the so-called oxidative burstNPdie spontaneously by apoptosis and are
then recognized and phagocytosed by macrophages (2)

PMN directly recognize microbial products via patteecognition receptors such as
TLRs. Human PMN have been reported to express ldRsTexcept TLR3 (3); TLR5 and
TLR7 are weakly expressed (4). TLRs are membetbeiL-1R superfamily, characterized
by an intracytoplasmic Toll-IL-1 receptor (TIR) dam which mediates recruitment of the
interleukin-1 receptor-associated kinase (IRAK) pter via TIR-containing adapter
molecules such as MyD88. During formation of thosnplex, IRAK-4 is activated, leading to
hyperphosphorylation of IRAK-1, which in turn indeg the interaction of tumor necrosis
factor receptor-associated factor 6 (TRAF6) withe thomplex. TRAF6 then triggers
downstream signalling, and this results in kB-activation (5, 6). In addition, TLR
engagement activates stress kinases such as MAaBeinc-Jun Niterminal kinase (JNK),
and phosphatidylinositol 3,4,5-triphosphate kinéBEBK) in most cells, including PMN (7,
8). The PI3K pathway has variously been shown tulede TLR-mediated inflammatory
responses, through negative feedback functions1(), or to enhance NKB nuclear
translocation (11, 12). In particular, it was retesuggested that the PI3K signaling cascade
occupies a central role in TLR2-induced activattd®MN (13).

PMN stimulation through TLRs causes an immediatierdgve response, including

modulation of adhesion molecule expression (L-$glecshedding and2-integrin
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upregulation), production of an array of antimidedlmolecules (ROS and cytokines) (3, 13),
and inhibition of apoptosis (4). The major role thie TIR-IRAK signaling pathway in
immunity to infections by pyogenic bacteria is sitated by the recent descriptions of
children with inherited IRAK-4 deficiency associdteith recurrent infections (14-22). The
cells of these patients fail to respond to IL-1 #dind 8, and to the stimulation of at least five
TLRs (TLR2, TLR3, TLR4, TLR5, TLRY).

Here we describe a case of inherited IRAK-4 deficie related to new double
heterozygous mutations generating a non functitRAK-4 protein. We show that some
PMN functions (adhesion molecule expression, RQflymction, survival) which are critical
for antimicrobial defenses, occur normally in rezp® to CpG-DNA (TLR9), despite an
impaired response to the other TLR agonists, stiggethe existence of a distinct TLR9-

induced transduction pathway.
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M aterials and Methods

Casereport

We investigated a 14-year-old boy with recurreféctions, osteomyelitis and cellulitis. He
was born in July 1991 and was the second childeafthy unrelated parents. There was no
family history of recurrent or severe infectiongsit@mmune disease, or lymphoma. His
brother and sister were healthy. At age 15 daydelveloped a severe necrotic infection of his
palate, due toPseudomonas aeruginosa. Despite several surgical procedures he had
velopharyngeal insufficiency and recurrent otitiedia. Vaccines were normally tolerated.
From the age of 5 years he had severe chronic atitedia, arthritis, and impetigenous
infections of the face and limbs, usually afternskiauma. Local and systemic antibiotics
were usually necessary to eradicate the infectiohts.age 9 years he underwent
tympanoplasty for tympanic membrane perforationictvtwas complicated by retroauricular
cellulitis due toStaphylococcus aureus, and severe impetigo of the face and hands, lgadin
graft loss. The procedure failed to close the tympgerforation. At age 1Qears he was
hospitalized for cervical adenitis associated waligue and weight loss. The CRP was
elevated, at 24 mg/ml. The PMN count was reduce@i2@fmn? but chest radiograph and
tuberculin test were normal. Serological tests Bartonella, Borrelia and Lyme’s disease
were negative. Surgical biopsy showed non spesiiicacute lymphadenitis. The adenitis
regressed on amoxicillin + clavulanic acid. At dgeyears he developed asthma and common
verrucas. Chest radiography and computed tomogreyging normal. Inhaled steroid therapy
and smoking cessation improved his bronchospaswphilactic antibiotic therapy with
sulfamethoxazole + trimethoprim was started anduhgderwent a second tympanic repair,

without infectious complications.
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His growth and development were normal. He had exere viral or fungal infections or
infections due to intracellular bacteria.

Immunological studies gave normal results (lymphecycounts: CD3=2037/mni,
CD4'=1328/mmi, CD8=798/mn¥, CD19=798/mni, CD16=321/mnt; IgA=1.27g/l;
IgG=12.08g/l (IgG1=10g/l, 1gG2=2.52g/l, 1gG3=0.7Rg/lgG4=0.05g/l); IgM=1.38g/l)
excepted for a still low number of PMN. The compérhsystem was normal.

PMN migration was normal when tested with the uragarose method, with and without
fMLP (107 M) and activated serum (23), ruling out leucocgtthesion deficiency (LAD).
PMN phagocytosis of Saphylococcus epidermidis was normal, as was PMN
chemiluminescence after stimulation with PMA (10@/ml), ruling out a chronic

granulomatous disease.

Reagents

The reagents and sources were as follows:

Ultrapurified LPS fromE. coli serotype R515 (LPS) and synthetic macrophagesatuiy
lipopeptide-2 (MALP-2) (Alexis, Lausen, SwitzerlgndR-848 and a synthetic palmitoylated
mimic of bacterial lipopeptides (Pam3CSK4) (Inviemg San Diego, CA); unmethylated
CpG-DNA (HyCult Biotechnology, Lausen, Switzerlantydroethidine (HE, Fluka, Buchs,
Switzerland); N-formyl-methionyl-leucyl-phenylalar@ (fMLP), phorbol myristate acetate
(PMA) and ionomycin (Sigma Chemical CO., St Lo&)); SN50, SB203580, PD98059,
genistein, wortmannin, rottlerin, and GF109203X If@axhem, La Jolla, CA);
allophycocyanin (APC)-conjugated annexin V, 7-ama@mtinomycin D (7-AAD), fluorescein
(FITC)-anti-CD15, purified anti-L-selectin and FlT€@njugated goat anti-rabbit antibodies
(Abs), phycoerythrin (PE)-conjugated anti-phosplaigd p38MAPK and ERK1/2 Abs, and

cytometric bead array (CBA) kit (Pharmingen, BectbDickinson, San Jose, CA); PE-
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conjugated anti-CD45 Ab (Immunotech, Marseille,fé&); PE-conjugated anti-CD11b Ab
(Dakopatts, Glostrup, Denmark); FITC-conjugatedtgodi-mouse Ab (Nordic Immunology,
Tilburg, The Netherlands); anti-IRAK-4, anti-phosplRAK-1 and anti-phospho-Bad (S136)
Abs (Cell Signaling Technology, Beverly, MA); aimiel-1 Ab (Santa Cruz Biotechnology,

Santa Cruz, CA); TN& and GM-CSF (D, Abington, UK); IL-18 (MBL, Tokyo, Japan).

Incubation of whole blood with TLR agonists

One-milliliter aliquots of fresh blood, collectech dithium heparinate (10 U/ml), were
incubated at 37°C for various times with phosphmtfered saline (PBS), IL-18 (500 ng/ml),
or the following TLR agonists (reported to stimel@®MN functions) (4): LPS (10 ng/ml)
(TLR4), MALP-2 (10 ng/ml) (TLR2/6), Pam3CSK4 (508/ml) (TLR1/2), R-848 (1Qug/ml)
(TLR7/8), and CpG-DNA (100ug/ml) (TLR9). These optimal concentrations were
determined in preliminary concentration-respongeeerents (personal data).

In some experiments samples were pretreated watiN#wB inhibitor SN50 (10Qug/ml) or
kinase inhibitors at optimal concentrations presigu determined in whole blood
(wortmannin, 2500 nM; LY2940002, 25 pM; GF109203%,M; genistein, 100uM,;

PD98059, 5uM; SB203580, 2%uM; rottlerin, 10uM) (4).

Determination of adhesion molecule expression at the PMN and monocyte surface

Whole-blood samples were either kept on ice orbated at 37°C for 1 hour with PBS, IL-18
or TLR agonists as described above; GNEOO U/ml) was used as control. Samples ()0
were then stained at 4°C for 30 minutes with PEJamtnan CD11b or purified anti-L-
selectin Abs. To study L-selectin expression, sasiplere then washed with ice-cold PBS
and incubated at 4°C for 30 minutes with FITC-gaati-mouse Ab. Red blood cells were

lysed with FACS lysing solution (Becton Dickinsdvipuntain View, CA) and white blood
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cells were resuspended in 1% paraformaldehyde-PB&specific Ab binding was
determined on cells incubated with the same conatonn of an irrelevant Ab of the same

isotype.

NADPH oxidase activity in priming conditions

Superoxide anion (©) production was measured with a flow cytometric psterived from
the HE oxidation technique (24): Whole-blood sara®&00pul) were loaded for 15 minutes
with HE (1500 ng/ml) at 37°C and then incubatedhwiBS, IL-18 or TLR agonists as
described above; TNF(100 U/ml) was used as positive control; samplesevthen treated
with PBS or 10 M fMLP for 5 minutes. Red cells were lysed as diestt above and white

cells were resuspended in 1% paraformaldehyde-PBS.

Measurement of PMN apoptosis

Apoptosis of PMN in whole blood was quantified bging annexin V and 7-AAD (an
impermeant nuclear dye) as previously describe@%}, Samples were incubated in 24-well
tissue cultures plates at 37°C with 5% f6r 8 hours with PBS, IL-18 or TLR agonists as
described above; GM-CSF (1000 pg/ml) was used thspoptotic control. Samples (1Q0)
were washed twice in PBS, incubated on ice withd=8ihti-CD15 and PE-anti-CD45 Abs for
15 minutes, and then with APC-annexin V for 15 nsu After dilution in PBS (50u),
samples were incubated with 7-AAD at room tempeeatior 15 minutes and analyzed
immediately by flow cytometry. PMN were identifieds CD159" cells. Use of the
combination of APC-annexin V and 7-AAD distinguishbetween early apoptotic PMN

(annexin V, 7-AAD") and late apoptotic PMN (annexiri V7-AAD").
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Sudy of intracellular phospho-IRAK-1, phosho-p38MAPK, phospho-ERK1/2 and Bcl-2
family protein content by flow cytometry

After incubation of whole blood with TLR agonists 8BS for various times at 37°C,
leukocytes were permeabilized in 90% methanol asipusly reported (4, 26). Cells were
then stained with anti-IRAK-1 phosphospecific, atil-1 or anti-Bad phosphospecific Abs
for 1 hour at room temperature and washed onceB8-P% HSA. Samples were then
incubated for 30 minutes with FITC-goat anti-mouaseanti-rabbit Ab. Phospho-p38MAPK
and phospho-ERK1/2 contents were studied by swiniith PE-conjugated anti-phospho-
p38MAPK and phospho-ERK1/2 Abs. After one washkdémytes were resuspended in 1%

paraformaldehyde-PBS.

Cytokine production by blood cells

Blood PMN were isolated in LPS-free conditions iedium containing 9% Dextran T-500
(Pharmacia, Uppsala, Sweden) and 38% Radioselé8tdrering, Lys-Lez-Lannoy, France);
the leukocyte suspension was then centrifuged collf?Pague medium (Pharmacia). The cell
pellet was washed with PBS, and erythrocytes wemgowed by hypotonic lysis; PMN were
further purified by negative selection with panidntman HLA class ll-coated magnetic
beads (Miltenyi Biotec) to deplete B lymphocytestj\aated T lymphocytes and monocytes as
previously described (27). Less than 0.5% of cel&se positive by nonspecific esterase
staining, and flow cytometry showed the absenceCB#5/CD14"" CD45/CD3', and
CD45/CD19 cells; this showed that the PMN were highly pedfi without contaminating
monocytes. In parallel, the mononuclear cell riliacned after Ficoll-Paque centrifugation
was treated with anti-CD14-coated magnetic beadstgii Biotec) to positively select

monocytes.



Whole blood, pure PMN (5x£06nl) or pure monocytes (5x¥nl) were cultured for 18 hours
at 37°C with 5% C@in 24-well tissue culture plates (Costar, CambzidgA) in RPMI 1640
culture medium (Sigma, St Louis, MO). TLR agonists]13 and IL-18 were added to the
culture medium. PMA (100 ng/ml) and PMA (100 ng/mljonomycin (10 M) were used as
positive controls. Supernatants were stored atG7#0f no longer than 15 days before assay.

IL-8, IL-6, IL-13 and TNFx were detected simultaneously in supernatants lyg uthe

yduosnuew Joyine vH

human inflammatory cytokine cytometric bead ar@BA) kit (BD Pharmingen, San Diego,

CA). The CBA working range was 20-5000 pg/ml focleaytokine.

Flow cytometry

We used a Becton Dickinson FACScalibur (ImmunocybmSystems, San Jose, CA) with a
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15-mW, 488-nm argon laser and a 635-nm diode I&diN functions were analysed using
CellQuest software. To measure apoptosis in whided) PMN were identified on the
CD15/SSC dot plot and 2x1@vents were counted per sample. In other expetanfmward
and side scatter were used to identify the PMN f[aijmn and to gate out other cells and
debris; 10 events were counted per sample. Plasma cytokitslevere analyzed with CBA

software (BD Pharmingen).

10
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Blot analysis of IRAK-4

PMN were isolated and highly purified as descriabdve. Suspensions of 40 x> RMN/ml

in PBS buffer were incubated with PBS or TLR agtanfsr 5 minutes and treated with 2.7
mM diisopropylfluorophosphate for 20 minutes at 4h€n pelleted at 40§ for 8 minutes at
4°C (28). The pellet was resuspended in Chaps #iahtibn buffer containing 50 mM Tris
pH 7.5, 15 mM Chaps, 1 mM EDTA and antiproteasé® dells were incubated on ice and
the suspension was then centrifuged at 1p@fr 5 minutes. Following SDS-PAGE on 10%
acrylamide gels, the proteins were transferred itoogellulose filters. The filters were
incubated for 1 hour at room temperature in 50 mi4,TL50 mM NaCl, 0.1% Tween 20
(TBST) containing 5% (w/v) fat-free dried milk. Theitrocellulose membranes were
incubated overnight with anti-IRAK-4 Ab at 1/50duion. Following 5 washes with TBST,
the membranes were incubated with goat anti-mousgoat antirabbit Abs conjugated to
horseradish peroxidase. After 5 washes with TBS¥ blots were revealed with a
chemiluminescence method (ECL; Amersham Life SaencArlington Heights, IL)

following the manufacturer's instructions.

Genetic analysis

The propositus and his parents underwent genetadysia with theirwritten informed
consent. DNA and RNA were extracted from whole Hlosith Qiagen extraction kits
following the manufacturer's instructions. ThBAK4 coding sequence and intron-exon
junctions were sequenced in the patient and hienpar(PCR conditions and primers are
available on request), using an ABI sequencingdAqplera, Foster City, CA) and a 3130xl
DNA sequencer (Applera). cDNA was analyzed afteterge transcription of the patient’s
RNA by PCR using sets of primers located in variexsns (Ex6F cDNA: CTA CTG AAG

AAC TGA AAC AGC AGT TTG A; ExX7F cDNA: GTT TAC ATG CT AAT GGT TCA

11
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TTG C, Ex11R cDNA: CGA CAT TGG CTA GCA CCA GAG TAFkorward primers were
6-FAM-labelled. Allele-specific amplification of dDA was performed using modified
oligonucleotides (the 3’ end nucleotide is one LMAalecule from Proligo) (Ex10R LNA_ G:
TAT CTA GCA ATA ACT GAG GTT CAC; Ex10R LNA_A: TAT GA GCA ATA ACT

GAG GTT CAT ). Analysis of the fluorescent PCR puots was done with a 310 DNA

sequencer (Applera).

Satistical analysis

Data are reported as means + SEM. Comparisons based on ANOVA and Tukey's

posthoc test, using Prism 3.0 software (Graph Rdivare).

12
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Results

IRAK4 mutations

The patient’s disease was characterized by reduiméactions due to extracellular pyogenic
bacteria. Standard immunological studies gave nbreslts and major PMN defects (i.e.
chronic granulomatous disease) were ruled out. mherited IRAK-4 deficiency has been
associated with recurrent infections (14-22), walyared thd RAK4 gene in our patient.

DNA sequencing revealed three mutations: one msgsemutation resulting in the
substitution of arginine by cystein at position(t234 C>T; p.Arg12Cys), a second missense
mutation at position 391 (c. 1170 G>A; p.Arg391He)d an intronic mutation at position +
5 of intron 7 (G>T) (designated ¢.831 +5 G>T) (Fgd, A and B). Analysis of DNA from
the two parents showed that c. 34 C>T; p.Arg12Cags imherited from the father, along with
p.Arg391His, whereas ¢.831 +5 G>T was inheriteanfithe mother (Figure 1A). Polyphen
software  (http://tux.embl-heidelberg.de/ramenskiyploen.cgi) and SIFT software
(http://blocks.fhcre.org/sift/SIFT.html) both pretiéd a benign effect of the p.Arg391His
substitution and detrimental effect of the p.Arg$&Cmutation. Indeed, the p.Argl2Cys
mutation involves a highly conserved residue thabcated in the external region of the death
domain of the protein (Figure 1C). P.Arg391His effea non conserved amino acid residue
of the IRAK-4 kinase domain and is located nearrevipusly described polymorphism
(rs4251583, p. His390Arg). In addition, the p.Ar@Bs mutation does not alter mRNA
splicing (data not shown). Although we cannot & the possibility that the presence of the
two mutations on the same paternal allele hasrantattal effect on the protein function, our
findings make it more likely that only p.Arg12Cys deleterious and that p.Arg391His is a

rare neutral variant.

13
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RNA from the patient was further studied to asskegotential consequence of the ¢.831 +5
G>T mutation. For this purpose, primers were dexigm exons 6 and 11 and PCR products
from the patient's cDNA were analyzed onto ABI31Biglre 2A). The presence of an
abnormal band revealed that the intronic mutatesulted in a splice defect leading to the
skipping of exon 7 and a predicted stop codon attipo 249. Sequencing of the shortened
PCR band confirmed the abnormal exon 6-8 junctieiguie 2B). The observation of a
relative abundance of a shortened mRNA without ékas compared with full-length mRNA
(see figure 2) argued against marked mRNA nonseresiBated decay and could thus
theoretically lead to the production of a truncatptbtein ending at position 248
(p.Cys240MetfsX8).

The possibility that residual full-length RNA moldes were produced from the maternal
allele was excluded by taking advantage of theepis heterozygosity for the p.Arg391His
variant in exon 10. cDNA from the patient was aifingdi using LNA modified primers with a
C ora T at the 3’ end (thus specific for the wiyge allele G, ex1OR LNA_G, or for the
paternal allele A, ex10R LNA_A, figure 3A). MatefraRNA molecules were theoretically
specifically amplified using ex10R LNA_G and patin derived mRNA, using ex10R
LNA_A. The specificity of the LNA primers was confied using the ex7F and ex10 LNA
primers as shown in figure 3B. PCR amplificatiorsvemly observed with the ex7F and ex10
LNA_G primers in the control (homozygous for thddatype allele, ¢.1170 G/G), whereas
PCR amplification was positive in the patient usjprgmers ex7F and ex10 LNA_A and
negative using primers ex7F and ex10 LNA_G. Thesilts confirmed that full-length
MRNA molecules (containing exon 7) were exclusivetgduced from the paternal allele.
They were confirmed by using Ex6F — ex10R LNA_Gttamplified only exon 7-truncated

MRNA, and full-length mRNA molecules using Ex6Fx1@R LNA A (Figure 3B). Together

14
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these data confirmed that full-length mRNA molesweere exclusively produced from the

paternal allele and thus carried the [p.Arg12Cys @Arg391His] mutations.

Presence of a non functional IRAK-4 protein

As expected, a band corresponding to an IRAK-4gmmobf apparently normal molecular
weight was detected by western blotting of the grdts PMN; no shortened protein was
observed (Figure 1D). As the first step of IRAK-@tiaity is the phosphorylation of IRAK-1
(29), we studied the functionality of IRAK-4 prateby analyzing the phospho-IRAK-1
content of intact PMN treated with TLR agonistsunole blood, by means of flow cytometry
with a mouse anti-human phospho-IRAK-1 Ab. Incutmatiof whole blood from healthy
controls with TLR agonists for 5 minutes signifitigrincreased IRAK-1 phosphorylation as
compared to PBS (Table I). In contrast, pretreatroénhe patient's PMN with all the TLR
agonists, including the TLR9 agonist, did not mpdRAK-1 phosphorylation as compared

to PBS. This result suggested that IRAK-4 was nmttional.

Impaired PMN adhesion molecule expression and ROS production in response to IL-18 and
TLR agonists, except for TLRO

PMN dysfunctions have been reported in IRAK-4 deficies (15), especially in response to
LPS (TLR4), contrasting with normal responses td~TWe therefore analyzgte effect of a
broad range of TLR agonists on adhesion molecypeession and ROS production by PMN.
CD11b expression by resting patient's PMN was ngrmaeeping with normal chemotaxis
and with the absence of LAD (not shown). In corstrahcubation of whole-blood samples
with TNFa, GM-CSF, IL-18 and the following TLR agonists: LRSLR4), MALP-2
(TLR2/6), Pam3CSK4 (TLR1/2), R-848 (TLR7/8) and GPGIA (TLR9) induced a

significant increase in CD11b expression (Figurg dAd a significant decrease in L-selectin

15
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expression (Figure 4B) related to activation-indusbedding of this molecule (30). In the
patient, TNt and GM-CSF stimulation induced normal CD11b exgimes and normal L-
selectin shedding at the PMN surface as compar&Bt®-treated samples. In contrast, after
treatment of patient's samples with IL-18 and tbéofving TLR agonists: LPS (TLR4),
MALP-2 (TLR2/6), Pam3CSK4 (TLR1/2) and R-848 (TLRY,/no significant increase in
CD11b expression was observed as compared withsdingple incubated with PBS; In
addition, L-selectin was still detectable at theNPBurface, reflecting a defect in the shedding
of this molecule. Surprisingly, however, the resgwomo CpG-DNA (TLR9) was conserved
(Figure 4, A and B).

In controls, pretreatment of whole blood with TWFGM-CSF, IL-18 or with the
various TLR agonists, followed by stimulation wilLP, a structural analog of bacterial
metabolic products, strongly increased ROS prodacfFigure 4C). A similar increase in
ROS production was also observed in the patielVNRafter pretreatment with TNF or
GM-CSF and stimulation with fMLP, ruling out defe@ priming of the phagocyte oxidative
burst (31). This priming effect on the fMLP-stimidd PMN oxidative burst, which was also
observed after treatment with CpG-DNA, was no lordgtectable after incubation with the
other TLR agonists or IL-18 (Figure 4C).

Although the effect of TLR agonists on adhesion enale expression and ROS
production by monocytes is far lower than with PMNe patient’'s monocytes showed a
pattern of responses similar to that of his PMNhwailtered responses to TLR agonists except

for CpG-DNA (not shown).
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Impaired prolongation of PMN survival by IL-18 and TLR agonists, except for TLR9

As PMN are usually very short-lived immune cellgplpngation of their lifespan by
proinflammatory mediators is critical for their ielicy against pathogens (32). In keeping
with previous reports (4, 33, 34), treatment oftodnPMN for 8 hours with GM-CSF, IL-18
and TLR agonists induced ~ 50 to 90% inhibitionP®IN apoptosis in whole blood (total
annexin V cells); similar levels of inhibition were found the early (annexin V7AAD
cells) and late stage (annexiri/VAAD" cells) of PMN apoptosis (not shown). In contrast,
neither IL-18 nor LPS (TLR4), MALP-2 (TLR2/6), Pa@SK4 (TLR1/2) and R-848
(TLR7/8) were able to inhibit the patient's PMN apusis (percentage inhibition of PMN
apoptosis ~ 0%), while GM-CSF induced a normalgnrghtion of PMN survival. In keeping
with the results for adhesion molecule expressioth ROS production, the effect of CpG-
DNA (TLR9) on the patient’'s PMN apoptosis was cowed (Figure 4D).

We recently reported that the TLR-induced delay’MN apoptosis was associated
with modulation of Bcl-2 family members (4), witm @éncreased level of the anti-apoptotic
protein Mcl-1 and increased phosphorylation of pneapoptotic protein Bad, which have
been reported to inhibit apoptosis (35). In ourigrdaf while CpG-DNA (TLR9) induced a
normal increase in Mcl-1 and phospho-Bad conteatmodulation of either of these two
proteins was observed after stimulation with tHeeofTLR agonists, as compared to samples

incubated with PBS (Table II).

Impaired cytokine production by PMN and monocytes in response to I1L-18, IL-1 and all TLR
agonists.
In keeping with previous data on patients with IRAKleficiency (15, 16), we found strongly

impaired pro-inflammatory cytokine (IL-8) produatian the supernatant of the patient’s
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whole-blood samples cultured with all TLR agonistssluding CpG-DNA (Figure 5A).
Similar results were observed for IL-6, [[3And TNFt production (not shown).

As cytokine production by whole blood cells maingflects synthesis by monocytes,
the patient’'s monocytes and PMN were isolated dghbly purified in order to analyze the
individual response of the two cellular subpopuwlasi to TLR agonists, and especially to
CpG-DNA (TLR9). As expected, IL-8 production by ¢a monocytes incubated with TLR
agonists was far higher than that of control PMMither monocytes (Figure 5B) nor PMN
(Figure 5C) were able to produce significant amsuwft IL-8 in response to LPS (TLR4),
MALP-2 (TLR2/6), Pam3CSK4 (TLR1/2) nor R-848 (TLRY)/ IL-8 production by the
patient’'s PMN and monocytes in response to CpG-Dis also strongly diminished as
compared to that of cells from a healthy control.

Finally, the parents’ PMN exhibited normal respan&ahesion molecule expression,

ROS production, delayed apoptosis, cytokine pradagto all TLR agonists (not shown).

Involvement of direct stimulation of the PI3K pathway in the preserved PMN responses to
TLR9O

CpG-DNA induced normal responses by the patienWB\NHAn terms of survival, adhesion
molecule expression and ROS production, despiteldbk of functional IRAK-4. This
strongly suggested that an alternative pathwayepeddent of the classic TLR9/IRAK-4
pathway, was involved in TLR9 signaling. We therefexamined the effects of various
kinase inhibitors on L-selectin and CD11b expressibthe PMN surface, as well as on PMN
apoptosis in whole blood incubated with CpG-DNA .e$é inhibitors were used at optimal
concentrations previously determined in whole bldd)l Pretreatment with inhibitors of
conventional protein kinase C (GF109203X: 5 uM),déKkinase (rottlerin: 10 pM) and

tyrosine kinase (genistein: 100 puM) had no effeet @G-DNA-induced responses (not
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shown). In contrast, pretreatment of the patiem/Bole blood with PI3K inhibitors
(wortmannin and LY2940002) suppressed the effe@m&-DNA on PMN responses. CpG-
DNA-induced shedding of L-selectin led to a sigrafit decrease in L-selectin expression at
the PMN surface as compared to PBS-treated sar{fagsre 6A); this decrease was totally
abolished after preincubation of the patient's PMith PI3K inhibitors (the MFI of the
sample incubated with PI3K inhibitors + CpG-DNA wasnilar to that observed after
treatment with PBS alone) (Figure 6A). CpG-DNA-iodd modulation of L-selectin
expression was also significantly reduced afterinpuégation with PD98059 (a ERK1/2
kinase inhibitor) or SB203580 (a p38MAPK inhibitoSimilarly, the CpG-DNA-induced
increase in CD11b expression (reflected by theeg®e in stimulation index) (Figure 6B) was
significantly reduced after pre-incubation with RIBhibitors as well as with ERK1/2 kinase
and p38MAPK inhibitors.

Finally, in keeping with previous data (4), the CP&IA-induced increase in the percentage
of cell survival (annexin V7-AAD" cells) was significantly reduced after preincubatif
control samples with PI3K inhibitors and the MB-inhibitor SN50, while MAPKinase
inhibitors did not affect PMN apoptosis (Figure 6@) the patient's PMN, the inhibitory
effect of PI3K inhibitors was conserved while th&-kB inhibitor SN50, which strongly
suppressed CpG-DNA-induced survival of control PMidd no effect on TLR9-induced
survival of the patient’'s PMN.

The PI3K inhibitor-induced reduction in PMN respesswas also observed in healthy
controls but at a lower level than in the pati@ngure 6, A, B and C). This result suggested a
critical role of the direct TLR9/PI3K pathway inetipatient’s PMN responses.

The effect of ERK1/2 kinase and p38MAPK inhibitars CpG-DNA-induced modulation of
adhesion molecule expression observed in contmbltia@ patient's PMN strongly suggested

the involvement of these kinases downstream of ThB®vation. We therefore studied the
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phospho-ERKK1/2 and phospho-p38MAPK contents ciahPMN treated in whole blood,
by means of flow cytometry. As shown in Figurentubation of whole blood from controls
and the patient with CpG-DNA significantly incredseERK1/2 and p38MAPK

phosphorylation after 10 min as compared to PB$s €ffect was significantly reduced by
preincubation with PI3K inhibitors. Total ERK1/2 cap38MAPK content, measured in the

same conditions, was not modified by treatment @ipiG-DNA (data not shown).
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Discussion

We describe an inherited IRAK-4 deficiency in aig@att with compound heterozygosity
generating a non functional IRAK-4 protein. PMN ¢tional responses (adhesion molecule
expression, ROS production, survival and pro-infizatory cytokine production) to MALP-

2, Pam3CSK4, LPS, and R-848, which engage TLR2/6RII2, TLR4 and TLR7/8,
respectively, were strongly impaired, as were PMdponses to IL-18 (whose receptor shares
the same intracytoplasmic TIR domain). In contrésg, patient's PMN responses to CpG-
DNA (TLR9) were normal, except for cytokine prodoat suggesting the existence, in
parallel to the MyD88/IRAK-4-dependent pathway,aoélistinct TLR9-induced transduction
pathway regulating adhesion molecule expressior R@duction and survival.

The patient's PMN exhibited an impaired responsseweral agonists of the IL-1R
family, and especially TLRs, while a normal respoims other stimuli, including TNF, was
observed. These results suggest that the patiesna lteefect in the common TIR signalling
pathway, upstream of TRAF-6 and downstream of iddial TIR membrane receptors.
IRAK4 gene analysis showed two compound heterozygoustiong in our patient. The
maternally inherited mutation at position + 5 ofram 7 (G>T) was predicted to result in a
protein of 248 amino acids, truncated of a large p&the kinase domain. However, no
shortened band was observed on western blots wblyclonal Ab directed against the
whole IRAK-4 protein. These results suggest that tituncated protein resulting from the
maternal mutation is degraded as exon 7 skipped ARblecules were not subject to drastic
nonsense mediated decay. The two paternally imtertissense mutations, located in the
death domain (p.Argl2Cys) and in the kinase donwhitlRAK-4 (p.Arg391His), did not
interfere with IRAK-4 synthesis: IRAK-4 protein watketected in the patient's PMN by
western blot. However, none of the TLR agonistsaased IRAK-1 phosphorylation, further

demonstrating the non function of IRAK-4 proteimeBe results suggest that the p.Arg12Cys
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missense mutation of the paternal allele may hampmtein-protein interactions via the death
domain in the TIR pathway. Indeed, the p.argl2Cygation involves a residue that is
located at the surface of the protein; this domaithought to interact with the different
ligands of IRAK-4 such as MyD88. This residue igtty conserved through evolution in
IRAK-4 orthologous proteins including humaklus musculus, Bos taurus, Gallus gallus,
Xenopus tropicalis, Danio rerio and Euprymna scolopes (Supplementary data available on
request) but is not conserved in paralogues ofRAd family, suggesting that it participates
to the specificity of interaction. It is thereforaost likely that the substitution of this
positively charged residue (arginine) by a neutiaé (cystein) interferes either with the
conformation of the IRAK-4 death domain or with th@eraction of IRAK-4 with its
partners, preventing the assembly of an activeasiigyn complex following TLR activation.
P.Arg391His, located in cis of the p.Argl2Cys sitb8bn, was predicted to be benign with
two software programs based on structural and amith conservation, and had no effect on
MRNA splicing. A deleterious effect is thus unlikebut a synergistic deleterious effect of
the two missense mutations could not be excludlbd.non function of IRAK-4 protein in our
patient was also confirmed by the absence of sggmf IKK phosphorylation, which results
from TLR pathway activation (not shown).

TLR9-induced responses, i.e. adhesion moleculeesgmn, ROS production and
survival, were normal in the patient's PMN, whilgakine production was lower than with
control PMN. This suggests that different pathweysy be involved in these functions; in
particular, the IRAK-4 dependent pathway is neagssfr TLR9-induced -cytokine
production, while other functions might use indegemt pathways. PI3Ks have been reported
to enhance nuclear translocation of KEE-through phosphorylation and activation @B}
kinase and activation of MAPK, especially in TLR2yulated PMN (13); nevertheless, it is

not known whether MyD88/IRAK-4 complexes are reqdirfor this pathway. We clearly
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found that PI3K inhibitors (wortmannin and LY294@)Qotally suppressed the effect of
CpG-DNA on adhesion molecule expression and sureivaur patient's PMN. These results
suggest that TLR9 may be directly linked to PI3Kqiler the MyD88/IRAK-4 dependent
pathway may be required for PI3K activation throupk other TLRs. Such direct PI3K
activation has been described for TLR2 in a humanauytic cell line (36).

The lipid products of PI3K — mainly phosphatidylgitol 3,4,5-triphosphate — induce
translocation of Akt/PKB to the plasma membraneerght is phosphorylated and activated
by phosphatidyl-inositol 3,4,5-phosphate-dependémase (PDK1) (37). This pathway has
been forwarded as a major mediator downstream 3K 38). In particular, Akt activation
induces modulation of Bcl-2 family proteins suchMsl-1 and phospho-Bad (39, 40), and
could therefore be involved in the inhibitory effeaf CpG-DNA on our patient's PMN
apoptosis. In addition, it has been reported thedscl PI3K catalytic subunits can lead to
phosphorylation of ERK1/2 and p38MAPK (9, 10, 42);4activation of these signaling
pathways has been implicated in the upregulatiorCDfL1b expression (43, 44) and L-
selectin shedding (45, 46) after PMN treatment wahous inflammatory stimuli. In keeping
with these data, we demonstrated that CpG-DNA-iedumodulation of CD11b and L-
selectin on the surface of our patient's PMN istiplly inhibited by pharmacological
inhibitors of ERK1/2 and p38MAPK; furthermore, wauhd a CpG-DNA-induced increase in
phosphorylation of ERK1/2 and p38MAPK in the patierPMN, which was reduced by
PI3K inhibitors. These findings strongly suggesatthRAK-4-independent TLR9-induced
PI3K activation leads to MAPK recruitment. As Cp®¢R has no direct effect on ROS
production, the use of kinase inhibitors did nddwlus to analyse the involvement of MAPK
in the priming effect of CpG-DNA on the PMN oxidadi burst in response to fMLP.

Nevertheless, PI3K products have also been repddeexert their effects on the PMN
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oxidative burst by activating downstream proteinaddges such as Akt, which may directly
phosphorylate components of the oxidase complekx (47

Taken together, our results suggdisat activation of class | PI3K (PI3K (I) —
PDK1/Akt/PKB) through TLR9, and subsequent recreitin of MAPK, could be an
alternative pathway to the IRAK/IKK/NkB pathway involved in PMN adhesion, oxidative
burst, and prolonged survival, which are major congnts of PMN functional activity. A
schematic representation of the different pathwayslved in PMN functions is proposed in
Figure 8. Nevertheless, we cannot formally excltite involvement of other, unidentified
signalling pathways leading to CpG-DNA-induced PM&sponses. In particular, there is
evidence of a TLR9-independent pathway leadingotergtream PI3K activation and CD11b
upregulation in response to bacterial CpG-contgidNA in murine neutrophils. (44, 48).
This pathway described in human PMN by Alvarezlas a1lyD88-dependent and leads to
IRAK-1 phosphorylation, suggesting the involvemesft IRAK-4 in subsequent PI3K
activation (44). However, we cannot formally ex@uthe possibility that the IRAK-4-
independent activation of PI3K observed in our gudtiafter CpG-DNA stimulation may be
related to the existence of TLR9-independent mdsha) thus implicating non-CpG
molecular motifs in synthetic oligonucleotides.

IRAK-4-deficient patients suffer from pyogenic inf®ns but are resistant to viruses,
fungi and parasites, as well as many other bactirizas been speculated that cell-surface
TLRs rapidly sense bacterial infections by recompgzacterial cell wall constituents in the
extracellular medium. In contrast, several linegwtlence suggest that molecular recognition
of CpG-DNA occurs inside the cells (49). TLR9 migknter the phagosome from the
endoplasmic reticulum (50) and bind bacterial DN#eased into the phagosome following
bactericidal processes. In addition, TLR9 was régeémplicated in host defenses against

intracellular pathogens (51, 52). Further studiesreecessary to elucidate the role of direct
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PI3K activation by TLR9 in the phagosome, relatitee cell surface activation of the

TLRs/IRAK-4-dependent pathway in defenses againstraorganisms, and especially
intracellular pathogens. Nevertheless, we clealdgeoved that CpG-DNA induced normal
PMN functions in terms of adhesion molecule expogsand survival in our IRAK4-deficient

patient, suggesting that the IRAK-4 dependent pathway be compensated for by the
TLR9-dependent IRAK-4-independent pathway. This raagount, at least in part, for the
observed clinical improvement with age.

In conclusion, this study provides the first dgsiioin of persistent TLR9-induced
responses, critically involved in anti-microbial feleses, by PMN from a patient with
inherited IRAK-4 deficiency. These results stronglyggest the existence of a TLR9
alternative pathway leading to PI3K activation ipeledently of the classical MyD88/IRAK-4
pathway. This may explain the control of infectiodge to microorganisms other than
pyogenic bacteria by PMM patients with inherited IRAK-4 deficiency. Fihglour study
emphasizes the importance of “lessons of natureinderstanding the role of the TLR in

human defenses.
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Footnotes

! Adress correspondence and reprint requests to:
Carole Elbim, INSERM U773, Faculté Xavier Bichak, rbie Henri Huchard, 75877 Paris
Cedex 18, France.

Phone: 33 1 44 85 62 06; Fax: 33 1 44 85 62 07 alf-parole.elbim@bch.aphp.fr

2 Non standard abbreviations: IRAK: interleukin-1ceptor associated kinase; PMN:
polymorphonuclear neutrophil; TIR: Toll-IL-1 recept TRAF6: tumor necrosis factor
receptor-associated factor 6; LAD: leucocyte adiresieficiency; HE: hydroethidin; fMLP:
N-formyl-methionyl-leucyl-phenylalanine; APC: allopcocyanin; 7-AAD: 7-amino-

actinomycin D;
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Figurelegends

FIGURE 1. Genetic analysis dRAK4 gene and protein expression in the patient

A, Schematic representation of thBAK4 gene and alleles in the patient. Sequencing
chromatograms obtained in our patient are shown.

B, Schematic representation of IRAK-4 protein, wilie death domain and kinase domain.
The positions of the mutations found in the pateetindicated.

C, Schematic representation of the IRAK-4 death donf@mtein Data Bank accession code
2A91). This ribbon diagram was generated with PyMO(DelLano Scientific,

www.pymol.org. The Argl2 is shown as full surface amino-ackldee.

D, Expression of IRAK-4 by Western blotting

A total of 2.5x16 cell equivalents were loaded in each well. FolluyiSDS-PAGE, the
proteins were transferred to nitrocellulose memésaand incubated with anti-human IRAK-4
Ab at 1/500 dilution overnight. The Western blowrevrevealed as described in Materials and

Methods.

FIGURE 2. Mutation + 5 G>T in intron 7 induces exon 7 skippi

A, PCR amplification products using ex6F cDNA axd ER cDNA primers and cDNA from
a control and the patient were analysed onto ABIBNA sequencer. A normal PCR product
size (647 pb) and a truncated one (532 pb) waswddén our patient.

B, Sequencing of the shortened band was performied @x6F cDNA and ex11R cDNA non

fluorescent primers.
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FIGURE 3. Full length mRNA molecules are exclusively prodiii®m the paternal allele.
Allele specific PCR was performed using two differeeverse LNA primers. ExX10R LNA_G
primer matches the wild type allele (c.1170 G a)leivhereas Ex10R LNA_A primer is
specific of the variant allele (c.1170 A allelehelpaternal mMRNA contained the A allele and
the maternal mRNA the G allele. The control usethis experiment was homozygous for the

G allele. Fluorescent products obtained after P@Rlification of cDNA from the patient or

1duosnuew Joyine yH

the control were then analysed on a ABI310 DNA seger. Expected PCR product sizes are
indicated. The 416-bp peak observed with the ExX8EOR LNA G set of primers

corresponds to the exon 7-skipped form of mMRNA.

=
0
1]
=
2
(]
o
=t
~
[(e]
w
©
5
<
1]
=
@,
o
=
[EEY

36



FIGURE 4. Impaired PMN functions in response to IL-18 andRThgonists, except for
TLR9

A and B, Adhesion molecule expression at the PMMNase: whole-blood samples were
incubated at 37°C for 1 hour with PBS, TiNF100 U/ml), GM-CSF (1000 pg/ml), IL-18
(500 ng/ml) or with the following TLR agonists: LP@0 ng/ml) (TLR4), MALP-2 (10

ng/ml) (TLR2/6), Pam3CSK4 (500 ng/ml) (TLR1/2), R&8(10ug/ml) (TLR7/8), or CpG-

1duasnuew Joyine vH

DNA (100 pug/ml) (TLR9). Samples were then stained with PE-@M11b and purified anti-
L-selectinantibodies at 4°C for 30 minutes.

Results are expressed as mean fluorescence igt@dsit).

" Significantly different from sample incubated wRBS (p<0.05).

C, PMN oxidative burst: whole-blood samples weretqgated with HE for 15 minutes at
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37°C and then incubated with TNFGM-CSF, IL-18 or TLR agonists as described above,
followed by fMLP stimulation (18 M, 5 minutes).

Results are expressed as a stimulation index (kHtithe mean fluorescence intensity of
stimulated cells to that of unstimulated cells).

" Significantly different from the sample incubateith PBS (stimulation index=1) (p<0.05).
D, PMN apoptosis: whole-blood samples were incubate24-well tissue cultures plates at
37°C with 5% CQ for 8 hours with PBS, GM-CSF, IL-18 or TLR agosisis described
above. PMN were identified by using a FITC-anti-GDAb. Apoptosis was quantified by
staining with APC-annexin V and 7-AAD as descriledlaterials and Methods.

Results are expressed as the percentage inhibitiBMN apoptosis [1 — (% of total annexin
V* PMNs in stimulated sample/% of total annexihRMN in PBS-treated sample)] x 100.

" Significantly different from the sample incubatedth PBS (percentage inhibition of
apoptosis=0) (p<0.05).

Panel A to D: three independent experiments, eatthandifferent healthy control.
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FIGURE 5. Impaired cytokine production by blood cells in respe to TLR agonists, ILBL
and IL-18.

Whole-blood samples (Panel A), isolated monocyt®sl@/ml) (Panel B), and highly
purified PMN (5x1(§/ml) (Panel C) were incubated for 18 hours with RidAomycin (10'M
and 10°M), PMA (10°M), IL-1p (50 ng/ml), IL-18 (500 ng/ml) or TLR agonists assdribed

in the legend of figure 4.

IL-8 production was measured by using the humalanmiatory cytokine cytometric bead
array (CBA) kit.

" Significantly different from the sample incubateith PBS (p<0.05) (n=3, each experiment

performed with a different healthy control).
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FIGURE 6. Involvement of the putative IRAK-4-independent RISignalling pathway in the
persistent PMN response to TLR9.

A and B, Effect of kinase inhibitors on CpG-induced modwatiof adhesion molecule
expression at the PMN surface: whole-blood samptee pretreated at 37°C with PBS, PI3K
inhibitors (wortmannin: 2500 nM; LY2940002: 25 pnMYIEK1/2 inhibitor (PD98059: 50
uM) or p38MAPK inhibitor (SB203580: 25 uM) for 15imates and then with PBS or CpG-
DNA for 1 hour._L-selectirand CD11b expression at the PMN surface were shatied as
described in the legend of figure 4. Results aessed in MFI (L-selectin expression) and
as a stimulation index (CD11b expression: ratithef MFI of CpG-DNA-stimulated cells to
that of unstimulated cells).

C, Effect of an NFB inhibitor (SN50) and kinase inhibitors on CpG-DN#duced PMN
survival.

Whole-blood samples were pretreated in 24-welbssulture plates at 37°C in 5% géir
with PBS, SN50 (100 pg/ml), PI3K inhibitors (wortnman: 2500 nM; LY2940002: 25 puM),
MEK1/2 inhibitor (PD98059: 50 uM) or p38MAPK inhtbr (SB203580: 25 pM) for 1 hour.
Samples were then incubated with PBS or CpG-DNA8fbiours. Survival was quantified as
described in the legend of figure 4. Results aggressed as the percentage of viable cells
(annexin V/7-AAD" cells).

" Significantly different from the CpG-DNA-stimulatesample incubated with PBS alone
instead of kinase inhibitors (p<0.05) (n=3, eacpeziment performed with a different healthy

control).
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FIGURE 7. Effect of CpG-DNA on intracellular ERK1/2 and p38MK phosphorylation.
Whole-blood samples were preincubated at 37°Cvilater bath with PBS or PI3K inhibitors
(wortmannin: 2500 nM; LY2940002: 25 uM) for 15 mies and then with PBS or CpG-
DNA (100 pg/ml) for 10 min. Phospho-p38MAPK and ppbo-ERK1/2 contents were then
measured by flow cytometry on methanol-permeatlizells as described in Materials and
Methods.

Results are expressed as the mean fluorescencesitytéMFI). Values obtained with an
irrelevant Ab of the same isotype were subtracted.

Values are means + SEM (n=3, each experiment wdsrped with a different healthy
control).

" Significantly different from samples incubated WiBS alone (p<0.05).

FIGURE 8. Scheme of CpG-DNA/TLR9-mediated cellular signalin PMN.

IRAK-4 dependent pathway. Recruitment of the TIR domain activates IRAK-4-TR&
TAK1 complex formation. This leads to the activatiof both MAPKs and IKK complexes,
culminating in upregulation of transcription facpincluding NFkKB. NF«B activation leads
to pro-inflammatory cytokine production and delaysoptosis. MAPK activation may be
involved in the modulation of adhesion molecule respion at the PMN surface and in
increased ROS production by primed PMN.

Alternative IRAK-4-independent pathway. Activation of class | PI3K (PI3K (I) — PD-
K1/Akt/PKB) through TLR9 could be an alternative ttte IRAK/IKK/NF-kB pathway. Its
activation could lead to 1) delayed apoptosis thhoimdependent modulation of Bcl-2 family

proteins, and 2) recruitment of MAPKSs involved iMR adhesion and the oxidative burst.
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Figurel
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Figure2

Exon 6F-11R cDNA primers
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Figure3
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Figure4
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