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Abstract Interleukin-1 receptor-associated kinase-4 (IRAK-4), a member of the IRAK

family, plays an essential role in Toll-like receptor- and IL-1 receptor-mediated signaling.

We briefly review inherited human IRAK-4 deficiency, a recently described primary

immunodeficiency leading to recurrent, invasive, pyogenic bacteria infection, and invasive

pneumococcal disease in particular.
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Several primary immunodeficiencies (PIDs) affecting NF-jB signaling and conferring

susceptibility to pyogenic bacteria have recently been described. The patients bear muta-

tions in NEMO, IKBA or IRAK4 [1, 2]. Patients with anhidrotic ectodermal dysplasia with

immunodeficiency (EDA-ID) carry either X-linked recessive hypomorphic mutations in
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NEMO, which encodes a component of the NF-jB kinase IKK complex, or autosomal

dominant hypermorphic mutation in IKBA, which encodes the inhibitor IjBa [1–5]. The

NEMO-NF-jB signaling pathway is used by several receptors involved in development

(e.g., EDAR, RANK, and VEGFR-3) and immunity (e.g., members of the TNF receptor

superfamily and members of the Toll-like and interleukin-1 receptor (TIR) superfamily) [1,

2]. Patients with mutations in NEMO or IKBA present EDA and are susceptible to many

different infectious agents, including pyogenic bacteria, mycobacteria, fungi, and viruses

[1, 2]. In contrast, IRAK-4-deficient patients present a purely immunological defect, with

specific impairment of the TIR-interleukin-1 receptor-associated kinase (IRAK) signaling

pathway but no developmental defects [6]. Interleukin-1 receptor-associated kinase-4

(IRAK-4)-deficient patients seem to be specifically prone to invasive systemic and

peripheral pyogenic bacterial diseases, including pneumococcal and staphylococcal dis-

eases in particular [6].

IRAK-4 is the fourth member of the IRAK family to be described, IRAK-1, IRAK-2,

and IRAK-M having been described previously [7, 8]. Like other IRAKs, IRAK-4 contains

two structural domains: a death domain (DD) that mediates the molecular recognition of

other DD-containing proteins, and a catalytic kinase domain (KD) [7, 8]. Two IRAK

molecules, IRAK-2 and IRAK-M, are devoid of kinase activity and operate as regulators

[8]. IRAK-4 plays an essential role in mediating cellular activation in response to Toll-like

receptor (TLR) agonists and at least two members of the IL-1/IL-18 superfamily [7, 9].

Following the binding of TLR agonists or IL-1/IL-18, TIRs recruit the adaptor molecule

Myd88, which then recruits IRAK-4 through DD interaction (Fig. 1) [7, 10]. IRAK-4

promotes IRAK-1 activation and its recruitment to the IL-1 receptor (IL-1R) complex

[9, 11]. Overexpression of IRAK-4 proteins with truncations in the KD can suppress

Fig. 1 IRAK-4, in association with MyD88, mediates activation of the NF-jB and mitogen-activated
protein kinase (MAPK) pathways in response to IL-1, IL-18, TLR1/2, TLR4, TLR5, TLR2/6, TLR7, TLR8
and TLR9 agonists. The production of IFN-a is induced by the IRAK-4 signaling pathway in response to
TLR7–9 agonists. In contrast, the induction of IFN-b in response to TLR3 and TLR4 agonists is mediated by
the TRIF signaling pathway
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IL-1-inductible recruitment of wild-type IRAK-4 to the IL-1R complex and its association

with IRAK-1 while enabling sequestration of Myd88 [12]. In contrast, kinase-inactive

mutant IRAK-4 can restore IL-1-mediated signaling in human IRAK-4-deficient cells and,

to a lesser extent, in mouse IRAK-4-deficient cells [9, 11]. The kinase activity of IRAK-4

does not seem to be necessary for IL-1-induced IRAK phosphorylation and signaling.

Interestingly, impairment of the kinase activity of both IRAK-1 and IRAK-4 is required to

abolish the IL-1 response, demonstrating that the kinase activity of IRAK-1 and IRAK-4 is

redundant for IL-1-mediated signaling [11]. However, it remains unclear whether this is

relevant in vivo and in response to other stimuli, such as TLR. The resolution of this issue

will require the generation of KD knock-in mice.

IRAK-4 deficiency (OMIM 607676) is an autosomal recessive disorder first described in

three unrelated patients, shortly after the discovery of IRAK-4 [6]. We are aware of a total

of 28 IRAK-4 deficient patients worldwide [6, 13–22] (unpublished data). All mutations

tested are null because of a lack of protein expression. The patients are homozygous

(n = 24) or compound heterozygous (n = 4) for IRAK4 mutations. Blood cells from the

patients fail to produce pro-inflammatory cytokines upon stimulation with IL-1b, IL-18

and all TLR agonists tested. In fibroblasts, IL-6 induction, NF-jB- and mitogen-activated

protein kinase (MAPK) pathways are impaired in response to IL-1, but normal in response

to the TLR3 non-specific agonist poly(I:C). IRAK-4 is thus crucial for the early induction

of pro-inflammatory cytokines, such as TNF-a, IL-1b, and IL-6, by agonists from pyogenic

bacteria, via TLR1/2, TLR4, TLR5, TLR2/6 and TLR9 (Fig. 1) [6, 18]. However, it is

redundant for the TLR3 induction of IL-6 in fibroblasts [6, 18]. IRAK-4 is also redundant

for the TLR3 non specific and TLR4-mediated induction of antiviral interferons in blood

cells and fibroblasts (Fig. 1) [6, 18]. In contrast, human TLR7-9-induced-IFNa/b secretion

is strictly IRAK-4-dependent (in blood and EBV-transformed B cells) (Fig. 1) [18].

Routine immunological evaluations of these patients have typically been unremarkable,

with the exception of two IRAK-4-deficient patients with impaired antibody responses to

polysaccharide antigens [15, 22, 23]. We recently described a method for diagnosing

IRAK-4 deficiency based on the detection of L-selectin (CD62L) cleavage on the surface

of granulocytes following the stimulation of blood cells with a TLR4 agonist and a TLR7/8

agonist [21].

Clinically, IRAK-4-deficient patients suffer from recurrent infections caused by pyo-

genic bacteria, mostly Gram-positive, with weak fever and poor initial inflammatory

responses. Streptococcus pneumoniae is the leading pathogen in these subjects, and has

been detected in the majority of patients with proven IRAK-4 deficiency, in whom it

caused blood-borne invasive diseases (septicemia, meningitis, or arthritis) [6, 13–23]

(unpublished data). The second most frequently detected infectious organism is Staphy-
lococcus aureus, often responsible for skin infections, but occasionally also for liver

infections or septicemia. Invasive diseases caused by Gram-negative bacteria have been

diagnosed in some patients [13, 17, 19]. All invasive infections occurred before the age of

14 years. IRAK-4 deficiency is a life-threatening disease, resulting in the deaths of 12 of

the 28 known patients, all of whom died before the age of 8 years [6, 13–23] (unpublished

data). There is an overall trend towards improvement with age, as shown by the four adult

patients doing well with no treatment at the ages of 22, 24 and 33 years [13, 17]

(unpublished data). Known patients with IRAK-4 deficiency display no particular

susceptibility to mycobacterial, fungal or viral infections. Delayed separation of the

umbilical cord has been described in IRAK-4-deficient patients [20]. IRAK-4-deficient

patients should receive monthly prophylactic administrations of immunoglobulins at least

until the age of 10 years. Prophylactic antibiotics should also be given (oral TMP-SMX and
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penicillin), and an intensive vaccination program followed, including conjugated and non-

conjugated vaccines against encapsulated bacteria.

The immunological phenotype of IRAK-4-deficient mice is consistent with that of the

patients. Not all the TLR agonists have been tested in Irak4 knockout (ko) mouse models.

In macrophages, the production of pro-inflammatory cytokines is abolished in response to

IL-1b, TLR2, TLR4 and TLR9 agonists and to the TLR3 agonist poly(I:C) [10, 24]. The

IRF-3 dimerization is normal upon the TLR4 agonist LPS, as is the upregulation of CD40,

CD86 and CD80 molecules in dendritic cells, while this up-regulation is impaired upon

TLR9 activation [24]. Still in macrophages, the IFN-b mRNA induction and the IP-10

production are impaired upon stimulation with a TLR4 agonist [24]. In fibroblasts, IL-6

induction, NF-jB- and MAPK pathways are impaired in response to IL-1b [10]. IFN-b
mRNA induction, GARG16 and IP-10 production and NF-jB-pathway in fibroblasts are

impaired in response to TLR4 agonist [24]. The cytokine production by the fibroblasts in

response to poly(I:C) has not yet been explored. Finally, Irak4-deficient T cells do not

respond to IL-18 [25]. However, there are differences between IRAK-4-deficient patients

and ko mouse models. In particular, Irak-4 ko mice seem to display defects in T-cell

receptor function, including impaired TCR-induced IL-2 production and proliferation,

whereas these defects have not been observed in patients [26] (unpublished data).

For the determination of the infectious phenotype, mice deficient for Irak-4 have

been challenged only with LCMV and S. aureus [10]. Irak4 deficient mice challenged

with LMCV displayed lower than normal levels of IFN-c production by NK cells, but

no loss of cytolytic function [10]. The outcome of the infection was not reported. These

mice are resistant to lethal doses of LPS and, like IRAK-4 deficient patients, are

particularly susceptible to staphylococcal infection [10]. Mice with deficiencies in other

components of the TIR-signaling pathway (e.g., MyD88, TLR2) are susceptible not only

to pyogenic bacteria (notably S. aureus and S. pneumoniae), but also to a broader

spectrum of infections than IRAK-4-deficient patients [6, 27]. Based on the broad

infectious phenotype of MyD88-deficient mice, it is expected that Irak-4-deficient mice

are equally vulnerable. A discrepancy between Irak-4-deficient mice and IRAK-4-defi-

cient patients is thus expected in terms of infectious phenotypes, despite the most

similar immunological phenotypes. This would be reminiscent of the narrow infectious

phenotype of patients with germline mutations in the IL-12-IFN-c circuit [28, 29] or in

UNC-93B [30], when compared with the corresponding mutant mice. We elsewhere

argued that such differences probably reflect the different constraints operating on

experimental infections in animal models and natural infections in human [31]. Studies

of infection in Irak4 deficient mice are required to define more accurately the protective

role of IRAK-4 in the mouse. A comparison of the infection phenotypes of mice and

humans with IRAK-4 deficiency should provide important insight into the genetic

control of immunity to infection [31, 32].
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