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most patients present multiple infections, although some display a specific predisposition to
pneumococcal or mycobacterial diseases.[7] Almost all patients present infections caused by
pyogenic bacteria, and only a few patients suffer from mycobacterial, fungal, and/or viral
diseases. The most frequent pathogens observed include gram-positive ( Str. pneumoniae
and Staph. aureus ) and gram-negative pyogenic bacteria ( P. aeruginosa and H.

influenzae ). Patients bearing mutations in NEMO almost invariably have an impaired
antibody response to glycans, including pneumococcal capsules in particular, as in half the
IRAK-4- and MyD88-deficient patients explored for antibody responses to a subset of
glycan antigens.[40] Thus, the bacterial diseases seen in NEMO-deficient patients are
probably due in part to the impact of NEMO mutations on the TIR-signaling pathway.
Conversely, the other infections seen in NEMO-deficient patients but not in IRAK-4-
deficient and MyD88-deficient patients probably reflect the impairment of other signaling
pathways.

The association of clinical disease caused by Str. pneumoniae, Staph. aureus, and P.
aeruginosa is unique among primary immunodeficiencies other than IRAK-4, MyD88,
NEMO, and IxBa. deficiencies.[37] Primary immunodeficiencies affecting bacterial
opsonization and splenic phagocytosis are associated with invasive pneumococcal disease.
These conditions include most B- and T-cell defects, congenital asplenia, deficiencies of C3,
the early component of the classical and alternative complement pathway.[39] These
patients develop recurrent invasive pneumococcal disease due to Str. preumoniae, but are
less susceptible to Staph. aureus and P. aeruginosa infections.

Other primary immunodeficiencies, such as STAT3 and TYK2 deficiencies in HyperIgE
syndromes, are associated with staphylococcal infections,[7] but patients with these primary
immunodeficiencies do not suffer from invasive pneumococcal disease and Pseudomonas
infection. Notably, two-thirds of the explored IRAK-4- and MyD88-deficient patients were
found to have high levels of IgE, but these levels were modest with respect to the very high
IgE levels described in STAT-3-deficient patients.

Finally, most primary immunodeficiencies involving phagocyte defects, including
congenital neutropenia, leukocyte adhesion deficiency, and chronic granulomatous disease,
are associated with severe infections caused by P. aeruginosa and Staph. aureus, but
patients with these disorders are not particularly prone to invasive pneumococcal disease.
[39] A diagnosis of IRAK-4 or MyD88 deficiency or of NEMO/IxBua-related defects should
be considered even with only I or 2 of these 3 infections. Neonates, infants, and children
with invasive pneumococcal disease, severe staphylococcal disease, or Pseudomonas lesions
of the upper respiratory tract or peritoneum, particularly in cases of recurrence, should be
tested for the NF-«B pathways, including the TIR pathway in particular.[2,9] This list is not
exclusive, as systemic shigellosis was documented in 2 patients, and other infectious
diseases associated with these primary immunodeficiencies may be revealed by the
investigation of other patients in the future.

In IRAK-4- and MyD88-deficient patients, clinical and laboratory signs of inflammation
develop slowly even in cases of severe infection. The current study confirms and expands
previous work indicating that CRP concentration, total leukocyte counts, and neutrophil
numbers are typically low, but may also rise to appropriately high levels during prolonged
infections, whereas temperature frequently remains inappropriately low even in such
infections.[18] Thus, weak signs of inflammation despite severe infection provide a further
clue to possible defects in TIR signaling, although appropriately high levels of inflammatory
signs do not rule out the diagnosis of TIR deficiency.[18] Impairment of the production of
[L-6-inducible molecules, such as CRP, may be observed. IRAK-4- and MyD88-deficient
cells produce small amounts of IL-6 and IL-8 in vitro upon activation with IL-1 and TLR
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agonists.[25,38,49] As CRP contributes to the clearance of pyogenic bacteria including
pneumococcus,[35,47] susceptibility to Str. pneumoniae, Staph. aureus, or P. aeruginosa
may be increased by the slow rise in CRP levels. Similar delays in the development of signs
of inflammation are observed in patients with NEMO and IxBa deficiencies, whose broader
susceptibility to infections includes these pyogenic bacteria.[7]

Some IRAK-4-deficient patients (n = 10) had a delay in umbilical cord detachment and/or
ompbhalitis. Other primary immunodeficiencies, such as leukocyte adhesion deficiency type
1 and Rac?2 deficiency, have been associated with late loss of the umbilical cord and/or
omphalitis, but extremely high levels of circulating neutrophils and a lack of pus formation
in peripheral tissues are classically found in these disorders.[36] By contrast, in IRAK-4-and
MyD88-deficient patients, impaired polymorphonuclear neutrophil mobilization and/or
frank neutropenia occurs from the onset of infection, perhaps secondary to the lack of IL-8
production. Despite this neutropenia, pus formation is normal in IRAK-4- and MyD88-
deficient patients. The precise mechanism of cord separation is unknown, but it does require
MyD88- and IRAK-4-dependent signals, as well as CD18-expressing leukocytes.
Conversely, unlike patients with various phagocyte defects, such as chronic granulomatous
disease, none of the IRAK-4-and MyD88-deficient patients had inflammatory bowel
disease.[36]

Despite conferring selective susceptibility to only a few bacteria, IRAK-4 and MyD88
deficiencies are nonetheless life-threatening in infancy and childhood, with a mortality rate
of 38% in our series. Strikingly, however, although IRAK-4 and MyD88 appear to be vital
in childhood, infections in patients lacking these proteins become rarer with age, with no
death recorded in patients after the age of 8 years and no invasive infection after the age of
14 years, even in the absence of antibiotics or/and IgG prophylaxis in 7 patients over the age
of 14 years. In total, this represents a cumulative time of 49 years without any InvBD for
these patients. This dramatic improvement with age may be accounted for by adaptive
antigen-specific T- and B-lymphocyte responses. Indeed, our patients displayed no
detectable defect of protein antigen-specific T- and B-cell responses, although some patients
were found to have weak antibody responses to a subset of glycan antigens.

Recent studies of neonatal bacterial sepsis in newborn mice suggest a reliance on innate
immunity early in life, which progressively diminishes with age.[51] An alternative
complementary hypothesis is that innate immune responses may also mature with age.[4,25]
Other sensors, such as RIG-I-like helicases and NOD-like receptors, may progressively play
a compensatory role. In any event, clinical improvement did not result solely from’
prophylaxis following diagnosis of the first infection or of the underlying deficit. The TIR
pathway, including TLR responses in particular, remains dependent on IRAK-4/MyD88
with age, but the maturation of other pathways may gradually compensate for the lack of
TIR signaling.

In this study, we show that the prognosis of IRAK-4 and MyD88 deficiencies is severe in
infancy and early childhood, but improves substantially in adolescence. This finding is
probably unique so far in the field of primary immunodeficiencies, which classically do not
improve with age. This improvement with age is a hallmark of these conditions, not
observed in other primary immunodeficiencies. A similar but less striking spontaneous
improvement has been reported only in children with IL-12p40 and IL-12RB1 deficiencies.
[10]

In conclusion, both IRAK-4 deficiency and MyD88 deficiency confer a predisposition to
InvBD, mostly caused by Str. pneumoniae, Staph. aureus, and P. aeruginosa. In addition,
both conditions confer a predisposition to NInvBD, often severe skin infections, mostly
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caused by Staph. aureus, and severe forms of ear, nose, and throat infections caused by P.
aeruginosa. Clinical status and outcome both improve with age. There seems to be a
beneficial role of prophylaxis combining intensive vaccinations, oral antibiotics, and IgG
injections.

The most important advice for the families and physicians of IRAK-4-deficient and MyD88-
deficient patients is to initiate empiric parenteral antibiotic treatment as soon as infection is
suspected or the patient develops a moderate fever, without taking inflammatory parameters
into account, because patients may die from rapid invasive bacterial infection even if
prophylactic measures are taken.
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Figure 1.

Schematic representation of TIRs signaling pathway. MyD88 interacts with TLRs and
IL-1Rs through a shared TIR domain. MyD8S is a key cytosolic adapter molecule, providing
a bridge from TLRs and IL-1Rs to the 2 active kinases IRAK-4 and IRAK-1. IRAK-4 and
IRAK-1 then activate at least the 2 signaling NF-kB and MAPK pathways. The MyD8§- and
IRAK-4-dependent TIR pathway leads among others to the synthesis of inflammatory
cytokines, such as IL-1p, IL-6, IL-8, TNF-a, and to IFN-a/f and IFN-A, at least for TLR7,
TLR8 and TLRY. The MyD8§8- and IRAK-4-independent TIR pathway uses TRIF pathway
after stimulation of TLR3 and TLR4. This pathway is important for IFN-o and IFN-f
production.
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Figure 2.
Pedigrees of the 31 kindreds identified with IRAK-4 deficiency. Each kindred with IRAK-4

deficiency is designated by a capital letter (A-E1) each generation is designated by a Roman
numeral (I-1V), and each individual is designated by an Arabic numeral (from left to right).
Patients with a clinical phenotype are indicated by closed symbols. Patients with confirmed
IRAK-4 deficiency but no clinical phenotype as yet are indicated by an open square divided
by a black line. In each family, the proband is indicated by an arrow. Individuals whose
genetic status could not be evaluated are indicated by “E?”.
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Figure 3.

Pegdigrees of the 6 kindreds with MyD88 deficiency identified. Each kindred with MyD88
deficiency is designated by a lower case letter (a-f) ; each generation is designated by a
Roman numeral (I-IV), and each individual is designated by an Arabic numeral (from left to
right). Patients with a clinical phenotype are indicated by closed symbols. In each family,
the proband is indicated by an arrow. Individuals whose genetic status could not be
evaluated are indicated by “E?”.
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Figure 4.
Countries of origin of the 31 kindreds with IRAK-4 deficiency and the 6 kindreds with
MyD88 deficiency identified. The number of patients identified in each country is indicated.
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Invasive bacterial infections (episodes): in all patients, in IRAK-4-deficient patients, and in
MyD88-deficient patients.
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Figure 6.
Percentage of clinical manifestations found in each patient: in MyD88-deficient patients, in
IRAK-4-deficient patients, and in all patients. (ENT = ear, nose, and throat.)

Medicine (Baltimore). Author manuscript; available in PMC 2011 November 1.

— 106 —



Picard et al.

Page 25

Figure 7.

Overview of pathogens isolated during bacterial infections of IRAK-4-deficient and
MyD88-deficient patients. Left column, overview of all pathogens isolated (all documented
infection). In IRAK-4-deficient patients: other Streptococcus species ( Str. agalactiae, Str.
equis, Str. intermedius, Str. milleri, Str. pyogenes, and Str. parasanguis ), other gram-
negative bacteria ( Shigella sonnei, Neisseria meningitidis, Serratia marcesens, Moraxella
catarrhalis, Clostridium septicum, Haemophilus influenzae type b, Citrobacter freundii, and
Escherichia coli), and Mycobacterium avium. In MyD88-deficient patients: other
Streptococcus species (B-hemolytic Streptococci’) and other gram-negative bacteria

( Salmonella enteritidis, Haemophilus influnzae type e, Moraxella catarrhalis, Klebsiella
preumoniae, and E. coli ). Center column, pathogens isolated during invasive bacterial
infections (InvBD) (meningitis, sepsis, arthritis, osteomyelitis, and deep abscesses). In
IRAK-4-deficient patients: other Streptococcus species ( Str. agalactiae, Str. milleri, Str.
pyogenes, and Str. parasanguis ) and other gram-negative bacteria ( Shigella sonnei, N.
meningitidis, Serratia marcesens, H. influenzae type b and C. septicum ). In MyD88-
deficient patients: other Strepfococcus species (B-hemolytic Streptococci’) and other gram-
negative bacteria ( Salmonella enteritidis, H. influenzae type e, and Moraxella catarrhalis ).
Right column, pathogens isolated during noninvasive bacterial infections (NinvBD). In
IRAK-4-deficient patients: other Streptococcus species ( Str. equis, Str. intermedius, Str.
pyogenes ) and other gram-negative bacteria ( Serratia marcesens, Moraxella catarrhalis, C.
septicum, Citrobacter freundii, and E. coli'), and M. avium. In MyD88-deficient patients:
other Streptococcus species (B-hemolytic Streptococci’) and other gram-negative bacteria

( K. pneumoniae and E. coli).
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Figure 8.

Epidemiologic features of IRAK-4 and MyD88 deficiency. Incidence of first bacterial
infection in IRAK-4-deficient and MyD88-deficient patients during the first 50 months of
life. (wo = without, pts = patients.)
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Figure 9.
Annual rate of bacterial infections per patient, as a percentage. P = patients presenting at

least 1 infection over the course of a year. Percent = P over the total number of patients.
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Figure 10.
Survival curve of IRAK-4-deficient and MyD88-deficient patients.
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The inflammatory phenotype of IRAK-4/MyD88-deficiency. Temperature during bacterial
infection in infancy and childhood.
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Figure 13.

Polymorphonuclear neutrophil counts during bacterial infection in infancy and childhood.
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