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Abstract

Autosomal recessive interleukin-1 receptor-associated kinase (IRAK)-4 and myeloid
differentiation factor (MyD)88 deficiencies impair Toll-like receptor (TLR)- and interleukin-1
receptor-mediated immunity. We documented the clinical features and outcome of 48 patients
with IRAK-4 deficiency and 12 patients with MyD88 deficiency, from 37 kindreds in 15
countries. The clinical features of IRAK-4 and MyD88 deficiency were indistinguishable. There
were no severe viral, parasitic, and fungal diseases, and the range of bacterial infections was
narrow. Noninvasive bacterial infections occurred in 52 patients, with a high incidence of
infections of the upper respiratory tract and the skin, mostly caused by Pseudomonas aeruginosa
and Staphylococcus aureus, respectively. The leading threat was invasive pneumococcal disease,
documented in 41 patients (68%) and causing 72 documented invasive infections (52.2%). P.
aeruginosa and Staph. aureus documented invasive infections also occurred (16.7% and 16%,
respectively, in 25% and 25% of patients). Systemic signs of inflammation were usually weak or
delayed. The first invasive infection occurred before the age of 2 years in 53 (88.3%) and in the
neonatal period in 19 (32.7%) patients. Multiple or recurrent invasive infections were observed in
most survivors (n = 36/50, 72%).

Clinical outcome was poor, with 24 deaths, in 10 cases during the first invasive episode and
in 16 cases of invasive pneumococcal disease. However, no death and invasive infectious
disease were reported in patients after the age of 8 years and 14 years, respectively.
Antibiotic prophylaxis (n = 34), antipneumococcal vaccination (n = 32), and/or 1gG infusion
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(n =19), when instituted, had a beneficial impact on patients until the teenage years, with no
seemingly detectable impact thereafter.

IRAK-4 and MyD88 deficiencies predispose patients to recurrent life-threatening bacterial
diseases, such as invasive pneumococcal disease in particular, in infancy and early
childhood, with weak signs of inflammation. Patients and families should be informed of the
risk of developing life-threatening infections; empiric antibacterial treatment and immediate
medical consultation are strongly recommended in cases of suspected infection or moderate
fever. Prophylactic measures in childhood are beneficial, until spontaneous improvement
occurs in adolescence.

INTRODUCTION

Autosomal recessive interleukin-1 receptor-associated kinase (IRAK)-4 and myeloid
differentiation factor (MyD)88 deficiencies are recently described primary
immunodeficiencies.[38,49] MyD88 is a key cytosolic adapter molecule, providing a bridge
from Toll-like receptors (TLRs) and interleukin-1 receptors (IL-1Rs) to the IRAK complex,
which consists of 2 active kinases (IRAK-1 and IRAK-4) and 2 noncatalytic subunits
(IRAK-2 and IRAK-3/M). MyD88 interacts with TLRs and IL-1Rs via a shared Toll and
IL-1R (TIR) domain. The MyD88- and IRAK-4-dependent TIR pathway leads to the
synthesis of inflammatory cytokines, such as IL-1p, IL-6, IL-8, tumor necrosis factor (TNF)-
a, interferon (IFN)-o/B, and IFN-A, at least after TLR7, TLR8, and TLR9 stimulation (Figure
1).[1] MyD88 and IRAK-4 deficiencies can thus be considered phenocopies with respect to
their immunologic phenotype.[49] Blood leukocytes derived from MyD88- and IRAK-4-
deficient patients display impaired responses to most of the TLR and IL-1R agonists tested.
[38,49] All human TLRs other than TLR3 use both MyD88 and IRAK-4.[42,43] This
pathway is also used by a number of IL-1Rs, including IL-1R, IL-18R, and IL-33Ra (ST2).
[3,17, unpublished data] It is unknown whether other TIR-containing IL-1Rs, such as
IL-1Rrp-2, SIGIRR/TIRS, TIGIRR-1, and TIGIRR-2/IL-1RAPL, use MyD88 and IRAK-4.
[17,41] IL-1a and 1L-33 may also exert alternative, intracellular effects leading to
transcriptional regulation.[17] To our knowledge, no mutation affecting the MyD88-
independent IL-1R pathway has yet been identified. An alternative, MyD88-independent but
TRIF-dependent pathway can be triggered by TLR-3 and TLR-4. The alternative TLR-3
pathway is impaired in patients with UNC-93B and TLR-3 deficiencies, whose alternative
TLR-4 pathway is not affected.[11,54] By contrast, mutations in NEMO and IKBA genes
are associated with a much broader signaling defect, including both the classical and
alternative pathways.[7]

Given such a broad and profound immunologic phenotype, we would expect the clinical
infectious phenotype of IRAK-4 and MyD88 deficiencies to be extremely severe. However,
available clinical data for 45 patients with MyD88 and IRAK-4 deficiencies suggest instead
a narrow susceptibility to invasive bacterial infections, mostly caused by gram-positive
bacteria, such as Streptococcus pneumoniae and Staphylococcus aureus in particular, with
rare infections caused by gram-negative bacteria, such as Pseudomonas aeruginosa and
Shigella sonnei.[6,19,25,26,38,49] Both MyD88- and IRAK-4-deficient patients seem to
have normal resistance to common fungi, parasites, viruses, and to a large fraction of
bacteria. Moreover, although 16 of the 45 reported patients died in childhood, the clinical
features of the survivors seemed to improve with age.[6,8,12,14-16,18-20,23-
27,30,32,38,44,52] The clinical history of these patients seems otherwise unremarkable,
with the exception of a late detachment of the umbilical cord, reported in 2 patients.[44]

This clinical information, however, is based principally on the description of individual case
reports and small series of patients, with a single large series of 28 individuals.[25]
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Moreover, most publications, including that dealing with the large series,[25] have focused
on the genotype and cellular phenotype of patients, providing little clinical information---
infectious and immunologic information in particular. To our knowledge, the actual clinical
presentation of patients with MyD88 and IRAK-4 deficiency and their overall immunologic
evaluation have yet to be described. The nature and severity of the infectious diseases to
which these patients are susceptible and the impact of prophylaxis and age on clinical
outcome have not been described. The impact of these defects on the development and
function of the myeloid and lymphoid cell subsets also remains to be characterized. We
therefore undertook a detailed and thorough description of the clinical features and outcome
of an international series of patients with MyD88 or IRAK-4 deficiency.

PATIENTS AND METHODS

Subjects and Kindreds

The current study was conducted in accordance with the Helsinki Declaration, with
informed consent obtained from each patient or the patient’s family. The study was
approved by the local ethics committee of Necker-Enfants Malades Hospital, Paris, France.
A detailed questionnaire was completed by the physicians caring for the patients with
MyD88 and IRAK-4 deficiencies and sent to 2 of the authors (CP and HvB) for thorough
review. During follow-up, communications were sent to confirm clinical information,
including the prevalence, clinical presentation, and histologic features of noninvasive
infections, such as otitis media, dermatitis, lymphadenitis, and necrotizing pharyngitis.
Clinical and laboratory data were collected for the patients from their birth until December
2009, or until their death if they died before this date.

Activation by TLR Agonists and Cytokine Determinations

The activation of cells in whole-blood samples and the levels of TNF-o and IL-6 secretion
were determined by enzyme-linked immunosorbent assay (ELISA), as previously described.
[25] Granulocytes were isolated by Ficoll density gradient centrifugation, activated with
TLR agonists, stained with anti-CD62L-FITC (BD) antibody, and analyzed by flow
cytometry, as previously described.[48] Twenty kindreds with IRAK-4 deficiency and the 6
kindreds with MyD88 deficiency were explored in our laboratory, by 1 or by both
exploratory methods. The remaining 11 kindreds with IRAK-4 deficiency were identified by
other teams.

Sequencing Analysis

Genomic DNA was isolated by phenol/chloroform extraction. RNA was isolated with Trizol
(GibcoBRL Life Technologies, Invitrogen SARL). Genomic DNA and cDNAs for IRAK4
and MY D88 were amplified, sequenced, and analyzed on an ABI Prism 3700 apparatus
(BigDye Terminator sequencing kit, Applied Biosystems), as previously described.[25]
Twenty kindreds with IRAK-4 deficiency and the 6 kindreds with MyD88 deficiency were
identified in our laboratory by sequencing analysis. The remaining 11 kindreds with IRAK-4
deficiency were identified by other teams.

Western Blotting

Proteins for Western blotting were extracted from peripheral blood mononuclear cells,
Epstein-Barr virus-transformed B cells, and SV40-transformed fibroblasts. Western blots
were probed with rabbit antibodies against IRAK-4 (Tularik and Cell Signaling
Technology), MyD88 (CSA-510, Stressgen), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Santa Cruz Biotechnology, Inc.).
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Immunologic Investigations

Immunologic investigations were based on those described in previous studies and/or the
questionnaires sent to physicians. Lymphocyte subsets were determined by routine flow
cytometry. Serum levels of the IgM, IgA, IgG, and IgG subclasses were assessed by
standard nephelometry techniques. Total IgG antibody levels against multiple pneumococcal
serotypes (23 serotypes),[5,22] levels of 1gG against Haemophilus influenzae PRP antigens,
tetanus toxoid, and diphtheria were assessed by standard ELISA techniques. We carried out
a prospective study in 9 IRAK-4-deficient patients, for whom antibody titers against
serotype-specific pneumococcal capsular polysaccharides were determined, as previously
described, before and after immunization with nonconjugate antipneumococcal vaccine.
[22,50] The United States Pneumococcal Reference Serum Lot 89-SF was used as a
reference. We determined 1gG concentrations against serotype 3 (a strong immunogen),
serotypes 4, 14, and 19F (intermediate immunogens), and serotypes 6B, 9N, and 18C (weak
immunogens). A normal response is defined as an increase in antibody titers by a factor of at
least 3. All antibody determinations were performed before or several months after the end
of immunoglobulin treatment.

Statistical Analysis

Infection-free status and survival curves as a function of age were estimated by the Kaplan-
Meier method, and, when necessary, curves were compared by log-rank tests.

RESULTS

Description of Patients and Kindreds

We studied 48 patients (26 male and 22 female patients) from 31 kindreds with IRAK-4
deficiency (kindred A to E1)[6,8,12,14-16,18,20,23-25,27,30,32,38,44, present report] and
12 patients (7 male and 5 female patients) from 6 kindreds with MyD88 deficiency (kindred
a to f)[49, present report] (Figures 2 and 3; Table 1). This series includes all 45 patients (36
IRAK-4 and 9 MyD88) described in previous reports (24 and 5 kindreds, respectively) and
13 newly diagnosed patients (10 IRAK-4 and 3 MyD88 patients, corresponding to 7
kindreds and 1 kindred, respectively). In all probands, diagnosis was based on the detection
of homozygous or compound heterozygous mutations in IRAK4 or MYD88 accompanied by
a lack of production of IL-6 by whole blood or of CD62L shedding from granulocytes
following activation with TLR/IL-1Rs agonists.[38,48,49] In addition, 16 relatives were
found to be homozygous or compound heterozygous for mutations in IRAK4 or MYD88.
Finally, 7 sibs that had died of bacterial infection were considered to have IRAK-4 or
MyD88 deficiency retrospectively, by inference from the personal and familial history.

The parents were consanguineous in 7 of the 37 kindreds. Up to 18 cases were sporadic,
whereas 42 cases were familial (19 kindreds). The 37 families originated from 15 countries
on 4 continents, including North America (Canada, El Salvador, United States), Asia (Israel,
Japan, Saudi Arabia, Turkey), Australia, and Europe (France, Hungary, Portugal, Serbia,
Slovenia, Spain, United Kingdom). Most patients and their families were living in their
countries of origin, with the exception of a Portuguese family living in France, a Serbian
family living in Switzerland, a Turkish family living in Germany, and a family from El
Salvador living in the United States (Figure 4; Table 1).

IRAK4 and MYDS88 Mutations

Patients with IRAK-4 deficiency were homozygous in 17 kindreds, whereas those from 14
other kindreds were compound heterozygous for IRAK4 mutations (see Table 1). One
seemingly homozygous patient (B-P2) was actually compound heterozygous for the Q293X
mutation, inherited from his mother, and for a large de novo deletion (designated
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BAC210N13del) encompassing the IRAK4 gene.[25] Two other patients from the same
family (1-P11 and 1-P12) had 1 parent who did not carry the mutant allele. Not enough
material was available to explore the IRAK4 locus further in deceased patients P11 and P12
from kindred 1.[8] Two of the newly identified mutations were nonsense mutations (R183X
and Y430X), 1 was a splice mutation (1126-1 G>T), 2 were frameshift insertions and
deletions (43insA and 897_900delCAT), and 2 were missense mutations (M1V and G298D).
All the mutations other than the missense mutations were predicted to be loss-of-expression
and loss-of-function, as they create a premature termination codon or delete a large segment
of the gene. The M1V mutation affecting the initiation codon was also likely to be severely
deleterious. No IRAK-4 protein was detected in the patient bearing the M1V/1188+520A>G
mutant alleles, whereas the patient bearing the G298D mutation at compound heterozygous
state (G298D/Q293X) did produce IRAK-4 protein in peripheral blood mononuclear cells
and in B cell lines. All the previously reported mutations are loss-of-expression,[25] with the
exception of the R12C and 831+5G>T mutant alleles in patient T-P31, which are associated
with residual IRAK-4 protein production.[20]

Patients with MyD88 deficiency from 5 kindreds were homozygous, and 1 patient (b-P2)
was compound heterozygous.[49] Two MyD88 mutant alleles were found to be associated
with the production of very small amounts of a nonfunctional protein (E52del and L93P),
whereas the R196C mutant allele was associated with the quantitatively normal production
of a nonfunctional protein.[49]

Immunologic Investigations

We analyzed blood leukocyte subsets in 29 patients with IRAK-4 deficiency and 10 patients
with MyD88 deficiency. We previously showed that monocyte and dendritic cell subsets
were present in normal numbers in 3 patients with IRAK-4 deficiency.[25] T-cell subsets,
including CD4 and CD8 T cells, were also present in normal numbers (24 patients with
IRAK-4 deficiency and 6 with MyD88 deficiency tested) (Tables 2 and 3). T cells
proliferated normally in response to the mitogen phytohemagglutinin, CD3-specific
antibodies, and recall antigens in vitro (12 patients with IRAK-4 deficiency and 3 with
MyD88 deficiency tested.

IgM, 1gG, and IgA levels were normal for age in 15 IRAK-4-deficient and in 3 MyD88-
deficient patients, and high in 12 IRAK-4-deficient and 4 MyD88-deficient patients. Among
these patients, 5 patients with IRAK-4 deficiency and 2 with MyD88 deficiency had very
high 1gG4 levels. IgG level was low in 1 IRAK-4-deficient patient (U-P32) and 1 MyD88-
deficient patient (d-P5). Two IRAK-4-deficient patients had high levels of IgM (1-P13, V-
P34). In particular, IgE levels were high in 14 IRAK-4-deficient patients and in 3 MyD88-
deficient patients, with a total of 26 patients evaluated (Tables 4-6). The highest IgE-levels
in IRAK4- and MyD88-deficient patients were, however, not as high as those in patients
with STAT3 or DOCKS8 deficiency, with the exception of 1 patient with IRAK-4 deficiency
(A-P1).[34,53] Antibody responses to protein antigens (tetanus toxoid, poliovirus and/or
diphtheria) were normal in the 17 IRAK-4-deficient and 2 MyD88-deficient patients tested.
Six of the 13 IRAK-4-deficient (A-P1, F-P7, J-P15, O-P24, S-P30, V-P34) and all 5
MyD88-deficient (b-P2, c-P3, c-P4, e-P9, a-P10) patients tested had detectable 19G
antibodies against pneumococcus after infection and/or immunization with conjugate or
nonconjugate vaccines. The antibody response (serotypes 3, 4, 6B, 9N, 14, 18C, 19F) to
glycans following nonconjugated pneumococcal vaccine was impaired in 5 (B-P2, G-P8, K-
P17, K-P18, R-P28) of the 9 IRAK-4-deficient patients explored. Three IRAK-4-deficient
patients (H-P10, O-P24, W-P36) received conjugated and nonconjugated pneumococcal
vaccine, and the response to vaccination was in the normal range in 2 of these patients (O-
P24, W-P36), at least at the time points 1 and 5 months after the last booster vaccination.
One IRAK-4-deficient patient (S-P30) received only conjugated pneumococcal vaccine, and
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the response to immunization was normal. Unfortunately, we found no correlation between
the presence or absence of antipneumococcal antibodies and the occurrence of invasive
pneumococcal disease. The antibody response to conjugated H. influenzae type b vaccine
was normal in the 13 IRAK-4-deficient patients and 1 MyD88-deficient patient explored.
One IRAK-4-deficient patient (X-P37) who developed meningitis caused by H. influenzae
type b had antibodies against H. influenzae type b after infection. The production of IgM
allo-hemagglutinins directed against erythrocyte AB antigens was impaired in 3 of the 10
IRAK-4-deficient and in 1 of the 3 MyD88-deficient patients explored (see Tables 4-6).

Finally, the counts of CD16-positive and CD56-positive NK cells were normal in the 19
IRAK-4-deficient and 6 MyD88-deficient patients tested (see Tables 2 and 3). There thus
seemed to be no overt defect of leukocyte development in IRAK-4- and MyD88-deficient
patients. Antigen-specific T- and B-cell responses seemed to be normal, as detected with
these routine immunologic evaluations, with 2 notable exceptions. First, the glycan-specific
IgG and IgM antibody response against at least pneumococcal and AB glycans was impaired
in half of the patients tested. Second, serum 1gG4 and IgE levels were high in up to 35% (n
= 7/20) and 65% (n = 17/26), respectively, of the patients tested (both were high in 4
patients). Nevertheless, none of the MyD88- and IRAK-4-deficient patients in this cohort
suffered from allergic asthma, and a chronic eczematous skin disease was reported only in
patient F-7. A survey is underway to assess laboratory and clinical manifestation of allergy
in patients with MyD88 and IRAK-4 deficiency (Gallego and Picard, unpublished data).

Invasive Bacterial Infections

Invasive bacterial disease (InvBD) is defined here as clinical disease due to the presence of a
disease-causing bacterium in a normally sterile fluid or tissue. There were 114 reported
episodes of InvBD in 48 IRAK-4-deficient patients (n = 2.38 episodes per patient; range, 0—
10), including meningitis (47 episodes, 41.2% of all invasive episodes), sepsis (including
bacteremia, septicemia, and shock; 26 episodes, 22.8%), arthritis (17 episodes, 14.9%),
osteomyelitis (7 episodes, 6.1%), and deep inner organ/tissue abscesses (17 episodes,
14.9%) (Figure 5). Deep-seated abscesses affected the brain (3 episodes), peritoneum (8
episodes), liver (4 episodes), and muscles (2 episodes: subfascial calf and psoas abscesses).

There were 33 reported episodes of InvBD in 12 MyD88-deficient patients (n = 2.75
episodes per patient; range, 1-7), including meningitis (17 episodes, 51.5% of all invasive
episodes), sepsis (4 episodes, 12.1%), arthritis (6 episodes, 18.2%), osteomyelitis (2
episodes, 6.1%), and deep inner organ/tissue abscesses (4 episodes, 12.1%).

Five IRAK-4-deficient patients never developed InvBD, 4 of whom were diagnosed at birth
and remained asymptomatic on prophylactic treatment (see Figure 2; Table 1). The
remaining patient without InvBD was diagnosed at the age of 2 years following an episode
of Staph. aureus adenitis (N-P23) and received prophylactic treatment from that time to the
end of follow-up. All the MyD88-deficient patients reported have presented InvBD (see
Figure 5; Table 1). Neurologic complications secondary to meningitis and brain abscesses
occurred in 5 IRAK-4-deficient patients (K-P17, Q-P27, R-P28, W-P35, W-P36). Three
MyDB88-deficient patients (c-P3, c-P4, e-P9) developed secondary deafness, and 2 other
IRAK-4-deficient patients developed hemiplegia (B-P2) or developmental delay (M-P22).
The overall frequency and the sites of InvBD were found to be indistinguishable in IRAK-4-
deficient and MyD88-deficient patients.

Noninvasive Bacterial Infections

Noninvasive bacterial disease (NInvBD) most frequently presented as skin infections, such
as recurrent localized cellulitis, furunculosis, and folliculitis, often prompting intravenous
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and prolonged antibiotic treatment (in 21 of 48 IRAK-4-deficient and 3 MyD88-deficient
patients) (Figure 6). IRAK-4-deficient patients also presented with adenitis (14 patients),
omphalitis (6 patients), maxillary sinusitis (6 patients), tonsillar abscesses (4 patients),
necrotizing epiglotitis (1 patient), necrotizing pharyngitis (1 patient), necrotizing palate
infection (1 patient), recurrent otitis media (12 patients), and orbital cellulitis or
endophthalmitis (6 patients). MyD88-deficient patients developed adenitis (5 patients),
sinusitis (2 patients, a-P1 and c-P3), recurrent otitis media (2 patients), gingivitis and
periodontal disease (1 patient, c-P3). Intriguingly, only 21 episodes of pneumonia were
reported, in only 9 IRAK4-deficient patients and 2 MyD88-deficient patients. There were no
episodes of acute bronchitis and no chronic bronchopulmonary disease. Acute upper urinary
tract infections were found in only 2 IRAK-4-deficient patients and 1 MyD88-deficient
patient. Most NInvBD in MyD88-deficient and IRAK-4-deficient patients affected the skin
and the upper respiratory tract---sites at which necrotizing infections are particularly
common.

Documented Bacterial Infections

In both IRAK-4 and MyD88 deficiency, Str. pneumoniae, Staph. aureus, and P. aeruginosa
were, by far, the most commonly isolated pathogens causing InvBD and NInvBD (Figure 7;
Table 1). In IRAK-4-deficient patients, Str. pneumoniae accounted for 40.1% (67/167),
Staph. aureus for 25.1% (42/167), and P. aeruginosa for 19.7% (33/167) of all documented
bacterial infections (a total of 84.9%). Str. pneumoniae was involved in 54.3% (57/105) of
InvBD episodes, whereas Staph. aureus and P. aeruginosa were found in 14.3% (15/105)
and 18% (19/105) of such episodes, respectively, accounting together for 87% of all cases of
InvBD. The other bacteria causing invasive disease were Streptococcus species, Shigella
sonnei, Neisseria meningitidis, H. influenzae type b, and Clostridium septicum (see Table 1).
In cases of NInvBD, the principal bacterium isolated was Staph. aureus, which was
implicated in 43.5% (27/62) of documented episodes of NInvBD, whereas P. aeruginosa
and Str. pneumoniae were found in 22.6% (14/62) and 16.1% (10/62), respectively. These 3
bacteria altogether accounting for 82% of all episodes of NInvBD.

In patients with MyD88 deficiency, Str. pneumoniae accounted for 37.5% (18/48), Staph.
aureus for 31.2% (15/48), and P. aeruginosa for 12.5% (6/48) of all bacterial infections
(81%) (see Figure 7). Str. pneumoniae caused InvBD in 45.5% of cases (15/33), whereas
Staph. aureus and P. aeruginosa were involved in 21.2% (7/33) and 12.1% (4/33) of the
episodes, respectively (78.8% of all cases of InvBD). The other pathogens identified during
invasive infections were B-hemolytic Streptococci, Salmonella enteritidis, H. influenzae type
e, and Moraxella catarrhalis. In cases of NInvBD, the principal bacterium isolated was
Staph. aureus, which was implicated in 53.3% (8/15) of NInvBD episodes, whereas Str.
pneumoniae was found in 20% (3/15) and P. aeruginosa in 13.3% (2/15) of NInvBD
episodes. These 3 bacteria accounting altogether for 86% of all cases of NInvBD.

In summary, in both IRAK-4 and MyD88 deficiencies, Str. pneumoniae, Staph. aureus, and
P. aeruginosa were by far the most commonly isolated pathogens causing InvBD (52.2%,
15.9%, and 16.7% of cases, respectively), and Staph. aureus was by far the most commonly
isolated pathogen causing NInvBD (45.5%) (see Figure 7).

Other Infections

Among infections caused by agents other than pyogenic bacteria, there were no severe
mycobacterial, viral, parasitic, and fungal diseases. One IRAK-4-deficient patient (K-P18)
had a Mycobacterium avium lung infection and otitis at the age of 15 years. Nine patients (8
IRAK-4-deficient patients and 1 MyD88-deficient patient) received Bacille de Calmette
Guerin (BCG) vaccination without adverse effect. One IRAK-4-deficient patient (R-P28)

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



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Picard et al.

Page 9

had Staph. aureus meningitis at the age of 6 years, and Enterovirus was isolated from the
cerebral spinal fluid by polymerase chain reaction. Another IRAK-4-deficient patient (C-P3)
had an episode of diarrhea caused by Enterovirus at the age of 7 years. One MyD88-
deficient patient (a-P1) experienced 2 hospital-acquired episodes of diarrhea caused by
adenovirus and rotavirus, with both infections following a normal course during the first
year of life. One MyD88-deficient patient (d-P5) had 3 episodes of respiratory syncytial
virus bronchilitis at 2, 3, and 4 months of age, with a spontaneous favorable outcome. One
IRAK-4-deficient patient (T-P31) developed localized warts at the age of 16 years. One
MyD88-deficient patient (d-P6) developed chickenpox 10 days after varicella zona virus
vaccination. Several IRAK-4- and MyD88-deficient patients had humoral responses to
viruses and Toxoplasma gondii without abnormal clinical manifestations (Table 7). Two
IRAK-4-deficient patients (C-P3, W-P36) and 2 MyD88-deficient patients (c-P4, e-P9) had
oral thrush, even in the absence of antibiotic treatment. Finally, Curvularia species were
isolated from the maxillary sinus of 1 IRAK-4-deficient patient (C-P3) living in the southern
United States.

In conclusion, it is noteworthy that IRAK-4-deficient and MyD88-deficient patients were
not particularly susceptible to most other microorganisms, including common viruses (for
example, herpes viruses, enteroviruses, adenoviruses, and papillomaviruses), and
widespread bacteria (for example, Listeria and Mycobacterium ), parasites (for example,
Toxoplasma ), and fungi (for example, Cryptococcus, Pneumocystis, Candida, and
Aspergillus ).

Patient Outcome

Most IRAK-4-deficient patients suffered their first bacterial infection early in life, before the
age of 2 years in 87.5% (n = 42) of cases. The first InvBD occurred before the age of 2 years
in 79.2% (n = 38), and the first NInvBD in 48% (n = 23) of these patients. The first bacterial
infection occurred before the age of 6 months in 54% (n = 26) of IRAK-4-deficient patients.
The first InvBD occurred before the age of 6 months in 35.4% (n = 17), and the first
NInvBD in 37.5% (n = 18) of these patients. The first bacterial infection even occurred
during the neonatal period in 31.2% (n = 15) of IRAK-4-deficient patients. The first InvBD
occurred during the neonatal period in 14.5% (n = 7) and the first NInvBD in 27% (n = 13)
of these patients (5 patients had both InvBD and NInvBD in the neonatal period) (Figures 8
and 9).

Similarly, bacterial infections occurred early in most MyD88-deficient patients, before the
age of 2 years in 91.7% (n = 11) of these patients. The first InvBD occurred before the age
of 2 years in 50% (n = 6), and the first NInvBD in 66.7% (n = 8) of these patients. The first
bacterial infection occurred before the age of 6 months in 91.7% (n = 11) of MyD88-
deficient patients. The first InvBD occurred before the age of 6 months in 50% (n = 6), and
the first NInvBD in 66.7% (n = 8) of the cases. The first bacterial infection occurred in the
neonatal period in 33.3% (n = 4) of MyD88-deficient patients. The first InvBD occurred
during the neonatal period in 16.7% (n = 2), and NInvBD in 16.7% (n = 2) of these patients
(see Figures 8 and 9).

IRAK-4-deficient patients presented no InvBD from the age of 14 years on (a total of 10
patients, aged 14, 15, 17, 18, 19, 27, 30, and 35 years), but the oldest patient, who was aged
35 years, still suffered from occasional skin infections at last follow-up (see Figures 8 and
9). MyD88-deficient patients presented no InvBD from the age of 11 years on (2 patients
aged 11 and 17 years), but the oldest patient, aged 17 years, still suffered from NInvBD at
last follow-up. InvBD was recurrent (2—-10 episodes) in 33 of the IRAK-4-deficient patients.
In 3 IRAK-4-deficient patients, 2-3 recurrences of invasive pneumococcal disease due to the
same serotype (6A, 14, or 19F) were identified at intervals of 1-24 months. One MyD88-
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deficient patient had 4 recurrences of InvBD (range for MyD88-deficient patients, 2—7).
There were 114 reported episodes of InvBD in 46 IRAK-4-deficient patients (n = 2.38
episodes per patient; range, 0-10), and 33 reported episodes of InvBD in 12 MyD88-
deficient patients (n = 2.75 episodes per patient; range, 1-7). Finally, 24 patients died of
InvBD (18/46 IRAK-4, 6/12 MyD88), all before the age of 8 years, and most before the age
of 2 years (n = 17) (Figure 10; Table 1). Sixteen of these patients died of invasive
pneumococcal disease (11 IRAK-4-deficient and 5 MyD88-deficient patients).

Inflammatory Response

Impaired ability to mount inflammation during invasive infections has been previously
described in isolated case reports and smaller series.[12,18,25,46] In the current study we
evaluated temperature, C-reactive protein (CRP) levels, total leukocyte counts, and
neutrophil counts in invasive infections during 3 periods of life that are known to have
different levels of inflammatory responses: the neonatal period (day 1 to day 28), infancy
(day 29 to 1 year), and childhood (children aged >1 year). In analyses carried out on
admission to the hospital, we often observed inflammatory signs within the normal range,
despite infection (Figures 11-13; Tables 8 and 9). Little (n = 3) or no (n = 2) increase in
body temperature above 37°C was observed in neonates with IRAK4-deficiency. By
contrast, a significant increase in CRP concentration (>10 mg/L) was observed in all
neonates with IRAK-4 deficiency and InvBD. Counts of total leukocytes and of neutrophils
remained low despite InvBD; none of the neonates showed neutrophil counts above the 95th
percentile adjusted for age.[29] Initial temperature on admission was below 38°C in 10 of
the 23 cases of InvBD in infants and in 22 of the 44 cases of InvBD in children admitted.
Similarly, initial CRP concentration was below 10 mg/L in 12 of 23 cases of InvBD in
infancy and in 16 of 36 cases of InvBD in childhood. Despite the presence of InvBD, total
leukocyte counts remained below 14,000/uL in 21 of 35 episodes in infancy and in 46 of 52
episodes in childhood. One frequently documented abnormality was a neutrophil count
below 6000/uL, observed in 20 of 26 episodes in infancy and 30 of 47 InvBD episodes in
childhood.

Thus, both MyD88 and IRAK-4 deficiencies confer a predisposition to severe InvBD
impairment of the ability to increase plasma CRP concentrations and mount fever. However,
patients with IRAK-4 and MyD88 deficiency and InvBD may also present with high
temperature and high levels of CRP, total leukocytes, and neutrophils (see Figures 11-13).
Pus formation was observed in the liver, joints, lymph nodes, saliva glands, and in the
meninges, as well as in skin infections. Finally, separation of the umbilical cord later than 28
days after birth was observed in 10 IRAK-4-deficient patients.

Prophylaxis of Infections

Thirty-six patients with IRAK-4 deficiency or MyD88 deficiency received prophylaxis
following diagnosis of the corresponding primary immunodeficiency, a diagnosis that
occurred after 1 episode of InvBD in 30 patients (24 IRAK-4-deficient and 6 MyD88-
deficient) and before any InvBD episode in 6 IRAK-4-deficient patients. Prophylactic
treatment was discontinued in 7 (6 IRAK-4-deficient and 1 MyD88-deficient) of the 11
patients who reached the age of 14 years, and was continued in all others.

Preventive treatment included antibiotic prophylaxis (oral penicillin and/or cotrimoxazole in
most cases (Table 10) in 28 IRAK-4-deficient and 6 MyD88-deficient patients, and
empirical intravenous or subcutaneous IgG injections (400 mg/kg every 3 wk) in 15
IRAK-4-deficient and 4 MyD88-deficient patients. Patients were also immunized with Str.
pneumoniae conjugated vaccine only (7/48 IRAK-4-deficient patients, 3/12 MyD88-
deficient patients), nonconjugated vaccine only (8/48 IRAK-4-deficient patients, 1/12
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MyD88-deficient patients), or both (9/48 IRAK-4-deficient patients, 3/12 MyD88-deficient
patients); H. influenzae conjugated vaccine (21/48 IRAK-4-deficient patients, 8/12 MyD88-
deficient patients); and N. meningitidis conjugated or nonconjugated vaccine (12/48
IRAK-4-deficient patients, 7/12 MyD88-deficient patients).

We evaluated the impact of prophylaxis on the incidence of InvBD and their prognosis in all
patients. Of all patients with documented bacterial infections, there was a total of 227 years
and 152 years of follow-up without or with prophylaxis, respectively. At least 1 InvBD was
observed in 35% of years without prophylaxis and in 16.4% of years on prophylactic
treatment, and this difference was highly significant (p = 10™°). We noted that no InvBD
was documented in the 11 patients over the age of 14 years (10 IRAK-4-deficient patients
and 1 MyD88-deficient patient), although only 4 of these patients continued to receive
prophylactic treatment (antibiotics in 3 cases and antibiotics plus 1gG infusions in the fourth
case) (see Figure 8; Table 10). For the 7 patients aged >14 years without prophylactic
treatment, there was a total cumulative follow-up time of 49 years without any InvBD.

DISCUSSION

We provide here the first detailed description, to our knowledge, of the clinical features and
outcome of a large series of patients with IRAK-4 and MyD88 deficiencies, a novel group of
primary immunodeficiencies characterized by a selective and profound defect of TLR and
IL-1R signaling. Patients with these 2 deficiencies are highly susceptible to InvBD caused
by Str. pneumoniae and Staph. aureus, and to NInvBD caused by Staph. aureus and P.
aeruginosa. NInvBD is largely restricted to the skin ( Staph. aureus ) and the upper
respiratory tract ( P. aeruginosa ). By contrast, several sites are affected during InvBD, with
abscesses of inner organs, lymph nodes and saliva glands, meningitis, and septicemia
frequently observed. Recurrent invasive pneumococcal disease is a hallmark of these 2
primary immunodeficiencies. Infections typically run an acute, as opposed to chronic
course. However, they may be difficult to diagnose, due to weak inflammatory signs that
appear late. No chronic pulmonary disease is observed in these patients, and both acute
bronchitis and pneumonitis are rare. Gastrointestinal and urogenital infections are also rare.

Finally, the lack of viral, parasitic, and fungal disease in these patients is striking and cannot
merely result from medical prophylaxis, as proposed elsewhere,[33] because the prophylaxis
used targets mostly pyogenic bacteria, and patients with no prophylaxis do not present such
infections. The nature and sites of infections in patients with IRAK-4 and MyD88
deficiencies seem to be well delineated: mostly invasive pneumococcal disease, cutaneous
and invasive staphylococcal disease, and Pseudomonas infection of the upper respiratory
tract or peritoneum. It is striking that the range of infectious agents is much narrower than
predicted from the mouse model of experimental infection: MyD88-deficient and IRAK-4-
deficient mice are susceptible to more than 40 infectious agents.[25,45] The sites of
infection also provide us with unique information about the anatomical role of the TIR
pathway in host defense.

The infectious phenotype of MyD88- or IRAK-4-deficient patients is related to but different
from that observed in most patients with NEMO or IkBo. deficiency, who generally display
impairment of both TIR-signaling and other NF-xB-dependent immunologic pathways.[7]
Indeed, up to 85 patients with hypomorphic mutations of NEMO and 5 patients with
hypermorphic mutations of IKBA have been reported.[7,13,21,28,31] Some of these patients
had developmental signs ranging from ectodermal dysplasia with osteopetrosis and
lymphoedema to a complete absence of a developmental phenotype, whereas IRAK-4-
deficient and MyD88-deficient patients have no signs of developmental impairment.[7] The
spectrum of infectious diseases is broad in NEMO-deficient and IxBa-deficient patients, as
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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 IkBa 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. pneumoniae, but are
less susceptible to Staph. aureus and P. aeruginosa infections.

Other primary immunodeficiencies, such as STAT3 and TYK2 deficiencies in HyperlgE
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/IxBa-related defects should
be considered even with only 1 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-xB 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
IL-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 IkBa 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
omphalitis. Other primary immunodeficiencies, such as leukocyte adhesion deficiency type
1 and Rac2 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 1L-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 1gG 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 1gG
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. MyD88 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 MyD88- 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/p and IFN-A, at least for TLR7,
TLR8 and TLR9. The MyD88- and IRAK-4-independent TIR pathway uses TRIF pathway
after stimulation of TLR3 and TLR4. This pathway is important for IFN-o and IFN-
production.

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



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Picard et al.

Page 20

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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Pedigrees 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-1V), 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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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.)
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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
pneumoniae, 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 Streptococcus 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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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.

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



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Picard et al.

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.

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



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Picard et al.

Infancy

200 300

180 -
T 160 %l, 250
g’ i‘;g £ 200
~ o
o 100 ¢ 150
2 s : o

60 : 100

40 ’ 50

20 :

0 . v 0

IRAK4-/- MYD88 -/-

Figure 12.

Childhood

IRAK4-/-

CRP concentration during bacterial infection in infancy and childhood.

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

MYD88 -/-

Page 30



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Picard et al.

25,0007
20,0001
15,0001
10,000

5,000

Leukocytes / microliter

16,0007
14,0001
12,0001
10,0001
8,000
6,000
4,000
2,000
O -

Neutrophils / microliter

Figure 13.

Infancy

X

PR R

IRAK4-/-

Infancy

cove see]

IRAK4-/-

oo we

MYD88 -/-

e b ees o o

MYD88 -/-

Leukocytes / microliter

Neutrophils / microliter

30,000
25,0001
20,0004
15,0001
10,000

5,000

18,0007
16,0001
14,0001
12,0001
10,000
8,000+
6,000
4,000
2,000

0.

Childhood

o o wsaiune s e

IRAK4-/-

Childhood

-

smarom o] oses w

IRAK4-/-

Page 31

o e mafeee

MYD88 -/-

PR RN

MYD88 -/-

Polymorphonuclear neutrophil counts during bacterial infection in infancy and childhood.
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Immunologic Investigation Summary

Table 6

IRAK-4- Deficient Patients

MyD88- Deficient Patients

T lymphocytes subset

Normal pts/tested pts (%) 24/24 (100) 6/6 (100)
B lymphocytes subset

Normal pts/tested pts (%) 23/23 (100) 7/7 (100)
NK lymphocytes subset

Normal pts/tested pts (%) 19/19 (100) 6/6 (100)
T cell proliferation

Normal pts/tested pts (%) 12/12 (100) 3/3 (100)
1gG levels

Normal pts/tested pts (%) 15/28 (53.6) 3/8 (37.5)

Pts with increased level/tested pts (%) 12/28 (42.9) 4/8 (50)

Pts with decreased level/tested pts (%) 1/28 (3.6) 1/8 (12.5)
19G1,3,3 levels

Normal pts/tested pts (%) 13/13 (100) 7/7 (100)
1gG4 levels

Normal pts/tested pts (%) 8/13 (61.5) 5/7 (71.4)

Pts with increased level/tested pts (%) 5/13 (38.5) 2/7 (28.6)
1gA levels

Normal pts/tested pts (%) 25/28 (89.3) 7/8 (87.5)

Pts with decreased level/tested pts (%) 3/28 (10.7) -

Pts with decreased level/tested pts (%) - 1/8 (12.5)
1gM levels

Normal pts/tested pts (%) 26/28 (92.9) 6/8 (75)

Pts with increased level/tested pts (%) 2/28 (7.1) 1/8 (12.5)

Pts with decreased level/tested pts (%) - 1/8 (12.5)
IgE levels

Normal pts/tested pts (%) 6/20 (30) 3/6 (50)

Pts with increased level/tested pts (%) 14/20 (70) 3/6 (50)
Specific Ab to protein antigens (tetanus, diphtheria, or polio)

Normal pts/tested pts (%) 17/17 (100) 2/2 (100)
Ab against H. influenzae

Normal pts/tested pts (%) 14/14 (100) 1/1 (100)

Ab against S. pneumoniae
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IRAK-4- Deficient Patients

MyD88- Deficient Patients

Normal pts/tested pts (%) 6/13 (46.2) 5/5 (100)
Pts with abnormal response/tested pts (%) 7/13 (53.8)
Ab production after immunization with PNCV23
Normal pts/tested pts (%) 4/9 (44.4)
Pts with abnormal response/tested pts (%) 5/9 (55.6)
Ab production after immunization with PNCV23+PCV7
Normal pts/tested pts (%) 2/3 (66.7)
Pts with abnormal response/tested pts (%) 1/3 (33.3)
Ab production after immunization with PCV7
Normal pts/tested pts (%) 1/1 (100)
Allohemagglutinin
Normal pts/tested pts (%) 7/10 (70) 3/3 (100)
Pts with decreased level/tested pts (%) 3/10 (30)

Abbreviations: Ab = antibody, PCV7 =7 valent conjugate vaccine, PNCV23 = 23 valent nonconjugate vaccine, pts = patients.
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Table 7

Humoral Responses to Viruses and Toxoplasma gondii
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IRAK-4-Deficient Patients (positive pts/tested pts)

MyD88-Deficient Patients (positive pts/tested pts)

Herpes simplex virus
Varicella zoster virus
Cytomegalovirus
Epstein-Barr virus

HHV6

HHV8

Parvovirus B 19

Rubella

Measles

Mumps

Coxsackie virus B1,2,3,4,6
RSV

Human metapneumovirus
Rotavirus

Adenovirus

HIV

VDRL

Toxoplasma

0/8
5/9
2/9
4/8
6/6
0/2
216
5/6
Not done
5/6
6/7
6/6
5/6
Not done
Not done
0/3
0/1
0/3

2/4
2/3
3/4
3/5
Not done
Not done
Not done
4/4
3/4
2/3
Not done
Not done
Not done
1/1
1/1
Not done
Not done
1/3

Abbreviations: See previous tables. HHV = human herpes virus, HIV = human

immunodeficiency virus, VDRL = Venereal Disease Research Laboratory test.
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