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Abstract: Autosomal recessive interlenkin-1 receptor-associated ki-
nase (IRAK)-4 and myeloid differentiation factor (MyD)88 deficiencies
impair Toli-like receptor (TLR)- and interleukin-1 receptor-mediated
immmunity. 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 indis-
tinguishable. There were no severe viral, parasitic, and fongal diseases,
and the range of bacterial infections was narrow. Noninvasive bacterial
infections ocenrred in 52 patients, with 2 high incidence of infections of
the upper respiratory tract and the skin, mostly caused by Psendomonas
aeruginosa end Staphviococcus aurens, respectively. The leading threat
was invasive pnenmococcal disease, documented in 41 patients (68%)
and causing 72 decumented invasive infections (52.2%). P geruginosa
and Staph, aureus documented invasive infeciions also occurred (16.7%
and 16%, respectively, in 13 and 13 patients, respectively). Systemic
signs of inflammation were usually weak or delayed. The fitst 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
nfections were observed in most survivors (n = 36/50, 72%).

Clinical putcome was poor, with 24 deaths, in 10 cases during the first
mvasive episede and in 16 cases of invasive pnewmococcal disease.
However, no death and invasive infectious disease were reported in
patients after the age of § years and 14 years, respectively. Antibiotic

prophylaxis (n = 34}, antipnenmococeal vaccination (n=31), and/or IgG
infusion (n = 19), when instituted, kad 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 dis~
ease 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; empitic antibacterial treatment
and immediate medical consultation are strongly recommended in cases
of suspected infection or moderate fever. Prophylactic measures in
childhood are beneficial, until sponianeous improvement occurs in
adolescence.

(Medicine 2010;89: 403-425) -
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INTRODUCTION

utosomal recessive interleukin-1 receptor-associated kinase

(IRAK)-4 and myeloid differentiation factor {(MyD)&8
deficiencies are recently described. primary immunodeficien-
cies >®* MyD88 is a key cytosolic adapter molecule, providing
a bridge from Tol-like receptors (TLRs) and interleukin-1
receptors (IL-1Rs) to the TRAK complex, which consists of 2
active kinases (JRAK-1 and IRAK-4) and 2 noncatalytic sub-
units (IRAK-2 and IRAK-3/M). MyDS8 interacts with TLRs
and IL-1Rs via a shared Toll and IL-IR (TIR) domain. The
MyD88- and IRAK-4-dependent TIR pathway leads to the
synthesis of inflammatory cvtokines, such as [L-1B, IL-6, IL-8,
tumor necrosis factor (TNF)-«, interferon (IFN)-a/B, and TFN-A,
at least after TLR7, TLRS, and TL.RY stimulation (Figure I).'
MyD88 and IRAK deficiencies can thus be considered pheno-
copies with respect to their immunclogic phenotype*® Blood
leukocytes derived from MyD88- and TR AK4-deficient patients
display impaired responses to most of the TLR and IL-1R agonists
tested.**%° All human TLRs other than TLR3 use both MyDS§§
and TRAK-4.%** This pathway is also used by a number of -
IRs, including IL-1R, IL-18R, and TL-33Ra (5T2).>" (unpub-
lished data} Tt is unknown whether other TIR-containing L-1Rs,
such as IL-1Rrp-2, SIGIRR/TIRE, TIGIRR-1, and TIGIRR-2/IL-
IRAPL, use MyD$8 and TRAK4.""* IL-la and IL-33 may
also exert alternative, intracellular effects leading to transcrip-
tional regulation.'” 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 defi-
ciencies, whose alternative TLR-4 pathway is not affected.'™**
By contrast, mutations in NEMO and IKBA genes are associated
with a much broader signaling defect, including both the classical
and alternative pathways.’

Given such a broad and profound immunoloegic 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 TRAK-4
deficiencies suggest instead a narrow susceptibility to invasive

bacterial infections, mostly cavsed by gram-positive bacteria,

such as Streptococcus pneumoniae and Staphylococcus aureus
in particular, with rare infections caused by gram-negative bac-
teria, such as Pseudomonas aeruginosa and Shigella sonnei '
23263849 Both MyD88- and IRAK-4-deficient patients seem to
have normal resistance to common fiingi, 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, 551 214-16.18-20.23-27,30.32,
34452 The clinical history of these paticnis scems otherwise
unremarkable, with the exception of a late detachment of the
umbilical cord, reported in 2 patients. ™

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 %° Moreover,
most publications, including that dealing with the large series,?
have focused on the genotype and cellular phenotype of patients,
providing little clinical information—infectious and Immuno-
logic information in particular To owr knowledge, the actual
clinical presentation of patients with MyD88 and TRAK-4 defi-
ciency 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 prophy-
laxis and age on clinical outcome have not been described. The
impact of these defects on the development and fimction of
the myeloid and lymphoid cell subsets also remains to be char-
acterized. We therefore underfook a detailed and thorough
description of the clinical features and outcome of an interna-
tional series of patients with MyD88 or TRAK-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 TRAK-4
deficiencies and sent to 2 of the authors (CP and HvB) for
thorough review. Puring follow-up, conmmunications were sent
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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 cytosclic adapter molecule, providing a bridge from TLRs and IL-1Rs to the 2 active kinases IRAK-4 and IRAK-T. IRAK~4
and IRAK-1 then activate at least the 2 signafing 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-1B, IL-6, IL-8, TNF-w, and 1o IFN-o/B and [FN-A, at least for TLRZ,
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-3 production.

to confirm clinical information, including the prevalence, clin-
ical presentation, and histologic features of noninvasive infec-
_tions, such as otitis media, dermatitis, lymphadenitis, and
necrotizing pharyngitis. Clinical and laboratory data were col-
lected 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-a and TL-6 secretion were determined by enzyme-linked
immunaosorbent assay (ELISA), as previously déscribed.* Gran-
ulocytes 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 de-
scribed.® Twenty kindreds with IRAK4 deficiency and the 6
kindreds with MyD88 deficiency were explored in our laboratory,
by 1 or by both exploratory metheds. The remaining 11 kindreds
with IRAK 4 deficiency were identified by other teams.

Sequencing Analysis

Genomic DNA was isolated by phenol/chloroform extrac-
tion. RNA was isolated with Trizol (GibcoBRL Life Technolo-
gies, Invitrogen SARL). Genomic DNA and cDNAs for TRAK4
and MYDES were amplified, sequenced, and analyzed on an ABT
Prism 3700 apparatus {BigDye Terminator sequencing kit, Ap-
plied Biosystems), as previously described.”® Twenty kindreds
with IRAK-4 deficiency and the 6 kindreds with MyD88 defi-

© 2010 Lippincott Williams & Wilkins

ciency were identified m our laboratory by sequencing analysis.
The remaining 11 kindreds with IRAK-4 deficiency were iden-
tified by other teams.

Western Blotting _

Proteins for Western blotting were extracted from periph-
eral blood mononuclear cells, Epstein-Barr virus-transformed B
cells, and SV4{-transformed fibroblasts. Western blots were
probed with rabbit antibodies against IRAK-4 (Tularik and Cell
Signaling Technology), MyD88 (CSA-3510, Stressgen), and
glyceraldehyde-3-phosphate dehydrogenase {(GAPDH) (Santa
Cruz Biotechnology, Inc.).

Immunologic Investigations

Immunologic investigations were based on those described’

in previous stadies 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 anti-
body levels against multiple pneumococcal serotypes (23 sero-
types), > tevels of TgG against Haemophilus influenzae PRP
antigens, tetanus toxoid, and diphtheria were assessed by stan-
dard ELISA techniques. We carried out a prospective study in
9 TRAK-4-deficient patients, for whom antibody titers against
serotype-specific pneumococcal capsular polysaccherides were
determined, as previously described, before and after immuni-
zation with nenconjugate antipneumococeal vaccine.”*" The
United States Pneumococcal Reference Serum Lot 89-SF was

www.md-ournal.com 1 405
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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 dosed symbols. Patients with confirmed IRAK-4 deficiency but
no clinical phenotype as yet are indicated by an open square or circle 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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used as a reference. We determined IgG 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 in-
crease in antibody titers by a factor of at feast 3. All antibody
determinations were performed before or several months after
the end of rmmunoglobulin 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)>®%
14-16,18.2023-25,27.30-32.38.4 (ryresent report) and 12 patients (7 male
and 5 female patients) from 6 kindreds with MyD88 deficiency
(kindred a to £)** (present report) (Figures 2 and 3; Table 1). This
senies includes ail 45 patients (36 IRAK-4 and 9 MyD88) described
in previocus reports (24 and 5 kindreds, respectively) and 15 newly
diagnosed patients (12 IRAK-4 and 3 MyD88 patients, come-
sponding to 7 kindreds and 1 kindred, respectively). In all probands,
diagnosis was based on the detection of homozygous or compound
heterozygous muiations in TRAK4 or MYDS88 accompanied by a
lack of production of IL-6 by whole blood or of CD62L shedding
from granulocytes following activation with TLR/IL-1Rs ago-
nists.***%4? In addition, 16 relatives were found to be homozygous
or compound heterozygous for mutations in IRAK4 or MYDS8S.
Finally, 7 sibs who had died of bacterial infection were considered
to have [RAK-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
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FIGURE 3. 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-IV), and each individual is designated by an Arabic

numeral (from left te 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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4 continents, inchiding North America (Canada, EI Salvador,

‘United States), Asia (Israel, Japan, Saudi Arabia, Turkey),

Australia, and Europe (France, Humgary, Portugal, Serbia,
Siovenia, Spain, United Kingdom). Most patients and their
families were living in their countries of origin, with the ex-
ception 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 (Figuie 4;
Table 1).

IRAK4 and MYD88 Mutations

Patients with IRAK-4 deficiency were homozygous in 17
kindreds, whereas those from 14 other kindreds were compound
heterozygous for IRAK4 mutations (Table 1). One seemingly
homozygous patient {B-P2) was actually compound heterozy-
gous for the Q293X mutation, inherited from his mother, and for
a large de novo deletion (designated BAC210N13del) encom-
passing the IRAK4 gene.?* Two other patients from the same
family (I-P11 and I-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 L.* Two of the newly identified mutations were nonsense
mutations (R183X and Y430X), | was a splice mutation {1126-1

- G>T), 2 were frameshift insertions and deletions (43insA and

897_600delCAT), and 2 were missense muiations (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 fermination 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 MI1V/1188+
520A>(G mutant alleles, whereas the patient bearing the GZ98D
mutation at compound heterozygous state {G298D/Q293X) did
produce IRAK-4 protein in peripheral blood mononuclear cells
and in B cell Imes. All the previously reported mutations are
loss-of-expression,”® with the exception of the R12C and 831+
5G>T mutant alleles in patient T-P31, which are associated with
residual TRAK 4 protein production, 2
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FIGURE 4. Countries of origin of the 31 kindreds with IRAK-4 deficiency and the & kindreds with MyD88 deficiency identified.
The number of patients identified in each country is indicated.

Patients with MyD88 deficiency from 5 kindreds were
homozygous, and 1 patient (b-P2) was compound heterozy-
gous.* Two MyDS88 mutant alleles were found to be associated
with the production of very small amounts of a noafunctional
protein (E65del and 1.106P), whereas the R209C mutant allele
was associated with the quantitatively normal preduction of a
nonfunctional protein*® (The mutation numbering has been
adjusted from the original report [reference 49] to correspond to
the dominant ATG initiation in the new reference sequence of
GenBank [NM 001172567.1, GI 289546502].)

Immunologic investigations

We analyzed blood leukocyte subsets in 29 patients with
IRAK-4 deficiency and 10 patients with MyD88 deficiency. We
previpusly showed that monocyte and dendritic cell subsets were
present in normal numbers in 3 patients with IRAK 4 deficiency.”
T-cell subsets, including CD4 and CD8 T cells, were also present
in normal numbers (24 patients with IRAX4 deficiency and 6
with MyD88 deficiency tested) (Tables 2 and 3). T cells prolif-
crated normally in response to the mitogen phytohemagglutinin,
CD3-specific antibodies, and recall antigens in vitro (12 patients
with IRAK 4 deficiency and 3 with MyD&8 deficiency tested).

IgM, IgG, and IgA levels were nonmal 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 IgG4 levels. IgG level was low in 1
TR AK -4-deficient patient (IJ-F32) and 1 MyD88-deficient patient
(d-P3). Two IRAK-4-deficient patients had high levels of IgM
(I-P13, V-P34). In particular, IgE levels were high i 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, how-

419 | www.md-journal.com

ever, not as high as those in patients with STAT3 or DOCKS8
deficiency, with the exception of | patient with IRAK -4 deficiency
(A-P1}3*%53 Aptibody respomses to protein antigens (tetanus
toxoid, poliovirus and/or diphtheria) were normal in the 17 TRAK-
4-deficient and 2 MyD383-deficient patients tested. Six of the 13
IRAK-4-deficient (A-P1, F-P7, J-P15, O-P24, 5-P30, V-P34)
and all 5 MyD88-deficient (b-P2, c-P3, ¢-P4, e-P9, a-Pl10)
patients fested had detectable IgG antibodies against pneumo-
coccus after infection and/or immmmnization with conjugate or
nonconjugate vaccines. The antibody response (serotypes 3, 4,
6B, 9N, 14, 18C, 19F) 1o glycans following nonconjugated
pneumococcal vaceine was impaired in 5 (B-P2, G-P8, K-P17, K-
P18, R-P28) of the 9 IRAK 4-deficient patients explored. Three
TR AK -4-deficient patients (H-P10, O-P24, W-P36) received con-
jugated and nonconjugated pneumococcal vaccine, and the
Tesponse to vaccination was in the normal range in 2 of these
patients (O-P24, W-P36), at least at the time peints 1 and 5 months
after the last booster vaccination. One TRAK-4-deficient patient
(S-P30) received only conjugated pneumococeal vaccine, and the
response to immunization was normal, Unfortunately, we found no
comrelation between the presence or absence of antipnenmococcal
antibodies and the oceurrence of invasive pneumococcal disease.
The antibody response to conjugated H. influenzae type b vaccine
was normal in the 13 TRAK-4-deficient patients and 1 MyD88-
deficient patient explored. One IRAK-4-deficient patient (X-
P37y who developed meningitis caused by H. inflienzae type b
had antibodies against A, influenzae type b after infection. The
production of IgM allo-hemaggiotinins directed against erythro-
cyte AB antigens was impaired in 3 of the 10 IRAK-4-deficient
and in 1 of the 3 MyD838-deficient patients explored (Tables 4-6).

Finalty, the counis of CDi6-positive and CD56-positive
NK cells were norma] in the 19 IRAK-4-deficient and 6 MyD88-
deficient patients tested (Tables 2 and 3). There thus seemed to

@ 2010 Lippincott Williams & Wilkins
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TABLE 3. immunologic Investigation: Blood Lymphocyte Subsets and T-Cell Proliferation in MyD88-Deficient Patients*

Patients Pl Pl P2 Normal Values P6 P9 Normal Values P8 P4 Normal Values
(age) I6mo 15mo 2yr 3 mo-2 yr 23yt dyr 26 yr T yr 8y 6-12 yr
Lympt., 10°/uL 5.5 2.4 (349 332 02354 2.43 (1.9-3.7)
T cells, %% ’
cD3 69 64 (53-84) 68 64 (56-76) 47 77 (60-76)
CDh4 39 39 (31-64) 35 39 (28-47) 25 43 (3147
CcD8 22 27 (12-30) 33 25 (16-30) 22 27 (18-35)
CD45RA/CD4 79 {64-95) (53-86) 46 (46-77)
CD45RO/CD4 25 38
NEK cells, % 5 20 (4-18) 7 11.3 4-17) 26 4 (4-17)
B celis, % 27 24 18 (6-41) 23 17.5 (1433} 17 18 (13-27)
Prelif. x 10 3cpm
CD3 46 =30 560 (=30}
PHA 175.5 (=50) 50 113 (>50})
PPD 42 =10 103 (=10}
Candidm 1.0 =10) 152 =10y
Tetanus 26.0 =>10) 21 (=10

*Data given as total lymphocyte counts and percentages of T cells, NK cells, and B cells. Age-specific normal values are shown in parentheses.
Proliferative respoases to QKT3 (50 ag/mL) (“CD3™), the mitogen PHA, and various antigens (PPD, candidin, tetanus) are listed.

be no overt defect of lenkocyte development in TRAX-4- and
MyDR8-deficient patients. Antigen-specific T- and B-cell re-
sponses seemed to be normal, as detected with these routine
immunologic evaluations, with 2 notable exceptions. First, the
glycan-specific TgG and IgM antibody response against at least
pneumococcal and AB glycans was impaired in half of the
patients tested. Second, serum IgG4 and IgE levels were high in
up to 35% (n = 7/20) and 63% (n = 17/26), respectively, of the
patients tested (both were high in 4 patients). Nevertheless, none
of the MyD838- and TRAK-4-deficient patients in this coliort
suffered from ablergic 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, un-
published data).

Invasive Bacterial Infections

Invasive bacterial disease (InvBD) is defined here as clini-
cal 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 epi-

o hactan
sacier-

cedaa AT D07 AP A1l st amicadnol gameiz (incladin
SUULS, TFL.L70 V1 dll Uivaolys UPIDUKE‘—D}, DU | iEiviualing
emia, 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

TABLE 4. Immunologic Investigation:
Patients*

Ig Levels and Humoral Responses to Recall Antigens and to Glycans in IRAK—4-Deficient

Normal " Normat
Patients P6 P22 P40 P26 P46 Values PS5 P16 P23 P30 P32 P P43 P11 P39 Values
(age) 2mo 3mo 3mo 6mo 9mo (3-9 mo) Ty Lyt 1yr lyr lyr 1lyr 1vyr 2y 2w (1-3y1)
Serum Ig (g/L)
1eG 57 245 738 568 384 (235-549) 54 114 89 165 221. 455 138 ¥7- 631 (3.35-8.96)
12G1 1.37 NA 7.2 13.05 8.17 &
1gG2 0.3¢ Na 1.26 209 2.01 {>0.30)
13G3 0.07 NA 0.20 0.68 0.9 {>0.12)
1aG4 0.03 NA 0.28 041 <0(.3 (<)
IgA 06 016 025 014 03 (0.12-0.62) 0.2 0.34 047 109 026 034 08 09 025 (0.27-1.22)
TgM 0.6 051 0.63 040 033 (G.34-095 1.1 1.02 111 G98 043 033 227 2.0 052 (0.58-1.53)
IgE (XU/L) 19 203 (<15) 129 801 257 138 382 198 (<40)
Specific antibodies
Antitetanus 0.21 (>0.1 TU/mL) 0.12 1.5 032 >0.1 (>0.1 TJ/mL)
Poliovirus (>40) ' (=40}
Diphtheria 0.12 (>0.1 IU/mL) 026 0.7 (0.1 TU/mL}
5. prnewmoniae (>0.3 pg/mL) <13 2.04 (=03 pg/ml)
H. influenzae b 031 (>0.15 ug/mL) >0 056 0.l6 (»0.15 pg/mL)
Allohemagghutinin NA 1/16 - (>1/8)

*Serum immunoglobulin levels and titers for specific antibedies. Age-specific normal valzes are shown in parentheses.
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abscesses affecied the brain (3 episodes), peritonen (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 patienss {n = 2.75 episodes per patient; range, 1-7),
mcluding meningitis (17 episodes, 51.5% of all invasive epi-
sodes), 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 pafients never developed InvBD, 4
of whom were diagnosed at birth and remained asymptomatic
on prophylactic treatment (Figure 2; Table 1). The remaining
patient without InvBD was diagnosed at the age of 2 years
foliowing an episode of Staph. aureus adenitis (N-P23) and re-
ceived prophylactic treatment from that time to the end of follow-
up. All the MyD88-deficient patients reported have presented
InvBD (Figure 5; Table 1). Neurclogic complications sec-
ondary to meningitis and brain abscesses occurred in 7 IRAK-
4-deficient patients; 5 of them developed secondary deafness
(K-P17, Q-P27, R-P28, W-P35, X-P37), and 2 other patients
developed hemiplegia {B-P2) or developmental delay (M-P22).
Three MyD88-deficient patients (c-P3, c-P4, e-P9) developed
secondary deafness. 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 celluli-
tis, furunculosis, and folliculitis, often prompting intravenous
and prolonged antibiotic freatment (in 21 of 48 IRAK-4-deficient
and 3 MyD88-deficiens patients) (Figure 6} IRAK-4-deficient
paiients also presented with adenitis (14 patients), omphalitis
(6 patients), maxillary sinusitis (6 patients), tonsillar abscesses
(4 patients), necrotizing epiglotitis {1 patient), necrotizing phatyn-
gifis (I patient), necrolizing palate infection (1 patient), recurrent
otitis media (12 patients), and orbital ceflulitis or endophthalmitis
(6 patients). MyD8R8-deficient patients developed adenitis
{5 patients), sinusitis (2 patients, a-P| and ¢-P3), recurrent otitis

media (2 patients), gingivitis and periodontal disease (1 patient,
¢-P3). Intriguingly, only 21 episodes of pneumonia were reported,
in only 9 TRAK4-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 TRAK-4-deficient patients and 1
MyD8&8-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 partic-
ularly commaon. '

Documented Bacterial Infections

In both IRAK-4 and MyD88 deficiency, St preumoniae,
Staph. aureus, and P aeruginosq were, by far, the most commonly
isolated pathogens causing InvBD and NInvBD (Figure 7; Table 1).
In IRAK-4-deficient patients, St preumoniae accounted for 40.1%
(671167, Staph. aureus for 23.1% (42/167), and P, aeruginosa for
19.7% (33/167) of all documented bacterial infectiors (a total
of 84.9%). St preumoniqe was involved in 34.3% (57/103) of
InvBD episodes, whereas Staph. aureus and E geruginosa were
found in'14.3% (15/105) and 18% (19/105) of such episodes, re-
spectively, accoumting together for 87% of all cases of TnvBD. The
other bacteria causing fnvasive disease were Streprococcus species,
Shigella sonnel, Neisseria meningitidis, H. influenzae type b, and
Clastridium septicum (Table 1). In cases of NInvBD, the prin-
cipal 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 ac-
counting for 82% of all episodes of NInvBD.

In patients with MyD88 deficiency, St prewmoniae ac-
counted 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%)
(Figare 7). Sir. prewmoniae caused InvBD in 45.5% of cases
(15/33), whereas Staph. aureus and P aeruginosa were in-
volved in 21.2% (7/33) and 12.1% (4/33) of the cpisodes,
respectively (78.8% of all cases of InvBD). The other patho-
gens identified during invasive infections were B-hemolytic
Streptococci, Salmonella enteritidis, H. influenzae type e, and

Normal Normal
P36 P13 P37 P1 P15 P28 P34 P8 P3 Values P31 P24 ™2 P17 P18 P7 Values
3yt dyr 4 yr Syr 5 yr Syr Syr 6yr Tyr (3-7Tyn Ilyr 13yr 14yr 27yr  27yr 32yr (11 yradult)
112 136 9.29 117 103 1882 111 136 (5.49-11.54y 128 76 144 15 13 167 (6.55-12.78)
882 102 6.85 6.88 844 8.41 >4 10.6 716 8.62 4
0.65 2.63 0.4 118 5.37 312 (>0.40) 2.5 095 071 (>0.60)
036 0.13 0.19 045 029 0.34 (>0.16) 072 038 047 =0.17)
0.29 1.85 1.41 0.5 4.89 3.54 {<1) 065 006 146 (<)
1,19 0.64 057 0.63 131 151 06 242 (0.41-1.57) 102 €49 0388 0.3 0.6 L1 {0.70-3.44)
1.59 1.65 085 072 ¢50 096 3.5 052 {0.54-1.55) 1.38 191 &.64 1.3 1.5 19 (0.50-2.09
6 977 106 17,400 356 187 {=<60) 180 366 11 255 965 400 {<150)
.58 =10 006 026 047 059 1,81 {=0.1 IU/mL) 047 047 034 046 0086 (>0.1 TW/mL)
>40 =40} 40 (=40)
0.55 204 0.002 0.10 0.88 (>0.1 IU/mL) 0.72 0,18  (>0.1 1WmL)
0.2 1.9 >06 <03 >03 <03 (0.3 pg/mL) 3359 <03 <03 <03 >0.3  (>0.3 pg/mi)
>1 51 0.84 =1 198 123 =»1 >l (>0.15 pg/ml) >1 136 (>0.15 pg/mL)
118 1. /128 ¥1s6 12 >¥16) 1/32 /16 1/16 172 (>1/16)
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(0.70-3.44)

1.36
0.69
10.4

(0.41-1.57)

1.2t
0.9
199

1.32
0.

(0.33-1.22)

1.6
1.24

34

0.32
0.61

115

0.5

(0.12-0.62)
(0.34-1.1)

(<30}

6.52
.93

0.36
0.41

53

IgA

(0.50-2.09)
(<150)

(0.54-1.55)
(<60}

29

(0.50-1.53)
(<4

1.39
24.5

IeM

IgE (U/ml.)
Specific antibodies

(>0.1 TU/mL}
(>0.3 pg/mL)
(>0.15 pg/ml)

(=1716)

(0.1 [U/mL)

1.3
2.

(>0.1 YU/mL)
(>0.3 pg/mL)
(>0.15 pg/mlL)

(>1/8)

0.9
*Serum immunoglobulin levels and titers for specific antibodies. Age-specific normal values are shown in parentheses.

(>0.1 IU/mL)
(>0.3 ug/mL)

Antitetanus

85

3

(=03 ug/mL)
(=>0.15 pyg/mL)

74

17.96

+9

S, prewmoniae

3.4

(=0.15 pg/ml)

H. influenzae b

1/16

1116

1/4

NA

Allohemagglutinin

Moraxella catarrhalis, Tn cases of NInvBD, the principal bac-
terium isolated was Staph. aureus, which was implicated in
53.3% (8/15) of NInvBD episodes, whereas St pneumoniae
was found in 20% (3/15) and P geruginosa 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:
preumoniae, 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%) (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 patienf) received Bacille Calmette-Guérin
(BCG) vaccination without adverse effect. One TRAK-4-
deficient patient (R-P28) had Staph. aurens meningitis at the age
of 6 years, and Enserovirus was isolated from the cerebral spinal
flnid by polymerase chain reaction. Another IRAK-4-deficient
patient {C-P3) had an episede of diarrhea caused by Enferovirus
at the age of 7 years. One MyD88-deficient patient (a-P1) ex-
perienced 2 hospital-acquired episodes of diarthea caused by
adenovirus and rotavirus, with both infections following a nor-
mal course during the first year of life. One MyD88-deficient
patient (d-P3) had 3 episodes of respiratory syncytial virus
bronchilitis at 2, 3, and 4 months of age, with a spontaneous
favorable ontcome. One TRAK-4-deficient patient (T-P31) de-
veloped localized warts at the age of 16 years. One MyD88-
deficient patient (d-P6) developed chickenpox 10 days after
varicella zoster virus vaccination. Several IRAK4- and MyD88-
deficient patients had humoral esponses fo 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.

En conclusion, if is noteworthy that IRAK4-deficient and
MyD88-deficient' patients were not particularly susceptible to
most other microorganisms, including commen viruses (for ex-
ample, herpes viruses, enteroviruses, adenoviruses, and papil-

lomavirnses), and widespread bacteria (for example, Listeria -

and. Mycobacterium), parasites (for example, Toxoplasma), and
fungi (for example, Cryptococcus, Pneumocystis, Candida, and
Aspergillus).

Patient Cutcome

Most IRAK-4-deficient patients had their first bacterial in-
fection 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% (r = 23) of these
patients. The first bacterial infection occurred before the age of
& months in 54% (n = 26) of TRAK4-deficient patients. The first
InvBD occwrred 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
312% (n = 15) of IRAK4-deficient patients, The first InvBD
occurred during the neonatal period i 14.5% (n = 7) and the first
NInwBD in 27% (1 = 13) of these patients (5 patients had both
InvBD and NInvBD in the neonatal period} {(Figures 8 and 9).
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TABLE 6. Immunolegic investigation Summary

MyD88-Deficient Patients

T lymphocytes subset
Normal pts/tested pts (%)
B lymphocytes subset
Normai pis/tested pts (%)
NK Iymphocytes subset
Normai ptsftested pts (%)
T cell proliferation
Normal pts/tested pts (%)
IgG levels
Normal pts/tested pts (%)
Pts with increased level/tested pts {%)
Pts with decreased level/tested pts {%%)
IgG1,2.3 levels
Normal pts/tested pis (%0)
12G4 levels
Normal pts/tested pis (%0)
Pts with increased level/tested pts (%)
IgA levels
Normal pts/tested pis (%)
Pts with decreased level/tested pts (%0)
Pts with decreased level/tested pts (%)
IgM levels
Normal pts/tested pis (%)
Pts with increased level/tested pts (%)
Pts with decreased level/tested pts (%)
IgE levels
Normal pts/tested pés (%0)
Pts with increased level/tested pts (%)
Spacific Ab to protein antigens {fetanus, diphtheria
Normal pis/tested pis (50)
Ab against H. influenzae
Normal pts/tested pts (%)
Ab against 8. pneumoniae
Normal pts/tested pts (%)
Pts with abnormal response/tested pts (%)
Ab production after immunization with PNCV23 -
Normal pts/tested pts (90}
Pts with abnormal response/tested pts (%)
Ab production after immunization with PNCV23+PCV7
Normal pts/tested pis (%)
Pts with abnormal response/tested pts (%)
Ab production after immunization with PCVY7
Normal pts/iested pis (%)
Allohemagglutinin
Normal pts/tested pis (%)
Pts with decreased level/tested pts (%6)

r noko)
I S

TRAK-4-Deficient Patients

24/24 (100) 6/6 (100)
23/23 (100) 717 (100)
19/19 {100) /6 (100)
12/12 (100) 3/3 (100)
15/28 (53.6) 3/8 (37.5)
12/28 (42.9) 4/8 (50)
£/28 (3.6) 1/% (12.5)
13/13 (100) 7/7 (160)
813 (61.5) 5/7 (71.4)
5/13 (38.5) 2/7 (28.6)
25/28 (89.3) 7/8 (87.5)
3/28 (10.7) —
— 1/8 (12.5)
26/28 (92.9) 6/8 {75)
228 (1.1) 1/8 (12.5)
_ 1/8 (12.5)
£/20 (30) 3/6 (50)
14/20 (70) 3/6 (50)
17/17 (160) 2/2 (100)
14/14 (100) 171 (100}
6/13 (46.2) 5/5 (1003
7/13 (53.8)
4/9 (44.4)
5/9 (55.6)
23 (66.7)
1/3 (33.3)
1/1 (100}
710 (70) 3/3 (100)
3/10 (30)

Abbreviations: Ab = antibody, PCVY7 = 7 valent conjugate vaccine, PNCV23 = 23 valent nonconjugate vaccine, pts = patieats.

Similasly, bacterial infections occurred early in most MyDER-
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 vears
in 50% (n = 6), and the first NInvBD in 66.7% (n = 8} of these
patients. The first bactenial infection occumed before the age of
6 months in 21.7% {n = [ 1) of MyD88-deficient patients. The first
TnvBD occurred before the age of 6 months in 50% (n = 6), and

©Q 2010 Lippincott Williums & Wilkins

the first NInvBD in 66.7% (n = 8) of the cases. The first bacterial
infection occurred in the reonatal period in 33.3% (n = 4) of
MyD88-deficient patients. The first InvBD occumred during the
neonatal period in 16.7% {n = 2), and NlavBD in 16.7% (1 = 2) of
these patients (Figures § and 9).

TRAK-4-deficient patients presented no InvBD from the age
of [4 years on {(a total of 10 patients, aged [4, 15, 17, 18, 19,27,

www.md-journal.com | 415
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IRAK-4- and MyD88-deficient pts
InvBD (n=147)

14.3%

6.1%
43.5%
15.6%
20.4%
MyD88-deficient pts
InvBD (n=33)
12.1% ‘
8.1%
18.2% F 51.5%

12.1%

;RAK—4-deﬂcient pts
InvBD (n=114)
14.9%

41.2%

14.9%

22.8%

OMeningitis

HE Sepsis

B Arthritis

B Osteomyelitis

Deep inner organftissue abscess

FIGURE 5. Invasive bacterial infections (episedes): in all patients, in IRAK-4-deficient patients, and in MyD88-deficient patients.

30, and 35 years), but the oldest patient, who was aged 35 years,
still suifered from occasional skin infections at last follow-up
(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, stilf suffered from NInvBD
at Tast follow-up. InvBD was recurrent (2—10 episedes) in 33 of
the TRAK4-deficient patients. In 3 TRAK4-deficient patients,
2-3 recarrences of invasive pneumococcal disease due to the

same serotype (6A, 14, or 19F) were identified at intervals of
1-24 months. InvBD was recurrent (2—7 episodes) in 5 of the
MyD88-deficient patients. There were 114 reported episodes of
InvBD in 48 IRAK-4-deficient patients {(n = 2.38 episodes per
patient; range, 0—10), and 33 reported episodes of InvBD i 12
MyD88-deficient patients (n = 2.75 episodes per patient; range,

1-7). Finally, 24 patients died of InvBD (18/48 IRAK-4, 6/12 -

MyD88), all before the age of 8§ years, and most before the age

Clinical manifestations by patients

Pneumonia

ENT infections EE
Skin abscess ot orbitai cellulitis s
Lymphadenitis

Deep inner organftissue abscess

Arthritis or osteomyelitis
Sepsis

Meningitis &=

0O MyD88-deficient pis
B IRAK-4-deficient pts

B IRAK-4/MyD88-deficient pts

0% 2% 40%

80%  80% 100%

Paiients (%}

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.}
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All documented infection InvBD NinvBD

IRAK-4/My388-deficient pts IRAK-4/MyD88-deficient pts IRAK-4/MyD88-deficient pts
6.7% 0.5% 9.4% 0OS. pneumoniae
o

16.9%

16.7% BS. aureus
. {']
(-]

EStreptococcus spp.

5.8% HP. aeruginosa

B Other gram-negative bacteria

0,
26.4% 15.9% 45.5% @M. avium

IRAK-4-deficient pts IRAK-4-deficient pts IRAK-d-deficient pts
8.40.6% % A% : 16.1%

25.1%
MyDB88-deficient pis MyD88-deficient pts MyD88-deficient pts
14.6% _ 15.2% 13.3% 20%
» P
37.5% ; e
121908 13.3%
* 45.5%
8.1%
21.2% 53.3%

FIGURE 7. Overview of pathogens isolated during bacterial infections of IRAK-4-deficient and MyD88-deficient patlents Left column,
overview of all patiogens isclated {all documented infection). in iIRAK-4-deficient patients: other Streptococcus species (Sir. agalactice,
Str. equis, Str. intermedius, Str. milleri, Str. pyogenes, and Str. parasanguis), other gram-negative bacteria (Shigella sonnei, Neisseria

. meningitidis, Serratia marcesens, Moraxefla catarrhalis, Clostridium septicum, Haemophilus infiuenzae type b, Citrobacter freundii, and
Escherichia colf), and Mycobacterium avium. In MyD88-deficient patienis: other Streptecoccus species (B-hemolytic Streptococci) and other
gram-negative bacteria (Salmonefla enteritidis, Haemophilus influnzae type e, Moraxella catarrhalis, Klebsiello pneumoniae, and E. coli).
Center column, pathogens isolated during invasive bacterial infections (InvBD) {meningitis, sepsis, arthritis, osteomyelitis, and deep
apscesses). In IRAK-4-deficient patients: other Strepiococcus species (Sir. agalactiae, Str. milleri, Str. pyogenes, and Str. parasanguis) and other
gram-negative bacteria (Shigelfa sonnei, N. meningitidis, Serratia marcesens, H. influenzae type b and C, septicum). In MyD88-deficient
patients: other Streptococcus species (B-hemolytic Streptococe) and other gram-negative bacteria (Salmonella enteritidis, H. influenzae
type e, and Moraxella catarrhalis). Right eolumn, pathogens isolated during noninvasive bacterial infections (NinvBD). In IRAK-4-deficient
patients: other Sireptococcus species (Str. equis, Str. intermedius, Str. pyogenes) and other gram-negative bacteria (Serratio marcesens,
Moraxelia catarrhalis, C. septicum, Citrobacter freundii, and £. coli), and M. avium. In MyD88-deficient patienis: other Streptococcus species
(B-hemolytic Streptococe) and other gram-negative bacteria (K. pneurmonice and E. coli).

of 2 years (n = 17) (Figure 10; Table 1). Sixteen of these temperattre above 37°C was observed in neonates with IRAK4-
patients died of invasive pneumococcal disease (11 IRAK 4- deficiency. By contrast, a significant increase in CRP concentra~
deficient and 5 MyD&8-deficient patients). tion (>10 mg/L) was observed in all neonates with IRAK-4

deficiency and InvBD. Counts of total leukecytes and of neu-

Inflammatory Response trophils remained low despite InvBD; none of the neonates

Impaired ability to mount inflammation during invasive in-
fections has been previously described in isolated case reports and
smaller series.!%13254¢ In the current study we evaluated tem-
perature, C-reactive protein (CRP) levels, total lenkocyte counts,
arsd neutrophil counts in invasive infections during 3 periods of
life that are known to have different levels of inflammatory re-
sponses: 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

© 2010 Lippincott Williams & Willins

showed neutrophil counts above the 95th percentile adjusted
for age.®® 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 childreri admitted. Similarly, initial CRP con-
centration 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/l in 21 of 35 episodes in infancy and in 46 of 52 epi-
sodes in childhood. One frequently documented abnormality
was a neutrophil count below 6000/pL, observed in 20 of 26
episodes in infancy and 30 of 47 InvBD episodes in childhood.
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TABLE 7. Humoral Responses to Viruses and

Toxoplasma gondif
IRAK-4-Deficient MyD8§8-Deficient
Patients Patients
(Positive {Positive
pts/Tested pis) pts/Tested pts)

Herpes simplex virus /8 2/4
Varicella zoster virus 5/% C2/3
Cytomegalovirus 2/G /4
Epstein-Barr virus - 4/8 3/5
HHV6 6/6 Not done
HIVE 072 Not done
Parvovirus B 19 2/6 Not done
Rubella : 5/6 4/4
Measles Not done 3/4
Mumps 5/6 273
Coxsackie virus B1,2,3,4.6 6/7 Not done
RSV 6/6 Not done
Human metapneumovirus 5/6 Not done
Rotavirus Not done 1/1
Adenovirus Not done 1/1
HIvV 0/3 Not done
VDRL .04 Not done
Toxoplasma 0/3 /3

Abbseviations: See previous tables. HHV = human herpes virus,
EIV = human immunodeficiency vims, VDRL = Venereai Disease Re-
search Laboratory test.
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Thus, both MyD88 and IRAK-4 deficiencies confer a pre-
disposition to severe InvBD impairment of the ability o increase
plasma CRF concentrations and mount fever. However, patients
with IRAK~4 and MyD88 deficiency and InvBD may also
present with high temperature and high levéls of CRP, total
levkocytes, and neutrophils (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 defi-
ciency received prophylaxis following diagnosis of the corres-
ponding primary immunodeficiency, a diagnosis that occurred
after I episode of InvBD in 30 patients (24 IRAK-4-deficient and
6 MyD88-defictent) and before any InvBD episode in 6 IRAK-4-
deficient patients. Prophylactic freatment 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
IRAK4-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 St preumoniae conjugated
vaccine only (7/48 IRAK-4-deficient patients, 3/12 MyD33-
deficient patients), ronconjugated vaccine only (348 IRAK-4-
deficient patients, 1/12 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

MyD88-deficient pts
3 100-
3
8
& 757
®
=3
2 504
[
£
£ 254
£
>
[l n
« u T 1 L] T 1
0 18 20 30 49 50
months
N patients 12 1 0

wo infections

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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IRAK-4- and My388-deficient pts
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FIGURE 2. Annual rate of bacterial infections per patlent 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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HGURE 11. The inflammatory phenotype of IRAK-4/MyD88-deficiency. Temperature during bacterial infection in infancy

and childhood.

or noncorjugated 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 foHow-up without or with prophylaxis, re-
spectively. 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 = 107°).
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 fo receive prophylactic treatment (antibiotics in 3
cases and antibiotics plus IgG infusions in the fourth case)
(Figure 8; Table 10). For the 7 patients aged >14 years without
prophylactic treatment, there was a total cumulative foilow-up
time of 49 years without any InvBD.

In conclusion, both IRAK-4 deficiency and MyDS8 defi-
ciency confer a predisposition to InvBD, mostly caused by Sw
prewmoniae, Staph. aureus, and P aeruginosa. Tn addition, both
conditions confer a predisposition to NInvBD, often severe skin
infections, mostly caused by Staph. aurens, 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 sus-
pected or the patient develops a moderate fever, without taking

Infancy

200 4
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160 |
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120 7
100 -
B0 1
&0
40 4
20 4 H
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IRAKA4-/- MYD88 -/-

CRP (mg/L)

*etp o v

inflammatory parameters info account, because patients may dic
from rapid invasive bacteriaf infection even if prophylactic measures
aze taken.

DISCUSSION

We provide here the first detailed description, to our knowl-
edge, of the clinical features and outceme of a large series of
patients with IRAK-4 and MyD388 deficiencies, a novel group of
primary immunodeficiencies characterized by a selective and
profound defect of TER and TE-1R signaling. Patients with these
2 deficiencies are highly susceptible to InvBD caused by Si
preumoniae and Staph. aureus, and to NInvBD caused by Stapi.
aureus and P aeruginosa. NInvBD is largely restricted to the skin
{Staph. aureus) and the upper respiratory tract {£ 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 pneumococ-
cal disease is a hallmark of these 2 pAimary immunedeficiencies.
Infections typically rin an acuie, as opposed to chronic course.
However, they may be difficult to diagnose, due to weak inflam-
matory signs that appear late. No chronic pulmonary disease is
observed in these patients, and both acute bronchitis and pneumio-
nitis are rare. Gastrointestinal and urogenital infections are also rare,

Finally, the iack of viral, parasitic, and fungal disease in
these patients is striking and cannot merely result from medical
prophylaxis, as proposed elsewhere,”® 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 TRAK-4 and MyD88 deficiencies
seem to be well delineated: meostly invasive pneumococcal
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FIGURE 12, CRP concentration during bacterial infection in infancy and childhood.
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FIGURE 13. Polymorphonuclear neutrophil counts during bacterial infection in infancy and childhood.

disease, cutancous and invasive staphylococcal disease, and
Pseudomonas infection of the upper respiratory tract or perito-
neum, It is striking that the range of infectious agents is much
narrower than predicted from the mouse model of experimental
infection: MyD88-deficient and TRAK4-deficient mice are sus-
ceptible to more than 40 infections agents > The sites of
infaction also provide us with unique information gbout the ana-
tomical role of the TIR pathway in host defense.

The infectious phenotype of MyD88- or IRAK-4-deficient
patients is related o but different from that observed in most
patients with NEMO or IkBe deficiency, who generally display
impairment of both TIR-signaling and other NF-«B-dependent
immunologic pathways.” Indeed, up to 85 patients with hypo-
morphic mutations of NEMO and 5 patients with hypermorphic
mutations of IKBA have been reported.™12?12%3! §ome of these
patients had developmental signs ranging from ectodermal
dysplasia with osteopetrosis and lymphoedema te a complete
absence of a developmental phenotype, whereas IRAK-4-
deficient and MyD88-deficient patients have no signs of devel-
opmental impairment.” The spectrum of infectious diseases is
broad in NEMO-deficient and IkBu-deficient patients, as most
patients present multiple infections, although some display a
spemﬁc predisposition to pneumococcal or mycobacterial dis-
eases.” 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 (St preumoniae and Staph.
aureus) and gram-negative pyogenic bacteriz (P aeruginosa
and A. influenzae), Patients bearing mutations in NEMO almost
invariably have an impaired antibody response to glycans, in-
cluding pneumococcal capsules in particular, as in half the IRAK-
4- and MyD88-deficient patients explored for antibody responses
to a subset of glycan antigens. 0 Thus, the bacterial diseases seen
in NEMO-deficient patients are probably dize in part to the irapact
of NEMO mutations on the TIR-signaling pathway. Conversely,
the other infections seen in NEMO-deficient patients but not in

© 2010 Lippincott Williams & Wilkins

IRAK-4-deficient and MyD88-deficient patients probably reflect
the impairment of other signaling pathways.

The association of clinical disease caused by Sir
preumoniae, Staph. aureus, and P aeruginosa 1s unique among
primary immunodeficiencies other than IRAK-4, MyD88§,
NEMO, and IxBe deficiencies.’” Primary immmodeficiencies
affecting bacterial opsonization and splenic phagocytosis are
associated with invasive pneumococcal dlsease These cordi-
fions include most B- and Tcell defects, congenital asplenia,
deficiencies of C3, the early composent of the classical and
alternative complement pathway.’® These patients develop re-
current invasive pneumococcal disease due to Six preumoniae,
but are less susceptlble to Staph. aureus and P aeruginosa
infections.

Other primary immunedeficiencies, such as STAT3 and
TYK2 deficiencies in Hy'pcrIgE syndromes, are associated with
staphylococcal infections,” but patients with these primary
immunodeficiencies do not suffer from invasive pneumococeal
discase and Pseudomonas infection. Notably, two-thirds of the
explored IRAK-4- and MyD88-deficient patients were found to
have high levels of TgE, but these levels were modest with re-
spect to the very high IgE levels described in STAT-3-deficient
patients.

Finally, most primary immunodeficiencies involving phago-
cyte defects, including congenital neutropenia, leukocyte adhesion
deficiency, and chronic granulomatous disease, are associated with
severe infections caused by 2 aeruginosa and Staph. aureus, but
patients with these disorders are not particularly prone to invasive
pieumococcal disease®® A diagnosis of IRAK~4 or MyD88 de-
ficiency or of NEMO/IkBa-related defects should be considered
even with only 1 or 2 of these 3 infections. Neonates, infants, and
children with invasive pneumococcal disease, severe staphylo-
coccal disease, or Pseudomonas lesions of the upper respiratory
tract or petitoneurn, particularly in cases of recurrence, should be
tested for the NF-xkB pathways, 1ncludmg the TIR pathway in
particular.>® This list is not exclusive, as systernic shi gellosis was

www.md-journal.com | 421




Medicine * Velume 89, Number 6, November 2010

Picard ef al

JUnod [IdonNIY = JN TUN03 140003 J[0M = ) TA, TUORENUAIU02 Brold 0087 = D) ‘onmeradiug = T 19[q2[reAr 9104 BiEp SULMO[[O] SU WOoYM 10f ,ﬁzu_zam 10 "ONk

0L0¥ 00691 L6908

8661 089L £8LC

P69r 00T'ET (00L6-00EF 1N ST56

¥96¥ 60g1T {00L6-00€7 N} 169°11

(ON) S1
(oI 91
{ddD) ¥1
AL €51 ULy 'l 1'6E T'LE (Lt
(OND T1
(1) ¥1
() 71
N S A ) 7L £l 068 8¢ £

K01 0016 |

POOUPIID

our [ 013M § fouepu]

as XU UBSJA]

as XBIA WA

as Xe BEAAL as XAl UBIA #SIposidy

€177N) Juneyy jydessnay]

(17707 Junoy 2430¥nary oM

(1/8w) oD (D) amesadusar, J0°ON

JSUQ I8 Ay

dnoern
By

Agaul PeH oum AUIDIRQA 8BPAIN LI SIUSNE] Ul UOISSIWPY 18 suBlg Aolewiwejuy *6 T1av.L

unod [Idonnau = N oD SJAI0HNS] S[0iM = Y TAL UONRNUSIUCD U0 3AN0RIRD) = 4D ‘Imesadila] = J, :9[GE[IEAR 210M BIED SUIMOI[O] 21 WouM 10] Sjuankd Jo ON,

£65¢ 0r6'st FELY

6668 G9LET £vo¥

00511 80es SThE

¥o8y  00T'ST {00L6-00€F N) SL86

by 000%91 (00L6-00EK IND PEOB

L089  000'8I {000°ET-00LZ N 0856

(ON) 1€

(O™ 9f

] (@quo) zz

€59 961 <19 O S 1 £ £'Re ) Le
(ON) T1

(oM €1

_ (@ao) Tk

'S #9L1 59 i 66E T8¢ (L} 9t
(ON} €

(O1m) s

(@I} s

719 0S1 9EF 90 8L TLE s

WA pronaf |

oW 1T 0} A §

PLI™MPL

pooupiig

Kouegu]

poriad TejeuoaN

as XB[A] uBIA

as XBJ uBapy

as XU uedl @S XBJA URA[y .sepesidg

CTH/3N) 3uno) jydennan

(T/07744) Moy 2100 HoYAL

{1/8w) D (D.) amyeaadua], JOON

‘195u0) 3t afy

dnois 28y

QgAUL PeH OUM ASUBDIBA #-3VHI LI SIUSIEQ Ul UOISSIWPY 1e subls Alciewwejul g 319V,

© 2010 Lippincott Williams & Wilkins

422 | veww.md-journal.com



Medicine * Volume 89, Number 6, Novermber 2010

IRAK-4- and M'yD88-Deffcient Patients

TABLE 10. Prophylaxis

IRAK-4-Deficient  MyD88-Deficient
Patients Patients
Antibiotic prophylaxis 28/48 6/12
Penicillins 6 1
Cotrimoxazole 10 1
Penicillins phss 8 4
cotrimoxazole
Cephalosporin 1 —
Azythromycin 1 —
Quinclone 2 —
IeG treatment 15/48 4/12
Antibictic prophylaxis 13/48 4712
plus IgG treatment
No prophylaxis 18/48 6/12

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 IRAK4- and MyD88-deficient patients, clinical and
taboratory signs of inflammation develop slowly even in cases of
severe infection. The cwrrent study confirms and expands pre-
vious work indicating that CRP concentration, total leukocyte
counts, and newtrophil numbers are typically low, but may alse
rise to appropriately high levels during proionged infections,
whereas temperature frequently remains inappropriately low
even in such infections.'® Thus, weak signs of inflammation
despite severe infection provide a further clue to possibie defects
in TIR signaling, although appropriately high [evels of inflam-
matory signs do not rule out the diagnosis of TIR deficiency.'®
Impairment of the production of TL-6-inducibie molecules, such
&5 CRE may be cbserved. IRAK-4-~ and MyD88-deficient cells
produce small amounts of TL-6 and IL-8 in vitro upon activa-
tion with IL-1 and TLR agonists.*”>* As CRP contributes to
the clearance of pyogenic bacteria including pneumococcus,35’47
susceptibility to Sir: 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.’

Some IRAK-4-deficient patients (n = 10) had a delay in
umbilical cord detachment and/or omphalitis. Other primary
immunodeficiencies, such as leukocyte adhesior 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.”® By contrast, in
IRAK-4- and MyDB88-deficient patients, impaired polymor-
phonuclear neutrophil mobilization and/or frank neutropénia
occurs from the onset of infection, perhaps secondary to the lack
of TL-8 production. Despite this neutropenia, pus formation is
normal in TRAK-4- and MyD88-deficient patients. The precise
mechanism of cord separation is unknown, but it does require
MyD88- and TRAK-4-dependent signals, as well as CDI8-
expressing leukocytes. Conversely, unlike patients with various
phagocyte defects, such as chronic granulomatous disease, none
of the IRAK-4- and MyD88-deficient patients had mflammatory
bowel disease.’

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

© 2010 Lippincots Williams & Wilkins

38% in our series. Strikingly, however, although IRAK-4 and
MyD388 appear to be vital in childhood, infections in patients
lacking these proteins become rater 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 anti-
biotics orfand IgG prophylaxis in 7 patients over the age of
14 yearzs. In total, this represents a cumulative time of 49 years
without any InvBD for these patients. This dramatic improve-
ment with age may be accounted for by adaptive antigen-specific
T and B-lymphocyte responses. Indeed, our patients displayed
ro detectable defect of protein antigen-specific T- and B-cell
responses, although some patients were found to have weak
antibody responses to 2 subset of glycan antigens.

Recent studies of neonatal bacterial sepsis in newbom mice
suggest a reliance on mnate immunity early in life, which pro-
gressively diminishes with age.>! An aliernative complementary
hypothesis is that innate immune responses may also maturs
with age.¥® 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 i particular, remains dependent on IRAK-4/MyD&8
with age, but the mataration of other pathways may gradually
compensate for the fack 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
immuncdeficiencies. A similar but less striking spontaneous
improvement has been reported only in children with IL-12p40
and IL-12RB1 deficiencies.'”
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