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IRAK-4- and MyD88-Deficient Patients

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 lnvBD in 12 MyD88-
deficient patients (n = 2.75 episodes per patient; range, -—7)
including mr.nmgttls (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 IRAK4-deficient patients 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 wes diagnosed at the age of 2 years
following 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), Neurologic 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 MyD#88-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 treatment (in 21 of 48 IRAK-4-deficient
and 3 MyDB88-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), necrétizing epiglotitis (1 patient), necrotizing pharyn-
gitis (1 patient), necrotizing palate infection (1 patient), recurrent
otitis media (12 patients), and orbital cellulitis or endophthalmitis
(6 patients). MyDB88-deficient patients developed adenitis
(5 patients), sinusitis (2 patients, a-P1 and c-P3), recurrent otitis

media (2 patients), gingivitis and periodontal discase (1 patient,

- ¢-P3), Infriguingly, 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 bronchopulmonmy disease.. Acute upper m'mary tract
infections were found in only 2 IRAK-4-deficient patients and 1
MyD88-deficient patient. Most NInvBD in MyDB88-deficient
and IRAK-4-deficient patients affected the skin and the upper
respiratory tract—sites at which necrotizing infections are partic-
ularly common.

Documented Bacterial Infections

In both IRAK4 and MyD88 deficiency, St preumoniae,
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%). Stz 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, re-
spectively, accounting together for 87% of all cases of InvBD. The
other bacteria causing invasive disease were Streptococcus spegies,
Shigella sonnei, Neisseria meningitidis, H. influenzae type b, and
Clostridium 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 pneumoniae 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%)
(Figure 7). St: pneumoniae cqsed 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 episodes,
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
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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 peried 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).
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TABLE 6. lmmundlogic Investigation Summary

MyD88-Deficient Patients

IRAK-4-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) 717 (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)
IgG levels -

Normal ptsftested pts (%) 15/28 (53.6) 38 (37.5)

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

Pts with decreased Jeveltested pts (%) 1/28 (3.6) 1/8 (12.5)
1gG1,2,3 levels

Normal pts/tested pts (%) 13/13 (100) 7/7 (100)
IgG4 levels

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

Pts with increased levelitested pts (%) 5/13 (38.5) . 2/7 (28.6)
IgA levels

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

Pts with decreased levelftested pts (%) 3/28 (10.7) ) —

Pts with decreased levelftested pts (%) — 18 (12.5)
IgM levels

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

Pts with increased levelAtested pts (%) 228 (7.1) 1/8 (12.5)

Pts with decreased level/tested pts (%) — 1/8 (12.5)

- IgE levels ) '

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

Pts with increased level/tested pts (%) 1 .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 (%) 14714 (100) /1 (100)
Ab against S. preumoniae

Normal pts/tested pts (%) 6/13 (46.2) 5/5 (100)

Pts with gbnormal 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 gbnormal responseftested pts (%) 1/3 (33.3)
Ab production after immunization with PCV7 :

Normal ptsfiested pts (%) 1/1 (100)
Allohemagglutinin .

Normal ptsftested pts (%) 7/10 (70) 3/3 (100)

Pts withi decreased level/tested pts (%) 3/10 (30)

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

Similarly, bacterial infections occurred early in most MyD88-
deficient patients, before the age of 2 years in 91.7% (0 = 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
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the first NInvBD in 66.7% (n = 8) of the cases. The first bacterial
infection occurred in the neonatal peried 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 (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,
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FIGURE 5. Invasive bacterial infections (episodes): in all patients, in IRAK-4-deficient patients, and in MyD88-deficient patients.

30, and 35 years), but thg oldest patient, who was aged 35 years,
still suffered 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, 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 pneumnococcal disease due to the

same serotype (6A, 14, or 19F) were identified at intervals of
1-24 months. InvBD was recurrent (27 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 in 12
MyD88-deficient patients (n = 2.75 episodes per patient; range,
1-7). Finally, 24 patients died of InvBD (18/48 IRAK4, 6/12
MyD88), all before the age of 8 years, and most before the age

Clinlcal manifestations by patients

Pneumonia Z=e
ENT infections EEsss=ss==)
! : ) &;tabswss?rorbltatcellmm G
Lymphadenitis SRS
Deep inner organftissue abscess ==
Arthritis or osteomyelilis =S
Sepsis S

Meningitis

0 MyD88-deficient pts
IRAK-4-deficient pts

[ ] IRAK4!My088-d§ﬁcienl pts

0% 20% 40% 60% 80% 100%
Palients (%)
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
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aial 20%

FIGURE 7. Overview of pathogens isolated during bacterial infections of IRAK-4-deficient and MyD88-deficlent patients. Left column,
overview of all pathogens Isolated (all documented infection). In IRAK4-deficient patients: ‘other Streptococcus species (Str. agalactiae,
Str. equis, Str. intermedius, Str. milleri, Str, pyogenés, 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 (Safmonella enteritidis, Haemaphilus 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 Streptococeus species (Str. agalactiae, Str. mifler, 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 Streptococei) and other gram-negative bacteria (Saimonella enteritidls, 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 catarthalis, 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).

of 2 years (n = 17) (Figure 10; Table 1), Sixteen 'of these
patients died of invasive pheumocaccal disease (11 IRAK-4-
deficient and 5 MyD88-deficient patients). o

Inflammatory Response ,

_ Impaired ability to mount inflammation during invasive in-
fections has been previously described in isolated case reports and
smaller geries.!%1825:46 In the current study we evaluated tem-
perature, C-reactive protein (CRP) levels, total leukacyte counts,
and ncutrophil 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 & Wilkins

temperature above 37°C was observed in neonates with IRAK4-
deficiency. By contrast, a significant increase in CRP concentra-
tion (>10 mg/L) was observed in all neonates with IRAK-4
deficiency and InvBD. Counts of total leukocytes and of neu-
trophils remained low despite InvBD; none of the neonates
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 children 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/uL 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/uL, 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 gondii
IRAK-4-Deficient MyD88-Deficient
Patients Patients
(Positive (Positive
pts/Tested pts) pts/Tested pts)

Herpes simplex virus 08 2/4
Varicella zoster virus 59 2/3
Cytomegalovirus 2/9 3/4
Epstein-Barr virus 413 3/5
HHV6 6/6 Not done
HHVS 02 Not done
Parvovirus B 19 2/6 Not done
Rubella 5/6 4/4
Measles ) Not done 3/4
Mumps 56 213
Coxsackie virus B1,2,3.4,6 6/7 Not done
RSV . 6/6 Not done
Human metapneumovirus 56 . “ Not done
Rotavirus Not done - 11
Adenovirus Not done 11
HIV . 03 Not done
VDRL 01 Not done
Toxoplasma 073 173

Abbreviations: See previous tables. HHV = human herpes virus,
HIV = human immunodeficiency virus, VDRL = Venereal 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 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 CREP, total
leukocytes, 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 1 episode of InvBD in 30 patients (24 IRAK4-deficient and
6 MyD88-deficient) and before any InvBD episode in 6 IRAK4-
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
infravenous or subcutancous IgG injections (400 mg/kg every
3 wk) in 15 IRAK~4-deficient and 4 MyD88-deficient patients.
Patients were also immunized with Stz 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 MyD88-deficient patients), or both (9/48.

‘TRAK-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

— MyD@88-deficient pts
9 10
Py
5 7
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a
L 50
£
£t 2
% :! L] \ L\ LJ . 9
L] 10 20 30 40 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-deficlent patients during the first 50 months of life. (wo = without, pts = patients.)
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or nonconjugated vaccine (12/48 IRAK4-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, therc was a total of 227 years
and 152 years of follow-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 = 10 3.
We noted that no InvBD was documented in the 11 patients

“over the age of 14 years (10 IRAX-4-deficient patients and 1
MyD88-deficient pahent), although only 4 of these patlents
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 foﬂow-up
time of 49 years without any InvBD, .

In conclusion, both IRAK-4 deficiency and MyD88 defi-
ciency confer a predisposition to InvBD, mostly caused by Sir:
pnexumoniae, Staph. aureus, and P geruginosa. In addition, both
conditions confer a predisposition to NInvBD, often severe skin
infections, mostly 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 tobe a

. beneficial role of prophylaxis combining intensive vaccmahons,
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 & moderate fever, withouit taking

i infancy
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TR

inﬂammitory parameters into account, because patients may die
from rapid invasive bacterial infection even if prophylactic measures
are taken.

DISCUSSION

We provide here the first detailed description, to our knowl-
edge, of the clinical features and outcome of a large series of
patlents with IRAK4 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 Sir:
pneumoniae and Staph. aureus, and to NInvBD caused by Staph.
aureus and P aeruginosa. NInvBD islargely restricted to the skin
(Staph. aureus) and the upper respiratory tract (P aeruginosa). By
contrast, several sites are affected during InvBD, with sbscesses
of inner organs, lymph nodes and saliva glands, meningitis, and
septicemia frequently observed. Recurrent invasive pneumococ-
cal disease is a hallmark of these 2 primary immuncdeficiencies.
Infections typically run an acute, as opposed to chronic course.
Hovwever, 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 pneumno-
nitis 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 memly 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 IRAK~4 and MyD88 deficiencies
seem to be well delincated: mostly invasive pneumococcal
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FIGURE 12. CRP concentration during bacterial infectlon in infancy and childhood.
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disease, cutaneous 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 mouge model of experimental
Jinfection;: MyD88-deficient and IRAK-4-deficient mice are sus-
ceptible to more than 40 infectious agents.>*S The sites of
infection also provide ns with unique information about the ana-
- tomical role of the TIR pathway in host defense. ’

“The infections phenotype of MyD88- or IRAK-4-deficient
paticnis is related to but different from that observed in most
patieats with NEMO or IxBa deficiency, who generally display
impairment of both TIR-signaling and other NF-kB-dependent
immunologic pathways.” Indeed, up to 85 patients with hypo-

" morphic mutations of NEMO and S patients with hypermorphic
mutations of IKBA have been reported.”13212831 Some ofthese
patients had developmental signs ranging from ectodermal
dysplasia with osteopetrosis and Iymphoedema to a complete
absence of a developmental phenotype, whereas IRAK4-
deficient and MyD88-deficient patients have no signs of devel-
opmental impairment.” The spectrum of infectious diseases is
broad in NEMO-deficient and IxBa-deficient patients, as most
paticnts present multiple infections, although some display a
specific 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 pneumoniae and Staph.
aureus) and gram-negative pyogenic bacteria (B aeruginosa
and H. influenzae). Patients bearing mutations in NEMO almost
invariably have an impaired antibody response to glycans, in-
cluding pneumococcal capsules in particular, s in half the IRAK-
4- and MyD8R-deficient patients explored for antibody responses
to a subset of glycan antigens.** 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 scen 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 St
preumoniae, Staph. aureus, and P aeruginosa is unique among
primary immunodeficiencies other: than IRAK-4, MyDS8,
NEMO, and IkBa deficiencies.”” Primary immunodeficiencies
affecting bacteriel opsonization and splenic phagocytosis are
associated with invasive pneumococcal disease. These condi-’
tions include most B- and T-cell defects, congenital asplenia,
deficiencies of C3, the early comgponent of the classical and
alternative complement pathway.> These patients develop re-
current invasive pneumococcal disease due to St preumoniae,
but are less susceptible to Staph. aureus and P aeruginosa |
infections, o

Other primary immunodeficiencies, such as STAT3 and
TYK2 deficiencies in HyperIgE syndromes, are associated with
staphylococcal infections,” but patients with these primary
immunadeficiencies do not suffer from invasive pneumocaccal
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 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 P aeruginosa and Staph. aureus, but
patients with these disorders are not particularly prone to invasive
pneumnococcal disease.’® A diagnosis of IRAK-4 or MyD88 de-
ficiency or of NEMO/IxBa-related defects should be considered
even with only 1 or2 of these 3 infections, Neonates, infants, and
children with invasive pneumococcal disease, severs staphylo-
coccal disease, or Pseudomonas lesions of the upper respiratory
tract or peritoneum, particularly in cases of recurrence, should be
tested for the NF-kB pathways, including the TIR pathway in
particular.®” This list is not exclusive, as systemic shigellosis was
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TABLE 10. Prophylaxis

IRAK-4-Deficient MyD838-Deficient
Patients Patients
Antibiotic prophylaxis 28/48 6/12
Penicillins 6 1
Cotrimoxazole 10 1
Penicillins plus 8 4
cotrimoxazole
Cephalosporin 1 —
Azythromycin 1 -
Quinolone 2 _—
IG treatment 15/48 4/12
Antibiotic prophylaxis 13/48 412
plus IgG treatment
No prophylaxis

18/48 6/12

documented in 2 patients, and other infections diseases associated
with these primary immunodeficiencies may be revealed by the
investigation of other patients in the future,

' In IRAK-4- and MyD8R-deficient patients, clinical and
laboratory signs of inflammation develop slowly even in cases of
severe infection. The current study confirms and expands pre-
vious work indicating that CRP concentration, total lenkocyte
counts, and neutrophil numbers are typically low, but may also
tise to appropriately high levels dunng prolonged infections,
whereas temperature ﬂe%uently remains inappropriately low
even in such infections.'® Thus, weak signs of inflammation
dwptte severe infection provide a further clug to possible defects
in TIR mgnalmg, although appropriately high levels of mﬂam
matory signs do not fule out the diagnosis of TIR deficiency.'®
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 activa-
tion with IL-1 and TLR agonists.?3%4° A5 CRP contributes to
the clearance of pyogenic bacteria including pneumoacoccus, 547
susceptibility to St 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 ¢nd IxBa deficiencies, whose bmader 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 adhesion deficiency type
1 and Ric2 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 penpheral
tissues are classically found in these disorders.*® By contrast, in

- IRAK-4- and MyD88-deficient - patients, impaired polymor-
phonuclear neutrophil mobilization and/or frank neutropenia
occurs from the onset of infection, perhaps secondary te the lack
of IL-8 production, Despite this neutropenia, pus formation is
normal in IRAK-4- and MyD88-deficient patients. The precise
mechanism of cord separation is unknown, but it does require
MyD88- and IRAK-4-dependent signals, as well as CD18-
expressing lenkocytes. 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.?®

Despite conferring selective susceptibility to only a few
bacteria, [RAK-4 and MyD88 deficiencies are nonetheless life-
threatening in infancy and childhood, with a mortality rate of

© 2010 Lippincott Williams & Wilkins
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38% in our series. Strikingly, however, although IRAK-4 and
MyD88 appear fo 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 anti-
biotics or/fand IgG prophylaxis in 7 patients over the age of
14 years, In total, this represents a cumulative time of 49 years
without any InvBD for these patients. This dramatic improve-
ment with age may be accounted for by adaptive anhgen-spcctﬁc
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 anﬁgens.

Recent studies of neonatal bacterial sepsis in newborn mice
suggest a reliance on innate nnmumty early in life, which pro-
gressively diminishes with age ! An alternative complementary
hypothws is that innate immune responses may also mature
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 in particular, reains 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
unigue 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 chzldren with lIr]2p40
and IL~12RP1 deficiencies, "’

ACKNOWLEDGMENTS
We thank the paients and their families for their trust and
cooperation. We thank Lucile Janniere, Tony Leclerc, Martine
Courat, Michele N° Guyen, Yelena Nemirovskaya, Chantal Harre,
Corinne Jacques, Stéphanie N'Daga and Alexandra Arnold for

" excellent technical and secretarial assisiance, We thank Drs

Frangols Dubos, Aurélie Lecuyer, Cormne Levy, and Rober:
Cohen for their collaboration. : )

REFERENCES

1. Akira 8, Takeda K. Toll-like receptor ugmllmg Nat Rev Immunol.
2004;4:499-511,

2. Alcnis A, Abel L, Casanova JL. Human genetics of infectious diseases:
between proof of principle and paradigm. J Clin Invest, . .
2009;119:2506-2514,

3. Arend WP, Palmer G, Gabay C. lL—l IL-18, and 1L-33 famnilies of
cytokines. Immiunol Rev. 2008;223:20-38.

4, Belderhos ME, van Bleek GM, Levy O, Blanken MO, Houben ML,
Schuijff L, Kimpen JL, Bont L. Skewed pattemn of Toll-like receptor
4-mediated eytokine production in human neonatal blood: law
LPS-induced IL-12p70 and high IL-10 persist throughout the first
month of life, Clin Immnunol, 2009;133:228-237,

5. Borgers H, Moens L, Picard C, Jeurissen A, Raes M, Sauer K,
Proesmans M, De Boeck K, Casanova JL, Meyts I, Bossuyt X,
Laboratory diagnosis of specific antibody deficiency to pneumococcal
capsulac polysaccheride antigens by multiplexed bead assay.

Clin Ioununol, 2010;134:198-205.

6. Bouma G, Doffinger R, Patel SY, Peskett E, Sinclair IC,

Barcenas-Morales G, Cerron-Gutierrez L, Kumararatue DS,

www.md-journal.com | 423

Copyright © 2010 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibitad.,

_92_



Picard et al

11.

12.

13.

14.

16.

17,

18.

Davies EG, Thrasher AJ, Burns SO. Impaired neutrophil migration
and phagocylosis in IRAK-4 deficiency. Br J Haematol. 2009;147:
153-156.

. Bustamante J, Boisson-Dupuis S, Jouanguy E, Picard C, Puel A, Abel L, )

Casanova JL. Novel primary immunodeficicncies revealed by the
investigation of paediatric infectious diseases. Curr Opir Fumiunol.
2008;20:39-48.

. Cardenes M, von Bernuth H, Garcia-Saavedra A, Santiago E, Puel A,

Ku CL, Emile JF, Picard C, Casanova JL, Colino E, Bordes A,
Garfiz A, Rodriguez-Gallego C. Autosomal recessive interleukin-1
receptor-associated kinase 4 deficicncy in fourth-degree relatives.
J Pediatr. 2006;148:549-551.

., Casanova JL, Abél L. Inborn exrors of immunity to infection: the rule

rather than the exception, J Bxp Med. 2005;202:197-201.

. Casanova JL, Abel L. Primary immunodeficiencies: a field in its

infancy. Sclence. 2007;317:617-619.
Casrouge A, Zhang SY, Fidenschenk C, Jousnguy E, Puel A,

- 'Yang K, Alcais A, Picard C, Mahfoufi N, Nicolas N, Lorenzo L,

Plancoulaine S, Senechal B, Geissmann E Tabeta K, Hoebe K, Du X,
Miller RL, Heron B, Mignot C, de Vitlemeur TB, Lebon F, Dulac O,
Rozenberg F, Beutler B, Tardieu M, Abel L, Casanova JL. Herpes
simplex virus encephalitis in human UNC-93B deficiency. Science.
2006;314:308-312,

Chapel H, Puel A, von Bemuth H, Picard C, Casanova JL., Shigella
sonnei meningitis due to interleukin-1 receptor-associated kinase-4
deficiency: first association with a primary immne deficiency.
Clin Infect Dis, 2005;40:1227-1231.

Courtois G, Smahi A, Reichenbach J, Doffinger R, Cancrini C,
Bonnet M, Puel A, Chable-Bessia C; Yamaoka S, Feinberg J,
Dupuis-Girod S, Bodemer C, Livadiotii S, Novelli F, Rossi B, Fischer A,
Israel A, Munnich A, Le Deist F, Casanova JL. A hypermorphic
IkappaBalpha mutation is associated with autosomal dominant
anhidrotic ectodenmal dysplasia and T cell immunodeficiency.
JClin Fnvest. 2003;112:1108-1115. !

Davidson DJ, Currie AJ, Bowdish DM, Brown KL, Rosénberger CM,
Ma RC, Bylund J, Campsall PA, Puel A, Picard C, Casanova JL, Turvey
SE, Hancock RE, Devon RS, Speert DP IRAK~4 miutation (Q293X):
rapid detection and characterization of defective post-transcriptional
TLR/IL-1R responses in human myeloid and noe-myeloid cells.

J Inmunol. 2006;177.8202-8211.

. Day N, Tangsinmankong N, Ochs H, Rucker R, Picard C, Casancva JL,

Haraguchi 8, Good R, Interleukin receptor-associated kxmse'
(IRAK-9) deficiency associated with bacterial infections and failure

to sustain antibody responses. J Pediatr.-2004;144:524-526,

de Beancoudrey L, Puel A, Filipe-Santos O, Cobat A, Ghandil P,
Chrabieh M, Feinberg J, von Bernuth H, Samarina A, Jannicre L,
Fieschi C, Stephan JL, Boileau C, Lyonnet S, Jondeau G,
Cormier-Daire V, Le Mener M, Hoaran C, Lebranchu ¥, Lortholary O,
.Chandesris MO, Tron F, Gambineri E, Bianchi L; Rodriguez-Gallego C,
Zitnik SE, Vasconcelos J, Guedes, M, Vitor AB, Marodi L, Chapel H,
Reid B, Roifman C, Nadal D, Reichenbach J, Cardgol I, Garty BZ,
Dogu F, Camcioglu Y, Gulle S, Sanel O, Fischer A, Abel L,
Stockinger B, Picard C, Casanova JL. Mutations in STAT3 and
IL12RBI impair the developraent of human IL-17-producing T cells.
J Exp Med, 2008;205:1543-1550.

Dinarello CA. Interleukin-1beta and the antoinflammatory diseases.

N Engl J Med. 2009;360:2467-2470.

Enders A, Pannicke U, Bemer R, Heaneke P, Radlinger K,

Schwarz K, Ehl S. Two siblings with lethel pneumococcal meningitis
in a family with 2 anstation in Interleukin-1 receptor-associated kinase 4.
J Pediatr. 2004;145:698-700.

. Haraguchi S, Day NK, Nelson RP Jr, Emmanucl P, Duplantier JE,

Christodonlou CS, Good RA. Interleakin 12 deficiency associated with
recurrent infections. Proc Natl Acad Sci U S A. 1998;95:1} 125-13129.

424 | www.md-journal.com

20.

21.

23

25.

27.

28.

29.

3L

32,

- Medicine ¢ Volume 89, Number 6, November 2010

Hoarau C, Gerard B, Lescanne E, Heary D, Francois S, Lacapere JJ,
ElBenna J, Dang PM, Grandchamp B, Lebranchu Y, Gougerct-Pocidalo
MA, Elbim C, TLRSY activation induces aormal neutrophil responses
in a child with IRAK-4 deficiency: involvement of the direct PISK
pathway. J Imnuunol. 2007;179:4754-4765.

Janssen R, van Wengen A, Hoeve MA, fen Dam M, van der Burg M,
van Dongen J, van de Vosse E, van Tol M, Bredius R, Cttenhoff TH,
Weemaes C, van Disscl JT, Lankester A. The same IkappaBalpha
mutation in two related individuals leads to completely different clinical
syndromes. JJ Exp Med. 2004,200:559-568.

. Jeurissen A, Moens L, Raes M, Wuyts G, Willebrords L, Sausr K,

Proesmans M, Ceuppens JL, De Boeck X, Bossuyt X, Laboratory
diaguesis of specific antibody deficiency to pneumococeal capsular
polysaccharide antigens. Clin Chem. 2007;53:505-510.

Krauge JC, Ghandil P, Chrabieh M, Casanova JL, Picard C, Puel A,
Creech CB. Very late-onset group B Streptococcus meningitis, sepsis,
sud systemic shigellosis due to interleukin-1 receptor-associated
kinase—4 deficiency. Clin Infect Dis. 2009;49:1393~1396,

. Ku CL, Picard C, Erdos M, Jeurissen A, Bustamante J, Puel A,

von Bernuth H, Filipe-Santos O, Chang HH, Lawrence T, Racs M,
Marodi L, Bossuyt X, Casanova JL. IRAK4 and NEMO mutations in
otherwise healthy children with recurment invasive pneumococcal
disease. J Med Genet. 2007;44:16-23,

Ku CL, von Bermuth H, Picard C, Zhang SY, Chang HH, Yang K,
Chrabieh M, Issekutz AC, Cunningham CK, Gallin J, Holland SM,
Roifman C, Ehl S, Smart J, Tang M, Bamat FJ, Levy O, McDonald D,
Day-Guood NK, Miller R, Tekada H, Hara T, Al-Hgjjar S, Al-Ghonaium
A, Speert D, Sanlaville D, Li X, Geissmann F, Vivier E, Marodi L,
Garty BZ, Chapel H, Rodrignez-Gallego C, Bossuyt X, Abel L,

Puel A, Casanova JL. Selective predisposition to bacterial infections
in IRAK4-deficient children: IRAK -4-dependent TLRs are

otherwise redundant in protective immunity, J Exp Med. 2007,204:
2407-2422,

. Kuhns DB, Long Priel DA, Gallin JI. Endotoxin and IL-1

hyporesponsiveness in a patient with recurrent bacterial infections.
J Immunol. 1997;158:3959-3964.

Lavine E, Somech R, Zhang JY, Puel A, Bossuyt X, Picard C,
Casanova JL, Roifman CM. Cellular and humoral aberrations in a
kindred with IL-1 receptor-assaciated kinase 4 deficiency, J Allergy
Clin Fnnmmeol. 2007;120:948-950.

Lopez-Granados E, Keenan JE, Kinney MC, Leo H, Jain N, Ma CA,
Quinones R, Gelfand EW, Jain A, A sovel mutation in NEKBIA/IKBA
results in a degradation-resistant N-truncated protein and is associsted
with ectodermal dysplasia with immunodeficiency, Hiun Mutat.
2008;29:361-868. ’

Manroe BL, Weinberg AG, Roscafeld CR, Browne R. The neonatal
blood count in health and disease. L Reference values for neutrophilic
cells, J Pediatr. 1979;95:89-98.

. McDoaald DR, Brown D, Bonilla FA, Geha RS. Interlenkin

receplor-associated kinase-4 deficiency impairs Toll-like
receplor-dependent innate antiviral immune responses. J Allergy
Clin Immunol. 2006;118:1357-1362.

McDonald DR, Mooster JL, Reddy M, Bawle E, Secord E,

Geha RS, Hetorozygous N-terminal deletion of TkappaBalpha results
in fomctional nuclear factor kappaB haploinsufficiency, ectodermal
dysplasia, and immune deficiency. J Allergy Clin Immmol. 2007,120:
900-907.

Medvedev AE, Lentschat A, Kvhos DB, Blanco JC, Salkowski C,
Zhang §, Arditi M, Gallin JI, Vogel SN. Distinct muations in IRAK-4
confer hyporesponsiveness to lipopolysaccharide and interleukin-1

in a patient with recurrent bacterial infections, J Exp Med.
2003;198:521-531,

. Medzhitov R. Approaching the asymptote: 20 years later. Frumunity,

2009;30:766-775.

© 2010 Lippincont Willlams & Wilkins

Copyright © 2010 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
- 93 -



Medidne * Volume 89, Number 6, November 2010

3.

35,

36.

3.

as.

39,

40.

41,

4.

43,

45,

Minegishi Y, Saito M, Tsuchiya S, Tsuge I, Tukads H, Haca T,
Kawamnura N, Ariga T, Pasic S, Stojkovic O, Mstin A, Karasuyama H.
Dominant-negative mutations in the DNA<binding damain of STAT3
cause hyper-IgE syndrome. Nature. 2007,448:1058-1062.

Mold C, Du Clos TW. C-reactive protein increases cytokine responses
to Streptocaccus pneumoniae through interactions with Fc gamma
receptors. J Innmunol. 2006;176:7598-7604.

Ochs H, Edvard Smith CI, Puck JM. Primary Jmmunodeficiency
Diseases: A Molecular and Genetic Approach. 2nd ed. New York:
Oxford Upiversity Press; 2007,

Picard C, Casanova JL, Abel L. Mendelian traits that confer
predisposition or resistance to specific infections in humans. Curr
Opin Inmunol. 2006;18:383-390.

Picard C, Puel A, Bonnet M, Ku CL, Bustamante J, Yang K,
Soudais C, Dupuis S, Feinberg J, Fieschi C, Elbim C, Hitchcock R,
Lammas D, Davies G, Al-Ghopaium A, Al-Rayes H, Al-Jumash S,
Al-Hajjar S, Al-Mohsen 12, Frayha HH, Rucker R, Hawn TR,
Aderem A, Tufenkeji H, Haraguchi S, Day NK, Good RA,
Gougerot-Pocidalo MA, Ozinsky A, Casanova JL. Pyogenic
bacterial infections in humans with IRAK-4 deficiency. Science.
2003;299:2076-2079.

Picard C, Puel A, Bustamante J, Ku CL, Casatiova JL. Primary
immunodeficiencies associated with pneumococeal diseass. Curr Opin
Allergy Clin Inmunol. 2003;3:451-459,

Puel A, Picard C, Ku CL, Smahi A, Casanova JL. Inherited disorders
of NF-kappaB-mediated immunity in man. Curr Opin Immunol.,

-2004;16:34-41.

Qin J, Qian ¥, Yao J, Grace C, Li X, SIGIRR inhibits interlpukin—l
Teceptor- and tollike receptor 4-mediated signaling through different
mechanisms. 7 Biol Chem. 2005.280 25233-2524! )

Suzuki N, Saite T. IRAK-4—s sllarchF knppaB acuvatnr in innate
and acquired immunity. Trends Fmmunol. 2006;27:566-572.

Suzuki N, Suzuki S, Yeh WC. IRAK-4 as the central '!TKsngnuhng
mediafor in innate immunity, Zretds Inmunol. 2002; 23.303 —506.

. Takada H, Yoshikawa H, Imaizumi M, Kitamura T, 'Ihkeyama],

Kumaki S, Nomura A, Hara T. Delayed separation of the urnbilical cord in
two siblings with Interleukin-1 receptor-associated kinase 4 deficiency:
rapid screening by flow cytometer. J Pediatr. 2006;148: 546-548,

‘Tokeda K, Akira §. TolHtike receptors in innate mmmmty.

Int Inmungl, 2005;17:1-14.

. van Bruggen R, Drewniak A, Tool AT, Jansen M, van Houdt M, Geissler ],

van dexi Beig TK, Chape! H, Kuiipers TW, Toll-like receptor responses in
IRAK-4-deficient neutrophils. J Jamate Inonum. 2010;2:280-287.

© 2010 Lippincott Williams & Wilkins

47.

48,

49,

50.

51,

52,

53.

54,

b

RAK-4- and MyD88-Deficient Patients

Volanakis JE. Human C-reactive profein: expression, struéhue, snd
function. Mol fmmumol. 2001;38:189--157.

von Bernuth H, Ku CL, Rodriguez-Gallego C, Zhang S, Garty BZ,
Marodi L, Chapel H, Chrabieh M, Miller RL, Picard C, Puel A,
Casanova JL. A fast procedure for the detzction of defects in Toll-like -
receptor signaling. Pediatrics. 2006;118:2498-2503.

von Bemuth H, Picard C, Jin Z, Pankla R, Xiao H, Ku CL,

Chrabieh M, Mustapha IB, Ghandil P, Camcioglu Y, Vasconcelos J,
Sirvent N, Guedes M, Vitor AB, Herrero-Mata MJ, Arostegui JI,
Rodrigo-C, Alsina L, Ruiz-Ortiz E, Juan M, Fortuny C, Yagus J,
Anton J, Pascal M, Chang HH, Janniere L, Rose Y, Garty BZ,
Chapel H, Issekutz A, Marodi L, Rodriguez-Gallego C, Banchereau J,
Abel L, Li X, Chaussabe] D, Puel A, Casanova JL. Pyogenic
bacterial infections in humans with MyD88 deficiency. Science.
2008;321:691-696,

Wemette CM, Frasch CE, Madore D, Carlone G, Goldblatt D,
Plikaytis B, Benjamin W, Quatacrt SA, Hildreth S, Sikkera DJ;
Kayhty H, Jonsdottir I, Nahm MH. Bnzyme-linked immunosorbent
assay for quantitation of human antibodics to pneumococcal
polyszccharides. Clin Diagn Lab Inmunol. 2003;10:514-519,

Wynn JL, Scumpia PO, Winfield RD, Delano MJ, Kelly-Scumpia K,
Barker T, Ungaro R, Levy O, Moldawer LL. Defective innate
immunity predisposes murine neonates to poor sepsis outcome but is
reversed by TLR agonists. Blood, 2008;112:1750-1758.

Yang K, Puel A, Zhang S, Eidenschenk C, Ku CL, Casronge A,
Picard C, von Bernuth H, Senechal B, Plancoulaine S, Al-Hajjar S,
Al-Ghonaium A, Maroedi L, Davidson D, Speert D, Roifman C,
Garty BZ, Ozinsky A, Barrat FJ, Coffiman RL, Miller RL, Li X,
Lebon P, Rodriguez-Gallego C, Chapel H, Geissmann E, Jouanguy E,
Casanova JL. Human TLR-7-, -8~, and -9-mediated induction of
IFN-alpha/beta and -lambda is IRAK~4 dependent and redundant for
protective immunity to viruses. Iamumity, 2005;23:465-478.

Zhang Q, Davis IC, Lamborn IT, Freeman AF, Jing H, Favreau AJ,
Matthews HF, Davis J, Turner ML, Uzel G, Holland SM, Su HC.
Combined immunodeficiency associated with DOCKB mutations,
N Engl J Med. 2009;361:2046-2055.

Zhang SY, Jouanguy E, Ugolini S, Smahi A, Elain G, Romero P, Segnl
D, Sancho-Shimizu V, Lorenzo L, Puel A, Picard C, Chapgier A,
Plancoulaine S, Titeux M, Cognet C, von Bemuth H, Ku CL,
Casrouge A, Zhang XX, Barreiro L, Leonard J, Hamilton C, Lebon B,
Heron B, Vallee [, Quintana-Murci L, Hovnanian A, Rozenberg F,
Vivier B, Geissmann E, Tardieu M, Abel L, Casanova JL. TLR3
deficiency in paticnts with herpes stmplex encephalitis. Science.
2007;317:1522-1527.

www.md-journal.com | 425

Copyright © 2010 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
— g 4 -



Cytometry Part B (Clinical Cytometry) 80B:8-13 (2011)

Early and Rapid Detection of X-Linked
Lymphoproliferative Syndrome with SH2D1A4
- Mutations by Flow Cytometry

Meina Zhao, H1rokazu Kanegane,“ Chie Kobayashl Yozo Nakazawa,’
Eizaburo Ishii,* Mikio Kasai,” Kiminori Terui,® YOSh.lhll‘O Gocho,” Kohsuke Imai,®
Junichi Kiyasu,” Shigea.lu Nonoyama,® and Toshio Miyawaki'
'Department of Pediatrics, Graduate School of Medicine, University of Toyama, Toyama, Japan
2Department of Pediatrics, Ibaraki Children’s Hospital, Mito, Japan
*Department of Pediatrics, Shinshu University School of Medicine, Matsumoto, Japan
4Department of Pediatrics, Nagano Children’s Hospital, Azumino, Japan
*Department of Pediatrics, Hirosaki Municipal Hospital, Hirosaki, Japan
6Dc:partment of Pediatrics, Hirosaki University Graduate School of Medicine, Hirosaki, Japan
"Department of Pediatrics, Nippon Medical School, Tokyo, Japan
SDepartment of Pediatrics, National Defense Medical College, Tokorozawa, Japan

“Department of Medicine and Bioregulatory Science, Graduate School of Medical Sciences,
Kyushu University, Fukuoka, Japan

Background: X-linked Iymphoprollfetatwe syndrome (XLP) is a rare immunodeficiency with extreme
vulnerability to Epstein-Barr virus (EBV) infection. It presents with fatal infectious mononucleosis, Iym-
_phoproliferative disorder, or dysgammaglobulinemia. The majority of affected males have mutations in
the SH2D1A/SLAM-associated protein (SAP) gene. We previously generated an antihuman SAP monoclo-
nal antibody (KST-3) for a flow cytometric assay and described the activation of T cells to he necessary
for the flow cytometric assessment of the SAP expression using an FITC-conjugated secandary antibody.

Methods: Between 2005 and 2008, we reciuited 23 male patients with suspected XLP, including mainly
EBV-associated hemophagocytw lymphohistiocytosis (HLH), and attempted to evaluate SAP expression in fresh
lymphoid cells using Alexa Fluor 488-conjugated secondary antihody instead of an FITC-conjugated ane.

Results: The method demonstrated that SAP was intensely expressed in CD8* T cells and NK cells in normal
fresh blood samples, thus suggesting the passible rapid identification of individuals with SAP deficiency. SH2D7A
mutations were identified in six patients with SAP deficiency, but net in patients with normal SAP expression.

Conclusion: The outcomes from this trial were verified by a flow cytometric assay using KST-3 and
Alexa Fluor 488 secondary antibody. Based on the demonstration SAP deficiency in patients with sus-
pected XLP, including mainly EBV-associated HLH, this approach could serve as a method for the early
and rapid detection of patients with XLP-1. © 2010 International Clinical Cytemetry Society
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X-linked lymphoproliferative syndrome (XLP) is a rare
inherited immunodeficiency estimated to affect approxi-
mately one in one million males, though it may be
under-diagnosed (1). Most XLP patients die in childhood;
the survival rate is very poor, even with treatment (2).
Hematopoietic stem cell transplantation (HSCT) is ‘the
only curative therapy for XLP. Rapid definitive diagnosis
and appropriate treatment are extremely significant for
life-saving and improved prognosis for XLP patients (3).
The responsible gene is termed the SH2D1A/SLAM-asso-
ciated protein (SAP) gene (4-G). In contrast, some pre-
sumed XLP patients do not harbor SH2DIA mutations,
although they are clinically and even historically similar
to XLP patients with SH2DJIA mutations. Recently,
Rigaud et al. (7) identified the second causative gene for
XLP, the BIRC4 gene, which encodes the X-linked inhibi-

tor of apoptosis protein (XIAP). Therefore, XLP is now .

divided into two distinct diseases, XLP-1 and XLP-2.

Regarding a rapid diagnosis of XLP-1, we previously gen-
erated ‘a rat monoclonal antibody (mAb) specific for
human SAP protein, termed KST-3, to develop a flow cyto-
metric analysis of SAP deficiency seen in XLP patients
with SH2D1A mutations (8). In the present study, we
attempt to evaluate possible SAP expression in fresh
lymphoid cells with a flow cytometric assay employing
Alexa Fluor 488labled secondary antibody, which is much
brighter than conventional FITC antibodies (9). Between
2005 and 2008, we used a flow cytometric determination
of SAP deficiency in CD8" T and NK cells to test 23 male
patients with suspected XLP, including mainly EBV-associ-
ated hemophagocytic lymphohistiocytosis (HLH). SH2DIA
mutations were identified in six patients with SAP defi-
ciency, but not in the other patients with normal SAP
expression. These results demonstrate that a flow cytomet-
ric assay using KST-3 and Alexa Fluor 488 secondary anti-
body can achieve the early and rapid ‘detection of patients
with XLP-1.

MATERIALS AND METHODS
Study Subjects

The subjects in this study were largely male patients
with EBV-associated HLH. In addition, a few male
patients with lymphoma or hypo-yglobulinemia of
unknown genetic origin were studied. A total of 23 Japa-
nese male patients between 4 months and 40 years of
age with suspected XLP-1 were tested between 2005
and 2008. Normal donors included healthy adult volun-
teers 24-42 years of age, and children 1-14 years of age
without immunologic and hematologic diseases. After

written informed consent was obtained, 5-10 mL of ve- .

nous blood was collected into heparin-containing
syringes and subjected to investigation within 24 h. The
study was approved by the Ethics Committee of the Uni-
versity of Toyama.

Flow Cytometric Analysis of SAP Expression

We performed a flow cytometric analysis of SAP
expressed in lymphoid cells using a rat antihuman SAP

Cytometry Part B: Clinical Cytometry

mAb, termed KST-3, as previously described (8). We
employed the Alexa Fluor 488-conjugated secondary
antibody to examine the possible flow cytometric assess-
ment of SAP expression in fresh Iymphoid cells. Periph-
eral blood mononuclear cells (PBMC) were isolated by
Ficoll-Hypaque density gradient centrifugation and im-
mediately fixed in 1% paraformaldehyde for 30 min at
room temperature, and then permeabilized in 0.5% sapo-
nin for 15 min on ice. These cells were incubated with
2 pg/ml of KST-3 (rat 1gG1) or irreverent rat IgG1 for 20
min on ice and further stained with a 1:1,000 dilution of
Alexa Fluor 488-conjugated goat anti-rat antibody (Molec-
ular Probes, Eugene, OR) for 20 min on ice. To evaluate-
SAP expression in CD8" T cells, CD4" T cells, NK cells,
and B cells, PBMC were stained with phycoerythrin-con-
jugated anti-CD8, anti-CD4, antiCDS56 or anti-CD19
mAbs (DAKO Japan, Kyoto, Japan), respectively, before
cellular fixation and permeabilization. In some experi-
ments, we used phycoerythrin-Texas Red (ECD)-conju-
gated anti-CD45RO (dmmunotech, Marseille, France). We
analyzed the stained cells with a flow cytometer (EPICS
XL-MCL; Beckman Coulter KK, Tokyo, Japan).

SH2D1A Mutation Detection

The SH2DIA mutations were detected by the direct
sequencing. Genomic DNA was purified from PBMC with
a QlAamp Blood Kit (Qiagen, Hilden, Germany), and each
of the four exon-intron boundaries of the SH2DIA gene
was amplified by PCR using the following primers; exon
1, forward, 5'-GCC CTA CGT AGT GGG TCC ACA TAC
CAA CAG3', and reverse 5-GCA GGA GGC CCA GGG
AAT GAA ATC CCC AGC¥; exon 2, forward, 5'-GGA AAC
TGT GGT TGG GCA GAT ACA ATA TGG-3, and reverse,
5-GGC TAA ACA GGA CTG GGA CCA AAA TTC TC3,
exon 3, forward, 5-GCTCCTCTTGCAGGGAAATTC AGC
CAACC3/, and reverse, 5GCT ACC TCT CAT TTG ACT
TGC TGG CTA CAT C3'; exon 4, forward, 5-GAC AGG
GAC CTA GGC TCAGGC ATA AAC TGA C-3', and reverse,
5'-ATG TAC AAA AGTCCATTT CAG CTT TGAC-3' as previ-
ously described (6). We used the BigDye terminator cycle
sequencing kit (Applied Biosystems, Foster City, CA) with
an automated ABI PRISM 310 DNA sequencer (Applied
Biosystems) to carry out the sequence reaction.

RESULTS
SAP Expression in Normal Donors

We examined whether a flow cytometric analysis
employing an Alexa Fluor 488-conjugated secondary
antibody instead of an FITCconjugated one could assess
possible SAP expression in fresh lymphoid cells. We
used this method to examine normal donors for SAP
expression of CD4™" T cells, CD8" T cells, NK cells, and
B cells in fresh blood samples. A representative profile
in a healthy adult donor is shown in Figure 1. It has
been shown that the SAP protein is basically expressed

~ in all major T cell subsets and NX cells (6,8,10,11). Con-

sistent with these observations, we demonstrated that
CD8" T cells and NK cells expressed SAP intensely,
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Fic. 1. The SAP expression in T, B, and NK cells in a normal adult donor. A flow cytometric analysis showed that CD8* T cells and NK cells
expressed SAP relatively intensely, CD4™ T cells weakly, and B cells negligibly. The dotted lines and shaded areas indicate staining by the control

antibody and anti-SAP mAb (KST-3), respectively.

CD4™ T cells relatively weakly, and B cells negligibly. We
observed that SAP expression in CD8* T cells and CD4*
T cells varied from donor to donor. We assumed that
this variation might be due to individual differences in

proportions of CD45RO" (memory/activated) subsets

among CD8™ T cells and CD4" T celis. A three-color
analysis demonstrated that CD45RO™ populations of T
cell subsets showed enhanced SAP expression, espe-
cially of CD8™ T cells (Fig. 2).

SAP Expression and SH2D1A Mutations in Patients
with Suspected XLP

Based on the above observations in normal donors,
we chose a flow cytometric analysis of SAP expression
in CD8" T cells and NK cells to screen for SAP defi-

CD8* T cells
| 60.1%
+&
% 102 10° 104
é .
14 17.3%

10° 10" - 102 10° 10*

ciency seen in XLP patients with SH2D 14 mutations.
Representative flow cytometric profiles are shown in
Figure 3. All patients were simultaneously examined for
a genetic analysis of the SH2DIA gene. The results of
SAP expression and SH2DJIA mutation analyses
obtained from 23 patients with suspected XLP are sum-
marized in Table 1. Six patients (P1-P6) demonstrated
a marked reduction of SAP expression in CD8% T cells
and NK cells. The percentages of SAP protein in CD8™
T cells and NK cells in these patients were only 0.5-
3.7% and 1.2-3.1%, respectively.” SH2D14 mutations
were confirmed in the patients with SAP deficiency.
The mutations included g.23917insA, g.19528G > A
(V82 + G>A) in sibling cases, g.357insG, deletion of
exons 3-4, and g.352G > T (Ala3Ser). In contrast,

CD4* T cells

o1

— CD45RO —

10° 10! 10’ 10° 104

Fic. 2. An increased SAP expression in CD45R0™ T cell subsets. CD45R0™ (memory/activated) populations of T cells subsets, especually of CD8~

T cells, exhibited an enhanced SAP expression.
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Fig. 3. The SAP expression in suspected patients with XLP. A marked SAP deficiency in both CD8+ T cells and NK cells was notable in some
patients (A-C), but not in others (D, E). A, B, G, D, and E indicate P1, P2, P4, P10, and P11, respectively.

SH2DIA mutations were not seen in the other 17
patients (P7-P23), all of whom showed almost normal
SAP expression in CD8' T cells (7.2-88.8%) and NK

cells (24.3-98.1%). It is important to take into account
the possibility that the flow cytometric assessment of
SAP expression in CD8™ T cells may be age-dependent,

Table 1
Clinical Characteristics and Immunological Data of the Patients Examined in this Study

%SAP™ cells in SHZ2D 1A mutation

Patient Age Clinical presentation - EBV  Prognosis CDB*Tcells  NK cells Nucleotide Amino acid
Pl 10y hypo-v, HLH - After BMT 2.2 2.5 £.23917insA Frameshift
P2 2y HLH + Dead 3.7 3.1 g.19528G > A Frameshift
P3 2y ADEM HHV-6 After BMT 0.5 1.2 g.19528G > A Frameshift
P4 6y hypo-y - After BMT 2.1 1.2 £.357insG Frameshift
P5 14y hypo-v, HLH, lymphoma + After BMT 2.2 2.7 Deletion of exons 3-4 .
P& 40y HLH + Dead 2.7 NE g352G>T Ala3Ser
P7 ly HLH + Alive 7.2 54.1 None
P8 19y hypo-, gastritis + Alive 35.8 65.2 None
PS ly HLH + Alive 88.8 85.2 None
P10 2y HLH + Alive 45.2 65.7 None
P11 8y HLH + After CBT 23.2 76.3 None
P12 10 mo HLH + Alive 48.6 68.5 None
P13 3y Lymphoma, HLH — Dead 70.4 98.1 None
P14 6y HLH + Alive 354 55.3 None
P15 4 mo HLH + Alive 204 32.0 None
P16 ly HLH - Alive 41.7 57.7 None
P17 ly HLH + Alive 27.7 36.5 None
P18 ly HLH + Alive 13.5 32.6 None
Pl 5y HLH + Alive 64.1 48.1 None
P20 7y HLH + Alive 51.0 49.9 None
P21 ly HLH + Alive 16.0 28.7 None
P22 ly HLH - Alive 47.4 54.0 None
P23 ly HLH + Alive 30.2 24.3 None
Normal (n = 12) Mean 48.5 53.8
(range) (21.6-90.8) (23.1-94.5)

P2 and P3 are monozygotic twins. y, years; mo, months; hypo-y, hypogammaglobulinemia; HLH, hemophagocytic lymphohistiocy-
tosis; ADEM, acute disseminated encephalomyelitis; HHV-6, human herpesvirus-6; BMT, bone marrow transplantation; CBT, cord

blood transplantation; and NE, not examined.

Cytometry Part B: Clinical Cytometry

_98_



12 ) ZHAO ET AL.

NK cells

10° 10' 102 103

10° 101 10 10° 10* 10° 40! 10?2 10° 104

B
CDS" T cells

2.1%

NK cells
1.2%

10° 10' 107 107 10410° 40' 102 10° 10*

4 5 mo after BMT

!
-

10° 10" 102 10° 10*10° 10' 102 10t 10¢

Fic. 4. The SAP expression in XLP patients after HSCT. A flow cytometric analysis demonstratad ah increased SAP expression in CD8+ T cells and
NK cells in 2 XLP patients after they have undergone HSCT. A and B indicate P1 and P4, respectively.

‘as exemplified in a one-year-old patient (P7) with no
SH2DIA mutation. In this patient, the SAP expression
in CD8" T cells was much weaker than in normal
donors, thus suggesting a SAP deficiency, but the SAP
expression in NK cells was comparable with the
expression observed in normal donors.

Monitering of the SAP Expression in XLP
Patients After HSCT

In this series, four patients (P1, P3, P4, and P5) with
XLP underwent HSCT. A flow cytometric assay was con-
ducted to evaluate SAP expression in CD8" T cells and
NK cells after HSCT. Representative cases are shown in
Figure 4. All of the patients demonstrated increases of
SAP expression in CD8™ T cells and NK cells after
undergoing HSCT. These outcomes therefore appear to
validate the success of HSCT.

DISCUSSION

XLP is a rare but life-threatening disease. Most patients
with XLP die by 40 years of age, and more than 70% of
them die before 10 years of age (2). Early recognition in
nonfamilial cases may be difficult because XLP pheno-
types are heterogeneous in their clinical presentation.
The ability to rapidly screen and accurately -diagnose
XLP patients facilitates the initiation of life-saving treat-
ment and preparation for HSCT. Currently, XLP is di-
vided into two distinct diseases, XLP-1 and XLP-2. The
former is caused by mutations in the SH2DIA gene,
whereas the latter is caused by mutations in the BIRC4

Py

gene. The majority of XLP patients have XLP-1 (7). In a
previous study, we generated a rat mAb (KST-3) against
human SAP protein. It was applied to the flow cytomet-
ric evaluation of SAP deficiency seen in XLP-1 patients
(8). We found that activation of T cells in vitro for
approximately 4 days was necessary for flow cytometric
assessment of SAP expression using FITC-conjugated sec-
ondary antibody. The present study demonstrated that a
flow cytometric analysis of lymphoid SAP expression
was feasible in fresh blood samples by employing the
Alexa Fluor 488-conjugated secondary antibody instead
of the FITC-conjugated one. The Alexa Fluor 488-conju-
gated secondary antibody provides more intense fluores-

" cence than the conventional one, and it can clearly

discriminate positive cells from negative ones (9). There-
fore, this method might lead to early and rapid detectio
of XLP patients with the SH2D14 gene, ’
Our flow cytometric analysis of SAP expression in
CD8" T and NK cells identified SAP deficiency in 6 out
of 23 patients with suspected XLP. As expected, all six
patients with SAP deficiency (P1-P6) were shown to
have mutations in the SH2DIA gene. As shown in previ-
ous studies of flow cytometry (8,11), all the missense,
nonsense, and frameshift mutations in the SH2DJA gene
resulted in deficient expression of SAP protein. Although
XLP-1 patients with some missense mutations may show
normal SAP expression, SAP deficiency can be demon-
strated in most XLP-1 patients by flow cytometry. No
SH2DIA mutations were identified in the remaining 17
patients with normal SAP expression. The suspected
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XLP patients with normal SAP expression might have
X1P-2, however, no BIRC4 mutations were identified in
these patients. ’

Among six patients diagnosed as having XLP-1, three
patients (P2, P35, and PG) showed EBV-associated HLH,
but HLH in P1 was not associated with EBV infection.
Two patients (P1 and P4) showed hypo-yglobulinemia
followed by acute EBV infection. P5 had EBV-negative
malignant lymphoma in his brain. Interestingly, one
patient (P3, a sibling of P2) had human herpesvirus-6
(HHV-6)-induced acute’ disseminated encephalomyelitis
(ADEM). XLP is generally considered susceptible to EBV
infection, but it might be vulnerable to infections from

other herpesviruses as well. ADEM, is a rare manifesta-

tion in XLP, that might be a variant form of cerebellar
vasculitis. Regarding clinical outcomes, two patients (P2
and P6) died of EBV-associated HLH, but four patients
(P1, P3, P4, and P5) recovered after undergoing HSCT.

In conclusion, this study verified the clinical utility of a
flow cytometric evaluation of lymphoid SAP expression
for the detection of patients with XIP-1. Compared with
the conventional Western blot technique, a flow cytomet
ric assay can be more quickly performed with less blood,
and multi-color analysis can reveal the protein expression
in each cell lineage. It might be useful for detecting rever-
tants and somatic mutations, In fact, Tabata et al. (11)
demonstrated a mosaic expression of SAP in CD8™ T cells,
thus suggesting that the XLP-1 patient might have a rever-
tant of CD8" T cells. Flow cytometric analysis of SAP pro-
tein is also useful to monitor a cellular reconstitution after
HSCT in XLP-1 patients. Recently, a rapid flow cytometric
screening method for X1P-2 has -also reported (12). A
male with any of the clinical phenotypes of XLP, with or
without EBV infection, should initially be examined with a
flow cytometric assay using both anti-SAP and anti-XIAP
mAbs. Needless to say, a mutation analysis is the gold
standard for confirming a definite diagnosis.
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KEYWORDS Abstract Mutations in the recombination activating genes (RAG7 or RAG2) can lead to a variety of
RAG deficiency; immunodeficiencies. Herein, we report 5 cases of RAG deficiency from 5 families: 3 of Omenn
SCID; syndrome, 1 of severe combined immunodeficiency, and 1 of combined immunodeficiency with
Omenn syndrome; oligoclonal TCRy&" T cells, autoimmunity and cytomegalovirus infection. The genetic defects were
TCRy&" T cells; heterogeneous and included 6 novel RAG mutations. All missense mutations except for Met443lle in
V(D)J recombination RAG2 were located in active core regions of RAG1 or RAG2. V{D)J recombination activity of each

mutant was variable, ranging from half of the wild type activity to none, however, a significant
decrease in average recombination activity was demonstrated in each patient. The reduced
recombination activity of Met443Ile in RAG2 may suggest a crucial role of the non-core region of
RAG2 in V(D)J recombination. These findings suggest that functional evaluation together with
molecular analysis contributes to our broader understanding of RAG deficiency.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction
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