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The field of primary immunodeficiencies (PIDs) is expanding in many di-
rections, including the genetic dissection of infectious diseases [1,2]. PIDs
typically confer predisposition to multiple infections, but an increasing num-
ber of PIDs have been found to confer a more specific predisposition to one
or several infections [3]. Examples include susceptibility to viruses, such as
predisposition to Epstein-Barr virus in patients who have X-linked lympho-
proliferative syndrome [3–5], predisposition to oncogenic papillomaviruses
in patients who have epidermodysplasia verruciformis [6,7], and susceptibil-
ity to bacteria, such as predisposition to Neisseria in patients who have
mutations in the properdin gene or in the genes encoding the terminal com-
ponents of complement [8]. The authors review here how the exploration of
patients who have a selective predisposition to weakly virulent mycobacteria
led to the discovery of a new group of PIDs involving impairment of the
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interleukin (IL)-12–interferon (IFN)-g circuit, how the exploration of chil-
dren with a predisposition to invasive pneumococcal disease (IPD), either
isolated or associated with a predisposition to other infections, led to the
discovery of disorders of nuclear factor kappa B (NF-kB), and how the
investigation of children with herpes simplex virus (HSV) encephalitis led
to the description of disorders of the Toll-like receptor (TLR) 3 pathway.
Mendelian susceptibility to mycobacterial diseases

Mendelian susceptibility to mycobacterial diseases (MSMD) (MIM
209,950) [9] is a rare syndrome characterized by the occurrence of clinical
disease caused by weakly pathogenic mycobacteria, such as bacillus Calm-
ette-Guérin (BCG) vaccines and nontuberculous environmental mycobacte-
ria (EM), in otherwise healthy individuals [10]. Patients are also vulnerable
to the more virulent species, Mycobacterium tuberculosis [11]. They are resis-
tant to most other infections, with the notable exception of systemic nonty-
phoidal salmonellosis, which is commonly observed [12]. Other infectious
diseases have been reported only rarely, mostly in single patients. This syn-
drome is clinically heterogeneous; the clinical features cover a spectrum
ranging from local recurrent to disseminated mycobacterial diseases. In
most familial cases, inheritance is autosomal and recessive, but in some kin-
dreds, the syndrome segregates into an autosomal dominant or X-linked
recessive (XR) inheritance [13,14]. In recent years, five autosomal genes
have been found to be mutated in children with this mendelian genetic dis-
order: IFNGR1 [15–19]. IFNGR2 [20,21], STAT1 [22,23], IL12B [24], and
IL12RB1 (Fig. 1) [25,26]. All are involved in interleukin (IL)-12/23–
dependent, IFN-g mediated immunity. Mutations in IFNGR1, IFNGR2,
and STAT1 impair the cellular responses to IFN-g, whereas mutations in
IL12B and IL12RB1 impair the IL-12/23–dependent production of IFN-g.
Mutations in NEMO have also been identified as responsible for XR form
of MSMD (see Fig. 1) [27]. The high level of allelic heterogeneity at these
seven loci accounted for the existence of 13 different inheritance disorders,
according to the mode of transmission (recessive or dominant), the impact
on function (complete or partial), association with a lack of protein expres-
sion or the expression of an abnormal protein, and the specific function af-
fected (phosphorylation or DNA binding in the case of STAT-1). However,
no genetic cause has yet been identified for about half the patients who have
MSMD [28].

Recessive complete IFN-gamma receptor (IFNGR) 1 deficiency was first
identified in 1996, in a patient who had a lack of receptor expression [15,19].
Mutations conferring autosomal recessive complete IFNGR1 deficiency
with [16] or without cell surface receptor expression have since been
reported [15]. A lack of cellular responses to IFN-g stimulation in vitro
has been reported in these patients, who also have high plasma IFN-g
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concentrations [29]. Mycobacterial infections in patients who have complete
IFNGR1 deficiency are associated with an early onset of severe and fatal
infectious diseases, lepromatous-like and multibacillary granulomas [30],
and a poor prognosis. No asymptomatic patients over the age of 3 years
have been reported. Mycobacterium bovis–BCG and other EM (eg,
Mycobacterium fortuitum [16,31], Mycobacterium chelonae [18], Mycobacte-
rium smegmatis [32,33], Mycobacterium peregrinum [34], Mycobacterium
scrofulaceum [13,35]) frequently cause disease in these patients. All patients
vaccinated with BCG developed disseminated BCG infection. Salmonellosis
was reported only rarely [15,19,31]. Viral infections caused by human herpes
virus 8 [36], cytomegalovirus [37], and other bacterial infections, caused by
Listeria monocytogenes [38], were documented in single patients. A diagnosis
of complete IFNGR1 deficiency should be considered for children with sev-
eral episodes of mycobacterial disease (BCG, EM) occurring before the age
of 3 to 5 years. The outcome is spontaneously fatal and the only potential
cure is offered by hematopoietic stem cell transplantation, which is, how-
ever, associated with a high rate of graft rejection [39,40], because of the
high plasma IFN-g concentrations in these patients [41]. The oldest surviv-
ing patient is now 19 years old and has experienced at least five episodes of
mycobacterial disease, caused by five microbial species [35].

Partial IFNGR1 deficiency may be caused by recessive or dominant
IFNGR1 alleles. The recessive form of partial IFNGR1 deficiency results
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from a specific mutation, I87T [17,42]. Cells from the patients who have
partial deficiency respond to high (but not low) concentrations of IFN-g
in vitro. Clinically, this defect is associated with BCG [17] or EM disease
[42]. Affected children had well-delimited granulomas and a favorable out-
come. One patient, not vaccinated with BCG, had clinical tuberculosis
[11,17]. Dominant partial deficiency in IFNGR1 is typically associated
with the 818del4 mutation, associated with a hotspot for microdeletions,
leading to the insertion of a premature stop codon in the proximal intracel-
lular domain [18]. The cellular response to IFN-g stimulation in vitro is
intermediate between that of cells from patients who have complete
IFNGR1 deficiency and healthy controls. The severity of the clinical fea-
tures of patients who have dominant partial IFNGR1 deficiency appears
to be intermediate between those of patients who have recessive complete
and partial IFNGR1 deficiencies. Patients are susceptible to infections
with BCG vaccines and EM (M peregrinum, M kansasii, M chelonae, M for-
tuitum, and M asiaticum), although the mycobacterial pathogen most fre-
quently isolated from these patients is M avium complex [31,43]. Unifocal
or multifocal mycobacterial osteomyelitis is common, and the overall prog-
nosis is good. Some patients were initially diagnosed incorrectly as having
Langerhans’ cell histiocytosis [44]. In rare cases, these patients present other
infections, such as salmonellosis [31]. Viral infection with varicella zoster
virus [37] and fungal infection with Histoplasma capsulatum have each
been observed in one patient [45]. Treatment is based principally on antibi-
otics and the use of recombinant IFN-g.

A few patients who have MSMD with autosomal recessive, complete
IFNGR2 deficiency have been reported. Two forms of complete IFNGR2
deficiency with [21] and without [20] receptor expression at the cell surface
have been documented. The T168N missense mutation in IFNGR2 creates
a new N-glycosylation site caused by the addition of a new glycan branch
on the IFNGR2 chain. An IFNGR2 mutation has also been reported to
be dominant in vitro in a healthy heterozygous relative of a patient who
had IFNGR2 deficiency [46]. It remains unclear as to whether some
IFNGR2 mutations are clinically dominant in vivo. The criteria for suspi-
cion of complete IFNGR2 deficiency are similar to those for complete
IFNGR1 deficiency. Patients who have complete IFNGR2 deficiency dis-
play early-onset mycobacterial diseases and have a poor prognosis. No
mature granulomas have been observed in these patients. The pathogens
causing the infectious diseases included M bovis BCG [21], M avium
[20,21], and M fortuitum [20]. The only curative treatment is hematopoietic
stem cell transplantation. Partial recessive IFNGR2 deficiency has been
reported in only one patient who had infections caused by BCG and M ab-
scessus and a relatively mild clinical presentation, similar to that of children
with partial recessive IFNGR1 deficiency [47]. Treatment is based on anti-
biotics and, when needed, recombinant IFN-g. Overall, the genetic disorders
of IFNGR1 and IFNGR2 strongly suggest a tight correlation between the
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level of IFN-g–mediated immunity and the clinical severity of mycobacterial
disease [48].

STAT-1 is a critical transducer of cellular responses to type I (IFN-a/b)
and type II (IFN-g) IFNs, and to the less well characterized type III IFNs
(IFN-l) [49]. Patients who have complete STAT-1 deficiency present a syn-
drome of susceptibility to mycobacteria and viruses because of impaired
cellular responses to antimycobacterial IFN-g and antiviral IFN-a/b
and -l [50,51]. This clinical syndrome, therefore, clearly differs from
that of patients who have MSMD, who are normally resistant to most vi-
ruses, with a few possible exceptions, as discussed earlier [50,51]. However,
some germline mutations in STAT1 have been shown to be responsible for
mycobacterial disease as the sole infectious phenotype in selected patients,
owing to the selective impairment of IFN-g responses mediated by STAT-1
homodimers (gamma-activating factor) activation [22,23]. In these
patients, IFN-a responses mediated by STAT-1–STAT-2–interferon regu-
latory factor (IRF)-9 trimers (interferon-stimulated gamma factor 3), un-
like those in patients who have complete STAT-1 deficiency, were
entirely normal. Patients who have partial STAT-1 deficiency are heterozy-
gous for these subtle mutations that are intrinsically loss-of-function for
IFN-g and IFN-a/b responses, but dominant for IFN-g responses only.
As a result, these patients have mild clinical features characterized by my-
cobacterial disease without susceptibility to viruses, resembling those in
patients who have partial IFNGR1 deficiency, with a good prognosis.
Two types of STAT1 mutations are dominant, depending on whether
the mutation impairs STAT-1 phosphorylation [23] or DNA-binding activ-
ity [22]. Clinically, the patients suffered from disseminated BCG infection
or M avium infection [22,23]. One patient was reported to have M tuber-
culosis infection [22]. Treatment is based on antibiotics and recombinant
IFN-g.

The first genetic defect of the human IL-12 and IL-23 pathways was de-
scribed in 1998 [24] and indicated that these cytokines were critical for
controlling the levels of the antimycobacterial molecule, IFN-g. Mutations
in the IL12RB1 gene encoding the first chain of the IL-12 receptor
(IL-12Rb1), common to the IL-12 and IL-23 receptors, and the IL12B
gene encoding IL-12p40, common to IL-12 and IL-23, have been reported
(see Fig. 1) [25,52]. All mutations in IL12B and IL12RB1 cause a complete,
autosomal recessive defect because they are loss-of-function. IL12RB1 defi-
ciency is the most frequent genetic cause of MSMD affecting families from
many different countries [13]. Mycobacterial disease and salmonellosis are
the most common infectious diseases for both deficiencies [13]. The clinical
phenotype of IL12RB1-deficient patients is similar to that of IL12p40-
deficient patients. About one half of all IL12B- and IL12RB1-deficient
patients have developed Salmonella infection at some time, in contrast to
MSMD patients who have mutations affecting IFN-g signaling immunity
[53,54]. These observations suggest that IL-12/-23 plays a key role in the
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pathogenesis of salmonellosis, possibly through IL-23–dependent IL-17
induction. Several patients who had IL12RB1 defects were found to have
susceptibility to M tuberculosis as their sole infectious phenotype, and one
patient who had IL12B deficiency, who had been vaccinated with BCG,
had M tuberculosis infection, providing the first conclusive evidence that
tuberculosis can result from a mendelian predisposition [11,55–57]. Other in-
fectious diseases, such as paracoccidioidomycosis [58], leishmaniasis [59],
and nocardiosis [54], have been reported in isolated cases, suggesting that
the clinical features of these disorders may expand with the diagnosis of
new cases. Treatment is based on antibiotics and IFN-g.

The recent identification of specific mutations in NEMO revealed
XR-MSMD–causing gene. NEMO encodes the NF-kB essential modulator,
also known as IkappaB kinase (IKK)-g, a regulatory unit of the IKK com-
plex. Mutations in this gene are responsible for various diseases: null muta-
tions lead to incontinentia pigmenti [60] and hypomorphic mutations result
in XR anhidrotic ectodermal dysplasia with immunodeficiency, osteopetro-
sis, and noninflammatory lymphedema (XR-EDA-ID-OL) [61], XR anhi-
drotic ectodermal dysplasia with immunodeficiency, and osteopetrosis
(XR-EDA-ID-O) [61–63], XR anhidrotic ectodermal dysplasia with immu-
nodeficiency (XR-EDA-ID) [61], XR-mild-EDA [64,65], or immunodefi-
ciency (ID) only without ectodermal dysplasia (EDA) [66]. The range of
infections varies considerably, and includes viral, fungal, and common pyo-
genic infections [67]. Specific mutations affecting the leucine zipper domain
of NEMO, E315A, and Q319R were recently shown to be associated with
mycobacterial infections in three unrelated kindreds with MSMD (XR-
MSMD-type 1) [27]. Two mycobacteria were isolated: M avium in most
patients and M tuberculosis in one patient [68]. Another patient probably
had tuberculosis [27]. One patient presented mild signs of EDA, limited to
conical decidual incisors, whereas the other patients had no overt develop-
mental abnormality. These subtle mutations affect the T-cell–dependent,
CD40-dependent activation of c-Rel, resulting in impaired IL-12 induction
in monocytes and dendritic cells [27]. The prognosis seems to be unpredict-
able, varying considerably among patients. Treatment is based on antibi-
otics and, possibly, IFN-g.
Mendelian predisposition to invasive pneumococcal disease

IPD is defined by the infection of normally sterile compartments of the
body by Streptococcus pneumoniae (Fig. 2). In most individuals with IPD,
colonization of the upper respiratory tract with S pneumoniae is a prerequi-
site for IPD. Thus, in most cases, IPD is caused by bacteria crossing the
mucosal epithelia of the upper respiratory tract and reaching the blood
stream. IPD may thus present as sepsis, meningitis, osteomyelitis, or arthri-
tis. The colonization of the upper respiratory tract with S pneumoniae
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reaches a peak at the age of 3 years, when more than 50% of children are
colonized. Colonization then declines to about 10% by the age of 10 years
[69,70]. Before the introduction of a protein-conjugated vaccine against
S pneumoniae, the prevalence of IPD among children under the age of 2 years
ranged from 14/100,000 in Germany, more than 90/100,000 in Spain, and
188/100,000 in the United States [71–73] to estimates as high as 1741/
100,000 in sub-Saharan Africa [74]. The introduction of the protein-
conjugated vaccine in 2000 has greatly decreased the number of cases of
IPD, but the prevalence of this disease remains substantial in children
[75–77]. An intact respiratory tract epithelium usually prevents S pneumo-
niae invasion. Having crossed this barrier, opsonization by complement
and antibodies is crucial for phagocytosis by neutrophilic granulocytes,
monocytes, and, in particular, splenic macrophages. T cells seem to be cru-
cial for the maintenance of a humoral antipneumococcal response. The
importance of these components of the immune system is demonstrated
by the greater susceptibility to IPD of patients who have mucosal epithelia
damaged by flu [78], of patients who have defects of early components of the
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classic complement pathway (C1, C4, C2), C3, factors I and D or antibody
formation, and of patients who have asplenia or HIV infection [79,80].
Several primarily nonimmunologic conditions also predispose patients to
IPD: kidney failure, liver failure, heart failure, sickle cell anemia, leukemia,
and fistulae in the cerebroarachnoidal space [80,81]. However, although
some cases may be accounted for by these conditions, the cause of IPD re-
mains unknown in most patients.

XR-EDA-ID is a recently defined PID conferring predisposition to mul-
tiple infections, including IPD in particular, which has been documented in
most patients. In 2001, XR-EDA-ID was shown to be caused by hypomor-
phic mutations in the gene encoding the NF-kB essential modulator
(NEMO) [61–63]. NEMO is a scaffold protein essential for the formation
of a protein complex (IKK) catalyzing the phosphorylation of NF-kB-inhib-
itor proteins (IkBs). IkBs control the balance between the nuclear and cyto-
solic activities of NF-kB by binding to NF-kB, which is present in the
cytosol when bound to IkB. The phosphorylation of IkBs leads to the dis-
sociation of IkBs from NF-kB and an increase in the nuclear activity of
NF-kB. Because IKK is the convergence point for several pathways control-
ling the development of skin appendages (dependent on the receptor for
ectodysplasin) and for many pathways mediating immunologic responses
(eg, dependent on receptors such as those of the tumor necrosis factor-a-
receptor superfamily, the B-cell receptor, and the those of the Toll-like
and IL-1 receptor [IL-1R] family [TIR]), most patients who have NEMO de-
ficiency present a clinical combination of ectodermal dysplasia and immuno-
deficiency (EDA-ID) [61–63], an entity first described by Abinun and
colleagues [82,83]. The features of EDA-ID comprise a typical facies (frontal
bossing, saddle nose), aberrant development of skin appendages, such as
hair (sparse or missing hair and sparse or missing eye brows), teeth (hypo-
dontia, anodontia, conical incisors or delayed eruption of teeth), and sweat
glands (anhidrosis and heat intolerance), and strong susceptibility to IPD
and other infectious diseases [61–63,82–84].

The ectodermal and immunologic phenotypes of individual patients who
haveNEMOdeficiencymay be extremely variable. The degree of EDA ranges
from XR-EDA-ID-OL [61,85,86], through XR-EDA-ID-O [63,92], ‘‘classic’’
XR-EDA-ID [61–63,82–84,88–95], and XR-mild-EDA [64,65], to ID
only [13,66,84,96,97]. The infectious phenotype is similarly broad. In addition
to IPD [61,63–65,83–85,87,90,91], NEMO-deficient patients may present
sepsis, meningitis, osteomyelitis, and pneumonia due to other pyogenic
bacteria (S aureus, Streptococcus bovis,Lmonocytogenes, Streptococcus equii,
Salmonella enteritidis, Haemophilus influenzae, Pseudomonas aeruginosa,
Pseudomonas fluorescens, Klebsiella pneumoniae, Escherichia coli)
[8,61,64,84,86,87,89,90,93–95,97]; lymphadenitis, sepsis, osteomyelitis, and
pneumonia caused by mycobacteria (M abscessus,Mavium,Mbovis,M kan-
sasii) (see earlier discussion) [13,61,63,66,84–89,92,96,97]; infections caused
by various viruses (chronic molluscum contagiosum; HSV stomatitis; sepsis,
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colitis or retinitis due to cytomegalovirus; nonspecified viral meningitis;
HSV encephalitis) (see later discussion) [61,63,66,84,86,87,92,96]; sepsis or
pneumonia caused by fungi (Candida albicans, Pneumocystis carinii, Pneumo-
cystis jiroveci) [61,84,85,87,93]; or enteritis caused by Giardia lamblia
[84]. Severe infections may be accompanied by surprisingly low signs of
inflammation [84,85,87,93]. In addition to the diversity of possible pathogens,
considerable interindividual variation is observed in the frequency and
severity of infections, with some patients having a course of disease justifying
a bone marrow transplant [85,95] and others doing well on antibiotic prophy-
laxis only (von Bernuth and Casanova, unpublished data). If the severity of
the clinical course justifies a bone marrow transplant, reduced-intensity con-
ditioning and graft-versus-host disease prophylaxis should be considered
because severe liver toxicity has been observed [85,95].

Patients who have NEMO deficiency may present a number of comorbid
features at an early age, including intractable diarrhea and failure to thrive
[84,85,93]. In one family, all patients were reported as born small for gesta-
tional age [93]. Some NEMO-deficient patients may present autoimmune
phenomena [84,93,96] and impaired natural killer cell–mediated cytotoxicity
[84,87,92,95]. In routine immunologic workup, most NEMO-deficient pa-
tients present low, high, or fluctuating serum concentrations of the three
subtypes of immunoglobulin, in all possible combinations [63,64,83–
86,89–93,95,99], leading to the suggested ‘‘diagnosis’’ of ‘‘common variable
immunodeficiency.’’ Low levels of IgG and IgA combined with high levels
of IgM may lead to the ‘‘diagnosis’’ of ‘‘Hyper-IgM syndrome’’
[62,63,66,84,87,93,94,96,99,100]. In some patients, low levels of CD27þ,
IgD� (‘‘class-switched somatically mutated memory’’) B cells have been
observed [66,96,99]. This feature probably results from defective V(D)J
recombination in individuals who have hypomorphic mutations in the
C-terminal region of the zinc-finger motif [101]. The proliferation of
lymphocytes in response to mitogens and antigens may appear normal,
but mild impairment of mitogen-dependent and, in particular, T-cell–depen-
dent or antigen-dependent proliferation has been reported in some patients
[64,84,85,92,96]. The most consistent immunologic finding among patients
who have NEMO deficiency seems to be the absence of antibodies against
glycans, such as those of S pneumoniae, despite infection or vaccination,
and of allohemagglutinins in children over the age of 2 years
[63,64,66,83,85,90,91,96].

The discovery that XR EDA-ID was caused by hypomorphic mutations
in NEMO paved the way for the discovery, in 2003, that a hypermorphic
mutation in IKBA was the cause of autosomal dominant AD-EDA-ID
[102]. A heterozygous dominant-negative missense mutation, S32I, in
IKBA prevents IkBa phosphorylation at the mutated site, maintaining
NF-kB in its IkBa-bound form restricted to the cytosol [102]. The same mu-
tation was described in a second patient who had AD-EDA-ID [103].
A third patient, who had a heterozygous mutation creating a premature
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stop codon, W11X, leading to haploinsufficiency of IkBa, was recently re-
ported [104]. The clinical phenotypes of the first two patients were similarly
severe, with chronic diarrhea and failure to thrive, recurrent bronchopneu-
monia, meningitis, and enteritis caused by gram-positive bacteria (S aureus,
Streptococcus pyogenes), gram-negative bacteria (Pseudomonas spp, K pneu-
moniae, Serratiae spp, Salmonella typhimurium), and fungi (P jiroveci). Both
patients had a ‘‘hyper-IgM phenotype’’ with low serum concentrations of
IgG and IgA, a high serum concentration of IgM, and no antibodies against
glycans. Unlike patients who have NEMO deficiency, these patients also
showed marked signs of an aberrant T-cell development and impaired
T-cell function, with no detectable g/d T cells, almost all a/b T cells having
the naive CD45RA phenotype, and no antibodies detected in the serum in
response to recall antigens, despite vaccination, together with a complete
lack of in vitro proliferation in response to CD3-specific antibodies (OKT 3)
and recall antigens. Pronounced lymphocytosis was also a typical feature
in both patients [102,103]. The third patient described also suffered from
multiple bronchopneumonia but with no bacteremia documented to date.
In further contrast to the first two patients who had the S32I mutation in
IKBA, this patient had normal serum IgG and low IgM levels and a less
pronounced T-cell phenotype. Antibody responses and in vitro proliferation
to recall antigens were normal, as were the percentages of T and B cells, de-
spite marked lymphocytosis [104]. Hematopoietic stem cell transplantation
is a curative option for patients who have autosomal dominant EDA-ID
[105].

Because NEMO mutations impair multiple pathways and render patients
susceptible to a broad range of infections including IPD, the authors hy-
pothesized that a deficiency in one particular pathway upstream from
NEMO and IKK might be responsible for cases of IPD without EDA or
infections with other pathogens. One obvious candidate was the TIR-depen-
dent pathway, because the extracellular domain of TLRs consists of leucine-
rich repeats that sense components of various pathogens, and because the
extracellular domain of IL-1Rs consists of immunoglobulin-like domains
that recognize IL-1. All human TLRs (1–10) and IL-1Rs (TIRs) signal by
way of a structurally similar intracellular domain, the so-called ‘‘TIR do-
main.’’ TIRs, which have no kinase domain, transmit their signal by way
of several adapter molecules that bind to the receptors by way of the TIR
domain and recruit other molecules to the receptor. One of these adapter
molecules, myeloid differentiation factor 88 (MyD88), is used by all TLRs
except TLR3 and by all IL-1Rs with a TIR domain. After MyD88, the
next molecule to be recruited is interleukin receptor-associated kinase-4
(IRAK-4). Upon binding to MyD88, this kinase is phosphorylated. It
then phosphorylates interleukin receptor-associated kinase-1 (IRAK-1), re-
sulting in the degradation of this protein. IRAK-1 activation is essential for
the subsequent transmission of the signal to several pathways, including
those controlled by mitogen-activated protein (MAP) kinases and IKK,



245FROM INFECTIOUS DISEASES TO PID
eventually leading to the translocation of transcription factors activator
protein (AP)-1 and NF-kB to the nucleus.

The authors’ hypothesis that IPD was caused by defects in this pathway
was confirmed by the identification of the first three patients who had
a strong, almost specific susceptibility to IPD caused by autosomal recessive
complete IRAK-4 deficiency in 2003 [106]. Because IRAK-4 deficiency leads
to an isolated impairment of TIR signaling, IRAK-4-deficient patients dis-
play no EDA. Despite the major role initially proposed for TLRs in human
immunity [107] and the almost complete impairment of TIR signaling (with
the exception of TLR3-IFN-b and TLR4-IFN-a/b pathways) in all cell
types tested, patients who have IRAK-4 deficiency are not particularly sus-
ceptible to mycobacteria, viruses, fungi, or parasites [108,109]. In contrast,
IRAK-4 deficiency predisposes patients exclusively to infections caused by
pyogenic bacteria, S pneumoniae in particular. Meningitis, arthritis, osteo-
myelitis, and abscess formation in internal organs and just below the skin
are the most frequently observed infections. The pyogenic bacteria other
than S pneumoniae known to have caused severe infections in patients
who had IRAK-4 deficiency to date are S aureus and Pseudomona aerugi-
nosa, with less frequent infections caused by Clostridium septicum, Strepto-
coccus parasanguis, Streptococcus milleri, E coli, Neisseria Meningitidis, and
Shigella sonnei [65,106,108–118]. Most patients suffer from IPD and invasive
infections caused by other pyogenic bacteria in infancy and early childhood.
The prognosis of IRAK-4 deficiency improves significantly with age. No
deaths have been reported in patients over the age of 8 and no invasive in-
fection was reported in six patients over the age of 14, even in the absence of
antibiotic prophylaxis [108,110,111,114,116]. In most cases, routine immu-
nologic workup gave normal findings for levels of immunoglobulins, anti-
bodies against recall antigens and glycans, percentages of lymphocyte
subpopulations, and lymphocyte proliferation assays. Only a few cases of
IRAK-4 deficiency associated with low serum levels of antibodies against
recall antigens [112] or glycans [108,112] have been reported. A characteris-
tic, but not specific, clinical feature of IRAK-4 deficiency is the prolonged
period required for the umbilical cord to detach after birth (O30 days)
[118]. As previously reported for a NEMO-deficient patient, most patients
who have IRAK-4 deficiency have a delayed or weak inflammatory response
(low fever, low C-reactive protein levels), even during severe invasive infec-
tion [98,113]. In most patients who have IRAK-4 deficiency, the immuno-
logic routine workup does not reveal any anomaly. Only a few patients
displayed low levels of serum antibodies against recall antigens [52] or
glycans [52,108]. A defect in TIR-dependent pathways can be suspected in
patients whose whole blood cells do not produce IL-6 or whose granulocytes
do not shed CD62L after stimulation by TLR agonists [119]. The authors
recommend treating patients who have IRAK-4 deficiency with an antibi-
otic prophylaxis that is directed against pyogenic bacteria, in particular,
S pneumoniae. Vaccinations against S pneumoniae and N meningitidis should
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be performed and in selected cases, the administration of immunoglobulins
may be considered.
Mendelian predisposition to herpes simplex encephalitis

Herpes simplex encephalitis (HSE), which is typically caused by HSV
type 1 (HSV-1) in patients older than 3 months [120–122], is the most com-
mon sporadic viral encephalitis in the Western world (Fig. 3) [123]. The es-
timated incidence of HSE is between two and four individuals per million
per year [124–126], with approximately one third of all HSE cases caused
by primary infections (mostly in children, because about 90% of people
are seropositive by the age of 18 years) [122,126,127–129]. The first child
with HSE was described in 1941 [130], and the first adult in 1944 [131].
This disease was almost invariably lethal until the advent of acyclovir in
the 1980s. Most patients now survive HSE, although many, including young
children in particular, present neurologic sequelae [127]. HSE is a devastat-
ing disease of unclear pathogenesis, because HSV-1 is widespread and read-
ily transmitted from person to person, with more than 85% of adults
between the ages of 20 and 40 serologically positive for HSV-1 in a survey
of more than 20 countries [132,133]. Moreover, HSV-1 is benign in most
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individuals, infecting the oral mucosa, establishing latency in the trigeminal
ganglia, and resulting in asymptomatic infection or recurrent herpes labia-
lis. The pathogenesis of HSE, which affects a few HSV-1–infected individ-
uals, has therefore long remained unclear. No particular risk factors have
been definitively demonstrated to be associated with the variation of indi-
vidual HSV-1 [134–137] or other environmental factors [126,128,129]. The
role of human genetic susceptibility in HSE was first suggested by the
reports of four unrelated multiplex HSE kindreds [138–141]. Although
HSE is sporadic in most cases, the patients from these families belonged
to one or two generations and suffered from HSE at several years apart
[138–141]. A high incidence of parental consanguinity (14%) was recently
documented in French kindreds with HSE [127]. These clinical observations
suggest that HSE may result from mendelian predisposition, in at least
some children.

The first attempt to document human genetic predisposition to HSV-1 in-
fection was reported in 2001, with apolipoprotein E genotypes associated
with HSE in one study [142] but not another [143]. HSE was not reported
in patients who had bona fide mendelian PIDs until 2003, when a few pa-
tients were reported to lack STAT-1, a critical protein downstream from
the receptors to IFN-a/b and IFN-g [51]. STAT-1–deficient patients suffered
from mycobacterial disease caused by their impaired response to IFN-g [10],
and were susceptible to viral diseases, including recurrent HSE in one child
[51], presumably because of their impaired IFN-a/b responses [144]. This
finding provided the first suggestion that isolated HSE might be caused by
inherited immunodeficiencies involving IFN-a/b–mediated immunity. Con-
sistent with this hypothesis, one patient who had a mutation in NEMO
[66,96] presented recurrent mycobacterial disease and recurrent and lethal
HSE. NEMO not only regulates NF-kB activation, it is also involved in
the activation of IRF3 after viral infections or virus-associated stimulation
[145]. In this patient who had NEMO deficiency, the production of IFN-a,
-b, and -l was impaired and may account for the occurrence of HSE.
Although HSE has not been observed in other PIDs, the occurrence of
HSE in the STAT1- and NEMO-deficient patients also presenting mycobac-
terial disease strongly suggests that the human innate immune system is
involved in protective immunity to HSV-1 in the central nervous system
(CNS), and indicates that the production of, or response to, IFN-a, -b,
and -l is probably important in HSE.

The first genetic cause of isolated HSE was described in 2006, with the
identification of homozygous germline mutations in UNC93B1, in two un-
related and otherwise healthy patients suffering from HSE, from different
consanguineous kindreds [146]. The human and mouse UNC-93B proteins
contain 12 transmembrane domains and are found mostly in the endoplas-
mic reticulum [147,148]. In the mouse, UNC-93B binds to the transmem-
brane domains of TLR3 and TLR9 [147], and is required for the signaling
of intracellular, nucleic acid–sensing TLRs (TLR3, TLR7, and TLR9)
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because UNC-93B–deficient mouse macrophages display impaired re-
sponses to these TLRs [148]. The identification of human UNC-93B defi-
ciency confirmed the requirement for UNC-93B in human TLR3, TLR7,
TLR8, and TLR9 signaling [146]. The 1034del4 and 781GOA mutations
in the coding region of UNC93B1 result in a premature termination codon
and lead to a complete loss of UNC-93B expression (caused by nonsense-
mediated mRNA decay) and function. TLR3 signaling was abolished in
the patients’ fibroblasts, as shown by the impaired IFN-b and -l production
following stimulation with poly(I:C). TLR7, TLR8, and TLR9 are ex-
pressed in peripheral blood mononuclear cells (PBMCs), and the PBMCs
from UNC-93B–deficient patients did not respond to the stimulation of
TLR7, TLR8, or TLR9, in terms of the production of IFN-a, -b, and -l,
and other cytokines tested. TLR7-, TLR8-, and TLR9-mediated IFN-a,
-b, and -l production seems to be largely redundant in human antiviral
immunity; the IRAK-4–deficient patients [108] displayed impaired IFN-a,
-b, and -l production following the activation of TLR7, TLR8, and
TLR9 but were resistant to most common viral infections, HSE in particu-
lar. The identification of human UNC-93B deficiency thus provided the first
evidence that HSE can result from a monogenic trait, and that impaired
TLR3-triggered, UNC-93B–dependent, IFN-a, -b, and -l induction may
be involved in HSE.

In 2007, a germline heterozygous TLR3 mutation was identified in two
other unrelated and otherwise healthy children with HSE from nonconsan-
guineous families [149]. The identification of the second genetic cause of iso-
lated HSE established that the TLR3-UNC-93B-IFN-a, -b, and -l signaling
pathway is essential for protective immunity to HSV-1 in the CNS, at least
in some children, during primary infection. TLR3, one of the 10 members of
the human TLR family, recognizes dsRNA, an almost universal viral inter-
mediate potentially generated during most viral infections, and induces IFN
production. TLR3 was therefore thought to play a broad role in antiviral
immunity. In the two children with autosomal dominant TLR3 deficiency,
the same heterozygous 1660COT mutation (P554S) was found [145]. The
1660COT mutant allele is loss-of-function and dominant negative for the
response to poly(I:C) in fibroblasts, in terms of IFN-b and -l induction. Dif-
ferent types of TLR3-expressing cells, including fibroblasts, from patients
displayed an impaired response to poly(I:C). The production of IFN-b
and -l by fibroblasts was impaired following stimulation with poly(I:C),
HSV-1, and vesicular stomatitis virus (VSV), as in UNC-93B–deficient
fibroblasts. Moreover, higher viral titers and higher levels of cell death
following HSV-1 and VSV infection were observed in TLR3-heterozygous
fibroblasts and UNC-93B–deficient fibroblasts complemented with IFN-
a and -b, and, less efficiently, with IFN-l. Impaired TLR3 signaling thus
results in abnormally weak IFN-a, -b, and -l production, enhanced viral
replication, and enhanced cell death in patients’ fibroblasts. By inference,
this provides a plausible mechanism for HSE in the CNS. Indeed, TLR3 is
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the most abundantly and widely expressed TLR in humanCNS-resident cells,
including neurons [150], microglia [151,152], astrocytes [151,152], and oligo-
dendrocytes [151]. HSV-1 replication has been documented in vitro in these
cells [150,153,154], and human neurons [150], astrocytes [152], and microglia
also produce IFN-b in response to dsRNA.

These findings have provided conclusive evidence that isolated HSE re-
sults from a new group of single-gene immunodeficiencies, at least in
some children. The production of IFN-a, -b, and -l by way of TLR3-
UNC-93B is critical for protective immunity to HSV-1 in the CNS. These
results have important therapeutic implications, because at least some
HSE patients would probably benefit from recombinant IFN-a treatment
in addition to acyclovir [146]. An interesting unresolved question concerns
the role of different IFN-a, -b, and -l subtypes in anti–HSV-1 immunity.
The subtype may be of importance, and may provide further indications
for the treatment of HSE patients who have IFNs. HSE patients, including
the reported UNC-93B– and TLR3-deficient patients [146,149], are typically
not susceptible to other infections, or even to HSV-1 infections outside the
CNS [155]. TLR3-independent IFN responses to dsRNA in some cells
types, including dendritic cells [149], and TLR3-independent IFN responses
to other viral intermediates may confer protection against a wide range of
viruses in TLR3- and UNC-93B–deficient patients [156,157]. However, lim-
ited by the small number of UNC-93B– and TLR3-deficient patients stud-
ied, which resulted in probable strong ascertainment bias, no definitive
conclusion can be made concerning the infectious phenotypes of UNC-
93B– and TLR3-deficient patients. Five of the seven TLR3-deficient individ-
uals and one of the three UNC-93B–deficient individuals did not develop
HSE, despite proved HSV-1 infection [149]. The incomplete clinical pene-
trance of HSE in TLR3- and UNC-93B–deficient individuals provides an
explanation for the sporadic occurrence of HSE. It may be that age at infec-
tion is a key factor governing the development of HSE in genetically predis-
posed individuals, as suggested by the genetic epidemiologic survey of
French cases [127]. Finally, the lack of identified genetic deficiencies in
most other HSE patients, including adult HSE patients, in whom the path-
ogenesis of HSE may be different from that in pediatric cases [158], makes it
interesting to explore the possible genetic disorders in these patients,
whether they concern the TLR3–UNC-93B–IFN-a, -b, and -l signaling
pathway, or other systems. Future genetic studies based on positional clon-
ing, and biologic studies based on functional screens, will undoubtedly pro-
vide additional insight into the pathogenesis of HSE, by better defining the
molecules and cells involved in immunity to HSV-1 in the CNS.
Summary

From the 1950s onwards, patients who had a selective predisposition to
infections caused by weakly virulent mycobacteria (MSMD) were thought
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to have a PID, given the occurrence of similar infections in patients who had
multiple infections and severe PIDs, such as severe combined ID [159]. It
was not until 1996 that the first molecular defects were found, and now
we know of 14 genetic causes of MSMD, resulting from mutations in seven
genes. Many more genetic causes of MSMD remain to be discovered, and
their discovery may help us decipher the genetic basis of pediatric tubercu-
losis, as suggested by the occurrence of this disease in children with
IL12RB1 deficiency [11]. Children with recurrent IPD were also thought,
from the 1950s onwards, to suffer from PIDs, because PIDs affecting pneu-
mococcal opsonization, such as X-linked agammaglobulinemia, predispose
patients to invasive disease caused by encapsulated bacteria, including pneu-
mococcus [80]. It was not until 2003, with the description of children with
IRAK-4 deficiency, based on the prior discovery of NEMO and IKBA
mutations in patients who had a complex PID associated with multiple in-
fections including IPD as the dominant trait, that the first specific genetic
cause of recurrent IPD was documented. Most patients who have recurrent
IPD and most patients who have a single episode of IPD still have no iden-
tified genetic cause. Finally, HSE was not thought to result from a PID until
the first two patients who had HSE and mycobacterial disease were identi-
fied in 2003, and until a genetic cause of isolated HSE was discovered in
2006 [160]. Most children with a single episode or recurrent HSE still
have no identified genetic cause. Research into PIDs will undoubtedly
advance through the identification of new genetic causes of MSMD, IPD,
and HSE. This expansion may become a paradigm, because other pediatric
infectious diseases are also likely to result from novel PIDs.
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