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Abstract

Mendelian susceptibility to mycobacterial disease (MSMD) is a rare syndrome conferring
predisposition to clinical disease caused by weakly virulent mycobacteria, such as Mycobacterium
bovis Bacille Calmette Guérin (BCG) vaccines and nontuberculous, environmental mycobacteria
(EM). Since 1996, MSMD-causing mutations have been found in six autosomal genes involved in
IL-12/23-dependent, IFN-y-mediated immunity. The aim of this review is to provide the
description of the two described forms of X-linked recessive (XR) MSMD. Germline mutations in
two genes, NEMO and CYBB, have long been known to cause other human diseases—
incontinentia pigmenti (IP) and anhidrotic ectodermal dysplasia with immunodeficiency (EDA-
ID) (NEMO/IKKG), and X-linked chronic granulomatous disease (CGD) (CYBB)—but specific
mutations in either of these two genes have recently been shown to cause XR-MSMD. NEMO is
an essential component of several NF-kB-dependent signaling pathways. The MSMD-causing
mutations in NEMO selectively affect the CD40-dependent induction of IL-12 in mononuclear
cells. CYBB encoded for gp91Pho% which is an essential component of the NADPH oxidase in
phagocytes. The MSMD-causing mutation in CYBB selectively affects the respiratory burst in
macrophages. Mutations in NEMO and CYBB may therefore cause MSMD by selectively exerting
their deleterious impact on a single signaling pathway (CD40-IL-12, NEMO) or a single cell type
(macrophages, CYBB). These experiments illustrate how specific germline mutations in pleiotropic
genes can dissociate signalling pathways or cell lineages, thereby resulting in surprisingly narrow
clinical phenotypes.
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Introduction

Mendelian susceptibility to mycobacterial disease (MSMD) is a rare syndrome conferring
predisposition to clinical disease caused by weakly virulent mycobacteria, such as
Mycobacterium bovis Bacille Calmette Guérin (BCG) vaccines and nontuberculous,
environmental mycobacteria (EM) (OMIM 209950). -3 It was recently found, as expected,
that patients are also vulnerable to the more virulent Mycobacterium tuberculosis.*=¢ The
syndrome was probably first reported in 1951, in an Algerian child with disseminated BCG
disease,” and cases of "idiopathic” infections with BCG have since been reported
worldwide.8 Children with unexplained EM disease were also identified, once EM species
had been described, with opportunistic EM, such as Mycobacterium avium, implicated most
frequently. Typically, unlike patients with most conventional primary immunodeficiencies,®
patients with MSMD are otherwise healthy and are not prone to other unusually severe
infections, with the notable exception of systemic nontyphoidal salmonellosis, which is
documented in about half the patients, including some without mycobacterial diseases.10: 11
However, other severe infectious diseases, as diverse as cytomegalovirus and varicella
zoster virus diseases,12 human herpes virus-8—associated Kaposi’s sarcoma,!3 listeriosis, 14
klebsiellosis,® nocardiosis, 1617 histoplasmosis,8 paracoccidioidomycosis,1?
coccidioidomycosis,20-2! and leishmaniasis, 22 have been reported, mostly in single patients,
raising the possibility that the clinical phenotype of MSMD may well extend beyond
diseases caused by Mycobacterium or Salmonella. The original denomination of MSMD
may therefore not accurately describe all patients, particularly if genetic etiologies common
to various infectious phenotypes are described.

The syndrome of MSMD was long thought to be Mendelian, based on the large number of
consanguineous and/or multiplex kindreds identified. The occurrence of MSMD in patients
born to consanguineous parents and in siblings strongly suggested that most cases followed
an autosomal recessive (AR) mode of inheritance.2 Consistent with this hypothesis, six
MSMD-causing genes to be identified were all autosomal. 23 Since 1996, MSMD-causing
mutations have been found in six autosomal genes—IFNGR1, IFNGR2, STATL, IL12B,
IL12RB1, and IRF8—all involved in IL-12/23-dependent, IFN-y—mediated immunity.
Mutations in IFNGR1 (encoding the ubiquitously expressed IFN-y receptor ligand-binding
chain, IFN-yR1),24-29 IFNGR2 (IFN-yR2),39-34 and STAT1 (STAT-1)35 36 impair cellular
responses to IFN-y, a cytokine produced by NK and T lymphocytes. Mutations in

IL12B 16. 37 and 1L12RB138-40 impair the production of IFN-y, by blocking the production
of the p40 subunit of IL-12 and IL-23 (encoded by I1L12B) or the response to IL-12 and
IL-23 (IL12RB1, encoding the B1 chain of the IL-12 and IL-23 receptors) in phagocytes and
dendritic cells (Fig. 1). IL-12 is a relatively specific, potent inducer of IFN-y, whereas the
newly described IL-23 is involved in the induction of IL-17 cytokines. Mutations in IFR8S,
an interferon regulatory factor inducible by IFN-y, impair IL-12 secretion by monocytes and
dendritic cells. 22 "MSMD” may therefore be described as disorders of the 1L-12—IFN-y
circuit, at least in patients bearing these defects. Interestingly, the genetic investigation of
MSMD from this perspective has led to the description of the related, but different disorder
of AR, complete STAT1 deficiency*142 and partial recessive STAT1 deficiency*3-4% in
patients highly vulnerable to both mycobacteria and viruses. These patients have impaired
responses to IFN-y, accounting for mycobacterial diseases, and impaired responses to IFN-
o/ and IFN-, accounting for overwhelming viral diseases.*6: 47

Moreover, the high level of allelic heterogeneity at these six loci accounted for the existence
of 13 known distinct genetic disorders, depending on whether the alleles were null or
hypomorphic, associated with a lack of protein expression or the expression of an abnormal
protein, in which case, depending on the molecular mechanism of disease, and more
surprisingly, whether the alleles conferred recessive or dominant MSMD (Table 1). Indeed,
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whereas MSMD was first noticed to be inherited as an AR and its first genetic etiologies
were actually found to be AR, autosomal dominant (AD) MSMD, with both sporadic cases
and multiplex kindreds with cases in several generations, has been found to be associated
with specific IFNGR1, STAT1, and IRF8 alleles .23 26. 35,36 A mytation in IFNGR2 has
even been found to be dominant in cells from a healthy individual, raising the possibility
that there might be MSMD patients with dominant IFN-yR2 deficiency.32 Four of the 13
known autosomal genetic etiologies of MSMD are AD, the others being AR. However, these
known genetic etiologies account for no more than half the patients with MSMD, and
probably even fewer of the patients with other unexplained infectious diseases, such as
nontyphoidal salmonellosis. Interestingly, MSMD may also segregate as an X-linked
recessive (XR) trait. We will herein review the two known forms of XR MSMD, due to
mutations in NEMO and CYBB.

X-linked recessive MSMD type 1

The occurrence of mycobacterial disease in multiple, maternally related males in other
kindreds suggested, as early as 1996, that there might be at least one XR form of

MSMD. 4849 Two patients from a kindred with X-linked MSMD were described clinically
in 1991,%0 another patient related to these cases was identified in 1994,%1 and a fourth case
relative with the same underlying genetic etiology was reported in 2006 (OMIM 300636).52
Clinically, four maternally related males developed disseminated Mycobacterium avium
complex infection but presented no other severe infectious diseases, with the exception of
invasive Haemophilus influenzae type b infection in one patient and culture-proven, miliary
tuberculosis in another. The known autosomal defects of the IL-12—IFN-y circuit were
excluded in these kindreds. However, a related immunological phenotype was identified by
Frucht and Holland in 1996.48 They reported low levels of IFN-y and 1L-12 production by
the patients’ mononuclear cells upon activation with phytohemaggutinin (PHA) or CD3-
specific antibodies. The production of 1L-12 in response to microbial stimulation, in the
form of BCG, BCG plus IFN-y and LPS, was normal. Impaired I1L-12 production by the
patients’ monocytes was shown to be the primary defect in assays in which autologous and
heterologous monocytes and T cells were cocultured in the presence of PHA, resulting in a
secondary defect in IFN-y production. The monocyte defect was cell-autonomous, but
dependent on the presence of T cells, indicating a defect in the T cell-dependent monocyte
activation pathway.

It was only later recognized that one of these four American patients had sparse teeth,
leading to suspicion of a disorder related to anhidrotic ectodermal dysplasia (EDA) with
immunodeficiency (EDA-ID). EDA-ID is a complex developmental and immunological
syndrome caused by hypomorphic mutations in NEMO/IKKG, encoding a regulatory
component of the IKK complex.>3-5% In its classical form, the EDA developmental
syndrome is characterized by the lack of skin appendages, resulting in anodontia or
hypodontia with conical incisors (decidual or permanent teeth), atrichosis or hypotrichosis
(sparse hair, no eyebrows and eyelashes), and a lack of sweat glands (with heat intolerance).
Most children with EDA do not suffer from any detectable immunodeficiency and carry
mutations in the ectodysplasin pathway.>® However, some children with EDA have been
found to display severe infectious diseases and an impaired antibody response to glycan
antigens—pneumococcal capsular antigens in particular—Ileading Abinun to coin the term
EDA-1D.57-59 No overt immunological abnormalities other than a poor inflammatory
response have been identified in these patients. The range of infections varied considerably
from case to case, with viral, bacterial, and fungal diseases observed, but most children
suffered from invasive pneumococcal disease, which was by far the most frequent type of
infection in these children. Some children have been found to have a much milder
developmental phenotype, with conical incisors as the sole developmental abnormality.60: 61
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Some children with hypomorphic mutations in NEMO have even been found to have no
detectable developmental phenotype.62-64

The underlying genetic mutations in NEMO in children with EDA-ID were identified by
serendipity, when two mothers with IP surprisingly gave birth at term to boys with EDA-
ID,65: 66 after it had been shown that IP, an X-linked dominant disorder lethal in utero in
boys, was associated with loss-of-function mutations in NEMO.57: 88 The two unrelated
mothers were found to carry the same NEMO mutation, which, unlike the other IP-causing
null mutations, was hypomorphic, indicating that there was a genotype-phenotype
correlation in males, but not in females. Since 2001, up to 80 patients with hypomorphic
mutations in NEMO have been reported®3-55. 59-64, 66, 67, 69-80 and many more have been
diagnosed worldwide. For all mutations found (nonsense, frameshift, and missense), no
obvious correlation between a given genotype and a particular infectious or immunological
phenotype has been identified. However, the W420X mutation has been found to
cosegregate with a severe phenotype of EDA-1D, with osteopetrosis and

Iymphedema.55' 65, 81, 82

Patients from the American kindred with XR-MSMD and impaired IL-12 production by
monocytes upon stimulation by PHA-activated T cells were found to have the novel E315A
NEMO mutation.52 One boy in each of two other unrelated families, one from France and
the other from Germany, developed infectious disease diagnosed as probable tuberculosis.
The French patient presented very mild signs of EDA, limited to conical decidual incisors;
he was vaccinated with BCG and, at the age of two years, had cervical lymphadenitis, fever,
and a positive tuberculin skin test (TST). He was diagnosed with tuberculosis and treated for
this disease. The German patient was not vaccinated with BCG, and at nine years of age, he
was hospitalized for persistent fever and a strongly positive TST, suggestive of
mycobacterial disease. This patient displayed no developmental abnormality. The same
novel R319Q hemizygous mutation in NEMO was identified in these two kindreds.

The E315A and R319Q mutations were not mere polymorphisms, and were found to affect
residues conserved in the NEMO genes of nine and six species (of nine studied). Moreover,
residues E315 and R319 disrupt the formation of the salt bridge in the leucine zipper domain
(LZD) of NEMO, suggesting that mutations in either of the amino acids may disturb the
plasticity of the LZD-helix of NEMO, interfering with the CD40-NEMO-NF-«B signaling
pathway. The folding defect of the E315A mutant is responsible for the defect in binding to
ubiquitin chains.83 These hypomorphic mutations in NEMO are associated with impaired
NF-«kB activation of c-Rel containing proteins in response to CD40. Not all CD40-dependent
pathways are affected, as the induction of 1L-12 in monocytes and dendritic cells is
impaired, whereas that of the co-stimulatory molecules CD80 and CD86 is affected. The
CD40-NF-«kB pathway in B cells has also been shown to be intact. Moreover, these
mutations do not affect NF-kB activation in response to classical activators, such as TNF-a,
IL-1B, or lipopolysaccharide (LPS). The mutant NEMO protein was normally expressed in
the hematopoietic and non hematopoietic cells tested. The identification of these mutations
therefore provided a molecular basis for XR-MSMD in the absence of other infections.
Nonetheless, impairment of the CD40-I1L-12 pathway cannot itself provide a full
explanation for the predisposition to mycobacterial diseases, as CD40- and CD40L-deficient
patients are prone to tuberculosis and regional ”"BCG-it is,” but none has yet been shown to
be particularly susceptible to M. avium disease or disseminated "BCG-osis.” Other pathways
affected by the NEMO mutations may also be involved. The key genetic feature of these two
related mutations, found in six patients from three kindreds, is that they dissociate the
multiple NEMO-dependent, NF-«xB signalling pathways. By affecting the CD40-IL-12
pathway, while maintaining at least the other pathways tested, these two mutations result in
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a very narrow clinical phenotype, apparently restricted to MSMD, unlike other NEMO
mutations, resulting in a much broader immunological and clinical phenotype.

X-linked recessive MSMD type 2

A second form of X-linked recessive MSMD has recently been reported (OMIM
3000645).84 Four maternally related men from a large French kindred were identified as
suffering from mycobacterial diseases.8 The first patient, now aged 58 years, was not
vaccinated with BCG in infancy but developed a clinical disease diagnosed as disseminated
tuberculosis at the age of 34. The other three men, now aged 61, 56, and 37 years, suffered
from disseminated BCG disease (BCG-osis) with lymph node involvement, or from
recurrent regional BCG-itis, shortly after vaccination. Two of these men suffered relapses
years later. Moreover, an obligate carrier from first kindred developed tuberculous
salpingitis at the age of 29 years. Three maternally related men from another unrelated
French kindred also displayed MSMD. The patients are aged 37, 40, and 37 suffered from
BCG-osis.8 The seven patients did not suffer from any other infectious diseases. Other
members of the two families were vaccinated with BCG, with no complications. The
production of IL-12 and IFN-y by the patients’ cells in response to BCG was normal and,
unlike patients with NEMO mutations (E315A and R319Q) these patients had an intact T
cell-dependent pathway of monocyte IL-12 production. Moreover, CD40-dependent IL-12
production by monocytes and dendritic cells was normal. The involvement of NEMO was
further excluded in theses kindreds by genetic means, including sequencing of the coding
region and genetic linkage analysis. This linkage analysis identified two regions with a
maximum LOD score of 2.29, on the short and long arms of the X chromosome. The
patients from the two kindreds therefore clearly displayed a new form of XR-MSMD.

The sequencing of candidate genes in the intervals to which genes known to be associated
with primary immunodeficiencies, including CD40LG, have been mapped led to a specific
mutation (Q231P) being identified in CYBB in the four male patients from the first family
and another specific mutation (T178P) has been identified in CYBB in the three male
patients from the second family. This gene encodes gp91Ph°X, is located on the short arm of
the X chromosome, and contains 13 exons. CYBB is expressed strongly in all phagocytic
cells (including granulocytes, monocytes, and macrophages) and, to a lesser extent, in B
cells. Germline mutations in CYBB are responsible for the most common form of chronic
granulomatous disease (CGD) (OMIM 306400), a primary immunodeficiency disease in
which phagocytic cells display little or no nicotinamide adenine dinucleotide phosphatase
(NADPH) oxidase activity.86-88 CGD patients suffer from recurrent life-threatening
infections caused by multiple bacteria and fungi, Staphylococcus and Aspergillus in
particular.8% Mycobacterial diseases, caused by BCG and M. tuberculosis, are seen in about
30 to 40% of these patients, with a higher prevalence of tuberculosis in endemic
countries.?%: 91 A few rare cases have been reported of isolated mycobacterial disease, albeit
in patients under the age of 17 years.% Patients also present steroid-sensitive granulomas,
apparently not triggered by infectious agents. Three forms of X-linked CGD have been
distinguished, based on X91 protein levels—X91° (no protein), X91~ (low levels), and
X91* (normal levels)—but there is no strict correlation with mutant gp91 function and the
resulting clinical features.89: 92.93 Unlike the cells of CGD patients, neutrophils and
monocytes from our seven patients displayed a perfectly functional respiratory burst, in
terms of both superoxide production and hydroxide peroxide release after phorbol ester
induction and the physiological stimuli.8> Moreover, their granulocytes killed
Sthaphylococcus aureus correctly, unlike granulocytes from CGD patients. This explains the
lack of any of the common clinical features of CGD, whether infectious or granulomatous,
in these seven adult patients, in the absence of any anti-infectious or immunosuppressive
prophylaxis.
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However, the hemizygous Q231P and T178P mutations were shown to affect respiratory
burst function in monocyte-derived macrophages (MDMs) and EBV-transformed B cells.
Indeed, when macrophages were activated with BCG, PPD, or IFN-y and triggered with
phorbol ester, the respiratory burst function was completely abolished.8> Morever, the
growth of BCG in the patients’ MDMs in vitro was enhaced. These alterations were
documented in vitro and probably reflect the respiratory burst activity in tissue-resident
macrophages in vivo. Indeed, B cells are known to play no substantial role in protective
immunity to mycobacteria, as attested by the lack of mycobacterial diseases in B cell-
deficient children.®4 This experiment of nature therefore demonstrates that the respiratory
burst in macrophages is essential for protective immunity to mycobacteria. These patients
provide a cellular basis for the susceptibility to mycobacteria observed in CGD patients. The
lack of environmental mycobacterial disease in patients with these mutations and the
extreme rarity of such disease in CGD patients also indicate that the macrophage respiratory
burst is not critical for the control of EM. The respiratory burst in granulocytes and
monocytes also seems to be dispensable for protective immunity to mycobacteria. However,
all six BCG-vaccinated patients in these kindreds had BCG disease (regional or
disseminated forms), as do more than the 30 to 50% of vaccinated CGD patients. This may
reflect the impact of modifier genes, or other unknown environmental factors. In any event,
these data also strongly suggest that the macrophage respiratory burst is not involved in
immunity to other bacteria and to fungi, consistent with the results obtained for patients with
congenital or acquired neutropenia.®® Immunity to these microbes principally involves the
respiratory burst in granulocytes and monocytes. %6

Why is the respiratory burst defective in macrophages (and B cells) but not in granulocytes
or monocytes? The CYBB mutations are the germline mutations and were found in all cell
types tested, including granulocytes and monocytes. However, the gp91PNo% expression is
different in all phagocytic cells, particularly in MDMs and EBV-B cells, correlating with the
defect in the NADPH activity. Moreover, gp65Ph°X; a precursor of the mature gp91P"%%  has
been detected in the macrophages and EBV-B cells, indicating the impaired maturation of
gp65PhOX to gp91PhoX associated with impaired formation of the flavocytochrome bssg, the
assembly and activation of which depend on a cell-specific threshold. Smaller amounts of
gp91PhoX protein can support flavocytochrome bssg assembly and substantial oxidase
activity in granulocytes and monocytes but not in B cells and macrophages. Additional
experiments using Chinese hamster ovary (CHO) epithelial cell line and PLB-985 cell line
found a small amounts of gp91P"°X and the presence of gp65 precursor by these two CYBB
alleles.8 The detailed biochemical mechanism underlying the selective, cell-specific impact
of these germline mutations, which result in impaired flavocytochrome bsgg complex
assembly required for NADPH activity, remains unknown.8% The NADPH oxidase launches
a series of biochemical reactions resulting in the successive production of multiple, short-
lived reactive oxygen species (ROS).9 In the in vitro and ex vivo assays, we determined the
levels of only some of the ROS, such as superoxide and hydrogen peroxide, produced by
cells extracted from their natural, physiological environment, and stimulated with artificial
stimuli. For example, we determined hydrogen peroxide release by monocyte-derived
macrophages. It is possible, although unlikely, that tissue macrophages in vivo, and perhaps
even granulocytes or monocytes in vivo, have a phenotype different from that described in
our study. Despite these hypothetical reservations, which it is not yet possible to tackle
experimentally in humans, these data strongly suggest that the Q231P and T178P CYBB
mutations confers XR-MSMD because they selectively affect macrophages.

Conclusion

Elucidation of the molecular basis of the two forms of XR-MSMD was of immunological
interest, as it indicated the role of the CD40-IL-12 pathway in monocyte-macrophages and
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dendritic cells (XR-MSMD type 1), and of the CYBB-dependent NADPH oxidase assembly
and respiratory burst in macrophages (XR-MSMD type 2), in protective immunity to
mycobacteria in humans. Mutations in NEMO are clearly connected with the IL-12—-1FN-y
circuit, as CD40 stimulation leads to the induction of IL-12. The connection of the CYBB
mutation with the previously identified mutations in autosomal genes controlling the IL-12—
IFN-y circuit is less clear. It may be that CYBB is controlled by IFN-y, and the respiratory
burst acts as an effector mechanism to destroy mycobacteria in macrophages. Alternatively,
CYBB and the respiratory burst may be required for the optimal production of IL-12 by
macrophages infected with mycobacteria. It is also possible that gp91P"°% and the other
MSMD-causing gene products are not directly connected but work independently to
eliminate mycobacteria. These hypotheses are currently being tested in vitro. In any event,
both NEMO and CYBB may be considered bona fide MSMD-causing genes, and MSMD is
therefore allelic with two other XR primary immunodeficiencies: EDA-ID (NEMO) and
CGD (CYBB) (Fig. 1).

These experiments occuring in nature are also of interest to the genetic community. Indeed,
the two forms of XR-MSMD illustrate how subtle germline mutations in pleiotropic genes,
involved in multiple signaling pathways (NEMO) and multiple cell types (CYBB), can
impact on one pathway or one cell type, respectively. The XR-MSMD NEMO mutations do
not impair NEMO-dependent NF-xB activation in response to most stimuli tested,
accounting for the lack of associated EDA-ID developmental and infectious diseases—
pyogenic bacterial diseases in particular. The XR-MSMD CYBB mutation does not impair
the respiratory burst in granulocytes and monocytes, accounting for the lack of granulomas
and infectious diseases seen in CGD—and of bacterial and fungal infections in particular.
The MSMD-causing NEMO mutations thus seem to impairing one pathway selectively,
whereas the MSMD-causing CYBB mutation appears to impair one cell type selectively.
From a genetic standpoint, these findings indicate that subtle mutations associated with a
narrow phenotype may be found in genes, null mutations of which result in a broad
phenotype, whether in mice or in humans.®7-100 Candidate genes should not be excluded a
priori based solely on the phenotype associated with null alleles. The NEMO mutation, in
particular, is reminiscent of the STAT1 mutations previously found to affect one of the two
signaling pathways involving STAT1.35 38 As for CYBB, it now appears that germline
mutations mimicking “conditional knockouts” in mice can be seen in humans. Candidate
genes for subtle, narrow phenotypes should therefore not be excluded based solely on their
involvement in multiple pathways or on the basis of their involvement in multiple cell types.
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Figure 1.

MSMD-causing gene products in the 1L-12/23—-1FN-y circuit. Schematic representation of
cytokine production and cooperation between monocytes-macrophages-dendritic cells and
NKT cells. Mutant molecules in patients with MSMD are indicated in gray. Allelic
heterogeneity of the eight genes results in the definition of 15 genetic disorders. The IL-12—
IFN-y loop and the CD40L-activated CD40 pathway, mediating cooperation between T cells
and monocyte/cells, are crucial for protective immunity to mycobacterial infection in
humans. IRF8 is an IFN-y—inducible transcription factor required for the induction of
various target genes, including IL-12. The NEMO mutations in the LZ domain mostly impair
CD40-NEMO-dependent pathways. The Q231P and T178P gp91P"°* mutations specifically
abolish the respiratory burst in monocyte-derived macrophages; gp91Ph°% induction might
led to release of IL-12 (for which, any evidence have been demonstrated).
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Genetic aetiologies of MSMD

Gene Inheritance | Defect | Protein
1L12B AR C E-
IL12RB1 AR C E-
AR C E+
IFNGR1 AR C E-
AR C E+
AR P E+
AD P E+
IFNGR2 AR C E-
AR C E+
AR P E+
STAT1 AD P E+P—
AD P E+P+B—
IRF8 AD P E+
NEMO XR P E+
CYBB XR P E+

Table 1
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Modes of inheritance are either autosomal dominant (AD), autosomal recessive (AR) or X-linked recessive (XR). The functional defects are either
complete (C) or partial (P). The mutant proteins are either expressed (E+) or not (E—), being not phosphorylated (P—) or not binding DNA (P+ B—)

upon IFN-y stimulation.

Ann N'Y Acad Sci. Author manuscript; available in PMC 2012 December 1.



