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Abstract
Germline mutations in CYBB, the human gene encoding the gp91phox subunit of the phagocyte
NADPH oxidase, impair the respiratory burst of all types of phagocytes and result in X-linked
chronic granulomatous disease (CGD). We report here two kindreds in which otherwise healthy
male adults developed X-linked recessive Mendelian susceptibility to mycobacterial disease
(MSMD) syndromes. These patients had previously unknown mutations in CYBB that resulted in
an impaired respiratory burst in monocyte-derived macrophages but not in monocytes or
granulocytes. The macrophage-specific functional consequences of the germline mutation resulted
from cell-specific impairment in the assembly of the NADPH oxidase. This ‘experiment of nature’
indicates that CYBB is associated with MSMD and demonstrates that the respiratory burst in
human macrophages is a crucial mechanism for protective immunity to tuberculous mycobacteria.

Tuberculosis is a leading public health problem worldwide, and the study of genetic
predisposition to tuberculosis is a promising avenue of research1,2. Mendelian susceptibility
to mycobacterial disease (MSMD; Mendelian Inheritance in Man accession code, 209950) is
a rare syndrome that results in a predisposition to clinical disease caused by weakly virulent
mycobacterial species, such as tuberculous Mycobacterium bovis bacillus Calmette-Guérin
(BCG) vaccines and non-tuberculous, environmental mycobacteria1,3. These patients are
also vulnerable to more virulent Mycobacterium tuberculosis2. Five disease-causing
autosomal genes (IFNGR1, IFNGR2, STAT1, IL12RB1 and IL12B) and one X-linked gene
(IKBKG) have been identified3. Allelic heterogeneity accounts for the existence of 13
distinct disorders, all of which impair immunity mediated by interferon-γ (IFN-γ). The
genetic etiology of about half of the patients with MSMD, however, remains unclear. Four
maternally related French male patients (kindred A; patients P1–P4) presenting a second X-
linked recessive form of MSMD (XR-MSMD-2) have been reported4. The patients had
recurrent or disseminated tuberculous mycobacterial disease, with BCG disease in three
patients (MSMD sensu stricto) and tuberculosis in one patient (not vaccinated by BCG).
Another French kindred with XR-MSMD has been identified; the three male patients of this
kindred (kindred B; patients P5–P7) had BCG disease. In patients from both kindreds, there
was no distinguishable immunological phenotype, and the known etiologies of MSMD,
including, in particular, X-linked mutations in IKBKG5, were excluded, which suggests that
the two kindreds share a previously unknown X-linked recessive genetic etiology of MSMD.
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RESULTS
CYBB mutations associated with MSMD

Multipoint linkage analysis in the two kindreds described above (Supplementary Note) gave
a maximum logarithm of odds score of 2.29 for two candidate regions on Xp11.3–Xp21.1
(13.83 megabases) and Xq25–Xq26.3 (11.79 megabases; Supplementary Fig. 1a). We
excluded known X-linked primary immunodeficiencies on the basis of clinical and
immunological grounds in both kindreds. We nonetheless sequenced the coding region of
the primary immunodeficiency–causing genes present in those two chromosomal intervals in
DNA isolated from the two probands (patients P4 in kindred A and P5 in kindred B). We
found no mutations in CD40LG which encodes CD40L (CD154), the ligand for the
costimulatory molecule CD40 (ref. 6), but we found, in exon 7 of CYBB in patient P4 from
kindred A, a nucleotide substitution (A to C) in the codon encoding amino acid position 231
that resulted in the replacement of a glutamine by a proline residue (Q231P) in the gp91phox

subunit of the phagocyte NADPH oxidase, which is the protein encoded by CYBB (Fig.
1a,b). A nucleotide substitution (A to C) in the codon for amino acid position 178 that
resulted in the replacement of a threonine by a proline residue (T178P) was present in exon
6 of CYBB in patient P5 from kindred B (Fig. 1a,b). Mutations in CYBB are commonly
associated with chronic granulomatous disease (CGD)7, which defines the X-linked
recessive form of CGD (XR-CGD). In both kindreds, the clinically affected male subjects
were all hemizygous for the mutated allele, whereas the other maternally related, healthy
male subjects tested were not. The eleven obligate female carriers tested in the two kindreds
were heterozygous for the mutation, including a 90-year-old woman with a history of severe
tuberculosis (H1), as well as four other female subjects (Fig. 1a). The strict familial
cosegregation of CYBB genotype and MSMD phenotype (extended to tuberculosis) in the
male subjects alive from both kindreds suggested that the CYBB mutations were responsible
for disease. The mutations must have been transmitted by the male founders of both
kindreds in generation, although they did not develop MSMD (Fig. 1a). However, these men
lived in France before the introduction of routine BCG vaccination of children at a time
when the incidence of tuberculosis was already decreasing.

The CYBB alleles encoding the Q231P and T178P substitutions were not present in any of
1,300 X chromosomes from 52 ethnic groups (in the panel from the Human Genome
Diversity Project at the Centre d’Etude du Polymorphisme Humain), including 240
European chromosomes. Moreover, the two mutations were nonconservative, each resulting
in substitution with a proline residue that is particularly disruptive (Fig. 1c) and affecting
residues conserved in 33 animal species studied (Supplementary Fig. 1b). Finally, these two
mutations have not previously been associated with CGD, a well-known primary
immunodeficiency associated with many bacterial and fungal infectious diseases, including
tuberculous mycobacterial diseases7–13 (Supplementary Note). All these observations are
thus consistent with the proposal that the CYBB mutations resulting in Q231P and T178P are
responsible for XR-MSMD-2 in these two kindreds.

Normal NADPH oxidase activity in circulating phagocytes
CYBB encodes the β-chain of flavocytochrome b558 (also known as gp91phox or NOX2), an
essential element of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
complex (phox) in phagocytes such as granulocytes, monocytes and macrophages. It is also
expressed, but to a lesser extent, in other cells, such as dendritic cells and B lymphocytes. In
all phagocytes of patients with CGD or ‘variant CGD’, the production of reactive oxygen
species is inadequate. To solve the paradox of CYBB mutations in two kindreds with MSMD
but apparently not CGD or ‘variant CGD’ (Supplementary Note), we therefore investigated
in depth the respiratory burst in the patients bearing the CYBB mutations resulting in Q231P
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or T178P. Patient P4 had normal production of superoxide (O2
−) and hydrogen peroxide

(H2O2) in polymorphonuclear neutrophils (PMNs), as shown by the reduction of nitroblue
tetrazolium (NBT) in response to endotoxin (lipopolysaccharide) and Staphylococcus
epidermidis4 (data not shown). Moreover, the chemiluminescence of PMNs (a marker of
both O2

− and H2O2 concentration) stimulated with the phorbol ester PMA was also normal4.
We obtained PMNs from the five patients tested and stimulated the cells with PMA in the
presence or absence of catalase, then assessed their production of O2

− by reduction of
cytochrome c that can be inhibited by superoxide dismutase (a method for assessing
specifically O2

−). O2
− production was in the normal range, even at early time points, and

was proportional to the number of PMNs tested, even in the presence of catalase (Fig. 2a
and Supplementary Fig. 2a,b). PMNs from the six patients tested also released H2O2
normally in response to PMA14 (Fig. 2b and Supplementary Fig. 2c). After PMA treatment,
the O2

−-dependent reduction of cytochrome c was normal in monocytes from the six
patients tested (Fig. 2a and Supplementary Fig. 2d,e). Similar amounts of H2O2 were
released after PMA activation of monocytes from the five patients tested and healthy
controls, in contrast to the defect seen in monocytes from patients with CGD (Fig. 2b and
Supplementary Fig. 2f). PMNs and monocytes from four heterozygous female subjects
responded like control cells (Supplementary Fig. 2f).

In addition, we assessed functional respiratory burst activity by flow cytometry with
dihydrorhodamine 123 to measure intracellular H2O2 production. PMNs and monocytes
from patients P4 (kindred A) and P5 (kindred B) stimulated with PMA were normal (Fig. 2c
and Supplementary Fig. 2g). Moreover, PMNs from patients P4 and P5 responded normally
to milder activation involving priming with low concentrations of tumor necrosis factor,
interleukin 1β (IL-1β) or cytochalasin b, followed by stimulation with the peptide formyl-
Met-Leu-Phe (Fig. 2d and Supplementary Fig. 2h). Thus, the six patients bearing the
mutated CYBB allele encoding the Q231P or T178P substitution had a normal respiratory
burst in peripheral blood PMNs and monocytes, as assessed by diverse assays of O2

−

production and H2O2 release.

Finally, we searched for subtle functional defects that might have been missed by the
experiments reported above by evaluating the in vitro killing of Staphylococcus aureus by
granulocytes from one patient of each kindred. Their granulocytes killed S. aureus normally,
unlike granulocytes from patients with CGD, in which S. aureus is the leading pathogen
(Fig. 2e). These findings confirmed published investigations of these patients’ respiratory
burst4 and were consistent with the absence of clinical features typically associated with
CGD and ‘variant CGD’, including staphylococcal disease, even in affected adults of
advanced age from kindreds A and B4 (Fig. 1a).

Impaired NADPH oxidase activity in macrophages
In turn, the findings reported above raised the question of whether the two mutated CYBB
alleles were pathogenic at all in the two kindreds with MSMD. We thus investigated the
cellular basis of mycobacterial disease in these patients by assessing the oxidative function
of their monocyte-derived macrophages (MDMs)15,16. Tissue phagocytes, macrophages in
particular, are the natural hosts of mycobacteria during the course of infection and disease.
After 14–15 d of culture in the presence of macrophage colony-stimulating factor (M-CSF)
to generate MDMs, H2O2 was detectable when control MDMs were cultured for 16–18 h
with live BCG or PPD (purified protein derivative from M. tuberculosis) before PMA
stimulation (Supplementary Fig. 3a). In the same conditions, macrophages from CGD
patients P1, P2, P3 and P4 (Q231P; kindred A) released no detectable H2O2. In similar
conditions, but with interferon-γ (IFN-γ) rather than BCG or PPD, macrophages with the
Q231P substitution also did not respond normally to the PMA trigger (Supplementary Fig.
3a). M-CSF-differentiated macrophages from patient P5 (T178P; kindred B) had a milder
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phenotype, as they released low amounts or, in some conditions, normal amounts of H2O2
(Supplementary Fig. 3a). We also studied the deposition of formazan granules due to the
reduction of NBT as a sensitive indicator of O2

− production in individual macrophages
derived from M-CSF-cultured monocytes. Only a very small fraction of BCG- or PPD-
activated and PMA-triggered macrophages (less than 5%) from the four patients bearing the
mutated allele encoding the Q231P substitution reduced NBT (Supplementary Fig. 3b). A
larger fraction of macrophages from patient P5 bearing the mutated allele encoding the
T178P substitution reduced NBT, but the results were strongly positive in less than 50%. As
tissue macrophages from the patients were not available, we next tested MDMs derived in
vitro in two conditions thought to reflect in vivo differentiation. We cultured MDMs with M-
CSF alone for 7 d, then added lipopolysaccharide plus IFN-γ or IL-4. After 14–15 d of
culture in either condition, MDMs from both patient P4 (kindred A) and patient P5 (kindred
B) were unable to release detectable H2O2, in contrast to control cells (Fig. 3 and
Supplementary Fig. 3c). Thus, unlike blood granulocytes and monocytes, MDMs bearing the
mutated CYBB allele encoding Q231P or T178P, in various conditions of in vitro
differentiation and conditions of stimulation, showed impairment of the respiratory burst:
the respiratory burst was almost abolished for cells with the Q231P substitution and severely
impaired for those with the T178P substitution. We were unable to test the respiratory burst
of the patients’ macrophages in vivo or ex vivo.

We characterized the patients’ macrophage defect further by assessing the growth of BCG in
MDMs derived in vitro from two patients (P4 and P6) and ten healthy controls. As assessed
by counting of colony-forming units, MDMs from the patients controlled BCG significantly
less well than did control MDMs on day 14 (P = 0.06), and this difference was even greater
on day 21 (P = 0.003; Supplementary Note and Supplementary Fig. 4). We observed no
such difference in the presence of exogenous IFN-γ. These data provide a plausible
mechanism for the cosegregation of the patients’ CYBB mutation, the defect in their
macrophage respiratory burst and their mycobacterial disease. As mycobacteria reside in
macrophages in vivo, our in vitro experiments showing that MDMs in patients from each of
the two kindreds had impairment of both the respiratory burst and the control of BCG
growth provide a plausible cellular basis for the occurrence of mycobacterial diseases in
patients with XR-MSMD-2.

Impaired NADPH activity in B cell lines
CYBB is expressed in some B cells. Although it is irrelevant to the pathogenesis of XR-
MSMD-2, as B cell–deficient patients are not prone to mycobacterial diseases17,18, we made
use of this property to try to characterize the effects of the mutated CYBB alleles in Epstein
Barr virus (EBV)-transformed B cell lines (EBV-B cells)19. After activation with PMA,
EBV-B cells from 22 unrelated healthy people and nine male members of kindred A not
carrying the CYBB mutation encoding Q231P were able to produce O2

− (Fig. 4a and
Supplementary Fig. 5). However, EBV-B cells from kindreds A and B (patients P1–P7), like
cells from patients with XR-CGD, produced no detectable O2

− (Fig. 4a and Supplementary
Fig. 5). We then measured the release of H2O2 by EBV-B cells from patients P1–P7 after
stimulation with various concentrations of PMA for various periods of time. None of the
EBV-B cells from the seven patients released any detectable H2O2, like those from XR-
CGD patients (Fig. 4b). Only 1–3% of the cells from patients P1–P7 reduced NBT to
formazan after activation with PMA (Fig. 4c). EBV-B cells and MDMs therefore shared a
similar cellular phenotype. We transiently transfected EBV-B cells from a healthy control, a
patient with XR-CGD, patient P4 (kindred A) and patient P5 (kindred B) with plasmid-
encoded wild-type or mutated CYBB to determine whether the alleles encoding Q231P and
T178P were functionally hypomorphic.
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We next assessed functional reconstitution of the respiratory burst in assays of NBT
reduction. At 48 h after transfection with wild-type CYBB, 10–13% of the cells from the
patient with XR-CGD and patients P4 and P5 reduced NBT, but neither mock transfection
nor transfection with either mutated CYBB allele had this effect (data not shown). We also
established stable transfectants by means of a retroviral vector and quantified the respiratory
burst by assessing H2O2 release. Stable transfection with the wild-type CYBB allele
complemented the defect in EBV-B cells with the Q231P or T178P substitution (Fig. 4d),
which indicated restoration of a functional respiratory burst in those cells and EBV-B cells
from the patient with XR-CGD transduced with wild-type CYBB; however, we observed no
complementation of the cellular phenotype (no detectable respiratory burst) in XR-CGD
cells transduced with the allele encoding Q231P or T178P (Fig. 4d). Thus, EBV-B cells
from these patients had an impaired respiratory burst because they carried the mutated CYBB
allele encoding Q231P or T178P. The lack of a respiratory burst in peripheral B cells, by
inference from results obtained with EBV-B cells, would not account for MSMD17,18, but
we demonstrated that a causal relationship between two mutants hemizygous for CYBB
mutations encoding Q231P or T178P and impairment of the respiratory burst probably also
applied to the patients’ MDMs (treated with M-CSF plus IL4; Fig. 3), which could account
for the clinical phenotype of MSMD. In contrast, these mutated CYBB alleles did not impair
the respiratory burst of PMNs or monocytes (Fig. 2 and Supplementary Fig. 2), which
explains the lack of the CGD or ‘variant CGD’ phenotype in the patients.

Impaired gp91phox expression in macrophages
We also investigated the observed impairment in the functional respiratory burst in the
patients’ EBV-B cells and MDMs that was not present in PMNs or monocytes. We
measured CYBB mRNA by real-time RT-PCR in four cell types from the five patients from
the two kindreds tested and found it was similar to that in cells from five healthy controls
(Supplementary Fig. 6a,b). We next investigated the cell-specific effect of the germline
CYBB mutations encoding Q231P and T178P by assessing gp91phox expression in the
corresponding cells by immunoblot analysis with three specific antibodies (recognizing
different epitopes on the gp91phox protein) and increasing amounts of protein. PMNs
produced the mutant Q231P gp91phox protein in lower but detectable amounts (Fig. 5a and
Supplementary Fig. 6c). Experiments with antibody 54.1 suggested that PMNs produced
almost normal amounts of T178P gp91phox, whereas experiments with the other two
antibodies suggested that this protein was produced in smaller amounts, perhaps reflecting
the nature of the epitopes recognized (Fig. 5a and Supplementary Fig. 6c). The abundance of
the mutant Q231P gp91phox protein was similarly low in monocytes, in which the abundance
of the mutant T178P gp91phox protein was also low but less affected (Fig. 5a,b). Notably,
the defect in the expression of mutant Q231P or T178P gp91phox protein was much greater
in MDMs (Fig. 5b) and correlated with the greater defect in the respiratory burst in this cell
type (Fig. 3 and Supplementary Fig. 3). However, we detected a species migrating at 65
kilodaltons (kDa) in the macrophage samples with the Q231P or T178P substitution (Fig.
5b). This size corresponded to the high-mannose gp65 precursor of gp91phox, which may be
more stable in macrophages than in monocytes or macrophages, as has been reported for
EBV-B cells20,21. This species is normally present only transiently in the endoplasmic
reticulum before the incorporation of heme and formation of a heterodimer with p22phox

(another component of the NADPH oxidase complex), which is followed by additional
carbohydrate processing of the CYBB subunit in the Golgi to the mature gp91phox of about
91 kDa and ultimate targeting of flavocytochrome b558 to post-biosynthetic membrane
compartments22–26. We also detected the gp65 species in a patient with XR-CGD (Fig. 5b)
who has an L365P substitution in the flavin-binding domain but lacks gp91phox expression
and neutrophil oxidase activity27. The presence of the gp65 intermediate suggests that these
mutated alleles are associated with impaired formation of the heterodimer with
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flavocytochrome b, which is required for the maturation of gp65 to gp91phox. Finally, we did
not have access to fresh tissue macrophages, but we did assess gp91phox production by
immunohistochemistry in the macrophages present in lymph node biopsy samples from two
patients (Supplementary Fig. 6d,e). We found impaired gp91phox production in macrophages
from patient P4 (Q231P), as in lymph nodes from patients with CGD, but not in cells from
healthy controls. We detected residual gp91phox production in tissue PMNs from patient P4.
As expected, we detected gp91phox in both PMNs and macrophages from patient P5
(T178P). Together these data indicate that the patients’ defect in gp91phox expression was
greater in macrophages than in neutrophils and monocytes and was overall more severe for
the mutated CYBB allele encoding Q231P.

Impaired gp91phox expression in EBV-B cells
We also tested EBV-B cells from a healthy control, a patient with XR-CGD (in this case,
carrying complete deletion of the CYBB allele), and the patients with the Q231P and T178P
mutant proteins, and those same cells transduced with wild-type CYBB or one of the mutated
CYBB alleles (Fig. 5c). The two mutated CYBB alleles were poorly expressed in EBV-B
cells, in which the 91-kDa form of gp91phox was barely detectable in cells derived from
patients or after transduction of XR-CGD cells with retroviral vector for expression of either
mutated CYBB allele. Again, we detected a 65-kDa species corresponding to the high-
mannose precursor of the mature 91-kDa form of gp91phox for each of the Q231P and
T178P mutants, in contrast to EBV-B cells from the patient with XR-CGD with a large
deletion encompassing the entire CYBB gene (Fig. 5c).

We also investigated the expression of the other components of the NADPH oxidase
complex. There was less p22phox (which is encoded by CYBA and is normally bound to
gp91phox) in PMNs and EBV-B cells, particularly in cells with the Q231P substitution,
paralleling gp91phox expression (Supplementary Fig. 6f). Although expression of p22phox in
EBV-B cells is less affected by low or absent gp91phox (ref. 28), p22phox was still slightly
lower in EBV-B cells from patients P4 and P5 (Supplementary Fig. 6g), which provided
further, indirect evidence of impaired gp91phox expression in the patients’ EBV-B cells. The
p47phox and p67phox subunits were expressed normally in patients’ PMNs and EBV-B cells
(Supplementary Fig. 6f,g). We observed reproducible differences between cell types in
gp91phox protein abundance for six patients carrying either Q231P or T178P, with less
gp91phox in MDMs and EBV-B cells than in the monocytes and PMNs, and different
amounts in phagocytes and EBV-B cells from five controls, depending on the cell type. The
CYBB mutation resulting in the Q231P substitution resulted in lower expression of gp91phox

protein in vivo, ex vivo and in vitro in granulocytes, monocytes, macrophages and EBV-B
cells; steady-state amounts of this protein were determined in part by the cell type, with a
greater effect in macrophages and EBV-B cells. There was higher expression of T178P
gp91phox protein, but it follows the same pattern according to the cell type. These expression
data are consistent with the normal functional respiratory burst in the patients’ PMNs and
monocytes, in contrast to the functional defect in oxidant production by EBV-B cells and
MDMs.

Impaired expression of flavocytochrome b558
We then analyzed cell surface expression of the flavocytochrome b558 complex (gp91phox

and p22phox) on the plasma membrane by flow cytometry using monoclonal antibody (mAb)
7D5, which recognizes the motifs Ile-Lys-Asn-Pro (amino acids 160–163) and Arg-Ile-Val-
Arg-Gly (amino acids 226–230) on gp91phox, in the presence of p22phox (refs. 29,30). Cell
surface flavocytochrome b558 was detectable in PMNs and monocytes from the two patients
tested here, from two different kindreds, although less so for the Q231P mutant (Fig. 5d and
Supplementary Fig. 6h). In contrast, flavocytochrome b558 was almost undetectable on
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EBV-B cells from seven patients tested among both kindreds (Fig. 5e). We obtained
identical results for PMNs and EBV-B cells by spectrophotometry of absorption spectra
(reduced – oxidized; Supplementary Fig. 6i). Adherent MDMs were not suitable for these
two assays and we did not have access to fresh tissue macrophages. Analysis of the cell
surface expression of flavocytochrome b558 in PMNs, monocytes and EBV-B cells from the
heterozygous female subjects showed the presence of two discrete cell populations, those
expressing and not expressing flavocytochrome b558, correlating with both the functional
respiratory burst and the inactivated X chromosome (Supplementary Fig. 7a,b and
Supplementary Note). We obtained similar findings in NBT assays of MDMs from
heterozygous female subjects (Supplementary Fig. 7c).

Thus, the Q231P and T178P substitutions impaired expression of the NADPH oxidase
gp91phox to a greater extent in MDMs and EBV-B cells than in PMNs and monocytes,
showing a profound cell type–specific effect on the flavocytochrome b558 complex in terms
of both surface and total expression. The relatively greater effect of the mutated alleles in
MDMs and EBV-B cells may reflect cell type–related differences in the production of
flavocytochrome b558, which is greater in PMNs and monocytes than in MDMs or EBV-B
cells19,31. The much smaller amount of mutant gp91phox protein in EBV-B cells and in
MDMs, and possibly in tissue macrophages, severely limited the capacity for the assembly
of a functional NADPH oxidase complex, whereas the amount produced by PMNs and
monocytes, although smaller than normal, particularly for the Q213P allele, was sufficient to
support the assembly of adequate amounts of the functional enzyme complex to produce
normal amounts of oxidants32–35 (Fig. 2). Cell-type differences in the production of
gp91phox and the assembly of the flavocytochrome b558 heterodimer collectively account for
the selective impairment of the respiratory burst in some cell types in the patients carrying
the Q231P or T178P mutant protein.

Hypomorphic mutated CYBB alleles in Chinese hamster ovary cells
We additionally characterized the two mutated CYBB alleles encoding Q231P and T178P in
a gp91phox-deficient Chinese hamster ovary (CHO) epithelial cell line; this line lacks
endogenous gp91phox, which allows fine study of its biochemical processing and association
with p22 (refs. 22–24,36–38). Unassembled subunits are more stable in CHO cells and other
heterologous cells, as well as in EBV-B cells20,21,28, than in granulocytes, where these are
rapidly degraded by the cytosolic proteasome23. The detection of the CYBB-encoded gp65
intermediate in macrophages and EBV-B cells from each kindred (Fig. 5b,c) suggested an
underlying impairment in the maturation to gp91phox that occurs after formation of the
heterodimer with flavocytochrome b. We detected similar amounts of the gp65 form in CHO
cells transduced with retroviral vector for the expression of wild-type or mutated CYBB
alleles (encoding Q231P or T178P; Fig. 6a,b). The coexpression of wild-type p22phox with
wild-type CYBB resulted in a greater cellular abundance of mature 91-kDa gp91phox (Fig.
6a,b). With coexpression of p22phox, mature T178P gp91phox was produced in almost
normal amounts in the cell and on its surface, whereas Q231P gp91phox was produced in
much smaller quantities; for both mutated alleles, substantial gp65 precursor was still
present (Fig. 6a,b). These findings suggest that there were no intrinsic problems in the
stability of the gp65 precursors encoded by two CYBB missense alleles; instead, they
provide further evidence that the products of these mutated alleles have less formation of the
heterodimer with p22phox and subsequent maturation to the mature gp91phox, with the
Q231P mutant being more severely hypomorphic than the T178P mutant, similar to the
findings obtained with patients’ myeloid cells.
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Hypomorphic mutated CYBB alleles in PLB-985 cells
We then used an XR-CGD gp91phox-deficient myelomonocytic PLB-985 cell line35, which
we also transduced with retroviral vector for constitutive expression of wild-type, Q231P or
T178P gp91phox. In the undifferentiated myelomonocytic cells, we detected gp91phox in
cells transduced with wild-type CYBB, whereas we detected only small amounts of gp91phox

after transduction with either of the mutated CYBB alleles, although the gp65 precursor was
present (Fig. 6c). Mature T178P gp91phox was again produced in larger amounts than Q231P
gp91phox. When we induced the cell line to differentiate into granulocytes, the two mutated
alleles remained hypomorphic, with less gp91phox (Fig. 6c). As found with fresh
granulocytes from the patients, substantial respiratory burst activity relative to the amount of
mature gp91phox was supported by the mutated alleles in the granulocyte-differentiated cells
(data not shown). In contrast, gp91phox was not expressed by untransduced PLB-985 cells
with a disrupted CYBB gene (PLB XR-CGD cells), in which no respiratory burst was
detectable. We also examined endogenous and retrovirus-expressed gp91phox after
differentiation into monocyte-like or macrophage-like cells with either vitamin D39 or a
combination of vitamin D and PMA40, respectively. In wild-type PLB-985 cells, there was
more endogenous gp91phox expression after treatment with either of these regimens (Fig.
6d). The expression of wild-type gp91phox obtained through the use of constitutively active
retroviral vector was similar in undifferentiated cells and after either type of differentiation
(Fig. 6d). In contrast, retrovirus-mediated expression of T178P or Q231P gp91phox was
lower than that of wild-type gp91phox, and it decreased even further after macrophage
differentiation (Fig. 6d). These experiments demonstrated that the alleles encoding Q231P
and T178P were hypomorphic in the myelomonocytic PLB-985 cell line. Although
expression of the gp65 precursor of gp91phox was preserved with either of the two
mutations, there was lower but not abolished expression of gp91phox itself, consistent with
impaired formation of flavocytochrome b558, particularly after macrophage differentiation.

DISCUSSION
We have reported here germline mutations in CYBB conferring the phenotype of XR-
MSMD but not XR-CGD or ‘variant XR-CGD’. Six otherwise healthy and maternally
related male adults with BCG disease and another with true tuberculosis had XR-MSMD-2
due to inheritance of a mutated CYBB allele encoding a Q231P or T178P substitution. The
two missense mutations were intrinsically and severely hypomorphic in gp91phox-deficient
cells as diverse as EBV-B cells, CHO cells and PLB-985 cells. CYBB is a Mendelian gene
encoding susceptibility to mycobacteria, the seventh gene identified causing MSMD and
second gene identified causing XR-MSMD, and the fifth gene resulting in a predisposition
to tuberculosis (after IFNGR1, IL12B, IL12RB1 and IKBKG)2,3. We have shown here that it
affects the respiratory burst. The physiological links between CYBB and the formerly
identified MSMD-causing and tuberculosis-predisposing genes involved in the IL-12–IFN-γ
circuit remain to be elucidated. The cellular phenotype of this defect is uniform and different
from that of CGD and ‘variant CGD’: the respiratory burst in MDMs or EBV-B cells from
the seven patients tested was severely impaired, whereas their PMNs and monocytes showed
no such dysfunction. The CYBB alleles encoding Q231P and T178P are therefore
hypomorphic in a cell-specific manner and provide an example of a human genetic illness
resembling the phenotype of mice with conditional knockout of Cybb, with the nuance that
gene ablation in one of the two affected lineages also depends on cell differentiation
(monocyte to macrophage). CYBB is a human gene for which alleles that are null in all cells
(in particular all phagocytes, resulting in XR-CGD) and now in selected cell types (in
particular in macrophages, resulting in MSMD) have been identified and shown to produce
different phenotypes. The mechanism underlying the B cell– and macrophage-specific
effects of these germline mutations, which resulted in impaired but not absent assembly of
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flavocytochrome b558, is related to cell-specific differences in gp91phox expression, in the
threshold of gp91phox expression required for assembly of the flavocytochrome b558
complex, and in the threshold of assembled b558 complex required for NADPH oxidase
activity. The clear-cut dichotomy between cells with an entirely normal respiratory burst
(PMNs and monocytes) and those with a severely impaired respiratory burst (MDMs and
EBV-B cells) was notable. Further studies are needed to test the effect of these two
mutations on the respiratory burst of dendritic cells41.

Our study suggests that the respiratory burst in human tissue macrophages is critical for
immunity to tuberculous mycobacteria. It is already apparent from human patients with
CGD11 that the respiratory burst has an important role in immunity to BCG and M.
tuberculosis. Notably, such patients are not prone to infection with environmental, non-
tuberculous mycobacteria, even with species more virulent than BCG in other patients with
MSMD, which indicates that the respiratory burst is redundant for the macrophage
destruction of most non-tuberculous mycobacteria. The growth of BCG was enhanced in the
patients’ MDMs in vitro, which further suggests that there is a specific requirement for
assembly of the NADPH oxidase in the control of tuberculous mycobacteria in human
macrophages in vivo. Other pathways possibly disrupted by impairment of the respiratory
burst in macrophages, such as IL-12 production, may also contribute to the pathogenesis of
mycobacterial diseases. The role of the respiratory burst in antimycobacterial immunity in
vivo and in vitro has not been firmly established in the mouse model, in which nitric oxide
has a much more important role42–45. Further genetic approaches46,47 may demonstrate the
means by which the human respiratory burst controls tuberculous mycobacteria and the role
of nitric oxide production in combating tuberculous or non-tuberculous mycobacteria45.
Conversely, our seven adult patients with MSMD (including a patient with tuberculosis)
were clinically healthy and had no history of other granulomatous or infectious diseases.
This suggests that both the granulomatous disease and the bacterial and fungal infections
affecting patients with CGD or ‘variant CGD’ reflect additional dysfunctions of
granulocytes and/or monocytes rather than macrophage defects alone48,49.

METHODS
Methods and any associated references are available in the online version of the paper at
http://www.nature.com/natureimmunology/.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CYBB mutations encoding Q231P and T178 substitutions in XR-MSMD-2. (a) Pedigrees of
the families with XR-MSMD-2, including only those selected for the X-chromosome scan.
I–V (left margin) indicate generations; black symbols indicate patients with BCG disease
(P2–P7); gray symbols indicate patients with tuberculosis (P1 and H1); arrows indicate
probands; black dots indicate heterozygous female subjects (n = 15); vertical bars indicate
the two founders who must have carried the CYBB mutation but did not show any
mycobacterial phenotype; ‘E?’ indicates those whose genetic status could not be evaluated;
white indicates all other family members (wild-type CYBB). (b) Automated sequencing
profile showing the CYBB mutations encoding the Q231P and T178P substitutions in cDNA
extracted from EBV-B cells from patients (P) and a control (C+). The mutations were
confirmed in genomic DNA and cDNA for seven patients. (c) Topology model of gp91phox

regions corresponding to the extracellular (EC), transmembrane (TM) and intracellular (IC)
regions. Q231P is in the third extracellular loop and T178P is in the transmembrane region
(red dots).
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Figure 2.
NADPH oxidase activity in PMNs and monocytes. (a) O2

− generation in PMNs and
monocytes from healthy controls (C+; n = 5 (PMNs) and n = 6 (monocytes)), a patient with
CGD (CGD; n = 1) and patients with the CYBB mutations (P-Q231P (n = 4) and P-T178P (n
= 1)), assessed after the addition of PMA (40 ng/ml) with or without catalase (ten
conditions: six for PMNs and four for monocytes), measured by an assay for reduction of
cytochrome c that can be inhibited by superoxide dismutase. Each symbol represents an
individual subject. P = 0.01 (not significant), healthy controls versus patients with the
Q231P substitution (nonparametric Wilcoxon exact test, accounting for multiple testing). (b)
Fluorometric quantification of H2O2 release from PMNs and monocytes from healthy
controls (n = 11 (PMNs) and n = 12 (monocytes)) and in patients with CGD or the CYBB
mutations, assessed with the fluorogenic substrate ADHP (N-acetyl-3,7–
dihydroxyphenoxazine) after the addition of PMA. (c) Flow cytometry of intracellular H2O2
production (dihydrorhodamine 123 (DHR) assay) in PMNs and monocytes from healthy
controls, a patient with X-linked CGD and a patient with the Q231P substitution, assessed
before (dotted lines) and after (solid lines) stimulation with PMA (400 ng/ml). (d) Flow
cytometry (dihydrorhodamine 123 assay) of PMNs from healthy controls, patients with
CGD, a patient with the Q231P substitution and a female heterozygous for the allele
encoding Q231P (H), left untreated (NS) or treated with various combinations (above plots)
of tumor necrosis factor (TNF), IL-1β, cytochalasin b (Cyt b) and formyl-Met-Leu-Phe
(fMLF). (e) Killing of S. aureus by granulocytes from healthy controls (n = 4; 1–4 in
parentheses), patients with CGD (n = 3; 1–3 in parentheses) and a patient from kindred A
(Q231P; n = 1) and one from kindred B (T178P; n = 1). CFU, colony-forming units. Data
are representative of three experiments (a,b; mean of duplicates in b), two experiments (c,e)
or two independent experiments (d).
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Figure 3.
NADPH oxidase activity in MDMs. Release of H2O2 from MDMs (MΦ) obtained from
healthy controls (n = 4), a patient with X-linked CGD (n = 1), patients with the CYBB
mutations (Q231P (n = 1) and T178P (n = 1)), and females heterozygous for the CYBB
mutations (n = 4), then left untreated (NS) or treated with M-CSF and IL-4 and then
activated by incubation for 18 h with live BCG (10:1 (BCG:MDM); left), PPD (1 mg/ml;
right) or IFN-γ (1 × 105 IU/ml; bottom), followed by no trigger or by treatment with PMA
(400 ng/ml) to trigger H2O2 release (+PMA). Each symbol represents an individual subject.
Data are representative of two independent experiments.
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Figure 4.
NADPH oxidase activity in EBV-B cells. (a) O2

− production (cytochrome c reduction) by
EBV-B cells (1 × 106) obtained from healthy controls (n = 22), patients with XR-CGD (n =
4) and patients with the CYBB mutations (Q231P (n = 4) and T178P (n = 3)), then activated
by incubation for 2 h with PMA (400 ng/ml). Each symbol represents an individual subject.
(b) H2O2 release by EBV-B cells obtained from a healthy control, patients P1–P7 and a
patient with XR-CGD, activated with various doses of PMA (key) at four time points
(horizontal axis). (c) NBT reduction by EBV-B cells from a healthy control, patients P1–P6
and a patient with X-linked CGD, assessed before (NS) and after (PMA) activation with
PMA (400 ng/ml). Original magnification, ×100. (d) NADPH oxidase function in EBV-B
cells from a patient with XR-CGD transduced with retroviral particles encoding wild-type
gp91phox (WT), T178P gp91phox and Q231P gp91phox, and EBV-B cells obtained from
patients with the T178P substitution and a healthy control transduced with retroviral
particles encoding wild-type gp91phox, assessed as H2O2 release after 2 h of PMA activation
(400 ng/ml). Data are representative of two independent experiments (a,d) or three
experiments (b,c).
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Figure 5.
Expression of gp91phox and flavocytochrome b558. (a) Immunoblot analysis of PMNs and
monocytes from a healthy control, a patient with no gp91phox protein (phox0) and patients
with the CYBB mutations, probed with three antibodies to gp91phox (53 BD, 54.1 and 7A2)
and an antibody to GAPDH (glyceraldehyde phosphate dehydrogenase; loading control).
Right margin, molecular size in kDa. (b) Immunoblot analysis of PMNs, monocytes and
MDMs (treated with M-CSF alone or M-CSF plus IL-4) from a healthy control, a patient
with CGD and no gp91phox0 (CGD-phox0) and patients with the CYBB mutations, probed
with mAb 54.1 to gp91phox and an antibody to the transcription factor STAT1 (loading
control). (c) Immunoblot analysis of lysates of EBV-B cells from a healthy control, a patient
with XR-CGD and patients with the CYBB mutations (left), EBV-B cells from the same
patient with XR-CGD transduced with wild-type gp91phox, T178P gp91phox or Q231P
gp91phox retroviral particles (middle), or EBV-B cells as described for the far left blot, left
untransduced (left) or transduced (right; except XR-CGD) with wild-type gp91phox

retroviral particles (right); blots were probed with mAb 54.1 to gp91phox and an antibody to
p22phox; β-actin serves as a loading control. (d,e) Flow cytometry of PMNs and monocytes
(d) and EBV-B cells (e) from healthy controls (d,e), patients with no gp91phox0 (gp91 −/y;
d,e), patients with the CYBB mutations (d) and patients P1–P7 (e), stained on the surface
with mAb 7D5 to gp91phox and isotype-matched control antibody (immunoglobulin G1
(IgG1)). Data are representative of two independent experiments (a,d,e), two experiments
(b) or three experiments (c).
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Figure 6.
Expression and function of mutant gp91phox in cell lines. (a) Immunoblot analysis of CHO
cells and CHO22 cells (CHO cells generated for the stable expression of untagged p22phox)
transduced with retroviral particles encoding wild-type gp91phox, T178P gp91phox or Q231P
gp91phox, then selected with puromycin; lysates were evaluated for gp91phox (mAb 54.1),
p22phox (mAb NS5) and β-actin (loading control). (b) Flow cytometry of cell surface
gp91phox in untransduced CHO22 cells (top) and CHO22 cells expressing wild-type
gp91phox, Q231P gp91phox or T178P gp91phox, detected with mAb 7D5. (c) Immunoblot
analysis of lysates (amount, above lanes) of wild-type PLB-985 cells (PLB WT) and PLB
XR-CGD cells left untransduced (X) or transduced and selected as in a (X + gp91), then left
undifferentiated (−) or differentiated into granulocytes by 6 d of induction with DMF (+);
blots were probed for gp91phox (mAb 54.1), p67phox (to verify differentiation) and β-actin
(loading control). (d) Immunoblot analysis of lysates (20 μg per well) of PLB-985 cells
transduced as in c and differentiated into monocyte-like cells with vitamin D (Vit D) or into
macrophage-like cells with a combination of vitamin D and PMA (below lanes); blots were
probed for gp91phox (mAb 54.1) and p67phox (to verify differentiation). Far right, lysates of
human PMNs (2.5 μg) serve as a control. Data are representative of three independent
experiments.
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