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Abstract

The NADPH oxidase of professional phagocytes has an important role in host defense against
certain microbes, including tuberculous mycobacteria. The identification of patients with rare
inherited hypomorphic mutations in genes encoding components of this enzyme complex could
produce new mechanistic insights.

In the later part of the 19th century, Ilya Metchnikoff began to develop his ideas on
phagocytosis (derived from the Greek word phagein, meaning ‘to eat”) as a mechanism of
host defense using translucent star fish larvae and Daphnia water fleas to directly observe
white corpuscle function in vivo. Some 50 years later, Baldridge and Gerard noted that this
activity is accompanied by a massive oxygen consumption that is biologically distinct from
mitochondrial respiration®. It is now known that the ‘respiratory burst’ characteristic of
professional phagocytic cells is accomplished by NOX2, a specialized NADPH oxidase
enzyme complex?. In this issue of Nature Immunology, Bustamante and colleagues describe
a ‘macrophage-specific’ mutation in CYBB (which encodes the gp91phox component of
NOX2) in two families with mycobacterial disease and suggest that this is a susceptibility
gene to add to those already shown to compromise interferon-y-mediated immunity?3.

NOX2 consists of the membrane-bound flavocytochrome b gp91P"°X which incorporates
two heme moieties of low potential positioned on opposite sides of the membrane bilayer
and transfers electrons from a cytosolic substrate NADPH to oxygen in the phagocytic
vacuole, generating enormous quantities of superoxide (O,7), when activated during
phagocytosis. Other components of the system include the similarly membrane-bound
p22Phox cytosolic factors p40PhoX pa7PhoX and p67PNoX and the Rho family GTPase p21rac,
which all translocate to the membrane in a tightly regulated way (Fig. 1).

The importance of the aerobic respiratory burst for the killing and digestion of pathogens
has been recognized for many years, but the mechanisms of this process have remained
controversial. Although the generation of toxic free radicals and halogenated derivatives of
oxygen is an accepted explanation for this, closer inspection of physiologically relevant
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evidence suggests that the model is simplistic. More likely, a charge flux created by electron
transport directly regulates the pH and ionic composition of the phagocytic vacuole. In this
way, the largely cationic microbicidal enzymes released into the phagosome are made
soluble by dissociation from the sulfated negatively charged granule matrix in an
environment with a pH favorable for optimal activity.

The most impressive witness to the importance of NOX2 for microbial killing is the
inherited immunodeficiency chronic granulomatous disease (CGD). Patients with CGD
develop life-threatening infections with bacterial organisms such as Staphylococcus aureus
and fungi such as Candida and Aspergillus. Less well known perhaps is the fact that they are
more susceptible to tuberculous mycaobacterial infections, including infection from
immunization with the Mycobacterium bovis bacillus Calmette-Guérin vaccine (although
apparently not infection by environmental nontuberculosis mycobacteria)®.

CGD is caused by mutations in genes encoding various components of the NOX2 enzyme
complex, most commonly the gene encoding gp91Pho* (CYBB). Although a good proportion
of these are effectively null and produce very little biochemical activity, a significant
number (usually missense mutations) result in molecules that retain some superoxide
production in isolated polymorphonuclear leukocytes (mainly neutrophils)®. The so-called
‘variant’ patients with these mutations may have less severe disease but even so can develop
phenotypic manifestations of CGD. Does the proposal by Bustamante and colleagues that
the “‘macrophage-specific’ CYBB mutation predisposes patients to susceptibility to
mycobacterial disease3 stand up to close scrutiny? Well, yes and no. First, evidence for
susceptibility to mycobacterial disease in the families would seem to be clear, as it
segregates with the newly identified missense mutations defined in CYBB. What is less
persuasive is the conclusion that macrophages (necessarily derived from monocytes in vitro)
are severely functionally compromised, whereas freshly derived neutrophils and monocytes
from the patients are entirely normal. This may be stretching a point, as the data shown
could also be interpreted as indicating that there is defective expression of gp91P"°% in all
phagocytic cells and that their superoxide-generating capacity is correspondingly
suboptimal. In the absence of relevant surrogate killing assays, it is not really possible to say
whether this is clinically or physiologically important. So, many would conclude that the
patients described by Bustamante and colleagues fall into the usual category of CGD
variants.

Even so, there are some interesting observations in this paper? that deserve further attention,
both in terms of NOX2 assembly and also the mechanisms of mycobacterial elimination.
The expression of gp91PhoX in neutrophil and monocyte membranes is well above that
necessary to produce normal NOX2 activity®. In contrast, macrophages cultured in vitro
down-regulate expression of p47P"°X and, to a lesser extent, gp91P"X which results in
functional deficiency’. This can be ‘rescued’ by priming agents, but that indicates that the
process of tissue culture produces limiting conditions. Similarly, B cells immortalized by
Epstein Barr virus generate much less O, than phagocytic cells do as a result of the
deficiency in both p67Ph°% and gp91PoX in the immortalized cells relative to that in
professional phagocytic cells®. One possibility is that the incorporation of heme may be
limiting, as this is necessary for the maturation of a 65-kilodalton gp91P"°X precursor and
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assembly of the membrane-bound flavocytochrome b®. Overall it would seem that defects
that manifest in relatively minor ways in uncultured phagocytes are exaggerated in
macrophages and B cell lines grown in the laboratory. How well this reflects the in vivo
tissue macrophage situation therefore becomes a crucial consideration but is very difficult to
assess in patients. The development of a targeted mouse model representative of the
mutations described by Bustamante et al. would be of genuine assistance.

A more important question perhaps is how NOX2 contributes to immunity to tuberculous
mycobacteria, and here there is no genuine mechanistic insight. Both NOX2-dependent
phagocytic and autophagocytic protective mechanisms may be disturbed and could
potentially contribute to impaired killing by macrophages'®. Detrimental changes in the pH
of the phagocytic vacuole would intuitively not seem to be important, as these organisms are
susceptible to an acidic environment. In fact, they actively promote alkalinity as a survival
strategy in part through inhibited accumulation of a vacuolar proton ATPasell. In CGD or
when NOX2 activity is chemically suppressed, a phase of relative alkalinization of
neutrophil vacuole contents is abrogated, leading to exaggerated acidification. However,
there seem to be considerable differences between neutrophil and macrophage phagosomes
in their maturation, in addition to their inventory of antimicrobial enzymes, and any
disturbance in the ionic and pH environment may be operationally important12. In addition
to macrophages, dendritic cells have NOX2 activity, which has been shown to be important
for antigen processing and presumably, therefore, for the effective generation of an adaptive
responsel3, Furthermore, there may be differences in cytokine output from cells deficient in
NOX2, and specifically in those relevant to interferon-y-mediated immunity4. Once again
the contribution of these mechanisms to susceptibility to mycobacteria would need to be
explored in more detail.

So what is the take-home message? With increasing clinical knowledge, there is no question
that NOX2 has a role in protection against tuberculous mycobacteria. The cell type
responsible for this deficiency would most logically be the macrophage, as these have been
linked to the pathophysiology of many other mycobacterial susceptibility disorders.
However, some dendritic cell subsets are closely related to macrophages and may well be
important. At the biochemical level, the assembly of the NOX2 complex seems to differ
among various cell types, and these mechanisms or restrictions are worthy of further study.
Whatever else holds true, CGD patients are susceptible to tuberculous infection. Even for
those with residual NOX2 activity who may be relatively protected against more typical
bacterial and fungal infections, there is good reason to be cautious in terms of intracellular
macrophage-resident organisms, including some mycobacteria. Therapeutically there are
important considerations. Reconstitution of NOX2 expression in neutrophils in an amount
sufficient to correct antimicrobial deficiency in this cell lineage by gene therapy may not
necessarily predict protection against mycobacteria. Conversely, agents that enhance
macrophage function in vivo may be particularly beneficial for patients with variant CGD
who have intracellular microbial infection. As George Bernard Shaw wrote, “There is at
bottom only one genuinely scientific treatment for all diseases, and that is to stimulate the
phagocytes.”1®
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Figure 1.

Pr?)fessional phagocytic cells, including macrophages and dendritic cells, depend on a
functional NADPH oxidase for normal clearance of microbes. Deficiency in NOX2 leads to
dysregulation of the ionic content of the phagocytic or autophagocytic vacuole and abnormal
proteolysis, with possible downstream consequences for antigen presentation and production
of inflammatory mediators important for elimination of intracellular organisms such as
Mycobacterium tuberculosis (TB bacteria). MHCII, major histocompatibility complex class
I1.
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