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Abstract. Chronic granulomatous disease is an inher-
ited disorder of the NADPH oxidase characterized by
severe bacterial and fungal infections and disordered
inflammation. We propose that NADPH oxidase has a
key role in regulating acute neutrophilic and T cell
responses, which in turn restrains fungal growth and
calibrates the inflammatory response to minimize

injury and allergy. In this model, superoxide-induced
activation of indoleamine 2,3-dioxygenase (IDO) is a
central mechanism by which the optimal balance of
antifungal host defense and immune tolerance occurs.
This model is based on studies in mice and requires
correlation in humans.
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Chronic granulomatous disease: A disorder of host
defense and excessive inflammation

Chronic granulomatous disease (CGD) is an inherited
disorder of the NADPH oxidase complex in which
phagocytes are defective in generating the superoxide
anion and downstream reactive oxidant intermediates
(ROIs), hydrogen peroxide (H,0O,), hydroxyl anion,
and hypohalous acid. As a result of the defect in this
key host defense pathway, CGD patients suffer from
recurrent life-threatening bacterial and fungal infec-
tions [1]. CGD is also characterized by abnormally
exuberant inflammatory responses leading to granu-
loma formation, such as granulomatous enteritis,
genitourinary obstruction, and poor wound healing
and dehiscence (pathological opening up of a surgical
wound) [2, 3]. “Mulch pneumonitis” is a recently
described life-threatening complication in CGD char-
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acterized by rapid-onset life-threatening pulmonary
inflammation following mould exposure, and treated
with systemic antifungals and prolonged corticoste-
roids [4].

Activated NADPH oxidase is responsible for the
respiratory burst — a rapid consumption of oxygen —
that occurs following neutrophil stimulation. The
phagocyte NADPH oxidase functions to rapidly
generate superoxide anion by transferring electrons
from NADPH to molecular O, in response to phys-
iological stimuli such as ligation of specific pathogen
recognition receptors (Fig. 1A). The cytochrome,
composed of gp917"** (phox, phagocyte oxidase) and
p227%* is embedded in membranes. In neutrophils,
approximately 85% of the cytochrome is in the
membranes of specific granules or gelatinase-contain-
ing granules, and the remainder is present in the
plasma membrane and in secretory granules [5, 6].
The NADPH binding site is located on the cytoplas-
mic side of membranes. Upon activation of the
oxidase, the cytoplasmic subunits p477"*, p67°",
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Figure 1. (A) Schematic of NADPH oxidase activation. NADPH
oxidase activation requires translocation of the cytoplasmic phox
constituents and rac to the membrane-bound flavocytochrome.
Superoxide anion is the direct product of NADPH oxidase
activation. Superoxide dismutase (SOD) converts superoxide
anion to H,0,. Myeloperoxidase (MPO) produces hypohalous
acid from H,0O, and halide anions (e.g., chloride) during the
neutrophil’s respiratory burst.
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Figure 1. (continued) (B) Schematic representation of how super-
oxide anion regulates indoleamine 2,3-dioxygenase (IDO)-de-
pendent counter-inflammatory homeostatic responses in poten-
tially harmful inflammation (for full mechanistic molecular insight,
see Macchiarulo et al. [40]). Tryptophan catabolism along the so-
called kynurenine pathway leads to tryptophan starvation and the
production of immunoregulatory kynurenines, the combined
effects of which result in an arrest in T cell proliferation, induction
of T-helper cell apoptosis, reversible impairment of T cell activity
through down-regulation of Tcell receptor C-chain, and the
generation or activation of IL-10-producing regulatory T (Treg)
cells. In addition to IDO-encoding Indo, all kynurenine pathway
enzyme genes (indicated) are activated transcriptionally by pro-
inflammatory cytokines.
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and p40’"* appear to translocate en bloc to the
membrane-bound cytochrome. Activation of rac, a
member of the low molecular weight GTP-binding
proteins, and translocation of rac to the membrane-
bound cytochrome are also critical for NADPH
oxidase activation [7, 8]. In the unstimulated state,
rac is bound in the cytoplasm to RhoGDI, the GDP
dissociation inhibitor of Rho.

NADPH is oxidized to NADP", and electrons are
transported down a reducing potential gradient to
FAD and then possibly to two non-identical heme
groups. On the vacuolar or extracellular side of the
membrane, the final step in the electron transport
chain occurs when oxygen accepts an electron and is
converted to superoxide anion. CGD results from
disabling mutations in genes encoding gp917"*,
p227hox pd7Phx | or p67PH",

How does NADPH oxidase mediate host defense ?

Neutrophil-mediated killing of pathogens has been
segregated into ROI-dependent and ROI-independ-
ent pathways. The ROI products of NADPH oxidase
activation have direct antimicrobial properties. Mye-
loperoxidase produces microbicidal hypohalous acid
from H,0, and halide anions (e.g., chloride) during
the neutrophil’s respiratory burst. ROIs can also
interact with reactive nitrogen intermediates to pro-
duce cytotoxic microbicidal products (e.g., peroxyni-
trite anion).

In addition to the direct antimicrobial effects of ROls,
neutrophil NADPH oxidase activationis linked to key
intracellular signaling events critical to host defense.
Reeves et al. [9] showed that activation of the
NADPH oxidase in neutrophils leads to an influx of
reactive oxidant species into the endocytic vacuole,
resulting in an accumulation of anionic charge. To
maintain electrogenic neutrality, K* ions cross the
membrane in a pH-dependent manner. The rise in
ionic strength leads to the release of cationic granule
proteins, including elastase and cathepsin G, which are
bound to the anionic proteoglycan matrix in the
inactivated state. Knockout mice deficient in the
cationic granule proteins have a similar phenotype to
CGD mice regarding susceptibility to experimental
bacterial and fungal infections [9, 10]. Taken together,
activation of preformed granular proteases is likely to
be a principal pathway for NADPH oxidase-mediated
destruction of pathogens.
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Invasive aspergillosis in CGD

Invasive aspergillosis is a major cause of morbidity
and mortality in CGD [11, 12]. Although NADPH
oxidase-independent pathways are inadequate to
prevent invasive pulmonary aspergillosis, they are
able to damage hyphae and protect against vascular
invasion in genetically engineered CGD mice [13].
However, even a low virulent mutant strain of
Aspergillus nidulans caused mortality in pulmonary
aspergillosis in CGD mice due to excessive inflam-
mation [14], emphasizing the unique pathophysiolog-
ical features of aspergillosis in CGD. Indeed, admin-
istration of heat-killed hyphae [15] or branched beta-
glucans (fungal cell wall constituents) [16] stimulated
robust pulmonary inflammation in CGD, but not wild-
type, mice. This study shows that NADPH oxidase has
a dual role as both a mediator of innate host defense
and as an anti-inflammatory pathway.

Taken together, invasive aspergillosis in CGD is
characterized by two interrelated features: impaired
ability to damage hyphae and dysregulated inflam-
mation. Knowledge of the immunopathogenesis of
aspergillosis in CGD illuminates mechanisms by
which NADPH oxidase defends against Aspergillus
species while also restraining excessive inflammation
induced by fungal cell wall constituents.

Defective tryptophan catabolism in CGD mice

Using the CGD mouse model, Romani et al. showed
that the NADPH oxidase, specific pathogen recog-
nition receptors, and regulatory T cells (Tregs) have
key interactive roles in orchestrating inflammation
and antifungal resistance [17]. Tryptophan metabo-
lism regulates both antimicrobial resistance and
protective tolerance to pro-inflammatory microbial
motifs. Indoleamine 2,3-dioxygenase (IDO) and the
other kynurenine pathway enzymes represent not
only effector host defense pathways, but also, para-
doxically, a means of generating Tregs with anti-
inflammatory, tolerogenic activity [18, 19]. Tregs and
IL-17-producing T cells mediate opposing responses.
IL-17 stimulates production of G-CSF, GM-CSF,
TNF-a, and chemokines that regulate myelopoiesis
and neutrophil recruitment to inflammatory sites [20—
22]. The IL-23/IL-17 (IL-23 expands Th17 cells) axis
mediates several experimental autoimmune disorders,
including colitis, collagen-induced arthritis, and ex-
perimental autoimmune encephalomyelitis, and is a
promising target for drug development [23].

Since superoxide is a co-factor of IDO, the rate-
limiting enzyme in tryptophan degradation along the
kynurenine pathway (Fig. 1B), we hypothesized that
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the absence of NADPH oxidase-derived superoxide
in CGD would lead to an augmentation of IL-17-
driven inflammation and a reduction in Treg lympho-
cyte responses. Montagnoli et al. previously showed
that naturally occurring Tregs are recruited early in
the inflammatory response to Aspergillus in wild-type
mice, and are capable of suppressing inflammation
[24]. IL-17 augmented inflammation, but, paradoxi-
cally, impaired neutrophil antifungal host defense in
mice [25]. Romani et al. subsequently demonstrated
that IDO-mediated tryptophan metabolism along the
kynurenine pathway is defective in CGD mice [17].
When challenged with intratracheal Aspergillus fumi-
gatus, unrestrained yd T cell and off Th17 expansion,
defective regulatory Treg activity, and acute inflam-
matory lung injury leading to mortality occurred in
CGD mice. Although beneficial effects were induced
by IL-17 neutralization or depletion of yd T cells
(which produce IL-17) in CGD mice, complete
protection from invasive fungal disease and reversal
of the hyperinflammatory phenotype were achieved
by recombinant interferon-y and administration of a
natural kynurenine distal to the IDO blockade.
Effective therapy restored production of downstream
immunoactive metabolites and enabled the emer-
gence of Treg responses.

Similar to Aspergillus challenge, intratracheal zymo-
san (a sterile fungal cell wall constituent that ligates
Toll-like receptor 2 and dectin-1), caused dramatically
augmented lung inflammation and IL.-17 production
and diminished Treg responses in CGD compared to
wild-type mice, emphasizing the intrinsic regulatory
role of the NADPH oxidase on inflammation (manu-
script in preparation). George-Chandy et al. [26]
recently showed that gp917"**” dendritic cells (DCs)
enhance induction of both Th17 and Th1 responses in
vitro compared to wild-type DCs. T cell development
was dependent exclusively on the NADPH oxidase
status of the activating DCs rather than the respond-
ing T cells, which also harbor a functional NADPH
oxidase [27].

These results provide a model illuminating the basis of
both the impaired antifungal resistance and excessive
inflammation in CGD (Fig.2). NADPH oxidase
activation has multiple signaling roles, including
activation of granular proteases and IDO. Defective
IDO activation in CGD mice exacerbates both the
impaired antifungal host defense and excessive in-
flammation in aspergillosis, by skewing T cell re-
sponses toward the Th17 phenotype and impairing the
development of tolerogenic responses. This imbalance
in T cell responses can be remedied by either deple-
tion of IL-17 or administration of kynurenine, a
tryptophan metabolite distal to the IDO blockade.
Kynurenine products resulting from IDO-mediated
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tryptophan catabolism drive Treg development and
restrain IL-17 production, likely by inducing apoptosis
of IL-17-producing lymphocyte subsets [17].
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Figure 2. Hypothetical model of how superoxide-driven induction
of IDO is essential for the maintenance of immune homeostasis in
the airways, a mechanism apparently deficient in chronic granu-
lomatous disease (CGD) mice. A degree of inflammation (epito-
mized here by activation of the canonical pathway of NF-xB,
requiring IKK kinase) is probably required for local antimicrobial
protection, but over-reacting response are prevented by superoxide
anion, which activates the noncanonical NF-kB-dependent (IKKa)
function of IDO in phagocytes and accessory cells (®). In addition
to general effects mentioned in the legend to Figure 1B, the
immunoregulatory activity of kynurenines may further result in
transcriptional suppression of IL-17-encoding Rorc, contraction of
an IL-17-producing Vyl1® Tcell population, expansion of a
regulatory Vy4* component, and development of a T-helper type
1 (Thl) response, which produces IL-17-opposing interferon vy
(IFN-y). Newly generated Treg cells locally reinforce the counter-
inflammatory response through CTLA-4/CD80-dependent ‘re-
verse signaling’. Trp, tryptophan.

Prior studies have shown that IL-17 up-regulates the
expression of antimicrobial peptides in target cells. IL-
17 and IL.-22 promote the production of antimicrobial
peptides in human keratinocytes [28, 29]. IL-17 up-
regulates P-defensin-2 expression in human airway
epithelium [30]. The antibacterial activity of defensins
is enhanced by ROISs in lung tissue [31]. These studies
raise a paradox: if the effect of IL-17 appears to
augment the expression of antimicrobial peptides,
why then in our studies does IL-17 hamper neutrophil-
mediated antifungal host defense ?

Cystic fibrosis (CF) and CGD, although completely
different genetic diseases, have some common fea-
tures that may provide insight. They are both asso-
ciated with aspergillosis. CF is commonly associated
with persistent airway colonization with Aspergillus
species, leading to allergic (rather than invasive)
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aspergillosis [32]. Staphylococcus aureus and Bur-
kholderia cepacia infections are also common in both
diseases. Both CF and CGD are associated with an
abundance of lung inflammation during infection and
impaired host defense. In CF, dysfunction of neutro-
phils independent of salt sensitivity occurs within the
lung but not peripherally, arguing that the inflamma-
tory milieu in the lung depresses neutrophil function
[33, 34]. In addition, very high levels of human
neutrophil peptides (HNP; a-defensins) in sputum
have been reported in CF patients [35], despite the
antimicrobial properties of airway surface fluid being
compromised [34]. Finally, there is a growing appre-
ciation of IL-17 in the pathogenesis of CF [36]. It is
unknown if IL-17 directly or indirectly regulates HNP
production. The data on CFand our data in CGD mice
support the notion of locally produced factors in the
lung that disable host defense; IL-17 may play a
complex role by enhancing host defense against some
microbes and disabling defense against others.

Therapeutic options in CGD

Stem cell transplantation is curative in CGD, but
transplant-related mortality is significant, particularly
in cases of donor/recipient HLA antigen disparity
[37]. Since CGD is a disorder of myeloid stem cells,
gene therapy is an attractive option, but maintaining a
stable population of myeloid gene-corrected cells has
been a persistent challenge [38]. The strategy of non-
myeloablative conditioning followed by gene therapy
facilitates the expansion of gene-corrected cells [39].
Additional novel therapeutic options are necessary
for this rare disorder. Our studies suggest that shifting
the balance between pro-inflammatory IL-17-driven
responses to IDO-induced Treg responses is a poten-
tial therapeutic strategy in CGD. We emphasize that
these studies were performed in CGD mice and results
cannot be extrapolated to patients.
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