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ABSTRACT

Chronic Granulomatous Disease (CGD) is a rare disorder caused by
mutations in the NADPH oxidase. The CGD phenotype includes granu-
loma formation and susceptibility to infection with microorganisms includ-
ing Aspergillus. The immune adjuvant interferon-� and the antifungal
agent itraconazole have reduced the incidence of infections in CGD. Stud-
ies using CGD phagocytes have shown that reactive oxygen species (ROS),
products of the NAPDH oxidase, are critical for killing Aspergillus hyphae.
But despite lack of ROS production, CGD patients generally only get
infected with Aspergillus after heavy exposure. To study why CGD pa-
tients are not infected with Aspergillus more frequently we studied host
defense against this ubiquitous mold further. We found that neutrophil
lactoferrin is fungistatic for Aspergillus fumigatus spores by chelation of
iron, an essential growth factor. Thus, the neutrophil employs both non-
oxidative (lactoferrin) and oxidative (hydrogen peroxide) defense mecha-
nisms against A. fumigatus spores and hyphae, respectively.

Introduction

Aspergillus was first described by Pietro Antonio Micheli, an Italian
botanist who lived from 1679–1737. The organism was named because
of the morphological similarity of its conidiophore, the specialized
spore-producing hyphae, to the Aspergillum, a device used in the
Catholic Church to disperse holy water. Aspergillus species are ubiq-
uitous and it is estimated that the average person is exposed to 200–
2000 Aspergillus spores (conidia) per day (1). There are 185 species of
Aspergillus and about 20 of these are opportunistic pathogens in hu-
mans. Risk factors for susceptibility to Aspergillus include neutropenia
(2), organ transplantation (3), chemotherapy for cancer (4), and condi-
tions of iron overload as in liver transplantation (5) stem cell trans-
plantation (6) and in certain hematologic malignancies (7). In addition,
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there is markedly increased susceptibility to aspergillosis in the phago-
cytic defect, chronic granulomatous disease of childhood (CGD) (8).
Despite significant advances in antifungal therapy, and prophylaxis in
particular, the overall mortality from invasive Aspergillus infection in
all patients remains high and was reported recently to be 18% in
immunocompromised children (9). The purpose of this paper is to
review host defenses against Aspergillus as learned from studies of
patients with CGD and to review therapeutic strategies to treat this
infection and these patients.

Chronic Granulomatous Disease

Chronic Granulomatous Disease is a rare disorder of phagocytic cells
that occurs in about 1:200,000 live births (10). It has a mortality of
about 2% per year and about 1⁄3 of the deaths are caused by Aspergillus
infection. The defect in CGD results from mutation of one of four
essential genes of the complex enzyme, NADPH oxidase, termed the
phagocyte oxidase (Fig. 1). The protein components of the phagocyte
oxidase are named for their molecular mass; gp91phox, p22phox, p47phox

and p67phox. Due to the indiscriminate toxicity of reactive oxygen
species (ROS), the assembly and activation of the NADPH oxidase
complex is under tight regulatory control. Two proteins, gp91phox and
p22phox, exist as a noncovalent complex stored in the membranes of
PMN secondary granules and are translocated to the plasma mem-
brane or phagocytic membrane upon cellular activation. NADPH oxi-
dase activation, the details of which are beyond the scope of this
review, occurs when two cytosolic components, p67phox and p47phox,
translocate to this membrane-bound complex to form a b-cytochrome
that enables the passage of electrons through the plasma membrane to
cause the univalent reduction of oxygen to superoxide anion. Superox-
ide is converted by superoxide dismutase to hydrogen peroxide. In the
presence of myeloperoxidase, which is a neutrophil primary granule
protein, hydrogen peroxide is converted to hypochlorous acid (bleach)
which then gets converted to chlorine. The intact NADPH oxidase,
therefore, stands upstream of a pathway leading to the production of
several potent antimicrobial compounds used in innate host defenses.
Mutations in any of these components, as occurs in CGD, thereby
remove a major component of immunity resulting in increased suscep-
tibility to infection.

CGD has two major manifestations, a propensity to granuloma for-
mation and susceptibility to infection. The granulomas can involve
lymph nodes of the neck (e.g., Fig. 2A), which can suppurate, or
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granulomas can involve organs such as the liver and lungs and other
vital structures, such as the gastrointestinal tract or genitourinary
tract, all of which can lead to life threatening situations. Infections are
most commonly due to bacteria such as Staphylococcus aureus, Burk-
holderia species, Serratia marcescens, Nocardia species, and fungi
such as Aspergillus (10). Often these present clinically as indolent
infections, e.g., we have observed Aspergillus presenting as small

FIG. 1. The membrane-bound phagocyte oxidase components, the 91-kd glycoprotein
(gp91phox) and the 22-kd protein (p22phox), interact with the cytoplasmic components, the
47-kd protein (p47phox) and the 67-kd protein (p67phox). Glucose-6-phosphate dehydro-
genase (G6PD) converts glucose-6-phosphate to 6-phosphogluconolactone, generating
NADPH and a hydrogen ion from NADP�. The genes for the components of NADPH
oxidase, their chromosomal locations, and the frequency of mutations as a cause of
chronic granulomatous disease are indicated in the box. (Reproduced from reference (10),
with permission).
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cutaneous lesions that were asymptomatic or lesions within the lung
with minimal symptoms. Often in CGD patients with Aspergillus in-
fection, the fungal hyphae can be seen enshrouded with neutrophils
without degradation of the organism (Fig. 2B).

The indolent presentation of Aspergillus is often followed by severe,
life threatening infection, which underscores both the need for better
therapeutic options and a better understanding of the process of fungal
pathogenesis.

Host Defenses Against Aspergillus

Aspergillus conidia exist in high numbers everywhere in the home
and because of their physical properties, remain airborne for long
periods of time. Humans are constantly exposed and have developed a
variety of overlapping and normally redundant host defenses against
this mold. As mentioned in the previous section, cutaneous infections
by Aspergillus can occur, however, for most CGD patients and immu-
nosuppressed individuals, Aspergillus infection occurs through inha-
lation of spores. Respiratory mucosae and the cilia lining the respira-
tory tree are therefore the most important primary host defenses
against infection. Normal neutrophils and monocytes inhibit Aspergil-
lus growth, and this inhibition is abnormal in neutrophils and mono-
cytes from patients with CGD (10–12). Reconstitution of CGD neutro-
phils defective in killing Aspergillus can be attained by mixing as few
as one normal neutrophil with 15 CGD neutrophils (13). It is now
accepted that the correction of CGD neutrophils by normal cells is by
virtue of hydrogen peroxide and related species that diffuse into the
CGD cell (14). This also suggests that ROS-dependent mechanisms act
in synergy with non-oxidative mechanisms in cells to effect immunity
in the whole cell.

FIG. 2. A) Large granuloma in the neck of a CGD patient (reproduced from reference
(10) with permission). B) Morphology of aspirate from lung of CGD patient showing
branched hyphae enshrouded with neutrophils (reproduced from reference (11), with
permission.
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CGD patients have a 25–40% lifetime probability of Aspergillus
infection (15). Given that Aspergillus occurs ubiquitously in the human
environment, we wondered why 60–75% of CGD patients do not de-
velop Aspergillus infections. We reported recently that whereas CGD
neutrophils fail to inhibit A. fumigatus hyphae normally, they are able
to inhibit the growth of A. fumigatus conidia as well as normal neu-
trophils. This suggests that host defenses against Aspergillus involve
both oxidative mechanisms (hydrogen peroxide suppression of hyphae)
and nonoxidative mechanisms (16).

In addition to oxidative killing by the NADPH oxidase, neutrophils
have abundant nonoxidative antimicrobial agents packaged in their
primary (azurophilic) and secondary (specific granules) (17 and sum-
marized in Table 1).

We have determined that the secondary granule protein lactoferrin
is capable of inhibiting A. fumigatus conidial growth by over 50% at
concentrations around 10 �g/ml (16). We found that lactoferrin works
by chelation of iron, an essential growth factor for A. fumigatus (16).

As shown in Table 2, lactoferrin is not just a neutrophil protein, but
is also abundant in certain body fluids, at concentrations much greater
than are required for in vitro activity against A. fumigatus conidia
(18–23).

We speculate that 60%–70% of CGD patients do not get aspergillosis
because lactoferrin and possibly other, as yet unidentified, nonoxida-
tive killing mechanisms inhibit infection in CGD patients most of the
time. CGD patients who do get infected usually report a history of
working with mulch piles or horse manure, two particularly rich
sources of A. fumigatus conidia. This suggests that non-oxidative
mechanisms are able to control all but the largest inocula. Mucus

TABLE 1
Antimicrobial Factors in Neutrophil Granules

Location Protein Mechanism of Action

Primary (Azurophil) granules
BPI1 membrane active, neutralizes LPS2

Lysozyme muramidase, neutralizes LPS
Defensins pore forming, neutralizes LPS
Serprocidins protease

Secondary (Specific) granules
Lysozyme muramidase, neutralizes LPS
Cathelicidins membrane active, neutralizes LPS
Transcobalamin sequesters Vitamin B12

Lactoferrin iron depletion

1 BPI-bactericidal/permeability-increasing protein
2 LPS-endotoxin lipopolysaccharide
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clearance likely plays an essential role in removing inhaled conidia as
has been suggested for bacteria (24). Resident alveolar macrophages
likely play an important role in preventing invasion, however, it has
been shown recently in mouse studies (25) that neutrophil recruitment
is essential in surviving Aspergillus infection. Neutropenia would re-
move both the potential for neutrophil immigration to the lung and
also, possibly, the appearance of lactoferrin in the airway fluid. Since
iron-saturated lactoferrin is less potent in inhibiting Aspergillus (and
other microbes), conditions with high plasma concentrations of iron
(5–7) may also decrease the efficacy of host defenses.

Prevention and Treatment of Aspergillus Infection in CGD

The first recommendation for managing patients with CGD is to
minimize exposure to environmental hazards rich in Aspergillus.
Therefore, we recommend CGD patients avoid mulch, horse manure,
rotting plants or smoking marijuana, all of which have been associated
with increased susceptibility to Aspergillus infection. Likewise, HEPA
filtration in hospital transplantation wards has been adopted to help
decrease the incidence of aspergillosis in these immunosuppressed
populations (26).

The prophylactic use of the antibiotic, bactrim (trimethoprim plus
sulfamethoxazole), has reduced significantly bacterial infections in
CGD without increasing susceptibility to fungal infections (27). Inter-
feron-� treatment has been associated with partial correction of the
defect in hydrogen peroxide production in some, but not all, CGD
patients (28,29). In a double blind study, interferon-� was shown to
decrease the incidence of serious life-threatening infections in CGD by
70% (30), and neutrophils from patients receiving interferon-� pro-
duced significantly more damage to A. fumigatus hyphae than those
from the placebo group (31). Based on the successful clinical trial,
interferon-� was licensed in the United States for use in CGD patients.
Importantly, a post-marketing study failed to reveal serious adverse

TABLE 2
Human Lactoferrin Levels In Vivo

Setting Concentration (�g/ml) Reference

Plasma 0.25–0.75 (19)
Tears 2200 (20)
Milk 2600–6700 (21)
Bronchial lavage 11.8 � 2.9 (22)
Bronchial mucus 35–119 (22)
Cystic fibrosis sputum 260–1880 (23)
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consequences of long term use of interferon-� in CGD patients (32). As
a result, interferon-� prophylaxis is recommended for CGD patients.

Despite interferon-� prophylaxis in CGD patients, life threatening
Aspergillus infections remain a problem and represent the most com-
mon cause of mortality from infection in CGD patients (15). Therefore,
we performed a study assessing the efficacy of the antifungal agent
itraconazole in preventing fungal infections in CGD patients. The data
from this ten year study indicated that itraconazole significantly re-
duced fungal infections in CGD patients without serious adverse con-
sequences (33). As a result, we offer itraconazole prophylaxis to many
of our CGD patients.

Infection with Aspergillus in CGD patients requires aggressive
treatment. For isolated lesions, surgical debridement may be helpful,
but prolonged treatment with the best available antifungal agents is
usually required. In the past, we routinely have used high doses of
amphotericin B with mixed success. Prolonged courses of high dose
amphotericin B are toxic, and renal complications can occur, often
requiring renal transplantation. The availability of new antifungal
agents has improved treatment success and decreased complications of
treatment. However, the mortality per case of Aspergillus remains
unacceptably high (34,35). The possible use of lactoferrin or other iron
chelators to either prevent or treat active aspergillosis in CGD or other
clinical conditions is intriguing and a subject of ongoing investigation
in our laboratory.

Several therapeutic approaches to correcting the underlying defects
in CGD have been attempted and perhaps promise a more normal life
to CGD patients. Bone marrow transplants have shown some remark-
able success but are accompanied by their own significant risks (36).
Gene therapy, where a normal copy of the defective gene is introduced
to correct the mutation, has been fraught with challenges but remains
the focus of significant effort (37). While these efforts to correct the
underlying cause of CGD potentially represent the best curative ap-
proach, we are left in the mean time with the struggle to better
understand how the human immune system fights microbial infections
in these patients. Recent sequencing of the A. fumigatus genome (38)
has allowed construction of DNA microarrays that can be used to probe
how the fungus recognizes and responds to attack by the human
immune system. Given the difficulties in developing antibiotics against
eukaryotic pathogens such as Aspergillus, this new spectrum of infor-
mation may reveal novel targets to exploit in combating this prevalent
infectious agent.
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Conclusions

Chronic granulomatous disease is a rare defect of the NADPH oxi-
dase that results in impaired generation of hydrogen peroxide and
related oxygen species that are critical in host defense against certain
infections. As a consequence these patients have increased suscepti-
bility to several microbes, especially Aspergillus which represents the
most common cause of death from infection in CGD patients. Through
studies of phagocytes from CGD patients it is well established that
host defense against Aspergillus requires oxygen dependent pathways
involving superoxide derivatives. We have recently discovered that
nonoxidative antimicrobial suppression of A. fumigatus by lactoferrin
sequestration of iron is also important, depriving the organism of an
essential growth factor. Management of CGD patients requires mini-
mizing exposure to Aspergillus by avoiding environmental risk factors
such as mulch, rotting plants and animal manure. Prophylaxis with
interferon-� and itraconazole can reduce the incidence of fungal infec-
tions in CGD. Once infection occurs, aggressive treatment with surgi-
cal debridement and antifungal agents can be curative in some but not
all patients. Although aspergillosis remains a major cause of morbidity
and mortality in CGD patients, it is, numerically speaking, a much
more common problem in iatrogenically immunosuppressed patients
(e.g., transplant and cancer). Novel antifungal therapeutic approaches
are desperately needed, and the possibility of prevention or treatment
of aspergillosis by use of iron chelators is under study.
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DISCUSSION
Mackowiak, Baltimore: Fascinating, Dr. Gallin. Thank you. Presumably lactoferrin

works by binding iron in such a way that it is unavailable for metabolism by the
organism. Help me understand why since there is no free iron in the body, lactoferrin in
white cells might suppress Aspergillus the way it does? Does it bind iron stronger? Does
it take iron from the organism?

Gallin, Bethesda: The siderophores which the organism has are relatively weak
chelators of iron. So lactoferrin could work by removing iron from the pathogen. How-
ever, in highly pathogenic organisms, we now know that siderophores may be more
prevalent than in non-pathogenic organisms, and, presumably, that is how the organism
subverts host defense.

Boxer, Ann Arbor: Very nice talk, John. What are the risks of Aspergillosis in the
X-link versus the autosomal recessive forms as CGD, and have you had a chance to
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compare killing in the two murine models, the one that you have and the other from
Indianapolis?

Gallin: Let me answer the first question. Of the four types of CGD, the X-linked form
is the most common and generally has the most severe phenotype. In our hands, there
is heterogeneity to the genotype of the X-linked group of patients; about two-thirds of the
patients have a nonsense mutation and a third have a missense mutation. Those who
have a missense mutation do better clinically and respond better to gamma interferon.
In response to your second question, we have not looked at the murine models in this
system.

Nathan, Boston: Well, needless to say, I enjoyed that, John. The question I have is
about the iron. We do see an interesting thing in thalassemia. There is a high incidence
of serious pulmonary infections, some of it aspergillosis, in very iron-overloaded patients.
Interestingly, it is also seen in chelated patients, which causes confusion in the field. My
question is; what about the use of chelators, at least in vitro? What do you see in your
system of killing if you go in with a chelator, like Desferal, which can permeate cells or
diferiprone that really permeates cells and chelates as well.

Gallin: We have used desferroxamine in vitro. That’s the only one that we have
looked at and it interferes with lactoferrin.

Nathan: But will it chelate iron from the organism?
Gallin: We haven’t looked at that.
Nathan: It would be interesting to know because this L1 is very highly cell permeable

and it might be a prophylactic. The newer ones are very effective as chelators but they
don’t get into cells well.

Cohen, Chapel Hill: Thanks for your talk, John. I know that you and Larry Boxer
have a small group of patients with lactoferrin deficiency also called neutrophil-specific
granule deficiency. Do those patients get Aspergillus infections?

Gallin: Interestingly, patients with neutrophil-specific granule deficiency, who do not
have neutrophil lactoferrin, do not have increased susceptibility to Aspergillus infec-
tions. Those patients have normal lactoferrin in their tears and in their salivary fluids
and the mutation is not due to a deficiency in the ability to synthesize lactoferrin. The
mutation in a gene called C/EBP epsilon results in an inability of neutrophils to properly
package the specific granule components. Presumably, the reason patients with neutro-
phil-specific granule deficiency don’t get fungal infections is that the nasal and upper
airway lactoferrin levels are completely normal.

Boyer, New Haven: Do you know whether neutrophils from patients with iron
overload syndromes, such as hemochromatosis, have impaired bacterial clearance? Cer-
tainly those patients have increased serious infections.

Gallin: We’ve not looked at that. That’s a good question.
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