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Chronic granulomatous disease (CGD) is a primary immu-
nodeficiency, characterized by recurrent severe infections and
inflammatory complications, caused by genetic defects that
result in defects in the function of the nicotinamide adenine
dinucleotide phosphate (NADPH) complex. These defects
result in an inability to produce the phagocyte respiratory burst
and an inability to produce superoxide and reactive oxygen spe-
cies. Often diagnosed in the first few years of life, a mutation in
any of the 5 phagocyte oxidase (phox) genes that comprise the
NADPH complex—including gp91#** or cytochrome b-245 f
polypeptide (CYBB), p22°* or cytochrome b-245 a polypep-
tide (CYBA), p47/"* or neutrophil cytosolic factor 1 (NCFI),
P67 or neutrophil cytosolic factor 2 (NCF2), and p40”** or
neutrophil cytosolic factor 4 (NCF4)—lead to CGD [1-3]. The
most common form in European and North American patients
with CGD is caused by defects in the X-linked CYBB gene (see
Rider et al, this supplement). The only current cure for CGD is
hematopoietic stem cell therapy [4-7] (see Connelly et al, this
supplement).

Death has largely been a result of infection and is related
directly to the amount of residual superoxide production, which
is determined by the genetic defect [8]. Overall, patients with
CGD are susceptible to a narrow spectrum of organisms. These
bacteria include Staphylococcus aureus, Burkholderia cepacia
complex, Serratia marcescens, Nocardia spp, and, less commonly,
Granulibacter bethesdensis and Chromobacterium violaceum
[9-12] (Figure 1). Salmonella spp and Mycobacterium tubercu-
losis are also major pathogens to which patients with CGD are
susceptible not often seen in the United States. Patients with
CGD who live in countries where Bacille Calmette-Guérin
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(BCG) vaccine is given can get BCGitis, but they rarely have
disseminated disease, as opposed to patients with another type
of primary immunodeficiency [13, 14]. The most common
causes of invasive fungal infections (IFIs) in patients with CGD
are Aspergillus spp (most commonly Aspergillus fumigatus) and
other species such as Aspergillus niger, Aspergillus nidulans, and
Aspergillus tanneri [15, 16]. These patients also develop infections
with dematiaceous (dark-walled) molds such as Neosartorya,
Phaeoacremonium, Paecilomyces, and Phellinus spp, which can
be associated with a high mortality rate in patients with CGD
[17-19]. Mulch pneumonitis is an especially important entity in
patients with CGD of which to be aware, because it is a medical
emergency treated with high-dose corticosteroids in addition to
antifungal and antibacterial agents [20, 21].

The current standard of care largely depends on good anti-
microbial and antifungal prophylaxis. However, great prog-
ress is being made in understanding the treatment of bacterial
infections, which in some cases, such as liver abscess, includes
administration of a steroid in conjunction with antimicrobial
therapy [22, 23].

The diagnosis of pneumonia can be difficult; sputum cul-
ture and radiographs are often not useful for patients with
CGD, because they might not produce a normal inflamma-
tory response that leads to sputum or radiographic infiltrates.
Computed tomography remains the mainstay for diagnosing
pulmonary infection in patients with CGD. Direct biopsy, eas-
ily performed with a transthoracic needle, provides samples
with a high diagnostic yield of infection in patients with CGD,
especially with the new sequence-based diagnostic methods,
which can increase the yield when the culture results are neg-
ative. Every effort should be made to obtain a microbiologic
diagnosis, because successful targeted therapy helps preserve
long-term organ function [9].

PNEUMONIA AND LUNG ABSCESSES

In a large series of European patients with CGD, 66% had lung
involvement [24]; in the United States, pulmonary disease has
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Figure 1.
at the National Institutes of Health [9].

Skin & soft
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Frequencies of organisms isolated according to site of infection in a retrospective series of 268 patients with chronic granulomatous disease seen

been reported to be even more common. Data from a US registry
of 368 patients with CGD revealed that 79% of the subjects had a
history of pneumonia, and a large single-center report from the
National Institutes of Health found that 87% of 268 patients with
CGD had a history of lung infection [9, 25]. The most common
pulmonary disease encountered in patients with CGD is pneu-
monia. In the European study, pneumonia was the etiology of
547 of 634 cases of pulmonary involvement in patients with CGD
[24]. Lung abscesses, although potentially severe, are relatively
uncommon and were reported for only 24 of the 429 patients in
the European study. Pneumonia and pulmonary abscesses collec-
tively are likely to be the greatest cause of death in patients with
CGD; they caused 18 of the 84 deaths in the European cohort
and represented the major cause of death in both the multicenter
American study and the National Institutes of Health study
[9, 25]. Furthermore, complications of recurrent pulmonary
infections and inflammation, such as fibrosis, honeycomb lung,
pleural thickening, and pulmonary hypertension, can emerge as
chronic complications in patients with CGD [26, 27].

The causative pathogen in the majority of pulmonary infec-
tions in patients with CGD is not identified. Prophylactic antibi-
otics might inhibit the isolation of bacteria from these patients
[28]. Thus, in many cases, treatment must be tailored to cover
the most likely infectious agents. Aspergillus spp are among
the pathogens most frequently isolated from the respiratory
tract in patients with CGD [24]. Bacterial pathogens, includ-
ing B cepacia complex organisms, S aureus, Nocardia spp, and

Serratia spp, are also common pulmonary pathogens in patients
with CGD [9, 29, 30]. Less common respiratory pathogens in
patients with CGD include Actinomyces spp and M tuberculosis
[31-33]. Important to note is that noninfectious inflammatory
pulmonary disease can be a significant feature of CGD; in a
European study [34], it was reported in 28% of adult subjects
(see also Henrickson et al, this supplement).

LIVER ABSCESSES

Liver abscesses are a frequent complication in patients with
CGD and impart significant morbidity. However, the most
common signs and symptoms of this complication, fever and
elevated erythrocyte sedimentation rate, are nonspecific and
require clinicians to maintain a high level of vigilance [35].
Although liver abscesses that affect the general population are
typically polymicrobial in nature, S aureus is by far the most
commonly isolated pathogen and primary driver of this com-
plication in patients with CGD [9, 24]. Less common pathogens
associated with liver abscesses in patients with CGD include
Aspergillus spp and Serratia spp. Although antibacterial pro-
phylaxis effectively limits infections and enhances the survival
rate of patients with CGD, liver abscesses caused by S aureus
still occur frequently; approximately one-third of patients with
CGD develop aliver abscess, and almost half of them experience
recurrence [9, 24, 35]. Liver involvement in patients with CGD
is a noted concern, because portal hypertension, splenomegaly,
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portal venopathy, and nodular regenerative hyperplasia can
ensue [36]. In turn, splenomegaly can cause thrombocytopenia,
a decline in platelet count that has been reported to be a poor
prognostic indicator in patients with CGD [37].

The management of liver abscesses in patients with CGD is
complicated by both the nature of the primary causative patho-
gen and inflammatory features and impaired wound healing
that characterize the immune disorder itself. Staphylococcal
liver abscesses in patients with CGD are typically difficult to
drain percutaneously, which has led to the frequent use of
resection [29]. Although resection is often effective in resolving
the acute issue, it does not seem to reduce the incidence of liver
abscess recurrence in patients with CGD, and the surgery can
be complicated in this population [35]. For this reason, numer-
ous nonsurgical approaches have been explored. The most
promising of these approaches involves combination therapy
with corticosteroids and antibiotics [22]. IFN-y also can be
a useful adjuvant for the treatment of liver abscess in some
patients with CGD; in 1 study, it was reported to resolve liver
abscesses in 2 adult brothers with autosomal recessive CGD
[38]. It is unclear if IFN-y prophylaxis prevents this complica-
tion. A large double-blind placebo-controlled study of IFN-y
prophylaxis in patients with CGD did not find a significant
reduction in the incidence of liver abscesses [39]. Although
infrequent, liver abscesses that are caused by pathogens other
than S aureus are sometimes seen in these patients and can be
managed differently. For example, streptococcal liver abscesses
can be drained more easily and do not require surgery or cor-
ticosteroid therapy [40].

OTHERTYPES OF ORGAN INFECTION

Although not nearly as common as lung involvement, brain
abscesses also occur in patients with CGD and are associated
with a high mortality rate. The multicenter European study
reported that brain abscesses occurred in 7% of the subjects and
was the cause of death in approximately 5% of the patients who
died [24]. In this same study, 11% of the patients with CGD
had eye involvement. Although chronic inflammatory disease
of the gastrointestinal tract is frequent in patients with CGD
(see Henrickson et al, this supplement), gastrointestinal infec-
tions are not.

After pulmonary infections (which affects 57%-95% of
patients with CGD), the most common locations for infec-
tion are the skin/soft tissue (43%-80%) and the lymph nodes
(35%-72%) [41]. Although pneumonia has been reported to be
the most common infection in patients with either the X-linked
recessive or autosomal recessive form of CGD, suppurative ade-
nitis and subcutaneous abscesses can be the first symptoms to
cause clinicians to suspect CGD [42]. Subcutaneous abscesses
are the most common form of abscess in patients with CGD
and typically are caused by S aureus, but they can be caused

also by Serratia and Klebsiella spp [25]. In terms of location,
subcutaneous abscesses are frequently perianal. Cellulitis is rel-
atively rare but, when diagnosed, tends to result from infection
with a rare pathogen (eg, C violaceum, S marcescens, Nocardia
spp) [25]. Less common causes of soft-tissue infection include
Paecilomyces spp and other fungi or certain yeasts.

Suppurative or necrotizing lymphadenitis is also a major
cause of morbidity in patients with CGD and can affect at least
50% of these patients [25]. S aureus is the most commonly iden-
tified bacterial etiology; however, in many cases, the causative
organism is not identified. In the United States, suppurative
lymphadenitis seems to be more common than subcutaneous
abscesses [11, 25]. Individuals with the autosomal recessive
forms of CGD have lower rates of suppurative lymphadenitis
than those with the X-linked form, which suggests that resid-
ual oxidase activity, which is more common in patients with
autosomal recessive disease, might protect against this com-
plication. In addition to antimicrobial therapy, lymphadenitis
often requires excisional surgery [37]. Relapsing necrotizing
lymphadenitis can be caused by G bethesdensis [11, 12], a bac-
terium that causes a chronic disease that commonly affects the
lymphatics and viscera. This fastidious multidrug-resistant
organism highlights the need for precise antimicrobial ther-
apy and microbiological diagnosis; it also might be responsi-
ble for a proportion of “culture-negative” cases of nonrelapsing
lymphadenitis.

Suppurative lymphadenitis also can result from region-spe-
cific medical practices such as BCG vaccination. In Turkey, for
instance, the rates of local and disseminated lymphadenitis are
higher, which, in part, might be a result of Mycobacterium bovis
infection [43]. A higher prevalence of lymphadenitis has been
found in Iran [32] and Germany also [44]. Although patients
with CGD are predisposed to lymphadenitis after receiving a
BCG vaccination, their disease tends to be more localized than
that in individuals with severe combined immunodeficiency or
IFN-y-interleukin 12 pathway defects [45]. Although it often
results in severe infection, B cepacia infections occur at a lower
rate in Europe than in the United States [24].

Osteomyelitis in patients with CGD commonly affects
the extremities, skull, and chest wall. In the United States, S
marcescens and Aspergillus spp were the most common bac-
teria isolated [25], whereas in the United Kingdom, S aur-
eus and Aspergillus spp were isolated more commonly [42].
Osteomyelitis caused by invasive Aspergillus spp usually results
from primary pulmonary disease [41].

Sepsis, with or without pneumonia, is a major cause of death
in patients with CGD. The over rates of sepsis are higher in
patients with X-linked CGD than in those with the autosomal
recessive form [25]. Salmonella spp are the organisms isolated
most commonly from the blood of patients with CGD in North
America. Despite this fact, fatal sepsis is usually caused by patho-
gens such as Aspergillus spp, Burkholderia spp, Burkholderia spp,
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or, less commonly, Candida spp [25]. Infections with G bethes-
densis, C violaceum, or Francisella philomiragia, all of which can
present as sepsis, are pathognomonic for CGD [46]. Therefore,
identification of the causative organism is important for tailor-
ing antimicrobial therapy effectively and suggesting the diagno-
sis of CGD.

In addition to the infections listed earlier, patients with
CGD are predisposed to impetigo, sinusitis, otitis media, septic
arthritis, urinary tract infection/pyelonephritis, gingivitis, and
gastroenteritis [25, 47]. Frequent and chronic infections are not
without consequence; 75% of patients in the British cohort were
diagnosed with failure to thrive [42].

As discussed elsewhere in this supplement (see Slack et al),
the current standard of care for bacterial infection prophy-
laxis in patients with CGD is trimethoprim-sulfamethoxazole
or, for those who cannot tolerate it, cefdinir; itraconazole or
another antifungal azole is used for fungal infection prophylaxis
[48, 49]. IFN-y is also used, in conjunction with antimicrobial
and antifungal agents, to prevent infection and, rarely, as an
adjunctive therapy for active infection [39].

INVASIVE FUNGAL INFECTION

A number of IFIs occur in patients with CGD; historically,
rates of 20% to 40% lifetime risk of IFI were seen in the era
before routine antifungal prophylaxis, a practice which has
reduced the risk for IFI by several-fold. The most common IFI
is Aspergillus pneumonia [25], which begins insidiously, with
relatively subtle findings on physical examination and chest
radiography. Many patients are afebrile and can lack localizing
signs, such as chest pain or cough. Some authors suggest screen-
ing with annual computed tomography scans, a very sensitive
but not very specific radiographic test for IFI [50]. IFI should
certainly be suspected in any patient with CGD who develops
focal findings or pulmonary infiltrates, even in those who are
receiving antifungal prophylaxis [51].

IFIs also include osteomyelitis and cerebral and gastroin-
testinal infections, along with pulmonary disease [27, 51-53].
Localized skin or lymph node infections can occur also, partic-
ularly from some of the less common environmental fungal spe-
cies. Case reports of infection caused by Fusarium, Phellinus, and
Penicillium spp and mucormycosis have all been reported [54-61].
Many of these fungi are more likely to have intrinsic resistance to
some of the first-line therapeutic agents such as voriconazole or
the echinocandins. Among the Aspergillus spp, A nidulans infec-
tion seems to occur more frequently in patients with CGD than in
other patient groups and is more aggressive [30, 51].

A formal diagnosis of IFI in patients with CGD often relies
on biopsy specimens for histology, culture, and nucleic acid
amplification tests [16, 62, 63]. Because of the difficulty in
obtaining a definitive diagnosis of IFI in patients with CGD,

clinicians should have a low threshold for suspecting IFI and
obtaining appropriate imaging and, when necessary, biopsy
specimens.

The treatment of IFI is often empiric unless the organ-
ism is identified definitively by culture or nucleic acid
amplification. Voriconazole has become popular as a treat-
ment for infection caused by Aspergillus spp because of its
broad spectrum of activity, relative tolerability, and the exis-
tence of both parenteral and oral formulations. Therapeutic
drug monitoring improves its efficacy and lowers the risk
of adverse effects, which can include altered liver function,
prolonged QTc, hyperfluorosis, and phototoxicity [64, 65].
The pharmacokinetics of voriconazole differ in children
and adults; dosing should be optimized, and adverse effects
should be monitored closely. Posaconazole liquid requires
certain dietary modifications to optimize its absorption
(it should be taken with fatty foods or an acidic beverage),
and therapeutic drug monitoring should be considered
[19, 66]. The newer tablet formulation of posaconazole offers
substantially increased bioavailability (for those who can
swallow pills). The echinocandins have some activity against
Aspergillus spp and can be considered if the triazoles cannot
be tolerated or if antifungal resistance is present. Beyond
antifungal therapy, immune reconstitution can be import-
ant in controlling and clearing IFI [67, 68]. Amphotericin B
remains an option for treating severe disease or IFI caused
by an organism that demonstrates acquired or intrinsic resis-
tance to triazoles. The liposomal formation is typically best
tolerated in terms of systemic adverse effects and renal toxic-
ity. In refractory cases, granulocyte transfusions and hemato-
poietic stem cell transplant have been used successfully along
with appropriate antifungal therapy [53, 58, 69].

Because antibiotics have reduced the risk of bacterial infec-
tions, Aspergillus infections became more relatively frequent
[50, 59, 60]. For antifungal prophylaxis, oral azoles are pre-
ferred, and itraconazole historically has been the agent of choice.
However, modern triazoles, such as voriconazole and posacon-
azole, are rather more potent and bioavailable than itraconazole,
and many experts use voriconazole or posaconazole as the pri-
mary agent for fungal prophylaxis. However, it is important to
monitor for skin toxicity (and even possible skin carcinoge-
nicity) and fluoride accumulation in patients taking long-term
voriconazole [70, 71]. The posaconazole liquid formulation is
poorly bioavailable unless taken with fat-containing meals or
acidic beverages. The new tablet formulation of posaconazole
is highly bioavailable and likely has additional activity against
non-fumigatus Aspergillus spp and the dematiaceous molds.
Posaconazole does not carry the same skin and fluoride toxici-
ties, so it might be better in the long term. A direct comparison
of the clinical efficacies of antifungal agents in preventing IFI
in patients with CGD is lacking as no prospective randomized
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trials have been published [72, 73]. The addition of IFN-y to the
prophylactic regimen does seem to confer additional protective
benefit in terms of preventing fungal disease specifically [74].
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