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Abstract: Chronic granulomatous disease (CGD) is a rare but serious primary immunode-

ficiency with varying prevalence and rates of X-linked and autosomal recessive disease

worldwide. Functional defects in the phagocyte nicotinamide adenine dinucleotide phosphate

oxidase complex predispose patients to a relatively narrow spectrum of bacterial and fungal

infections that are sometimes fastidious and often difficult to identify. When evaluating and

treating patients with CGD, it is important to consider their native country of birth, climate,

and living situation, which may predispose them to types of infections that are atypical to

your routine practice. In addition to recurrent and often severe infections, patients with CGD

and X-linked female carriers are also susceptible to developing many non-infectious com-

plications including tissue granuloma formation and autoimmunity. The DHR-123 oxidation

assay is the gold standard for making the diagnosis and it along with genetic testing can help

predict the severity and prognosis in patients with CGD. Disease management focuses on

prophylaxis with antibacterial, antifungal, and immunomodulatory medications, prompt

identification and treatment of acute infections, and prevention of secondary granulomatous

complications. While hematopoietic stem-cell transplantation is the only widely available

curative treatment for patients with CGD, recent advances in gene therapy may provide

a safer, more direct alternative.

Keywords: CGD, primary immunodeficiency diseases, nicotinamide adenine dinucleotide

phosphate oxidase complex, DHR-123 oxidation assay

Introduction
Chronic granulomatous disease (CGD) is a rare primary immunodeficiency that is

caused by defects in the nicotinamide adenine dinucleotide phosphate (NADPH)

oxidase complex, which is critical for superoxide production. The disease was initially

described in 1957 and appropriately named “fatal granulomatous disease of childhood”

as all 4 patients died before 6 years of age.1 Although it was initially thought to solely

be an X-linked disease, the first females were diagnosed in 1968, leading to the

identification of autosomal recessive (AR) forms.2 Affected individuals develop recur-

rent and severe infections from a narrow range of characteristic bacteria and fungi and

suffer from granulomatous inflammation that has become pathognomonic for the

disease. Since its original description, improvements in antibacterial, antifungal, and

immunomodulatory prophylaxis as well as hematopoietic stem-cell transplantion

(HSCT) have allowed patients to live well into adulthood. Herein, we will review
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important concepts in the diagnosis and management of

CGD as well as the genetic and geographic variability of

the disease.

Epidemiology and Pathophysiology
CGD has a minimum estimated prevalence of 1 in 200,000–-

250,000 live births in the United States (US).3,4 Around the

world, the prevalence is somewhat variable. While Japan

appears to have a similar rate to the US, the prevalence of

CGD has been reported to be as high as 3.43 in 100,000 live

births in Jeju Island, Korea, due in part because of a common

ancestor. In Israel, the prevalence of CGD is estimated to be

1.17 in 100,000 live births and is predominantly autosomal

recessive.5 Even within Europe, however, the prevalence

ranges from 0.1 in 100,000 in Italy to 0.85 in 100,000 live

births in the United Kingdom and Ireland.6,7

The NADPH oxidase complex is comprised of 5 protein

subunits and is responsible for generating the reactive oxy-

gen species necessary for phagocyte killing of bacteria and

fungi both directly and by the activation of intraphagosomal

proteases.8,9 Pathogenic variants in any of the 5 genes that

encode the 2 membrane-bound subunits (gp91phox encoded

by CYBB and p22phox encoded by CYBA) or the 3 cytosolic

subunits (p47phox encoded by NCF1, p67phox encoded by

NCF2, and p40phox encoded by NCF4) of the complex lead

to the clinical presentations that are CGD.10,11 Recently,

biallelic, loss-of-function mutations in CYBC1 have also

been found to cause decreased NADPH function resulting

in CGD.12,13 While CYBC1 is not directly involved in the

production and release of reactive oxygen species, it appears

to be essential for gp91phox and p22phox dimerization and

formation of the NADPH complex.12

Pathogenic variants in the CYBB gene result in the

X-linked form of the disease. This is the most common

form of CGD worldwide with most cases being hemizygous

males.10 X-linked, female carriers of CYBB mutations are

usually protected from typical CGD infections since they

have two separate neutrophil populations secondary to ran-

dom X chromosome lyonization – one with normal and the

other with aberrant NADPH oxidase function.14,15 Some

carriers, however, demonstrate skewed X chromosome lyo-

nization, in which less than 20% of their phagocytes express

the wild type CYBB gene. These patients can present with

CGD-like manifestations often later in life, with carriers that

have less than 10% normal phagocytes having the highest

risk for severe infection.15–20

Biallelic pathogenic variants in NCF1, the most common

AR cause of the disease, tend to be associated with a better

prognosis compared to CYBB and NCF2, and account for

approximately 25% of CGD cases in North America and

Europe.3,11 Together, CYBB and NCF1 variants account for

75–90% of cases of CGD in North American, European, and

Japanese populations.3,4,6,21 In contrast, areas with higher rates

of consanguinity have predominantly AR disease.4,5,22,23

Cohorts have shown that in populations with >50% rates of

consanguinity, 62–100% cases of CGD are secondary to auto-

somal recessive forms of the disease.5,22-24

Phenotype-Genotype
Considerations
Phenotypic differences have been described between

X-linked and AR disease. In X-linked disease, the mean

age of symptom onset is between 4 and 14 months of age,

and the mean age of diagnosis is 2.7–3.1 years.4,6,7,24 In

comparison, AR disease often presents later, with a mean

symptom onset at 30–36 months of age and mean age of

diagnosis at 5.8 years-7.8 years.4,6 The difference in the

age at diagnosis between X-linked and AR CGD persists

even when controlling for gender.4 Patients with X-linked

disease also have a more frequent and severe infections

leading to a higher mortality compared to AR disease.4

In addition to phenotypic differences seen between

X-linked and AR disease, there can be variability in presen-

tation resulting from how the specific mutations affect gene

function. Studies have shown the level of phagocyte-derived

reactive oxygen intermediate (ROI) production is inversely

proportional to survival and is the most important factor in

predicting disease severity regardless of the gene affected.25

Generally, patients with nonsense, frameshift, and splice-site

variants, or deletions are more likely to have decreased

residual ROI production and have worse survival than

patients with missense variants. The specific gene that is

defective can also have a variable effect on ROI production.

Individuals with defects in NCF4 and CYBC1 typically have

more residual superoxide production and present with more

mild infections compared to those with defects in the 4 other

known genetic causes of CGD.26 Information regarding

a patient’s ROI and specific genetic variant can be beneficial

in guiding clinical decision-making and providing individua-

lized patient care. These values can often be derived directly

from the sequence data.

Clinical Presentation
Infection continues to be the most common clinical feature of

the disease and the leading cause of death in patients with
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CGD.4,27 The majority of patients present with characteristic

infections of the skin, lymph nodes, lung, liver, and bone

before 5 years of age. Depending on the genotype and resi-

dual ROI production, however, diagnosis may be delayed

well until the third decade of life.4

Skin, soft tissue infections, and lymphadenitis are fre-

quently the initial presenting sign of CGD.7,28 In Middle

Eastern countries, lymphadenitis is the most common infec-

tion overall.4,29 While Staphylococcus aureus, Serratia

marcescens, and Klebsiella spp are common causes of

skin and lymph node infections, occasionally no organism

is identified. In these cases, careful consideration must be

taken to identify more unusual and fastidious organisms

(see pathogen-specific considerations below). Pulmonary

infections are generally the most common type of infection

in CGD patients overall, primarily presenting as pneumo-

nia, although lung abscesses and empyemas have also been

reported.27 Recurrent pulmonary infections can lead to

chronic complications such as fibrosis, pleural thickening,

pulmonary hypertension, and bronchiectasis. Mulch pneu-

monitis, a severe inflammatory response to inhaled fungal

elements in decayed organic matter, can also be a presenting

sign of CGD.30,31 Aspergillus spp. are the most common

causes of pneumonia in CGD, but other organisms, includ-

ing Staphylococcus spp. and Burkholderia cepacia com-

plex, may be identified. Liver abscesses, primarily due to

S. aureus, are an important cause of morbidity in CGD, and

often present with non-specific symptoms of fever and an

elevated erythrocyte sedimentation rate.28 Similar to skin

and lymph node infections, development of a liver abscess

may lead to the diagnosis of CGD.

In addition to recurrent infections, patients with CGD

have aberrant inflammation leading to the formation of

granulomata and can rarely present with associated macro-

phage activation syndrome.32,33 While granuloma forma-

tion can occur in a variety of organs, it most commonly

affects the gastrointestinal and genitourinary tracts.34,35

Granulomatous colitis is commonly seen in children with

CGD and nearly half of the patients with the disease even-

tually develop inflammatory bowel disease (IBD).34

Gastrointestinal inflammation can present with broad symp-

toms of fever, abdominal pain, diarrhea, rectal bleeding, and

weight loss or in some cases bowel obstruction.36 Within

the genitourinary tract, granulomatous inflammation can

lead to outlet obstruction and in rare cases eosinophilic

cystitis.35,37 It is important to consider CGD in any patient

presenting with granuloma formation as it can be an early

clue to establishing a diagnosis of CGD.4

Patients with CGD and X-linked female carriers are both

at increased risk for developing a wide range of autoimmune

conditions. These manifestations do not seem to have

a specific age or geographic predisposition with 5–15% of

CGD patients being affected and up to two-thirds of X-linked

carriers reporting symptoms in some studies.36,38 Commonly

reported autoimmune conditions include the following: dis-

coid and systemic lupus erythematosus, rheumatoid arthritis,

immunoglobulin A (IgA) nephropathy, chorioretinitis, idio-

pathic thrombocytopenia (ITP), autoimmune hepatitis,

Raynaud phenomenon, and stomatitis.36 It is important to

note that ROI production does not seem to be related to the

risk of autoimmune disease.15

Pathogen Variability Within the
United States
Recent comprehensive data on the pathogens causing infec-

tion in patients with CGD in the US primarily come from

two single-center cohorts.27,39 There are also data prior to

2000 that came from a national registry of patients with

CGD.4 It is notable that both of the more recent single-

center cohorts included patients who were diagnosed either

because of affected siblings or IBD but had never had

a serious infection (3–11%), which was not reported in the

older registry data.

The pathogen profile in patients with CGD is small, but

those few pathogens cause a high percentage of infections.

Most bacteria causing infection in CGD are catalase posi-

tive, as are most pathogenic bacteria in general. Catalase

negative bacteria can also cause infection however, and

catalase is not necessary for pathogenicity in CGD model

systems.40 Filamentous molds are the most common fun-

gal pathogens in patients with CGD, but patients do not

show an increased susceptibility to the dimorphic molds

like coccidioidomycosis, histoplasmosis, or blastomycosis

that are endemic in the United States.31

Aspergillus fumigatus is the most common fungal patho-

gen. Other Aspergillus species including A. nidulans and

A. tanneri have also been isolated and have been associated

with increased azole resistance.41 With the advent of fungal

prophylaxis, several species of non-Aspergillus fungi have

been found to cause serious infection in patients with CGD

and also have increased azole resistance, including

Phellinus spp., Paecilomyces variotti, Paecliomyces lilaci-

nus, and Neosartorya udagawae.31,42 Fungal pathogens are

associated with higher mortality than bacterial infections in

patients with CGD. In the larger cohort study in the US,
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55% of non-stem cell transplant-related deaths were caused

by fungal infections.27

In CGD, the most common bacterial pathogens in the

United States are S. aureus, Serratia marcescens,

Burkholderia cepacia complex, Nocardia spp., and

Klebsiella spp.27,39 Both cohort studies revealed a higher

fatality rate with Burkholderia than other bacterial infec-

tions. Other bacteria found in soil and brackish water that

uncommonly cause disease in healthy individuals but are

more common pathogens in CGD are Granulibacter

bethesdensis, Chromobacterium violaceum, and

Francisella philomiragia.43–45 While most of the cases of

Chromobacterium violaceum within the US have been

primarily described in the southeastern United States, this

facultatively anaerobic, Gram-negative bacillus can also

be found in tropical and sub-tropical soil worldwide.44,46

Granulibacter bethesdensis, a fastidious Gram-negative

organism that causes indolent lymphadenitis and splenitis

in CGD occurs in the US and Europe, but its natural

reservoir is unknown.45

Pathogen Variability Outside of the
United States
The pathogen profile of CGD outside the United States

varies greatly depending on vaccination history, antibiotic

prophylaxis, country of origin, and likely other incomple-

tely understood factors. When evaluating infectious symp-

toms in patients with CGD, it is important to consider their

country of birth, climate, and living situation, which may

predispose them to types of infections that may be atypical

to your routine practice. While there does not appear to be

an ethnic predisposition, it is also important to consider

cultural practices as incidence rates may be higher in

cultures where consanguinity is more common.4,5,22,23

Similar to patients with CGD who are born in the

United States, Aspergillus spp. and/or Staphylococcus

spp. were the most common microorganisms cultured in

cohorts from Europe, Northern India, Israel, Iran, Latin

America, and Turkey.7,22,23,47-51 Unlike the United States.,

Salmonella spp. had higher incidences in Europe and

Israel and were found to be the most frequent causes of

septicemia in both of these studies.47,49 Higher rates of

Pseudomonas spp. were seen in CGD patients from

Northern India and Israel.48,49 Also, dissimilar to CGD

patients within the United States was the low rate of

Burkholderia cepacia in the European CGD cohorts.7,47

The biggest difference in presentation of pathogens,

however, is in Bacillus Calmette-Guerin (BCG)-related

disease and tuberculosis, which is more frequently found

outside of the United States.

Tuberculosis continues to be one of the top ten causes of

death and the leading single infectious cause of death

among all individuals worldwide.52 Incidence rates are

low in the United States and new cases are more frequently

seen in patients who are non-U.S.-born.53 The BCG vaccine

is a live attenuated strain of M. bovis that was first used in

humans in 1921 to help combat tuberculosis in children, and

it continues to be the only vaccine currently used to protect

against this disease.54 The World Health Organization

recommends vaccination of infants at birth or as soon there-

after to protect against meningeal and miliary tuberculosis

in endemic areas.55 Patients with CGD and other immune

deficiencies are susceptible to adverse outcomes from the

vaccine, ranging from regional disease like BCG lympha-

denitis to disseminated BCGosis.56 Many European coun-

tries no longer give the BCG vaccine except to high-risk

patients. Among reports from countries who still give BCG,

the incidence of BCG adenitis ranged widely from 16.6% to

59.2% (Table 1).22,23,50,51,57,58 The BCG World Atlas is

a helpful database to help determine BCG status of patients

from other countries.59

CGD patients living in areas endemic for tuberculosis

have seen rates of infection that exceeds what is consid-

ered usual for those populations.51,60,61 In this population,

pulmonary tuberculosis was the most common manifesta-

tion followed by peripheral lymph node involvement;

however, a subset of patients with CGD can present with

more disseminated, recurrent, and severe disease.51,61 In

some of these endemic areas that are resource poor, the

inability to distinguish BCG from tuberculosis has led to

Table 1 CGD Patients with High Rates of Reactions to BCG in

Countries with a National Vaccination Policy

Country/

Region

Adverse Reactions to

BCG

Reference

China 59.2% Zhou et al57

Iran 55.9% Fattahi et al23

Latin America 30% De Oliveira-Junior

et al50

Mexico 58% Blancas-Galicia et al51

Morocco 16.6% Baba et al58

Turkey 22.5% Koker et al22
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a possibly higher rate of mortality in CGD patients com-

pared to what is seen in other countries.62

Pathogen Specific Considerations
Many of the common CGD pathogens discussed in pre-

ceding sections (Aspergillus spp. Staphylococcus aureus,

Burkholderia cepacia, Serratia marcescens, Nocardia

spp., Klebsiella spp.) can present with varied clinical man-

ifestations with substantial overlap in disease manifesta-

tions across these organisms.4,7,27,39 Nevertheless, certain

organisms are more commonly associated with particular

disease manifestations. For example, Aspergillus most fre-

quently causes pulmonary disease, ranging from asympto-

matic imaging findings to locally invasive disease

involving the chest wall.63 It is also among the top causes

of osteomyelitis and brain abscesses.4,64 In contrast,

Staphylococcus aureus and Serratia marsescens are more

frequently isolated from skin abscesses, lymph nodes and

liver abscesses.4,27 In addition to well-known pathogens,

new pathogens are being identified with the advent of

molecular diagnostics. For example, a syndrome of fever

and lymphadenitis refractory to typical broad-spectrum

antibacterials and prone to relapse was associated with

Granulibacter bethesdensis infection.43,65

While some patients with CGD develop fungemia or

bacteremia as a result of their infections, the majority of

these infections are localized and require invasive sam-

pling of involved tissues (eg, bronchoalveolar lavage, lung

and bone biopsies, lumbar puncture for cerebrospinal fluid,

and abscess aspirates) to establish a microbiological diag-

nosis and guide antimicrobial therapy. The most frequent

pathogens associated with CGD can be grown on aerobic

bacterial media and in fungal cultures. Acid-fast smears

and cultures are also important as CGD patients may have

infections with both tuberculous and non-tuberculous

mycobacteria. However, despite invasive testing,

a microbiological diagnosis is often elusive in half or

more of cases.7,39 This is likely multifactorial, including

infection due to fastidious organisms that are difficult to

culture and/or inhibition of organism growth due to anti-

microbial exposures prior to obtaining diagnostic speci-

mens. With some organisms, it can also be difficult to

discern whether they are truly pathogenic or a colonizer.

For example, Actinomyces is a common colonizer of the

gastrointestinal tract and Paecilomyces is a common envir-

onmental saprophyte, but both have also been described as

pathogenic in CGD.40,66 Cytology and histopathology

provide important clues to the presence of fastidious or

non-viable organisms. For example, Granulibacter bethes-

densis was initially detected by special Warthin-Starry

stain and subsequently cultured using buffered charcoal

yeast extract agar.43

More recently, additional culture-independent techni-

ques have been utilized to increase the rates of microbio-

logical diagnosis. For common pathogens, targeted testing

for specific microbial products can be a helpful adjunct to

traditional culture. For Aspergillus, detection of galacto-

mannan antigen and Aspergillus by PCR in blood and

bronchoalveolar lavage have high sensitivity and specifi-

city for the diagnosis of invasive aspergillosis in BAL

specimens.67

For detection of rare and novel pathogens, additional

approaches are needed and becoming more readily available.

One such technique involves amplification and sequencing

of a conserved region of the bacterial 16S or fungal 28S

ribosomal RNA. This can lead to the identification of

a causative organism either from culture or directly from

specimens.43,68 More recently, metagenomic sequencing of

whole blood and bronchoalveolar lavage fluid has been used

for the detection of pathogens with the potential to detect

a broader range of pathogens and mixed pathogens.69,70

While these techniques hold promise for diagnosing challen-

ging infections, they are also at risk of detecting colonizing

and contaminating organisms and data on their practical

clinical utility is still emerging.

CGD Diagnosis
It is important to have a high index of suspicion of CGD in

patients with recurrent or severe infections with any of the

characteristic organisms described above, as prompt diag-

nosis and treatment are crucial to a better prognosis. The

primary diagnostic tests used in CGD functionally assess

the NADPH complex in stimulated neutrophils. The nitro-

blue tetrazolium (NBT) reduction test was historically

used; however, it has been largely superseded by the

dihydrorhodamine (DHR) assay as the gold standard for

diagnosing CGD. While positive results in either of these

tests are generally diagnostic, genetic sequencing confirms

the diagnosis.71

DHR-123 Oxidation Assay

The DHR-123 oxidation assay is the gold-standard method

to diagnose CGD. In this test, stimulated phagocytes nor-

mally oxidize DHR-123 to a fluorescent green signal,

rhodamine, by the NADPH complex. A flow cytometer

is then used to measure the oxidative burst activity.
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Phagocytes with a defective NADPH complex are unable

to effectively oxidize DHR-123 and a change in fluores-

cence is not seen. The DHR-123 assay is widely commer-

cially available, and it does not rely on operator subjective

interpretation. Based on quantitative results, it can distin-

guish between X-linked and recessive forms of CGD, as

well as carriers of pathogenic variants in gp91phox. This

assay is highly sensitive and combined with the capacity to

assess residual superoxide production, it can predict the

severity and prognosis in patients with CGD.25 There are

limitations to its use, however as this test can be abnormal

in ehrlichiosis infection, myeloperoxidase deficiency, and

the syndrome of synovitis, acne, pustulosis, hyperostosis,

and osteitis (SAPHO).72,73

NBT Reduction Test

This is one of the oldest qualitative assays used to test

neutrophil function. In this test, a drop of blood is placed

on a slide and incubated with an activating agent and NBT.

Normal granulocytes reduce the yellow NBT dye to blue

formazan, a dark blue precipitate. Although it does not

require sophisticated equipment, its use has been limited.

While it can be used to identify gp91phox carriers, the

interpretation of this test is subjective leading to increase

false-negative results.74 It is also unable to differentiate

between X-linked and autosomal recessive CGD.75

Genetic Sequencing

An abnormal neutrophil function test should be followed

by confirmatory genetic sequencing. Knowledge about

how a specific variant effects protein function as well as

residual superoxide production have been predictive of

disease severity and mortality risk.25 Both single-gene

and multi-gene panels are available to sequence DNA

from peripheral blood leukocytes. In patients suspected

to have AR disease, it is also important to note that

NCF1 is flanked by pseudogenes, which may complicate

sequencing and interpretation.76

Management of Infectious and
Granulomatous Complications
Given the risk for recurrent and/or severe infections in

patients with CGD and the characteristic organisms that are

known to commonly cause disease, the mainstay of manage-

ment of this disease is targeted prophylaxis. Optimal prophy-

lactic regimens should include a combination of antibacterial

agents, antifungal agents, and immunomodulation with inter-

feron-gamma (IFN-γ) therapy. In addition, the prompt

evaluation and treatment of acute infections along with

adjunctive anti-inflammatory medications are important to

minimize infectious and granulomatous complications.

Daily oral trimethoprim-sulfamethoxazole (5mg/kg of

the trimethoprim component with a maximum daily dose

of 1 double-strength tablet) is recommended for antibac-

terial prophylaxis.77 Other antibacterial agents used

include trimethoprim alone, 2nd or 3rd generation cepha-

losporins, and quinolones.78 Antifungal prophylaxis with

itraconazole has been shown to significantly reduce the

incidence of invasive fungal disease in patients with

CGD.4,27,47 First-line antifungal prophylaxis is itracona-

zole (100mg for <13 years old or <50kg and 200mg daily

for >13 years old or >50kg), but voriconazole and posa-

conazole are being increasingly used.77,79 Transaminitis

has been associated with the azoles, so liver function

tests should be periodically monitored. Due to variability

in azole absorption, some clinicians assess drug levels,

especially in those CGD patients with gastrointestinal

granulomas. Voriconazole can lead to significant photo-

toxicity and, over long periods of time, there is

a concern for fluoride toxicity.

The use of interferon gamma in patients with CGD allows

for a more targeted therapeutic immunomodulatory

approach. Interferon gamma has been shown to stimulate

superoxide release and improve phagocyte-mediated bacter-

ial killing in vitro.80–82 Studies have also shown a significant

reduction in infection frequency, duration and hospitalization

rates in patients with CGD.83,84 In the United States, recom-

binant interferon gamma is FDA approved and commonly

used for infection prophylaxis in CGD. In Europe, interferon

gamma therapy is often reserved for patients with persistent,

recurrent infections despite appropriate antibacterial and

antifungal prophylaxis.6 It may also be beneficial in CGD

populations living in tuberculosis endemic areas. Interferon

gamma is started at a dose of 50 μg/m2 (or 1.5 μg/kg if BSA
is <0.5m2) and administered subcutaneously three times

weekly. Common side effects include fevers, malaise, chills,

fatigue and location injection site erythema or tenderness.

If and when there is a concern for acute infection,

patients with CGD warrant a prompt and thorough physi-

cal and laboratory evaluation as there can be great varia-

bility in clinical presentation. Some patients, especially the

younger children, with CGD may not present with classic

infectious signs or symptoms of fever, fatigue, malaise,

leukocytosis, or neutrophilia. In patients with CGD, an

erythrocyte sedimentation rate and C-reactive protein can

be very helpful in both assessing for possible infection and
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monitoring for response to treatment. There should be

a low threshold for imaging the chest and/or abdomen

(eg, liver) given the high risk for indolent bacterial and

fungal infections. Early diagnosis of infections not only

may keep the patient from being hospitalized, but also will

reduce the risk for further organ damage and inflammation

(eg, microgranuloma formation) at sites of infection.

Granulomatous complications in CGD can be quite pro-

found and at times debilitating to patients. When treating

acute infections in patients with CGD, an anti-inflammatory

agent may be necessary in addition to antimicrobial therapy

since granuloma formation can be seen at infection sites.

Systemic corticosteroids have been used as adjunctive ther-

apy to antibiotics in the treatment of persistent infections,

such as staphylococcal liver abscesses. Staphylococcal liver

abscesses can be very difficult to treat in CGD and may

even require surgical intervention. Steroids are typically

dosed at 1mg/kg/day for 2–3 weeks, followed by a taper

over several months (on average 5 months).85,86

Corticosteroids have also been used to treat obstructive

granulomatous lesions in CGD, such as bladder granulomas

causing bladder outlet obstruction or gastrointestinal

lesions causing obstruction.87 The use of systemic immu-

nosuppressive medications, such as ustekinumab or vedoli-

zumab, continues to be explored in patients with CGD

colitis and has had varying effects to date.88–90 TNF-

inhibitors should be avoided in patients with CGD, as they

have been associated with serious bacterial and fungal

infections and increased mortality.91

Long-Term Management of CGD
Allogeneic HSCT is the only widely available curative

treatment for CGD with the potential for resolution of

both infectious and inflammatory complications.

Outcomes have improved significantly over the last few

decades with reported overall survival rates now consis-

tently >90% in pediatric patients less than 14 years of age

regardless of donor source.92–99 Furthermore, pediatric

patients who undergo HSCT have fewer infections,

improved growth parameters, and higher quality of life

measures compared to those treated conventionally.100,101

Patients with intractable infection or autoinflammation at

the time of HSCT and adolescents or young adults have tradi-

tionally been difficult to transplant with historically high rates

of graft-versus-host disease (GVHD) and transplant-related

mortality.92,93,102,103 However, in 2014, Güngör et al published

a large, multi-center HSCT trial that included 13 adult patients

with impressive overall and event-free survival rates,104 and

several institutions have subsequently reported excellent trans-

plant outcomes in adolescent and young adult patients, includ-

ing those with severe infection and significant

autoinflammation at time of transplantation.105–107 Another

multi-center study also recently demonstrated the presence of

CGD-related colitis does not appear to negatively affect survi-

val or significantly increase the risk of GVHD.108 The role of

autoinflammation and organ dysfunction on transplant out-

comes remains unclear; however, these recent publications

indicate that HSCT for definitive cure may be considered for

high-risk patients with reasonable outcomes.

Gene therapy is an appealing alternative to HSCT and

a number of small trials have been conducted to treat gp91phox

deficiency using γ-retroviral vectors and reduced intensity

conditioning.109–112 All trials demonstrated initial engraftment of

transduced neutrophils at 10% to 30% of circulating neutrophils,

and gene therapy resulted in full or partial resolution of infection in

most patients. However, cell engraftment progressively decreased

with time, and several patients developed myelodysplastic syn-

drome (MDS) due to insertional activation of proto-oncogenes.112

In response to the high incidence of MDS seen with γ-retroviral
vectors, gene therapy trials are currently underway using self-

inactivating (SIN) lentiviral vectors. Encouragingly, studies using

similar vectors for the treatment of Severe Combined

Immunodeficiency and Wiskott Aldrich have showed good

success.113 Long-term outcomes with gene therapy are unknown,

and as with HSCT, it is unclear what level of oxidase-positive

neutrophils is necessary for resolution of autoinflammation and

sustained correction of the CGD phenotype.

Currently, there are no standard HSCT guidelines and

no consensus surrounding transplant protocols for CGD

patients. Large, multi-center studies are currently under-

way to further investigate long-term transplant outcomes,

identify optimal conditioning regimens, and determine the

level of donor chimerism necessary for resolution of auto-

inflammation and sustained protection against new-onset

inflammatory or autoimmune disease manifestations.

Biomarkers predictive of disease course and transplant

outcomes are also needed to help guide treatment deci-

sions. With the new SIN lentiviral vectors and optimiza-

tion of conditioning regimens, gene therapy may also

become a viable alternative to HSCT in the future.

Conclusion
CGD is a rare but serious primary immunodeficiency with

varying prevalence and rates of X-linked and AR disease world-

wide. Functional defects in the phagocyte NADPH oxidase

complex predispose patients to a relatively narrow spectrum of
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bacterial and fungal infections that are sometimes fastidious and

often difficult to identify. When evaluating and treating patients

with CGD, it is important to consider their native country of

birth, climate, and living situation, which may predispose them

to types of infections that are atypical to your routine practice. In

addition to recurrent and often severe infections, patients with

CGD and X-linked female carriers are also susceptible to devel-

oping many non-infectious complications including tissue gran-

uloma formation and autoimmunity. The DHR-123 oxidation

assay is the gold standard for making the diagnosis and it along

with genetic testing can help predict the severity and prognosis

in patients with CGD. Disease management focuses on prophy-

laxis with antibacterial, antifungal, and immunomodulatory

medications, prompt identification and treatment of acute infec-

tions, and prevention of secondary granulomatous complica-

tions. While HSCT is the only widely available curative

treatment for patients with CGD, recent advances in gene ther-

apy may provide a safer, more direct alternative.
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