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ABSTRACT

Chronic granulomatous disease (CGD) is a pri-
mary immunodeficiency caused by defects in
any of the five subunits of the NADPH oxidase
complex responsible for the respiratory burst in
phagocytic leukocytes. Patients with CGD are at
increased risk of life-threatening infections with
catalase-positive bacteria and fungi and inflam-
matory complications such as CGD colitis. The
implementation of routine antimicrobial pro-
phylaxis and the advent of azole antifungals has
considerably improved overall survival. Never-
theless, life expectancy remains decreased com-
pared to the general population. Inflammatory
complications are a significant contributor to
morbidity in CGD, and they are often refractory
to standard therapies. At present, hematopoietic
stem cell transplantation (HCT) is the only
curative treatment, and transplantation out-
comes have improved over the last few decades
with overall survival rates now > 90% in children
less than 14 years of age. However, there remains
debate as to the optimal conditioning regimen,
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and there is question as to how to manage ado-
lescent and adult patients. The current evidence
suggests that myeloablative conditioning results
is more durable myeloid engraftment but with
increased toxicity and high rates of graft-ver-
sus-host disease. In recent years, gene therapy
has been proposed as an alternative to HCT for
patients without an HLA-matched donor. How-
ever, results to date have not been encouraging.
with negligible long-term engraftment of
gene-corrected hematopoietic stem cells and
reports of myelodysplastic syndrome due to
insertional mutagenesis. Multicenter trials are
currently underway in the United States and
Europe using a SIN-lentiviral vector under the
control of a myeloid-specific promoter, and,
should the trials be successful, gene therapy may
be a viable option for patients with CGD in the
future.
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INTRODUCTION

Chronic granulomatous disease (CGD) is an
inherited primary immunodeficiency caused by
functional impairment of the NADPH oxidase
complex in neutrophilic granulocytes and
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monocytes and characterized by recurrent and
severe infections, dysregulated inflammation,
and autoimmunity. The NADPH oxidase com-
plex is comprised of both membrane-bound and
cytosolic proteins that function in concert upon
phagocyte activation to produce reactive oxy-
gen species (ROS) essential for the normal kill-
ing of bacteria and fungi [1]. The catalytic
glycoprotein gp91P"°* and non-glycosylated
protein p22P"°* are located in the cell mem-
brane and together form the heterodimer cyto-
chrome bsss. Upon phagocyte activation, the
cytosolic proteins p47P"°X, p67PP°X and p40Phox
translocate to cytochrome bssg and recruit
Rac1/2. This results in a conformational change
in gp91P"°*, which enables cytosolic NADPH to
donate an electron to molecular oxygen in the
phagolysosome to form superoxide ions.
Superoxide ions are then used to generate ROS
such as hydrogen peroxide, hypochlorous acid,
hydroxyl radicals, and secondary amines that
are highly toxic to phagocytosed
microorganisms.

Mutations in any of the five structural sub-
units of the NADPH oxidase complex result in
defective ROS production and the syndrome of
CGD. The transmembrane glycoprotein
gp91P"°* is encoded by CYBB on the X chro-
mosome and accounts for approximately two--
thirds of cases of CGD. Autosomal recessive
mutations in NCF1 (p47P"°%) account for about
20% of cases, and mutations in CYBA (p22P"°¥)
and NCF2 (p67P"°%) each account for about 5%
of cases [2-6]. There has been one reported case
of an NCF4 (p40P"°%) mutation resulting in
CGD [7]. The incidence of CGD in the United
States and Europe is around 1 in 200,000 to 1 in
250,000 live births [2, 5]. However, the inci-
dence varies significantly worldwide, from 1:1
million in Italy to 1:70,000 in the Israeli Arab
population [4, 8], and, in countries with high
rates of consanguinity, the rate of autosomal
recessive CGD exceeds that of X-linked CGD
[5, 8-10].

CGD may present at any age from infancy to
late adulthood; however, the vast majority of
patients are diagnosed at less than 5 years of age
[3-5]. In general, patients with X-linked CGD
have a more severe disease course with earlier
age at presentation and earlier age of death

[2, 5]. Mechanistically, the survival of patients
with CGD is strongly associated with residual
superoxide production independent of the
specific gene affected [6].

CGD was initially described as “a fatal gran-
ulomatous disease of childhood,” and. histori-
cally, most patients with CGD died by 10 years
of age [11]. However, improved awareness of the
disease and advances in management have led
to a marked improvement in life expectancy.
Before the introduction of oral antifungals,
Winkelstein et al. reported a mortality rate of
5% per year for X-linked CGD and 2% per year
for autosomal recessive CGD [2]. More recent
studies now report a survival rate of approxi-
mately 90% at 10 years of age, which has been
attributed to improved recognition and early
diagnosis leading to earlier therapies, including
more efficacious antimicrobial prophylaxis, use
of interferon-gamma (IFN-y) supplementation
for infection prophylaxis, and wuse of
hematopoietic stem cell transplantation (HCT)
[6]. Nevertheless, the median age of death
remains around 30-40 years, and patients tend
to become increasingly debilitated with poor
quality of life with advancing age [3-5, 12].

This review aims to summarize the clinical
phenotype of CGD, including infectious and
inflammatory manifestations, and to update the
current data on conventional management,
HCT, and gene therapy. It also aims to identify
questions that remain with regard to optimal
management of patients with CGD, particularly
with respect to HCT. This article is based on
previously conducted studies and does not
involve any new studies of human or animal
subjects performed by any of the authors.

INFECTIONS

Infections are primarily with a subset of cata-
lase-positive microorganisms, and the most
common sites of infection are the lungs, skin,
lymph nodes, and liver. In North America and
Europe, the most frequent pathogens are
Aspergillus spp., Staphylococcus aureus,
Burkholderia cepacia, Serratia marcescens, Nocar-
dia spp., and Salmonella [1-5, 12]. In developing
countries, Bacille Calmette-Guerin (BCG) and
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Mycobacterium tuberculosis are important patho-
gens [8, 13, 14]. There are a number of unusual
bacteria that have been reported over the last
few decades that are virtually pathognomonic
for CGD. Chromcobacterium violaceum and Fran-
cisella philomiragia are found in brackish water
and most frequently cause skin and deep tissue
abscesses and sepsis in CGD [15-17]. Gran-
ulibacter bethesdensis is a Gram-negative rod that
causes chronic necrotizing lymphadenitis and
sepsis [18], and Burkholderia gladioli has been
reported as a cause of osteomyelitis and sepsis
[19, 20]. Infection with any of these microor-
ganisms should prompt evaluation for CGD.
CGD has the highest prevalence of invasive
fungal infections among all primary immun-
odeficiencies, affecting 20-40% of CGD
patients, and invasive fungal infections remain
an important contributor to morbidity and
mortality. [12, 21-23]. The lungs and chest wall
are the most common sites of infection, and
Aspergillus fumigatus followed by A. nidulans are
the most commonly isolated pathogens
[12, 21-23]. A. fumigatus was previously the
leading cause of mortality in CGD; however,
with the advent of azole antifungal treatment,
death from A. fumigatus is now uncommon [23].
Conversely, A. nidulans infections cause more
severe, refractory, and invasive disease with
high mortality rates [21-23]. Notably, the inci-
dence of A. nidulans infections has increased
since widespread implementation of itracona-
zole prophylaxis. Other Aspergillus spp, includ-
ing A. viridinutans, A. tanneri, and Neosartorya
udagawae also cause disease in CGD and are
difficult to treat [24-26] After Aspergillus spp.,
Rhizopus spp. and Trichosporon spp. are the most
commonly identified fungal pathogens in CGD
[27]. Other rare fungi seen in patients with CGD
include Paecilomyces variotii, Paecilomyces lilaci-
nus, Phellinus tropicalis, and Geosmithia argillacea
[28-32]. Mulch pneumonitis deserves special
mention, as it is exclusive to CGD and is asso-
ciated with a high rate of mortality if not
identified early. Mulch pneumonitis is due to an
exuberant inflammatory response to fungal
elements in aerosolized decayed organic matter
and should be considered in all cases of unex-
plained pneumonitis in previously well patients
[33, 34]. Of note, dimorphic mold infections

such as histoplasmosis and blastomycosis and
the yeast infection cryptococcosis are not seen
in CGD. Mucormycosis is also rare in CGD and
only occurs in the setting of significant
immunosuppression [35].

INFLAMMATORY COMPLICATIONS

In addition to recurrent and severe infections,
dysregulated inflammation is commonly seen
in CGD patients. A recent study on a French
cohort of 98 patients reported inflammatory
manifestations in 69.4% of patients, and the
most commonly affected organs were the GI
tract (88.2% of patients), lungs (26.4%), uro-
genital tract (17.6%), and eyes (8.85%) [36].
About 10% of patients also had autoimmune
complications. Patients with X-linked CGD had
two times the rate of inflammatory complica-
tions compared to patients with autosomal
recessive CGD.

GI tract manifestations are common, with a
reported incidence ranging from 33% to 60% of
patients with CGD [36, 37]. Symptom onset
may be at any time, but most affected patients
develop GI involvement in the first decade of
life [37]. Importantly, GI manifestations may
precede the diagnosis of CGD and the devel-
opment of infectious complications. As such,
CGD should be considered in all patients who
present with early onset inflammatory bowel
disease. GI symptoms are generally non-specific
and include abdominal pain, noninfectious
diarrhea, oral aphthae, nausea and vomiting,
and failure to thrive [36-38]. The colon is the
most frequently affected site, and patients with
CGD are particularly prone to developing peri-
anal disease with high rates of anal fistulae and
perirectal abscesses [37-40].

In addition to inflammatory bowel disease,
liver involvement is frequent and can be sig-
nificant. Patients with CGD may develop
nodular regenerative hyperplasia, non-cirrhotic
portal hypertension, hepatosplenomegaly, and
splenic sequestration [41]. Liver manifestations
are often progressive, and, notably, the devel-
opment of thrombocytopenia secondary to
splenic sequestration is a strong predictor of
mortality [42]. Genitourinary tract
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manifestations are common and include blad-
der granulomata, ureteral obstruction, and uri-
nary tract infections, especially in patients with
gp91P°* and p22PhoX deficiency [43]. Eosino-
philic cystitis has also been reported in children
with CGD [44, 45]. Pulmonary manifestations
may include granulomatous lung disease and
interstitial pulmonary fibrosis [36, 38]. Ocular
involvement with chorioretinitis, uveitis, and
ocular granulomata has been reported [36]. Of
note, macrophage activation syndrome has also
been reported in CGD patients and is a poten-
tially life-threatening inflammatory complica-
tion [46, 47].

X-LINKED CARRIERS

Female carriers of X-linked CGD have a dual
phagocyte population due to lyonization, and
cases of severe skewing of X-chromosome
inactivation have been reported in which
patients are at risk for CGD-type infections.
Reports of female carriers with discoid lupus
erythematosus, photosensitivity rashes, and
other autoimmune phenomena have been
published [48, 49]. Inflammatory bowel disease
has also been reported in women with skewed
X-inactivation [50].

A recent UK survey of 94 female carriers of
X-linked CGD demonstrated that these indi-
viduals may be more symptomatic than previ-
ously thought [51]. Cutaneous symptoms were
reported by 63 (79%) women, most frequently
photosensitivity but also malar-like lupus rash
and eczema; skin abscesses were reported by 14
(17%) women; gastrointestinal symptoms were
reported by 40 (42%) women; and 24 (26%)
women met criteria for systemic lupus erythe-
matosus. Female carriers with skin abscesses and
chronic diarrhea were found to have a signifi-
cantly lower neutrophil respiratory oxidative
burst than unaffected carriers. Interestingly,
there seemed to be no relationship between
autoimmunity and neutrophil respiratory
oxidative burst.

Another recent study from the NIH of 162
female carriers of X-linked CGD again showed
greater symptomatology than previously rec-
ognized, although not to the same extent as the

UK survey [52]. In the NIH study, 25% of
women had cutaneous symptoms, and 19% had
autoimmunity. Fourteen women (15%) had a
history of severe infection caused by typical
CGD pathogens. There was a clear correlation
between history of severe infection and percent
of neutrophils with normal oxidative capacity.
Women with less that 20% normal neutrophil
oxidative capacity had increased infections, and
less than 10% was highly associated with severe
infection. As in the UK survey, there was no
association between neutrophil oxidative
capacity and symptomatic autoimmunity.
These findings create questions regarding the
long-term health of female carriers and their
suitability for consideration as donors for HCT
in their affected family members, since the
degree of lyonization can change over time.

CONVENTIONAL MANAGEMENT

Conventional management is predominantly
with lifelong antibiotic and antifungal prophy-
laxis. Trimethoprim-sulfamethoxazole has been
shown to reduce the incidence of bacterial
infections from 15.8 to 6.9 infections per 100
patient-months in patients with X-linked CGD
and from 7.1 to 2.4 per 100 patient-months in
patients with autosomal recessive CGD [53].
Itraconazole prophylaxis was shown to be well
tolerated in a trial of 39 patients randomized to
receive either placebo or itraconazole. Only one
patient receiving itraconazole had a serious
fungal infection compared to seven in the pla-
cebo group [54]. As such, lifelong prophylaxis
with trimethroprim-sulfamethoxazole (5 mg/
kg/d div BID up to 320 mg trimethoprim a day)
and itraconazole (5 mg/kg/d up to 200 mg
daily) is recommended. Dicloxacillin and
ciprofloxacin are options for patients with sul-
famethoxazole allergy or G6PD deficiency. For
those unable to tolerate itraconazole,
posaconazole has been shown to be safe and
effective [55]. Patients with CGD should receive
all routine childhood immunizations except for
the BCG vaccine.

The prophylactic use of IFN-y remains vari-
able. A large randomized, double-blind,
placebo-controlled study of 128 patients with
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CGD showed a clear benefit of IFN-y prophy-
laxis with a decrease in both the number and
severity of infections (14/63 patients assigned to
IFN-y developed serious infections during the
study period versus 30/65 patients assigned to
placebo) regardless of inheritance pattern, sex,
or use of antibiotic prophylaxis [56]. Long-term
follow-up of 9 years demonstrated sustained
benefit [57]. Conversely, a prospective Italian
study showed that long-term prophylaxis with
IFN-y did not significantly change the rate of
total infection per patient-year compared to
control, and the group determined there was no
evidence to justify long-term prophylaxis with
IFN-y [4]. At our institution, the decision for
IFN-y prophylaxis is made on a case-by-case
basis, and is particularly encouraged for patients
experiencing increased infections.

Several large studies have reported rates of
infection of around 0.3 per year despite appro-
priate antimicrobial prophylaxis [4, 12]. Infec-
tions should be treated early and aggressively,
and initial antibiotic therapy should provide
strong coverage for both §. aureus and
Gram-negative bacteria, including B. cepacia
(e.g., combination of vancomycin/clin-
damycin/oxacillin and ceftazidime/carbapenem
depending on local resistance patterns). Treat-
ment strength dosing of trimethoprim-sul-
famethoxazole to cover ceftazidime-resistant B.
cepacia and Nocardia should also be considered
as part of the initial empiric therapy. If patients
do not improve within 24-48 h, then more
aggressive diagnostic procedures to identify the
responsible pathogen should be considered.

There should always be a high index of sus-
picion for invasive fungal infection in patients
with CGD. Invasive fungal infections most
commonly affect the lungs and chest wall. In
patients with pulmonary symptoms and/or
fever of uncertain origin, antifungal therapy
should be initiated as part of the initial empiric
therapy. Of note, Aspergillus serological tests
(e.g., Aspergillus galactomannan) and bronchial
alveolar lavage have particularly low sensitivity
in patients with CGD and should not be relied
upon for diagnosis [23]. Similarly, the efficacy of
1,3-B-p-glucan testing is unclear in CGD. Vori-
conazole is recommend as first-line therapy for
its activity against Aspergillus spp. For infections

refractory to voriconazole, liposomal ampho-
tericin B, caspofungin, posaconazole, or some
combination thereof may be considered. Surgi-
cal intervention is often necessary, and patients
generally require prolonged treatment courses.
Rescue HCT and/or gene therapy have been
proposed as viable options for life-threatening
infections resistant to antifungal treatment.

Corticosteroids have traditionally been
avoided in patients with CGD and active
infection; however, a number of reports indi-
cate that steroids may be used in conjunction
with appropriate antimicrobials to treat hyper-
active inflammation. Liver abscesses affect
about one-third of patients with CGD, and they
are often recurrent [12, 58]. Liver abscesses are
dense, caseous, and difficult to drain and fre-
quently require surgical intervention. However,
in a case series of nine patients at the NIH with
Staphylococcal liver abscesses refractory to con-
ventional therapy, the addition of corticos-
teroids led to the successful resolution of liver
abscesses without need for surgical intervention
[59]. Corticosteroids have also been shown to
play a role in the treatment of respiratory
infections, including Nocardia pneumonia and
mulch pneumonitis [33, 60, 61].

Treatment of CGD colitis is often long-term
and difficult. Patients typically respond to ster-
oids, but relapse is common [37]. Treatment with
infliximab also leads to rapid improvement;
however, it is associated with increased infec-
tions and death in patients with CGD [62]. As
such, TNF-o inhibitors should be strictly avoi-
ded. Steroid-sparing agents used with varying
degrees of success include salicylic acid deriva-
tives, antimetabolites such as azathioprine, and
6-mercaptopurine. IL-1R blockade using Ana-
kinra resulted in rapid and sustained improve-
ment of colitis in two patients with CGD [63]. Of
note, hematopoietic stem cell transplantation is
curative, and most patients have complete reso-
lution of colitis following transplantation.

HEMATOPOIETIC STEM CELL
TRANSPLANTATION

Allogeneic HCT is the only curative treatment
for CGD and may reverse both infectious and
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inflammatory complications. However, patients
with CGD are prone to graft failure, and prior
infections and organ dysfunction may increase
transplant-related complications. Early reports
showed that HCT was possible, but outcomes
were poorer than reported for other primary
immunodeficiencies with a high rate of mor-
tality, graft failure, and low donor chimerism
[64]. These complications were at least partly
attributed to the use of reduced intensity con-
ditioning (RIC), and it was proposed that more
myeloablative conditioning (MAC) may be
necessary for stable engraftment. However,
higher intensity conditioning typically results
in more prolonged immunosuppression leading
to an increased risk of infection and require-
ment for blood/platelet transfusions. HCT is
also associated with risk of developing
graft-versus-host disease (GVHD).

In 2002, Seger et al. published results from a
cohort of 27 European patients ranging from 3
to 38.7 years of age who underwent HCT for
CGD between 1985 and 2000 [65]. Twenty-five
of the 27 patients received grafts from an
HLA-identical sibling, and all but four patients
received MAC with busulfan and cyclophos-
phamide. The four patients who received RIC
were severely debilitated and not candidates for
MAC. Overall survival was reported at 85% with
an event-free survival of 81%. Notably, all
patients without severe active infection or
inflammation did extremely well (18/18
patients survived). Conversely, all four patients
with active fungal infections died, and those
with active inflammation had high rates of
GVHD. Also of note, only two of the four
patients who received RIC had stable myeloid
engraftment. Ultimately, this study showed that
HCT with MAC was a viable option for patients
with CGD and an HLA-identical donor.

In the past 15 years, several more series have
been published with encouraging results
(Table 1). Transplantation outcomes for pedi-
atric patients less than 14 years of age have been
excellent with reported survival rates now con-
sistently > 90% although long-term follow-up is
limited. Importantly, several studies have
demonstrated that outcomes with 10/10 mat-
ched unrelated donors (MUD) are comparable
to those with matched sibling donors (MSD)

[66-69]. Tewari et al. reported six patients who
received unrelated umbilical cord blood trans-
plantation with MAC [70]. All patients survived,
and while two of the six patients experienced
graft failure, they were both successfully
re-transplanted using umbilical cord blood.
There have also been a handful of reports of
successful haplo-identical transplantation for
CGD in recent years [71-74]. The probability of
finding an unaffected MSD in most populations
is less than 25%. The issue of X-linked carriers as
potential MSD is controversial due to increasing
evidence of CGD disease burden in carriers that
can increase with age, as well as the need to
ensure higher engraftment levels to achieve
symptomatic cure than may be needed with an
unaffected donor.

Patients with intractable infection or active
inflammation at time of transplantation and
adolescents and young adults have remained
difficult to transplant. Adolescents and young
adults (14 years of age or older) have historically
had increased transplant-related mortality rates
between 28% and 50% [64-67]. Unfortunately,
efforts to reduce toxicity by utilizing reduced
intensity conditioning regimens have generally
been complicated by high rates of graft failure.
In 2014, Gungor et al. published a large
prospective, multicenter study that included 56
patients aged 0-40 years (median 13 years) who
underwent HCT with RIC using low-dose
busulfan, fludarabine, and serotherapy with
either ATG or alemtuzumab [78]. Importantly,
42 of the 56 patients were considered high risk
due to active infection and/or autoinflamma-
tion. The group reported an impressive 2-year
overall survival of 96% and an event-free sur-
vival of 91%. The cumulative incidence of grade
III-IV acute GVHD was low at 4%, and chronic
GVHD was 7%. Graft failure occurred in only 3
of 56 (5%) patients, and stable (> 90%) myeloid
chimerism was found in 93% of surviving
patients. However, subsequent studies have
reported high rates of graft failure and mixed
chimerism. Khandelwal et al. recently com-
pared a cohort of 14 patients who received MAC
with busulfan, cyclophosphamide, and ATG
versus four patients who received RIC with flu-
darabine, melphalan, and alemtuzumab [80].
All four patients who received RIC survived, but
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three patients developed mixed chimerism, and
two required stem cell boosts to maintain donor
chimerism. The results at our own institution
using RIC have also not been successful. Three
patients who underwent HCT with RIC all had
poor engraftment and needed further inter-
vention with either donor lymphocyte infu-
sions or repeat HCT [81]. As such, we currently
use MAC in all patients with CGD at our
institution.

As with all HCT recipients, there is concern
regarding the potential for development of late
effects and durability of immune reconstitution
in CGD patients following HCT. This is of par-
ticular concern as many CGD patients may be
treated early in life, leading to early exposure to
the toxicities of conditioning agents. Further
study specifically aimed to address late effects
and durability of immune reconstitution are
needed.

Cole et al. found that pediatric patients who
underwent HCT had fewer infections (0.15 epi-
sodes of infection/admission/surgery per year
vs. 0.71 episodes infection/admission/surgery
per year) and improved growth parameters
(height and BMT) compared to those treated
conventionally [75]. The same group also
demonstrated that quality of life (QOL) was
significantly higher in transplanted children
versus non-transplanted children [76]. In fact,
parent-reported and patient-reported QOL in
transplanted children were comparable to levels
reported from healthy children. A recent
Swedish study directly compared outcomes of
14 X-linked CGD patents who underwent HCT
with 13 patients who received conventional
management [77]. Thirteen of 14 (92%) men
aged 1-35 years of age survived HCT at median
follow-up of 7 years (range 1-16) and were
cured of disease. Contrarily, 7 of 13 (54%) men
treated conventionally died at a mean age of
19 years, and all others suffered from
life-threatening infections.

GENE THERAPY FOR CGD

Gene therapy is an attractive alternative to HCT
and would provide an option for patients
without an HLA-identical donor. Autologous

HCT also eliminates the risk of GVHD and
abrogates the need for long-term immunosup-
pressive therapy. Furthermore, full engraftment
is likely unnecessary for CGD, as data from
healthy female carriers of X-linked CGD indi-
cate that as low as 10-20% functional neu-
trophils is adequate to protect against severe
infection [53, 54].

The first gene therapy trials for CGD took
place at the NIH in the 1990s [82]. Five patients
with autosomal recessive p47P"* deficiency
received gene-corrected CD34 + hematopoietic
stem cells (HSCs) without conditioning using a
recombinant vy-retroviral vector. Functionally
corrected granulocytes were detected in all 5
patients but with a peak of only 0.004-0.05%
total circulating granulocytes at 3-6 weeks, and
no gene-corrected neutrophils were present at
1year post-gene therapy. Protocol modifica-
tions to enhance mobilization of CD34+ cells
and to improve retroviral transduction effi-
ciency failed to improve long-term engraftment
[83]. These initial studies demonstrated the
necessity of at least some degree of conditioning
with gene therapy for CGD.

Several small trials subsequently performed
gene therapy for X-linked CGD using y-retrovi-
ral vectors and non-myeloablative condition-
ing. Two adult men aged 25 and 26 years
underwent gene therapy in Germany using a
y-retroviral vector expressing gp91P"°* under
control of the spleen focus-forming virus pro-
moter and low-dose busulfan at 8 mg/kg
[84, 85]. Approximately 15% of peripheral
blood neutrophils were found to express
gp91P"°* within the first 5 months after trans-
plantation, and both patients experienced
clinical benefit with resolution of bacterial and
fungal infections. However, gene marking
increased with time due to insertional activa-
tion of the proto-oncogene MDS1-EVI1, while
methylation of the viral promoter resulted in
transgene silencing and loss of clinical benefit.
Both patients ultimately went on to develop
myelodysplastic syndrome (MDS); one patient
died at 27 months post-gene therapy from sep-
tic shock, and the other patient went on to
receive a MUD HCT at 45 months [85]. The
same vector and protocol were used to treat two
children in Switzerland with therapy-resistant
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A. nidulans infections with resolution of infec-
tion [86, 87]. However, the same clonal expan-
sion was observed in both children, and both
were rescued with allogeneic HCT [87].

Three patients, aged 28, 28, and 19 years,
with X-linked CGD and severe infection not
responsive to conventional management
underwent gene therapy at the NIH using a
murine Moloney retrovirus-derived vector to
introduce gp91°P"* cDNA into CD34+ HSCs
and low-dose busulfan at 5 mg/kg/day for 2 days
[88]. The team achieved early marking of 26, 5,
and 4% of neutrophils, but there was sustained
long-term marking of only 1.1% and 0.03% of
neutrophils in patients 1 and 3, respectively.
Nevertheless, both patients had full or partial
resolution of infection. Gene-marked neu-
trophils had sustained correction of oxidase
activity, indicating that silencing of the trans-
gene was not a problem with this vector, and
gene marking was polyclonal. Unfortunately,
patient 2 had no detectable corrected neu-
trophils at 4 weeks, and he died at 6 months
post-gene therapy from a pre-existing fungal
infection.

In total, five phase I/II clinical trials were
performed in Germany, London, the NIH, and
Seoul with 12 patients transplanted using
y-retroviral vectors and RIC [83, 89]. All the
trials demonstrated initial engraftment of
transduced neutrophils at 10-30% of total
neutrophils and clinical benefit with resolution
of pre-existing and life-threatening infections.
However, cell engraftment progressively
decreased with time in all patients, and several
patients developed MDS. Corrected HSCs do not
have a selective growth advantage compared to
NADPH oxidase-deficient cells, contrary to what
is seen with some other primary immunodefi-
ciencies. This suggests that more myeloablative
conditioning may be needed for sustained
engraftment. It has also been suggested that
constitutive  expression of gp91P"** in
hematopoietic progenitor cells may lead to the
inappropriate production of ROS with resultant
toxicity and loss of gene-corrected cells over
time.

In response to the high incidence of MDS
seen with the y-retroviral vectors and concerns
related to stem cell toxicity mentioned above,

codon-optimized self-inactivating (SIN) lentivi-
ral vectors have been developed whereby
transgene expression is limited to the myeloid
lineage. Santilli et al. developed a SIN-lentiviral
vector with gp91P"°* cDNA under the control of
a chimeric promotor that contains binding sites
for the myeloid transcription factors CAAT box
enhancer-biding family proteins (C/EBPs) and
PU.1, which are highly expressed during gran-
ulocyte differentiation [90]. This allows for high
levels of gp91P"°* expression in terminally dif-
ferentiated neutrophils while de-targeting
expression in HSC’s. Chiriaco et al. took this
one step further and developed a dual-regulated
lentiviral vector employing a myeloid-specific
promoter and microRNA to post-transcription-
ally regulate transgene expression [91]. Preclin-
ical trials in mice demonstrated high levels of
gp91P"°* expression in myeloid cells with spar-
ing of the CD34 + HSC compartment. Multi-
center clinical trials using the Santilli et al.
vector and low-dose busulfan are currently
underway in the United States and Europe. So
far, three patients have undergone gene therapy
in the United States, and early results are
promising, with resolution of CGD phenotype
and sustained neutrophil gene marking with
time (unpublished data).

Finally, targeted genome editing approaches
using zinc-finger nucleases (ZFN), transcription
activator-like effector nucleases, or the clustered
regularly interspaced short palindromic repeat
(CRISPR)-Cas9 system have been proposed to
allow gene correction in situ such that gene
expression remains under the control of the
gene’s own cell-specific promoters. However,
many CGD patients have unique mutations,
and these approaches would require engineer-
ing unique systems for each individual patient.
Another approach is to target specific “safe
harbors” in the genome such as the AAVS1 locus
(the common integration site of adeno-associ-
ated virus), the disruption of which does not
result in genomic instability. However, the
advantage of gene correction in situ is lost using
this technique. Thus far, preclinical experi-
ments using ZFNs and the CRISPR-Cas9 system
have demonstrated successful transgene
expression in CD34+4+ HSCs and induced
pluripotent stem cells from CGD patients
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without off-target effects [92-94]. Nevertheless,
gene editing approaches remain limited by low
efficiency and hematopoietic stem cell toxicity
through the process of transfection, expansion,
and selection.

CONCLUSIONS

Life expectancy of CGD patients has increased
more than three-fold over the last few decades
due to increased recognition of the disease, the
advent of azole antifungals, and improved
management of infectious and inflammatory
complications. Nevertheless, the incidence of
triazole-resistant Aspergillus is increasing, and
the management of inflammatory complica-
tions remains difficult. Survival following HCT
has increased from approximately 85% before
2000 to greater than 90% in recent reports, and
outcomes have been encouraging regardless of
the donor source. Children who undergo HCT
are also healthier with better QoL than those
managed conservatively. As such, HCT should
be considered for all patients with CGD
regardless of sex, genetic mutation, and clinical
manifestations. MAC appears to reduce the risk
of graft failure and increase the likelihood of
long-term myeloid engraftment. It is preferable
to perform HCT as early as possible, but defini-
tive cure can also be considered for adolescent
and young adult patients, including those with
a history of severe infection and autoinflam-
mation. Ultimately, as HCT becomes more
widely available and better tolerated, we expect
overall life expectancy for patients with CGD to
increase substantially over the next several
years. Furthermore, with the new SIN-lentiviral
vectors and optimization of conditioning regi-
mens, gene therapy may become a viable alter-
native to allogeneic HCT for those without an
HLA-matched donor.
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