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Abstract

A number of recent advances have been made in the epidemiology and
treatment of chronic granulomatous disease. Several reports from developing
regions describe the presentations and progress of local populations,
highlighting complications due to Bacillus Calmette—Guérin vaccination. A
number of new reports describe complications of chronic granulomatous
disease in adult patients, as more survivors reach adulthood. The
complications experienced by X-linked carriers are particularly highlighted in
three new reports, confirming that infection and inflammatory or autoimmune
conditions are more common and severe than previously recognised. Finally,
definitive treatment with haematopoietic stem cell transplantation and gene
therapy is reviewed.
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Introduction

Chronic granulomatous disease (CGD) results from an inherited
defect in one of six components of the phagocyte nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase enzyme com-
plex, responsible for generating reactive oxygen species (ROS)
released during the phagocyte respiratory burst to eliminate
ingested micro-organisms. Two membrane-bound cytochrome het-
erodimer components—gp91°™* and p22P** (encoded by CYBB
and CYBA respectively)—embedded within the membrane of
lysosomes come together with the four cytosolic components—
pa7rtex p67 Phox - pdQrex - and RAC2 (encoded by NCFI, NCF2,
NCF4 and RAC2 respectively)—to activate NADPH to produce
hydrogen peroxide. Transfer of electrons from the NADPH complex
to molecular oxygen creates a negative charge within the phago-
lysosome. This enables influx of potassium through calcium-
activated potassium channels. Thus, microbial killing likely occurs
through direct action of ROS upon microbes as well as super
oxidase-mediated activation of additional killing pathways.

In out-bred populations, X-linked disease due to mutations in
CYBB is most common. There are numerous clinical manifestations,
but the hallmark is severe invasive, bacterial or fungal infection,
frequently due to catalase-positive organisms or Aspergillus
species. However, inflammation plays an important role in the
pathogenesis and sequalae of the disease. Much information
regarding the epidemiology, clinical manifestations, treatment
approaches and outcome of patients with CGD has been gathered
over the years, since the first description by Robert Good in 1957".
This review will focus on newly published information over the
past couple of years.

Epidemiology

Chronic granulomatous disease in developing regions

To date, most information regarding presentation and outcome
of patients with CGD has come from developed countries””.
However, the genetic diversity and presentation of primary
immunodeficiencies are dependent on the specific population and
environmental influence respectively, and published information
to date does not reflect the disease in other geographical areas
of the world. Recent publications from India, Central and Latin
America, Africa and the Middle East and China have given a wider
perspective on the disease. Although ascertainment is incomplete
and shows bias, some conclusions can be drawn. The Chinese
cohort of 48 patients shows some interesting trends'’, confirming
observations from a previous Chinese study''. Most patients had
X-linked CGD, confirming the predominance of X-linked disease
worldwide in non-consanguineous populations. Most diagnoses
were after 2010 and presumably this was due to greater aware-
ness of the disease. All were diagnosed in early childhood. There
was a high mortality (22%), and deaths were due to infection.
Complications due to Bacillus Calmette-Guérin (BCG) vacci-
nation were particularly prevalent. Inflammatory complications
were not reported, and there were no adults in the cohort. A
number of mutations were reported, although in previous series
from China the accuracy of the data has been questioned'""”.

Two Indian CGD patient cohorts have been reported recently.
In one, there was a similar incidence of X-linked and autosomal
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recessive (AR) CGD". Infections were the predominating clini-
cal problem, although significant BCG infections were rare. All
patients were diagnosed in early childhood and there was a signifi-
cant mortality of 29%. Most cases were diagnosed in the 3 years
before the report was published. The second cohort compared 21
patients with the same genetic deletion in p47°™* (a two-base pair
GT dinucleotide deletion at the beginning of exon 2 in NCFI, the
most common defect in p47P*-defective CGD). All patients were
diagnosed in early childhood, and infection was the most significant
clinical problem. Mortality was high at 24%"*.

Three Mediterranean cohorts—from Egypt, Tunisia and Israel—
have been published recently. The Egyptian cohort of 28 patients
showed a predominance of AR-CGD (82%), mainly due to
mutations in CYBA'"”. Whilst infection was the most common
presentation, BCG complications were less common and inflam-
matory complications were reported in this paediatric cohort.
Additionally, the study showed the value of intracellular stain-
ing of NADPH components using specific monoclonal antibodies
followed by flow cytometric analysis in aiding the diagno-
sis. The Tunisian study reported on 11 patients from contiguous
regions within western Tunisia, with a unique mutation in NCF2,
and demonstrated a founder effect'°. All patients presented in
childhood with infection, a high incidence of tuberculosis and a
mortality of 80%. Other CGD cases in the country demonstrate
different forms of AR-CGD. This study highlights the impor-
tance of local knowledge of a disease; similar founder effects have
been found in populations in Oman'’” and Korea'® and in Kavkazi
Jews'”. An Israeli study of 84 patients looked at a mixed popula-
tion of Jewish and Arab patients”. X-linked disease was more
common in the Jewish populations, and AR-CGD was found
predominantly in consanguineous Arab and Jewish populations.
Severity of disease was related to the degree of residual oxida-
tive burst, confirming a previous report’'. Most patients presented
early in childhood with infection; mycobacterial infection did
not predominate in this series. Granulomatous inflammation was
commonly reported. A quarter of patients received haematopoi-
etic stem cell transplantation. Overall survival was good, and
mortality since 2008 was 2%, reflecting improvements in medical
management.

A Mexican series describes a cohort of 27 patients with CGD,
amongst a larger primary immunodeficiency disorder population®.
The mortality was 33%. Disappointingly, survival was no dif-
ferent in patients diagnosed before or after 2001, and it dropped
dramatically after 10 years of age. The Latin American Soci-
ety for Immunodeficiencies studied a cohort of 71 patients from
five countries, including Mexico”. X-linked CGD was most
commonly represented (75%), followed by defects in p47°x
(23%). Pulmonary infectious presentation was most common;
BCG complications occurred in 30% (predominantly those with
X-linked disease). Some patients had undergone haematopoietic
stem cell transplantation, whilst others were receiving prophy-
laxis. There were no recorded deaths in the cohort during the
study period.

Several observations can be made from these studies. Firstly, they
confirm that whilst X-linked CGD is found most commonly in
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out-bred populations, AR disease is more common in areas with
high consanguinity, and specific founder effects are evident in
particular populations. Secondly, infectious issues predominate,
in a pattern and with micro-organisms that are commonly seen in
developed countries. The exceptions to this—tuberculosis or infec-
tious complications secondary to BCG vaccination—make up a
significant proportion of the infections reported in these studies.
The high morbidity associated with BCG vaccination suggests
that screening for CGD could be considered in these populations
before BCG is administered. Mycobacterial infection is a
recognised complication of CGD, although in a published large
multi-centre series, the isolates were BCG or Mycobacterium
tuberculosis rather than Mycobacterium leperae or environmental
mycobacteria®. In this survey, 24% of patients presented solely
with mycobacterial infection. Thirdly, whilst infections were
a predominant clinical problem, inflammatory complications were
rarely reported. Whether this was due to ascertainment bias, a lack
of recognition or a high, infectious early mortality is not clear.
Despite tremendous advances in medical care within developed
countries, CGD continues to have a high mortality in less advan-
taged countries. Greater awareness amongst physicians in these
regions may help with earlier recognition and treatment, and
registry data would further map the genetic pattern and clinical
complications.

Chronic granulomatous disease in adults

A number of new reports have given further information on adult
patients with CGD. Adult patients fall into three categories: those
diagnosed as children and surviving to adulthood”, those who are
symptomatic in childhood but are diagnosed only as adults® and
those with mild disease who present for the first time as adults™.
A survey of the French CGD cohort reported on 80 adult patients
with CGD who were all diagnosed by the age of 16 years and
thus gives insight into the clinical course of patients in a devel-
oped healthcare system, diagnosed in the modern era when
chemo-prophylaxis with antibacterial and antifungal agents was
employed. Several important findings were presented. Firstly,
despite appropriate prophylaxis, infections occurred every
3.75 patient-years. The frequency of infections in adults was no
different to those in children. Furthermore, 10 patients (12.5%)
died in adulthood, almost all from infectious causes, confirm-
ing that infection is the leading cause of death in CGD, even in
adults receiving appropriate prophylaxis. The most common patho-
gens remained Staphylococcus aureus and Aspergillus species.
Secondly, inflammatory and autoimmune complications were
extremely common, affecting almost 90% of patients. These com-
plications were as common in adulthood as in childhood, but the
first event occurred at a later age than the first infectious presen-
tation, perhaps explaining why inflammatory and autoimmune
manifestations were under-reported in cohorts from developing
regions. Thirdly, there was a significant burden of chronic disease
in the adult cohort, including short stature, particularly in those
receiving corticosteroids in adolescence. Additional findings
included low body weight, chronic dyspnoea, often associated
with radiological changes, and gastrointestinal complications. The
findings in this report emphasise that the CGD disease burden
transfers and may deteriorate during adulthood and, though not
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explicitly stated, likely negatively impacts quality of life. Further-
more, despite modern management, there is an ongoing mortality
associated with the disease.

A separately published study of the same adult French CGD cohort
specifically examined respiratory complications”’. Nine (13%) of
67 patients died, predominantly from Aspergillus species infection.
Infective or inflammatory respiratory complications were com-
mon and were found more frequently than in childhood, despite
appropriate antimicrobial chemo-prophylaxis. Treatment of these
complications was complicated and often was prolonged for more
than 6 months and frequently involved lengthy hospitalisation
and invasive, sometimes multiple therapies. Inflammatory respi-
ratory complications occurred in more than 25% of patients, and
non-infectious complications were more likely to be persistent.
Several issues are raised by this study. It gives insight into the
natural history of CGD, modified through therapeutic interven-
tion, and particularly highlights patients presenting with less severe
disease, modified by genetics or environmental factors or both.
Additionally, it raises awareness of risks and benefits of earlier
intervention in the disease course. Finally, it demonstrates the
challenge to adult physicians, managing patients with potentially
unfamiliar “paediatric” diseases.

Two reports describe patients presenting with AR-CGD in adult-
hood. Colin de Verdiere and colleagues describe two unrelated
adults who presented with respiratory symptoms due to unusual
infectious micro-organisms (Aspergillus fumigatus and Pantoea
species in one and Nocardia species in the other)”. Both had
earlier presented in early adulthood with inflammatory bowel
disease. A report from Iran describes a 40-year-old man with
a history of granulomatous lung lesions and recurrent skin and
soft tissue abscesses who presented with respiratory symptoms®.
Histological examination demonstrated lymphocytic bronchiolitis,
and subsequently a diagnosis of CGD was confirmed.

These cases demonstrate that vigilance is required when confronted
with adult patients presenting with unusual infections, especially
if they are due to catalase-positive micro-organisms which are
specifically associated with CGD™ or if other infectious or inflam-
matory features are evident in the history; it is likely that CGD in
adults is more common than currently recognised.

Whilst defective NADPH function is generally associated with
unfavourable sequelae, emerging evidence suggests that mutations
in CYBB and NCFI may play a protective role in inflammatory
arterial disease. Enhanced production of pro-inflammatory
cytokines by defective myeloid cells in CGD patients contrib-
utes to the exuberant inflammatory response in response to, or
independent of, infection. Excess inflammation has also been
implicated in the pathogenesis of cardiovascular disease and
atherosclerosis, particularly associated with increased ROS gen-
erated by the NADPH oxidase (NOX) protein family, NOX2,
NOX1, and NOX4. NOX2 contributes to the vascular endothelial
cell response to nitric oxide and has increased expression in the
atherosclerotic plaque in inflammatory vascular disease. NOX2
is also expressed in platelets, inducing platelet aggregation
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and thrombosis. Reduced NOX activity may diminish vascular
inflammation and platelet aggregation and so decrease suscepti-
bility to atherosclerosis.

A recent study provides evidence that reduced NOX activity in CGD
patients diminishes the risk of atherosclerosis’’. In a study of 41
patients with X-linked or p47°**-deficient CGD, who had increased
risk factors for arterial inflammation, including hypertension, oxi-
dised low-density lipoprotein, and low high-density lipoprotein, a
significantly lower internal carotid artery wall volume was found
compared with healthy control subjects although coronary arterial
calcification was similar in the two groups®'.

Inflammatory bowel disease

New information has recently been published in relation to
clinical presentation of patients with CGD and, in particular, in
relation to gastrointestinal symptoms. A study of 93 patients fol-
lowed at the National Institutes of Health (NIH) compared patients
with inflammatory bowel disease with those without disease,
specifically looking for associations with previously published
inflammatory bowel disease risk single nucleotide polymorphism
genotypes®. Common inflammatory bowel disease risk alleles
were associated with CGD inflammatory bowel disease, but the
association was less strong than for that in paediatric patients with
Crohn’s disease, confirming that reduced superoxide production
is an independent risk factor for development of inflammatory
bowel disease.

A small study of eight asymptomatic patients sought to evaluate
whether faecal calprotectin predicted sub-clinical inflammatory
bowel disease. Only one patient had raised values, who subse-
quently developed colitis*. Further studies are required to confirm
this observation. A retrospective study of 78 patients in whom
investigation was indicated documented endoscopic findings**. The
study concluded that investigation was useful to diagnose inflam-
matory bowel disease and differentiate CGD-associated inflamma-
tory bowel disease from other causes of colitis. Additionally, the
severity of disease could be determined, and response to treatment
determined.

An interesting study examined the role of gastrointestinal micro-
biota in pathogenesis of colitis in p47?"*~~ mice®, suggesting that
the signature of the microbiome played a significant role in resist-
ance to, or development of, dextran sodium sulfate-induced colitis.
These data support the concept that intestinal bacteria play a signifi-
cant role in the development and maintenance of colitis, although
human studies are required to confirm this. Intriguingly, haemat-
opoietic stem transplantation to restore p47°™* function failed to
resolve colitis in the mouse model, findings not observed in patients
who have been transplanted. Whether this is a species-specific
finding or instead suggests non-haematopoietic cell production of
ROS needs further exploration.

Inflammation in chronic granulomatous disease

A number of important studies have recently been published
which add information to our understanding of the development
of inflammatory complications in CGD. Patients experience symp-
toms, which overlap with those experienced by patients with sys-
temic lupus erythematosus (SLE). Neutrophil-derived proteolytic
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enzymes and reactive intermediate oxygen species are implicated in
inflammatory responses through interaction with innate and adap-
tive immune pathways. Neutrophil extracellular traps (NETs) are
DNA structures formed because of chromatin decondensation and
spreading. Numerous proteins that have bactericidal activity and
are able to destroy virulence factors, including histones, elastase,
myeloperoxidase, cathepsin G, and lactoferrin, adhere to NETs.
Formation of NETs is implicated in autoimmunity through
opsonisation by autoantibodies leading to plasmacytoid dendritic
cell-induced interferon-alpha (IFN-o) synthesis and inflammas-
ome activation. Ribonucleoprotein-containing immune complexes,
which are abundant in SLE, can induce NET formation, as can
low-density granulocytes, a pro-inflammatory neutrophil subset
present in individuals with SLE. Other inducers of NETs include
pathogens and cytokines such as interleukin 1 beta (IL-1pB).
Production of ROS by NOX-dependent pathways is necessary for
NET formation. A study by Lood and colleagues demonstrated
the ability of mitochondrial ROS to stimulate NET formation in
the pro-inflammatory low-density granulocytes in lupus and CGD
subjects®. Additionally, they demonstrated that the release of
oxidised mitochondrial DNA with potent pro-inflammatory and
IFN-driven properties was able to generate NETs even in CGD
patients with reduced or absent functional NOX. This study indi-
cates that a key pathway of innate immune activation predispos-
ing to autoimmunity in patients with CGD is similar to that of
patients with SLE. That pathway is mitochondrial ROS-driven NET
formation in low-density granulocytes, which stimulates exter-
nalisation of pro-inflammatory oxidised mitochondrial DNA with
consequent activation of stimulator of IFN genes (STING) and
Toll-like receptor (TLR)-dependent type I IFN synthesis.

The importance of these findings is emphasised by a study by
Weisser and colleagues, who demonstrated that persistent chronic
inflammation in patients with CGD leads to haematopoietic
proliferative stress and a decrease in the functional activity of
haematopoietic stem cells’’. Quality and quantity of haemat-
opoietic stem cells are affected, leading to a low proportion of
primitive haematopoietic stem or progenitor cells in bone mar-
row from patients with X-linked CGD, which has implications
for those undergoing autologous gene therapy. Treatment directed
at this pathway may reduce the autoimmune predisposition as well
as improve haematopoietic stem cell mobilisation for gene therapy.

Macrophage activation syndrome is caused by excessive activa-
tion and proliferation of well-differentiated macrophages and is
synonymous with haemophagocytic lymphohistiocytosis (HLH),
a potentially life-threatening hyper-inflammatory syndrome.
Clinical features include persistent fever, lymphadenopathy,
hepatosplenomegaly, cytopenia, raised liver cell enzymes, and
coagulopathy. Most commonly associated with hereditary HLH
syndromes, it has been described in a variety of other primary
immunodeficiencies. A recent survey found that over 30% of non-
hereditary HLH syndrome cases were associated with CGD™.
Overall survival for this sub-group was good, and most received
treatment with immunoglobulin and cortico-steroids rather than one
of the standard HLH protocols. The failure to identify HLH in other
neutrophil disorders may suggest a genetic predisposition in CGD
patients, associated with a hyper-inflammatory phenotype, rather
than an infectious trigger.
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X-linked carrier disease

Female carriers of X-linked AR disorders are generally consid-
ered to be clinically unaffected by the defective gene. In X-linked
CGD, female carriers possess a mutated gene on one X chromo-
some and a normal copy on the other X chromosome and, subse-
quent to lyonisation, have two phagocyte populations: one which
is gp91rhx-positive and one which is gp91P-negative. Early in
foetal development, random X chromosome inactivation of hae-
matopoietic precursor cells may lead to two unequal populations.
It is unclear whether the proportion of normal to affected cells can
change over time. For many years, it has been acknowledged that
female carriers of X-linked CGD may experience discoid lupus
erythematosis-like lesions®™. However, it is increasingly evident
that carriers may display clinical manifestations similar to those
of patients with X-linked CGD, which may significantly impact
health. A recent study documented wide-ranging autoimmune and
inflammatory symptoms in the UK cohort of 81 X-linked CGD
carriers, similar to clinical presentations of CGD patients.
Specifically, 25% of carriers met at least four of the American
Rheumatology Association SLE diagnostic criteria, although only
18% had been diagnosed with a lupus-like disorder’. Seventy-
nine percent of subjects reported skin symptoms, most frequently
photosensitivity. Additionally, gastrointestinal symptoms were
reported by 49% of carriers, most frequently abdominal pain
and diarrhoea, although most did not have a defined diagnosis.
Histological features of Crohn’s disease were reported in two car-
riers, and colitis was reported in one. Colitis in an index CGD case
correlated with symptoms in the related carriers. For those carri-
ers who reported joint symptoms, episodic inflammation, pain and
redness were common symptoms, associated with extreme fatigue.
In a separate study of the same cohort, fatigue was associated with
raised serum levels of IL-8"'.

Following this, the NIH published findings on 92 subjects from
their carrier cohort™. The percentage of residual respiratory burst
was unrelated to age of the subject, but a low percentage of dihy-
drorhodamine oxidation (median of 8%) correlated with clinical
features. In contrast, there was no association of degree of lyoni-
sation with autoimmunity, suggesting that the risk was associated
with carrier status alone. Limited data from this study suggested a
strong correlation of the degree of lyonisation in sisters but not in
mother-daughter pairs.

Hauck and colleagues reported on two unrelated female carriers
who had non-random X-chromosome inactivation with neutrophil
oxidative bursts of 11% and 30% respectively*. Both developed
severe fistulating Crohn’s-like inflammatory bowel disease with
histo-pathological features similar to those found in patients with
CGD-colitis. The second patient underwent allogeneic haemat-
opoietic stem cell transplantation and had complete remission
of bowel symptoms at 16 months of follow-up. A 53-year-old
Australian women developed refractory pneumonia from which
lobectomy tissue grew Burkholderia cepacia. Histopathological
examination revealed diffuse pneumonic consolidation with sup-
purative, necrotising granulomata. An immunological assessment
demonstrated reduced neutrophil function due to extreme lyonisa-
tion with only 3% normally functioning neutrophils. A pathogenic
mutation in CYBB was found on sequencing, confirming her status
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as a symptomatic carrier of X-linked CGD; a positive family history
was subsequently elicited*.

These studies are important because they demonstrate that X-linked
carriers experience significant symptoms, many of which have been
under-recognised by medical professionals and many of which can
be addressed. Fatigue is a particular issue, which appears to have an
inflammatory basis. Furthermore, some individuals have symptoms
as severe as those of CGD patients, often associated with extreme
lyonisation, and definitive therapy has a role in these individuals.
Finally, they raise doubt about the prudence of using carriers as
sibling or parental donors for patients with CGD.

New treatment strategies

Anti-inflammatory therapy

Inflammatory complications, particularly colitis, are amongst the
most challenging symptoms to address in patients with CGD, as
treatment with immunosuppressive agents might increase the
risk of infection®. By recognising the role of pro-inflammatory
cytokines such as IL-1f in the inflammatory process, targeted
blockade may offer a focused treatment. However, in contra-
distinction to a previous report suggesting that treatment with
the recombinant IL-1 receptor targeted antagonist, anakinra,
offered therapeutic benefit”, treatment of five patients with severe
refractory colitis led to marginal or no benefit”. However,
despite treatment for at least 3 months, no significant infectious
complications were encountered. Further studies are required to
determine whether IL-1 receptor blockade offers benefit for any
group of patients with CGD.

To pursue that idea further, a more recent study focused on ways
to counter the defect in autophagy and associated inflammasome
activation evident in NOX defective mononuclear phagocytes*.
Interestingly, even patients without inflammatory manifestations
had a reliable inflammatory phenotype characterised by an increase
in non-classic and intermediate monocytes, a pro-inflammatory
state of mononuclear phagocytes with increased IL-1f and tumour
necrosis factor alpha (TNFa) content, a bias of CD4* T lymphocytes
toward a TH17 phenotype, and increased in IL-17A—secreting neu-
trophils. In vitro studies of mononuclear phagocytes from patients
with clinical inflammation, treated in vitro with the mechanis-
tic target of rapamycin (mTOR) inhibitor, rapamycin, to restore
autophagy, showed reduced basal TNFo. production and secretion
and suppression of IL-1B, IL-6 and IL-23 secretion by lipopoly-
saccharide-primed monocytes, with impaired TH17 switching®.
Of note, inhibition of the IL-1 receptor with anakinra, enhanced
the inhibitory effect of rapamycin on phagocyte IL-1f secretion.
These in vitro data suggest that a combination of rapamycin
with anakinra could be considered for patients with CGD with
inflammatory complications.

A single case reports the use of the IL-23 antagonist ustekinumab
to treat longstanding treatment-recalcitrant colitis”. There was
significant symptomatic improvement, but the patient developed
probable severe infection necessitating discontinuation of usteki-
numab, after which symptoms returned”. More studies are required
to define which of these agents, and in which combinations, lead to
infection-free clinical benefit.
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Adjunctive therapy

Whilst antimicrobial’’”' prophylaxis, with immunosuppression
as required remains the mandatory treatment for patients with
CGD, and in many centres, IFNy prophylaxis®, nevertheless,
adjunct therapies are sometimes required to treat refractory
infection.

Pioglitazone is a peroxisome proliferator—activated receptor
gamma (PPARY) agonist used in the treatment of type 2 diabetes.
A recent study demonstrates that, in murine models and human
cells, pioglitazone enhanced stimulated mitochondrial-derived
ROS production in neutrophils and monocytes from blood and
neutrophils and inflammatory macrophages recruited to tissues and
thus represents a possible new treatment strategy in CGD patients
with severe infection™.

The value of granulocyte infusions to treat such infections
remains controversial and there are no trial data to demonstrate
efficacy, although case reports suggest efficacy in treating seri-
ous bacterial and fungal infections™. A retrospective study of 69
infusion courses in 48 patients in a non-transplant setting reports
on the outcome over a 29-year period”. More than 80% of
infections improved. Best results seen when infusions were started
early in the disease course, and when higher numbers of infusions
were administered, irrespective of disease genotype, infection
site or causative agent. Adverse events—including fever, rigors,
flushing, vomiting, irritability, or agitation, and, in two patients,
transient dyspnoea—were reported in less than 2% of 1594
individual infusions. Significantly, 16 patients developed allo-
immunisation. This study demonstrates that this treatment
approach is generally safe and has utility, although sourcing
granulocytes can be difficult, and for those patients in whom
stem cell transplantation is an option, allo-immunisation may
complicate subsequent treatment.

The utility of thoracic surgery in patients with severe pulmonary
infection is reported®®. The outcome of 51 thoracic procedures in
35 patients over a 25-year period was documented. The 90-day
mortality was 6%, and 37% of patients had died by the time of
analysis, predominantly from pulmonary infection. Poor prognos-
tic features were chest wall resection or significant intra-operative
blood loss. Patients requiring thoracic surgery are high-risk and,
following surgery, should be considered for definitive treatment.

Haematopoietic stem cell transplantation

To date, haematopoietic stem cell transplantation remains the
only definitive curative treatment. Numerous studies have
shown efficacy, and an improvement in survival, most notably
that reported by Giingdér and colleagues using a targeted sub-
myelo-ablative busulfan conditioning regimen’’. Now results
of a multi-centre study using a treosulfan stem are reported™.
Treosulfan-based regimens are myelo-ablative but associated
with a low toxicity profile. Seventy paediatric patients from 16
centres worldwide were transplanted between 2006 and 2015, the
majority with features associated with poor transplant outcomes.
No major treatment-related toxicities were reported. The over-
all survival was 91.4%, and event-free survival was 81.4% at a
median follow-up of 34 months, and there was a low cumulative
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incidence of acute grade III-IV graft-versus-host disease (12%).
Complete myeloid donor chimerism was documented in 80% of
surviving patients. However, secondary graft failure occurred
in 12% of patients. This study demonstrates that treosulfan-
containing conditioning regimens can be used safely for children
with CGD and high-risk clinical features, achieving an excellent
survival and high percentage of complete myeloid chimerism.
Further studies are required to compare this regimen with others,
particularly to evaluate the long-term outcome, particularly
regarding durability of myeloid chimerism and fertility.

Novel methods of T-lymphocyte depletion are increasingly used
as treatment for patients without HLA-matched stem cell donors.
The method most commonly reported to date in patients with
primary immunodeficiency uses an organic iron bead attached
to an antibody to remove CD3 TCRof§ and CD19* lymphocytes
ex vivo from the other cells by passing the haematopoietic stem
cell source through a magnetic column™='. From these series, four
patients with CGD were transplanted successfully; one rejected
the graft, most likely because of inadequate conditioning, but
was successfully re-transplanted. High-dose post-transplant cyclo-
phosphamide has been used to treat malignant and non-malignant
disease. One patient with X-linked CGD has been successfully
treated with this method using a haploidentical donor. Despite
active Scedosporium apiospermum infection and development of
grade 2 graft-versus-host disease, the patient was well at 9 months
of follow-up®.

Gene therapy

Modification of germline DNA to correct mutated genes is a
natural treatment progression from replacement of defective
recipient haematopoietic stem cells with normal allogeneic donor
cells. Initial gene addition trials using gamma-retroviral vectors
to treat X-linked CGD achieved limited gene transduction, result-
ing in low levels of functional protein. Nevertheless, patients were
able to clear persistent life-threatening fungal infection and
receive significant clinical benefit. However, whilst methylation
of the long terminal repeat (LTR) promoter elements led to gene
expression silencing and disappearance of functional neutrophils,
the intact enhancer activity of the viral vector drove transacti-
vation of proto-oncogenes, leading to myelodysplasia in three
patients®. Multi-centre clinical trials using a new self-inactivating
lentiviral vector are in progress, but no results have been published
to date.

Rapid developments in methods of integrating viral vectors into
‘safe’ genomic regions to reduce risks of ‘off-target’ effects and in
methodsof gene editing have been recently reported. Two groups
have demonstrated targeted insertion of a gp91P"* construct into
safe genomic regions. An electroporated zinc finger nuclease
mRNA and adeno-associated virus 6 delivery of donor constructs
into human haematopoietic stem cells demonstrated significant
levels of targeted integration into a safe harbour locus®, with
almost clinically relevant levels of gp91P* expression and
increased NOX activity in in vitro—derived neutrophils. A second
group used transcription activator-like effector nucleases (TALENSs)
to insert a myelo-specific gp91P* cassette into patient-derived
induced pluripotent stem cells (iPSCs) and demonstrated restored

Page 7 of 11



ROS production from corrected X-CGD iPSC-derived granulo-
cytes that induced NET formation®. Targeted insertion of an exon
2-13 minigene into exon 2 of CYBB resulted in normal regula-
tion of gp91r"* expression by the endogenous CYBB promoter and
restored gp91?* and NOX activity, demonstrating the necessity
of retention of intronic elements for expression of the minigene®.
CRISPR-Cas9 correction of CYBB" and NCFI® has also been
demonstrated recently. Finally, a zinc finger nuclease has been
used to correct the GT deletion at the start of exon 2 in an NCF1

pseudogene and demonstrate restoration of function®.

Conclusions

The last few years have seen tremendous advances in our
knowledge of CGD. The problems experienced by X-linked
carriers, specifically a lupus-like disorder or other autoimmune
manifestations and fatigue, have been over-looked, and many
would benefit from focussed medical care. The rapid progress
in gene therapy is extremely exciting, and clinical trials using
gene-editing techniques are likely to be developed within the
next 5 years. In the meantime, haematopoietic stem cell trans-
plantation is safe, even for patients with severe infection or
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