Pre prints.org

Review Not peer-reviewed version

Chronic Granulomatous Disease
(CGD): Pathogens and
Management

Angel A. Justiz-Vaillant * , Arlene Faye-Ann Williams-Persad , Rodolfo Arozarena-Fundora,
Patrick Eberechi Akpaka , Darren Gopaul

Posted Date: 21 June 2023
doi: 10.20944/preprints202306.1557v1

Keywords: Chronic granulomatous disease; Microorganisms; Neutrophils; Antimicrobials

E E Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of

Em‘- Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/1258168
https://sciprofiles.com/profile/2876914
https://sciprofiles.com/profile/2990215
https://sciprofiles.com/profile/2522708

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2023 doi:10.20944/preprints202306.1557.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

Chronic Granulomatous Disease (CGD): Pathogens
and Management

Angel A. Justiz-Vaillant!, Arlene Faye-Ann Williams-Persad!, Rodolfo Arozarena Fundora2?

Patrick Eberechi Akpaka'? Darren Gopaul *
1 Department of Paraclinical Sciences, Faculty of Medical Sciences, The University of the West Indies, St.
Augustine, St. Augustine, 00000. Trinidad and Tobago; angel.vaillant@sta.uwi.edu (A.A.J.V.);
arlene.williams@sta.uwi.edu (A.F.W.P); patrick.akpaka@sta.uwi.edu (P.E.A.)

2 Eric Williams Medical Sciences Complex, North Central Regional Health Authority,
Champs Fleurs, 00000, Trinidad and Tobago

3 Department of Clinical and Surgical Sciences, Faculty of Medical Sciences, The University of the West
Indies, St. Augustine, 00000, Trinidad and Tobago rodolfo.fundora@sta.uwi.edu (R.A.F.)

4 Department of Internal Medicine, Port of Spain General Hospital, The University of the West Indies, St.

Augustine, 00000, Trinidad and Tobago; darren.gopaul2@my.uwi.edu (D.G.)

Abstract: Chronic granulomatous disease (CGD) is a primary immunodeficiency caused by a defect
in the phagocytic function of the innate immune system owing to mutations in genes encoding the
five subunits of the nicotinamide adenine dinucleotide (NADPH) oxidase enzyme complex. This
review aimed to provide a comprehensive approach to the pathogens associated with chronic
granulomatous disease (CGD) and its management. The topics covered included common
pathogens infecting CGD patients, granulomas, and CGD-related infectious diseases, including
invasive aspergillosis, Mulch pneumonitis, and liver abscesses. In addition, we also covered the
differential diagnosis of CGD and its management. Patients with CGD, often children, have
recurrent life-threatening infections and may develop infectious or inflammatory complications.
The most common microorganisms observed in the patients with CGD are Staphylococcus aureus,
Aspergillus spp, Candida spp, Nocardia spp, Burkholderia spp, Serratia spp, and Salmonella spp. Triple-
dose antimicrobial prophylaxis with empiric regimens is recommended. Therefore, therapeutics
against this disease must be optimised, considering the lack of curative therapies and the long-term
side effects of prophylactic regimens. Consequently, allogeneic haematopoietic stem cell
transplantation from a human leukocyte antigen-identical donor has been proven to cure CGD.

Keywords: Chronic granulomatous disease; Microorganisms; Neutrophils; Antimicrobials

1. . Introduction

Chronic granulomatous disease (CGD) is a rare inherited primary immunodeficiency,
previously described as a “Fatal Granulomatous disease of childhood” owing to the early death of
children with this condition [1]. A schematic representation of the neutrophil effector functions
required to achieve an adequate primary immune defense is displayed in Figure 1[2]. Neutrophils
develop in the bone marrow; band neutrophils are released into circulation and subsequently travel
to tissues and organs to fight infections using various mechanisms, including phagocytosis,
production of reactive oxygen species, and release of antimicrobial peptides, to destroy pathogens|[2].
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Figure 1. Schematic representation of normal phagocytic function reproduced from Kruger et al.
(2015). Copyright: © 2015 Kruger et al. This is an open-access article distributed under the terms of
the Creative Commons[2].

CGD is caused by the impaired phagocytic function of the innate immune system cells owing to
mutations in genes encoding the five subunits of the nicotinamide adenine dinucleotide (NADPH)
oxidase enzyme complex[3],[4],[5],[6]. The normal respiratory burst process is critical in killing
pathogens, manifesting as CGD. CGD’s inability to produce reactive oxygen species leads to
pathognomonic systemic granuloma formation, increased susceptibility to recurrent and severe
opportunistic bacterial and fungal infections, unrestrained inflammation, and autoimmunity. Since
the condition was first described, there have been several improvements in treatment, such as
antibacterial, antifungal, immunomodulatory, and haematopoietic stem cell transplantation, which
extended the life expectancy of patients[7].

The severity of the phenotypes can vary depending on the mode of genotype inheritance, which
is most commonly the X-linked type, followed by the autosomal recessive type[8]. The functional
NADPH oxidase complex comprises five subunits: two are localised in the cell membrane during the
resting phase, and three are localised in the cytoplasm. The two membrane-bound subunits are
gp91rhox and p22rhox (Figure 2). These proteins form a heterodimeric complex (cytochrome b558). The
cell membrane’s contact with a pathogen activates the protein complex, and three cytoplasmic
subunits (p47rhox, p67rhox, and p40rhox) form a heterotrimer translocating to cytochrome b558[3].
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Figure 2. Illustration of the NADPH oxidase complex’s subunits. The cytosolic components also
include the molecule Rac (EROS), which interacts with other proteins. Adapted from Anjani et al.
(2020)[3].

According to data from the United States and European nations, approximately 65 % of patients
with CGD have a molecular defect in CYBB (most are hemizygous males). Autosomal recessive CGD
accounts for approximately 30 % of all CGD cases. Molecular defects in any of these five genes (CYBB
for gp91rhox (located on the X chromosome), CYBA for p22phex, NCF1 for p47phex, NCF2 for p67phox, and
NCF4 for p40prhox) can occur in 90 % of patients with CGD. They harbour mutations in the CYBB
(gp91rhox) or NCF1 (p47rhx) genes. Mutations in either the membrane or cytosolic domain disrupt the
respiratory burst in phagocytes[9], as displayed in Figure 3. The clinical characteristics and rigour of
the disease, as well as patient survival, depend significantly on the gene, type, and position of the
mutation[3]. It was demonstrated for the first time that EROS (CYBC1/C170ORF62) regulates
abundance of the gp91phox-p22phox heterodimer of the phagocyte NADPH oxidase in human cells.
EROS mutations are a novel cause of chronic granulomatous disease[5]. Encoding the p40phox
subunit of the phagocyte NADPH oxidase, have been described in only 1 patient. However, a report
on 24 p40phox-CGD patients from families in 8 countries exist. These individuals display 8 different
in-frame or out-of-frame mutations of NCF4, which are homozygous almost in the totality of the
families[10].
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Impairment of ROS production leads to recurrent |
bacterial and fungal infections mainly:
Staphylococcus aureus, Aspergillus spp.,
Norcardia spp., Burkholderia spp., Serratia spp.,
Salmonella spp., and Candida spp.
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Figure 3. Ninety per cent of patients with CGD harbour mutations in either CYBB (gp91rhox) or NCF1
(p47rhox). Mutations in either the membrane or cytosolic domain led to a disruption of respiratory
burst in phagocytes. Adapted from [7].

Patients usually present with fever, malaise, or weight loss. Perirectal abscesses are also typical
in patients with CGD and can persist for years despite aggressive antimicrobial treatments and
intense local care. Not all pathogens cause CGD outcomes of overt pyogenic infections, as stalemates
may materialise between the microorganism and the patient’s leukocytes. In these circumstances,
chronic inflammatory cell responses consisting of activated lymphocytes and histiocytes evolve and
arrange to form granulomas, one of the hallmarks of CGD, provoking diverse clinical manifestations
of obstruction such as delayed gastric emptying, antral narrowing of the stomach, dysphagia, emesis,
weight loss, biliary tract or gastrointestinal obstruction[11].

Pediatric CGD is relatively rare; this genetic condition, which has variable ethnic associations,
occurs in 1 out of every 200,000-250,000 births in the United States and is often diagnosed in the first
three years of life[7],[12],[13]. In most countries, the incidence of this condition is hindered by
consanguinity, and the prevalence rates of autosomal recessive genotypes differ for the same
reason[12],[14-17]. A large cohort study suggested that North African/Arab and Turkish immigrants
in Europe have a high prevalence of autosomal recessive CGD, reflecting the increased prevalence of
consanguineous marriage in these populations[18]. Approximately 1.49 per every 10,000 live births
in the Israeli Arab population and 1.05 in the Israeli Jewish population have CGD, primarily
associated with an autosomal recessive inheritance, displaying increased morbidity[17]. Late
presentation of CGD has been reported[19]

2. Common Pathogens

Owing to changes and the introduction of new prophylactic treatments after the initial
emergence of CGD, the median age of death has increased over the last few decades, with fungal
infections being the highest risk of mortality[13],[20]. The five most common pathogens that infect
North American patients are Staphylococcus aureus, Aspergillus spp, Nocardia spp, Burkholderia spp, and
Serratia[20],[21], in contrast to patients from Europe, where the five most common pathogens are
Staphylococcus aureus, Aspergillus, Salmonella, Candida, and Serratia[18]. The infections can be severe or
opportunistic and unusual because of the presence of fungi and bacteria that cause suppurative
lymphadenitis, pneumonia, and abscesses at various locations, which will be discussed later in terms
of signs, symptoms, and complications. Table 1 presents the microorganisms frequently isolated from
the 284 patients with CGD and pulmonary involvement[18].

Table 1. Pulmonary involvement and cultured microorganisms summarised from 634 episodes in 284
patients. Adapted from Van den Berg et al.[18].

Pneumonia A];)l;:fss Granulomatous Total
Number of episodes 597 26 11 634
Cultured microorganism:
Aspergillus spp. 111 (18 %) Klebsiella spp. 4 (<1 %)
Candida spp. 10 (2 %) Pseudomonas spp. 3 (<1 %)
S. aureus 10 (2 %) Streptococcus viridans 3 (<1 %)
H. influenzae 6 (<1 %) Actinomyces spp. 2 (<1 %)

M. tuberculosis 5 (<1 %) Acremonium spp. 2 (<1 %)


https://paperpile.com/c/ROjs0Q/DOdKZ
https://paperpile.com/c/ROjs0Q/SUA3O
https://paperpile.com/c/ROjs0Q/ABJ9M
https://paperpile.com/c/ROjs0Q/fB8YL
https://paperpile.com/c/ROjs0Q/ABJ9M
https://paperpile.com/c/ROjs0Q/EN8mB+d7ZDi+vgYhx+eA4Ex
https://paperpile.com/c/ROjs0Q/13rXM
https://paperpile.com/c/ROjs0Q/eA4Ex
https://paperpile.com/c/ROjs0Q/v7Qxw
https://paperpile.com/c/ROjs0Q/fB8YL
https://paperpile.com/c/ROjs0Q/c0oLE
https://paperpile.com/c/ROjs0Q/c0oLE
https://paperpile.com/c/ROjs0Q/SLaKr
https://paperpile.com/c/ROjs0Q/13rXM
https://paperpile.com/c/ROjs0Q/13rXM
https://paperpile.com/c/ROjs0Q/13rXM
https://doi.org/10.20944/preprints202306.1557.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2023 doi:10.20944/preprints202306.1557.v1

Atypical Mycobacteria 3 (<1 %) Other pathogens 9(2 %)
Nocardia spp. 4 (<1 %)
Negative culture / not 454 (72 %)
done
3. . Granulomas

CGD derives its name from the characteristic formation of multiple granulomas in various body
tissues. Granulomas often occur anywhere in the GI tract, from the mouth to the anus, with the colon
and oesophagus being the most and least common sites, respectively[20]. In patients with CGD,
microgranulomas, tissue eosinophilia, and brown-pigmented epithelioid histiocytes found in the
lamina propria, and inflammatory changes revealed using biopsy serve as distinctive
features[18],[22-24]. Alimchandani et al. (2013) conducted a study on 87 patients with CGD and
observed using GI biopsy that 74 % (64/87) of patients had prominent brown granular cytoplasmic
pigmented inclusions in macrophages[22]. Multiple aseptic granulomas most frequently form in the
skin[18].

4, CGD-related infectious diseases

Notably, severe recurrent bacterial and fungal infections usually present early in childhood (<5
years of age) in most patients with CGD. This is attributed to severe respiratory burst defects and the
lack of ROS production. However, symptoms are delayed until adolescence and adulthood owing to
the degree of residual NADPH oxidase activity[25]. In patients with CGD, osteomyelitis occurs in
males aged 4-20 years. X-linked inheritance has been reported in nine patients with osteomyelitis
caused by A. nidulans. Conversely, among three patients with A. fumigatus infection, osteomyelitis
was associated with X-linked gp91rhox in two patients and the autosomal recessive form of p67rhox in
one[26].

CGD patients are susceptible to a subset of catalase-positive organisms (CPO) because CPO
degrades host-produced hydrogen peroxide before its conversion to hypochlorous acid by
myeloperoxidase[7]. These CPOs include bacteria such as Pseudomonas spp., Staphylococcus aureus,
Nocardia, Burkholderia cepacia, and Enterobacteriaceae such as Salmonella spp., Klebsiella spp., and Serratia
spp.[13],[18],[20]. Mycobacterial infections caused by Bacillus Calmette-Guérin (BCG; in endemic
countries that routinely administer vaccines) and Mycobacterium tuberculosis have been reported in
Israel, Turkey, Iran, China, and Latin America. However, these patients present with a more localised
disease[17],[25],[27-29].

The most frequent fungal infection is invasive aspergillosis caused by Aspergillus fumigatus,
followed by Aspergillus nidulans and less common Aspergillus terreus, which has been isolated from
bronchoalveolar lavage of patients with CGD [13], [26], [30]. Other reported species include
Aspergillus niger and Aspergillus tanneri [31], [32]. Fungal infections, particularly those caused by
Aspergillus spp., are significant determinants of morbidity and the most common cause of mortality
in patients with CGD[13],[17]. The most common sites of infection are the lungs, followed by the skin,
lymph nodes, liver, and gastrointestinal tract. Pneumonia is the most common pulmonary disease
reported in patients with CGD (X-linked or autosomal recessive CGD), caused primarily by
Aspergillus spp. and Staphylococcus aureus [33]. Mulch pneumonitis is a medical emergency and should
be considered in all cases of unexplained pneumonitis, particularly in patients with acute onset and
hypoxia. These patients should be treated with high-dose corticosteroids and antifungal and
antibacterial agents [34-36]. Lung abscesses are relatively less common but potentially severe [13],
[18], [20], [25].

Subcutaneous abscesses are the most common, frequently located in the perianal region. They
are typically caused by S. aureus but can also be caused by Serratia spp., Aspergillus spp., and Klebsiella
spp. [13], [18], [20], [25]. Cellulitis was also reported by Winkelstein et al. (2000), although it is
relatively rare [20]. Suppurative or necrotising lymphadenitis is common in patients with CGD.
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Individuals with autosomal recessive forms of CGD have a lower probability of suppurative
lymphadenitis than those with the X-linked form, suggesting that residual oxidase, which is more
frequent in patients with the autosomal recessive disease, might enhance protection against this
complication [26]. Suppurative lymphadenitis can also result from region-specific medical practices.
Patients with CGD are predisposed to lymphadenitis after receiving BCG vaccination; however, their
disease is rarely disseminated, as mentioned previously. Frequent and chronic infections have
consequences; patients with CGD reportedly present with a failure to improve owing to the long-
term use of treatments [37].

Liver abscesses are a frequent complication in patients with CGD and can cause significant
morbidity. However, the signs and symptoms of this complication are variable and nonspecific, with
the most common being fever, malaise, weight loss, abdominal tenderness, and elevated erythrocyte
sedimentation rate [38]. In cases with liver abscesses, the predominant organism isolated was
Staphylococcus aureus. Liver involvement in patients with CGD is a notable concern because
splenomegaly, nodular regenerative hyperplasia, noncirrhotic portal hypertension, and portal
venopathy can occur [39]. Splenomegaly can subsequently cause thrombocytopenia, which has been
reported to be a poor prognostic indicator in patients with CGD [40].

The gastrointestinal tract symptoms in patients with CGD are generally nonspecific and range
from mild to debilitating symptoms, such as abdominal pain, bloody diarrhoea, nausea, vomiting,
malabsorption, and weight loss [41]. The rate of GI involvement is much higher in the X-linked than
in the autosomal recessive form, as reported in an extensive survey of patients with CGD conducted
by Marciano et al. [42]. Gl involvement, particularly inflammatory bowel disease (IBD), could be the
first sign of undiagnosed CGD [22].

Patients with CGD tend to have an abnormally excessive inflammatory response characterised
by granuloma formation. These non-caseating granulomas tend to affect the hollow viscera, most
notably the stomach, colon, and bladder. These granulomas are likely unrelated to infections because
microorganisms are usually not identified, and patients respond rapidly to steroids or other
immunomodulators such as cyclosporine [43-45]. An interested data is that children with CGD had
predominantly mild infection with COVID-19 among a cohort of 101 CGD patients [46]

In a multicenter collaborative study of CGD in India, where were investigated 236 patients, X-
linked and AR-CGD was seen in 77 and 97, respectively. Common infections documented include
pneumonia (71.6%), skin and subcutaneous abscess (23.7%), osteomyelitis (8.6%), lung abscess (2.9%),
meningoencephalitis (2.5%), and splenic abscess (1.7%). Mycobacterial infection was seen 18.6 % [47].

5. Differential Diagnosis of CGD

Certain clinical disorders, notably those with abnormal enzymatic functions with clinical and
similar laboratory characteristics, can be misdiagnosed as CGD. Some of these disorders are detailed
below:

(i). Glucose-6-phosphate dehydrogenase deficiency: Glucose-6-phosphate dehydrogenase
deficiency is an X-linked inherited disorder wherein leukocyte defect results from the deficient
generation of NADPH, required as a reducing equivalent for oxidase. This deficiency reduces hexose
monophosphate shunt activity and hydrogen peroxide production in leukocytes. Symptoms of acute
haemolysis associated with glucose-6-phosphate dehydrogenase deficiency include anaemia, fatigue,
jaundice, back or abdominal pain, and haemoglobinuria. The organisms responsible for the infection
include S. aureus, S. epidermidis, Serratia marcescens, Pseudomonas, E. coli, and Aspergillus. Laboratory
diagnosis is based on the presence of deficient leukocyte glucose-6-phosphate dehydrogenase. The
treatment and prognosis are similar to those of CGD. Administration of rasburicase, dapsone,
primaquine, and pegloticase should not be administered until a diagnostic test is performed [48].

(ii). Myeloperoxidase deficiency: Myeloperoxidase is an enzyme necessary for the normal
intracellular killing of certain organisms such as Candida and S. aureus. The leukocytes of these
patients exhibited regular oxygen consumption and superoxide and hydrogen peroxide production.
This deficiency is characterised by the delayed intracellular killing of organisms and decreased
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chemiluminescence of the leukocytes. Diagnosis is based on peroxidase staining of peripheral blood,
and appropriate administration of antibiotics can aid in its therapy [8].

(iii). Chediak-Higashi Syndrome (CHS): The diagnosis of CHS is based on the examination of
peripheral blood and bone marrow smears for characteristic cytoplasmic giant granules in
neutrophils, eosinophils, and other granulocytes. The diagnosis can be confirmed by genetic testing
for mutations in CHS1/LYST. Abnormalities include elevated Epstein-Barr virus (EBV) antibody
titres, the abnormal intracellular killing of microorganisms such as streptococci and pneumococci,
and microorganisms found in CGD. Abnormal microtubule function, lysosomal enzyme levels, and
protease deficiency have been described in granulocytes. Most patients die during childhood;
however, survivors in their second and third decades have also been identified. We lack definitive
treatment besides specific antibiotic therapies against causative organisms [49].

(iv). Job’s syndrome: This was initially described as a disorder of recurrent cold staphylococcal
abscesses of the skin, lymph nodes, or subcutaneous tissues. Other clinical features include
eczematoid skin lesions, otitis media, and chronic nasal discharge. Additional reports indicated that
this disorder might be a variant of CGD. However, most patients do not undergo abnormal
immunological test results. S. aureus, Candida spp, H. influenzae, S. pneumonige, and group A
Streptococci cause infections associated with Job’s syndrome. The symptoms of Job’s syndrome are
similar to those of hyperimmunoglobulin E (hyper-Ig-E) syndrome (elevated immunoglobulin IgE,
defective chemotaxis, eczema, and recurrent infections). These may be the same disorder, and
appropriate antibiotic therapy is used [50].

6. Management of CGD

6.1 . Haematopoietic stem cell transplantation (HSCT/HCT)

HCT is the principal treatment available for managing CGD with favourable results regardless
of symptoms, age, sex, or mutations [51], [52],[51-53]. Transplantation therapy has an overall survival
rate of > 90 % in children <14 years and has improved in the last decade, particularly with early
diagnosis [51]. Additionally, HCT is associated with event-free survival rates of >80 % in patients
with CGD and improves the quality of life [54].

However, the group of HCT-treated patients demonstrated excellent survival rates, although the
risks and benefits still need to be assessed in individual patients. Based on the significant progress of
patients with CGD treated with HCT, it is regarded as the only known curative treatment with an
improved life expectancy owing to its improved implementation over time [55][56-58].

6.2 . Drug-based treatment

Treatment using TNF-alpha inhibitors in patients with CGD could help improve the outcome of
severe inflammatory complications despite the associated risk factors. This treatment could provide
short-term benefits in selected patients with CGD with severe inflammatory complications awaiting
HCT [59]. There is conflicting evidence regarding infliximab, a TNF-alpha inhibitor, causing rapid
improvement; however, it is associated with an increased risk of severe infections and death in
patients with CGD and should be strictly avoided [23], [51]. In addition, corticosteroid use has proven
beneficial for CGD colitis; however, their use has traditionally been contraindicated in patients with
CGD and active infection. In conjunction with appropriate antimicrobials, steroids help treat
hyperactive inflammatory responses [51], [52]. Corticosteroids, despite their effectiveness, are
associated with long-term complications such as growth retardation, osteoporosis, and an increased
risk of infection [52],[30],[38],[60-63].

To determine the optimal treatment for patients with CGD, a European study compared
conventional treatments, antibacterial and antifungal prophylaxis with cotrimoxazole and azoles,
and immunosuppressive therapy with HCT (Figure 4). Patients under conventional treatment and
those receiving HCT treatment did not improve. Seventy-six per cent (76 %) of these patients were
affected by inflammatory complications, whereas 85 % developed at least one infection even with
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conventional treatments, the most common being skin infection or pneumonia [64-70].
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Figure 4. Triple-dose antimicrobial prophylaxis is prescribed to newly diagnosed patients with severe
CGD. IFN-y is not part of prophylactic therapy; however, it can be added in severe cases and
withdrawn after patient improvement. In many cases, mutational analysis is necessary for the initial
diagnosis of CGD, particularly when there is no family history of CGD.

For inflammatory conditions, steroid treatment with immunosuppressants (such as anti-tumour
necrosis factor) is adequate as second-line therapy, as they exhibit some efficacy. However,
immunosuppressant (such as anti-tumor necrosis factor agents, thalidomide, and anakinra) use is
still debated because of its risks, notwithstanding its benefits [55][71-73].

Lugo-Reyes ef al. (2022) reported the outcomes of a systematic review and meta-analysis on IFN-
Y’s efficacy and safety in CGD. They support the use of IFN-y in managing patients with CGD.
However, the authors did not find sufficient clinical evidence and suggested that more clinical trials
are needed to assess the efficacy and long-term safety of IFN-y. As the longevity of patients with
CGD improves, a long-term and detailed assessment of the autoimmune and inflammatory
complications associated with chronic IFN-y therapy is required. For the clinicians whose patients
continue to die during adolescence owing to invasive pulmonary aspergillosis, especially in Latin
America, The Caribbean and other regions where resources are scant, it is imperative to ascertain the
patients who are prescribed long-term use of IFN-y and also identify the significant risks for
complications [74].

Lifelong antimicrobial and antifungal prophylaxis are the most common management routes
used to minimise the incidence of infections. However, pushing antibiotics is contraindicated in
healthy patients because of antibiotic resistance. Most studies suggest a link between aggressive
antibiotic use for these five pathogens and preventing the spread of infection in patients with CGD
[24]. Drugs such as trimethoprim-sulfamethoxazole reduce the occurrence of bacterial infections in
patients with CGD but do not interfere considerably with the gut microbiome [29]. Patients with
sulfamethoxazole allergy or G-6-PD deficiency have other options, such as dicloxacillin and
ciprofloxacin [51]. A concern arises in pregnancy since trimethoprim is a folic acid antagonist, which
increases the high risk for congenital disabilities and is discontinued during pregnancy [52].
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Itraconazole considerably reduces invasive fungal infections, and newer azole drugs, such as
voriconazole, posaconazole, and isavuconazole, are available, providing more options for treating
these fungal infections [52]. Itraconazole should be provided as a long-term and possible lifelong
treatment option to prevent fungal infections in children with CGD. However, regular monitoring of
liver function is required during itraconazole therapy [29]. In cases where patients are intolerant to
itraconazole, posaconazole is proven safe and effective [[51]]. Similarly, Aspergillus viridinutans,
Neosartorya udagawae, and Sporothrix schenckii have been reported in patients with CGD treated with
antifungal prophylaxis [21].

Chromobacterium violaceum, firstly described in 1927, is a facultative anaerobic gram-negative
bacterium found in soil and water in tropical regions. It rarely causes infection, but in
immunocompromised humans is associated with significant morbidity owing to bacteraemia,
antibiotic resistance to multiple antimicrobials, disease relapse, and reinfection. It was reported the
case of a previous healthy male aged 11, who was exposed to stagnant water. The patient presented
skin abscesses, multiple lung and liver abscesses that were resistant to vancomycin, nafcillin,
clindamycin, and ceftriaxone. Once the bacterium was identified, he received meropenem and
ciprofloxacin. He was later discharged on trimethoprim-sulfamethoxazole (TMP-SMX) and
ertapenem to complete a total of six months of treatment. He was then diagnosed with CGD,
constituting the first report of C. violaceum in this medical condition [75] [76].

6.2.1. CGD-related inflammatory responses

Patients with CGD rarely present cutaneous symptoms, except in patients with autoimmune
disorders such as systemic lupus erythematosus [77]. Furthermore, there is an increased risk of
autoimmune disorders such as inflammatory bowel colitis and inflammatory bowel disease among
patients owing to increased activation of NF-kB, increasing the production of proinflammatory
cytokines. The inflammatory manifestations of CGD are mainly observed in the GI and urogenital
tracts, lungs, and eyes. Inflammation can be suppressed by blocking TNF-alpha and oral
corticosteroids [73].

6.2.2. Hemophagocytic lymphohistiocytosis (HLH)

In addition, patients with CGD experience infection-triggered hemophagocytic
lymphohistiocytosis (HLH), which presents as pathological hyperactive inflammation [78]. Possible
pathologies, including CGD, should be considered in children with HLH because it can indicate CGD.
An optimal management strategy is yet to be developed for children with CGD who manifest with
HLH. Early recognition and proper management of infectious triggers and HLH are crucial to
reducing mortality [79].

6.3 . Gene therapy

A recent human trial involved nine patients with X-linked CGD undergoing ex-vive autologous
CD34+ haematopoietic stem-and progenitor cell-based lentiviral gene therapy following
myeloablative conditioning. Two of the nine patients died during the trial; however, prophylactic
antibiotic treatment was no longer required in the surviving patients. Moreover, stable vector copy
numbers and no clonal dysregulation or transgene silencing were identified in six surviving an
upcoming treatment option for patients with CGD. Gene therapy is only helpful if an HLA-fully
matched donor is unavailable [80],[81-83].

In contrast to the methods used to cope with CGD defects, examination revealed that the direct
repair of the defect in CGD could be performed using thymosin 34 subverts. Thymosin (34 was seen
to restore the body’s ability to remove damaged cells and renew healthier cells in patients with CGD
by restoring autophagy and upregulating hypoxia-responsive genes in human and murine CGD.
Autophagy, which may help in pathogen elimination, can prevent granuloma formation, commonly
seen in CGD[84],[85].

CGD leads to infections of the liver, lungs, and lymph nodes, and treatment of CGD with
prophylactic drugs could be prolonged; therefore, optimal therapy must be chosen for these patients
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[29], [51]. Current gene therapy trials have demonstrated that lentiviruses or gene editing can be used
as curative therapy where HCT is inappropriate for a patient and removes the risk of graft-versus-
host disease. Notably, gene therapy can be applied when human leukocyte antigen (HLA)-matched
donors are difficult to identify using HCT. It is a promising method that involves the insertion of a
functional copy of a defective gene into the correct cells, where success depends on viral vectors.
Lentiviral systems are currently the main techniques used to deliver therapeutic genes in gene
therapy for treating patients with CGD [86]. These advances in gene therapy have facilitated more
accurate treatment procedures [84]. Furthermore, gene therapy as a cure for CGD is a crucial area of
focus, specifically for patients with X-linked and p47 mutations [87].

There are promising future approaches for treating patients with CGD, including genome-
editing technologies, such as CRISPR/Cas9 nuclease gene therapy[73][88] and SIN-lentiviral vectors.
A multicentre trial should be performed in the United States and Europe to determine the feasibility
of gene therapy for patients with CGD, especially for those without an HLA-identical donor [51].
Other authors have reported the use of gene therapy in CGD patients. It can provide life-saving
clinical benefit to CGD patients lacking a suitable donor[89],[90].

6.4 . Other therapies

Results from cases where multiple granulocyte infusion was performed, although not yet
evaluated in controlled studies, suggest its usefulness in treating severe bacterial and fungal
infections. Adverse effects, although well tolerated, include fever, developing leucoagglutinin, and
rarely pulmonary leucocytosis [52]. In patients with CGD, bacterial infections are commonly caused
by Staphylococcus aureus, Aspergillus spp., Nocardia spp., Burkholderia spp., and Serratia spp. [80] and
several antimicrobials have been therapeutically used[11,91,92].

7. Conclusions

In conclusion, the current management of patients with CGD involves a comprehensive
multidisciplinary approach and its potential complications. Antibiotics and antifungals were once
considered the most important treatment options for managing CGD. Despite starting as an
experimental option, they helped achieve a high curative rate and longer life expectancy. Gene
therapy may be considered a viable option to improve treatment outcomes if an HLA-identical donor
is unavailable. Therefore, the treatment of CGD is progressing, from antibiotic prophylaxis developed
in the 1970s to the current application of gene therapy, which is currently under investigation but can
be considered for patients at high risk [93]. CGD gene therapy is a promising alternative to HSCT in
absence of suitable donors. Consequently, allogeneic haematopoietic stem cell transplantation from
a human leukocyte antigen-identical donor has been proven to cure CGD.
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