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Chronic granulomatous disease 2018: advances in
pathophysiology and clinical management

Reinhard A. Seger*

ABSTRACT

Chronic granulomatous disease (CGD) is a rare immunodeficiency disorder of phagocytic cells resulting in failure
to kill a characteristic spectrum of bacteria and fungi and to resolve inflammation. The last few years have
witnessed major advances in pathogenesis and clinical management of the disease:

1. Better understanding of 3 physiologic anti-inflammatory functions of NADPH oxidase-derived reactive
oxygen species: Promotion of the clearance of dying host cells, suppression of inflammasomes, and
regulation of type | interferon signalling. This insight is opening new avenues for targeted drug

interventions.

2. Advances in reduced intensity conditioning (RIC) for allogeneic hematopoietic stem cell transplantation
(HSCT) make it a promising and safe procedure even for fragile patients with ongoing severe infection or

hyperinflammation.

3. Encouraging early data of a multicenter trial of gene-replacement therapy using a self-inactivated lentiviral

vector.

Combining targeted anti-infectious/anti-inflammatory measures and considering extended indications for curative
HSCT are key to improving patient outcome further. Gene therapy will likely become a viable option for disease

correction, but long-term assessment is not yet possible.

Statement of novelty: We discuss important advances in pathogenesis and treatment of CGD that will change

our approach to clinical management.

Introduction to chronic granulomatous
disease (CGD)

CGD is a rare inherited deficiency of the innate
immune system affecting 4-5 per million live births in
North America. The disease is characterized both
by severe recurrent bacterial and fungal infections as
well as hyperinflammatory complications (most evident
in the pulmonary, gastrointestinal, and urinary tracts).
CGD results from the absence or malfunction of any
of the 5 NADPH oxidase subunits in phagocytic
cells. Physiologically, after stimulation of neutrophils,

monocytes, and macrophages, the activated oxidase
transfers electrons from NADPH to molecular oxygen
generating short-lived superoxide (O3 ), the so-called oxi-
dative burst, which is converted into microbicidal reactive
oxygen species (ROS, e.g., highly diffusible hydrogen per-
oxide; H,O,) (Figure 1). In CGD, generation of O3 and
formation of H,O, are defective. The quantitative
dihydrorhodamine 123 (DHR) flow cytometry assay
(detecting H,0,) is today’s most accurate diagnostic test
for CGD (Roos et al. 2017), while the qualitative (micro-
scopical) and less discriminant nitroblue tetrazolium
(NBT) dye test (detecting O5) is still in clinical use.
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Figure 1: Phagocyte NADPH oxidase-dependent intracellular
microbial killing by ROS and proteases released from
azurophil granules into the phagocytic vacuole.

Etiology and pathophysioloy of
the disease

New knowledge of the multiple physiologic functions
of the phagocyte NADPH oxidase (phox) complex can
now define CGD as a dual genetic defect of pathogen
clearance by neutrophils and of clearance of dying host
cells by macrophages. This insight is important for under-
standing the seemingly paradoxical association between
primary immunodeficiency and autoinflammation and is
opening new opportunities for targeted drug treatments.

Genetic defects

In North America, 70% of CGD cases are caused
by loss-of-function mutations in the X-linked gene
encoding gp91P™*%, the electron transferase subunit of
the NADPH complex (Figure 1). 30% of cases are
caused by biallelic mutations in either of 3 autosomal
recessive (A/R) genes encoding cytosolic proteins (p47,
p67, p40P"°%) which regulate gp91P"°* after their trans-
location to the plasma membrane, or in the gene coding
for the membrane-bound p22P"°* protein that stabilizes
gp91P"°*, A/R mutations in the gene encoding p47P"°*
are the second most common cause of CGD, observed
in 20% of cases in North America.

In regions with high rates of consanguinity
(e.g., North Africa, the Arab world, Israel, and Turkey)
A/R forms of CGD predominate over the X-linked

recessive (XR) form. An additional factor contributing
to the A/R CGD predominance are founder effects in
specific populations. Altogether the mutations identi-
fied in A/R CGD patients in these regions are mostly
homozygous, indicating that both parents contributed
an identical, mutated allele that causes the disease
(Wolach et al. 2017).

To the above list of 5 genetic NADPH oxidase defects,
a novel sixth cause of CGD has to be added, namely
A/R loss-of-function mutations in the CYBCI gene cod-
ing for EROS. This hitherto undescribed transmembrane
protein is highly expressed in neutrophils, monocytes,
and macrophages. It plays a central role as chaperone,
critical for expression of the gp91P**-p22P"°* hetero-
dimer in cell and phagosomal membranes, and is thereby
essential for ROS generation. EROS-deficient mice
quickly succumb to infection (Thomas et al. 2017), and
in a consanguineous family an EROS-deficient A/R
CGD patient was found with both infectious and autoin-
flammatory manifestations, who subsequently under-
went successful hematopoietic stem cell transplantation
(HSCT) (Thomas et al. 2019). Eight additional homozy-
gous CYBC1 deficient individuals with signs of CGD
were identified in the Icelandic population likely reflect-
ing a founder effect (Arnadottir et al. 2018).

The disease-causing gene mutation should be
determined in every CGD patient. This is essential for
genetic counseling and important for prognostica-
tion in CGD (Kuhns et al. 2010): Residual O3 /H,0,
generation (as in most p47°"* and p40P"°* deficiencies
(van de Geer et al. 2018)) presents a lower risk for
infections and mortality compared to absent O3 /H,0,
formation (as in most cases of gp91P"* deficiency).

In gp91P"™ deficiency, a deletion extending into the
telomeric XK gene should be excluded when patients
manifest red blood cell acanthocytosis and absent
expression of the Kx blood group antigen. In patients
with this McLeod neuroacanthosis syndrome, transfu-
sions of ubiquitous Kell antigen positive blood will
cause strong reactions due to generation of anti-Kx
antibodies (Jung et al. 2007).

Impaired microbial killing

In healthy individuals, the NADPH oxidase in
neutrophils, apart from being directly responsible for
production of microbicidal ROS, is indirectly respon-
sible for liberation and activation of complementary
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microbicidal proteases (e.g., elastase and cathepsin G)
from primary (azurophilic) granules (Figure 1). Both
mechanisms collaborate in killing/digestion of patho-
gens entrapped by neutrophils in phagocytic vacuoles,
a process deficient in CGD patients (Reeves et al. 2002).

A fraction of neutrophils producing O finally disin-
tegrate their own intracellular membranes and release
decondensed chromatin (DNA/histones) together with
microbicidal granule proteins into the extracellular
space, forming web-like neutrophil extracellular traps
(NETs) (Figure 2) (Sollberger et al. 2018). We now
know that pus consists mostly of neutrophils sur-
rounded by NETs. Released NET's continue the killing
process for hours and can also trap and kill microbes
that are too big to be phagocytosed (e.g., bacterial
aggregates and fungal hyphae). This ancient antimicro-
bial defense is deficient in CGD patients (Fuchs et al.
2007) and can be reversed by gene therapy (Bianchi
et al. 2011).

Excessive inflammation

In healthy individuals, dying (apoptotic) cells are rap-
idly cleared by macrophages in an “immunologically
silent” way therefore preventing hyperinflammation by
the debris. Apoptotic neutrophils externalize oxidized
phosphatidyl serine (0xPS) on their surface membrane
which is then recognized through oxPS receptors on
macrophages, triggering neutrophil uptake into phago-
cytic vacuoles (Figure 3) (Matsura 2014).

The subsequent clearance of apoptotic neutro-
phils within macrophages, also called efferocytosis

(Latin effere = “to carry to the grave”), ultimately
resolves inflammation. Following uptake, LC3-proteins
of the autophagy system are recruited to phagosomes
in an NADPH-oxidease dependent manner, there-
by enhancing their fusion with lysosomes and facilitat-
ing controlled degradation of the cargo (Figure 4)
(Heckmann et al. 2017). LC3-associated phagocytosis
is accompanied by release of anti-inflammatory cyto-
kines (e.g., interleukin (IL)-10).

In CGD patients infectious foci stimulate granuloma
formation. Chronic granulomatous inflammation
may compromise vital organs and account for addi-
tional morbidity. Apoptosis of neutrophils (Sanford
et al. 2006) and their clearance by macrophages are
delayed in CGD (Bagaitkar et al. 2018). Defective clear-
ance of dying cells leads to excess generation of pro-
inflammatory cytokines (e.g., IL-1 beta and TNF alpha)
and autoinflammation (Figure 5). In CGD patients,
defective efferocytosis of human monocytes can be
restored during experimental short term treatment with
pioglitazone (PIO), a licensed anti-diabetic drug medi-
ating resolution of inflammation. This treatment is
accompanied by enhanced phagocyte mitochondrial
ROS production, which bypasses the NADPH oxidase
defect (Fernandez-Boyanapalli et al. 2015a). Since PIO
also restores bactericidal capacity in murine CGD
(Fernandez-Boyanapalli et al. 2015b), it was used in an
infant with CGD to overcome refractory bacterial
lung abscesses before succesful HSCT (Migliavacca
et al. 2016). Efficacy and safety of this intervention
require further exploration of PIO in therapy-refractory
CGD patients with an indication for HSCT.

phox
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Figure 2: ROS-dependent formation of neutrophil extracellular traps (NETs): H>O
triggers dissociation of the “azurosome” protein complex (residing in azurophil granules)
causing leakage of neutrophil elastase (NE) into the cytoplasm. This protease moves to
the nucleus and clips histones facilitating chromatin decondensation. After nuclear
membrane vesiculation chromatin comes into contact with cytoplasmic and granule
proteins and starts forming NETS, released after rupture of the cytoplasmic membrane.
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Figure 3: Summary of physiologic NADPH oxidase functions: Clearance of pathogens
by activated neutrophils and clearance of dying neutrophils by activated macrophages
resulting in resolution of infection and inflammation.
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Clinical manifestations of CGD

CGD is characterized both by severe infections and
hyperinflammatory manifestations. During the course
of CGD the first infection occurs much earlier than the

tirst inflammatory manifestation (at median ages of
0.9 versus 11.3 years) (Dunogué et al. 2017). While
infection remains a concern in adults as the primary
cause of death, inflammatory events emerge and
predominate during adolescence and adulthood.
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Figure 5: LC3-associated phagocytosis (LAP) and inflammation: Consequences of

defective clearance of dying cells in CGD.

Bacterial and fungal infections

In North America (Winkelstein et al. 2000) and
Europe (van den Berg et al. 2009) typical infections in
CGD arise from a limited number of 5 organisms:
Staphylococcus aureus (lymphadenitis, liver abscess,
pneumonia rarely), Burkholderia cepacia (necrotizing
pneumonia, sepsis), Serratia marcescens (sepsis, osteo-
myelitis), Nocardia, and Aspergillus spp. (subacute
pneumonia, dissemination to brain and bone).

Invasive filamentous fungal infections are acquired
through inhalation of spores, resulting in pneu-
monia that can spread to ribs, spine, and brain. They
remain the most frequent cause of mortality in CGD.
Aspergillus fumigatus is the most frequent species
isolated, while Aspergillus nidulans causes more inflam-
matory and refractory disease (Henriet et al. 2012).
Mortality is reduced by treating with azoles (voriconazole
or posaconazole). Resection of infected tissue may be
required in case of extension to chest wall or vertebrae.

Several emerging pathogens endemic in other regions
of the world have to be added to this list and may infect
also travelling CGD patients from Western countries:

Tuberculosis (TB) constitutes a high risk for
children with CGD andresults in a complicated
clinical course (Lee et al. 2008). Routine Bacillus
Calmette-Guérin (BCG) vaccination in CGD
causes severe disease, e.g., draining skin lesions at
the vacination site, regional lymphadenitis
(“BCGitis”), and more rarely disseminated disease
(“BCG sepsis”) (Conti et al. 2016).
Non-typhoidal Salmonella is a leading cause
of blood-stream infection in CGD patients in
endemic regions world-wide (Lee and Lau 2017).
Chromobacterium violaceum, a gram negative
bacillus, confined to (sub)tropical climates and
encountered in brackish waters, causes sepsis in
exposed CGD patients (Sirinavin et al. 2005).
Burkholderia pseudomallei, a water/soil bacterium
found in (sub)tropical regions causes systemic
melioidosis. It has been identified in CGD children
of South East Asia. They acquire the infection
during work in rice-fields via skin wounds, inhala-
tion, drowning, or after heavy monsoon rains
(Lee and Lau 2017).

Leishmania infantum, an intracellular protozoon
endemic on the Mediterranian coast, has caused
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visceral leishmaniasis-associated hemophago-
cytic syndrome in Portuguese and Spanish CGD
patients (Martin et al. 2009).

Inflammatory manifestations

The classic inflammatory complications of CGD are
most prominent in the pulmonary, gastrointestinal, and
urinary tracts (e.g., as interstitial lung disease, granuloma-
tous colitis, and granulomatous cystitis). Granulomatous
colitis in CGD mimicks Crohn’s disease and affects up
to one half of CGD patients (Marciano et al. 2004).
Colonoscopy permits diagnostic biopsies revealing epi-
theloid granulomas and pigment-laden macrophages.
Empiric initial therapy is based on corticosteroids.

To this list, 2 emerging complications have to
be added:

«  Fulminant mulch pneumonitis, an emergency
caused by massive inhalation of aerosols from
mulch, compost, or dead leaves containing
Aspergillus spores. The excessive inflammatory
response to the spores results in miliary infiltrates
and hypoxia requiring ventilation. An intravenous
combination of voriconazole and methylpredniso-
lone is life-saving (Siddiqui et al. 2007).

«  Non-cirrhotic portal hypertension following liver
abscesses: obliteration of central/portal veins and
nodular regenerative hyperplasia can ultimately
lead to portal hypertension (Hussain et al. 2007).
Liver abscesses, mostly by S. aureus, in the context
of prolonged fever should be treated by antibiotics
in combination with steroids to avoid excess
surgical intervention (Straughan et al. 2018).

Surgical sites in CGD often become infected and heal
very slowly with fistulas. Sutures should not be removed
early and drains be left for a prolonged period.
Excessive wound granulation with dehiscence responds
to steroids.

In addition to autoinflammation, there is an
increased risk of autoimmune disease in CGD with a
focus on syndromes that resemble lupus. In the national
US registry of more than 350 CGD patients, 0.5% of
patients met diagnostic criteria for SLE and 2.7% crite-
ria for discoid lupus (Winkelstein et al. 2000).

Classic SLE is characterised by overexpression of type
I interferon pathway transcripts that are also highly

expressed in CGD patients and in p47P"°* deficient
mice (Holmdahl et al. 2016; Thomas 2017). This finding
would implicate NADPH oxidase-derived ROS as a
feedback mechanism dampening activation of the
type I interferon pathway and possibly preventing
autoimmunity.

Clinical presentation in adults

In the first nation-wide retrospective study focusing
on the long-term outcome of a French pediatric CGD
cohort of 80 patients, the grown-up CGD patients
displayed similar rates and characteristics of severe
infections and inflammatory episodes as in childhood
(Dunogué et al. 2017). Main sequelae of pediatric CGD
observed in adulthood were:

1.  Growth failure as a consequence of serious infec-
tions, inflammation, and of repeated steroid
treatments.

2. Chronic dyspnea from restrictive respiratory fail-
ure after repeated lung infections.

3. Chronic digestive complications from episodes of
inflammatory colitis, bowel stenosis, and perianal
fistulas with substantial impact on quality of life.

The social consequences of the above complications
and repeated hospital admissions were serious with
poor educational achievement in half of the patients.
Proper surveillance and follow up are required for adult
CGD patients, especially during the crucial transition
from pediatric to adult medical departments. Regular
follow up should be performed to detect and properly
manage occult infections, effectively treat inflammatory
events, and prevent long-term complications (Thomsen
et al. 2016).

Clinical presentation in carriers of
X-linked CGD

While many female carriers of X-linked CGD are
asymptomatic, some become symptomatic with severe
or recurrent infections, or autoimmune (e.g., discoid
lupus erythematosus) or inflammatory (e.g., inflamma-
tory bowel disease) manifestations. In female carriers
of XR-CGD the CYBB gene, encoding gp91P"°%, is
silenced randomly in each cell early in develop-
ment allowing expression of only 1 X-chromosome
(so-called lyonization). Neutrophils with inactivation of
the CYBB-mutated X-chromosome will have normal
O3 production whereas cells with inactivation of the
normal X-chromosome will have a CGD phenotype.
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In a large study of 93 females with XR-CGD carrier
state (Marciano et al. 2018), carriers with CGD type
infections showed a strong correlation between risk of
infections and skewed inactivation of the wild type
allele (with <20% O forming cells). From these
data it seems prudent to consider trimethoprim/
sulfamethoxazole prophylaxis in carriers when the
%DHR value is <20%. In contrast, susceptibility to
autoimmune/inflammatory manifestations in the
XR-CGD carrier state was unrelated to the amount of
O; generation. The association of autoimmune
phenomena with the carrier state per se, nevertheless,
suggests that XR-CGD carriers in general are not ideal
donors for HSCT.

Conventional treatment of CGD

Clinical management of CGD has been reviewed
before (Leiding and Holland 2016; Seger et al. 2017).

General health care
Common sense measures are sometimes neglected
and have to be re-emphasized to patients and parents:

- Wounds should be washed well and rinsed with
antiseptic solutions (e.g., 2% H,O, or Betadine).
- Extensive dental work/surgery associated with
bacteremia should be covered with additional
antibiotics, e.g., amoxicillin/clavulanic acid.
Pulmonary infections can be prevented by
refraining from smoking, not using bedside
humidifiers and avoiding sources of Aspergillus
spores (animal stables, garden work, and con-
structions sites).
Risk of perirectal abscesses can be diminished by
avoiding rectal manipulations, e.g., suppositories
or taking rectal temperature.
All routine immunizations should be given to
CGD patients except live bacterial vaccines
(BCG and Salmonella typhi vaccines, contraindi-
cated in CGD). Measles and varicella live
vaccines as well as yearly influenza vaccine are
safe and indicated to prevent potentially lethal
bacterial superinfections.
CGD patients traveling to or residing in
endemic regions should know about potential
infections and adopt preventive measures as
advised by specialists in travel medicine
(Lee and Lau 2017).

Antimicrobial prophylaxis

The cornerstone of clinical care is mainly based on
retrospective studies and consists of lifelong antibac-
terial and antifungal prophylaxis with intracellularly
active microbicidal agents. Lipophilic co-trimoxazole
(trimethoprim/sulfamethoxazole, TMP/SMX) results
in a marked reduction of serious bacterial infections
and abscess drainages (Margolis et al. 1990). It is recom-
mended at 5 mg/kg/day, TMP up to 160 mg daily.

For antifungal prophylaxis the lipophilic itraconazole
is the drug of choice with high activity against
Aspergillus spp. (Gallin et al. 2003). Itraconazole is
recommended up to a maximum of 200 mg once daily.
For optimal bioavailability, itraconazole capsules should
be taken at 5 mg/kg/day with food, while itraconazole
solution should be taken at 2.5 mg/kg/day in fasting
condition.

In addition to the above antimicrobials, interferon
gamma (IFNy) is part of the routine prophylaxis regi-
men in US centers, while most European experts use
IFNy only in selected cases. The dose is 50 ug/m” s.c.
3x/week. This prophylactic regimen is based on a pro-
spective multicenter randomized placebo-controlled
trial of IFNy in 128 CGD patients performed
before the advent of antifungal prophylaxis with
itraconazole. The trial resulted in reduction of the
frequency of mainly severe bacterial infections >70%
(The International Chronic Granulomatous Disease
Cooperative Study Group 1991). There were no
improvements in NADPH oxidase function nor a sig-
nificant efficacy in preventing Aspergillus infections
during the limited study period. A later prospective
non-randomized long term (lasting 5 years) Italian
multicenter study of 35 CGD patients, comparing treat-
ment with TMP/SMX and itraconazole alone versus
addition of IFNy, showed no difference in the rates of
severe infection (Martire et al. 2008). The exact mecha-
nism of how IFNy exerts its effect in CGD is still
unknown, adding to the debate over its utility. Since
IFNYy upregulates human leukocyte antigen (HLA)
expression, IFNy prophylaxis has to be stopped at least
4 weeks before HSCT.

Treatment of serious infections

Significant rises in C-reactive protein (CRP) should
prompt evaluation for infection, including appropriate
imaging and pathogen identification. In the case of fever
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and (or) persistent cough, a liver abscess, Salmonella
and Burkholderia septicemia as well as Aspergillus
pneumonia (inhalational miliary or focal invasive) have
to be excluded first. CT or MRI imaging should be
followed until resolution of infections. A definitive
microbiological diagnosis by tissue biopsies is essential
for proper treatment. An appropriate sample may
require fine needle aspiration or percutaneous drainage
of liquid pus.

Recommended empiric initial therapy is based on
limited clinical data because of the rarity of CGD.
Consultation with an experienced infectious disease
specialist is strongly advised. Antibiotics chosen for
initial therapy should cover a broad spectrum of gram
negative bacteria (including Burkholderia spp. and
Serratia marcescens) as well as gram-positive organisms
(including S. aureus and Nocardia spp.). Useful first-
line agents with an appropriate antimicrobial spectrum
are meropenem PLUS vancomycin added in regions
with methicillin-resistant S. aureus. In case of failure to
respond within 24-48 h, an antimycotic drug (e.g., vor-
iconazole) may be needed. Initial therapy is tailored
once culture/susceptibility and histopathology are
known. As infections often respond slowly, intravenous
treatment must be followed by prolonged oral treat-
ment, sometimes continued over months.

Consider addition of steroids in case of fulminant
Aspergillosis or severe Nocardia infection not responsive
to appropriate antibiotic therapy (Siddiqui et al. 2007;
Freeman et al. 2011).

Treatment of inflammatory complications

Antimicrobial prophylaxis decreases the risk of severe
infections, but not the risk of inflammatory manifesta-
tions which can affect >50% of patients (especially
those with XR-CGD). Management of inflammatory
complications is challenging, as treatment with anti-
inflammatory/immunosuppressive agents increase the
risk of infection. Treatment of inflammatory manifesta-
tions in CGD has been reviewed before (Magnani and
Mahlaoui 2016).

Short courses of corticosteroids followed by gradual
tapering are required in acute granulomatous exacerba-
tions of the bowel (e.g., gastric outlet obstruction), the
urinary tract (e.g., ureteral obstruction) and the
lung (inhalative acute miliary pneumonia). Long-term
treatment of granulomatous colitis follows treatment

options for Crohn’s disease under the cover of the rou-
tine antimicrobial prophylaxis in CGD. Recommended
first-line therapy in severe CGD-colitis cases is predni-
sone (1 mg/kg/day) for 1-2 weeks with slow tapering
over 1-2 months to 0.1-0.25 mg/kg/day (Leiding and
Holland 2016). Steroids inhibit granuloma formation
by suppressing proinflammatory cytokine production
and TNFa-dependent fusion of macrophages into
multinucleated giant cells (Maltesen et al. 2010).
Steroid dosage during taper can be adjusted to the
severity of colonic inflammation by following fecal
levels of calprotectin released from apoptotic neutro-
phils (Nakazawa et al. 2017).

Steroids are effective in severe CGD-colitis, but when
taken off treatment relapse is high. Some patients
become steroid-dependent requiring second line thera-
pies (including immunosuppressants and biologic
agents). Patients with refractory colitis necessitate a
multi-step approach and may become eligible for
allogeneic HSCT.

Azathioprine, an immunosuppressant, is used as
second line therapy to maintain remission in steroid-
dependent cases and to improve outcomes in patients
with fistulating disease.

Thalidomide blocks nuclear localization of NFkB,
thus inhibiting the production of inflammatory cyto-
kines. It has been used by the Paris group for treatment
of refractory colitis with complete clinical responses in
4/6 patients after 6 months (Noel et al. 2013) and was
not associated with increased risk of infections.

Infliximab, a monoclonal antibody to TNFa, was
used by the NIH group in 5 CGD patients with
steroid-refractory colitis. It is effective, but resulted in
severe intercurrent infections with CGD pathogens
in all 5 and death in 2, precluding long-term therapy
in CGD (Uzel et al. 2010).

Use of Anakinra, an IL-1-receptor antagonist, has
also been reported in CGD patients with refractory
colitis. Its efficacy has been contested by the NIH group,
when treatment of 5 CGD patients with severe colitis
led only to marginal or no benefit (Hahn et al. 2015).

Allogeneic HSCT is the only curative treatment for
refractory colitis in CGD. HSCT can save patients from
extensive colon surgery, risky because of poor wound
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healing, anastomosis complications and fistula forma-
tion. Inflammatory manifestations rapidly regress
post-HSCT permitting withdrawel of steroids with a
subsequent growth spurt into predetermined percentile
channels in children (Seger 2010).

Curative treatments

The above prophylactic and routine therapeutic
approaches are mostly supportive and depend on life-
long patient compliance. CGD thus remains a lethal dis-
ease, nowadays at an adult age. The ultimate goal is to
develop safe curative approaches, e.g., allogeneic HSCT
regimens with reduced-intensity conditioning (RIC)
and autologous stem cell gene therapies (GT) for CGD
patients without a suitable HLA-compatible donor.

Allogeneic HSCT

CGD is a proinflammatory disease with a high risk of
alloreactivity (rejection and GvHD) after myeloablative
cytotoxic marrow conditioning. Therefore, antithymo-
cyte globulin in HLA-matched sibling transplantation
and alemtuzumab in matched unrelated (MUD) trans-
plantation were introduced for balanced in vivo
depletion of alloreactive recipient and donor T cells. In
addition, toxic myeloablative conditioning was replaced
by a sub-myeloablative RIC regimen to decrease tissue
damage and reduce release of proinflammatory cyto-
kines. These 2 measures allowed safe transplantation
even in high-risk CGD patients with ongoing infec-
tion/inflammation and in younger adults. Pre-existing
infections and chronic inflammatory lesions cleared in
all engrafted survivors. Even children with severe lung
restriction improved their lung function slowly, nor-
malizing decreased oxygen saturation, reversing
clubbed fingers and toes, and manifesting a growth
spurt (reviewed in Seger 2010).

To further optimize the RIC protocol, targeted drug
monitoring (TDM) was introduced. Low-dose busulfan
is administered, serum busulfan levels are measured,
and the cumulative area-under-the-concentration
curve was individually adjusted real-time to a sub-
myeloablative target range of 45-65 mg/Lxh. An
international prospective CGD/HSCT trial using this
Ziirich RIC protocol was performed at 16 centers in
10 countries (Giingor et al. 2014). 56 CGD patients aged
0-40 years were enrolled of whom 42 patients had
high-risk features and 25 were adolescents or young
adults. 2-year probability of overall survival (OS) was

96% and event-free survival (EFS) was 91%. Equivalent
outcomes between matched siblings and MUDs were
observed. Incidences of acute graft versus host disease
(GvHD) and limited chronic GvHD (cGvHD), as well
as an incidence of 5% of graft failure were low.
Excellent myeloid donor chimerism (>90%) was docu-
mented in 93% of surviving patients.

Because of its efficacy and favorable toxicity the low
busulfan RIC regimen is a promising treatment modal-
ity for CGD, however, requires good lab facilities for
real-time TDM. In the absence of TDM facilities, the
Ziirich RIC protocol may still be used by aiming at a
higher submyeloablative target of 65 mg/Lxh with the
help of a recent busulfan dosing nomogram (Bartelink
et al. 2012).

Another reduced toxicity conditioning (RTC) regi-
men based on myeloablative treosulfan (available in
Europe) was used by the Newcastle group and has also
achieved good survival rates in a large retrospective
CGD study (Morillo-Gutierrez et al. 2016). Secondary
graft failure in 12% of the 70 patients requires further
investigation, especially with regard to the durability of
myeloid chimerism.

The decision for or against allogeneic HSCT should
be made early in childhood. Patients with gp91P"°*
mutations and absent O; production have a survival of
only 50% beyond 40 years of age compared to patients
with p47phox mutations and residual H,O, generation
(over 80% survival beyond 40 years) (Kuhns et al.
2010). Our algorithm for patient selection and HSCT
timing in CGD (Figure 6) is based on 4 parameters,
early HLA-typing, quantitative O3 /H,0, production,
mutation analysis, and the individual clinical course.
Provided a suitable HLA-compatible MSD/MUD donor
has been found, 3 situations have to be analysed:

1. If there is completely absent O /H;0, production
early HSCT can be recommended for any type of
CGD (XR-CGD or A/R CGD)(because of the high
long-term risk of therapy-refractory infection/
inflammation and death in any CGD patient with
no oxidase function).

2. In case of residual O; /H,0, generation with better
long-term outcome watchful waiting on medical
therapy may be recommended for any type of
CGD while observing the individual clinical course
for a clinical HSCT indication.
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CGD
lAB prophylaxis

MSD or MUD MSD or MUD MSD or MUD
available early search unavailable
/\ continue AB
no O, residual O, AR CGNGD
v y *or* Exp
early HSCT HSCT mMUD/haplo  Enroll into Gene

HLA id HSCT: (1) RIC: Low Bu/Flu/Serotherapy
or (2) MA: Threo/Flu/Serotherapy
(available in Europe)

* Standard indication:

1. >1life threatening infection or
2. Chronic hyperinflammation

3. Non-compliance

HSCT Therapy trial
(myeloablative)  (near ablation)

HSCT: PT/CY technique or selective T-depletion
GT: near ablation BU+Sin-LV

** Salvage indication:

1. Therapy-refractory infection or

2. Refractory inflammation or

3. Progressive organ (lung, liver) dysfunction

Figure 6: HSCT in CGD: Algorithm for patient selection and timing.

3. In case of late presentation for HSCT after an
eventful therapy-refractory clinical course with
important organ sequelae, salvage HSCT can still
be successful but needs to be discussed carefully
by a board of experienced transplanters.

Two recent reports from Sweden (Ahlin et al. 2013)
and UK (Cole et al. 2013) comparing HSCT versus
conventional treatment support HSCT as being the
preferable treatment for severe CGD. Children not
undergoing transplantation have more serious infec-
tions, surgical interventions, hospital admissions and
lower height for age compared with post-HSCT
children. Long-term post-HSCT survival and quality of
life data in adult CGD are not yet available.

Therapies under investigation
HLA-haploidentical HSCT

Transplants with haploidentical donors present
greater risk of graft rejection and GvHD. The current
use of CD34+ selected stem cell grafts (with 4-5 log
donor T cell depletion from the transplant to avoid
severe GvHD) results in 4-6 months of profound T
cell deficiency. This non-selective, global T cell
depletion technique is accompanied by risks of graft
failure/rejection as well as severe viral reactivation

until thymopoiesis is established. Three novel
approaches to “graft engineering” have been developed
in order to minimize these 2 risks and are now improv-
ing outcomes for PID patients with haploidentical
parent donor grafts.

1. A new protocol of selective depletion of alloreac-
tive T-cells in vivo, on days +3/4+4 post-HSCT by
high-dose cyclophosphamide (at 50 mg/kg/day)
presents a promising alternative (Luznik et al.
2010). Cyclophosphamide (Cy) is non-toxic to
stem cells and kills rapidly deviding alloreactive
T cells post transplantation (PT), while sparing
resting T cells with specificity for infectious agents.
PT/Cy controls GVHD without affecting engraft-
ment and allows more rapid reconstitution of
donor immunity to opportunistic infections. This
promising new technique has been successfully
applied in a few CGD patients (Parta et al. 2015;
Regueiro-Garcia et al. 2018) and should now be
investigated in a prospective multicenter study.
The easy logistics of PT/Cy are an asset in coun-
tries with no access to an unrelated donor registry
and lacking a sophisticated laboratory for graft
manipulations required for conventional T cell
depletion of haploidentical grafts.
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2. In countries with available laboratory technology
another refined in vitro method of selective T cell
depletion is increasingly used for removal of
GvHD-inducing CD3+TCR alpha/beta+ T cells
from HLA-haploidentical grafts. This new
depletion technique retains TCR gamma/delta+
T cells which can promote engraftment with-
out causing GVHD and might alleviate viral
reactivation. In 3 landmark PID studies using
CD3+TCR alpha/beta+/CD19+ depletion a com-
bined overall transplantation survival of 90%
was seen, including 4 successfully transplanted
CGD patients (e.g., Shah et al. 2018). However, a
significant rate of viral infections was still
observed, despite the presence of TCR gamma/
delta+ T lymphocytes.

3. A solution to viral disease is the adoptive transfer
of virus-specific memory T cells from an antigen-
experienced donor. Prior to infusion the donor
T cells have to be depleted of GvHD-inducing
CD45 RA+ naive T cells, while retaining their
anti-infectious memory T cell repertoire. CD45
RA+ depleted donor lymphocyte infusions (DLIs)
can safely be administered at low T cell doses
in monthly intervals post HSCT, escalating to
100 X 10> T cells/kg in haploidentical recipients.
Among 31 patients with absent CMV-specific
immune reactivity at baseline significant expan-
sion of CMV-specific T cells after 3 DLIs was dem-
onstrated in 20 within 100 days (Maschan et al.
2018). CD45 RA-depleted memory DLIs thus
constitute a simple and likely efficient measure to
prevent viral reactivation in the setting of
TCR alpha/beta T cell depleted grafts.

Stem cell gene therapy

CGD remains an attractive though difficult target for
autologous stem cell gene therapy (GT). Functional
correction of as few as 10%-20% of neutrophils should
be sufficient to prevent CGD typical infections based on
the experience in X-linked CGD carriers (Marciano
et al. 2018). The major obstacle however is the lack of
selective growth advantage of gene-transduced stem
cells. Previous protocols of unregulated gene addition
mediated by retroviral vectors have either resulted in graft
failure or development of a myelodysplastic syndrome
due to transactivation of the MDS1/EVI1 protooncogene
by gamma-retroviral insertions (Stein et al. 2010).
Early data of an ongoing prospective clinical trial
in XR-CGD (based on a new self-inactivating

lentiviral vector with an internal myelospecific chimeric
promoter driving gp91P"°* expression (Santilli et al.
2011)) indicate a safer integration profile with no
evidence of transactivation of nearby cellular genes/
clonal expansion and stable oxidase activity in >20%
of neutrophils in the first treated CGD patients
(Thrasher 2018).

Following the excellent outcome of recent clinical tri-
als of viral-mediated gene therapy of HSCs for several
PIDs resulting in long-term constitutive gene expres-
sion, search efforts are now directed to site-specific gene
editing allowing expression of corrective DNA sequen-
ces at the native site under physiologic regulation or in
a genomic “safe harbour” (Keller et al. 2018). Taking
the advances in GT and HSCT together, one can be cau-
tiously optimistic about further important advances in
the next 5-10 years on the long road to optimal curative
therapies for CGD patients lacking a suitable transplan-
tation donor.

Abbreviations

AR autosomal recessive
CGD  chronic granulomatous disease
GT gene therapy
GvHD  Graft-versus-host disease
HSCT hematopoietic stem cell transplantation
IFNy interferon gamma
IL-1p interleukin 1 beta
MA myeloablation
NET neutrophil extracellular trap
O; superoxide anion
oxPS oxidized phosphatidylserine
PHOX phagocyte NADPH oxidase
PIO pioglitazone
PT/CY post-transplant cyclophosphamide
RIC reduced intensity conditioning
ROS reactive oxygen species
TDM targeted drug monitoring
TMP-SMX  trimethoprim-sulfamethoxazole
TNFa tumor necrosis factor alpha
XR  X-linked recessive
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