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Abstract

Chronic granulomatous disease (CGD) is an inherited immunodeficiency characterized by impaired phagocytic cells due to mutations
in genes encoding the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase enzyme complex, leading to recurrent severe
infections. In the innate immune system, NETosis, which is a program for the formation of neutrophil extracellular traps (NETs) has been
highlighted. Over the past years, NETs have been recognized as being involved in the pathogenesis of immune-mediated inflammatory
renal diseases. On the mechanism underlying usual NETosis, reactive oxygen species (ROS) activation by NADPH oxidase (NOX) has
been considered to be essential. CGD patients are theoretically unable to form such usual NETosis because of a deficiency of NOX-
dependent ROS activation. However, according to previous reports, stimulated neutrophils derived from CGD patients showed NOX-
independent unusual NETosis enriched in mitochondrial DNA. The mitochondrial ROS activation on NETosis in CGD was reported
to induce an elevated inflammatory response, instead of the usual ROS generation, which might cause autoimmune diseases. We are
interested in the renal autoimmune disorder in CGD, especially the inflamed renal disorder caused by unusual mitochondria-rich NETosis
in CGD. Indeed, in vivo analysis has revealed severe renal disorder in MRL/Ipr lupus-prone mice lacking NOX activity compared to wild-
type of MRL/Ipr. A few clinical reports showed aggravation of inflamed glomerulonephritis in patients with CGD. Taken together, we
presumed that a defect of usual NOX-dependent NETosis might be a clue for aggravated renal disorder in CGD. In the present review, we
summarize the features of NETosis in CGD and discuss the aggravation mechanism for renal disorder in CGD by referring to previous
reports.
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1. Introduction such components for NOX production in phagocytes are
defective. In more detail, the NADPH OEC comprises
five subunits: two are localized in the cell membrane,
and three are localized in the cytosol (Fig. 1) [3]. The
two membrane-bound subunits are gp91P"X and p22Phox,

Chronic granulomatous disease (CGD) is a rare in-
herited immunodeficiency that was first reported in 1959
[1]. CGD is usually diagnosed in the first 1 to 3 years of
life. The average worldwide birth prevalence has been es-

timated to be around 1/200,000 [2,3]. Essentiall, CGD  1hese proteins form a heterodimeric complex (flavocy-
is caused by the impaired phagocytic function of the in- tochrome b558). When neutrophils become activated in re-

nate immune cells, which is attributable to mutations in sponse to inflammatory or phagocytic stimuli, cytochrome
genes encoding nicotinamide adenine dinucleotide phos- b338 hls actwa:ed; thereafther, three cytop lasm.lc suburpts
phate (NADPH) oxidase enzyme complex (OEC) [3,4]. X- §p47p ox p67Phox and p40Phox) form a hetero—trlmer which
linked CGD secondary to mutation of the CYBB gene for 15 translocated to cytochrome b558 to induce NOX forma-

gp91Ph% s the most prevalent and severe form worldwide tion. RAC is also activated and recruited [3,4]. The p47,
[5] p67, and p40 complex activates electron transfer from cy-

tosolic NADPH via cytochrome b558, generating reactive
oxygen species. The enzyme responsible for ROS produc-
tion is called the phagocyte NADPH oxidase. Generally,
gp91°P°X related phagocyte NADPH oxidase for ROS pro-
duction is so-called NOX2 [6,7]. NOX2-derived ROS in
neutrophils is critical for killing catalase-positive microor-
ganisms. However, uncontrolled and excessive ROS pro-
duction in neutrophils could induce tissue injury and pro-

The NADPH oxidase, so-called NOX, consists of the
following subunits: gp91P"°* encoded by the CYBB, p22Phox
encoded by the CYBA, p47°"°* encoded by the NCF1I,
p67°% encoded by the NCF2, and p40P"** encoded by the
NCF4. Although RAC encoded by the p21lgene is not a
component of NADPH oxidase, it activates p67P"* in its
GTP-bound form during cell activation induced by inflam-
matory or phagocytic stimuli [4,6,7]. In patients with CGD,
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Fig. 1. Scheme of the NADPH oxidase complex subunits. The NADPH oxidase consists of the following subunits: gp91°™* encoded
by the CYBB, p22°'** encoded by the CYBA, p47°™* encoded by the NCF1, p67°"* encoded by the NCF2, and p40”"* encoded by the
NCF4. The two membrane-bound subunits are gp91°™* and p22P"°*. Three cytoplasmic subunits are p47°"*, p67°"°% and p40P"*. The
membrane subunits gp22°"* and gp91P"* also include the molecule for the reactive oxygen species (ROS), which interacts with other

proteins in the membrane. NADPH, nicotinamide adenine dinucleotide phosphate.

longed inflammatory reactions, which cause inflammatory
diseases [5,7]. Thus, activation of NOX must be tightly reg-
ulated.

Neutrophil plays pivotal role in the clearance of ex-
tracellular bacteria by phagocytosis [8]. In addition, neu-
trophils have a particular biological defense reaction that
produces neutrophil extracellular traps (NETs). The pro-
cess of NETs formation is referred to as NETosis [9,10]. On
the mechanism underlying NETosis, ROS generation via
NOX is essential for the formation of bactericidal lytic NET
[8,10]. Meanwhile, NETs are involved in the pathogene-
sis of immune-mediated inflammatory diseases, including

renal diseases [11-14]. The relation of NETs to the de-
velopment of glomerulonephritis (GN) or tubulointerstitial
nephritis has been gradually elucidated [12,13,15,16].

In patients with CGD, the inability to induce NOX-
derived ROS activation, meaning the deficiency of NOX-
dependent usual NETosis, is considered to lead to systemic
granuloma formation and recurrent severe infection [3—
5]. Additionally, of note, it has been demonstrated that
CGD patients showed a significant elevation of inflamma-
tory responses, and they are at a high risk of autoimmune
disease [17—19]. Thus, we have an interest in features of
unusual NETosis in CGD, and elucidating the mechanism
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for elevated inflammation in CGD is curious. Moreover, it
appeared to be intriguing to assess the degree of renal dis-
order in CGD, although evidence regarding the association
of renal disorder with CGD is limited. Herein, we focused
on the features of NETosis and renal disorder in CGD based
on the previous reports.

2. Overview of NETosis
2.1 NETosis and NETs

NETosis is one of the cell-death forms, such as necro-
sis or apoptosis. During the process of underdoing NETosis,
nuclear antigens might be modified and released to extracel-
lular space as specialized form called NETs [20]. Basically,
NETs are three-dimensional meshworks consisting of chro-
matin, antimicrobial components such as myeloperoxidase
(MPO) and neutrophil elastase (NE) [8]. These fibrous net-
works can effectively catch and eliminate bacteria, fungi,
and viral particles [21-23]. Additionally, increasing evi-
dence has demonstrated that NETSs itself deeply involved in
the pathogenesis of autoimmune diseases such as systemic
lupus erythematosus (SLE) or antineutrophil cytoplasmic
antibody (ANCA) associated vasculitis [12,13,15,24]. Ac-
cording to previous articles, persistently activated NETs
without proper processing could be an inducing factor for
ANCA-related glomerulonephritis or lupus nephritis (LN)
[13,24].

2.2 Mechanism for Undergoing Usual NETosis

Regarding detail mechanism of NETosis, the essence
of usual lytic NETs formation is summarized in Fig. 2a.
NETs are formed via various signaling pathways in re-
sponse to different triggers. Stimulation with a wide range
of substances, including bacteria, phorbol-12-myristate-13-
acetate (PMA), and viruses are known to be a trigger for
the occurrence of NETosis [25]. Sterile inflammatory sig-
nals (activated platelets, endothelial cells, crystals, autoan-
tibodies, immune complexes (ICs), and various proinflam-
matory cytokines) are also reported to induce NETosis and
consequently extrude NETs [9,13,26-29]. After recogniz-
ing PMA stimulation, NADPH oxidase is activated, and
then NADPH oxidase catalyzes O2 to generate ROS in neu-
trophils. The generated ROS stimulates MPO to trigger
the activation and translocation of NE from the azurophilic
granules to the nucleus, where NEs digest nucleosomal hi-
stones and promote chromatin relaxation, which favors the
citrullination of histone (CitH3) by peptidylarginine deimi-
nase 4 (PAD4) [8,30]. Physiologically, PAD4 catalyzes the
conversion of histone arginine to citrullination, resulting in
chromatin decondensation in the nuclei of neutrophils [31—
33]. In addition, it was demonstrated that PAD4 expressed
in neutrophils directly initiates the translocation of NE and
MPO from granule to nuclei [8]. The citrullination of hi-
stone by PAD4 activation leads to chromatin decondensa-
tion, which causes entropic chromatin swelling [21]. Sub-
sequently, MPO associates with chromatin and, synergisti-
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cally with NE and PADA4, promotes massive chromatin de-
condensation [34]. Eventually, decondensed chromatin is
released into the extracellular space as NETs formation in
association with diverse granular and cytoplasmic proteins
[35]. NOX-dependent ROS activation and histone citrulli-
nation mediated by PAD4 are essential steps for the devel-
opment of usual lytic NETs. Fundamentally, citrullination
is a post-translational modification that plays an important
role in many physiological processes such as cell differen-
tiation and renewal. However, abnormal or aberrant citrul-
lination can lead to the development of diseases, including
autoimmune diseases, cancers, and cardiovascular diseases
[8,36].

3. Classification of NETosis Based on the
Characteristic Forms

3.1 Two Different Forms of NETosis

In the field of basic research, another type of NETs
other than the above-described usual lytic NETs has re-
cently been highlighted. Such unusual NETs without cell
lysis are termed vital NETs in contrast to usual lytic NETs
called suicidal NETs [24]. According to recent reviews
[24,37-39], two mechanisms of NETosis have been iden-
tified: NETosis leading to suicidal NETs, in which neu-
trophils die after expelling the filaments; and NETosis lead-
ing to vital NETs, in which expulsion appears without al-
tering the membrane. Fig. 2a,b summarizes the features
and differences between suicidal NETs and vital NETs.
Among the two types of NETs, there are several differences
in features, including not only pathological mechanism or
morphology but also occurrence rate in each autoimmune
disease or neutrophil population, although the molecular
mechanism of each NET’s formation has not been com-
pletely elucidated. On the other hand, an interesting opinion
was described in a recent review article in which vital NETs
may be a complementary mode of suicidal NETs at the early
stage in response to stimuli [39]. They implied that suicidal
or vital formation may be simply categorized as a reaction
at a different phase within one large framework of the self-
defense system. Further evidence regarding the similarity
between the two types of NETosis is desirable.

3.2 Characteristics of Suicidal NETosis

Suicidal NET formation is based on the NADPH
oxidase-dependent mechanism. The production of ROS
mediated by NADPH oxidase 2 (NOX2) has critical roles
in suicidal NETosis as it triggers the downstream signaling
cascade for chromatin decondensation [8,39]. Fundamen-
tally, the NADPH oxidase-dependent suicidal NETs forma-
tion has been reported to occur primarily at 3 to 8 hours
following the activation of neutrophils by various stimuli,
such as PMA, and TLR stimulations, and so on [24,30]. The
induction of NADPH oxidase following the activation of
protein kinase C (PKC) via the ERK-MEK signaling route
[40,41] leads to an increase in ROS, initiating the activation
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Fig. 2. Schematic diagram of the mechanisms for undergoing NETosis and dissimilarity between usual NOX-dependent Lytic
(suicidal) NETs and Non-lytic (vital) NETs or NOX-independent NETs. (a) Suicidal NETosis is a usual NADPH oxidase-dependent
death process. It can be triggered by PMA and TLR stimulation. The ROS production mediated by NADPH oxidase 2 initiates the
activation of PAD4 to mediate chromatin decondensation. Then, decondensed chromatin is released into the cytoplasm as the parts of
genomic DNA, mixing with granule proteins such as NE and MPO. Finally, the plasma membrane permeabilizes, allowing for lytic
suicidal NETs expulsion while the neutrophil dies. The suicidal NETs exert phagocytic function, and it is commonly seen in patients
with ANCA-associated vasculitis. Moreover, suicidal NETs are frequently detected in normal density neutrophil (NDN) in vitro exper-
iments. (b) Vital NETs, like unusual NETs, appear without altering the membrane. Several stimuli, such as ICs, TLR stimulation, and
so on, induce NETosis without cell lysis. Although it is unable to imply that NOX-independent NETosis is equivalent to vital NETo-
sis, activated pathways for the formation of vital NETs are assumed to be NOX-independent, and stimulated neutrophils for leading to
vital NETs release of mitochondrial DNA (mtDNA). It is known that the induction of vital NETosis significantly activates the inflam-
matory response. Vital NETs are commonly seen in patients with systemic lupus erythematosus (SLE), and it is frequently detected in
low density granulocytes (LDGs) in vitro experiments. Abbreviation: AAV, anti-neutrophil cytoplasmic antibody associated vasculitis;
ANCA, anti-neutrophil cytoplasmic antibody; FcyR, Fc receptor common gamma chain; ICs, immune complexes; mtROS, mitochondria
reactive oxygen species; MPO, myeloperoxidase; NADPH, nicotinamide adenine dinucleotide phosphate; NE, neutrophil elastase; ox-
mtDNA, oxidized mitochondrial DNA; PAD4, peptidylarginine deiminase 4; PKC, Protein kinase C; PMA, phorbol myristate acetate;
ROS, reactive oxygen species; SLE, systemic lupus erythematosus; TLR, toll-like receptors.
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of PAD4 to mediate chromatin decondensation. Then, de-
condensed chromatin is released into the cytoplasm as the
parts of genomic DNA, mixing with granule proteins such
as NE and MPO. Finally, the plasma membrane permeabi-
lizes, allowing for lytic suicidal NETs expulsion while the
neutrophil dies [24,37] (Fig. 2). The NOX-dependent sui-
cidal NETs fundamentally exert the function as phagocyto-
sis, and a recent review article reported that these suicidal
NETs are frequently seen in patients with ANCA-associated
with vasculitis (AAV) [24]. Moreover, intriguingly, neu-
trophils have a heterogeneous population categorized from
mature type to immature type in vifro experiments [42], and
it has been demonstrated that suicidal NETs are frequently
detected in normal density granulocytes (NDGs) [42,43].

3.3 Characteristics of Vital NETosis

Regarding the vital NETs, several stimuli such as
LPS, activated platelets, ICs, TLR stimulation, granu-
locyte/macrophage colony-stimulating factor (GM-CSF),
C5a, calcium ionophores, and nicotine induce NETosis
without cell lysis [24,27,39,44,45]. Vital NETosis occurs
so faster than suicidal NETosis, and its pathways is as-
sumed to be NOX-independent [24,46], and neutrophils
primed by above-described stimuli are reported to form vi-
tal NETs with release of mitochondrial DNA (mtDNA) [47]
(Fig. 2b). In accordance with previous reports, the release
process of vital NETs composed of mtDNA requires the
production of glycolytic ATP to rearrange the microtubule
network and F-actin [48]. Douda et al. [27] described
a rapid NOX-independent NETs formation process that is
mediated by mitochondrial ROS and a calcium-activated
small conductance potassium channel. However, the source
of ROS generation and the degree of PAD4 activation in
the process for the formation of vital NETosis remain com-
pletely elucidated. In addition, intriguingly, induction of
vital NETosis could significantly activate an inflammatory
response, which leads to autoimmune diseases [39,44]. It
has been reported that vital NETs in autoimmune diseases
are enriched in oxidized mtDNA instead of nuclear chro-
matin, which is known to act as a potent inflammatory in-
ducer [44]. Vital NETs with oxidized mtDNA were more
detected in patients with LN than AAV [49]. Moreover,
in contrast to suicidal NETs, non-lytic NETs are frequently
formed in low-density granulocytes (LDGs) in vitro experi-
ments [11,24]. It has been demonstrated that LDGs synthe-
size increased levels of proinflammatory cytokines and are
prone to spontaneously form NETs compared with NDGs
[43]. However, most studies on NETs induction have been
conducted in vitro or ex vivo experiments. Further studies
are needed to evaluate vital NETs using experimental ani-
mal disease models or human samples.
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4. Unusual and Inflamed NETosis in CGD
4.1 Features of NETosis in CGD

In patients with CGD, induction of NETosis via NOX-
dependent ROS activation is theoretically impossible be-
cause of the lack of phagocyte NADPH oxidase activity. In-
deed, a previous report indicated that CGD neutrophils were
resistant to NETosis by the analysis using NDG [50]. How-
ever, although not sufficient, there has been evidence that
identified the presence of NETosis in CGD. Several previ-
ous reports indicated the possibility of NOX-independent
NETosis in CGD, which is different from usual lytic NE-
Tosis [12,27,44,51,52] (Table 1, Ref. [27,44,51-54]). A
recent review article by Nishi and Mayadas [12] mentioned
that NETs can be generated even if the NADPH oxidase
is absent. In accordance with their previous data, neu-
trophils still can make NETs in response to IC engage-
ment of FCHRs in the absence of gp91 for encoding NOX2
[52]. In the analysis by Fuchs et al. [51], neutrophils
isolated from the CGD patients did not make usual NETs
upon S. aureus and PMA activation, but the neutrophils re-
leased usual lytic NETs at normal levels after glucose oxi-
dase stimulation. Furthermore, Lood et al. [44] mentioned
that patients with CGD have the ability to form immuno-
genic NETs through enhanced mitochondrial ROS produc-
tion and promotion of interferogenic responses by extru-
sion of oxidized mtDNA (Table 1). Unfortunately, it can-
not be concluded that NOX-independent NETosis is equiv-
alent to vital NETosis. To date, it has not been elucidated
whether the unusual NETs observed in CGD are vital NETs
or not, although it can be reasonably presumed that pa-
tients with CGD are unable to induce suicidal NETosis.
Taken together, we presume that patients with CGD may
have the possibility to produce NOX-independent mtDNA-
related NETosis instead of the inability to generate NOX-
dependent usual lytic NETosis.

4.2 Association of Unusual NETosis in CGD With High
Risk of Autoimmune Diseases

Thus far, it has become evident that patients with
CGD are at a higher risk of autoimmune diseases, includ-
ing SLE, juvenile idiopathic arthritis, autoimmune throm-
bocytopenia, and antiphospholipid syndrome [17-19,55].
Although the mechanisms underlying the increased risk of
CGD-related autoimmune diseases are not completely clar-
ified, defects in phagocytic function are considered to re-
sult in repeated antigen stimulation and hypergammaglob-
ulinemia, leading to autoantibody production [56]. In short,
a subclinical persistent infection status due to the inability
of phagocytic function might amplify the immune response
in CGD. Additionally, a previous clinical cohort study in
patients with CGD indicated that 92.3% of CGD subjects
with clinical autoimmunity and/or positive autoantibodies
had elevated type I interferon (IFN) that is a representative
marker of inflammatory response [44]. Therefore, the high
risk of autoimmune diseases in CGD patients might be at-
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Table 1. Summary of the evidence for NOX-independent NETosis in CGD or related diseases, based on previous reports.

Ref. No Author (year) Model/Sample Inducing NOX dependence Feature of NETosis/Notes for mtROS, Key Findings/Notes for type I IFN
stimuli mtDNA, and ox-mtDNA

In vitro/ex vivo Calcium iono- NOX-independent pathway was acti- >Activated NOX-independent NET-osis
[27] Douda et al. (2015) . . . NA

- Neutrophils from healthy human phore vated. was fast and mediated by mitROS.

In vitro/ex vivo >CGD-LDGs showed enhanced mtDNA- . .

. . .. . L . . >In CGD, increased NOX-independent

- LDGs from CGD patients NADPH-oxidase activity (-); NOX2- rich NETosis driven by increased mitROS, . . .

[44] Lood et al. (2016) RNP ICs . . mtDNA-rich NETs were associated with
independent and the generated NETs had a higher prop-

. elevation of type I IFN activity.
ortion of damaged, ox-mtDNA.

Human blood . - >CGD patients showed elevated serum
NADPH-oxidase activity (-); NOX2- L .
[44] Lood et al. (2016) - CGD cohort (n =22) N/A ind dent NA type I IFN activity, including 92.3% of
independen
P those with autoantibodies.
In vitro/ex vivo . . >Stimulation with S. aureus and PMA di-
. . NADPH-oxidase activity (-); NOX2- .
[51] Fuchs et al. (2007) - Neutrophils from CGD patients Gox ind dent d not make usual NETs, but neutrophils r- NA
independen
P eleased lytic NETs after Gox stimulation.
In vivo BSA/anti-BSA NADPH-oxidase activity (-); NOX2- >Neutrophils still can make NETs in res-
[52] Chen et al. (2012) . . . NA
- Neutrophils from gp91Pho%-- mice ICs independent ponse to ICs engagement of FCyRs
Human blood NADPH-oxidase activity (-); NOX- >CGD patients developed a type I IFN
[53] Kelkka et al. (2014) . N/A . NA .
- CGD children (n=7) independent signature.
In vivo . . >Cybb-deficient, as in CGD, showed a
. . Lack of functional NADPH oxidase; .
[54] Campbell et al. (2012) - Cybb deficient MRL//pr mice N/A NA worsened lupus phenotype compared wi-

NOX-independent . .
th wild-type MRL/Ipr mice.

o)

)

(i

4

Ss3id NI

Abbreviation: CGD, chronic granulomatous disease; NADPH, nicotinamide adenine dinucleotide phosphate; NOX, NADPH oxidase; mtROS, mitochondria reactive oxygen species; mtDNA, mitochondrial DNA;
ox-mtDNA, oxidized mitochondrial DNA; Ref. No, reference number; LDGs, low-density granulocytes; RNP-ICs, ribonucleoprotein immune complexes; IFN, interferon; Gox, glucose oxidase; PMA, phorbol

myristate acetate; ICs, immunocomplexes; N/A, not applicable; NA, not available.
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tributable not only to the status of persistent infection, but
rather to a specific mechanism for elevated inflammatory
response.

4.3 Mechanism for Inducing Inflammatory Response due
to Unusual NETosis in CGD

Regarding increased inflammation in CGD, we pro-
pose the involvement of NOX-independent and mtDNA-
rich NETs in CGD. To our knowledge, the functional effects
of NETs have dual aspects. Briefly, NETs induction and
clearance may originally result in a protective antimicro-
bial effect, but excessive NETs formation and insufficient
removal of NETs could lead to tissue damage and autoanti-
gen modification and externalization [13,57]. Previously, it
was demonstrated that NET-derived DNA complexed with
danger-associated molecular patterns converts the DNA to
potent immunogenic structures [58,59]. In fact, NETs were
demonstrated to activate plasmacytoid dendritic cells [58]
and autoreactive B cells in vitro [60], which resulted in the
production of IFN-« and autoantibodies, respectively. Ad-
ditionally, the presence of modified autoantigens in NETs
is considered to contribute to breaking immune tolerance in
the predisposed host [20]. The previous evidence clearly in-
dicated that NETs generally had the capability of inducing
autoimmunity. Moreover, the character of unusual specific
NETosis might cause an aggravation of the inflammatory
response. Compared to lytic suicidal NETosis detected in
NDGs derived from AAV patients, non-lytic vital NETo-
sis, frequently confirmed in LDGs obtained from SLE pa-
tients, showed a significant elevation of inflammatory re-
sponse [61]. In the recent analysis, such non-lytic NETosis
in SLE patients is enriched in oxidized mtDNA, which is
independent of PAD4 enzyme and NADPH oxidase [61].
In addition, such non-lytic NETosis with oxidized mtDNA
component aggravated the inflammatory response to gen-
erate ICs formation, and it had significant immunogenic
properties [61]. Similarly, Lood et al. [44] reported that
non-lytic LDGs NETs derived from SLE patients were en-
riched for oxidized mtDNA, which augments their poten-
tial to induce a proinflammatory type I IFN response via
the cGAS/STING pathway. In CGD, NDGs from CGD
patients exhibited relative resistance to NETosis [50]. In
contrast, the ratio of LDGs to NDGs was increased in pa-
tients with CGD compared with healthy controls, and CGD-
derived LDGs displayed spontaneous enhanced NETosis
comparable to LDGs from SLE patients and showed in-
creased mitochondrial superoxide production [44]. NETs
from CGD patients contained a higher mtDNA to chromo-
somal DNA ratio than those from healthy individuals [44].
According to previous reports, mitochondria are a potent
source of ROS, and mtDNA has recently been implicated
in inflammatory responses [62—64]. Previous in vivo ex-
periment demonstrated that wild type mice injected with
mtDNA showed a significant elevation of inflammatory re-
sponse compared to vehicle-injected mice [44]. Taken to-
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gether, the oxidized mtDNA component contained in NOX-
independent NETosis, which is presumed to be a compati-
ble situation of NETosis in CGD, could be a significant clue
to the aggravation of the inflammatory response.

4.4 Evidence of Aggravated Inflammatory Response due to
Unusual NETosis From CGD Patients

In the previous report, LGDs derived from CGD pa-
tients showed enhanced spontaneous NETosis, which is
comparable to SLE LDG [44]. In addition, those LDGs
in CGD patients relied on mitochondrial ROS to form
NETs. Inhibition of other ROS source such as MPO,
with 3-amino,12,4-triazole or NO with I-NG-monomethyl-
l-arginine, did not abrogate NETosis in CGD LDGs [44].
Moreover, NETs from CGD subjects showed not only in-
creased mt-DNA but also a higher amount of MPO and NE.
They mentioned that LDG from CGD patients showed an
increase in the total amount of NETosis, and it was pre-
sented that mitochondrial ROS synthesis might promote
NETs enriched in mtDNA in CGD [44]. Moreover, as de-
scribed in the previous report in which the activation of type
I IFN signature was elevated in patients with CGD [53],
Lood et al. [44] also demonstrated that mitochondrial ROS
production in LDG NETosis was associated with enhanced
type I IFN activity in CGD. Collectively, previous evidence
led to the following summary: NETosis from CGD pa-
tients aggravates inflammation via mitochondrial ROS ac-
tivation. As a considerable hypothesis, the above-described
enhanced mitochondrial ROS production in LDGs from
CGD patients may be a compensatory mechanism related
to a lack of usual NOX-induced ROS production. Previ-
ously, the enhanced levels of circulating neutrophil granular
proteins, pro-inflammatory cytokines, and type I IFNs were
confirmed in patients with CGD [53,65,66]. Also, it was
clarified that chronic inflammation in CGD could synergize
with neutrophil dysregulation to promote amplification of
inflammatory responses [67—71]. Taken together, CGD pa-
tients might need to amplify immune responses as an alter-
native reaction for biological defense instead of the inability
to form usual NOX-dependent NETosis, which might be a
key to the high prevalence of autoimmune diseases.

5. Renal Disorder in CGD
5.1 Incident of Renal Disorder in Patients With CGD

To the best of our knowledge, reports on renal disor-
ders in patients with CGD remain limited. A recent study
documented kidney and urinary-tract diseases in 22% of
430 patients with CGD [4]. Other articles have reported
an incidence of renal disorders ranging from 2.7% to 23%
[72,73]. Renal insufficiency is considered relatively rare
compared with other CGD-associated complications such
as pulmonary or gastrointestinal diseases [4]. Moreover,
previous studies consistently identified p47P"**, encoded by
the NCF1, as the predominant genotype among CGD pa-
tients presenting with renal disorders [55,72,74]. Although
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Fig. 3. Schematic representation of the hypothetical mechanism underlying the exacerbation of renal disease in patients with
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vated neutrophils undergo NOX2-independent NETosis and release ox-mtDNA, due to their inability to generate usual NOX-dependent

lytic NETosis. These ox-mtDNA-rich NET components are subsequently recognized by phagocytes, triggering activation of a proin-

flammatory type I IFN response. The amplified type I IFN signaling ultimately contributes to the exacerbation of renal disorder. Abbre-

viation: IFN, interferon; MPO, myeloperoxidase; NE, neutrophil elastase; NOX, nicotinamide adenine dinucleotide phosphate oxidase;

ox-mtDNA, oxidized mitochondrial DNA; 1, increasing.

the detailed mechanism has not been elucidated, mouse ex-
perimental models have shown that NCF I-encoded p47°Phox
mediates autoreactive T-cell responses leading to severe
arthritis [75] and mitigates renal fibrosis by suppressing
pro-fibrotic factors [76]. Taken together, abnormalities in

the p47Ph°% genotype appear to play a key role in modulating
the severity of renal involvement in CGD, though current
human evidence remains limited and should not be over-
interpreted.
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Table 2. Clinical features of previously reported cases of biopsy proven glomerulonephritis in patients with CGD.

Case Author (year) [Ref No] Age/gender Genotype Pathological type RPGN/crescent Treatment Outcome
1 Tanaka et al. (2021) [55] 22/M gp91phox IgAV /() mPSL 500 mg x 3 days and PSL 35 mg/day improve
2 Leiding et al. (2013) [74] 44/F gpd7phox MN NA/NA NA NA

3 Leiding ez al. (2013) [74] 27/M gp47phox FSGS NA/NA NA NA

4 Leiding et al. (2013) [74] 15/M gp47Phox FSGS, TIN NA/NA NA ESKD
5 De Ravin et al. (2008) [17] 13/M gp91phox IgAN H/(+) PSL30 mg twice daily improved
6 Narsipur and Shanley (2002) [83] 22/M gp9 1phox IgAN /() NA NA

7 Kimpen et al. (1991) [84] 8/F gp47phox IgAV (H/(+) NA ESKD
8 Manazi et al. (1991) [85] 4/M gp91phox LN Subendothelial deposits of IgG, IgM, C3, Clq () PSL30 mg/every other day maintain

. ) . Mes proliferative GN o
9 Frifelt et al. (1985) [86] 14/M Autosomal recessive NA/NA Penicillin therapy for 9 months + PSL 2weeks. ESKD
IF study was not done
Sclerosing GN with crescents o . o
10 van Rhenen et al. (1979) [87] 18/F Unknown /) Antibiotics therapy and temporary hemodialysis improved

No deposits in glomeruli

Abbreviations: Ref, reference; RPGN, rapidly progressive glomerulonephritis; M, male; F, female; NA, not available; IgAV, IgA vasculitis; MN, membranous Nephropathy; FSGS, focal segmental glomerular
sclerosis; TIN, tubulointerstitial nephritis; [IgAN, IgA nephropathy; LN, lupus nephritis; Mes, mesangial; GN, glomerulonephritis; IF, immunofluorescence; mPSL, methylprednisolone; PSL, prednisolone; ESKD,

end stage kidney disease.
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5.2 Involvement of Usual NETosis in the Pathogenesis of
Renal Diseases

Previously, Couser and Johnson [77] and Waldmann
[78] proposed that immunological abnormality is deeply
involved in the pathogenesis of renal diseases. Abnormal
neutrophil activation in the innate immune system could be
a trigger or aggravating factor for renal diseases, includ-
ing AAV or LN [12,13,24]. In particular, persistently acti-
vated NETs without proper procession has been highlighted
as a critical factor for inflammatory renal diseases [24]. In
the experimental renal diseases model, Wu et al. [16] re-
vealed that NETs formation in the mouse inflamed kidney
tissues after ischemia reperfusion injury (I/R), and infiltra-
tion of neutrophils resulting in NETs was increased in acute
kidney injury (AKI) due to I/R in a time-dependent man-
ner. Moreover, another study in murine models revealed
that NET-derived histones can cause severe crescentic GN
[79]. It was demonstrated that NETs themselves had di-
rect cytotoxic effects on glomerular endothelial cells via
mediating the activation of histones and MPO in murine
models [79-82]. Taken together, those findings based on
the basic research let us presume that renal insufficiency
in CGD may be severe and advanced since characteristic
NOX-independent NETosis in CGD could amplify the in-
flammatory response. As evidence in vivo experiment that
is compatible with our hypothesis, lupus-prone MRL/Ipr
mice that lack functional NADPH oxidase because of de-
ficient Cybb, like CGD, develop a worsening lupus pheno-
type when compared to mice that are not deficient in Cybb
[54]. Further experiments that will address our hypothesis
are warranted.

5.3 Aggravated Renal Disorder in Patients With CGD

Actually, as clinical evidence for aggravation of re-
nal disorder in CGD, Tanaka et al. [55] summarized the
case reports of biopsy-proven GN in patients with CGD.
According to their review of literature, including their case,
10 cases of biopsy-proven GN in CGD patients were iden-
tified [17,55,74,83-87]. Table 2 (Ref. [17,55,74,83-87])
summarizes clinicopathological features of the 10 cases of
GN in CGD patients. Of those 10 cases, immunoglobulin A
nephropathy (IgAN) and IgA vasculitis nephritis (IgAVN)
were the most common glomerular diseases, reported in two
patients each. Other cases include membranous nephropa-
thy, focal segmental glomerulosclerosis, tubulointerstitial
nephritis, LN, and so on. Remarkably, all four IgAN and
IgAV in CGD patients presented with rapidly progressive
GN (RPGN) with crescent formation on glomeruli, and one
case of them showed poor renal prognosis despite inten-
sive steroid therapy (Table 2) [84], which is an untypical
clinical course. Both IgAN and IgAVN tend to exhibit a
slowly progressive clinical course [88], and therefore, both
diseases are generally categorized as chronic GN [89]. Un-
til now, intensive treatment including steroid therapy has
apparently improved the renal outcome of IgAN [90] or
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IgAVN [91]. Therefore, it is not so hard to presume the
involvement of a unique mechanism of CGD in the devel-
opment of severe crescentic [gAN and IgAVN in those four
CGN patients. Clinicopathologically, IgAN and I[gAVN are
very similar, and both diseases show glomerular capillari-
tis with infiltration of inflammatory cells [92-94]. In fact,
activation of proinflammatory cytokines was reported to
induce the production of galactose-deficient IgA1, which
is a critical molecule for the development of IgAN [95].
Also, elevated inflammatory cytokines were significantly
higher in patients with [IgAVN [94]. Moreover, Heineke et
al. [92] emphasized activated neutrophils in the glomerular
capillary loop, which causes severe capillaritis with an ele-
vated inflammatory response. On the other hand, the above-
mentioned crescentic I[gAN exhibiting RPGN is a relatively
rare phenotype [92], but it commonly shows a significant
elevation of inflammatory response [92]. Collectively, we
hypothesized that NOX-independent NETosis enriched in
mtDNA may be associated with unusual severe IgAN or
IgAVN via aggravating the inflammatory response in pa-
tients with CGD. Further investigation with accumulated
cases from all over the world is desirable to confirm our
hypothesis. In the future, if validated, these accumulated
findings may help pave the way for non-invasive diagnos-
tic strategies, such as the detection of urinary mtDNA-NET
complexes as a potential early biomarker for renal injury in
CGD patients.

6. Conclusions

In the present review, we focused on characteristic
immunological features of CGD and then considered the
mechanism of aggravated renal disorder in patients with
CGD. Fig. 3 provides a graphical summary of our proposed
concept. To approach the core of its mechanism, further in-
vestigation, including clinical studies and basic researches
will be necessary. Currently, the evidence supporting the
hypothesis of exacerbated renal dysfunction in CGD pa-
tients is primarily derived from in vifro experiments and
non-CGD disease models, and thus remains preliminary. /n
vivo analyses using mouse models have been very limited.
To address this limitation, further studies are warranted to
advance knowledge in this field, including the use of CGD
patient-derived tissues, in vivo CGD animal models, and
targeted investigation of NOX-independent NETosis path-
ways in renal tissue.
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