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A B S T R A C T   

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOX) are enzymes that generate superoxide or 
hydrogen peroxide from molecular oxygen utilizing NADPH as an electron donor. There are seven enzymes in the 
NOX family: NOX1-5 and dual oxidase (DUOX) 1–2. NOX enzymes in humans play important roles in diverse 
biological functions and vary in expression from tissue to tissue. Importantly, NOX2 is involved in regulating 
many aspects of innate and adaptive immunity, including regulation of type I interferons, the inflammasome, 
phagocytosis, antigen processing and presentation, and cell signaling. DUOX1 and DUOX2 play important roles 
in innate immune defenses at epithelial barriers. This review discusses the role of NOX enzymes in normal 
physiological processes as well as in disease. NOX enzymes are important in autoimmune diseases like type 1 
diabetes and have also been implicated in acute lung injury caused by infection with SARS-CoV-2. Targeting NOX 
enzymes directly or through scavenging free radicals may be useful therapies for autoimmunity and acute lung 
injury where oxidative stress contributes to pathology.   

1. Introduction 

Reactive oxygen species (ROS) play an important role in multiple 
cellular processes including metabolism, signaling, and immunity. 
Cellular ROS are commonly generated from superoxide which is derived 
from two main sources: the mitochondria via oxidative phosphorylation 
and through NADPH oxidase (NOX) enzymes [1]. Enzymes in the 
NADPH oxidase family produce superoxide during normal cellular 
processes, but also produce superoxide as part of a respiratory burst 
during phagocytosis [2]. Production of superoxide is a critical cellular 
process that is required for the generation of other ROS such as perox-
ynitrite, hydrogen peroxide, hypochlorite, and hydroxyl radicals 
(Fig. 1). Generation of ROS is necessary for a variety of cellular func-
tions, which are impaired in the absence of superoxide [2]. This review 
will discuss the importance of NOX enzymes and related proteins in 
immunity to pathogens, autoimmunity, and inflammation. 

1.1. Discovery of NOX enzymes 

NOX enzymes were first discovered as the missing component in 
phagocytic cells like neutrophils in patients with chronic granulomatous 
disease (CGD) [3]. CGD is caused by any mutations that lead to defi-
ciency in NOX2 activity [4]. CGD patients have an increased suscepti-
bility to certain bacterial and fungal infections and often present with 

granulomas, not due to an obvious infection, which is where the name of 
the disorder is derived. Autoimmune diseases like systemic lupus 
erythematous (SLE) and rheumatoid arthritis (RA) are more common in 
patients with CGD and mouse models of NOX2 deficiency [5,6]. How-
ever, the cause of these aberrant immune responses is not completely 
understood [4,7]. 

It has long been known that ROS play an important role in diverse 
biological processes [8] and that ROS such as superoxide and hydrogen 
peroxide were produced in phagocytic leukocytes during phagocytosis 
[9–11]. The production of ROS during phagocytosis was proposed to be 
microbicidal [9], and it was later determined that this activity was 
dependent on NADH and NADPH oxidation [12,13]. Segal and col-
leagues determined that this respiratory burst was independent of 
mitochondrial-derived superoxide using spectroscopic analysis, which 
revealed a cytochrome b-like molecule that was present in fractionated 
phagosomes and separate from mitochondrial cytochrome b and endo-
plasmic reticulum (ER)-associated cytochrome P450 [14]. They also 
found that this cytochrome b peak was missing in patients with CGD [3]. 
The cytochrome b proteins of 91 and 22 kDa were biochemically isolated 
from granulocyte plasma membranes [15]. The genes coding for the 91 
and 22 kDa proteins were mapped to the X chromosome and chromo-
some 16, respectively, and their gene products were subsequently 
cloned and characterized [16–19]. The 91 kDa protein, also known as 
gp91phox or NOX2, is encoded by the CYBB gene (Fig. 2A). The 22 kDa or 
light chain of the cytochrome complex, also known as p22phox, is 
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encoded by the CYBA gene. Since this initial discovery, there have been 
a total of five NOX enzymes and two dual oxidase (DUOX) enzymes 
discovered (Fig. 2A) with conserved features. 

1.2. NOX enzyme complexes generate superoxide anion 

The NOX enzyme complexes are so named because they utilize 
NADPH as an electron donor to generate superoxide from molecular 
oxygen [12,13]. The five NOX enzymes (NOX1-5) and two DUOX 

enzymes (DUOX1-2) each have six conserved transmembrane domains 
and a conserved C-terminal domain with FAD and NADPH binding sites 
(Fig. 2). The main catalytic units of NOX1-4 must form a dimer with the 
Superoxide-Generating NADPH Oxidase Light Chain Subunit (CYBA) for 
catalytic activity [20]. The activation of NOX1-3 also requires the ac-
tivity of cytosolic factors for activation. DUOX1 and DUOX2 have an 
additional transmembrane domain called the peroxidase-like domain 
(Fig. 2A). NOX5, DUOX1, and DUOX2 also have EF hand domains that 
are involved in calcium signaling (Fig. 2A). After activation, the enzyme 

Abbreviations 

BCR B Cell Receptor 
CGD Chronic Granulomatous Disease 
COVID-19 Coronavirus Disease 2019 
DC Dendritic Cell 
DPI Diphenyleneiodonium 
DUOX Dual Oxidase 
EGF Epidermal Growth Factor 
EGFR Epidermal Growth Factor Receptor 
ER Endoplasmic Reticulum 
FAD Flavin Adenine Dinucleotide 
fMLP N-Formyl-Methionine-Leucyl-Phenylalanine 
G-MDSC Granulocytic Myeloid-Derived Suppressor Cells 
G6PD Glucose-6-phosphate dehydrogenase 
GILT γ-Interferon-induced Lysosomal Thiol reductase 
IFN Interferon 
IRF3 Interferon Regulatory Factor 3 
ISG Interferon-Stimulated Gene 
MAVS Mitochondrial Antiviral Signaling 
MPO Myeloperoxidase 
NADH Nicotinamide Adenine Dinucleotide 
NADPH Nicotinamide Adenine Dinucleotide Phosphate 
NET Neutrophil Extracellular Trap 

NLRP1 Nucleotide-binding oligomerization domain, Leucine rich 
Repeat, and Pyrin domain containing protein 1 

NLRP3 Nucleotide-binding oligomerization domain, Leucine rich 
Repeat, and Pyrin domain containing protein 3 

NOX NADPH Oxidase 
PB1 Phox and Bem1 
Phox Phagocytic Oxidase 
PKC Protein Kinase C 
PMA Phorbol 12-Myristate 13-Acetate 
PRR Proline-Rich Region 
PTP1B Protein-Tyrosine Phosphatase 1B 
PVPON Poly(N-Vinylpyrrolidone) 
RA Rheumatoid Arthritis 
ROS Reactive Oxygen Species 
SARS Severe Acute Respiratory Syndrome 
SLE Systemic Lupus Erythematosus 
SOD Superoxide Dismutase 
TCR T Cell Receptor 
TLR Toll-Like Receptor 
TNF Tumor Necrosis Factor 
TPR Tetratricopeptide Repeat 
VEGF Vascular Endothelial Growth Factor 
VEGFR Vascular Endothelial Growth Factor Receptor 
XOR Xanthine Oxidoreductase  

Fig. 1. Reactive oxygen species generated from NADPH oxidase-derived superoxide. NADPH oxidase enzymes convert molecular oxygen into superoxide anion 
(O2

• − ) using NADPH as an electron donor. Superoxide dismutase enzymes dismutate superoxide into hydrogen peroxide (H2O2), which can be converted into 
hydroxyl radicals (HO•) through the reduction of ferrous iron (Fe2+) to ferric iron (Fe3+) or hypochlorite (ClO− ) by myeloperoxidase. Nitric oxide synthase using 
electrons from NADPH to oxidize arginine to produce citrulline and nitric oxide (NO). Nitric oxide (NO) reacts with superoxide anion (O2

• − ) to produce perox-
ynitrite (ONOO− ). 
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complex utilizes NADPH as an electron donor to convert molecular ox-
ygen to superoxide (Eq. (1)).  

NADPH + 2O2 ↔ NADP+ + 2O2
• − + H+ (1) 

Superoxide can also be generated by xanthine oxidase activity of 
Xanthine Oxidoreductase (XOR) enzymes [21]. XOR is primarily local-
ized to the cytoplasm, but can also be found in the peroxisomes and 
secreted extracellularly [22,23]. XOR-derived superoxide plays an 
important role in many physiological processes, which have recently 
been reviewed in Ref. [21], including commensal microbiome regula-
tion, blood pressure regulation, and immunity. XOR- and NOX-derived 
superoxide can work cooperatively to maintain superoxide levels. For 
example, in response to sheer stress, endothelial cells produce super-
oxide through NOX and XOR pathways and XOR expression and activity 
is dependent on NOX activity [24]. While this review will focus on 
NOX-derived superoxide it is important to recognize the contribution of 
XOR-derived superoxide in physiological processes and disease. 

After the generation of superoxide, other ROS can be generated. 
Peroxynitrite (ONOO− ) is formed after superoxide reacts with nitric 
oxide (NO) [25]. Nitric oxide is a product of arginine metabolism by 
nitric oxide synthase which uses arginine as a nitrogen donor and 
NADPH as an electron donor to produce citrulline and NO [26,27]. 
Superoxide can also be converted to hydrogen peroxide by the super-
oxide dismutase enzymes (SOD), which are critical for maintaining the 
balance of ROS inside the cells (Fig. 1). There are three superoxide 
dismutase enzymes, SOD1, SOD2, and SOD3. SOD1 is primarily 

cytosolic and utilizes Cu2+ and Zn2+ ions to dismutate superoxide (Eq. 
(2)). SOD2 is localized to the mitochondria and utilizes Mn2+ to bind to 
superoxide products of oxidative phosphorylation and converts them to 
H2O2 (Eq. (2)). SOD3 is extracellular and generates H2O2 that can 
diffuse into cells through aquaporins [28,29].  

2O2
• − + 2H3O+ → O2 + H2O2 + 2H2O                                            (2) 

Following the generation of hydrogen peroxide by SOD enzymes, 
other ROS can be generated (Fig. 1). The enzyme myeloperoxidase 
(MPO) is responsible for hypochlorite (ClO− ) formation by utilizing 
hydrogen peroxide as an oxygen donor and combining it with a chloride 
ion [30]. A spontaneous Fenton reaction with hydrogen peroxide and 
ferrous iron (Fe2+) results in the production of hydroxyl radicals (HO•) 
[31]. The specific role that each of these ROS play in cellular processes is 
beyond the scope of this review, but their dependence on superoxide 
generation highlights the key role of NOX enzymes in a variety of 
cellular processes. 

2. Phagocytic NADPH oxidase 2 complex 

The NOX2 complex is the prototypical and best-studied NOX enzyme 
complex. The NOX2 complex is comprised of two transmembrane pro-
teins encoded by the CYBB and CYBA genes. The CYBB gene, located on 
the X chromosome, encodes for the cytochrome b-245 beta chain subunit 
also known as gp91phox [18]. The gp91phox heavy chain is initially 
translated in the ER where mannose side chains are co-translationally 

Fig. 2. Protein domains of human NADPH oxidase enzymes 1–5 and dual oxidase enzymes 1–2. (A) Conserved domains of human NADPH oxidase enzymes. 
(B) Amino acid sequences of the conserved FAD binding site in human NADPH oxidase enzymes. (C) Amino acid sequences of the conserved NADPH binding region 
in human NADPH oxidase enzymes. A “*” indicates residues that are fully conserved, a “:” indicates residues that are strongly conserved, and a “.” indicates residues 
that are weakly conserved. The consensus sequence is in bold. 

J.P. Taylor and H.M. Tse                                                                                                                                                                                                                     



Redox Biology 48 (2021) 102159

4

added to form a 65 kDa precursor glycoprotein [32–34]. The 65 kDa 
precursor is further glycosylated in the Golgi network to become the 
mature 91 kDa glycoprotein [15]. 

The CYBA gene, located on chromosome 16, encodes for the 
Superoxide-Generating NADPH Oxidase Light Chain Subunit also known 
as p22phox [35,36]. The p22phox protein has two transmembrane domains 
with an extracellular loop and its C-terminal and N-terminal ends on the 
cytosolic side of the membrane [37]. Mutations in p22phox that affect its 
function were discovered early on to be one cause of CGD [38]. p22phox 

has no catalytic activity by itself; however, it is necessary for stabiliza-
tion of the heterodimer complex with gp91phox [37]. 

In the absence of p22phox, gp91phox is not able to exit the ER and move 
to the Golgi network and is degraded by the proteosome [39]. Therefore, 
individuals deficient for p22phox will also be deficient for gp91phox in 
phagocytic cells [18,40]. After gp91phox and p22phox are completely 
translated and gp91phox has been glycosylated into its final 91 kDa form, 
the heterodimer then moves to the plasma membrane. NOX2 enzyme 
complexes are also found on the phagosome membranes, secretory 
vesicles, and peroxidase-negative granules in neutrophils [41]. The 
C-terminal end of p22phox has a proline-rich region (PRR) that is 
important for binding of the cytosolic components of the enzyme com-
plex [42]. 

2.1. NOX2 activation 

The membrane-bound NOX2 components, gp91phox and p22phox, 
require the activity of the activator protein p47phox, the organizer pro-
tein p67phox, and the regulatory protein p40phox, which exist in a ternary 
complex in the cytoplasm [43]. Experiments attempting to create a 
cell-free NADPH oxidase system demonstrated that membrane compo-
nents alone were insufficient to reconstitute NADPH oxidase activity and 
that some unknown cytosolic components were also required [44–47]. 
The requirement for these cytosolic factors was confirmed in experi-
ments where complementation with cytoplasmic fractions from phago-
cytic cells from certain patients with autosomal recessive forms of CGD 
could not restore oxidase activity [48,49]. 

NOX2 activation and assembly begins with a signaling event after 

stimulation of formylated peptide receptors, C5a receptor, Fc receptors, 
or stimulation through a pattern recognition receptor such as toll-like 
receptor 4 (TLR4) [50–54]. Stimulation with chemicals like concanav-
alin A or phorbol 12-myristate 13-acetate (PMA) also induces activation 
of NOX2 [52,55]. What these various signaling pathways have in com-
mon is the activation of protein kinase C (PKC) [56]. PKC begins the 
activation and assembly process by phosphorylating p47phox at serine 
residues 310 and 328 which causes a conformational change in p47phox 

that results in its activation and recruitment to the NOX2 complex on the 
plasma membrane [50]. p47phox recruits the other cytosolic components 
to the plasma membrane through multiple protein-protein interactions 
that are detailed in section 2.2. 

2.2. Assembly of NOX2 complex 

p47phox, the protein encoded by the NCF1 gene, was first purified 
from cellular fractions that produced a 47 kDa protein that was neces-
sary to reconstitute a cell-free NADPH oxidase system [57,58]. The NCF1 
gene was cloned and characterized a year later by two independent 
groups [59,60]. The NCF1 gene encodes for a 390 amino acid protein 
(Fig. 3A) that contains a Phox homology (PX) domain at its N-terminus 
that allows for p47phox to anchor to the plasma membrane through 
phosphatidylinositol 3,4-bisphosphate (PI(3,4)P2) binding [61–63]. 
p47phox also has two SH3 domains and a PRR that are required for 
protein-protein interactions with other members of the NADPH oxidase 
complex. 

p47phox plays an important role in mediating protein-protein in-
teractions required for activation and function of the NOX2 complex. 
p47phox binds directly to gp91phox and p22phox and also recruits p67phox 

to the plasma membrane to interact with the NOX2 enzyme complex. In 
its inactive state, the SH3 domains of p47phox are occluded by intra-
molecular interactions with the C-terminus of p47phox, an interaction 
that is undone by activators of oxidase activity [60,64,65]. After acti-
vation, p47phox is recruited to the membrane by p22phox via interactions 
between the SH3 domains of p47phox and the PRR of p22phox. This 
interaction is dependent on Ile152, Thr153, and Trp193 in p47phox and 
Pro152, Pro153, Pro156, and Arg158 in p22phox [60,64,66,67]. Indeed, 

Fig. 3. Protein domains of the NADPH oxidase-associated cytosolic proteins. (A) Protein domains of the organizing proteins p47phox and NOXO1. (B) Protein 
domains of the activating proteins p67phox and NOXA1. (C) Protein domains of the regulatory protein p40phox. 
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patients with a Pro156Glu mutation on p22phox are unable to recruit 
p47phox and p67phox and are deficient in superoxide activity [60,68,69]. 
p47phox also binds to membrane-bound gp91phox with both of its SH3 
domains required for this interaction with gp91phox [70]. Patients with 
an Asp500Gly mutation in gp91phox are unable to recruit p47phox to the 
membrane and are deficient in superoxide production [70]. p47phox is 
also responsible for recruiting p67phox to the NADPH oxidase complex on 
the membrane through interactions between the PRR of p47phox and the 
C-terminal SH3 on p67phox [65,68] as well as the interactions between 
the C-terminal SH3 domain of p47phox with the PRR of p67phox [71]. The 
binding of p47phox and p67phox is regulated by p40phox [38,72]. 

The p67phox protein, encoded by the NCF2 gene, was first purified as 
part of a cytoplasmic complex capable of complementing an inactive 
membrane-bound oxidase complex [73,74]. The NCF2 gene was subse-
quently cloned [75–77], and it was discovered that several mutations in 
this gene were also associated with CGD [78,79]. The NCF2 gene en-
codes for a 526 amino acid protein that has four tetratricopeptide repeat 
(TPR) motifs, two SH3 domains, and a Phox and Bem1 (PB1) domain 
(Fig. 3B). p67phox has two important roles in NOX2 enzyme activation: it 
recruits the Rac-GTP (RAC1 or RAC2) to the enzyme complex and it is 
responsible for electron transfer from NADPH to gp91phox [41]. 

p67phox is recruited to the membrane to interact with the NOX2 
complex by p47phox. There are two main interactions between p47phox 

and p67phox. The first interaction is between the C-terminal SH3 domain 
of p67phox binding to the PRR of p47phox in a reverse orientation. This 
interaction is dependent on Asp16 in the C-terminal SH3 domain of 
p67phox [65,68,80] The second interaction is between the C-terminal 
SH3 domain of p47phox which directly binds to p67phox at its PRR that is 
on the N-terminal side of the SH3 domains [64]. The SH3 domains of 
p67phox do not bind to the PRR of p22phox, so p67phox must be recruited 
by p47phox and cannot directly interact with gp91phox and p22phox [81, 
82]. The two SH3 domains of p67phox are dispensable for oxidase activity 
in a cell-free system but are required in whole cells for superoxide 
production [60,79,80,83,84]. 

After p67phox is recruited to the membrane-bound components of the 
NOX2 enzyme complex, it is directly involved in the activation of the 
NOX enzyme complex. p67phox recruits the GTPase RAC2 through in-
teractions with the TPR motifs on the N-terminal end of p67phox [85,86]. 
The Rac GTPase assembly with the NOX2 complex is absolutely required 
for its activity [87]. Ultimately, the activation domain of p67phox in-
teracts with gp91phox and allows for the transfer of electrons from 
NADPH to the flavin center of gp91phox [88,89]. 

The third NADPH oxidase-associated factor is p40phox, which is 
encoded by the NCF4 gene. p40phox was first identified by Wientjes et al. 
(1993) and was shown to have an SH3 domain and an N-terminal 
domain with sequence similarity to the N-terminal domain of p47phox 

[81]. Like p67phox, p40phox also has a PB1 domain (Fig. 3C), which me-
diates its association with p67phox in the inactive cytoplasmic ternary 
complex [81,90,91]. The p40phox PB1 domain heterodimerizes with the 
PB1 domain of p67phox, an interaction that can be blocked with an 
antibody that binds the PB1 domain of p40phox [92–95]. The SH3 
domain on p40phox is not required for binding to p67phox and when 
p67phox is absent in patients with CGD, p40phox and Rac1 are not trans-
located from the cytosol to the membrane [68,91,96]. The PX domain 
from p40phox binds to phosphatidylinositol 3-phosphate found on 
phagosomal membranes [97–102]. 

The exact role p40phox plays in the activation of the NOX2 enzyme 
complex is not entirely clear. p40phox is phosphorylated upon activation 
of NADPH oxidase by fMLP or PMA at amino acids Thr154 and Ser315 
[103,104]. After activation, p40phox translocates to the membrane and 
disassociates from p67phox and p47phox [105]. p40phox has been shown to 
be a positive regulator of NOX2 activity [106,107]. However, it has also 
been proposed that p40phox negatively regulates NOX2 activity through 
its SH3 domain [108]. There is evidence that the SH3 domain of p40phox 

binds to the C-terminal PRR of p47phox at the same site as p67phox, thus 
preventing p67phox binding through competition [71]. 

3. Other NADPH oxidase family large transmembrane catalytic 
subunits 

3.1. NADPH Oxidase 1 (NOX1) 

This homologue of gp91phox was first cloned and characterized in 
1999 by Suh et al. who demonstrated that it was highly expressed in the 
colon, but not in leukocytes [109,110]. Activation of NOX1, like that of 
NOX2, involves homologues of p47phox and p67phox known as NOX 
organizer 1 (NOXO1) and NOX activator 1 (NOXA1) [111,112]. NOXO1 
has homologous SH3 and PX domains to those found in p47phox as well as 
the conserved PRR (Fig. 3A). NOXA1 also has protein domains homol-
ogous to those found in p67phox such as TPR, SH3, and PB1 domains 
(Fig. 3B). After an activating stimulus like PMA is administered to cells, 
NOXO1 is phosphorylated at Ser154 which is required for assembly with 
NOXA1 and subsequent interactions with p22phox [113]. Activation of 
the NOX1 complex also requires a Rac1 GTPase which is associated with 
NOXA1 [114–116]. Like NOX2, NOX1 must form a heterodimer with 
p22phox for activation and superoxide production [117]. 

Unlike NOX2, NOX1 is not expressed in immune cells, but still plays a 
role in immunity. NOX1 is primarily expressed in colon epithelial cells 
and is important for host defense, barrier function, and homeostasis of 
commensal bacteria [20]. Crosstalk between the commensal bacteria in 
the colon and NOX1 is important for epithelial homeostasis. Stimulation 
of formyl peptide receptors on epithelial cells by bacteria stimulates 
NOX1-dependent ROS production which promotes barrier maintenance 
through epithelial growth and repair [118,119]. Conversely, production 
of hydrogen peroxide from NOX1-derived superoxide helps to prevent 
overgrowth of commensal bacteria [120]. Interestingly, there are 
catalase-producing commensals like Escherichia coli as well as patho-
genic bacteria like Citrobacter rodentium that can utilize NOX1-derived 
hydrogen peroxide to support cellular respiration in an otherwise 
anaerobic environment [121,122]. 

NOX1 has also been implicated in colon cancer due to its role in 
regulating cell proliferation and angiogenesis in the colonic epithelium 
[110,123,124]. Expression of NOX1 is regulated by the transcription 
factors GATA-6, HNF-1α, and CDX2. Expression of these transcription 
factors is higher in the distal colon than the proximal colon and corre-
lates with NOX1 expression [125]. NOX1 is overexpressed in many 
epithelial and colon-related cancers as a direct result of k-Ras mutations 
that result in increased MEK/ERK signaling and activation of GATA-6 
[126,127]. NOX1 overexpression in fibroblasts can promote tumori-
genesis and angiogenesis through upregulation of VEGF and the VEGF 
receptors, VEGFR1 and VEGFR2 [124,127]. A novel inhibitor of NOX1, 
GKT771 has shown efficacy as a complementary treatment to anti-PD1 
checkpoint inhibitor therapy in pre-clinical trials in mouse models of 
colon cancer [128]. 

3.2. NADPH Oxidase 3 (NOX3) 

NADPH Oxidase 3 was identified as a protein with homology to 
NOX2 located on chromosome 6 [129]. NOX3 is expressed in fetal tis-
sues, but has limited expression in adult tissues and is limited to the 
colon, testis, and inner ear [129,130]. Stimulation of cells with the PKC 
activator, PMA, leads to activation of NOX3 via p47phox and p67phox 

[131]. However, NOX3 also has activity in the absence of PKC stimu-
lation through NOXO1 activity [132,133]. The PMA-independent acti-
vation of NOX3 is constitutive due to the interaction of NOX3 with 
p22phox [132]. Unlike NOX1 and NOX2, the constitutive activity of 
NOX3 does not require an activating or organizing protein [132]. 
However, when the activating or organizing proteins are present and 
activated, NOX3 activity is enhanced [132]. 

NOX3 is not known to play a role in immune cells or host defense. 
However, NOX3 activity is involved in the vestibular system in the inner 
ear [134]. Defects in NOX3 can result in a head-tilt in mice due to 
otoconia morphogenesis defects [130]. NOX3-derived superoxide has 
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also been implicated in noise-induced and cisplatin-induced hearing loss 
[135]. NOX3 expression was shown to increase with cisplatin treatment, 
age, and noise insults in mice, which correlated to hearing loss [136]. It 
has been proposed that therapies targeting NOX3 in the inner ear could 
be used to prevent NOX3-induced hearing loss [135]. Proposed thera-
pies include NOX3-specific siRNA delivery and small molecule inhibitors 
[137–139]. This would be beneficial as a preventative measure for pa-
tients undergoing cisplatin treatment for solid tumors. 

NOX3 can also be activated in hepatocytes in response to insulin, 
which leads to the production of VEGF and the initiation of angiogenesis 
[140]. Hepatocytes stimulated with palmitate also produce ROS through 
NOX3, which leads to increased gluconeogenesis and reduced glycogen 
content [141]. It is thought that this may contribute to insulin resistance 
in obesity [141,142]. The mechanism has been revealed to be due to 
increased TNF production that stimulates hepatocytes through the JNK 
and p38MAPK pathways [129,143,144]. 

3.3. NADPH Oxidase 4 (NOX4) 

NADPH Oxidase 4 was first characterized as a NOX enzyme that is 
expressed in the kidney with homology to NOX2 [145,146]. NOX4 is 
also unique compared to the previously discovered NOX enzymes in that 
it does not require association or activity from cytosolic factors for 
activation and organization like NOX1, NOX2, and NOX3 [145, 
147–151]. NOX4 has been associated with constitutive production of 
hydrogen peroxide rather than superoxide production [148,152]. It has 
been shown that when the extracellular loop between transmembrane 
domains five and six (E-loop) of NOX4 is deleted that NOX4 does in fact 
generate superoxide, which suggests that the E-loop may have dismutase 
activity that converts superoxide to hydrogen peroxide before it can be 
detected by current methods [143,148]. 

NOX4 was first discovered in the kidney, but is also highly expressed 
in pulmonary vasculature and endothelial cells and plays an important 
role in respiratory diseases such as pulmonary fibrosis, asthma, chronic 
obstructive pulmonary disease, pulmonary vascular diseases, and acute 
respiratory distress syndrome [153]. NOX4 has also been shown to be 
expressed in Jurkat T cells. Infection of Jurkat T cells with Entameoba 
histolytica was shown to induce cell death which was abrogated with 
siRNA knockdown of NOX4 [154]. However, this has not been shown in 
primary T cells. NOX4 expression is regulated by several different 
stimuli including oxygen levels [155–158]. NOX4 expression is also 
stimulated by angiotensin II, glucose levels, hypoxia, or hyperoxia 
[159–166]. This change in expression is driven by important tran-
scription factors such as STAT1/STAT3, NRF2, HIF-1α, NFκB, Oct-1, 
SP3, SP1, c-JUN, and E2F [129,167]. 

3.4. NADPH Oxidase 5 (NOX5) 

NADPH Oxidase 5 has an EF-Hand domain (calcium-binding) and is 
highly expressed in the adult testis, spleen, ovary, placenta, and 
pancreas and the fetal brain, heart, kidney, liver, lung, skeletal muscle, 
spleen, and thymus [129]. NOX5 is expressed at lower levels in the adult 
brain, heart, kidney, liver, lung, prostate, and small intestine [167]. 
NOX5 is responsible for ROS generation in human sperm [168]. Inter-
estingly, NOX5 is not expressed universally in all mammalian species 
and is absent in rodents, which makes animal models for studying NOX5 
difficult [167]. Unlike its homologues NOX1-4, NOX5 does not require 
an activating and organizing protein like p47phox or p67phox for activa-
tion and can be activated by calcium flux alone [117,169]. Knockout of 
p22phox or the introduction of mutations in p22phox that abrogate NOX1, 
NOX2, NOX3, or NOX4 activity does not affect NOX5 activity [170]. 
Activity of NOX5 is dependent on oligomerization of multiple NOX5 
proteins, which bind to each other through the dehydrogenase domain 
[171]. Binding of phosphatidylinositol (4,5)-bisphosphate directs NOX5 
to localize at the plasma membrane through interaction with the 
N-terminal polybasic region [172]. 

NOX5 can be activated by two different mechanisms: intracellular 
calcium flux and protein kinase C activation. The C-terminus of NOX5 
contains a calmodulin-binding site that increases the sensitivity of NOX5 
to calcium-mediated activation [173]. The binding of calcium to the 
EF-hand domains induces a conformational change in NOX5 which leads 
to its activation when intracellular calcium levels are high [174]. 
However, it has been noted that the calcium concentration needed for 
activation of NOX5 is extremely high and not likely physiological [175] 
and low levels of calcium-binding to NOX5 can work synergistically with 
PKC stimulation [176]. It has also been shown that in the presence of 
ROS that NOX5 is oxidized at cysteine and methionine residues in the 
Ca2+ binding domain thus inactivating NOX5 through a negative feed-
back mechanism [177,178]. NOX5 can also be activated by PKC-α 
stimulation [175] after phosphorylation of Thr512 and Ser516 on 
NOX5α [16,179]. 

3.5. Dual Oxidase 1/2 (DUOX1/2) 

Two additional proteins with homology to NOX enzymes were 
discovered in the thyroid. These enzymes were called dual oxidase en-
zymes 1 and 2 (DUOX1 and DUOX2). Like NOX1-5, these enzymes have 
six transmembrane domains with a C-terminal domain containing an 
FAD and NADPH binding site. These enzymes can also convert molec-
ular oxygen to hydrogen peroxide. However, DUOX1 and DUOX2 are 
more closely related to NOX5 due to the presence of calcium-regulated 
EF hand domains. DUOX-mediated hydrogen peroxide synthesis is 
induced transiently after calcium stimulation of epithelial cells [180]. 
Unlike NOX5, DUOX1 and DUOX2 have an additional transmembrane 
domain called the peroxidase-homology domain on its N-terminus. 
DUOX1 and DUOX2 require maturation factor proteins DUOXA1 and 
DUOXA2, respectively, in order to transition out of the ER to the Golgi 
[181]. 

The DUOX enzymes have roles in immune and non-immune physi-
ological processes. DUOX1 and DUOX2 are both expressed in the thyroid 
gland and are involved in thyroid hormone synthesis. DUOX-derived 
hydrogen peroxide is utilized by thyroid peroxidase enzymes for the 
oxidation of iodide [182]. Nonsense and missense mutations in DUOX2 
have been shown to result in hypothyroidism [183,184]. No mutations 
in the DUOX1 gene have been linked to hypothyroidism so it is unclear 
whether DUOX1 is required for thyroid hormone biosynthesis or 
whether it acts as a redundant mechanism for defective DUOX2 [185]. 
DUOX1 has been detected in bladder epithelial cells where it is thought 
to function in the sensing of bladder stretch [186]. DUOX enzymes have 
also been shown to be important for collagen crosslinking in the extra-
cellular matrix in C. elegans [187]. 

DUOX1 is involved in immune cells like macrophages, T cells, and B 
cells. DUOX1 is expressed in alveolar macrophages where it is important 
for modulating phagocytic activity and cytokine secretion [188]. T cell 
receptor (TCR) signaling in CD4+ T cells induces expression of DUOX1 
which promotes a positive feedback loop for TCR signaling. After TCR 
signaling, DUOX1-derived hydrogen peroxide inactivates SHP2, which 
promotes the phosphorylation of ZAP-70 and its subsequent association 
with LCK and the CD3ζ chain. Knockdown of DUOX1 in CD4+ T cells 
results in reduced phosphorylation of ZAP-70, activation of ERK1/2, and 
release of store-dependent calcium [189]. DUOX1 may also play a role in 
B cell receptor (BCR) signaling. DUOX1 expression is induced by BCR 
signaling in the presence of IL-4. One study showed that DUOX1-derived 
hydrogen peroxide negatively regulates B cell proliferation [190]. 
However, a second study, which used a DUOX1-and DUOX2-deficient 
mouse, showed that the DUOX enzymes were dispensable for BCR 
signaling [191]. Further work is necessary to fully understand the role of 
DUOX1 and DUOX2 in B cells. 

More recently it has been appreciated that DUOX enzymes also play 
important roles in epithelial cells in the airway and gut. DUOX1 is 
expressed in epithelial cells in the trachea and bronchi and is associated 
with EGFR signaling after stimulation of TLRs to promote epithelial 
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homeostasis and repair in response to microbial ligands [192–194]. 
DUOX2 is also expressed in the airway epithelium and is important for 
host antiviral (see section 4.3) and antibacterial immunity [195–197]. 

DUOX2 is also expressed in the tip of epithelial cells in the ileum and 
colon [198]. Expression of DUOX2 is stimulated by the microbiota 
through TLRs mediated by MyD88 and TRIF signaling pathways [198]. 
The role of DUOX in antibacterial host defense has been shown in several 
animal models including Drosophila, C. elegans, zebrafish, and mice, 
which require DUOX enzymes for protection from bacterial insults 
[199–202]. In mice, DUOX-deficient mice were able to be colonized by 
H. felis, whereas control mice with intact DUOX were not [202]. 

4. NOX enzymes in immunity 

4.1. Phagocytosis and pathogen clearance 

NOX2-derived ROS play an important role in pathogen killing in 
neutrophils and macrophages (Fig. 4). Neutrophils and macrophages 
phagocytose bacteria and fungi which are then killed in the phagosome 
[203]. After activation, a respiratory burst occurs where NOX2 is acti-
vated and generates superoxide. The generation of superoxide inside the 
phagosomal lumen creates a change in electrical charge across the 
phagosomal membrane which can inhibit the further generation of su-
peroxide by NOX2 [204]. This change in electrical charge is counter-
acted by Hv1 voltage-gated channels which allow for the simultaneous 
flow of protons into the phagosomal membrane [205]. In the absence of 
Hv1, NOX2 activity and superoxide production in the phagosome is 
severely limited [206]. 

The exact role of superoxide production in the phagosome is some-
what controversial. The dogma in the field is that NOX2-derived su-
peroxide and its downstream products hydrogen peroxide and 
hypochlorite generated by myeloperoxidase (MPO) directly kill phago-
cytosed pathogens. However, recent evidence has suggested that pro-
teases delivered to phagosomes by granules are primarily responsible for 
the microbicidal activity of phagosomes [207]. Indeed, mice deficient 
for cathepsin G or elastase were more susceptible to Staphylococcus 
aureus and Candida albicans infections respectively, despite intact NOX2 
activity [207]. Further evidence to support this is the absence of patients 
identified with deficiencies in MPO that suffer from chronic bacterial 
infections like patients with CGD [208]. However, mice with MPO de-
ficiencies do have increased susceptibility to infections by certain bac-
teria or fungi suggesting that MPO is important in some contexts [209]. 

The controversy surrounding the exact role of NOX2-derived 

superoxide and the subsequent activity of MPO in the phagosome is 
concerned with the pH of the phagosome. After the respiratory burst, the 
pH of the phagosome increases and becomes alkaline with a pH of 
approximately 9 [210,211]. This increase in pH is regulated by Hv1 
voltage-gated channels and in their absence, the pH rises as high as 11 
[210]. This alkaline pH is incompatible with hypochlorite generation by 
MPO which is optimal at a slightly acidic pH [212,213]. At an alkaline 
pH, MPO has SOD and catalase activity, which could convert superoxide 
into hydrogen peroxide and hydrogen peroxide into water [210,214, 
215]. This would suggest that the role of MPO in the phagosome is to 
dissipate the ROS generated by NOX2. While the high pH of the phag-
osome is incompatible with the halogenating activity of MPO, it is 
compatible with the maximal activity of proteases like elastase, 
cathepsin G, and proteinase 3 that are present in the phagocytic granules 
[210]. An increase in the pH and an influx of K+ are required for the 
activation of these microbicidal proteases and their release from the 
negatively charged proteoglycan matrix in the granules [207]. 

Levine and Segal have proposed that MPO has SOD and catalase 
activity at a pH of 9 in the phagosome, but in cases where a pathogen 
cannot be fully engulfed, and the pH is that of the extracellular envi-
ronment, MPO generates hypochlorite, which assists in killing extra-
cellular pathogens [208]. However, the recently developed 
rhodamine-based probe, R19-S, which has specificity for hypochlorite, 
has revealed hypochlorite present in phagosomes of isolated neutrophils 
infected with Staphylococcus aureus [216]. Further evidence for hypo-
chlorite induction in the neutrophil phagosome comes from a recent 
study that demonstrated the induction of a chlorine-responsive tran-
scription factor, RclR, in Escherichia coli after ingestion by neutrophils. 
The transcription factor was not induced when NOX2 or MPO was 
inhibited, suggesting that this was indeed due to hypochlorite produc-
tion in the phagosome [217]. 

4.2. Macrophage polarization 

NOX-derived ROS are important in driving macrophage polarization 
to a proinflammatory M1 macrophage phenotype and in their absence, 
anti-inflammatory M2 macrophage differentiation will prevail. In 
p47phox-deficient mice, a model for CGD, there is more skewing towards 
an M2 macrophage phenotype [218]. In the absence of NOX2, macro-
phages have attenuated STAT1 signaling and increased STAT3 signaling 
which promotes the expression of anti-inflammatory markers such as 
Arginase-1 [219]. Studies of Type 1 diabetes by our group (see section 
5.2) have shown that NOD mice carrying the Ncf1m1J mutation, which 

Fig. 4. NADPH oxidase-derived ROS regulate immunity. NOX-derived ROS regulate various aspects of immunity like phagocytosis, pathogen clearance, antigen 
processing, antigen presentation, type I interferon regulation, inflammasome regulation, and cell signaling. 
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results in a lack of p47phox activity, exhibit a skewed M2 macrophage 
phenotype that is partly responsible for delaying spontaneous T1D 
development [220]. 

In contrast, NOX4-and DUOX1-derived hydrogen peroxide promotes 
M2 macrophage polarization. Inhibition of NOX4 in murine bone 
marrow-derived macrophages results in M1 polarization due to reduced 
STAT6 activation and increased NFκB activity [221]. In certain disease 
contexts, NOX4 may be a potential therapeutic target to influence 
macrophage polarization. In pulmonary fibrosis after asbestos exposure, 
NOX4 expression in macrophages promotes profibrotic polarization of 
alveolar macrophages which are resistant to apoptosis [222,223]. In 
non-small cell lung cancer, expression of NOX4 in the tumor promotes 
recruitment and polarization of M2 macrophages, which is associated 
with tumor growth [224]. DUOX1 has also been shown to be expressed 
in macrophages [225,226]. DUOX1− /− macrophages tend to skew to-
wards a proinflammatory M1 phenotype characterized by IFN-γ, CXCL9, 
CCL3, and CCL5 secretion. DUOX1− /− macrophages also have enhanced 
antitumor activity and promote the recruitment of IFN-γ+

tumor-infiltrating CD8+ T cells [188]. 

4.3. Antigen processing and presentation 

NOX2-derived superoxide is important for pathogen killing in neu-
trophils and macrophages, but it also regulates antigen processing and 
presentation in dendritic cells (DCs) (Fig. 4). DCs differ from other 
phagocytic cells in that their primary function is to process antigens and 
present them to T cells rather than just destroying pathogens. NOX2 
activation through PKC-δ promotes pinocytosis and antigen uptake in 
DCs through the SSH1-Cofilin pathway [227,228]. In addition to pro-
moting antigen uptake, NOX2 plays a key role in antigen processing 
within the phagosome by modulating the pH and activity of proteolytic 
enzymes [229]. 

Proteolysis in the phagosome is necessary for generating antigens of 
the correct size for MHC loading. However, too much proteolysis will 
result in the complete destruction of peptides and poor antigen pre-
sentation [229]. Preventing the complete destruction of peptides for 
antigen presentation requires alkalinization of the phagosome, which is 
driven by NOX2 [230]. Indeed, NOX2-deficient DCs have more acidic 
phagosomes and increased antigen degradation [230]. Alkalinization of 
the phagosome is important for optimal activity of proteolytic enzymes 
which affects the types of antigens that can be presented to T cells [229]. 

DCs generally have less NOX2 activity in their phagosomes than 
neutrophils and macrophages, which helps to promote optimal prote-
olysis [231]. High levels of NOX2 activity result in inhibition of cysteine 
cathepsins and poor phagosomal proteolysis whereas a lack of NOX2 
activity results in high levels of proteolysis and destruction of antigens 
[232]. High levels of NOX2 activity also result in decreased reduction of 
disulfide bonds by γ-interferon-inducible lysosomal thiol reductase 
(GILT), which is necessary for unfolding and linearizing peptides for 
antigen presentation [229,231]. GILT is a redox-sensitive reductase that 
is required for disulfide bond reduction and efficient processing of 
several model antigens [233]. GILT is also required for maintaining 
optimal proteolysis by cysteine cathepsins [234]. 

NOX2 activity is also important in promoting cross-presentation of 
antigens by CD8+ DCs [230]. Experimental inhibition of NOX2 by 
treatment with diphenyleneiodonium (DPI) results in the inhibition of 
phagosomal alkalinization and cross-presentation of model tumor anti-
gens [235]. This phenotype is recapitulated in DCs from patients with 
CGD [235]. NOX2 is recruited to the endosomes through activity of the 
SNARE protein VAMP8 [236]. In addition to antigen preservation, 
NOX2 activity has also been shown to cause lipid peroxidation of 
endosomal membranes which promotes antigen release from the endo-
some to the cytosol for cross-presentation [237]. Cross-presentation has 
also been shown to require activity of Rac2 and not Rac1 for NOX2 
activation [238]. 

4.4. Type I interferon regulation 

NOX-generated ROS are also important in regulating type I in-
terferons (IFNs) (Fig. 4). Patients with CGD as well as mice with 
nonfunctional NCF1 have an elevated type I IFN signature and are more 
prone to autoimmune manifestations [6]. In mice that are deficient for 
NCF1, STAT1-dependent gene transcription is increased, which may 
contribute to development of autoimmune SLE and RA [5,6]. In Listeria 
monocytogenes infection, a lack of NOX2-derived superoxide results in an 
exaggerated response to type I IFN signaling with increased expression 
of ISGs. In the case of Listeria, this results in the inability to control 
bacterial spread and mount an effective adaptive immune response 
[239]. However, this is dependent on the genetic background of mice 
since non-obese diabetic (NOD) mice have decreased type I IFN 
signaling, synthesis of ISGs, and a delay in autoimmune diabetes in the 
absence of NOX2-derived superoxide [240,241]. 

In viral infections, too much ROS can dampen type I IFN signaling 
enough to hinder the antiviral response. NOX-derived ROS are required 
for efficient viral sensing through the mitochondrial antiviral signaling 
protein (MAVS), and in their absence, MAVS expression is decreased and 
activation of IRF3 and ISGs is decreased [242]. In the absence of SOD2, 
ROS levels are elevated and the response to RNA viruses is deficient due 
to decreased type I IFN production [243]. ROS generation after IFN 
stimulation is negatively regulated by some ISGs like IFIT2 which can 
interact with p67phox to downregulate superoxide production [244]. 

DUOX1 and DUOX2 are required for an efficient antiviral response in 
airway epithelial cells after influenza A (IAV) infection [193,244]. IAV 
infection results in the upregulation of DUOX1 and DUOX2 in lung 
epithelial cells [246] and DUOX2-derived ROS are required for inducing 
the production of type I and III IFNs during IAV infection [247,248]. It 
has recently been demonstrated that DUOX1-derived hydrogen peroxide 
is important for innate immunity during IAV infection by inducing the 
expression of inflammatory cytokines, recruiting additional immune 
cells, and generating hypothiocyanite in conjunction with the lacto-
peroxidase enzyme [245]. DUOX2 expression in the lungs is driven by 
IFN-β and TNF which induces STAT2 and IRF9-dependent signaling 
pathways [249]. Expression of MDA5 and RIG-I, which is necessary for 
detecting IAV replication, is also dependent on DUOX2-derived ROS 
[250,251]. Inhibition of DUOX2 results in increased IAV replication in 
vivo and in vitro [248,250,251]. 

4.5. The inflammasome 

NOX-derived ROS also play a role in regulating the inflammasome 
(Fig. 4). It has been demonstrated that NOX-derived ROS are necessary 
for activation of the NLRP3 inflammasome in response to extracellular 
ATP, silica, and asbestos [252]. Other studies have demonstrated the 
importance of NOX2-derived ROS for activation of the NLRP1 inflam-
masome [253,254] and NOX4-derived ROS for activation of the NLRP3 
inflammasome [255–257]. The requirement for NOX4 in macrophages 
for inflammasome activation is specific to the NLRP3 inflammasome; 
NOX4 is not required for NLRC4, NLRP1, or AIM2 inflammasome acti-
vation [258]. Evidence shows that not only can ROS induce inflamma-
some activation, but that ROS generation is amplified by NLRP3 
inflammasome activation as well [259–261]. However, there is also 
evidence that without NOX2-derived superoxide there is chronically 
elevated inflammasome activation, highlighting the complexity of in-
teractions between NOX-derived ROS and the inflammasome [262]. 
Further complicating the relationship, it has been shown that caspase-1 
may negatively regulate NOX2 [263]. 

There have been multiple studies that have linked NOX2-derived 
ROS and the inflammasome in disease. In chronic kidney disease, 
oxidative stress can lead to kidney damage due to activation of NOX2 
and the NLRP3 inflammasome [264]. In nonalcoholic fatty liver disease 
in mice, lactate-producing bacteria in the gut can activate NOX2 which 
results in NLRP3 inflammasome activation and exacerbates disease 
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[265]. Glucose-6-phosphate dehydrogenase (G6PD)-deficiency results 
in altered NADPH production. In human peripheral blood mononuclear 
cells with G6PD-deficiency, there is decreased superoxide production 
and defective inflammasome activation, which can be ameliorated by 
exogenous addition of hydrogen peroxide [266]. 

4.6. Cell signaling 

Superoxide and hydrogen peroxide are pleiotropic signaling mole-
cules that can affect a variety of cellular processes ranging from stress 
adaptation, the antioxidant response, the hypoxic response, and the 
inflammatory response (Fig. 4). A thorough examination of the role of 
ROS in cell signaling is beyond the scope of this review and has already 
been reviewed previously [1,267]. NOX-derived hydrogen peroxide can 
modulate signaling pathways by triggering redox switches through the 
oxidation of cysteine and methionine resides [268,269]. Redox switches 
can be used to promote signaling through a pathway by inactivating 
protein tyrosine phosphatases through the oxidation of conserved 
cysteine residues, thus maintaining levels of phosphorylated proteins 
[270–273]. Redox switches can also direct the degradation of proteins 
by the proteasome. For example, oxidation of Met145 in calmodulin by 
peroxynitrite results in its degradation by the proteasome and down-
regulation of calcium signaling [268]. A large portion of cellular ROS is 
derived from superoxide produced by NOX enzymes. However, there are 
other sources of cellular ROS, such as mitochondrial-derived superoxide, 
which makes determining the specific contributions of NOX enzymes on 
signaling pathways more difficult. 

The specific role of NOX enzymes in signaling pathways is not always 
simple to determine when there are multiple NOX enzymes involved 
such as in the well-characterized epidermal growth factor receptor 
(EGFR) pathway. Several NOX enzymes have been demonstrated to be 
involved in the regulation of EGFR signaling. After EGF stimulation, 
epithelial cells begin to produce ROS which is driven by NOX1 down-
stream of PI3K signaling [274]. EGF stimulation also activates the ERK 
pathway which acts to negatively regulate NOX1 activity through the 
phosphorylation of Ser282 in NOXA1 by ERK [275,276]. EGFR signaling 
transduction is also modulated by the oxidation of Cys797 in EGFR by 
hydrogen peroxide derived from NOX2 in A431 cells [277]. NOX4, 
located in the ER, is also involved in regulating EGFR trafficking through 
oxidation of PTP1B, which deactivates EGFR by dephosphorylation 
[278]. In the absence of NOX4, EGFR signaling is decreased due to 
increased PTP1B activity on EGFR after receptor endocytosis [277]. 
DUOX1 in the airway is also associated with EGFR signaling after 
stimulation of TLRs [192–194]. The role of different NOX enzymes in 
EGFR signaling highlights the key role that NOX enzymes play in cell 
signaling and the complex nature of their respective roles in these 
pathways. 

5. NOX enzymes in inflammation and autoimmunity 

5.1. Rheumatoid arthritis 

Studies of NOX2-deficient mice have been used to determine the role 
of NOX2-derived ROS in autoimmune diseases. However, whether 
NOX2-derived ROS contribute to or protect from autoimmunity varies 
depending on the disease and the genetic background of the mice. B10.Q 
mice homozygous for a mutation in the Ncf1 gene (Ncf1m1J mutant), 
which results in aberrant splicing and a lack of NCF1 and NOX2 activity, 
have increased presentation of an autoantigen involved in collagen- 
induced arthritis. This is thought to be due to upregulation of GILT 
which facilitates disulfide bond-containing antigen processing [279]. It 
is worth noting that B10.Q mice are usually resistant to 
collagen-induced arthritis and have hyporesponsiveness to IL-12 due to 
a mutation in Tyk2 [280]. 

5.2. Type 1 diabetes 

Previous work by our group has explored the role of NOX2-derived 
ROS in the context of Type 1 diabetes (T1D) using a mouse model 
with the Ncf1m1J mutation on the NOD mouse background (NOD. 
Ncf1m1J) [281]. NOD.Ncf1m1J mice are protected from spontaneous, 
adoptively transferred, and virus-accelerated diabetes [220]. An inves-
tigation into the mechanism of protection from T1D in these mice has 
revealed that NOD.Ncf1m1J mice have altered macrophage phenotypes. 
Macrophages from NOD.Ncf1m1J mice are skewed more towards an 
anti-inflammatory M2 phenotype compared to macrophages from NOD 
mice with intact NOX [281,282]. Macrophages from NOD.Ncf1m1J mice 
also have dysregulated signaling through TLRs and express significantly 
less proinflammatory cytokines such as TNF and IFN-β after stimulation 
with TLR ligands [281,282]. In contrast to the B10.Q mice, NOD mice 
are more prone to Th1 T cell responses and inflammation [283]. These 
findings suggest that the role of NOX2 in autoimmunity is also heavily 
dependent on the genetic background of the host. 

The diverse biological functions that are regulated or modified by 
NOX-derived ROS make antioxidant-based therapies attractive for 
treating diseases associated with oxidative stress. Previous work by our 
group has investigated the use of a metalloporphyrin-based superoxide 
dismutase mimetic (SOD mimetic), which acts as a catalytic antioxidant, 
for the treatment of T1D. We have shown that spontaneous and adop-
tively transferred diabetes can be delayed in mice pretreated with the 
SOD mimetic [281]. We have also shown that treatment of macrophages 
with the SOD mimetic results in decreased TNF, IL-1β, and ROS pro-
duction after treatment with inflammatory stimuli due to decreased 
DNA binding by redox-sensitive transcription factors like NFκB and SP1 
[284]. 

Our group has also investigated the use of antioxidant-containing 
biomaterials to treat T1D. We have shown that microcapsules 
composed of poly(N-vinylpyrrolidone) (PVPON) and the antioxidant 
tannic acid can be used to deliver antigens in vivo to mice to promote 
antigen-specific tolerance [285]. The goal of this therapy would be to 
induce tolerance to autoantigens associated with T1D by dampening 
ROS, which results in antigen hyporesponsiveness [285]. We have also 
used PVPON and tannic acid-containing biomaterials to encapsulate 
islets for transplantation into diabetic recipients [286]. Encapsulation 
with the PVPON and tannic acid-containing biomaterial delays islet 
allograft and autoimmune-mediated rejection after transplantation into 
diabetic recipients [286]. 

6. NOX enzymes in SARS-CoV-2 infection and acute lung injury 

NOX-derived ROS play important roles in viral infections and 
modulate aspects of the innate and adaptive immune responses to 
infection. DNA and RNA viruses can activate endosomal NOX2 via 
activation of PKC downstream of sensing by TLR7 or TLR9, which results 
in the production of hydrogen peroxide. The generation of endosomal 
hydrogen peroxide results in a suppressed antiviral response and a 
decrease in antibody production [287]. Studies in mouse models defi-
cient in NOX2 have demonstrated that a lack of NOX2 results in skewing 
towards a Th1 response and increased production of IgG2c and IFN-γ 
[288]. Similarly, IgG2 levels were increased in human sera from CGD 
patients, which suggests a skewing towards Th1 responses [288]. Thus, 
viruses that can activate NOX2 will be able to dampen the antiviral 
response, favoring viral replication. 

Recent evidence from the COVID-19 pandemic suggests that oxida-
tive stress may be driving acute lung injury in patients with severe SARS- 
CoV-2 infection (Fig. 5) [289]. NOX2 activation is higher in COVID-19 
patients compared to controls and higher in severe COVID-19 cases 
compared to non-severe cases [290]. Oxidative stress during 
SARS-CoV-2 infection may be due to activation of the NLRP3 inflam-
masome in infected cells [291]. It has been hypothesized that increased 
risk for oxidative stress and severe COVID-19 may be due to suppressed 
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antioxidant responses through the NRF2 pathway, glutathione defi-
ciency, or low levels of SOD3 expression in alveolar type II cells 
[291–293]. A recent study demonstrated an influx of NOX1 and NOX2 
positive granulocytic-myeloid-derived suppressor cells (G-MDSCs) in 
the lungs of patients with severe COVID-19 complications. The study 
demonstrated that Arginase-1 positive G-MDSCs depleted L-arginine 
levels which resulted in impaired T cell and endothelial dysfunction 
[294]. However, the study did not conclusively demonstrate the role of 
NOX enzymes in these cells and whether NOX-derived ROS played a role 
in disease severity. 

During SARS-CoV-2 infection, activated neutrophils have been 
shown to be one of the main sources of ROS production in the lung tissue 
and a driver of lung tissue damage (Fig. 5A–D) [295,296]. Several 
studies have demonstrated that increased neutrophil to lymphocyte ra-
tios correlate with more severe disease outcomes [297,298]. 
Post-mortem analysis of lung tissue of patients with severe COVID-19 
showed evidence of neutrophil extracellular traps (NETs) which likely 
are contributing to lung tissue damage (Fig. 5E) [296]. In vitro experi-
ments have demonstrated that SARS-CoV-2 can activate NETs in human 
neutrophils and that this correlates to increased production of ROS and 
IL-8 [299]. NETosis can also be induced through FcαRI engagement by 
IgA-virus immune complexes. Immune complexes made up of 
SARS-CoV-2 spike protein pseudotyped lentivirus purified IgA from 
COVID-19 convalescent patients were able to induce NETosis in vitro. 
NETosis was not seen when using purified serum IgA from COVID-19 
naïve patients or when neutrophils were pretreated with the NOX in-
hibitor DPI [300]. 

Acute lung injury during COVID-19 also correlates with elevated 
levels of D-dimer and fibrinogen suggesting that thrombosis may be 

contributing to increased mortality in severe cases [297,298]. Indeed, 
severe COVID-19 cases and COVID-19 deaths have been linked to 
thrombotic complications like pulmonary embolism [301]. Analysis of 
post-mortem lung tissue has shown that COVID-19-related deaths 
appear to be correlated with increased platelet-fibrin thrombi and 
microangiopathy in the lung (Fig. 5F) [302,303]. NETs from activated 
neutrophils are likely directly contributing to thrombosis, but there is 
also evidence to suggest that endothelial cells may be involved [299]. 

Severe COVID-19 cases have been associated with endothelial cell 
activation which is present not only in the lungs but also in other vital 
organs like the heart, kidneys, and intestines [304]. Endothelial cells 
express the ACE2 receptor which is required for infection by 
SARS-CoV-2. One hypothesis is that infected endothelial cells produce 
tissue factor after activation of NOX2, which promotes clotting through 
interaction with coagulation factor VII (Fig. 5G) [305]. Escher and 
colleagues reported that treatment of a critically ill COVID-19 patient 
with anticoagulation therapy resulted in a positive outcome and hy-
pothesize that endothelial cell activation may also be driving coagula-
tion [306]. Studies of SARS-CoV that was responsible for the 2003 SARS 
epidemic have shown that oxidized phospholipids were found in the 
lungs of infected patients, which is associated with acute lung injury 
through promotion of tissue factor expression and initiation of clotting 
[307,308]. 

Therapies targeting ROS or NOX enzyme activation may be benefi-
cial in acute lung injury. Given the role of NOX2-derived ROS as a driver 
of acute lung injury during COVID-19, therapies that target NOX2 en-
zymes or ROS may be beneficial in severe COVID-19 cases. Pasini and 
colleagues have extensively reviewed the subject and propose that 
studies should be performed to assess the use of ROS scavengers and 

Fig. 5. Acute lung injury during SARS-CoV-2 infection. (A) SARS-CoV-2 inhaled in the lung is first detected by (B) alveolar macrophages which produce 
proinflammatory cytokines and chemokines to recruit additional immune cells. (C) Neutrophils and lymphocytes are recruited to the lungs. (D) Severe COVID-19 
cases are associated with a high neutrophil to lymphocyte ratio. NOX2 is activated in neutrophils which produce ROS in the alveoli driving lung damage. (E) 
SARS-CoV-2 can also activate NETosis and the release of neutrophil extracellular traps (NETs). (F) Platelet-fibrin thrombi are formed in the lungs causing further 
tissue damage. (G) Infected endothelial cells and type II pneumocytes in the lungs produce tissue factor which acts on coagulation factor VII to initiate clotting. Some 
images were modified from Servier Medical Art under a Creative Commons License. 
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NRF2 activators as potential COVID-19 therapeutics to be used alone or 
in conjunction with existing treatments [291]. It has also been proposed 
that supplementation of vitamin D may also have a positive effect on 
COVID-19 outcomes through its immunomodulatory effects including 
inducing downregulation of NOX2 [309]. However, vitamin D has also 
been shown to upregulate ACE2 which may facilitate viral replication 
[310]. Therefore, these proposed COVID-19 therapies need testing 
before their efficacy can be determined. 

Targeting NOX enzymes in acute lung injury not caused by COVID- 
19 may also be beneficial. In acute lung injury caused by renal 
ischemia-reperfusion, treatment with dexmedetomidine reduces NOX4 
activation in alveolar macrophages which correlates with decreased 
NLRP3 inflammasome activation [311]. Another recent study demon-
strated that treatment with the NOX1/NOX4 inhibitor GKT137831 re-
sults in less severe acute lung injury after ischemia-reperfusion in mice 
by dampening the amount of proinflammatory cytokines produced in 
the lungs [312]. 

7. Perspectives & conclusions 

7.1. Inhibitors of NOX enzymes 

Given the role of NOX-derived ROS in various pathologies, specific 
inhibitors of NOX enzymes have been of interest. Numerous NOX in-
hibitors have been developed that are pan-NOX inhibitors or are specific 
to one NOX enzyme (reviewed in Ref. [313]). Inhibitors specific to 
NOX2 have been developed and shown efficacy in mice [313]. The 
peptide inhibitor (RKKRRQRRRCSTRIRRQL), called NOX2ds-tat, has 
been shown to prevent p47phox binding to the B-loop of NOX2 [314]. 
This inhibitor has been shown in a mouse model of ischemic retinopathy 
to block VEGF overexpression [315]. This inhibitor has also been suc-
cessfully used to reduce vascular superoxide levels in response to 
angiotensin II [316]. These proof-of-concept studies demonstrate that 
NOX inhibitors may have therapeutic benefit for human diseases 
including COVID-19, type I diabetes, and cardiovascular disease. 

7.2. Conclusions 

NOX enzymes are an important group of enzymes that produce su-
peroxide which is necessary for the generation of other ROS like 
hydrogen peroxide, peroxynitrite, and hydroxyl radicals. NOX-derived 
ROS function in diverse pathways in immunity including immunity to 
pathogens, generation of an adaptive immune response, cell signaling, 
and autoimmunity. Understanding the complex biology of NOX enzymes 
and their regulation will be important for treating a wide variety of 
diseases. NOX2 is the best-studied NOX enzyme, but more studies of the 
other NOX enzymes are being conducted to discover their role in health 
and disease. Future studies investigating the role of antioxidants or in-
hibitors of NOX enzymes could lead to the development of beneficial 
therapies for a wide variety of autoimmune and infectious diseases. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The authors would like to thank Katie Heath, Jessie Barra, and 
Samuel Blum for critically reading the manuscript. 

This work was supported by an NIH/NIDDK R01 award (DK099550) 
(HMT), JDRF Award (2-SRA-2019-692-S-B) (HMT), NIH/NIDDK R01 
award (DK127497) (HMT), NIH/NIDDK R01 award (DK126456) (HMT), 
and NIH/NIAID T32 Immunologic Diseases and Basic Immunology 
award (T32.AI007051) (JPT). 

References 

[1] H. Sies, D.P. Jones, Reactive oxygen species (ROS) as pleiotropic physiological 
signalling agents., Nature Reviews, MCB (Mol. Cell. Biol.) 21 (2020) 363–383, 
https://doi.org/10.1038/s41580-020-0230-3. 

[2] J.D. Lambeth, NOX enzymes and the biology of reactive oxygen., Nature Reviews, 
Immunology 4 (2004) 181–189, https://doi.org/10.1038/nri1312. 

[3] A.W. Segal, O.T.G. Jones, D. Webster, A.C. Allison, ABSENCE OF A NEWLY 
DESCRIBED CYTOCHROME b FROM NEUTROPHILS OF PATIENTS WITH 
CHRONIC GRANULOMATOUS DISEASE, Lancet 312 (1978) 446–449, https:// 
doi.org/10.1016/S0140-6736(78)91445-9. 

[4] M.J. Stasia, X.J. Li, Genetics and immunopathology of chronic granulomatous 
disease, Semin. Immunopathol. 30 (2008) 209–235, https://doi.org/10.1007/ 
s00281-008-0121-8. 

[5] S. Winter, M. Hultqvist Hopkins, F. Laulund, R. Holmdahl, A reduction in 
intracellular reactive oxygen species due to a mutation in NCF4 promotes 
autoimmune arthritis in mice.,, Antioxidants Redox Signal. 25 (2016) 983–996, 
https://doi.org/10.1089/ars.2016.6675. 
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C.R. Tiffany, B.P. Butler, A.J. Bäumler, Anaerobic respiration of NOX1-derived 
hydrogen peroxide licenses bacterial growth at the colonic surface, Cell Host 
Microbe 28 (2020) 789–797, https://doi.org/10.1016/j.chom.2020.10.009, e5. 

[122] R.B. Chanin, M.G. Winter, L. Spiga, E.R. Hughes, W. Zhu, S.J. Taylor, A. Arenales, 
C.C. Gillis, L. Büttner, A.G. Jimenez, M.P. Smoot, R.L. Santos, S.E. Winter, 
Epithelial-derived reactive oxygen species enable AppBCX-mediated aerobic 
respiration of Escherichia coli during intestinal inflammation, Cell Host Microbe 
28 (2020) 780–788, https://doi.org/10.1016/j.chom.2020.09.005, e5. 

[123] R.S. Arnold, J. Shi, E. Murad, A.M. Whalen, C.Q. Sun, R. Polavarapu, 
S. Parthasarathy, J.A. Petros, J.D. Lambeth, Hydrogen peroxide mediates the cell 
growth and transformation caused by the mitogenic oxidase Nox1, Proc. Natl. 
Acad. Sci. U. S. A. 98 (2001) 5550–5555, https://doi.org/10.1073/ 
pnas.101505898. 

[124] J.L. Arbiser, J. Petros, R. Klafter, B. Govindajaran, E.R. McLaughlin, L.F. Brown, 
C. Cohen, M. Moses, S. Kilroy, R.S. Arnold, J.D. Lambeth, Reactive oxygen 
generated by Nox1 triggers the angiogenic switch, Proc. Natl. Acad. Sci. U. S. A. 
99 (2002) 715–720, https://doi.org/10.1073/pnas.022630199. 

[125] A.J. Valente, Q. Zhou, Z. Lu, W. He, M. Qiang, W. Ma, G. Li, L. Wang, B. Banfi, 
K. Steger, K.-H. Krause, R.A. Clark, S. Li, Regulation of NOX1 expression by 
GATA, HNF-1alpha, and Cdx transcription factors, Free Radical Biol. Med. 44 
(2008) 430–443, https://doi.org/10.1016/j.freeradbiomed.2007.10.035. 

[126] Y. Adachi, Y. Shibai, J. Mitsushita, W.H. Shang, K. Hirose, T. Kamata, Oncogenic 
Ras upregulates NADPH oxidase 1 gene expression through MEK-ERK-dependent 
phosphorylation of GATA-6, Oncogene 27 (2008) 4921–4932, https://doi.org/ 
10.1038/onc.2008.133. 

[127] E. Laurent, J.W. McCoy, R.A. Macina, W. Liu, G. Cheng, S. Robine, J. Papkoff, J. 
D. Lambeth, Nox1 is over-expressed in human colon cancers and correlates with 
activating mutations in K-Ras, Int. J. Cancer 123 (2008) 100–107, https://doi. 
org/10.1002/ijc.23423. 

[128] J. Stalin, S. Garrido-Urbani, F. Heitz, C. Szyndralewiez, S. Jemelin, O. Coquoz, 
C. Ruegg, B.A. Imhof, Inhibition of host NOX1 blocks tumor growth and enhances 
checkpoint inhibitor-based immunotherapy, Life Science Alliance 2 (2019), 
https://doi.org/10.26508/lsa.201800265. 

[129] G. Cheng, Z. Cao, X. Xu, E.G. van Meir, J.D. Lambeth, Homologs of gp91phox: 
cloning and tissue expression of Nox3, Nox4, and Nox5, Gene 269 (2001) 
131–140, https://doi.org/10.1016/s0378-1119(01)00449-8. 

[130] P. R, B. Ra, P. F, W. P, M. Rj, J. W, H. U, M. A, B. A, L. J, R. A, S. G, S. Jc, B. DE, 
Vestibular defects in head-tilt mice result from mutations in Nox3, encoding an 
NADPH oxidase, Genes Dev. 18 (2004) 486–491, https://doi.org/10.1101/ 
GAD.1172504. 

[131] G. Cheng, D. Ritsick, J.D. Lambeth, Nox3 regulation by NOXO1, p47phox, and 
p67phox, J. Biol. Chem. 279 (2004) 34250–34255, https://doi.org/10.1074/jbc. 
M400660200. 

[132] N. Ueno, R. Takeya, K. Miyano, H. Kikuchi, H. Sumimoto, The NADPH oxidase 
Nox3 constitutively produces superoxide in a p22phox-dependent manner: its 
regulation by oxidase organizers and activators, J. Biol. Chem. 280 (2005) 
23328–23339, https://doi.org/10.1074/jbc.M414548200. 

[133] Y. Nakano, B. Banfi, A.J. Jesaitis, M.C. Dinauer, L.-A.H. Allen, W.M. Nauseef, 
Critical roles for p22phox in the structural maturation and subcellular targeting of 
Nox3, Biochem. J. 403 (2007) 97–108, https://doi.org/10.1042/BJ20060819. 

[134] B. Bánfi, B. Malgrange, J. Knisz, K. Steger, M. Dubois-Dauphin, K.-H. Krause, 
NOX3, a superoxide-generating NADPH oxidase of the inner ear, J. Biol. Chem. 
279 (2004) 46065–46072, https://doi.org/10.1074/jbc.M403046200. 

[135] F. Rousset, S. Carnesecchi, P. Senn, K.-H. Krause, NOX3-TARGETED therapies for 
inner ear pathologies, Curr. Pharmaceut. Des. 21 (2015) 5977–5987, https://doi. 
org/10.2174/1381612821666151029112421. 

[136] H. Mohri, Y. Ninoyu, H. Sakaguchi, S. Hirano, N. Saito, T. Ueyama, Nox3-derived 
superoxide in cochleae induces sensorineural hearing loss, J. Neurosci. 41 (2021) 
4716–4731, https://doi.org/10.1523/JNEUROSCI.2672-20.2021. 

[137] Y.S. Shin, S.J. Song, S.U. Kang, H.S. Hwang, J.W. Choi, B.H. Lee, Y.-S. Jung, C.- 
H. Kim, A novel synthetic compound, 3-amino-3-(4-fluoro-phenyl)-1H-quinoline- 
2,4-dione, inhibits cisplatin-induced hearing loss by the suppression of reactive 
oxygen species: in vitro and in vivo study, Neuroscience 232 (2013) 1–12, 
https://doi.org/10.1016/j.neuroscience.2012.12.008. 

[138] L.P. Rybak, D. Mukherjea, S. Jajoo, T. Kaur, V. Ramkumar, siRNA-mediated 
knock-down of NOX3: therapy for hearing loss?, Cellular and Molecular Life 
Sciences, CMLS 69 (2012) 2429–2434, https://doi.org/10.1007/s00018-012- 
1016-3. 

[139] N. Oishi, F.-Q. Chen, H.-W. Zheng, S.-H. Sha, Intra-tympanic delivery of short 
interfering RNA into the adult mouse cochlea, Hear. Res. 296 (2013) 36–41, 
https://doi.org/10.1016/j.heares.2012.10.011. 

[140] S. Carnesecchi, J.-L. Carpentier, M. Foti, I. Szanto, Insulin-induced vascular 
endothelial growth factor expression is mediated by the NADPH oxidase NOX3, 
Exp. Cell Res. 312 (2006) 3413–3424, https://doi.org/10.1016/j. 
yexcr.2006.07.003. 

[141] D. Gao, S. Nong, X. Huang, Y. Lu, H. Zhao, Y. Lin, Y. Man, S. Wang, J. Yang, J. Li, 
The effects of palmitate on hepatic insulin resistance are mediated by NADPH 
Oxidase 3-derived reactive oxygen species through JNK and p38MAPK pathways, 
J. Biol. Chem. 285 (2010) 29965–29973, https://doi.org/10.1074/jbc. 
M110.128694. 

[142] L. Li, Q. He, X. Huang, Y. Man, Y. Zhou, S. Wang, J. Wang, J. Li, NOX3-derived 
reactive oxygen species promote TNF-alpha-induced reductions in hepatocyte 
glycogen levels via a JNK pathway, FEBS (Fed. Eur. Biochem. Soc.) Lett. 584 
(2010) 995–1000, https://doi.org/10.1016/j.febslet.2010.01.044. 

[143] A. Shiose, J. Kuroda, K. Tsuruya, M. Hirai, H. Hirakata, S. Naito, M. Hattori, 
Y. Sakaki, H. Sumimoto, A novel superoxide-producing NAD(P)H oxidase in 
kidney, J. Biol. Chem. 276 (2001) 1417–1423, https://doi.org/10.1074/jbc. 
M007597200. 

[144] M. Geiszt, J.B. Kopp, P. Várnai, T.L. Leto, Identification of renox, an NAD(P)H 
oxidase in kidney, Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 8010–8014, https:// 
doi.org/10.1073/pnas.130135897. 

[145] K.D. Martyn, L.M. Frederick, K. von Loehneysen, M.C. Dinauer, U.G. Knaus, 
Functional analysis of Nox4 reveals unique characteristics compared to other 
NADPH oxidases, Cell. Signal. 18 (2006) 69–82, https://doi.org/10.1016/j. 
cellsig.2005.03.023. 

[146] L. Serrander, L. Cartier, K. Bedard, B. Banfi, B. Lardy, O. Plastre, A. Sienkiewicz, 
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D. Rosenzweig, F. Faure, S. Amigorena, NADPH oxidase controls phagosomal pH 
and antigen cross-presentation in human dendritic cells, Blood 112 (2008) 
4712–4722, https://doi.org/10.1182/blood-2008-01-134791. 

[236] I. Dingjan, L.M. Paardekooper, D.R.J. Verboogen, G.F. von Mollard, M. ter Beest, 
G. van den Bogaart, VAMP8-mediated NOX2 recruitment to endosomes is 
necessary for antigen release, Eur. J. Cell Biol. 96 (2017) 705–714, https://doi. 
org/10.1016/j.ejcb.2017.06.007. 

[237] I. Dingjan, D.R.J. Verboogen, L.M. Paardekooper, N.H. Revelo, S.P. Sittig, L. 
J. Visser, G.F. von Mollard, S.S.V. Henriet, C.G. Figdor, M. ter Beest, G. van den 
Bogaart, Lipid peroxidation causes endosomal antigen release for cross- 
presentation, Sci. Rep. 6 (2016) 22064, https://doi.org/10.1038/srep22064. 

[238] A. Savina, A. Peres, I. Cebrian, N. Carmo, C. Moita, N. Hacohen, L.F. Moita, 
S. Amigorena, The small GTPase Rac2 controls phagosomal alkalinization and 
antigen crosspresentation selectively in CD8(+) dendritic cells, Immunity 30 
(2009) 544–555, https://doi.org/10.1016/j.immuni.2009.01.013. 

[239] J.D. Rojas Márquez, T. Li, A.R.R. McCluggage, J.M.J. Tan, A. Muise, D.E. Higgins, 
J.H. Brumell, Cutting Edge, NOX2 NADPH oxidase controls infection by an 
intracellular bacterial pathogen through limiting the type 1 IFN response, 
J. Immunol. 206 (2021) 323–328, https://doi.org/10.4049/jimmunol.2000694. 

[240] M.C. Seleme, W. Lei, A.R. Burg, K.Y. Goh, A. Metz, C. Steele, H.M. Tse, 
Dysregulated TLR3-dependent signaling and innate immune activation in 
superoxide-deficient macrophages from nonobese diabetic mice, Free Radic. Biol. 
Med. 52 (2012) 2047–2056, https://doi.org/10.1016/j. 
freeradbiomed.2012.01.027. 

[241] A.R. Burg, S. Das, L.E. Padgett, Z.E. Koenig, H.M. Tse, Superoxide production by 
NADPH oxidase intensifies macrophage antiviral responses during diabetogenic 
coxsackievirus infection, J. Immunol. 200 (2018) 61–70, https://doi.org/ 
10.4049/jimmunol.1700478. 

[242] A. Soucy-Faulkner, E. Mukawera, K. Fink, A. Martel, L. Jouan, Y. Nzengue, 
D. Lamarre, C. vande Velde, N. Grandvaux, Requirement of NOX2 and reactive 
oxygen species for efficient RIG-I-mediated antiviral response through regulation 
of MAVS expression, PLoS Pathog. 6 (2010) e1000930, https://doi.org/10.1371/ 
journal.ppat.1000930. 

[243] W. Wang, Y. Jin, N. Zeng, Q. Ruan, F. Qian, SOD2 facilitates the antiviral innate 
immune response by scavenging reactive oxygen species, Viral Immunol. 30 
(2017) 582–589, https://doi.org/10.1089/vim.2017.0043. 

J.P. Taylor and H.M. Tse                                                                                                                                                                                                                     

https://doi.org/10.1128/IAI.00627-09
https://doi.org/10.1128/IAI.00627-09
https://doi.org/10.1016/j.bbrc.2010.08.037
https://doi.org/10.1016/j.bbrc.2010.08.037
https://doi.org/10.1053/j.gastro.2013.07.011
https://doi.org/10.3389/fcimb.2017.00373
https://doi.org/10.1073/pnas.0902761106
https://doi.org/10.1073/pnas.0905565106
https://doi.org/10.1371/journal.pone.0014081
https://doi.org/10.1371/journal.pone.0014081
https://doi.org/10.1038/416291a
https://doi.org/10.1038/416291a
https://doi.org/10.1128/microbiolspec.mchd-0018-2015
https://doi.org/10.1128/microbiolspec.mchd-0018-2015
https://doi.org/10.1189/jlb.0712349
https://doi.org/10.1371/journal.pone.0125906
https://doi.org/10.1371/journal.pone.0125906
https://doi.org/10.1038/290406a0
https://doi.org/10.1128/JB.95.6.2131-2138.1968
https://doi.org/10.1128/JB.95.6.2131-2138.1968
https://doi.org/10.1084/jem.126.6.1063
https://doi.org/10.1021/bi010940b
https://doi.org/10.1021/bi010940b
https://doi.org/10.1021/bi602587k
https://doi.org/10.1021/bi602587k
https://doi.org/10.1074/jbc.RA118.004789
https://doi.org/10.1093/femspd/ftaa079
https://doi.org/10.1016/j.ajpath.2011.11.019
https://doi.org/10.1186/s12974-017-0843-4
https://doi.org/10.1186/s12974-017-0843-4
https://doi.org/10.2337/db14-0929
https://doi.org/10.1155/2019/3264858
https://doi.org/10.1172/jci.insight.126551
https://doi.org/10.1172/jci.insight.126551
https://doi.org/10.1016/j.jbc.2021.100810
https://doi.org/10.1016/j.redox.2019.101116
https://doi.org/10.1016/j.bbalip.2019.158552
https://doi.org/10.1007/s00011-014-0756-y
https://doi.org/10.1007/s00011-014-0756-y
https://doi.org/10.3389/fimmu.2018.00537
https://doi.org/10.3389/fimmu.2018.00537
https://doi.org/10.1016/j.cellsig.2018.09.018
https://doi.org/10.1016/j.freeradbiomed.2018.03.040
https://doi.org/10.1016/j.freeradbiomed.2018.03.040
https://doi.org/10.1016/j.cell.2006.05.035
https://doi.org/10.1016/j.cell.2006.05.035
https://doi.org/10.1038/emboj.2011.440
https://doi.org/10.1038/emboj.2011.440
https://doi.org/10.1073/pnas.0914867107
https://doi.org/10.1073/pnas.97.2.745
https://doi.org/10.1074/jbc.M114.584391
https://doi.org/10.1182/blood-2008-01-134791
https://doi.org/10.1016/j.ejcb.2017.06.007
https://doi.org/10.1016/j.ejcb.2017.06.007
https://doi.org/10.1038/srep22064
https://doi.org/10.1016/j.immuni.2009.01.013
https://doi.org/10.4049/jimmunol.2000694
https://doi.org/10.1016/j.freeradbiomed.2012.01.027
https://doi.org/10.1016/j.freeradbiomed.2012.01.027
https://doi.org/10.4049/jimmunol.1700478
https://doi.org/10.4049/jimmunol.1700478
https://doi.org/10.1371/journal.ppat.1000930
https://doi.org/10.1371/journal.ppat.1000930
https://doi.org/10.1089/vim.2017.0043


Redox Biology 48 (2021) 102159

17

[244] M. Stawowczyk, S. Naseem, V. Montoya, D.P. Baker, J. Konopka, N.C. Reich, 
Pathogenic effects of IFIT2 and interferon-β during fatal systemic Candida 
albicans infection, mBio 9 (2018), https://doi.org/10.1128/mBio.00365-18. 

[245] D. Sarr, A.D. Gingerich, N.M. Asthiwi, F. Almutairi, G.A. Sautto, J. Ecker, T. Nagy, 
M.B. Kilgore, J.D. Chandler, T.M. Ross, R.A. Tripp, B. Rada, Dual oxidase 1 
promotes antiviral innate immunity, Proc. Natl. Acad. Sci. U. S. A. 118 (2021), 
https://doi.org/10.1073/pnas.2017130118. 

[246] H.J. Kim, C.-H. Kim, J.-H. Ryu, M.-J. Kim, C.Y. Park, J.M. Lee, M.J. Holtzman, J.- 
H. Yoon, Reactive oxygen species induce antiviral innate immune response 
through IFN-λ regulation in human nasal epithelial cells, Am. J. Respir. Cell Mol. 
Biol. 49 (2013) 855–865, https://doi.org/10.1165/rcmb.2013-0003OC. 

[247] M. Strengert, R. Jennings, S. Davanture, P. Hayes, G. Gabriel, U.G. Knaus, 
Mucosal reactive oxygen species are required for antiviral response: role of Duox 
in influenza a virus infection, Antioxidants Redox Signal. 20 (2014) 2695–2709, 
https://doi.org/10.1089/ars.2013.5353. 

[248] B.J. Kim, S.W. Cho, Y.J. Jeon, S. An, A. Jo, J.H. Lim, D.-Y. Kim, T.-B. Won, D. 
H. Han, C.-S. Rhee, H.J. Kim, Intranasal delivery of Duox2 DNA using cationic 
polymer can prevent acute influenza A viral infection in vivo lung, Appl. 
Microbiol. Biotechnol. 102 (2018) 105–115, https://doi.org/10.1007/s00253- 
017-8512-1. 

[249] K. Fink, L. Martin, E. Mukawera, S. Chartier, X. de Deken, E. Brochiero, F. Miot, 
N. Grandvaux, IFNβ/TNFα synergism induces a non-canonical STAT2/IRF9- 
dependent pathway triggering a novel DUOX2 NADPH oxidase-mediated airway 
antiviral response, Cell Res. 23 (2013) 673–690, https://doi.org/10.1038/ 
cr.2013.47. 

[250] S.-N. Hong, J.Y. Kim, H. Kim, D.-Y. Kim, T.-B. Won, D.H. Han, C.-S. Rhee, H. 
J. Kim, Duox2 is required for the transcription of pattern recognition receptors in 
acute viral lung infection: an interferon-independent regulatory mechanism, 
Antivir. Res. 134 (2016) 1–5, https://doi.org/10.1016/j.antiviral.2016.08.017. 

[251] H.J. Kim, C.-H. Kim, M.-J. Kim, J.-H. Ryu, S.Y. Seong, S. Kim, S.J. Lim, M. 
J. Holtzman, J.-H. Yoon, The induction of pattern-recognition receptor expression 
against influenza A virus through duox2-derived reactive oxygen species in nasal 
mucosa, Am. J. Respir. Cell Mol. Biol. 53 (2015) 525–535, https://doi.org/ 
10.1165/rcmb.2014-0334OC. 
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