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NOX2 Complex–Derived ROS as Immune Regulators
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Abstract

Reactive oxygen species (ROS) are a heterogeneous group of highly reactive molecules that oxidize targets in a
biologic system. During steady-state conditions, ROS are constantly produced in the electron-transport chain
during cellular respiration and by various constitutively active oxidases. ROS production can also be induced by
activation of the phagocyte NADPH oxidase 2 (NOX2) complex in a process generally referred to as an oxidative
burst. The induced ROS have long been considered proinflammatory, causing cell and tissue destruction. Recent
findings have challenged this inflammatory role of ROS, and today, ROS are also known to regulate immune
responses and cell proliferation and to determine T-cell autoreactivity. NOX2-derived ROS have been shown to
suppress antigen-dependent T-cell reactivity and remarkably to reduce the severity of experimental arthritis in
both rats and mice. In this review, we discuss the role of ROS and the NOX2 complex as suppressors of
autoimmunity, inflammation, and arthritis. Antioxid. Redox Signal. 15, 2197–2208.

Introduction

Oxidative stress is considered as one of the pathologic
arms of the immune system at sites of tissue destruction

in inflammatory diseases such as rheumatoid arthritis (RA) (2,
104), atherosclerosis (37), multiple sclerosis (MS) (30, 63), and
inflammatory bowel disease (IBD) (84). NADPH oxidase 2
(NOX2) complex–derived ROS are necessary for eradication
of invading pathogens, as mutations in any of the genes
coding for NOX2 complex proteins can result in chronic
granulomatous disease (CGD) (17, 61), characterized by se-
vere and recurrent life-threatening infections. During patho-
gen killing, ROS are produced into the phagosome to activate
proteolytic enzymes (81), and during this process, ROS are
believed to ‘‘leak out’’ and cause collateral damage in the
surrounding tissue.

Surprisingly, and in contrast to the general idea that ROS
promote inflammation, we and others have shown that low
ROS production due to impaired phagocyte NOX2 complex
function mediates the enhanced severity of autoimmune
diseases in rodent models of arthritis and MS (29, 42, 70). In
addition, leukocytes from patients with severe MS produce
less superoxide than do leukocytes from patients with milder
disease (65). Similarly, patients with severe Guillain–Barré
syndrome, another inflammatory demyelinating autoim-
mune disorder, have lower oxygen radical production in pe-
ripheral blood leukocytes compared with that in patients with

milder disease (66). Defective ROS production by neutrophils
has been associated with hyperinflammatory conditions (23),
and CGD patients with defective oxidative bursts exhibit a
hyperinflammatory immunologic status resembling idio-
pathic inflammatory diseases (8). These observations sup-
port the regulatory role of ROS in autoimmune diseases. In
this review, we discuss the inflammation-limiting role of
NOX2 complex–derived ROS and mechanisms underlying
the protection.

The NOX2 Complex Responsible
for Phagocyte ROS Production

The NOX family of NADPH oxidases consists of trans-
membrane enzymes that oxidize intracellular NADPH=
NADH, leading to electron transportation across the mem-
brane and reduction of molecular oxygen into superoxide.
The seven members in the NOX family include the NOX
complexes 1 through 5 and DUOX 1 and 2. The enzymes are
isoforms that share the capability of transporting electrons
through biologic membranes and producing superoxide, but
differ in their expression pattern and the accessory compo-
nents needed for the enzymatic activity. For reviews, see
(6, 75).

The NADPH oxidase complex with NOX2 (GP91phox) as
the transmembrane oxidase, the NOX2 complex, expressed
mainly in phagocytes, is responsible for the oxidative burst
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required to kill ingested pathogens, and is thus considered to
be the main source of ROS in inflamed tissues (53, 80).

The transmembrane catalytic core of the NOX2 complex is
flavocytochrome b558, a heterodimer that contains a large
glycoprotein GP91phox (alias NOX2=CYBB) and the smaller
protein P22phox (alias CYBA) (Fig. 1). The other components of
the complex are P47phox(alias NCF1), P67phox (alias NCF2),
P40phox (alias NCF4), and RAC, which all are regulatory cy-
tosolic proteins. The NOX2 complex is inactive in un-
stimulated cells but can be readily activated by various
stimuli (69, 107). Not only the transmembrane enzymatic core
but also the cytosolic regulatory subunits P47phox, P67phox, and
P40phox are essential for NOX2 activation and functionality
in vivo, as mutations in any of the genes encoding those cy-
tosolic regulatory components of NOX2 complex have been
described in CGD patients (17, 61). The small GTPase RAC is
also a cytosolic regulatory component of the NOX2 complex
and exists in two isoforms; RAC1 predominates in monocytes,
and RAC2, in neutrophils (69, 107).

NOX2 was first identified and characterized in phagocytes.
Phagocytes express high amounts of gp91phox, p22phox, and
all the cytosolic regulatory components ( p40phox, p47phox,
p67phox, Rac) of the complex. In addition to phagocytes,
NOX2 complex components also have been detected in a
variety of nonphagocytic cells, such as cardiomyocytes, en-
dothelial cells, and muscle cells (6). Within the group of
phagocytic cells, neutrophils, macrophages, and dendritic
cells express relatively high levels of gp91phox (6, 96). B cells,
mast cells, eosinophils, and natural killer (NK) cells also are
reported to express NOX2 complex components, but at a
lower level (6, 96, 106). In addition, T-cell expression of NOX2

complex proteins has been reported (43), but is considered to
be very low (28, 82, 102). Interestingly, all constitutively MHC
class II (MHC II)-expressing antigen-presenting cells (den-
dritic cells, monocytes=macrophages, and B cells) express the
NOX2 complex and thus produce ROS on activation.

A wide variety of tissues are reported to contain cells ex-
pressing NOX2 complex components. In blood, neutrophils,
monocytes, and B cells are cell populations that are capable of
generating significant amounts of ROS by the NOX2 complex
(6). Spleen and lymph node cells have a relatively high content
of NOX2 complex–expressing cells (6). These secondary im-
munologic organs have an important role in antigen presen-
tation and contain mature phagocytic antigen-presenting
cells. GP91phox is also expressed in bone marrow (103) and in
the thymus (14), indicating a possible role for NOX2-derived
ROS in B- and T-cell development, maturation, and education.
At a tissue level, the expression profile of P47phox, one of the
essential components of the NOX2 complex, resembles that of
the enzymatic core membrane components, with expression
in both central and peripheral immune organs (Fig. 2).

NOX2 Activation

The NOX2 complex exists in three different activation
states: resting, primed, and activated. Tight control of the
complex activation efficiently prevents inadvertent superox-
ide production and, together with potent and abundant an-
tioxidant systems, efficiently protects cellular structures
against oxidative damage (22).

In resting cells, the regulatory subunits reside in the cyto-
sol. P67phox, P40phox, and P47phox are associated together (54);

FIG. 1. The phagocyte NADPH oxi-
dase complex generates superoxide
(O2

�) into the phagosome or into the
extracellular space. The transmem-
brane catalytic core of the complex
consists of glycoprotein GP91phox (alias
NOX2) and P22phox. The cytosolic
components regulating the activity of
the enzyme are P40phox (alias NCF4),
P47phox (NCF1), P67phox (NCF2), and
GTP-bound RAC. Agents that have
been reported to prime or activate
NOX2 complex to produce ROS are
shown, in addition to agents that
inhibit ROS production by NOX2.
DPI, diphenylene iodonium; fMLF,
formyl-methionyl-leucyl-phenylalanine;
GM-CSF, granulocyte-macrophage colony-
stimulating factor; GPCR, G protein–
coupled receptor; LTB4, leukotriene
B4; mmLDL, minimally oxidized LDL;
PAF, platelet-activating factor; PDGF,
platelet-derived growth factor; PKC,
protein kinase C; PMA, phorbol-12-
myristate-13-acetate; TPA, 4ß-12-O-
tetradecanoylphorbol-13-acetate; VEGF,
vascular endothelial factor.
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GDP-bound RAC is in complex with its inhibitor GDI, but
does not interact with the other cytosolic components. In the
resting state, only a minority of GP91phox=P22phox hetero-
dimers are believed to reside in the plasma membrane (22).

Cell activation can prime the NOX2 complex and prepare it
for ROS production. The priming stimuli do not initiate the
oxidative burst by themselves but can initiate only a very
weak oxidative response. Priming of the NOX2 complex [re-
viewed in (22)] can be induced by different stimuli, including
proinflammatory cytokines (e.g., TNF-a, IL-1b), TLR agonists
(e.g., LPS, lipoarabinomannans flagellin), peroxynitrite, and
proteases (see Fig. 1). The neutrophil adhesion to the endo-
thelium and extracellular matrix during migration can prime
the NOX2 complex. Priming of the NOX2 complex is char-
acterized by changes in the subcellular localization or con-
formation or both of GP91phox=P22pho, and P47phox. During
priming, P47phox is partially phosphorylated, causing relaxa-
tion of its autoinhibitory conformation. Primed P47phox

translocates to the plasma membrane to interact with the
enzymatic core proteins (GP91phox and P22phox). It has been
proposed that Ser345 phosphorylation on P47phox is a critical
event in the priming of ROS production by neutrophils (9, 16,
22).

Primed NOX2 complex requires additional activation to
initiate substantial ROS production. PMA, a potent PKC ac-
tivator, and fMLF, an N-formylated peptide that acts via the
formylpeptide receptor, are the best-known NOX2 complex
activators that can induce oxidative burst with or without
preceding priming. Some of the activators act as priming
agents at low concentrations but can induce ROS production
at higher concentrations.

Activation of the NOX2 complex is characterized by pro-
tein phosphorylation and translocation. Cell activation in-
duces the recruitment of the GP91phox=P22phox complex from
granule membranes to the lipid rafts of the plasma membrane
(22, 34, 93), which can then form endosomes and phagosomes.
After priming, cell activation further increases the phos-
phorylation of the cytosolic subunits and induces transloca-
tion of P67phox, P40phox, and RAC to interact with membrane-
associated P47phox and the transmembrane enzymatic core,
thus initiating superoxide production (22).

NADPH oxidase–driven superoxide production is known
to be inhibited by the plant phenol apocynin (also known as
acetovanillone) (94), Aspergillus fumigatus toxin (95), and
neopterin, a catabolic product of GTP (51). Superoxide pro-
duction by NADPH oxidases is also inhibited by agents that
inhibit the signaling cascades involved in enzyme activation.
These include protein kinase C inhibitors, PI3K inhibitors (e.g.,
wortmannin) and G protein–coupled receptor inhibitors (e.g.,

Pertussis toxin) (57), and formyl peptide receptor antagonists.
Immunosuppressant drugs (e.g., cyclosporin and mycophe-
nolic acid) (56) downregulate NADPH oxidase activity in
addition to their overall immune suppressant function. Fla-
voenzyme inhibitor diphenylene iodonium (DPI) is a widely
used NOX2 complex inhibitor, but even more specific phar-
macologic inhibitors such as gp91ds-tat (44, 83) have been
engineered to block NOX2 complex activation. Research
aiming at dissecting the role of the specific NOX isoforms and
other ROS-generating enzymes has largely been based on the
use of enzyme inhibitors. The lack of inhibitor specificity has
made it difficult to investigate the source of ROS or to assess
the role of specific NOX complexes (44, 52). This problem was
recently illustrated by van Bruggen and co-workers (99) when
they reported how the use of DPI and shRNA introduced
technical artifacts that radically compromised the inflamma-
tory response, thus misleadingly implying that NOX enzymes
activate the inflammasome (99).

Introduction to ROS

ROS are a heterogeneous group of oxygen radicals and
other strongly oxidizing molecules (Fig. 3). After generation,
ROS are further converted into other oxidative species or
neutralized by enzymatic and nonenzymatic reactions inside
and outside of the cell [reviewed in (105)].

FIG. 2. P47phox (NCF1) protein expression in selected tis-
sues in B10.Q mice.

FIG. 3. Reactive oxygen species and their reactions.
(HOCl, hypochlorous acid; HOSCN, hypothiocyanous acid;
�NO, nitric oxide; �NO2 nitrogen dioxide; 1O2, singlet oxy-
gen; �OH, hydroxyl radical; ONOO-, peroxynitrite; R-NHCl,
chloramines). Figure modified from (80, 105).
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NOX2 catalyzes a reaction in which molecular oxygen is
converted into superoxide anion (O2

�), which can either
spontaneously or by the action of one of the three superoxide
dismutases (SODs) be further converted into hydrogen per-
oxide (H2O2). Additionally, superoxide can react with nitric
oxide to form peroxynitrite (ONOO�), converging reactive
nitrogen and oxygen species metabolism. Superoxide is
highly reactive and cannot cross the cell membrane, whereas
hydrogen peroxide is more long lived, and its diffusion is not
believed to be hindered by lipid bilayers. In the Fenton reac-
tion (catalyzed by Fe2þ), highly reactive hydroxyl radical
(HO�) is formed from hydrogen peroxide, and hydrogen
peroxide can be neutralized into water and molecular oxygen
by catalase. In addition, hydrogen peroxide can be metabo-
lized by various peroxidases. Hypochlorous acid (HOCl) is
another extremely reactive ROS that is formed when hydro-
gen peroxide is oxidized by myeloperoxidase. Hypochlorous
acid together with hypobromous acid (HOBr) and hypothio-
cyanous acid (HOSCN) are involved in antimicrobial defense
by neutrophils (50, 105).

Most reagents that are used to measure ROS are not specific
for a particular oxygen radical but rather react with a set of
radicals (105). Lack of specificity of the dyes has led to de-
velopment of methods that use different ROS scavengers,
enzyme inhibitors, and antioxidant enzymes to differentiate
between different radical species (67, 105). Unfortunately, by
means of today’s technology, it is still not possible to dissect
the roles of specific radicals in in vivo systems, which would be
critical for understanding their qualitative and quantitative
role in different tissue compartments.

From antioxidants to prooxidants

ROS are constantly produced and consumed as a part of
normal physiology, whereas oxidative stress arises when ROS
production and ROS removal by antioxidant systems is in
disequilibrium. Antioxidants prevent or slow the oxidation of
other molecules by being oxidized themselves or by catalyz-
ing enzymatic conversion of the oxidant, thus eliminating
ROS. As a result, antioxidants both regulate ROS-dependent
signaling and give protection against excess oxidant load. The
most important physiologic enzymatic antioxidant systems
include, in addition to the previously mentioned SOD en-
zymes and catalase, the thioredoxin, glutathione peroxidase,
and peroxiredoxin systems. Dietary tocopherols (vitamin E)
and ascorbic acid (vitamin C) are low-molecular-mass anti-
oxidants that can neutralize ROS by directly reducing them.
Melatonin can also reduce ROS, but unlike tocopherols,
ascorbic acid, and glutathione, it does not participate in redox
cycling (i.e., once it is oxidized, it cannot be reduced back to its
original state). Oxidative stress is suggested to increase in-
flammation and damage in chronic inflammatory diseases,
such as rheumatoid arthritis (11, 20, 21, 72, 92), but some
studies have failed to show significant association (38).

Even though evidence exists for a proinflammatory role
of ROS during oxidative stress, little evidence supports the
antiinflammatory role of antioxidants. Antioxidants are sug-
gested to ameliorate inflammation, but experimental treat-
ment of autoimmune joint inflammation with antioxidants
has resulted in inconsistent results in both human and rodent
setups [reviewed in (26)]. Even if epidemiologic evidence
supports the protective role of dietary antioxidants in auto-

immune arthritis (73), interventional studies of antioxidant
supplementation have not proven successful in ameliorating
rheumatoid arthritis (5, 46); [for summary, see (10, 73)]. In
similarity to arthritis, little evidence exists of the efficacy of
antioxidant treatment in multiple sclerosis (63). Additionally,
antioxidant vitamins have failed to show a benefit in athero-
sclerosis (97) [reviewed in (37)]. Antioxidant treatment has
even been reported to prolong inflammation when adminis-
tered during the acute phase of kidney inflammation (47), and
a study on vitamin E supplementation has shown damaging
effects in patients with cardiovascular disease (18).

Prooxidants shift the redox balance toward more oxidized
either by increasing ROS production or by inhibiting antiox-
idant systems. Phytol is a prooxidant that increases superox-
ide production by activating the NOX2 complex, and it has
been shown to prevent and even ameliorate ongoing inflam-
mation in animal models of arthritis (41). Interestingly, phytol
is a precursor to the antioxidant vitamin E.

It is important to remember that ROS are important regu-
lators of biologic functions under normal conditions (6), and
not all ROS production leads to oxidative stress. Experimental
work with prooxidants (41) challenges the widespread idea of
the harmfulness of ROS and suggests that increased oxidation
could make a promising new therapy approach for RA.

The biologic role of ROS

Oxygen radicals exert a wide array of different biologic
functions ranging from harmful and nonspecific events, such
as DNA laddering and lipid peroxidation, to regulation of
specific and fine-tuned steps in cell signaling. Although oxi-
dative stress is induced by means of uncontrolled, massive
production of superoxide, ROS that act as signaling molecules
are produced under tight regulation. ROS signaling takes
place within a defined compartment into which ROS are
rapidly produced and subsequently removed to avoid sus-
tained signaling and oxidative damage (36). Traditionally,
ROS are considered as enhancers of inflammation, but today
it is evident that ROS signaling also potently downregulates
inflammatory processes.

ROS are important for phagosome function

NOX2-derived ROS play a significant role in host defense
against invading pathogens. Phagocytic cells engulf invading
microorganisms and generate ROS into the phagolysosome,
thus elevating intraphagosomal pH and activating proteolytic
enzymes that destroy the invaders and any other ingested
material. ROS production is critical for the clearance of
pathogens, which is well demonstrated in CGD patients, in
whom mutated NOX2 complex subunits impair ROS pro-
duction, leading to severe and recurrent bacterial and fungal
infections (87).

Phagocytes produce ROS inside the phagolysosome, and
when radicals escape from the vacuole, they are quickly re-
moved by antioxidant systems abundantly present in the
cytoplasm. Local oxidative stress and tissue damage arise
when the regulation fails and radicals are produced exces-
sively and inadvertently released into cellular compartments.
In inflamed tissues (e.g., rheumatoid joints), NOX2 complex is
chronically activated, and increased production of ROS
overloads the antioxidant defense, giving rise to local oxida-
tive stress (76).
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Many in vitro studies on ROS imitate this scenario with
pathologically high ROS concentrations and thus fail to gain
understanding of more fine-tuned regulatory effects of ROS.

Importance of ROS in NLRP3 inflammasome activation

In addition to their role in bacterial killing, ROS are sug-
gested to initiate and potentiate inflammation by inducing the
activation of NLRP3 (also called NALP3) inflammasome.
NLRP3 inflammasome is a protein complex that activates
caspase-1 and thus controls maturation and secretion of the
proinflammatory cytokine IL-1b. NLRP3 inflammasome can
be activated by a wide range of innate stimuli, including
whole pathogens, environmental insults, endogenous danger
signals, and particulate adjuvants (alum, oil emulsions, silica,
and urate crystals) that are commonly used to potentiate
immune reactions.

NLRP3 inflammasome activation does not require the
presence of functional NOX2 complex, although ROS might
partially regulate some of the suggested activating pathways
(90, 99, 101). Primary cells from CGD patients with mutations
in p47phox, p22phox, or gp91phox were shown to respond nor-
mally to inflammasome activators and to secrete IL-1b in
levels comparable to those in healthy controls (99, 101).
Conversely, NOX inhibition by an unspecific chemical in-
hibitor DPI or by shRNA technique introduced artifacts that
inhibited NLRP3 inflammasome activation and subsequent
IL-1b secretion (99). Similarly, macrophages from sod1
knockout mice with elevated ROS levels were shown to se-
crete less IL-1b (62) and also peritoneal cells and bone mar-
row–derived DC from gp91phox knockout mice produced
normal or even elevated levels of IL-1b (29, 39).

Taken together, these findings confirm that the NLPR3 in-
flammasome can be activated independent of NOX enzymes
and suggest that in vitro data using chemical inhibitors or
shRNA introduce artifacts that severely compromise the ex-
perimental readout.

Nonfunctional NOX2 and autoimmunity

Both mice and rats with nonfunctional NOX2 complex and
reduced or abrogated superoxide production develop more
severe experimental arthritis than do littermates with func-
tional ROS production (29, 42, 70, 100). Despite evident in-
flammation, no radical production can be measured in the
inflamed ears or paws of p47phox mutated mice by in vivo
imaging with L-012 (Fig. 7B) (48), indicating that the mutation
is not compensated by other ROS-producing systems and,
more important, that massive ROS production is not a pre-
requisite for fulminant joint inflammation.

Enhanced disease susceptibility in rodents deficient in
functional NOX2 complex is accompanied by an increased
number of reduced thiol groups on T-cell membrane proteins,
resulting in a more activated and highly arthritogenic T-cell
phenotype (27). Results from an adoptive transfer model of
arthritis also support the importance of T cells as the most
important disease-enhancing cells in the absence of functional
NOX2 complex. Primed CD4þ T cells from rats with low ROS
production were able to induce arthritis when transferred to
rats with normal ROS levels, whereas CD4þ T cells from rats
with normal ROS production failed to induce inflammation in
naı̈ve rats with low ROS production (70) (Fig. 4). Adoptive
transfer of arthritis was also used to show that treatment of

the transferred arthritogenic splenocytes with GSSG (oxidized
glutathione) reduced arthritis severity in recipient rats (27),
further strengthening the idea that the NOX2 complex con-
trols arthritis development by modulating the T-cell pheno-
type. These experiments do not, however, reveal whether
membrane oxidation is affected through the altered redox
status of plasma or if direct cell to cell contact with another
NOX2-expressing cell is needed.

Monocyte-derived ROS modulate T-cell reactivity

The phagocyte NOX2 complex is expressed mainly on
granulocytes and antigen-presenting cells. When looking for
the responsible cell affecting the T-cell phenotype, we focused
on antigen-presenting cells, as they directly interact with T
cells during T-cell education and priming.

Among antigen-presenting cells, macrophages were
identified as the most potent ROS producers, although ROS
production was also detected from B cells and DC, but at a
much lower level. Thus, we constructed a transgenic mouse,
which expresses functional p47phox on monocytes=macro-
phages by taking advantage of the human CD68 promoter.
The transgenic mouse had significantly reduced severity and
incidence of collagen-induced arthritis, confirming the role
of macrophage-derived ROS as potent immune regulators.
In vitro experiments showed that the transgene efficiently
suppressed antigen-dependent T-cell proliferation and
proinflammatory cytokine production, irrespective of T-cell
origin, strongly suggesting that monocytes downregulate T-
cell activation by producing superoxide during antigen
presentation (28).

Monocytes=macrophages are a heterogeneous population,
and classifying them into different lineages and activational
subcategories is a challenging, if not impossible, task. Mono-
cytes differentiate to macrophages but show extreme pheno-
typic plasticity, and even at maturity, some reports suggest
that monocytes even have the potential to differentiate into
different vascular elements in both blood and lymph vessels,
including endothelial cells in lymph vessels, myofibroblasts,
and smooth muscle cells (25, 60, 64). Traditionally, inflam-
matory macrophages are divided into classically activated
type 1 (inflammatory) and alternatively activated type 2
(wound-healing phenotype) macrophages (31). This classifi-
cation works well with in vitro polarized macrophages,

FIG. 4. Primed T cells are transferred from rats with low
or normal ROS levels to naı̈ve rats. T cells from rats pro-
ducing low amounts of ROS are able to induce disease in the
recipient rats, irrespective of the recipients’ capability to
produce ROS, but cells from rats with normal ROS produc-
tion do not transfer the disease, highlighting the role of ROS
in T-cell education=priming (70).
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whereas their respective roles and functions in vivo remain
inconclusive.

Classic activation can be induced by in vitro culture with
IFN-g and TLR ligands (e.g., LPS), resulting in a phenotype
with increased production of proinflammatory cytokines,
ROS, iNOS, and higher expression of MHC II (31). This sub-
type of macrophages is also suggested to contain the previ-
ously discussed NLRP3 inflammasome (74).

Wound healing (alternatively activated) macrophages are
characterized by enhanced tissue repair and phagocytosis.
They express mannose receptor MR (CD206) and dectin-1 on
their plasma membrane and are generally considered antiin-
flammatory macrophages. Macrophage phenotypes are
highly dependent on the surrounding microenvironment, and
in vitro experiments support the idea that a given cell may
participate in both induction and resolution of the inflam-
matory process (78).

CD11b and Gr-1 double-positive monocytes are an inter-
esting cell population. Classically, immunologists denote
them as inflammatory monocytes because they have been
shown to produce high levels of TNF-a IL-1b, ROS, and NOS,
as well as to express high levels of MHC II, CD80, and CD86.
Conversely, cells with exactly the same phenotype are found
in tumors, and, when isolated from tumors, they are called
myeloid-derived suppressor cells (MDSCs) and are shown to
support Treg function and to promote tumor growth (91). The
immune-suppressive function of MDSCs was shown to be
mediated by NOX2 complex–derived ROS (15). The same
CD11b and Gr-1–positive monocyte subset is also shown to
suppress experimental autoimmune encephalomyelitis, a
commonly used animal model of multiple sclerosis (108),
further strengthening the immune-suppressive role of
monocyte-derived ROS.

Antigen-presenting cells express MHC II and can activate T
cells in an antigen-specific manner. MHC II expression and
antigen presentation leading to priming of T cells is classically
associated with dendritic cells, a subset of mononuclear cells.
However, macrophages also express MHC II and present
antigens, and traditionally these are classified as proin-
flammatory monocytes. In light of recent data from our lab-
oratory (28) and others’ work with tumor-associated
macrophages (15), this is now challenged. In the transgenic
mouse expressing functional P47phox on macrophages, no
oxidative burst or P47phox expression was detected on DC,
pointing to a macrophage-driven and antigen-dependent
protection against excessive T-cell activation and inflamma-
tion (28).

To summarize the main functions of inflammatory
macrophages, we suggest a division into three functional
phenotypes that largely depend on the surrounding tissue
homeostasis and are at least to some extent interconvertible
(Fig. 5). Inflammatory macrophages can trigger an early in-
flammatory response and mediate immune reactions against
exogenous pathogens (i.e., infectious organisms) or endoge-
nous dangers (trauma, tissue degradation, abnormal cell be-
havior), whereas healing macrophages are needed in limiting
immune-driven inflammatory responses and in the restora-
tion of tissue homeostasis. Antigen-presenting regulatory
macrophages regulate immune responses antigen specifically
and thus provide the immune system with a fine-tuned and
specifically targeted regulatory mechanism (31, 59, 74). Im-
portantly, the capacity to make an induced ROS response

during antigen presentation is an important tool for regulat-
ing T-cell activity (28), and the fine-tuned details of this sys-
tem remain to be investigated.

How do the ROS affect T cells?

During antigen presentation, a closed compartment, the
so-called immunologic synapse, is formed between the T cell
and the antigen-presenting cell (24). Within the immunologic
synapse, the T-cell receptor (TCR) recognizes the antigen that
is presented by the antigen-presenting cell on the MHC II
complex, and the T cell is activated. NOX2 complex is as-
sembled on antigen-presenting cell membranes in lipid rafts
and subsequently transported to the immunologic synapse
(4). NOX2 complex–produced superoxide is quickly dis-
mutated either by SOD enzymes or by spontaneous reaction
into longer-lived hydrogen peroxide, which presumably
more readily penetrates lipid bilayers and thus more likely
can affect intracellular events. The most well-known redox-
sensitive elements in the TCR signaling cascade are different
phosphatases. In light of the biologic chemistry, physiologic
concentrations of ROS do not easily reach concentrations high
enough to modify the redox-sensitive active-site cysteines,
unless the reaction is restricted to a limited compartment,
such as the immunologic synapse [for review, see (105)],
making it a good candidate for ROS-mediated down-
regulation of T-cell activation.

As already mentioned, cysteine-based phosphatases,
which include protein tyrosine phosphatases (PTPs), dual-
specificity phosphatases, low-molecular-weight PTPs, and the
lipid phosphatase PTEN, all have a redox-regulated cysteine
group in their enzymatically active catalytic site (89). Lym-
phoid tyrosine phosphatase (LYP) (encoded by the PTPN22
gene, called PEP in mice) is a tyrosine phosphatase located
downstream the TCR (Fig. 6), and it is reproducibly associ-
ated with several autoimmune diseases, including RA, type I
diabetes, and thyroiditis (7, 19). In addition to the redox-
regulated cysteine in the catalytic site, structural and muta-
tional data suggest that LYP phosphatase activity is also

FIG. 5. Macrophages are a heterogeneous group of leu-
kocytes capable of modifying immune responses in mul-
tiple ways and show extreme phenotypic plasticity.

2202 SAREILA ET AL.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3635&iName=master.img-004.jpg&w=199&h=193


regulated by other, noncatalytic redox-sensitive cysteines
around the catalytically active center (98).

T lymphocytes from RA patients’ synovium are subjected
to chronic oxidative stress, exhibit an activated phenotype,
but fail to respond to TCR stimuli ex vivo. This hyporespon-
siveness was shown to depend on the localization of linker for
activation of T cells (LAT). Oxidative stress induced the
translocation of LAT from the plasma membrane to cytosol,
thus impairing TCR signaling (32, 33). This creates a direct
link from oxidation-dependent TCR signaling regulation and
T-cell function in human RA.

Co-stimulatory molecules are essential regulators of
TCR–MHC interaction. Integrin VLA-4, which works as a cost-
imulatory molecule in the immunologic synapse, is function-
ally regulated by cellular redox balance, making VLA-4 one
potential target molecule of redox-sensitive signaling events
critical for T-cell activation (49, 55). In synovial fluid T cells,
ROS affect TCR signaling by modifying the structure of the
protein tyrosine kinase LCK (85). In addition, it has been re-
ported that oxidation may contribute to loss of TCR function
by structural modifications in the C-terminal domain of TCR
zeta and p56 LCK (12).

The hyperinflammatory state observed in p47phox knockout
mice was recently described to be a consequence of non-

functional l-kynurenine pathway (86). ROS serves as cofactor
for indoleamine 2,3-dioxygenase (IDO), an enzyme respon-
sible for cleavage of tryptophan to an intermediate that de-
formulates to l-kynurenine. l-Kynurenine favors T-cell
tolerance, reduces IL-17 production, and limits inflammation
(77). In the absence of ROS, l-kynurenine production was
reported to be inhibited, and T cells become hyperreactive (57,
86). We have not yet been able to observe a differential effect
on the l-kynurenine pathway in the p47phox mutated B10.Q
mice (unpublished observations), and further experiments
and confirmation are thus warranted.

Lack of NOX2-derived ROS, due to p47phox mutation, has a
profound effect on T-cell regulation, as it can break tolerance
against autologous type II collagen in transgenic mice ex-
pressing mutated collagen, mimicking rat=human collagen,
used in arthritis immunization (40). ROS-mediated protection
against arthritis has been shown to be accompanied by low-
ered expression of IFN-g, TNF-a (28), IL-17 (29), and IL-5 (35).
The versatility of inflammatory pathways suppressed by ROS
argues for a profound T-helper cell polarization–independent
role for ROS in disease suppression.

From latent to active TGF-b1:
ROS activate resolution of inflammation

During early infection, phagocytes produce radicals to
destroy ingested pathogens and locally accelerate the immune
system to neutralize the invaders. Later, ROS mediate ex-
tinction of the immune reaction, thereby preventing inflam-
mation from becoming chronic.

Transforming growth factor-beta1 (TGF-b1) is an impor-
tant cytokine involved in wound healing and immune sup-
pression. TGF-b1 is also an important factor maintaining the
suppressor function and Foxp3 expression of CD4þCD25þ

regulatory T cells (58). Superoxide has been shown to increase
the release of TGF-b1 from cultured fibroblasts (79), and in-
terestingly, ROS also can activate latent TGF-b1 by cleaving it
free from latency-associated peptide (LAP) (45). Subsets of
Tregs express LAP on their cell surface, implying that ROS can
at least in part mediate the suppressive function of these cells
(13, 68).

Concluding Remarks

The traditional view of ROS as disease-promoting factors is
being reevaluated as new evidence of their protecting and
regulating role is accumulating (Fig. 7A, C). Our knowledge
of the biologic role of ROS largely relies on in vitro studies that
provide us with valuable information on molecular mecha-
nisms of ROS-mediated effects but unfortunately fail to ad-
dress questions on the role of ROS in vivo. Clearly, ROS-
mediated immune regulation and protection against auto-
immunity is context dependent and must be studied in vivo.
Genetically and environmentally controlled mouse and rat
models are good tools to dissect ROS-mediated physiological
mechanisms in vivo (3).

However, it is not straightforward to translate the findings
from one species to another. For example, Ncf1 is polymorphic
in laboratory and wild rats, whereas no such polymorphism
exists in laboratory mice. To make it even more complicated,
the human genome carries the NCF1 gene in several variable
duplicates. Because ROS-dependent immune regulation is
likely to be evolutionary conserved, we believe that in both

FIG. 6. A simplified picture of antigen presentation by an
antigen-presenting cell to a T cell, emphasizing the mole-
cules subjected to redox regulation or related to autoim-
munity (see text for details). The antigen–MHC class II
molecule complex is recognized by T-cell receptor (TCR).
Other players in the immunologic synapse are CD3 and CD4,
in addition to redox-regulated VLA-4 integrin. The proteins
involved in signal transduction downstream of TCR activa-
tion include linker for activation of T cells (LAT), leukocyte-
specific protein tyrosine kinase (LCK), the Src family kinase
FYN; the Syk protein kinase ZAP70, protein tyrosine phos-
phatase, nonreceptor type 22 (PTPN22), C-src tyrosine kinase
(CSK), GRB2-related adaptor protein GADS, VAV1 guanine
nucleotide exchange factor, phospholipase C (PLC), inositol
1,4,5-trisphosphate (IP3), and RAS GTPase [modified from
(1)].
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mice and humans, other genetic polymorphisms are respon-
sible for regulation of ROS-dependent immunomodulation.
In humans, many possible candidates operating upstream or
downstream of NCF1 (NCF4, PTPN22, and PRKC) are already
identified (7, 71, 88).

It is clear that much more research is needed to elucidate
the mechanisms by which ROS regulate immunity. Undeniably,
the paradigm of ROS as harmful disease mediators is obsolete,
and ROS must be considered important immune regulators that
can potently prevent autoimmune inflammation.
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CD¼ cluster of differentiation
CGD¼ chronic granulomatous disease

DC¼dendritic cell
DUOX¼dual oxidase

fMLF¼ formyl-methionyl-leucyl
phenylalanine

IBD¼ inflammatory bowel disease
IFN¼ interferon

IL¼ interleukin
MHC II¼major histocompatibility complex II

MS¼multiple sclerosis
NOX2¼phagocytic NADPH oxidase
PMA¼phorbol 12-myristate 13-acetate

RA¼ rheumatoid arthritis
ROS¼ reactive oxygen species
SOD¼ superoxide dismutase
TCR¼T-cell receptor
TGF¼ transforming growth factor
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