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Abstract
Background—While many of the contributing cell types and mediators of allergic asthma are
known, less well understood are the factors that induce allergy in the first place. Amongst the
mediators speculated to affect initial allergen sensitization and the development of pathogenic
allergic responses to innocuous inhaled antigens and allergens are exogenously- or endogenously-
generated reactive oxygen species (ROS) and reactive nitrogen species (RNS).

Scope of Review—The interactions between ROS/RNS, dendritic cells (DCs), and CD4+ T
cells, as well as their modulation by lung epithelium, are of critical importance for the genesis of
allergies that later manifest in allergic asthma. Therefore, this review will primarily focus on the
initiation of pulmonary allergies and the role that ROS/RNS may play in the steps therein, using
examples from our own work on the roles of NO2 exposure and airway epithelial NF-κB
activation.

Major Conclusions—Endogenously-generated ROS/RNS and those encountered from
environmental sources interact with epithelium, DCs, and CD4+ T cells to orchestrate allergic
sensitization through modulation of the activities of each of these cell types, which quatitiatively
and qualitatively dictate the degree and type of the allergic asthma phenotype.

General Significance—Knowledge of the effects of ROS/RNS at the molecular and cellular
levels has the potential to provide powerful insight into the balance between inhalational tolerance
(the typical immunologic response to an innocuous inhaled antigen) and allergy, as well as to
potentially provide mechanistic targets for the prevention and treatment of asthma.
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Allergic asthma
Allergic asthma afflicts more than 23 million Americans (1) and costs the nation over 18
billion dollars annually (2), making it a primary public health concern. The incidence of
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asthma has been steadily rising in the United States over the past 20 years (3) and there are
many potential reasons for this increase. Allergic asthma in humans is typically
characterized by airway inflammation with eosinophils and lymphocytes, increased levels of
Th2 cytokines, circulating IgE, airway goblet (mucus-producing) cell metaplasia, and airway
hyperreponsiveness, which is defined as bronchoconstriction in response to inhalation of a
specific (allergen) or non-specific (methacholine, cold air) agonist (4). Allergic asthma is the
result of an inappropriate adaptive immune response to an inhaled antigen. Antigens include
protein allergens with enzymatic activity or with structural features capable of inducing
innate immune responses, innocuous protein antigens encountered in the presence of other
agents capable of inducing innate immune responses (such as environmental oxidants and
ambient particulate matter), and low molecular weight chemicals acting as haptens via their
electrophilic properties that allow them to form a complex with proteins that are able to
initiate an immune response. The immune response in allergic asthma is, driven primarily by
CD4+ T helper type 2 (Th2) lymphocytes (4). Activation of Th2 cells has been shown to be
both necessary (5) and sufficient (6) to induce all of the features of allergic asthma in mice.
These Th2 cells produce IL-4, IL-5, and IL-13, resulting in IgE production, eosinophilia,
and mucus production within the lung, respectively (4). A more recently described subset of
CD4+ T helper cells, named Th17 cells, produce IL-17A, IL-17F, and IL-22, and seem to be
involved in severe asthma involving neutrophilia (7). Despite knowing much about effector
mechanisms in allergic asthma that promote airway hypersensitivity, eosinophilia, IgE, and
mucus production, the mechanisms that allow for initial allergen sensitization are poorly
understood. Sensitization, the act or process of inducing an acquired allergy, requires
activation of innate immune cells, such as dendritic cells, that are then capable of activating
naïve CD4+ T cells (8) and influencing their differentiation into Th2 or Th17 cells.

Mouse models of allergic asthma
Mouse models of allergic asthma enable investigation of the genesis of allergic sensitization
because of the ability to manipulate both the mouse genome and environment. The most
extensively employed protocol for eliciting symptoms of allergic asthma in mice involves
the use of the Th2-skewing adjuvant, aluminum hydroxide (Alum), and the antigen
ovalbumin (Ova), which are combined and administered to the mice by an intraperitoneal
(i.p.) injection. The animals are then ‘challenged’ with aerosolized or intranasal Ova and
subsequently analyzed. Pulmonary and immunologic alterations induced by antigen
challenge include the production of the Ova-specific Th2 immunoglobulins IgE and IgG1,
Th2 cytokines, including IL-4, IL-5, and IL-13, mucus production and airway
hyperresponsiveness (9). While this model produces robust allergic sensitization and
manifestation of features of allergic asthma similar to those observed in humans, it is limited
in that it does not recapitulate the genesis of allergic asthma in humans, as allergen
sensitization most often occurs via inhalation. Therefore, over the past several years,
additional models of allergic asthma have been developed that involve inhalational
sensitization to authentic allergens such as house dust mite (10) or Apergillus fumigatus
(11), low molecular weight electrophilic chemicals (reviewed in (12)), or the antigen Ova
encountered in the lung accompanied by environmental molecules with adjuvant-like
activities (9, 13–26), since innocuous inhaled antigens alone, such as Ova, normally induce
inhalational tolerance (27).

The recent revelation that, in addition to the well-described effects of Th2 cells in allergic
asthma, Th17 cells contribute to a severe form of the syndrome (7) associated with a steroid-
unresponsive asthma phenotype in mouse models (28) has altered the view of how CD4+ T
cell populations dictate the pathology of allergic asthma and how IL-17-producing cells are
generated. There is considerable plasticity in CD4+ T cells, and no longer are they and their
progeny considered to be as committed to a specific phenotype as was once thought (29).
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IL-17-producing CD4+ T cells can be generated in a number of ways but are strongly
influenced by inflammatory cytokines, including IL-1β (30–35).

Exogenous sources of oxidants that contribute to the pathogenesis of
allergic asthma

By definition, an oxidant is a chemical compound that readily transfers oxygen atoms, or
gains electrons in a redox chemical reaction. In biological systems, some of these oxidants
typically have an oxygen- or nitrogen-based unpaired electron. Classical examples of these
are O2

•−.(radical anion superoxide), •OH (hydroxyl radical), and.• NO (nitric oxide). Their
reaction with metals, other oxidants, and reductants found both in the atmosphere and in the
intracellular milieu generates many other reactive species. Because of the complex
chemistry in which these species are involved, the terms reactive oxygen species (ROS) and
reactive nitrogen species (RNS) will be used in this review to refer to the species that are
derived from oxygen or nitrogen, respectively.

ROS and RNS most certainly contribute to the pathological features of asthma, from
inflammation, to bronchoconstriction, to remodeling. A recent review by Comhair and
Erzurum (36) elegantly details the pro- and antioxidant systems in the lung and the
mechanisms by which oxidants modulate the pathophysiology of asthma. Less well
understood is how and why in an otherwise healthy lung, a cascade of events is initiated to
allow allergens or innocuous inhaled antigens to initiate an allergic reaction that can later,
upon subsequent reexposure to antigen, manifest in the pathophysiological features of
allergic asthma. ROS and RNS may contribute substantially to this process as well, either
through enhanced exposure or generation, or through deficiencies in major lung antioxidant
systems, such as glutathione or superoxide dismutase (36). A typical example of enhanced
exposure to ROS/RNS is in the case of nitrogen dioxide (NO2). NO2 is a pollutant generated
during combustion processes, such as motor vehicle exhaust and biomass burning, and can
be visualized as a reddish-brown layer over urban areas (37). Since there is constant growth
in industrial the centers around the world, it is not surprising that the levels of tropospheric
NO2 levels are also on the rise globally (38). Concentrations of NO2 above 5ppm cause lung
damage (39, 40), whereas lower concentrations (100–400ppb) contribute to poor respiratory
health (41) and exacerbate existing asthma (42, 43). In mouse models of allergic asthma,
exposure to NO2 increases both the degree and duration of the allergic inflammatory
response (44). Additionally, human asthmatics experience an enhanced reaction to inhaled
allergen in the presence of NO2 (45) and living in areas with high ambient NO2
concentrations is correlated with an increased likelihood for developing asthma (46). With
the rise in allergic asthma (3) and ambient levels of NO2 reaching 2ppm in certain settings,
such as those with substantial industrialization and heavy motor vehicle usage (47),
understanding the mechanisms underlying the correlation between NO2 exposure and
respiratory wellbeing is of direct interest to public health. Other environmental oxidants,
especially ozone and ambient particles that possess the capacity to redox cycle and
themselves generate ROS and RNS, also contribute to the pathogenesis of allergic asthma
(13–17, 21–25).

Endogenous sources of ROS and RNS
In addition to exposure originating from exogenous sources, ROS and RNS are also
encountered as a consequence of endogenous production. ROS generated in the lung include
O2

•−, •OH, and hydrogen peroxide (H2O2), whereas RNS include •NO, peroxynitrite
(ONOO−), and NO2. ROS and RNS generation in the lung is typically induced as part of a
defensive reaction intended to clear infectious and environmental threats to homeostasis,
including inhaled microbial agents, particles, and gasses. The generation of ROS and RNS is
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initiated by both cells of non-hematopoietic and hematopoietic origin. The airway and
alveolar epithelium, along with alveolar macrophages, constitute a first line of defense
against inhaled material and are themselves capable of ROS and RNS production. The
resident and inflammatory hematopoietic-derived cells in the lung possess oxidant-
generating enzyme systems, including NADPH oxidase, activity of which is mediated
through the catalytic subunit gp91phox (NOX2) (48). This NADPH oxidase catalytic subunit
functions in a coordinated manner with other oxidase subunits and the GTPase Rac1 to
assemble a functional holoenzyme capable of generating the ROS, O2

•−, which
spontaneously or enzymatically dismutates to H2O2 to further induce oxidation. More
recently, the important role of non-hematopoietic ROS generation has become appreciated,
which is mediated by a plethora of enzymes, including the non-phagocytic oxidase subunits,
NOX1, NOX3, and NOX4, which function distinct from gp91phox to generate O2

•− (49). In
addition, epithelial cells have recently been described to produce active Duox enzymes
capable of basally and inducibly generating hydrogen peroxide (H2O2) (49). •NO is
produced by the respiratory epithelium, neutrophils, and macrophages in response to viral
infection via the inducible nitric oxide synthase (iNOS) (50). Induction of iNOS and an
increased concentration of •NO in exhaled breath have been observed in patients with
asthma, correlating •NO with inflammation (50). In response to infection, neutrophils also
produce O2

•− via NADPH oxidase (51). •NO and O2
•− combine in the lung (52) to form

ONOO−, which ultimately can produce molecules with a reactivity profile similar to that of
NO2 (53). •NO is highly diffusible, allowing it to potentially form ONOO− in areas spatially
separated from the site of •NO synthesis, limited only by its potent capacity to react with
macromolecules (54). In addition, the reaction of •NO with molecular oxygen (O2) yields
nitrite (NO2

−), which can be oxidized by hemeperoxidases to form NO2, thereby
perpetuating the capacity for NO2 reactivity. NO2 is also formed when eosinophil
peroxidase and myeloperoxidase, from eosinophils and neutrophils, respectively,
consume •NO and H2O2 (53, 55). Epidemiologic data suggest that Respiratory Syncytial
Virus (RSV) infection early in life increases the risk of developing asthma (56), providing a
potential correlation between •NO/NO2 generation and increased allergic sensitization.
Furthermore, animal data suggest that respiratory viral infections (•NO/NO2 production) and
increased asthma are causally related, with the viral infection acting on pulmonary
leukocytes and structural cells to enhance antigen presentation and inflammatory cell
recruitment (57). Inhaled NO2 primarily interacts with airway surface macromolecules,
forming stable footprints of reactivity including the protein tyrosine modifications
nitrotyrosine and dityrosine (53) that can alter protein function. In addition, ONOO− or NO2
can decompose to form •HO and H2O2, which can facilitate further oxidation and participate
in intracellular signaling events. Therefore, exogenous or endogenously-generated ROS and
RNS may directly and indirectly affect pulmonary cells to participate in the processes of
allergic sensitization leading to allergic asthma.

Nitrogen dioxide-promoted allergic sensitization
Our laboratory developed a mouse model of NO2 exposure followed by inhalation of Ova to
study the effects of ROS and RNS on allergic sensitization. We have reported that NO2 acts
as an adjuvant, promoting the development of allergic asthma features including airway
eosinophilia, airway hyperreponsiveness, antigen-specific IgE and IgG1, and antigen-
specific CD4+ T cells that exhibit a biased Th2 (9) and Th17 cytokine profile (19). We have
also shown that NO2 inhalation substantially impacts pulmonary CD11c+ dendritic cells, as
shown by increased cytokine production, upregulation of maturation markers, increased
antigen uptake, migration to the lung-draining lymph node, and improved ability to
stimulate naïve CD4+ T cells (19). Additionally, CD11c+ cells are critical for NO2-promoted
allergic sensitization, as depletion of these cells during sensitization diminishes multiple
features of allergic asthma in mice (19). It is now appreciated that certain environmental
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agents, including those such as NO2 and ozone (20, 21) that are themselves ROS and RNS,
as well as respiratory viral infections (57) and ambient particles that can induce the
endogenous generation of ROS and RNS (13–17, 22, 23, 25), are capable of functioning as
adjuvants, promoting pulmonary allergic responses. Furthermore, gaseous pollutants have
also been shown to augment the allergenicity of certain allergens (45) through oxidative
modification of proteins, suggesting that ROS and RNS also have the capacity to alter
antigens themselves in addition to enhancing cell responses to them. However, to initiate an
allergic response requires a coordinated interplay between several cell types in the lung and
draining lymph node, each of which are affected by and capable of generating ROS and
RNS.

Pulmonary dendritic cells
Dendritic cells (DCs) form a complex network along the airway and in the alveolus that
interdigitate between epithelial cells to allow sampling of the airspace lumen to ingest and
process inhaled and endogenously-generated material (58). In this manner, DCs can be
directly activated by respirable materials, including microbes, oxidant gasses, and particulate
matter. DCs are strongly implicated as having a causal role in allergic asthma due to their
potent ability to activate naïve CD4+ T cells, thereby serving an essential role in allergen
sensitization (59). A unique attribute of airway mucosal dendritic cells is their rapid turnover
under homeostatic conditions (58) and their capacity for rapid increase following a local
inflammatory response (60). This pulmonary DC pool is comprised of both myeloid DCs
(mDC) and plasmacytoid DCs (pDC), but the myeloid subset generally dominates in airway
mucosa (61). Immature airway mucosal dendritic cells (AMDCs) are highly phagocytic and
are strategically positioned for antigen uptake both within and directly beneath the
epithelium, surveying the lung through prosthetic extensions into the airway lumen (8, 62,
63). Upon stimulation of specific receptors by microbe-associated molecular patterns or
endogenous molecules, the DCs mature, lowering their phagocytic capacity and increasing
expression of MHCII and the co-stimulatory molecules required for naïve CD4+ T cell
activation (64). Activated DCs home to the draining lymph node where antigen presentation
to naïve T cells occurs in the context of complex lymphoid architecture that provides
microenvironmental support for the expansion of the antigen-specific CD4+ T cell
populations (59).

Multiple subsets of DCs have been identified, having both distinct and overlapping
functions. In the lung, it can be challenging to distinguish these different DC subsets from
one another, as well as to distinguish DCs from pulmonary macrophages, as they share
many cell surface markers routinely used for flow cytometry. A recent review by Jakubzick
and Randolph elegantly describes methods for pulmonary DC extraction, tracking, and
identification using flow cytometry (65). Mouse myeloid DCs are classified by the
expression of CD11c (the integrin-αx) and moderate to high levels of MHCII, which can be
further elevated after activation (64). These features also correlate with their potent ability to
induce T cell proliferation (64) and polarization. In support of a role for myeloid DCs in
allergen sensitization, Ova-pulsed myeloid DCs administered intratracheally induce allergic
sensitization in mice (66). Plasmacytoid DCs (pDCs), another subset of DCs found within
the lung (67), have been shown to have an anti-inflammatory role, decreasing both the
ability of mDCs to generate effector T cells as well as inducing the proliferation of T-
regulatory cells (Tregs) (68). This pDC population expresses B220 (CD45RB) as well as
low levels of Gr-1, CD11c, and MHC II (64). In pDC-depleted mice, accomplished by the
administration of an anti-Gr-1 antibody, inhalational tolerance to Ova is abolished, but can
be re-established with the adoptive transfer of FMS-related tyrosine kinase 3 ligand
(FLT3L) cultured bone marrow derived pDCs (68). Also, the Th2 immune response elicited
to RSV infection is exacerbated when pDCs are depleted (69). It is thought that pDCs may
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convert to mDCs during early viral infection, reducing the number of pDCs in the lung (56).
These data suggest that pDCs are important in maintaining tolerance in the lung, implying
that depletion of or damage to these cells could lead to aberrant immune responses, such as
that seen in allergy.

Redox regulation of DC and T lymphocyte activities
DCs are capable of skewing the T helper cell response through expression of distinct
patterns of co-stimulatory molecules as well as the production of cytokines that create an
environment for T cell polarization (70). Expression of the co-stimulatory molecules CD86
and OX40L have been shown to promote naïve CD4+ T cells to develop a Th2 phenotype
(70–72). DCs further regulate Th2 cell differentiation and expansion through the production
of IL-6 (73, 74). Th17 cells may also be induced by the production of IL-6 in combination
with TGFβ or by IL-23 (73, 75, 76), IL-1 (30–35), or prostaglandin E2 (PGE2) (77–80),
whereas IL-12 alone results in a Th1 response (81). Thus, DCs are critical regulators of
CD4+ mediated T cell responses through their capacity to present antigen in the draining
lymph node, provide co-stimulation, and secrete polarizing cytokines. ROS can participate
in the induction of Th2 responses through several cellular and molecular mechanisms. In
response to injection of cysteine proteases, often an enzymatic component of allergens that
enable activation of innate immune responses, ROS are generated by dermal epithelium and
DCs, as well as by DCs in draining lymph nodes. These ROS inhibit IL-12 production and
induce the recruitment to lymph nodes of basophils that provide IL-4 to drive Th2 responses
(82). Furthermore, depletion of the major antioxidant, glutathione, causes antigen-presenting
cells to preferentially induce Th2 responses and decrease Th1 responses (83). In contrast, it
has been demonstrated that augmenting intracellular thiols via treatment with N-
acetylcysteine (NAC) inhibited Th1 and enhanced Th2 responses via the modulation of
antigen-presenting cell activities. Apparently this effect is not due increases in intracellular
glutathione levels (84). Whereas ROS are generally considered capable of contributing to
the induction of allergic responses (85), this is not strictly the case. For example, the ROS,
O2

•−, but not H2O2, can act on DCs to induce their maturation (86). This study underscores
the selectivity of specific ROS in the activities that they modulate. An additional signal
proposed to be critical for naïve CD4+ T cell stimulation is the generation of ROS and RNS
from activated antigen-presenting cells (APCs), which results in enhanced adaptive immune
immune responses. On the other hand, inhibition of ROS and RNS production by APCs
using catalytic antioxidants (87) or selenium-containing antioxidant ebselen (88), results in
substantially diminished T cell stimulation and cytokine production, consequently
attenuating the immune response.

Efficient antigen uptake and processing are critical for the initiation of adaptive immune
responses. In this regard, DCs are particularly well-equipped to sample the external cellular
environment, taking up antigenic material (including proteins) via phagocytosis/endocytosis
and proteolytic processing into peptide fragments appropriate for presentation to CD4+ T
cells via MHCII or for cross-presentation to CD8+ T cells via MHCI. In phagocytic
neutrophils and macrophages, antigen proteolysis is a very efficient process accomplished
by lysosomal proteases in the fused phagolysosome that have an optimal activity at acidic
pH. In these cells, proteins are rapidly processed to complete degradation, thereby providing
proficient microbicidal activity. Despite the fact that protons required for endosomal
acidification can be consumed through the activity of NADPH oxidase during the oxidative
burst in neutrophils and macrophages, this process is limited in duration and efficient
proteolysis continues nearly unabated. In contrast, phagocytic dendritic cells induce
NADPH oxidase (NOX2) assembly on the phagolysosome membrane to generate O2

•− and
the decomposition product H2O2 over a protracted timecourse that effectively prevents
acidification of the phagolysosome (89). As a consequence, the DCs more effectively
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present antigenic peptides to T cells when NADPH oxidase activity is unhindered (89).
Therefore, ROS substantially affect the capacity of DCs to function optimally and enhanced
NADPH-dependent ROS generation in these cells may augment antigen presentation
activity and may allow for allergic sensitization to occur.

ROS, especially O2
•− and H2O2, are also generated by T lymphocytes themselves upon T

cell-receptor (TCR) engagement (88, 90–92). T cells have been demonstrated to express
functional NADPH oxidase, which is required for optimal T cell activation (93). A recent
report described that T cells from mice with a p47phox mutation that prevents NOX assembly
and activity exhibit a Th17-skewed phenotype upon stimulation (94). Furthermore, these
NOX-deficient mice were more prone to developing a Th17-mediated autoimmune disease
and were protected from developing a Th1-mediated autoimmune disease (94), although
their susceptibility to developing allergic airway disease was not examined. Nonetheless,
this study clearly provides compelling support for the important role of intrinsic NOX
regulation of T cell differentiation. Indicative of their central roles in the induction of T cell
responses, specific ROS and RNS participate in APC maturation, modulate the capacity of
APCs to stimulate CD4+ T cells, and are generated within T lymphocytes during their
activation and modulate polarization. Thus, ROS and RNS may allow for antigen
sensitization via directly or indirectly regulating the activities of DCs and T lymphocytes. In
light of what is known about ROS and RNS in these cells and activation/differentiation
pathways, there is clearly much need for additional studies that address ROS and RNS
effects during allergic sensitization.

Recognition of pulmonary danger and damage to induce allergy
DC maturation occurs mainly in response to recognition of Microbe Associated Molecular
Patterns (MAMPs) by Pattern Recognition Receptors (PRRs), such as the Toll-like
Receptors (TLRs) (95). Stimulation of TLRs promotes the activation of NOX enzymes
leading to the generation of ROS (96), especially H2O2, which can directly modify proteins
and modulate intracellular signaling (36). Mature DCs can also generate RNS, such as
ONOO−, that can cause protein tyrosine nitration and modification of tryptophans, leading
to presentation of chemically-modified antigenic peptides that are recognized by a distinct
population of CD4+ T cells that does not recognize unmodified antigen (97). While many
TLR ligands are derived from infectious microorganisms (98), it has more recently been
recognized that some PRRs are stimulated by endogenous ‘danger’ signals, such as products
released from necrotic cells, including heat shock proteins, uric acid, and ATP (95, 99–101).
These Danger Associated Molecular Patterns (DAMPs) are also capable of inducing DC
maturation (102). Under conditions of cellular stress, ATP can be released by lytic and non-
lytic mechanisms from many cell types, including structural and inflammatory cells (95,
103). While little is known about the immunologic contribution of ATP in the asthmatic
airway, it has been shown to modify the recruitment and activation state of myeloid
dendritic cells (95). Furthermore, intracellular proteins such as IL-1α and high mobility
group box (HMGB)1 (104, 105) have potent functions as cytokines when released from
damaged and dying cells, acting as “alarmins” to promote DC maturation and CD4+ T cell
polarization (106). Similarly, IL-33 functions as a “necrokine” to activate the T1/ST2
receptor on CD4+ T cells and facilitate the secretion of Th2 cytokines (104, 107). These data
show that endogenous molecules, released by damaged or ‘alarmed’ cells, may lead to the
activation of DCs and Th2 cells. Since ROS and RNS are known to induce cell death when
encountered at high concentrations, release of alarmins and necrokines may provide a
potential mechanism through which oxidative stress may participate in allergic sensitization.

More recently, another class of PRRs, the NOD-Like Receptors (NLRs), has become
appreciated for its role in recognition of exogenous and endogenous molecules, as well as
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for the generation of inflammatory and adaptive immune responses. NLRs respond to
microbial molecules and endogenous danger signals within the cytosol (108). In particular,
NOD-Like Receptor containing a Pyrin domain (NLRP)3 (NALP3, cryopyrin) is one of
several NLRs involved in the assembly of a multi-protein scaffold, termed the
inflammasome, which ultimately activates caspase-1 and allows for the cleavage and
secretion of IL-β and IL-18 in itstheir active forms (109). The best-studied inflammasome-
assembling platform is that comprised of the NOD-Like Receptor containing a Pyrin domain
(NLRP)3, which recruits caspase-1 via an adaptor protein termed Apoptosis-related Speck-
like complex (ASC), also known as Pycard because it contains both a pyrin and a Caspase
Activation and Recruitment Domain (CARD), which can interact with the pyrin and CARD
domains of NLRP3 and caspase-1, respectively, through intermolecular homotypic protein-
protein interactions (110). NLRP3 is considered to be a cytoplasmic sensor of infectious,
environmental, and endogenous molecules that have gained inappropriate access to this
intercellular compartment. These molecules include products of intracellular microbes or
those that have escaped the endocytic machinery, the consequences of endosome rupture and
release of active cathepsins by crystalline or amyloidogenic particles, or those induced
subsequent to ATP-dependent activation of the purinergic P2×7 membrane receptor and the
opening of larger pannexin channels (108, 110, 111). Additionally, the commonly used
adjuvant, Alum, is now recognized to principally function to induce Th2 responses through
activation of the NLRP3 inflammasome, leading to the production of IL-1β, the generation
of an inflammatory response, CD11c+ DC maturation, and CD4+ T cell proliferation (112,
113). Intraperitoneal injection of Alum/Ova induces a rapid accumulation of inflammatory
monocytes in the peritoneal cavity (113), which are immediate precursors for DCs (114,
115), followed by a significant increase in the number of myeloid DCs (113). In addition to
recruitment of these cells, a strong neutrophilic response was seen, associated with an
increase in CXCL1 (KC), CCL2 (MCP-1), IL-1β, and IL-18, similar to the response seen
when the endogenous danger signal uric acid is injected into the peritoneal cavity (116,
117). Alum, similar to or through the generation of uric acid, activates caspase-1 and leads
to the release of IL-1β, providing a potential mechanism for inflammatory DC activation
(113). Furthermore, injection of Alum promoted antigen uptake by the recruited monocytes
and induced their conversion to CD11c+ cells in lymph nodes, which were required for
allergic sensitization (113).

The activation of NLRP3 by such a wide array of seemingly dissimilar molecules has led to
the proposal that there may be a common mechanism involved. Many of the agents that
induce NLRP3 inflammasome activation also cause ROS and RNS generation, which are
beginning to be considered important for NLRP3 inflammasome activation. It has recently
been reported that P2×7 is required for allergic sensitization leading to contact dermatitis
(118), which involves IL-1β secretion subsequent to TLR2, TLR4, and NLRP3 activation. It
is well documented that activation of P2×7 is accompanied by production of ROS, produced
at least in part by NADPH oxidases (119). Several studies using antioxidants support a
model in which ROS production by NLRP3 agonists drive inflammasome assembly (120).
However, the mechanisms of production and the nature of ROS and RNS involvement in
inflammasome activation remain the subject of intense scrutiny. It was recently
demonstrated (121) that NLRP3 can be directly regulated by thioredoxin inhibitory protein
(TXNIP), which itself modulates activity of the intracellular antioxidant protein thioredoxin
(TRX). In resting cells, TXNIP interacts with TRX and is therefore unable to activate
NLRP3. Upon oxidative stress, TXNIP is released from oxidized TRX and in turn directly
binds the leucine-rich repeat region of NLRP3 leading to inflammasome assembly and
activation. Mitochondria represent an additional source of intracellular ROS that contribute
to NLRP3 activation (122). Intriguingly, mitochondrial dysfunction has been reported in
models of allergic asthma (123, 124) and can be induced by exposure to environmental
oxidants, including ozone (125) and ultrafine particles (126). Whereas oxidative stress may
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facilitate NLRP3 activation (120, 127), there are also conflicting data that suggest the early
oxidative stress must be balanced with a later antioxidant effect to facilitate IL-1β secretion
(128). These reports implicate that NLRP3 is redox modulated in a biphasic manner.
Understanding the biochemical events involved in NLRP3 activation is applicable to–
allergic asthma because Alum, the best-studied adjuvant used to promote Th2 responses,
functions–in part through its capacity to activate the NLRP3 inflammasome (113, 129). In
addition, since NLRP3 activation regulates the secretion of IL-1β, an important cytokine that
enables naïve (34), Foxp3+ regulatory (30, 33), effector/memory Th2 (32) CD4+ T cells, and
γδT cells (35) to generate IL-17 and other Th17-associated cytokines, the potential for
control of NLRP3 by ROS and RNS is an emerging research area that may be important for
understanding the pathogenesis of severe allergic asthma.

Airway epithelium in allergic sensitization
In addition to DCs and macrophages, epithelial cells are also known to express PRRs, and
may also play a significant role in the detection of microbial infection, danger (such as by
inhaled oxidant gasses and respirable particulate matter), and cellular damage through
release of pro-inflammatory cytokines and chemokines that activate other innate and
adaptive immune cells (130). The airway epithelium is capable of influencing DC
recruitment, maturation, and CD4+ T cell polarization by producing various cytokines and
chemokines that promote allergic sensitization and subsequent inflammation. For instance,
airway epithelium constitutively and inducibly expresses IL-6 (131), a cytokine that can
promote Th2 polarization of CD4+ T cells (73, 74). IL-6-deficient mice exhibit diminished
IL-5, IL-13, and IL-17 expression, as well as decreased mucus cell metaplasia in an
Aspergillus fumigatus model of allergic asthma (132). In response to inflammatory stimuli,
airway epithelial cells (AECs) secrete chemokines to recruit DCs (133, 134), including
CCL20 (MIP-3α) and β-defensins, known ligands of CCR2/CCR6 present on immature DCs
(67). It has recently been demonstrated that, in mice, CCR2 is a predominant receptor
involved in recruiting Th2 inducing DCs to the lung (135).

AECs can also produce DC-activating cytokines including thymic stromal lymphopoietin
(TSLP), GM-CSF, IL-1, IL-33, osteopontin, and IL-25 (67). TSLP is produced by epithelial
cells in the lungs, gut, and skin (136). Recent work has shown that TSLP levels are
increased at sights of inflammation, such as in the airway epithelium of asthmatics (137,
138). TSLP is transcriptionally regulated by NF-κB, and its production by human AECs is
inducible by IL-1β and TNF-α (139). TSLP also activates human CD11c+ myeloid DCs
(136, 140). These TSLP-activated DCs induce an inflammatory Th2 response through
increasing expression of the co-stimulatory molecule OX40L (141). CD4+ T cells primed by
TSLP-treated DCs produce Th2 cytokines, including IL-4, 5, and 13, indicating a role for
TSLP in promoting Th2 allergic responses (140). Lastly, when TSLP is administered to
mice intranasally, lymphocytes accumulate in the lung with an associated spike in Th2
cytokines and circulating IgE (142). This TSLP-driven inflammation is dramatically reduced
by the administration of anti-OX40L–blocking mAb, indicating that OX40L is important in
TSLP-driven atopic inflammation (142). Following allergen challenge, AECs also produce
IL-25, a member of the IL-17 cytokine family that drives Th2 cell differentiation (143).
Blocking IL-25 reduces airway inflammation and Th2 cytokine production in an allergen-
induced asthma model using Aspergillus oryzae (143). Furthermore, IL-25 augments Th2
responses by enhancing the function of Th2 memory cells, thereby increasing the magnitude
and duration of allergic inflammation (143).

It was recently demonstrated using irradiated chimeric mice that house dust mite (HDM)
extracts induce allergic asthma via TLR4 expressed on airway structural cells, not DCs
(144). The absence of TLR4 on structural cells, but not on hematopoietic cells, abolished
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HDM-driven allergic airway inflammation. Signaling through TLR4 on airway structural
cells resulted in production of the innate pro-allergic cytokines TSLP, GM-CSF, IL-25 and
IL-33 (144). Thus, it is possible that allergic sensitization in the context of ROS and RNS
occurs due to the inappropriate activation of AECs, leading to production of cytokines and
chemokines capable of recruiting and activating mDCs. Interestingly, it was also recently
reported that the Derp2 allergen in HDM extract has structural homology to the TLR4-
associating molecule, MD-2, and can interact with TLR4 directly and not as a consequence
of contaminating endotoxin (145). As a consequence, Derp2 is able to initiate TLR4-
dependent signals necessary for allergic sensitization and eventual manifestation of allergic
airway disease. These studies further underscore the interrelationships between the
epithelium, DCs, and CD4+ T cells in the initiation of allergic sensitization.

NF-κB: a redox-regulated transcription factor
While there is a growing appreciation for the interplay between the lung epithelium and DCs
in modulating allergic airway disease (67, 146–149), the role of ROS and RNS in these
processes that facilitate allergic sensitization remains relatively understudied. ROS and RNS
generation in the lung can be triggered by a multitude of agents and events that manifest in
a) frank injury and easily-detectable macromolecule oxidation and nitration when at high
levels or b) nuanced alterations in molecular and cellular function when at low-levels. In the
later case, transient macromolecular alterations induced by ROS are reflected by induction
of intracellular signaling cascades. Among one of the most early-described transcription
factors modified in its activity as a consequence of ROS or RNS exposure is nuclear factor-
kappaB (NF-κB). Dependent upon cell type and the concentration and type of ROS or RNS,
NF-κB can become activated or repressed (150). Activation of both the canonical and non-
canonical NF-κB cascade is typically manifest as a consequence of activation of an upstream
kinase, termed an IkappaB kinase (IKK), which itself is inducibly phosphorylated by
upstream kinases. It was described over two decades ago that exposure to H2O2 promotes
NF-κB activity, as indicated by expression of NF-κB-regulated genes, NF-κB-dependent
reporter gene expression assays, NF-κB nuclear translocation, inhibitor of NF-κB (IκB)
phosphorylation and degradation, and IKK phosphorylation (150, 151). We have reported
that NF-κB is active in the airway epithelium of mice exposed to NO2 (9, 152) and have
found that NO2 exposure induces NF-κB activity in airway epithelial cells in vitro, as
reflected by IKK activity and NF-κB-dependent reporter gene expression (our unpublished
results).

Most interestingly, the effects of NO2 inhalation on initiation of an antigen-specific immune
response (9, 19) are also manifest simply by activating NF-κB in the airway epithelium and
exposing to inhaled Ova (153). For these studies, we have used a mouse in which IKK
activity can be induced exclusively in non-ciliated airway epithelium, which in turn
promotes transient NF-κB activation in those cells (154). While airway epithelial IKK and
NF-κB activation are the initial signaling events in this model, there are most certainly
additional cells and signaling cascades activated as a consequence of IKK transgene
expression. As an example of the complex interplay between and within cells, similar to
exposing mice to inhaled NO2, transiently activating NF-κB in airway epithelial cells
induced a mixed Th2/Th17 immune response to the inhaled antigen, as well as eosinophilic,
neutrophilic, and lymphocytic airway inflammation accompanied by methacholine
hyperresponsiveness following aerosolized antigen challenge (153). These alterations took
place at a time at which the transgene was no longer expressed in the airway epithelium,
implicating the induced adaptive immune response as the causal pathogenic mediator at this
time point. Furthermore, transient activation of airway epithelial NF-κB did not alter
epithelial permeability or induce pulmonary expression of the Th2-skewing cytokines IL-6,
TSLP, IL-25, or IL-33, but did induce expression of CCL20, GM-CSF, SAA3, and the Th17-
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supporting cytokine IL-23, as well as promote maturation and migration of pulmonary DCs
(153).

It has been previously demonstrated that H2O2 modulates activity of the NF-κB pathway in
airway epithelial cells, but target molecules directly modified by H2O2 were not identified
(155). Later studies revealed that the NF-κB subunit, p65, as well as the regulatory kinase,
IKKβ, are post-translationally modified by S-glutathionylation (156) or S-nitrosylation (157,
158), which are downstream effects of ROS and RNS. Therefore, exogenous and
endogenously-generated oxidants participate in the initiation of allergic responses via both
direct and indirect mechanisms. Whether ROS and RNS are directly or indirectly facilitating
NF-κB activation as a consequence of NO2 inhalation or whether ROS and RNS are
generated as a consequence of airway epithelial NF-κB activation remain to be explored in
our models.

Modulation of DC responses to ROS and RNS
Immature dendritic cells can be recruited to the airway as a consequence of epithelial-
derived signals that are released subsequent to exposure to environmental agents including
allergens, particles, and gasses. Along with the release of chemotactic signals, epithelial
cells can release ROS and RNS generated from a number of sources, including mitochondria
and peroxisomes (159), as well as non-phagocytic oxidases (49), and nitric oxide synthases
(160–162), which may modulate epithelial NF-κB activities and participate in the
maintenance of epithelial barrier integrity and regulation of genes controlling the expression
of DC chemokines. Recruited DCs are exposed to epithelial-derived ROS and RNS and
themselves generate ROS and RNS to regulate a myriad of transcription factors, including
NF-κB, that modulate DC maturation and CD4+ T cell activation. As an additional
consequence of ROS and RNS generation and exposure, cells generally initiate a program to
counter the detrimental effects of ROS and RNS by inducing expression of antioxidant
genes. Several of these antioxidant genes are regulated at the transcriptional level by DNA
sequences termed Antioxidant Response Elements (AREs), which are recognized by the
basic leucine zipper transcription factor, Nuclear erythroid 2 p45-related factor 2 (Nrf2)
(163). Nrf2 normally resides in the cytosol and responds during oxidative stress by
detaching from its inhibitor, Kelch-like ECH-associated protein 1 (Keap1), translocating to
the nucleus, and binding AREs to induce expression of antioxidant genes (163). Mice
deficient in Nrf2 display remarkable sensitivity to the deleterious effects of ROS and exhibit
an enhanced allergic response to pulmonary antigen challenge following allergic
sensitization (164), including augmented activation of NF-κB. Whereas this study
demonstrates the effects of oxidants in driving the pathology of allergic airway disease
during allergen challenge, it has been further elucidated that the activities of Nrf2 modulate
sensitivity to the genesis of allergic responses upon coexposure to antigen and ambient
particles, which themselves induce the generation of ROS and RNS and activate Nrf2 in
macrophages and epithelial cells (165), and are epidemiologically and mechanistically
linked to the processes of allergic sensitization (163). Since ROS and RNS can modulate the
maturation of DCs and shape the adaptive immune responses initiated as a consequence of
DC activities, the role of Nrf2 in the response of DCs to ambient particulate matter was
investigated. In these studies (166), the absence of Nrf2 led to increased oxidative stress,
inflammatory cytokine production, and expression of maturation markers by DCs.
Interestingly, Nrf2-deficient DCs displayed an enhanced capacity to promote Th2
polarization of antigen-specific naïve CD4+ T cells. Furthermore, the capacity of ragweed
extracts, which can themselves induce ROS production through their own NADPH oxidase-
like activity (167), to induce DC maturation is regulated by Nrf2 (168). These studies clearly
implicate an important role for ROS and RNS, their intracellular sensing, and their
detoxification in DCs for controlling inappropriate responses to inducers of allergic disease.
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Concluding remarks
ROS and RNS are active participants in complex biological processes, including the allergic
sensitization that predisposes to the development of allergic asthma. Whether ROS and RNS
are encountered environmental factors or are generated endogenously, they can affect
several steps involved in allergic sensitization (Figure 1). It is critical to be mindful that
individual cells and multicellular organisms have developed intricate mechanisms through
which to respond to and utilize ROS and RNS to modulate homeostasis and respond to
threats. Therefore, generalized therapeutic and prophylactic approaches to modulate ROS
and RNS generation and reactivity may not represent a realistic target to combat allergic
asthma. Therefore, a better understanding of the sequence of events leading to allergic
sensitization, the involvement of ROS and RNS, and the potential molecular targets of
oxidative modification, may provide crucial knowledge for the future development of
therapeutic interventions. Indeed, while antioxidant trials in asthmatic subjects have largely
fallen short of the hypothesized benefit, there is some potential for dietary antioxidant
supplementation, aimed at achieving the levels present in normal subjects, to have
prophylactic effects in certain populations (169–171). In addition, the cells and intracellular
signaling events affected by ROS and RNS may represent even more efficacious therapeutic
targets. While several laboratories are working hard to understand these ROS- and RNS-
mediated, as well as the ROS- and RNS-modulating mechanisms, additional efforts are
required to successfully integrate the many processes involved in ROS and RNS regulation
of allergic sensitization and asthma.
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Figure 1. Reactive oxygen species (ROS) and reactive nitrogen species (RNS) in allergic
sensitization
1) Environmental (gaseous, particle-associated, and allergen-generated) and endogenous
(from resident and inflammatory cells or as a consequence of infection) ROS, RNS, and
Danger-Associated Molecular Patterns (DAMPs, including respirable particulate matter and
the products from damaged cells) in the lung may directly and indirectly affect resident
pulmonary epithelial cells and dendritic cells, inducing their activation and the potential to
generate additional ROS and RNS. 2) Mediators derived from activated epithelial cells,
including cytokines and ROS/RNS enzymatically generated from NOXs and DUOXs, can
also promote dendritic cell activation. 3) Activated dendritic cells undergo maturation and,
in the presence of an environmental antigen, gain the capacity to present antigenic peptides
and stimulate CD4+ T cells. Dendritic cell-derived ROS impact upon CD4+ T cell activation
and can also further activate pulmonary epithelium, perpetuating the stimulatory state in the
lung. 4) Activated CD4+ T cells use NOX-derived ROS as a component of the intracellular
signaling cascade induced subsequent to TCR stimulation, signals that participate in their
capacity to differentiate into Th2 and Th17 effector cells that secrete cytokine mediators
contributing to the pathogenesis and pathophysiology of allergic asthma.
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