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Abstract

Purpose of review—Plant pollens are one of the most common outdoor allergens. Pollen grains
and subpollen particles can reach lower airways and induce symptoms of seasonal asthma and
allergic rhinitis. Plants possess NAD(P)H oxidase activity that generates reactive oxygen species
for physiological functions such as root-hair and pollen-tube growth, defense against microbial
infections and cell signaling. The presence of NAD(P)H oxidases in pollens and their role in
induction of airway inflammation have not been described until recently.

Recent findings—We discovered the presence of NAD(P)H oxidase in ragweed and other plant
pollens. These oxidases induce reactive oxygen species in mucosal cells (signal 1) independent of
adaptive immunity. This reactive oxygen species facilitates antigen (signal 2)-induced allergic
inflammation. Inhibiting signal 1 by administration of antioxidants attenuated ragweed extract-
induced allergic inflammation. Likewise, abrogating signal 2 by antigen challenge in mice lacking
T cells failed to induce allergic inflammation.

Summary—Reactive oxygen species generated by pollen NAD(P)H oxidase play a major role in
pathogenesis of allergic airway inflammation and airway hypersensitivity. Based on our findings,
we propose a ‘two signal hypothesis of allergic inflammation’ in which both signal 1 (reactive
oxygen species) and signal 2 (antigen presentation) are required in order to induce full-blown
allergic inflammation.
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Introduction

The worldwide prevalence of allergic diseases is increasing. One of the prominent theories
of this phenomenon is the ‘Hygiene Hypothesis of Asthma and Allergic Diseases’.
According to this theory, improvement in hygiene in developed countries has contributed to
an increase in allergic diseases [1]. Other studies, however, have failed to show the
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protection conferred by poor hygiene [2]. This has led to a scientific enigma: are there
factors other than hygiene that are contributing to increased prevalence of allergic diseases?

Allergic asthma is characterized by airway eosinophilia, mucus hypersecretion and
development of airway hyper-responsiveness (AHR). In patients with asthma markers of
oxidative stress, such as 8-isoprostane, malondialdehyde, nitrotyrosine, protein carbonyls,
H»0, and nitric oxide are increased [3-7]. These reactive oxygen species (ROS) cause
respiratory epithelial cell damage and induce hyperreactivity of human peripheral airways
[8]. These and other studies indicate that oxidative stress is an important contributor to the
pathogenesis of asthma.

Several studies indicate synergistic effects of allergens with environmental pro-oxidants like
diesel exhaust particles (DEP) or ozone in increasing intensity of allergic symptoms. In
urban areas rich in DEPs such as near busy roads, people are more likely to have severe
allergic symptoms compared with people living in areas with high pollen loads but with less
traffic [9]. Other studies have confirmed the augmenting effect of environmental pro-
oxidants in allergic symptoms [10,11].

Does induction of allergic inflammation always need a combination of protein allergen from
pollens and environmental pro-oxidants? While studying this question, we recently
discovered the presence of NAD(P)H oxidase in pollens [12]. These oxidases are packaged
with pollen antigens. In a series of papers, we demonstrated that these oxidases induce ROS
in mucosal cells and perpetuate antigen-induced allergic inflammation [12]. Here we review
the role of NAD(P)H oxidases in pollens and subpollen particles, their effect on allergic
airway inflammation, and utility of antioxidants in prevention of allergic airway
inflammation.

Reactive oxygen species and their effects on airway function

The term ‘reactive oxygen species’ denotes oxygen radicals that have unpaired electrons like
superoxide (O°-) and hydroxyl radical (OH™), or paired electrons like hydrogen peroxide
(H205), hypochlorous acid (HOCI) and peroxynitrite (ONOO™). ROS are formed in
biological systems by oxidases and as a byproduct of respiration. At the same time, a variety
of antioxidant and ROS scavenging mechanisms counterbalance these deleterious effects on
cells. The excess ROS unbalanced by antioxidants, termed ‘oxidative stress’, play an
important role in the pathogenesis of allergic airway diseases.

The respiratory system, by virtue of its direct contact with the external environment, is
continuously exposed to environmental pro-oxidants. ROS generated from this exposure
induce inflammation, and airway smooth-muscle activation, contraction and proliferation
[13-18]. Hospital admissions for asthma increase on days with high O3 concentrations [19].
H,0, augments airway smooth-muscle tone by increasing Ca2* influx from extracellular
space and cellular sensitization to Ca?* by Rho kinase [20¢]. ONOO™, an ROS present in
exhaled air, induces nitration of protein tyrosines to form 3-nitrotyrosine, and increases
airway resistance in mice [4,21-23]. These reports indicate that ROS not only influence the
extent of inflammation but also the tone of the airway smooth muscle.

Pollens contain intrinsic NAD(P)H oxidases

During the plant fertilization process, a pollen tube grows from the pollens that land on the
stigma of the receptive flower. The process of pollen-tube growth demands high energy and
requires rapid oxygen uptake, and is regulated by Rac homologs and Ca?* signaling [24-26].
Foreman and colleagues [27] reported that development of root-hair growth involves
NAD(P)H oxidase, which exerts control on cell expansion through ROS-induced Ca2*
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channel signaling. These studies showed the importance of NAD(P)H oxidase in plant
physiology.

In 2005, while studying the factors that induce pollen-mediated allergic inflammation, we
discovered the presence of NAD(P)H oxidase in ragweed and 41 other pollens [12]. These
pollen oxidases generate O,"— anions, which reduce redox-sensitive nitroblue tetrazolium
into formazan and dihydro dichlorofluorescein diacetate into fluorescent
dichlorofluorescein. The ROS-generating activity of these oxidases was inhibited by
NAD(P)H oxidase inhibitors diphenylneiodonium (DPI), quinacrine and heat inactivation.
The pollen NAD(P)H oxidase reduced cytochrome c, indicating that it generates O,™ and
this was inhibited by superoxide dismutase.

Although most pollens cannot reach the lower airway due to their large size, pollen
hydration and hypotonic shock by rainwater can lead to release of subpollen particles (SPP)
varying from 0.5 to 4.5 um in size that can penetrate to the lower airways because they are
in the respirable range [28e¢]. These SPP retain the Amb a 1 antigen, as well as NAD(P)H
oxidase activity. In fact, the process of releasing SPP itself requires oxidase activity, as
addition of NAD(P)H oxidase inhibitors quinacrine and DPI inhibited this phenomenon
[28ee].

Why do pollens have NAD(P)H oxidases? This question was answered recently by two
groups. The first group demonstrated that NAD(P)H oscillates in the growing pollen tip
[29]. The second group identified that pollentube growth requires ROS generated by
NAD(P)H oxidase [30]. Transfection of pollen tubes with antisense oligonucleotides to
tobacco NAD(P)H oxidase decreased mRNA levels, and NAD(P)H oxidase activity and
inhibited pollen-tube growth [30]. Addition of exogenous H,O5 rescued pollen-tube growth
inhibition caused by NADPH oxidase antisense oligos [30]. Similarly, NAD(P)H oxidase
inhibitor, DPI, decreased ROS formation in tobacco pollen-tube cultures and thereby
inhibited their growth [30]. These studies indicate that intrinsic pollen NAD(P)H oxidases
are required to generate ROS and induce pollen-tube growth.

Pollen NAD(P)H oxidase induces reactive oxygen species and augments
allergic airway inflammation

We reported that ragweed pollen extract (RWE) NAD(P)H oxidase increased intracellular
ROS levels in airway epithelial cells and normal human bronchial epithelial (NHBE) cells
cultured at air-liquid interphase to mimic physiologic conditions [12]. The NAD(P)H
oxidase inhibitors DPI and quinacrine inhibited this increase in intracellular ROS levels.
Administration of RWE into murine lungs ex vivo enhanced the ROS levels in airway
epithelium. RWE challenge increased oxidative stress markers, oxidized glutathione
(GSSG), 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA) in the lungs in wild-
type, as well as in mice lacking T cells, B cells or mast cells, suggesting that the ability of
NAD(P)H oxidase to induce ROS in lungs is independent of adaptive immune response.

Next we investigated how this induction of ROS influences antigen-induced allergic airway
inflammation. Challenge of sensitized mice with Amb a 1 (the most abundant antigenic
component of RWE that lacks pro-oxidant activity) or RWE column chromatography
fractions that lack NAD(P)H oxidase activity ()RWEP*™) induced minimal inflammatory
cell recruitment and mucin production in the airways. Co-administration of a surrogate ROS
generator with Amb a 1 induced full-blown inflammation observed with RWE challenge.
Addition of NADPH oxidase high pro-oxidant containing activity fraction (pRWEOX*) to
PRWEOX™ resulted in increased eosinophilic inflammation in the airways. RWE-sensitized
mice challenged with RWE showed increased airway hyperresponsiveness to increasing
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concentration of methacholine compared with pPRWECX~ challenge (Fig. 1). pPRWEOX~
challenge induced lower pRWEOX~ specific IgE levels in serum than RWE challenge. These
findings indicate that pollen NAD(P)H oxidase-induced ROS are essential for generating
robust allergic inflammatory response, airway hyperresponsiveness and IgE production.

Antioxidants inhibit pollen NAD(P)H oxidase-induced angmentation of
allergic airway inflammation

Early this year we reported that antioxidants N-acetyl cysteine (NAC), ascorbic acid,
reduced glutathione or tocopherol or their combination significantly decreased ROS
generated by RWE pollen NAD(P)H oxidase [31¢]. Intranasal administration of ascorbic
acid+NAC significantly decreased RWE-induced allergic airway inflammation in sensitized
mice (Fig. 2). This change was associated with decreased IL-4 and Clca3 transcripts in the
lungs. Of particular importance is our finding that ascorbic acid+NAC co-administered with
RWE challenge prevented airway eosinophilia. When ascorbic acid+NAC were
administered 4 or 24 h later, when neutrophilic infiltration in the airways was highest, there
was no reduction in airway eosinophilia (Fig. 3a, b). This finding suggests that it is the
decrease in pollen NAD(P)H oxidase-induced ROS and not ROS generated by neutrophils
that prevents subsequent development of airway inflammation.

To further validate these observations, we studied the role of the iron-binding protein natural
antioxidant, lactoferrin, on allergic airway inflammation. Adding lactoferrin to cultured
NHBE cells decreased RWE-induced intracellular ROS generation [32]. Co-administration
of lactoferrin significantly decreased RWE-induced airway eosinophilia and mucin
production in the lungs [32]. Similarly, Lee and colleagues [33] have shown that
intraperitoneal administration of -2-oxothiazolidine-4-carboxylic acid, a prodrug of
cysteine, decreased OVA-induced airway inflammation and AHR.

Plant NAD(P)H oxidases are biochemically and functionally similar to mammalian
NAD(P)H oxidase. Unlike their mammalian counterpart, the structure of plant NAD(P)H
oxidases are not well characterized [34+¢]. Mammalian NAD(P)H oxidase is composed of
membrane-bound gp91Pho* and p22PhX and cytosolic p40PhX p47PhoX pE7PhoX and small
G-proteins Rac2 and Cdc2. Rac2 is a critical component of NAD(P)H oxidase and is
essential for its function and ROS production. Recently, Lo and colleagues personal
communication used IL-5 transgenic (IL-5%9) mice and Rac2 knock-out mice crossed with
IL-5% mice to study the role of eosinophil NAD(P)H oxidase on airway inflammation. Even
though eosinophils from 1L-5"9-Rac2KO showed reduced superoxide production compared
with I1L-5%9 mice, OVA-induced airway inflammation and AHR were similar in both mice.
These observations further validated our hypothesis that ROS generated by pollen NAD(P)H
oxidase and not those generated by inflammatory cells are critical for initiating allergic
airway inflammation.

In randomized control trials, administration of ascorbic acid or vitamin E have failed to exert
any beneficial effect on outcome measures of asthma [35,36]. This can be explained by a
recent study that showed that even though administration of oral ascorbic acid and vitamin E
increased its level in the serum, there was no significant difference in the total serum
antioxidant capacity [37]. In our experiments, ascorbic acid+NAC increased the antioxidant
potential in the airways only transiently, and it returned to basal levels by 2 h (Fig. 3c). This
result, combined with our finding that administration of ascorbic acid+NAC 4 h after RWE
challenge had no beneficial role, suggests that it is the local antioxidant potential that is
likely to play a major role in circumventing airway inflammation.
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Mechanisms by which antioxidant activity modulates allergic inflammation
and airway hypersensitivity

We have shown that ragweed extract NAD(P)H oxidases increase GSSG and 4-HNE levels
in the lungs [12]. These products of oxidative stress induced tyrosine phosphorylation of p38
mitogen-activated protein kinase and increased IL-8 promoter activity and I1L-8 production
in cultured airway epithelial cells. Challenging naive mice with GSSG or pro-oxidant
products induced three-fold to four-fold greater neutrophil and total inflammatory cell
recruitment in the lungs at 24 h. Co-administration of NAC 4-HNE RWE challenge with
RWE-sensitized mice of decreased 4-HNE adduct formation in the lungs [31¢]. These
observations indicate that pollen NAD(P)H oxidase-generated ROS induce a ‘danger signal’
and this can be inhibited by increasing the antioxidant potential of the airways [38]. This
danger signal upregulated IL-4 transcripts in the lungs within 4 h and was inhibited by co-
administration of ascorbic acid+NAC. IL-4 is a critical cytokine for generating Th,
response, airway inflammation and AHR [39-41]. Thus, decreasing transcripts of pro-
inflammatory cytokines like IL-4 may be another mechanism by which antioxidants prevent
RWE NAD(P)H oxidase-induced airway inflammation.

The mechanism of cellular response to oxidative stress is a field of increasing interest. Li
and colleagues [42] have proposed a three-tier response to oxidative stress induced by
particulate matter. In the first-tier response, cells exposed to oxidative stress upregulate their
antioxidant capabilities by nuclear regulatory factor 2 (Nrf2)-dependent transcriptional
activation of antioxidant response elements. If antioxidants fail to counterbalance the
oxidative stress, tier-2 response sets in by upregulating pro-inflammatory genes and
intracellular signaling cascades [43]. Eventually, oxidative stress induces cellular toxicity,
mitochondrial perturbation and death by apoptosis or necrosis, and these effects compose the
third-tier response. Our findings add a new dimension to these observations in which ROS
are packaged with antigenic proteins as an intrinsic part of pollens. It needs to bedetermined
whether the three-tier response is operative in pollen NAD(P)H oxidase-induced allergic
inflammation.

Conclusion

We have shown that pollens contain intrinsic NAD(P)H oxidase. Blocking ROS generation
by pollen NAD(P)H oxidase inhibited AHR, allergic airway inflammation and allergic
conjunctivitis in mice [44]. These studies indicate that pollen NAD(P)H oxidases likely
contribute substantially to induction of allergic diseases.

Could it be that pollen NAD(P)H oxidases contribute to the increasing prevalence of allergic
diseases worldwide? As elegantly described in a movie by Vice-President Al Gore, ‘An
Inconvenient Truth’, global warming is changing many environmental dynamics all across
the globe. Rapid climatic changes in the last few decades have altered flowering behavior in
many plants [45]. Ragweed plants grown in CO,-enriched environments produced more
allergenic pollens [46]. Rising temperature leads to early spring and lengthening of the
growing season in various plants. In climate-controlled experiments, ragweed plants
generated greater biomass and had 54.8% greater pollen production when grown under
simulated early-spring conditions [47¢]. Also, at high CO, levels, ragweed plants increased
pollen production in simulated late-spring environments [47¢]. Based on these findings, the
authors suggested that ragweed-pollen production is likely to increase significantly under
predicted future climatic conditions [47¢]. These findings suggest that global warming may
increase the total environmental pollen NAD(P)H oxidase load and contribute to the
increasing prevalence of allergic disorders. Future studies should carefully test the validity
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this ‘Global Warming Hypothesis of Allergic Disorders’ as an alternative to the hygiene

hypothesis.
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Figure 1. Ragweed extract NAD(P)H oxidase-induced reactive oxygen species increase airway
hyperresponsiveness

Ragweed extract-sensitized Balb/c mice were challenged with either ragweed extract (m) or
PRWEOX* (). Airway hyperresponsiveness to increasing dose of methacholine was
measured using BUXCO instrument 48 h postchallenge. Results are means + SEM (n = 3-6
mice per group). *P < 0.05.
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Figure 2. Scavenging pollen NAD(P)H oxidase-generated reactive oxygen species inhibit allergic
lung inflammation

Ragweed extract-sensitized Balb/c mice were challenged with PBS (phosphate-buffered
saline), ragweed extract (RWE) or RWE+ascorbic acid+N-acetyl cysteine and sacrificed at
72 h. (a) Total inflammatory cells and eosinophils in bronchoalveolar lavage fluids of RWE-
challenged mice. (b) Impact of antioxidants on recruitment of eosinophils in peribronchial
(br) and perivascular (v) regions (arrows). (c) Periodic acid schiff-Stained lung sections
showing mucin content of airway epithelial cells. Arrow shows PAS-positive mucin
globules. Results are means £ SEM (n=7-9 mice per group). ***P < 0.001. Reproduced
with permission from [31¢].
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Figure 3. Scavenging reactive oxygen species generated by ragweed extract pollen NAD(P)H
oxidase and not by inflammatory cells inhibit allergic airway inflammation

(a) Analysis of eosinophil recruitment in the airways after administration of antioxidants at
various time points. (b) Kinetics of neutrophil recruitment in the bronchoalveolar lavage
(BAL) fluid. Ragweed extract (RWE)-sensitized mice were challenged with either PBS or
RWE and sacrificed kinetically and BAL fluid was examined for cellular content. (c)
Ascorbic acid+N-acetyl cysteine increased total antioxidant potential in the airways for 90
min. X-axis represents time after administration of antioxidants. Results are means + SEM
(n=3-6 mice per group). *P < 0.05, ****P < 0.0001. Reproduced with permission from
[31e].
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