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ARTICLE INFO ABSTRACT

Keywords: Asthma is a complex inflammatory disease characterized by airway inflammation and hyperresponsiveness. The
Asthma mechanisms associated with the development and progression of asthma have been widely studied in multiple
Inflammation populations and animal models, and these have revealed involvement of various cell types and activation of
NF-xB

intracellular signaling pathways that result in activation of inflammatory genes. Significant contributions of Toll-
like-receptors (TLRs) and transcription factors such as NF-xB, have been reported as major contributors to in-
flammatory pathways. These have also recently been associated with mechanisms of oxidative biology. This is of
important clinical significance as the observed inefficacy of current available treatments for severe asthma is
widely attributed to oxidative stress. Therefore, targeting oxidizing molecules in conjunction with inflammatory
mediators and transcription factors may present a novel therapeutic strategy for asthma. In this review, we
summarize TLRs and NF-kB pathways in the context of exacerbation of asthma pathogenesis and oxidative
biology, and we discuss the potential use of polyphenolic flavonoid compounds, known to target these pathways

Toll-like receptors
Oxidative stress
Polyphenolic flavonoid compounds

and possess antioxidant activity, as potential therapeutic agents for asthma.

1. Introduction: immunology of allergic airway inflammation

The pulmonary system acts as the primary site of contact for pa-
thogens and environmental pollutants. In its uncompromised state, this
system exhibits a well-orchestrated interplay of components of both
innate and adaptive immunity (Cruz & Koff, 2015; Martin & Frevert,
2005). The airways and alveolar epithelial cells are the first line of
defense of the lung immune system, which not only presents the phy-
sical barrier against environmental insults, but also instructs the pro-
fessional immune cells to protect from lung injury; whereas immune
cells such as alveolar macrophages and neutrophils recognize and act to
neutralize pathogens and foreign particles (Hoffmann et al., 2016).

Asthma is a complex inflammatory disease characterized by airway
inflammation and remodeling, and airway hyperresponsiveness (AHR).
The airways of asthmatic patients often present with infiltration of
eosinophils, degranulated mast cells, and lymphocytes along with

hyperplasia of goblet cells and altered epithelial cell tight junctions
(Curtis, 2005; Hoffmann et al., 2016). In this compromised state, the
antigen presenting dendritic cells (DCs) recognize allergens and migrate
to lymph nodes, where they present antigens to naive CD4 T cells and
induce their differentiation into various T helper (Th) cell types (e.g.
Th1, Th2, Th17). In the case of allergic asthma, a predominance of Th2
cells is associated with the disease pathogenesis and progression
(Chen & Kolls, 2013; Gaurav & Agrawal, 2013). A number of cytokines
present in the environment influence the direction of T cell differ-
entiation through interactions with receptors and activation of in-
tracellular signaling cascades. Of these, toll-like receptors (TLRs), and
transcription factors such as nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) play important roles in asthma pathogen-
esis, and in mechanisms leading to acute and chronic inflammation.
The TLR signaling pathways lead to the activation of transcription
factors like NF-kB (through the IKKa/IKKp), activator protein-1 (AP-1)
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(through MAPKs) and Interferon Regulatory Factor (IRF)3 (through
TBK1, IKKe and IKKa). Allergic asthma exhibits a crucial interplay of
innate and adaptive immune functions, where NF-xB is considered as
the master regulator of both innate and adaptive immune responses.
Thus, the present review describes the role of TLRs and NF-kB in the
context of asthma pathogenesis and oxidative biology as well as the use
of polyphenolic flavonoid compounds targeting oxidants and signaling
pathways as potential therapeutic agents for asthma.

2. Toll like receptors (TLRs)

The TLRs are a family of pattern recognition receptors (PRRs)
known to possess key functions in innate immune responses
(Aderem & Ulevitch, 2000; Akira, Takeda, & Kaisho, 2001). Toll-Like
Receptors act by recognizing pathogen-associated molecular patterns
(PAMPs) or damage-associated molecular patterns (DAMPs) by the
distinct structural domains, and result in the activation of immune cells
and pro-inflammatory cytokines. Long before the discovery of the TLRs,
interleukin-1 (IL-1), a pleiotropic proinflammatory cytokine, was found
to contribute to T cell activation and pyrogenicity (Dinarello, 1991).
Although the IL-1 receptor (IL-1R) was already discovered, and the
gene encoding the IL-1 receptor (IL-1R) was sequenced by the 1980s,
the exact signaling mechanism of IL-1R was not yet known. The Dro-
sophila melanogaster Toll receptor was discovered in the 1980s, where
Toll, a mutant gene was shown to be critical in Drosophila embryonic
development (Stein, Roth, Vogelsang, & Nusslein-Volhard, 1991). The
Toll gene was cloned in 1988 and was shown to encode a transmem-
brane receptor with the presence of an intracytoplasmic domain with
marked similarities to that of the IL-1R, and is referred as Toll/IL-1R
receptor domain (TIR). While the IL-1R consists of a Ig-like domain in
their ectodomain and an intracellular TIR domain, the ectodomain of
Toll consists of characteristic leucine rich motifs (LRRs)
(Imler & Hoffmann, 2002). Thus, each mammalian TLR is composed of
an ectodomain with LRRs, which facilitates interactions with PAMPs,
and a transmembrane domain responsible for downstream signaling
activation. To date, ten functional mammalian TLRs are classified in
humans (TLR1-10), and 13 TLRs in mouse (TLR1-9 and TLR11-13)
(Takeda & Akira, 2005, 2015). Although nearly all the TLRs share
common pathways, they differ greatly with the type of agonists that
activate them, and in several characteristics of the subsequent immune
and inflammatory response. Table 1 enlists the known human TLRs
with their respective pathways and known endogenous and synthetic
agonists.

2.1. TLR signaling pathways

TLRs recognize PAMPs or DAMPs, and this event results in the ac-
tivation of signaling pathways for the induction of cytokines, chemo-
kines, and co-stimulatory molecules. Upon engagement of TLRs by
PAMPs or DAMPs, TLRs hetero or homo dimerize, which further brings
a conformational change in the TIR domain allowing the recruitment of

Table 1
Human Toll like receptors, cellular localization, and ligands.
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cytoplasmic adapter proteins. Individual TLRs selectively recruit an
explicit set of TIR domain adapter proteins. Myeloid differentiation
primary response protein MyD88 (MyD88), TIR domain containing
adaptor protein (TIRAP, MAL), TIR-domain-containing adapter-indu-
cing interferon-f (TRIF, TICAM1) and TRAM are the four adaptor
proteins that are identified to anchor the TIR domain (Takeda & Akira,
2005). However, based on the preferences of the TIR domain adapter
protein, TLR signaling can be broadly classified in two distinct cate-
gories, the MyD88-dependent, which is utilized by all the TLRs except
TLR3, and the MyD88-indpendent pathway or the TIR-domain-con-
taining adapter-inducing interferon-3 dependent (TRIF) pathway. This
selection of MyD88 and TRIF leads to the activation of distinct signaling
pathways. For example, the MyD88-dependent pathway activates NF-
kB and Mitogen Activated Protein (MAP) kinases for the induction of
the inflammatory cytokines genes, while the TRIF-dependent pathway
leads to the activation of IRF3, NF-kB and MAPKs for induction of type I
interferon and inflammatory cytokine genes (Fig. 1) (Akira,
Uematsu, & Takeuchi, 2006). The adapter protein TIRAP recruits
MyD88 to the TLR2 and TLR4 at the plasma membrane and at the
endosome for TLR9, whereas TRAM recruits TRIF to the TLR4 and re-
sults in the activation of the IRF3 (Barton & Kagan, 2009;
Kawasaki & Kawai, 2014). Moreover, a number of molecules also ne-
gatively regulate TLR signaling. Molecules like Suppressor of cytokine
signaling 1 (SOCS1) and casitas B-lineage lymphoma-b (Cbl-b), in
combination with tyrosine kinase Syk, act on the MyD88 dependent
pathway, while sterile a- and armadillo-motif-containing protein
(SARM) and its splice variant TAG negatively influence the TRIF-de-
pendent pathway (Han et al., 2010; Mansell et al., 2006; Palsson-
McDermott et al., 2009; Peng et al., 2010).

3. Nuclear factor kB (NF-kB) proteins and their regulation

NF-kB was discovered in 1986 (Sen & Baltimore, 1986b), as one of
the few nuclear transcription factors capable of binding to both the
heavy and the kappa (x) light chain enhancers in B cells. Of these
factors, NF-kB was found to bind only to the x light chain enhancer. In
the subsequent decades, it was established that NF-kB not only was a
regulator of B cell development (Baeuerle& Baltimore, 1988;
Sen & Baltimore, 1986a), but was also found in the cytoplasm of vir-
tually all cells, and in all animals from Drosophila to humans.

In mammalian cells, there are five known NF-kB family members,
RelA (p65), RelB, c-Rel, p50/p105 (NF-kB1) and p52/p100 (NF-kB2)
(Ghosh, May, & Kopp, 1998; Gilmore, 2006). These proteins interact
combinatorically to form a family of homodimers and heterodimers that
constitute the transcriptionally active proteins binding to the 9-10 base
pair highly variable DNA sites, also known as kB sites, (50-GG-
GRNWYYCC-30; R, A or G; N, any nucleotide; W, A or T; Y, C or T). All
five of the NF-xB family members share a characteristic highly con-
served amino-terminal Rel homology domain (RHD), which contains a
nuclear localization sequence (NLS) and is responsible for dimerization,
nuclear translocation, DNA-binding, and interaction with inhibitory IxB

TLR Cellular localization ~ Pathway Endogenous ligands Synthetic ligands

TLR1-2  Surface MyD88 Not Known Pam3CSK4

TLR2 Surface MyD88 Not Known MALP-2, Pam2Cys, FSL-1, Hib-OMPC, CFA

TLR3 Endosome TRIF Not Known Poly I:C, poly A:U

TLR4 Surface or endosome MyD88 or TRIF  Hsp60, Hsp70, fibronectin domain A, surfactant protein A, hyaluronan, AGP, MPL A, RC-529, MDF2f3, CFA
HMGB-1

TLR5 Surface MyD88 Not known Flagellin

TLR2-6  Surface MyD88 Not Known MALP-2 Pam2Cys, FSL-1

TLR7 Endosome MyD88 Human RNA Guanosine analogs, imidazoquinolines

TLR8 Endosome MyD88 Human RNA Imidazoquinolines, Loxoribine, ssPolyU 3M-012

TLR9 Endosome MyD88 Human DNA/chromatin CpG-oligonucleotides

TLR10 Not Known Not Known Not Known Not Known
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Fig. 1. Schematic of TLR signaling pathways. TLRs differentially recruit specific sets of TIR domain-containing adaptor molecules like MyD88, TRIF, TIRAP/MAL, or TRAM. The MyD88-
dependent pathway is utilized by all TLRs except TLR3, where TLR1-2 dimers, TLR2-6 dimers, or TLR5 and TLR4 self-dimerization lead to the activation of NF-kB and MAPKs for the
induction of inflammatory cytokine genes. TLR3 utilizes TRIF adapter molecules and leads to the activation of IRF3, NF-kB, and MAPKs for induction of type I IFNs and inflammatory

cytokine genes.

proteins.

The synthesis of each NF-kB family member is a highly regulated
process. NF-kB1 and NF-kB2 are synthesized as large precursors, p105
and p100, that are post-translationally processed to DNA-binding sub-
units p50 and p52, respectively (Serasanambati & Chilakapati, 2016).
Both p50 and p52 lack a transcription activation domain, but they have
a DNA binding domain. However, these proteins can form hetero-di-
mers with the RelA, RelB, and c-Rel, which have the transcription ac-
tivation domain. Thus, the NF-xkB protein homo- and hetero-dimers
regulate target gene transcription differentially, that in turn contributes
to the specificity of biological responses (L.-F. Chen & Greene, 2004).
For instance, p50 and p52 homodimers function as repressors of NF-kB
specific transcription (Ghosh et al., 1998), whereas the heterodimers
that contain RelA or c-Rel are transcriptional activators. RelB does not
form homodimers but it forms stable heterodimers with either p50 or
p52 (Vu, Huang, Vemu, & Ghosh, 2013), which exhibit a greater reg-
ulatory flexibility, and can function as both an activator and repressor
(Fusco et al., 2009; Marienfeld et al., 2003; Ryseck et al., 1992). Fol-
lowing nuclear translocation, the NF-kB dimer binds to the 10-basepair
DNA binding sites, which have a great amount of target gene
(Kawai & Akira, 2007).

NF-kB1 and NF-kB2 precursor proteins have long C-terminal do-
mains that contain multiple copies of ankyrin repeats, which act as sites
for protein-protein interaction, to inhibit these proteins. Similarly, the
inhibitory IkB proteins are characterized by the presence of 6 or 7 an-
kyrin repeats to mediate protein-protein interactions, which binds to
the RHD of p65 and masks the nuclear localization sequence, causing
sequestration of NF-kB in the cytoplasm (F. E. Chen & Ghosh, 1999;
Grimm & Baeuerle, 1993). The IkB family consists of seven members:
IxBa, IkBf, IkBy, IkBe, Bcl-3, IkB{ and IkBNS. Of these, four members
(IxBa, IxBp, IkBy, and IkBe) interact with the NF-kB in the cytoplasm to
inhibit nuclear translocation of NF-kB, and the remaining three

members (Bcl-3, IkB, and IkBNS) are present in the nucleus and in-
teract with NF-kB to regulate transcription (Kawai & Akira, 2007). The
nuclear translocation of NF-kB is regulated by interaction with IxB
proteins through phosphorylation and proteasome degradation medi-
ated by the IkB kinase (IKK) complex (Karin, 1999). The IKK complex is
composed of three subunits: IKKa, IKKf, and IKKy. The two catalytic
subunits, IKKa (IKK1) and IKKP (IKK2) contain the kinase domain, a
ubiquitin-like domain (ULD) and a-helical scaffold/dimerization do-
main (SDD), and the third subunit, IKKy/NEMO (NF-kB essential
modulator), is the regulatory subunit, which consists of a coiled coil
(CC) domain and a leucine zipper (LZ) domain, responsible for reg-
ulating the interaction of the two catalytic subunits through their
NEMO-binding domain (NBD). Thus, activation of the NF-xB pathway
typically involves the stimulus-mediated phosphorylation of an IkB
member primarily by the IKK (IkB kinase) complex. The phosphorylated
IkB then undergoes ubiquitination and subsequently proteasome de-
pendent proteolysis, leading to the release and translocation of NF-«kB
into the nucleus, where it affects gene transcription.

NF-xB activation is mediated through either the canonical (classic)
or the non-canonical (non-classic, alternative) pathways, leading to
specific activation of subunits and thus producing a specific genetic
response (Brasier, 2006). The canonical pathway is crucial for the ac-
tivation of innate immunity and inflammation signaling, and inhibition
of apoptosis. Activation of cell surface receptors or intracellular stress
signals proinflammatory cytokines, such as TNFa, IL-1, leading to the
activation of the IKK complex. The activated IKK complex, pre-
dominantly acting through the signalsome (consisting of IKKa, IKKf(
and NEMO), catalyzes phosphorylation of IkBa (at sites Ser32 and
Ser36), followed by polyubiquitination and subsequent degradation of
this inhibitor in the cytoplasm by the 26S proteasome complex. The
degradation of IxkBa results in release of NF-kB dimers (p50:RelA dimer)
and unmasks the nuclear localization signal in RelA, resulting in rapid
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translocation of the NF-kB heterodimer to the nucleus, where it binds to
DNA to activate gene transcription (Ghosh & Hayden, 2012).

The alternative pathway is mainly involved in lymphoid organo-
genesis as well as B-cell survival and maintenance, under normal phy-
siological conditions. Aberrant activation of this pathway is involved in
human malignancies, auto-immunity and metabolic diseases (Brasier,
2006; Keats et al., 2007). In the alternative pathway, the stimulus de-
pendent activation of NF-kB heterodimer (p52:RelB) is dependent on
IKKa, which is induced by the NF-kB-inducing kinase (NIK), a mitogen-
associated protein 3 kinase (MAP3K) originally thought to mediate NF-
kB activation by cytokines including TNF-a and IL-1 (Sun, 2011). Upon
phosphorylation by NIK, activated IKKa further phosphorylates p100 at
two C-terminal sites, followed by its ubiquitination and proteasomal
processing to p52 (Chen & Greene, 2004). In contrast to the p50-RelA
heterodimers of the canonical pathway, the non-canonical pathway
involves creation of transcriptionally competent NF-kB heterodimer,
p52/RelB complexes that translocate to the nucleus and induce target
gene expression (Cildir, Low, & Tergaonkar, 2016). Notably, while both
IKKB and NEMO are essential in the canonical pathway, noncanonical
NF-kB signaling does not require these IKK components, but instead
requires IKKa and NIK. NIK protein levels are critically regulated under
normal cellular environment by continuous degradation by TRAF3 E3
ubiquitin ligase complex, comprising of TRAF3, TRAF2, and cellular
inhibitor of apoptosis 1 and 2 (cIAP1/2). Upon stimulation, TRAF3 is
degraded leading to NIK stabilization and accumulation. As a negative
regulatory mechanism, NIK can also be phosphorylated by IKKa or T-
ANK-Binding Kinase 1 (TBK1) and degraded to limit the activation of
the pathway under different conditions.

Typically, the canonical pathway is involved in the rapid immune
response towards inflammation or in response to pathogens, and the
non-canonical pathway is activated through slow developmental sig-
nals. Although, both the canonical and non-canonical pathways were
generally thought to occur in response to independent signaling me-
chanisms, and respond to separate physiological conditions, recently
crosstalk interactions have been reported interconnecting the two
pathways (Shih, Tsui, Caldwell, & Hoffmann, 2011). This crosstalk in-
volves expression control of NF-kB monomers, interdependent proteo-
lytic processing of precursors, and interrelated regulatory mechanisms
(Cildir et al., 2016). One example is the newly identified IkB§ activity
that is enhanced by one pathway and disrupted by the other (Shih et al.,
2011).

4. Expression and function of TLRs in non-infectious lung diseases

The expression of TLRs is not restricted to antigen processing and
presenting cell types. Rather, TLR expression is detected in various cell
populations and tissue types (Igbal, Philbin, & Smith, 2005). In the
lung, TLRs are widely expressed on resident cells such as alveolar
macrophages, and infiltrating cells of myeloid and lymphoid origin.
Human and animal studies have also reported high levels of expression
of nearly all the TLRs in the lung (Muir et al., 2004; Tirumurugaan
et al., 2010; Zarember & Godowski, 2002). TLRs are widely researched
in infectious lung diseases, where a number of TLRs were found to be
associated with pathogen clearance by amplifying immune responses
(Abel et al., 2002; Albiger et al., 2007; Biondo et al., 2005; Chai et al.,
2011; Eder et al., 2004; Krutzik & Modlin, 2004; Yoshimura et al.,
1999). In the context of non-infectious lung diseases, limited studies
have been done, however they indicate strong and pharmacologically
important involvement of TLRs, especially in inflammatory processes
activated by exposure to ambient air pollution and cigarette smoke
(Bauer, Diaz-Sanchez, & Jaspers, 2012).

The severity and degree of allergic asthma exacerbations has been
associated with environmental factors such as allergens, but is also
dependent on allergen type, duration, degree of exposure, and the pa-
tient's overall health and genetics. Studies have identified several sus-
ceptible genes that contribute to the onset of allergic asthma, and the
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overall disease progression (Ober & Yao, 2011). Among these, a pre-
dominant role of TLRs and their polymorphisms (in particular TLR2,
TLR4 and TLR7, TLR8 and TLR9) has been implicated in the physio-
pathology of asthma (Lazarus et al., 2003; Noguchi et al., 2004;
Reijmerink et al., 2010; Tesse, Pandey, & Kabesch, 2011; Vercelli,
2008). Along with polymorphic variation in the TLR genes, genetic
variation in regulatory and intracellular molecules involved in TLR
signaling pathways are also known to exhibit functions in allergic
asthma onset and exacerbations. In this regard, evolutionary genetic
studies have suggested a genetic predisposition in human TLR-related
pathway genes, such as IL1RL1, BPI, NOD1, NOD2 and MAP3K7IP1
with the development of asthma (Eder et al.,, 2004; Casanova,
Abel, & Quintana-Murci, 2011).

5. Activators of NF-kB in noninfectious lung diseases

In the past decades, multiple studies have demonstrated that NF-«xB
is vigorously involved in a myriad of mechanisms. Thus, the name
“central switch” justifies its role in the regulation of expression of over
300 genes in a cell-specific and stimulus-specific manner (Pahl, 1999;
Thanos & Maniatis, 1995). This broad spectrum of regulatory activities
of NF-kB ranges from normal cell physiological processes
(O'Neill & Kaltschmidt, 1997), inflammation (Baeuerle & Baichwal,
1997), infection (Hiscott, Kwon, & Génin, 2001), metabolism of ROS
(Turillazzi et al., 2016) and DNA damage, to cancer and auto immune
diseases (Davoudi et al., 2014; De Simone et al., 2015).

In addition to the physiological stress caused by infectious diseases,
the human body is also exposed to environmental hazards and ther-
apeutic drugs, which lead to non-infectious stress. Due to the exposure
of the respiratory system to the environment, the lung is vulnerable to
infectious agents causing acute pulmonary diseases and noninfectious
chronic lung diseases, such as asthma, bronchopulmonary dysplasia,
and chronic obstructive pulmonary disease (Parker & Prince, 2011).
However, infectious agents play a role in chronic lung diseases in ad-
dition to acute pulmonary diseases and contribute to worsening of
airflow obstruction and/or lung parenchymal damage. As airway injury
persists due to allergen exposure, smoke, or other environmental irri-
tants such as ozone (O3) and NO,, it causes not only impairment of
innate immunity, but also increased susceptibility of the lower re-
spiratory  tract to pathogens (Bochkov et al., 2010;
Iwasaki & Medzhitov, 2010; Opitz, van Laak, Eitel, & Suttorp, 2010).
These non-infectious stress conditions lead to the amplification of in-
flammatory pathways that are critical to the host defense. This is the
case of chronic obstructive pulmonary disease (COPD) and asthma, as
well as other chronic inflammatory diseases. The inflammatory re-
sponse in the airway is associated with symptoms such as mucus se-
cretion, plasma exudation, bronchoconstriction, and airway hyperre-
sponsiveness. The inflammatory immune response in asthma only
differs in severity and longevity, but not in effect, in comparison to the
response against infectious agents, as the immune response persists as
long as the allergen exposure continues.

Airway inflammation is one of the central features of COPD and
asthma. Exacerbations of COPD are associated with elevated airway
levels of proinflammatory mediators, and there have been important
advances in understanding the underlying inflammatory processes in
the past decade (Iwasaki& Medzhitov, 2004; Rahman, Gilmour,
Jimenez, & MacNee, 2002; Rom, Avezov, Aizenbud, & Reznick, 2013).
Many inflammatory cells are involved in airway inflammation, and a
large number of inflammatory mediators such as cytokines, chemo-
kines, enzymes, receptors and adhesion molecules have been identified
as key players (Huertas & Palange, 2011). Inflammatory mediators play
a crucial role in the chronic inflammatory process, as they appear to
determine the nature of the inflammatory response by directing the
selective recruitment and activation of inflammatory cells, such as eo-
sinophils, T-lymphocytes, mast cells, DCs, and macrophages (Fischer,
Pavlisko, & Voynow, 2011). Moreover, in addition to the inflammatory
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cells, structural cells of the airways, such as epithelial cells, fibroblasts,
airway smooth muscle cells, and endothelial cells, also release in-
flammatory mediators. These mediators perpetuate the inflammatory
response within the airways by further increasing the expression of
inducible genes that encode inflammatory proteins. These inducible
genes are regulated by transcription factors, which are activated in
response to various stimuli and bind to the promoter region of the in-
flammatory genes to increase their rate of transcription. One such
transcription factor is NF-kB, which is activated in response to release of
pro-inflammatory cytokines, viruses, activators of protein kinase C
(PKC), and in response to environmental stress, such as exposure to
heavy metals, reactive oxygen intermediates, cigarette smoke and by
various therapeutic drugs, including chemotherapeutic agents.

6. TLRs and NF-kB in allergic asthma: effects on epithelial and
immune cell function

TLRs are expressed in a variety of airway cells including epithelial
cells, macrophages, mast cells, and DCs. Stimulation of TLRs by in-
fectious agents activates antigen presenting cells (APC), and control T
helper (Th1, Th2, and Th17) immune cell differentiation in a context-
dependent manner, along with activation of mast cells for cytokine
production (Pulendran et al., 2001). During allergic airway inflamma-
tion, engagement of TLRs on DCs favors Th2 polarization and eosino-
philia, a characteristic of allergic lung diseases. However, studies have
reported Th17 response driven neutrophilic airway inflammation in
asthmatics with poor response to inhaled glucocorticoids, which pri-
marily target eosinophilic inflammation (Barczyk,
Pierzchala, & Sozanska, 2003; Bullens et al., 2006; McGrath et al.,
2012). Cumulatively, the selection of Th2 or Th17 responses depends
on factors including response of different airway cell types to different
allergens, and recruitment of TLRs with specific sets of TIR domain
adapter proteins. Classically, during Th2 responses, DCs play a very
important role by activating allergen-specific Th2 cells and inducing
their proliferation, leading to the release of a particular set of cytokines,
emergence of helper functions and generation of memory cells. Re-
gardless of site, neutrophilic inflammation tends to show a direct re-
lationship with lipopolysaccharides (LPS) exposure, a major component
of the outer cell wall of Gram-negative bacteria, by activation of the
Th17 response with the assistance of DCs (McAleer et al., 2010; Wang
et al.,, 2012; Wilson et al., 2009). Importantly, TLR2 and TLR4 are
highly expressed in cells exposed to LPS, where TLR4 is the only known
TLR that can signal through both MYD88 and TRIF-dependent path-
ways. Interestingly, animal studies have shown that LPS-induced
MYD88-dependent TLR4 activation leads to Th2 response activation
and asthma, whereas TRIF-dependent activation of TLR4 leads to Th17
response and neutrophilia (Hsia et al., 2015; Piggott et al., 2005).
Furthermore, a recent study by McAlees et al. showed variation in the
response to a same set of allergens among different lung cell types.
These investigators found that TLR4 expression in airway epithelial
cells exposed to LPS support eosinophilic airway inflammation, whereas
TLR4 expression by hematopoietic cells was essential for Th17-driven
neutrophilic airway inflammation (McAlees et al., 2015).

Taken together, these studies raise important questions about the
mechanisms underlying eosinophilic and neutrophilic airway in-
flammation in asthma, and more importantly, how different lung cell
types and their structural and molecular milieu behave when exposed
to different sets of allergens. In the following section, we will further
focus on the role of TLRs and NF-kB in different airway cell types during
allergic asthma exacerbations.

6.1. TLRs and NF-kB in airway epithelial cells
Respiratory epithelial cells form the first line of defense against

dust, microorganisms, gases and allergens. These cells form a highly
regulated and impermeable barrier through the formation of tight
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junctions and adherent junction proteins, which may lead to epithelial
barrier dysfunction upon repeated exacerbations and insults. Both the
human bronchus epithelial cell line BEAS-2B and primary airway epi-
thelial cells are reported to express all the TLRs with the exception of
TLR8 in BEAS-2B cells (loannidis, Ye, McNally, Willette, & Flano, 2013;
Mayer et al., 2007; Muir et al., 2004; Platz et al., 2004; Sha, Truong-
Tran, Plitt, Beck, & Schleimer, 2004). Further studies on the distribution
of TLRs shed light on the importance of the integrity of the lung en-
dothelial barrier system, as TLR3 was reported to be distributed on both
apical and basolateral surfaces, TLR2 and TLR6 mostly on basolateral,
and TLR1, TLR4, TLR5, TLR7, TLR9 and TLR10 were reported to have
luminal distribution on airway epithelial cells (loannidis et al., 2013).
Nevertheless, the majority of these studies were performed on airway
epithelial cells from healthy individuals, or non-asthmatic patients.
Furthermore, it is worth noting that the airway epithelium of asth-
matics is reported to have increased shedding and mucin production,
and the compromise in the integrity and stress on airway epithelium is
further augmented with increased activation of nuclear factor-kB (NF-
kB), increased expression of heat-shock proteins, AP-1 and other tran-
scription factors (Holgate et al., 2003). This leads an open debate on the
offerings of TLRs in conjunction with airway epithelial cells in the pa-
thophysiology of asthma. Infection on the lung epithelium tends to
increase the production of pro-inflammatory mediators such as IL-6, IL-
8, Chemokine (C—C motif) ligand 5 (CCL5), Tumor necrosis factor
(TNF) and type I IFNs (Interferon), which can further promote advance
adaptive immune responses. Studies on the intestinal epithelium and
dermal micro-vessel endothelial cells portray an opposite phenomenon
and tend to limit inflammatory responses to infection by expressing
TLR-attenuating molecules like toll/interleukin-1 resistance family
member, TIR8, and transforming growth factor-f (Garlanda et al.,
2004; Naiki et al., 2005).

Allergic asthma is triggered by multiple specific and non-specific
stimuli, where bronchial epithelial cells produce a variety of cytokines
and chemokines that aid in the recruitment of inflammatory cells and
antigen presenting cells to the airways. Remarkably, NF-xB regulates
the expression of many of these pro-inflammatory mediators, adhesion
molecules, respiratory mucins, and growth and angiogenic factors. In
1997, Stacey et al. reported for the first time that primary cultures of
bronchial epithelial cells of asthmatic patients who were allergic to
house dust mites, resulted in NF-xB activation when exposed to Der pl
(the major allergen from mite, Dermatophagoides Pteronyssinus) (Stacey
et al., 1997). In another study, receptors for advanced glycation end-
products (RAGE), the cell-surface receptors expressed by alveolar type I
(ATI) epithelial cells, were upregulated by diesel particulate matter
(DPM) in ATI cells, as shown by RAGE mRNA and protein synthesis
(Reynolds, Wasley, & Allison, 2011). Furthermore, both DPM-induced
activation of NF-kB and the secretion of two NF-xB targets, IL-8 and
MCP-1, were significantly influenced by RAGE signaling. Rahman et al.
later explored the effect of oxidative stress and the pro-inflammatory
mediator TNF-a, on histone acetylation/deacetylation and activation of
NF-kB and AP-1, leading to the release of the pro-inflammatory cyto-
kine IL-8 in human alveolar epithelial cells (A549) (Rahman et al.,
2002).

Furthermore, very strong advocating evidence for the involvement
of TLRs in the progression of asthma arose from the studies on Thymic
stromal lymphoprotein (TSLP). TSLP, an IL-7-like cytokine which is
mainly expressed by lung epithelial cells, has been shown to activate
DCs and prime the Th2 cell response along with playing a crucial role in
the maintenance of Th2 central memory cells (Y. J. Liu, 2006; Wang
et al., 2006; Zhou et al., 2005; Ziegler & Liu, 2006). Upon activation of
DCs, TSLP also promotes the expression of mRNA for the Th2 attracting
chemokine CCL17 (Y. J. Liu, 2006), known for its properties to accel-
erate pulmonary fibrosis (Belperio et al., 2004). In addition, the in-
creased expression of TSLP induces chemotactics like eotaxin-2 for
eosinophils and IL8 for neutrophils (Y. J. Liu, 2006). Finally, strong
evidence for involvement of TLRs in asthma inflammation and
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progression is coming from bacterial (TLR2and TLR9) and viral (TLR3
and TLR8) models, in which these were found to initiate TSLP expres-
sion by epithelial cells (Allakhverdi et al., 2007; Lee & Ziegler, 2007).

6.2. TLRs and NF-xB in dendritic cells

As antigen presenting cells that are in close contact with the airway
epithelium, DCs are crucial in determining the outcome of allergen
encounters in the lung. In addition, epithelial cell derived mediators
can influence the DC function on T cells polarization. Anatomically,
DCs form a dense network above and beneath the respiratory epithe-
lium and extend their dendrites through the epithelial layer to sample
the luminal environment. Lung DCs exist in an immature state, where
they recognize and capture inhaled foreign antigens (Cella,
Sallusto, & Lanzavecchia, 1997), and undergo maturation prior to mi-
grating to draining lymph nodes where they activate the naive T cells.
The migration of DCs to draining lymph nodes increases considerably in
response to inflammatory signals. However, the activation of naive T
cells requires maturation of DCs, which in turn require an array of
appropriate signals from the ingested foreign antigen. Fully mature DCs
exhibit high surface expression of the major histocompatibility complex
(MHC) and costimulatory molecules that influence both innate and
adaptive immune responses. In contrast, immature DCs cannot activate
naive T cells and induce immunogenic tolerance to antigens. This
functional heterogeneity among lung DCs is crucial for the regulation of
tolerogenic or inflammatory responses against inhaled antigens.

The process of DC maturation involves direct signals derived from
receptor-mediated antigen uptake, and accessory signals from the host
PAMPs or DAMPs recognition through PRRs. Lung DCs exhibit an array
of surface and intracellular PRRs, including TLRs, nucleotide-binding
domain/leucine-rich repeat receptors, C-type lectin receptors and a
variety of other receptor molecules which differ considerably among
different human lung DC subsets (Demedts, Brusselle,
Vermaelen, & Pauwels, 2005; Masten et al., 2006; Schlecht et al., 2004).
Among the most widely studied human lung DC subsets are the myeloid
DC type 1 (mDC1, expressing BDCA1 and MHCII), myeloid DC type 2
(mDC2, expressing BDCA3 and MHCII), and plasmacytoid DC (pDC,
expressing BDCA2 and CD123) (Demedts et al., 2005). The expression
pattern of TLRs among these three DC subsets varies considerably.
While mDC1 and mDC2 cells exhibit presence of TLR1-4, TLR6 and
TLR8, pDCs differ greatly to the other two DC subsets with expression of
TLR1, TLR6-7 and TLR9 (Demedts et al., 2005; Masten et al., 2006;
Schlecht et al., 2004). The TLR9 expression by pDCs is unique, as the B
cells are the only other human cells known to express TLR7 and TLR9
(Fuchsberger, Hochrein, & O'Keeffe, 2005). Notably, naive pDCs are
known to express very low quantities of TLR4 (Castellaneta, Sumpter,
Chen, Tokita, & Thomson, 2009). This marked variation in the expres-
sion pattern of PRRs, in particular of TLRS, in pDCs is of high im-
portance as pDCs have been implicated in mechanisms of tolerance
induction to the inhaled antigens. Direct evidence for the involvement
of pDCs and TLRs in asthma is coming from animal studies evaluating
Treg cells. These studies indicate involvement of two types of Treg cells
in the suppression of asthmatic lung inflammation: the natural or
thymic-derived Foxp3 + Treg (nTreg) cells, and the inducible Treg
(iTreg) cells that develop in the periphery in response to antigen ex-
posure (Curotto de Lafaille et al., 2008; Duan, So, & Croft, 2008;
Ostroukhova et al., 2004). Interestingly, iTreg cells are induced and
prevail when mice are exposed to pure protein antigens, whereas
CD4 + T cells are primarily induced with fewer iTreg cells when mice
are exposed to protein allergens mixed with TLR4 ligands (Castellaneta
et al., 2009; Duan et al., 2008; Duan et al., 2010; Duan, So, Mehta,
Choi, & Croft, 2011; Soroosh et al., 2013). Furthermore, studies using
antibody-based depletion of pDCs during inhalation of inert soluble
antigens showed asthma development with characteristic
munoglobulin E sensitization, airway eosinophilia, goblet cell hyper-
plasia, and Th2 cell cytokine production (de Heer et al., 2004).

im-
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The enzymatically active allergens activate protease-activated re-
ceptors (PARs) expressed in epithelial cells, an event followed by NF-xB
activation and the perpetuation of chemokines and cytokines by epi-
thelial cells that further attract and activate DCs
(Lambrecht & Hammad, 2009). The involvement of NF-xB in the control
of DC development has been established in earlier studies, in which
inhibition of NF-kB activation blocked maturation of DCs in terms of
upregulation of MHC and costimulatory molecules (Rescigno, Martino,
Sutherland, Gold, & Ricciardi-Castagnoli, 1998). In the case of atopic
diseases, in which there is a predominance of Th2 responses to en-
vironmental exposures, it is known that pollen-derived allergens are
often accompanied by proinflammatory and immunomodulatory lipids,
termed pollen-associated lipid mediators (PALMs). These PALMs in-
clude El-phytoprostanes (PPE1), which were identified to modulate
dendritic cell (DC) function. PPE1 inhibit the DC's capacity to produce
IL-12, and enhance the DC-mediated Th2 polarization of naive T-cells
via PPAR-y-dependent pathways that lead to inhibition of NF-kB acti-
vation and result in reduced IL-12 production by DCs and consecutive
Th2 polarization (Gilles et al., 2009).

Interestingly, incubation with one of the most commonly used an-
algesic and antiinflammatory agents (aspirin, a salicylate), reduced
neither DC viability nor their number, but changed their surface marker
phenotype via suppression of expression of antigen-presenting and
costimulatory molecules. This mechanism involved secretion of the p40
subunit of IL-12 and activation of NF-kB (Matasi¢, Dietz, & Vuk-
Pavlovi¢, 2000). In addition, treatment with pharmacologically active
concentrations of salicylates markedly reduced the levels of activated
NF-kB in DCs without triggering apoptosis, thus inhibiting DC differ-
entiation with the consequent loss of their immunostimulatory function
(Hackstein et al., 2001), as similarly observed with other many agents
that suppress DC maturation via NF-kB inhibition.

6.3. TLRs and NF-kB in eosinophils

Eosinophils are considered one of the most important cell types
involved in the pathobiology of asthma. As early as the 1920s, post-
mortem studies of asthmatics revealed hyper-inflated lungs showing
desquamated lung epithelial cells and massive infiltration of eosino-
phils and neutrophils in the airway mucosa (Cardell & Pearson, 1959;
Huber & Koessler, 1922). Subsequent experimental animal studies, and
studies with human lung biopsies also indicated increased infiltration of
eosinophils in asthmatics, however their function in asthma develop-
ment and severity remained largely elusive (Beasley, Roche,
Roberts, & Holgate, 1989; Bradding et al., 1994; Hogan et al., 1998;
Hogan et al., 2008). Many different molecules including IL-3, IL-4, IL-5,
IL-13, and GM-CSF are known to activate eosinophils to release various
chemokine and cytokine mediators including TGF-f, IL-5, IL-3, IL-4 and
I1.-13 (Bradding, Feather, Wilson, Holgate, & Howarth, 1995; Bruijnzeel
et al., 1992; Dubucquoi et al., 1994; Schmid-Grendelmeier et al., 2002).
It has been proposed that these mediators play a dynamic role in
asthma airway modulation and disease progression. Out of many
mediators, the Th2 cell-associated cytokine IL-5 has a crucial impact on
eosinophils. A very strong evidence came from a study by Sehmi et al.
on the contribution of the hematopoietic progenitor cells in allergic
airway diseases. In this study, the authors demonstrated that atopic
asthmatic subjects had large numbers of eosinophil/basophil progenitor
cells expressing IL-5 receptor alpha in the bone marrow, and when
these progenitor cells were cultured with IL-5 ex vivo, they developed
into eosinophils (Sehmi et al., 1996). Another convincing study in
which anti-IL-5 was administered to asthmatics in a double-blind pla-
cebo-controlled trial, demonstrated a significant reduction in airway
remodeling and BAL eosinophil counts, despite no significant im-
provement in asthma symptoms (Flood-Page et al., 2003).

Like many other myeloid innate immune cells, eosinophils exhibit
various PRRs, including TLRs (Mansson & Cardell, 2009; Nagase et al.,
2003; O'Flaherty et al., 2017; Porsbjerg, Baines, Sverrild,
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Backer, & Gibson, 2014; Sabroe, Jones, Usher, Whyte, & Dower, 2002;
Wong, Cheung, Ip, & Lam, 2007), nucleotide-binding domain/leucine-
rich repeat receptors (Kvarnhammar, Petterson, & Cardell, 2011), and
C-type lectin receptors (Acharya & Ackerman, 2014; Willment et al.,
2005; Yoon, Ponikau, Lawrence, & Kita, 2008). Upon PRRs-assisted
activation, they also secrete cytokines and chemokines for activation of
other immune cells. Among the TLRs expressed in eosinophils, sig-
nificant levels of TLR1-2, TLR4-7 and TLR9 are expressed con-
stitutively. However, a few studies have also find expression of TLR3
mRNA and protein in eosinophils from bone marrow and peripheral
blood (Kvarnhammar & Cardell, 2012). Studies with TLR agonists have
indicated varied but strong associations of eosinophils with allergic
asthma development and progression. In an animal model, TLR7 and
TLRO agonists not only were shown to diminish airway eosinophilia in a
dose-dependent manner, but also to reduce levels of IL-4 and IL-5, while
TLR2 and TLR4 agonists were found to promote eosinophilia (Duechs
et al,, 2011). Contrasting findings from other researchers, however,
indicated beneficial effects of TLR2 and TLR4 stimulation in allergic
asthma (Akdis et al,, 2003; Taylor, Richmond, & Upham, 2006).
Therefore, further investigation is required to determine whether TLRs
play favorable or adverse effects in eosinophils during allergic asthma.

Asthmatics show a characteristic accumulation and persistence of
eosinophils in their lungs (Vignola et al., 2000). Studies have demon-
strated that apoptosis of lung eosinophils is considerably delayed in
asthmatic patients in comparison to healthy individuals
(Ilmarinen & Kankaanranta, 2014). Yang et al. have also reported that
mice deficient in the p50 subunit of NF-xB are incapable of mounting
eosinophilic airway inflammatory responses, and have decreased IL-5
and chemokine-eotaxin gene expression when compared to wild-type
mice; both of which are key mediators of eosinophilic inflammation in
the airways (Yang et al., 1998). Correspondingly, Das et al. observed
that p50-deficient mice have reduced eosinophilic responses to aero-
solized allergens due to lack of production of Th2 cytokines, IL-13, IL-4
and IL-5 (Das et al., 2001). Similarly, c-Rel knockout mice, an allergen-
induced asthma model, have decreased airway hyper-responsiveness
and eosinophil infiltration as well as lower levels of serum IgE when
compared to wild-type mice (Donovan et al., 1999). Treatment with NF-
kB inhibitors such as MG-132, a peptide aldehyde type of proteasome
inhibitor, is reported to reduce the number of eosinophils and decrease
allergic inflammation (Edwards et al., 2009). Together, these observa-
tions support the notion that NF-xB is a central inflammatory factor in
severe eosinophilic asthma, and can be used as a potential therapeutic
target to prevent eosinophilia.

7. TLRs, NF-kB and lung oxidative biology

The imbalance between oxidants like reactive oxygen species (ROS)
and reactive nitrogen species (RNS) and antioxidants in favor of oxi-
dants, is being termed as oxidative stress, a condition known to result in
biological damage. Although, generation of oxidative molecules is part
of the normal metabolism, the intracellular levels of ROS and RNS are
maintained at low concentrations under normal physiological condi-
tions (Rahal et al., 2014). The lungs are continuously exposed to a
variety of oxidants that differ in type and degree, and can easily
overcome the resulting oxidative stress with the help of a network of
existing enzymatic and non-enzymatic antioxidants. While airway in-
flammation and asthma tend to increase the production of ROS and
RNS, mostly contributed by eosinophils and neutrophils (Kinnula, 2005;
Suzuki et al., 2008), accumulating evidence suggests the involvement of
ROS and RNS, and oxidative stress in the genesis and modulation of
asthma (Al-Harbi et al., 2015; Comhair & Erzurum, 2010; Erzurum,
2016; Ghosh & Erzurum, 2011, 2012; Jiang et al., 2014; N. Li, Hao,
Phalen, Hinds, & Nel, 2003; Riedl & Nel, 2008; Sugiura & Ichinose,
2008; Uchida et al., 2017). Moreover, the effects of potent oxidants,
such as cigarette smoke and Os, have validated the relationship be-
tween TLRs and oxidative stress in the genesis of lung inflammation. In-
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vitro studies have shown that inhalation of particulate matter compo-
nents can stimulate TLR2 and TLR4 (Becker, Fenton, & Soukup, 2002).
An interesting correlation between TLRs expression and lung in-
flammation was observed in studies of O3 exposure in mice. Kleeberger
et al. (Kleeberger, Reddy, Zhang, & Jedlicka, 2000) performed a
genome screening of mouse strains susceptible and resistant to Os in-
flammation, and reported an association with a quantitative trait locus
on chromosome 4, which contains the candidate gene for TLR4. Fur-
thermore, they observed an increase in TLR4 expression in mice sus-
ceptible to O3 compared to strains resistant to O3. Another study by
Hollingsworth et al. performed on TLR4-deficient mice reported an
involvement of TLR4 in pulmonary inflammation triggered by en-
vironmental challenges (LPS, particulate matter, and O3), in a toxin and
exposure dependent manner (Hollingsworth et al., 2004). Similarly,
studies with human bronchial airway epithelial cells and alveolar
macrophages exposed to ambient air particulate matter also showed
involvement of both TLR2 and TLR4 (Becker, Mundandhara,
Devlin, & Madden, 2005). Further corroboration for the involvement of
these receptors in lung inflammation was shown by a study on the ef-
fects of O3 exposure on TLR2-, TLR4-, and MyD88-deficient mice, where
TLR2, TLR4, and MyD88 were associated with inflammation and
airway hyperresponsiveness, and Myd88 was associated with the neu-
trophilic response to O3 (Williams et al., 2007). In addition, our group
has reported sex differences and a significant upregulation of Myd88 in
response to O3 exposure along with three other genes, Cxcl2, C4b and
Ccll9 (Cabello et al., 2015).

Cigarette smoke increases the expression of TLR4 and TLR9 along
with cytokine expression on lung CD8" T cells (Mortaz et al., 2010;
Nadigel et al., 2011). However contrasting results were obtained in a
study comparting alveolar macrophages from COPD patients, healthy
smokers, and non-smokers, where a decrease in TLR2 expression was
also found (Droemann et al., 2005). Several studies have shown that
TLRs, and in particular TLR4 contribute significantly to the redox bal-
ance of the lung (Cosio, Saetta, & Agusti, 2009; Zhang, Shan, Jiang,
Cohn, & Lee, 2006). Using TLR4 and MyD88 knockout mice, Zhang
et al. identified TLR4 as an essential factor for lung homeostasis, and its
protective effects against oxidative stress through regulation of nicoti-
namide adenine dinucleotide phosphate-oxidase (NADPH oxidase) ac-
tivity. Taken together, these studies indicate that oxidant production is
associated with different TLRs in different lung cell types.

In the previous section, we have discussed the pathways that lead to
the activation of NF-kB. NF-kB is a redox-sensitive transcription factor,
and the context dependent activation/inhibition of NF-kB by oxidizing
agents has been studied for decades. Notably, the NF-kB canonical or
classic pathway relies on activation of the IKK complex, in particular
IKKp, which in turn dictates the phosphorylation of IkBa to regulate
mechanisms of cell proliferation, differentiation, apoptosis, immunity
and stress responses (Siomek, 2012). The alternative pathway, in which
IKKa is a major player, is important for homeostasis and adaptive im-
munity; whereas the IKK-independent atypical pathway is mainly
triggered in response to hypoxia, reoxygenation, ionizing radiations,
and HzOz.

Depending on the context, ROS can be either harmful or beneficial.
ROS have been shown to initiate inflammatory responses in the lung
through the activation of transcription factors such as NF-kB resulting
in chromatin remodeling and further gene expression of pro-in-
flammatory mediators (Rahman & MacNee, 1998; Richter et al., 1995).
A number of reports have indicated the requirement of ROS for NF-«xB
activation at various cellular levels and pathways (Bonizzi et al., 1999;
Chandel, Schumacker, & Arch, 2001; Hughes, Murphy, & Ledgerwood,
2005; Li & Engelhardt, 2006). However, often ROS exert opposing re-
sults with NF-kB activation and inhibition, where ROS stimulates signal
transduction pathways for NF-kB at cytoplasmic levels and greatly in-
hibit DNA binding of NF-kB at the nuclear level (Kabe, Ando, Hirao,
Yoshida, & Handa, 2005). Studies on human pulmonary artery en-
dothelial cells have shown that TNFa induces ROS, which in turn
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Fig. 2. Schematic of oxidative stress induced lung inflammation and role of IL-6 signaling pathways in conjunction with TLRs and NF-kB. Oxidative stress leads to the generation of lipid
peroxidation products, ROS, free radicals in lung cell types. These oxidants can further mediate activation of downstream biochemical events including increased and altered TLR
expression and activation in response to allergens. Oxidants and oxidative stress also impart direct effect on NF-kB as well as on the molecules of NF-«kB pathway leading to the production

of inflammatory factors and lung damage. (Adapted and modified from (Mishra et al., 2016)).

signals the activation of NF-kB, that regulates the expression of ICAM-1
and E-selectin genes (Rahman, Bando, Kefer, Anwar, & Malik, 1999;
Rahman, Kefer, Bando, Niles, & Malik, 1998). Similarly, studies with
NADPH oxidase, which is a main cellular source of ROS in mononuclear
and granulocytic leukocytes, have shown that NADPH oxidase-derived
ROS can regulate lung inflammation and injury through redox regula-
tion of NF-xB activity (Han et al., 2013; Koay et al., 2001). Our findings
with Os-induced inflammation showed differential intracellular acti-
vation of the JAK2/STAT3 and NF-kB/AKT pathway in a sex-dependent
manner, and suggested a potential role of sex hormones in this reg-
ulation (Fig. 2) (Mishra, DiAngelo, & Silveyra, 2016). It is noteworthy
that AKT can affect IKK regulation, where AKT itself can be context-
dependent regulated either positively and negatively by ROS (Lee et al.,
2002; Murata et al., 2003).

8. Pharmacological approaches targeting TLR/NF-kB and
oxidative biology

The standard eosinophilic asthma treatment includes (32-agonists
and systemic corticosteroids (Walford & Doherty, 2014). The oral or
systemic administration of corticosteroids is known to exert strong ef-
fects on leukocyte recruitment (Cronstein, Kimmel, Levin,
Martiniuk, & Weissmann, 1992), and exhibit very effective anti-in-
flammatory properties by modulating NF-xB and AP-1 expression
(Cronstein et al., 1992; Mittelstadt & Ashwell, 2001). Although treat-
ment with corticosteroids is considered as the gold standard, various
studies have reported a significant incidence of adverse effects with
high dose and long-term use of corticosteroids (Baraket et al., 2012;
Dahl, 2006; Donohue & Ohar, 2004; Geddes, 1992).
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Oxidant production by PRRs such as TLRs, or oxidant-based acti-
vation of PRRs, can initiate a cascade of events involving redox reg-
ulation of transcription factors such as NF-kB. These molecular events
share several common pathways and intermediary molecules. Targeting
oxidizing molecules in conjunction with PPRs and regulators of tran-
scription factors may present a novel therapeutic strategy for asthma.
Considering that ROS and RNS formation, as well as lipid peroxidation
products, play key roles in the foundation and further progression of
asthma, the use of free radical scavengers and antioxidant stabilizers
with multifactorial effects on free radicals, PRRs and regulatory tran-
scription factors may achieve ideal success in treatment. Molecules
known to possess antioxidant activity along with ability to regulate
various intracellular signaling pathways, like flavonoids, beta-car-
otenes, lycopene, omega-3 and omega-6 fatty acids, thiol antioxidants,
melatonin, carotenoids, resveratrol, vitamin C and E may be used in
targeted adjuvant treatment of asthma. However, given the vast degree
of naturally occurring compounds exhibiting potent antioxidant activity
and signatory intercepts in intracellular pathways, the current review
will limit its approach to flavonoids, in particular to Kaempferol,
Quercetin, and Isorhamnetin flavonol. Another important aspect behind
the selection of flavonoids for the purpose of this review is their
stronger antioxidant property compared to many other natural anti-
oxidants including vitamin C and E (Prior & Cao, 2000). The anti-
oxidant activity of flavonoids is dependent on their chemical structure,
mainly to the catechol moiety (Van Acker et al., 1996). Additionally, it
has been reported that the number of hydroxyl (OH) substitutions
correlates with higher antioxidant activity of flavonoids (Ami¢ & Lucic,
2010; Cao, Sofic, & Prior, 1997). Natural molecules like flavonoids
possess strong antioxidant activity and their ability to regulate in-
tracellular signaling pathways could be effectively utilized for safer and
effective therapeutic approaches.

Kaempferol, a flavonoid found in apples and many berries, has been
shown to alleviate airway inflammation and acts as a therapeutic agent
for asthmatics (Gong et al., 2013). Niering et al. showed that Kaemp-
ferol protects rat liver hepatoma cells against cellular damage induced
by H,0, (Niering et al., 2005). Similarly, Kaempferol has also been
found to block cerebellar granule cell death, and as a potent inhibition
of ROS and superoxide anion production by cerebellar granule cells
(Samhan-Arias, Martin-Romero, & Gutierrez-Merino, 2004). Animal
studies indicate a favorable response of Kaempferol in reduction of
airway inflammation. In airway epithelial cells, Kaempferol was found
to inhibit LPS-induced IL-8 production and eotaxin-1 via TLR4 activa-
tion. The same study, performed on an ovalbumin sensitized mice
model treated with Kaempferol, reported reduction in the levels of
CXCR2 and CCR3 along with inhibition of Tyk2-STAT1/3 signaling
(Gong et al., 2013). Similar results were obtained in a study where
Astragalin, a 3-O-glucoside of Kaempferol, was found to inhibit LPS and
H,0, induced oxidative stress in airway epithelial cells through in-
hibition of eotaxin-1 and epithelial apoptosis, and TLR4-PKC(2-NADPH
signaling (Cho et al., 2014). The effect of Kaempferol in NF-xB signaling
was further confirmed in a model of TNF-a induced lung inflammation,
where a potent inhibitory effect of Kaempferol on monocyte chemoat-
tractant protein-1 transcription involving modulation of NF-xB sig-
naling was reported (Gong, Shin, Han, Kim, & Kang, 2012).

Another vastly studied dietary flavonoid is Quercetin, commonly
found in vegetables, fruits, seeds, nuts, tea, and wine, and is known to
have strong effects on ROS metabolism and cell apoptosis
(Formica & Regelson, 1995; Jeong, An, Kwon, Rhee, & Lee, 2009). In a
study of sarcoidosis, an inflammatory disease that mostly affects lungs
and lymph nodes, Quercetin supplementation showed a marked re-
duction in the levels of Malondialdehyde, TNFa/IL-10, and IL-8/IL-10,
which are markers of oxidative damage (Boots, Drent, de Boer,
Bast, & Haenen, 2011). The authors correlated the observed benefits
with a potential role of Quercetin as a ROS and oxidant scavenger,
along with its known ability to reduce inflammatory cytokine produc-
tion (in particular TNFa) via modulation of NF-kf1 and Ikf} pathways
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(Nair et al., 2006). Moreover, supplementation of Quercetin in a rat
model of hepatopulmonary syndrome showed anti-angiogenic effects
associated with AKT/NF-kB and VEGFA/VEGFR-2 pathways (Li et al.,
2016). Another study with Quercetin treatment on a bleomycin-induced
pulmonary fibrosis model showed that oral Quercetin revived anti-
oxidant defense mechanisms of the lung along with restoration of lung
pathology (Verma et al., 2013). Similarly, Quercetin was able to alle-
viate radiation-induced oxidative stress, pneumonitis, and fibrosis (H.
Liu, Xue, Li, Ao, &Lu, 2013), as well as LPS-induced lung injury
(Huang, Zhong, & Wu, 2015). The beneficial effect of Quercetin invol-
ving TLR modulation was further established in a study on mouse al-
veolar macrophage cultures, where Quercetin attenuated TLR7-induced
expression of TNF-a and IL-6 (Yasui et al., 2015). Finally, in another
study on LPS-stimulated human peripheral blood mononuclear cells
(PBMCs), Quercetin was able to suppress the secretion of TNF-a, IL-1f3,
and IL-6 from PBMCs, and reduced the mRNA expression of TLR2 and
NF-kB (Zhang, Lin, Li, & Li, 2016).

Isorhamnetin, a flavonol and methylated metabolite of Quercetin
commonly found in numerous plant-based foods like almonds, fennel,
red onion, and turnip greens, has been reported to have potent anti-
inflammatory, anti-oxidative, and anti-proliferative effects. Studies
using Isorhamnetin have shown that it antagonizes H,O,, reduces
apoptopic damage via inhibition of cytochrome C release, and alters
caspase 3 possibly via ERK inactivation in cardiomyocytes (Sun et al.,
2012). In addition, Isorhamnetin is a potent in vitro and in vivo in-
hibitor of influenza virus titer, an observation associated with reduction
in ROS generation and blockage of cytoplasmic lysosome acidification
(Abdal Dayem, Choi, Kim, & Cho, 2015). It also possesses photo-pro-
tective properties, and can inhibit cell damage and apoptosis caused by
ultraviolet-B exposure by reducing ROS and attenuating oxidative
modification of DNA, lipids, and proteins (Han et al., 2015).

In a model of LPS-induced acute lung injury, Chi et al. showed that
Isorhamnetin treatment is protective against oxidative damage and
inflammation via inhibition of TNF-a, IL-1f3 and IL-6 secretion and
suppression of ERK, JNK, IkBa, and NF-kB(p65) phosphorylation (Chi
et al., 2016). In a rat model of type 2 diabetes, Isorhamnetin decreased
the levels of urinary osteopontin, kidney injury molecule 1 (KIM-1), and
albumin, and also inhibited production of inflammatory mediators and
attenuated oxidative stress possibly via modulation of NF-xB signaling
activity (Qiu, Sun, Zhang, Li, & Wang, 2016). In human breast carci-
noma cells, Isorhamnetin significantly inhibited adhesion, migration,
and invasion of carcinoma cells by possibly downregulating the ex-
pression of MMP-2 and MMP-9 via suppression of p38 MAPK and ST-
AT3. Notably, regulation of MMP-2 and MMP-9 has established links
with NF-kB pathway modulation, and the observed reduction in MMPs
may have a possible correlation with this pathway (Li et al., 2015;
Shishodia, Majumdar, Banerjee, & Aggarwal, 2003). Isorhamnetin also
modulated TLR activity and offered protection against oxidative stress
in an animal model of influenza infection, where it increased TLR2/4
expression in a dose-dependent manner (Wang et al., 2012). Further-
more, in a mouse model of LPS-induced endotoxemia, Isorhamnetin
reduced peritoneal macrophages NO production, and IL-6, TNF-a,
CD40, COX-2 and iNOS expression (Jayashankar, Mishra,
Ganju, & Singh, 2014). These observations may indicate a correlation
with TLR modulation, as induction of COX-2 and iNOS are associated
with TLR4, and play pivotal roles in the development of inflammatory
diseases (Shweash et al., 2011). In fact, COX-2 and iNOS have also been
identified as potential therapeutic targets in other inflammatory dis-
eases such as cancer (Murakami & Ohigashi, 2007). A study on Myco-
bacteria-induced lung inflammation showed that Isorhamnetin also
possesses moderate anti-mycobacterial activities in the lung, and is a
potent anti-inflammatory agent, reducing expression of IL-1f, IL-6, IL-
12, TNF-a, and MMP-1 and inhibiting MAPK and ERK phosphorylation,
a signatory fingerprint in Mycobacterial signaling pathway activation
(Jnawali et al., 2016).

Taken together, these studies indicate that flavonol compounds can
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be developed as therapeutic candidates for inflammatory lung disease,
not only due to their direct protective effects as antioxidants for oxygen
and nitrogen scavenging, but also because of their modulatory effects
on cell signaling cascades related to lung inflammation and pathology.

9. Conclusion and future directions

Asthma therapy can be primarily classified in to three classes: in-
haled B2-adrenoceptor ($2-AR) agonists, inhaled and systemic corti-
costeroids, and leukotriene synthesis inhibitors (LTSIs) together with
leukotriene receptor antagonists (LTRAs) (Sayers & Hall, 2005). Corti-
costeroids and bronchodilators are the first line and most commonly
used drugs to treat typical symptoms of asthma and exacerbations. At a
cellular level, corticosteroids increase B-adrenergic responses, diminish
the inflammatory cells in the airways, and offer clinical improvement.
However, in severe asthma, and in COPD, corticosteroids are ineffective
and offer negligible clinical improvement (Barnes, 2013; Belvisi,
Hele, & Birrell, 2004; Brusselle, Joos, & Bracke, 2011;
Kirkham & Rahman, 2006; I. Rahman, Morrison, Donaldson, & MacNee,
1996). The observed inefficacy of corticosteroids in the treatment of
severe lung inflammation is attributed to oxidative stress, chromatin
remodeling, and DNA damage that lead to decreased activity of tran-
scriptional corepressors such as histone deacetylase-2 (HDAC-2),
known to counteract histones acetylation, resulting in increased ex-
pression of inflammatory genes (Zuo, Lucas, Fortuna, Chuang, & Best,
2015). There are at least twelve known mammalian HDACs, which are
differentially expressed and regulated in different cell types
(Haberland, Montgomery, & Olson, 2009), and are attributed to the
observed differences in responsiveness to corticosteroids. Activated pro-
inflammatory transcription factors like NF-kB, which is also sensitive to
corticosteroids treatment (Barnes, 2004; Barnes, Ito, & Adcock, 2004;
Barnes & Karin, 1997), bind to specific sequences in DNA and subse-
quently interact with coactivator molecules like p300/CREB (cyclic
adenosine monophosphate response element-binding protein)-binding
protein (CBP) to control target gene transcription.

The B2-adrenergic receptor agonists act by binding to the $2-adre-
nergic receptor, a G-protein-coupled receptor protein encoded by
ADRp2 gene, which is expressed on multiple airway cell types (Ortega,
Hawkins, Peters, & Bleecker, 2007). ADRP2 is a highly polymorphic
gene that can influence lung function, and also respond to (-agonist
therapy (Fuso et al., 2013; Green, Turki, Bejarano, Hall, & Liggett,
1995; Hawkins et al, 2006; Martinez, Graves, Baldini,
Solomon, & Erickson, 1997; Tan, Hall, Dewar, Dow, & Lipworth, 1997).
Similarly, drugs targeting leukotriene signaling pathways are shown to
decrease asthmatic exacerbations when coupled with corticosteroid
therapy (Camargo et al.,, 2010; Camargo, Smithline, Malice,
Green, & Reiss, 2003; Dahlen, 2006; Philip et al., 2010). However,
further research on leukotrienes show that genetic polymorphisms in
genes encoding target proteins of the leukotriene pathway may alter the
response to LTSIs and LTRAs (Drazen et al., 1999; In et al., 1997; Lima
et al.,, 2006; Sampson et al., 2000). In view of advantages and dis-
advantages of current therapeutic regimes for asthma, and with the fast
increase in the number of asthmatics as reported by the global asthma
report (2014) (Network, 2014), there is a dire need for new and al-
ternative therapeutic approaches. Considering that ROS and formation
of other oxidants are common in asthma; novel therapeutics targeting
redox abnormalities and signaling molecules could be effectively uti-
lized for the treatment of asthma.

At certain concentrations, ROS and other oxidants not only possess
direct cell damaging properties, but can also influence cell signaling
pathways and molecules at cytoplasmic and nuclear levels. In this
context, ROS modulation of PRRs like TLRs in the vicinity of airway
antigens, and further modulation of intrinsic signaling molecules like
NF-kB are of absolute importance in devising future strategies for better
therapeutic control of the clinical features of asthma. The polyphenolic
plant secondary metabolites, flavonols, are known to have powerful

Pharmacology and Therapeutics 181 (2018) 169-182

antioxidant, anti-allergic, anti-inflammatory and immune-modulating
effects. We believe further evaluation of molecular mechanisms in-
volved in the anti-inflammatory properties offered by various flavonols
can pave the way for the development of novel therapeutic targets for
asthma and other diseases characterized by airway inflammation.
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