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Allergic asthma is an airway disease, characterized by reversible bronchoconstriction, chronic inflammation of

TLRs the airway, and thickness of smooth muscle in the respiratory tract. Asthma is orchestrated by an excessive Th2-

Immune system
Asthma

adaptive immune response, in which innate immunity plays a key role. Recently TLRs have received more and
more attention as they are central to orchestrate the innate immune responses. TLRs are localized as integral

membrane or intracellular glycoproteins with those on the cell surface sensing microbial antigens and the ones,
localized in intracellular vesicles, sensing microbial nucleic acid species. Having recognized microbial antigens,
TLRs conduct the immune response towards a pro- or anti-allergy response. As a double-edged sword, they
could initiate either harmful or helpful responses by the immune system in case of allergic asthma. In the
current review, we will describe the role of TLRs and their signaling pathways in allergic asthma.

1. Introduction

Allergic asthma is a complicated chronic airway inflammatory
disorder with a globally increasing rate of prevalence and occurrence
over the past decades (Lambrecht and Hammad, 2012; Wu et al.,
2014). Asthma is characterized by reversible bronchoconstriction,
chronic inflammation of the airway, infiltration of eosinophils, hyper-
responsiveness, and thickness of smooth muscle cell layer in the
airway. The chronic inflammation in asthma is usually eosinophilic
and is orchestrated by a complex network of different inflammatory
cytokines with positive or negative feedback on each other. It leads to
hypertrophy of smooth muscle cells, hyperplasia of mucus-secreting
goblet cells, angiogenesis, and fibrosis (Athari and Athari, 2014;
Lambrecht and Hammad, 2012; Wu et al., 2014).

Th2 response plays a key role in asthmatic patients as it both causes
the immune cells increase and releases inflammatory mediators within
the respiratory tract. IgE-producing B cells are the main cells respon-
sible for pathophysiology of asthma (Lambrecht and Hammad, 2015;
Wu et al.,, 2014). Asthma is handled by complex mechanisms. Although
innate immunity plays a key role in asthma, excessive amount of Th2-

adaptive immune responses lead to a subsequent development of
pathogenesis in the disease (Hilvering et al., 2015; Lambrecht and
Hammad, 2015; Szefler, 2013).

Thanks to specific Pattern-Recognition Receptors (PRRs) such as
the Toll-Like Receptors (TLRs), innate immune system can recognize
some antigenic molecules from microbes, known as Pathogen-
Associated Molecular Patterns (PAMP) (Akira and Takeda, 2004).
TLRs and Nucleotide-binding oligomerization domain-like receptors
(NLRs) are two species of PRRs (Akira and Takeda, 2004; Kawai and
Akira, 2010). NF-kB is the main controlling factor to signal the
pathway of the TLRs that can get involved in the production of many
pro-inflammatory cytokines and chemokines. Some of the most
important TLRs are integral membrane glycoproteins, which have
leucine-rich repeat motifs in the recognizing domain. TLRs are divided
into two groups: 1) TLR1, 2, 4, 5, 6, 10, and 11 are expressed on the
cell surface, recognizing proteins, lipoproteins, and polysaccharides in
the bacteria and 2) TLR3, 7, 8, and 9 are localized within intracellular
vesicles where they sense different types of microbial nucleic acids
(Akira and Takeda, 2004; Kawai and Akira, 2010; Tesse et al., 2011).

Up to now, 12 TLRs and more than 20 NLRs have been identified

* Corresponding author at: Department of Immunology, Faculty of Medicine, Shahid Beheshti University of Medical Sciences, Tehran, Iran.

E-mail address: e.mortaz@uu.nl (E. Mortaz).

http://dx.doi.org/10.1016/j.ejphar.2016.11.047

Received 30 January 2016; Received in revised form 21 November 2016; Accepted 25 November 2016

Available online xxxx
0014-2999/ © 2016 Elsevier B.V. All rights reserved.

Please cite this article as: Athari, S.S., European Journal of Pharmacology (2016), http://dx.doi.org/10.1016/j.ejphar.2016.11.047



http://www.sciencedirect.com/science/journal/00142999
http://www.elsevier.com/locate/ejphar
http://dx.doi.org/10.1016/j.ejphar.2016.11.047
http://dx.doi.org/10.1016/j.ejphar.2016.11.047
http://dx.doi.org/10.1016/j.ejphar.2016.11.047

S.S. Athari et al.

TLR1
TLR3 TLR4 TLR5

European Journal of Pharmacology xx (xxxx) xxxx—xxxx

TLR12
TLR10 TLR11

ﬁ

——-mun'g

o L

Shift IgE ti IgA

J

Th2
/ RANTES = Th17 [ cytokines
Enoqt;x;n Remodeling
( RantES | IL-8, 4 iR

\_ IgE Y

TLR13,14,...

|

Gene association with
IL4 and IL-13

=

Fig. 1. Toll like receptors signaling through the various pathways with in collaboration with of internal adaptors proteins. Each TLR may induces or influences different functions in

allergic asthma.

(Akira and Takeda, 2004; Akira et al., 2006; Tesse et al., 2011). Ligands
bind to TLRs through Toll/IL-1 receptor domain (TIR) (Akira et al.,
2006; Kawai and Akira, 2010). Most TLRs have been expressed on
airway epithelial cells and respiratory track, playing an important role
not only to regulate of innate and adaptive immune systems but also to
maintain the aseptic condition in the airways (Akira et al., 2006). TLRs
can shift immune response towards pro- or anti-allergy responses after
successfully recognizing microbial antigens (Akira et al., 2006; Gon,
2008).

As a result, the present review has focused on the role of TLRs in
the pathophysiology of allergic asthma and the possibility of using
TLRs as a therapy for asthma (Fig. 1). Thus, in the following part we
will describe important members of TLRs that have been linked to the
pathophysiology of asthma.

2. Toll-like receptor and possible role in pathogenesis of
asthma

Activated TLR2 initiates Th2-immune response, thus playing a
critical role in asthma (Bezemer et al., 2012; Hussein et al., 2012).
Genetic variations in TLRs affect the pattern of immune responses
against environmental antigens. Polymorphism in the TLR2 gene is
associated with abnormal immune response, making it more suscep-
tible to immune-related diseases such as asthma (Bezemer et al., 2012;
Eder et al.,, 2004; Hussein et al., 2012; Martinez and Holt, 1999).
However, TLR2 signaling can also induce the expansion of Treg cells,
reducing asthma exacerbations (Liu et al., 2006). TLR2 ligands
(Table 1) are a wide spectrum of PAMPs ranging from the molecules
on cell membrane of gram-positive and negative bacteria, mycoplasma,
mycobacteria, yeasts, and parasites (Bezemer et al., 2012; Hussein
et al., 2012; Martinez and Holt, 1999).

TLR2 Arg677Trp polymorphism seems to be a protective factor
against replication of Cytomegalovirus (CMV) (Brown et al., 2009; Wu
et al., 2001); therefore, polymorphisms in TLR genes have been
associated with susceptibility to the disease. The heterozygous geno-
type of the TLR2 with Arg677Trp polymorphism occurs more fre-
quently in CMV-seronegative adult patients than in CMV-infected ones,
hence the heterozygous genotype is a protective factor in them.
Regarding epidemiological evidence, there is a relationship between
respiratory viral infections and asthma exacerbation. As a respiratory

pathogen, Murine CMV is capable of altering Th1/Th2 cytokine balance
as well as increasing mucus production in allergic airway diseases. On
the other hand, it can also activate TLRs and Th1 responses that help
regulating viral infection and airway inflammation. However, poly-
morphisms in receptor genes could be a risk factor for other diseases
(Brown et al., 2009; Wu et al., 2001).

Variants of TLR2 are associated with asthma and increased level of
IL-9 (and other type 2 cytokines) (Eder et al., 2004; Lee et al., 2011). It
is possible that distinct polymorphisms could increase viral replication
and inflammation. Chronic inflammation may trigger asthma, leading
at the same time to airway remodeling (Bezemer et al., 2012; Eder
et al., 2004; Lee et al., 2011); therefore, TLR2 activation by agonists or
infectious agents result in allergic asthma conditions.

3. Toll-like receptor 1 (TLR1) and 3 (TLR3) and their role in
pathogenesis of asthma

RANTES synthesis is an imminent consequence of TLR1 activation
(Lin et al., 1999; O'Neill, 2006). TLR3 stimulation, however, causes the
production of type I interferons, IL-8, and RANTES. RANTES produc-
tion, triggered by TLR3, is lower than the one by TLR1 (Yamamoto
et al., 2003). TLR1 recognizes triacyl lipoproteins of bacteria and TLR3,
the viral replicative intermediate double-stranded RNA (dsRNA)
(Takeda et al., 2003).

In the trachea, TLR3 ligands induce airway responsiveness to
bradykinin (Bachar et al., 2004). Activated TLR3 induces pro-inflam-
matory cytokines, eotaxin, and RANTES, leading to eosinophilic
inflammation in the airway (Morris et al., 2005, 2006; Sukkar et al.,
2006). Moreover, as a positive feedback, the cytokine pattern, induced
by inflammatory cells, enhances the TLRs expression level in the
respiratory system (Cooper et al., 2009; Kvarnhammar et al., 2013;
Niimi et al., 2007). Rhinoviruses can also increase TLR3 expression in
bronchial epithelial cells, triggering exacerbation of the allergic asthma
(Hewson et al., 2005; Torres et al., 2010; Wang et al., 2009). As a
result, TLR3 plays a critical role in allergic asthma. Long-term
activation of TLR3 can cause lung inflammation (Meng et al., 2011;
Stowell et al., 2009). TLR3 may increase IL-4 and IgE levels in serum
by modulating Th2 immune response, though TLR3 does not alter the
total number of cells in broncho-alveolar lavage fluid (Meng et al.,
2011; Torres et al., 2010).
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Table 1
Ligands of TLRs and their activators.
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TLR type Activators and ligands References
TLR1 Bacteria: Triacyl lipopeptides (Bachar et al., 2004; Morris et al., 2006; Kvarnhammar et al., 2013)
TLR2 Bacteria: Peptidoglycan, porins, Lipoarabinomannan, Lipoprotein/lipopeptide, (Sukkar et al., 2006; Morris et al., 2005; Kvarnhammar et al., 2013)
Lipoteichoic acid,
Fungi: Phospholipomannan, Zymosan
Protozoa: tGPI-mutin
Viruses: Hemagglutinin protein, Viral envelop proteins of measles virus,
cytomegalovirus, and herpes simplex virus type I
Host: Glycoinositolphospholipids, Heat shock proteins, Hyaluronan
TLR3 Viruses: Double-stranded RNA (dsRNA) (Sukkar et al., 2006; Niimi et al., 2007; Kvarnhammar et al., 2013; Cooper et al.,
2009; Torres et al., 2010; Hewson et al., 2005; Stowell et al., 2009; Meng et al.,
2011)
TLR4 Bacteria: Lipopolysaccharide (LPS) (Sukkar et al., 2006; Morris et al., 2005; Kvarnhammar et al., 2013)
Fungi: Mannan
Protozoa: Glycoinositolphospholipids
Viruses: Envelope proteins, F protein of respiratory syncytial virus murine,
retroviral envelope protein, Hyaluronic acid, Heparan sulfate
Host: Heat shock proteins (Hsp) 60 and 70, fibrinogen, Fibronectin,
Flavolipin, Taxol,
TLR5 Bacteria: Flagellin (Morris et al., 2006; Shi et al., 2011)
TLR6 Bacteria: Diacyl lipopeptides, lipoteichoic acid (Morris et al., 2006; Shi et al., 2011; Tantisira et al., 2004)
Fungi: zymosan
TLR7,8 Viruses: Single-stranded RNA (ssRNA), Imidazoquinoline (Morris et al., 2006; Kvarnhammar et al., 2013; Meng et al., 2011; Tabeta et al.,
2006)
TLR9 Bacteria: CpG-DNA (Bauer et al., 2001; Bourke et al., 2003; Tabeta et al., 2006)
Viruses: DNA
TLR11 Bacteria: Unknown (Bezemer et al., 2012; Yarovinsky et al., 2005; Plattner et al., 2008)
Protozoa: Profilin-like molecule
TLR12 Bacteria: Profilin (Lee et al., 2013)
TLR10, 13 Unknown (Shi et al., 2011; Lee et al., 2013; Kim et al., 2006; Oldenburg et al., 2012)

Single Nucleotide Polymorphisms (SNPs) of TLRI1, such as
rs4833095 and rs5743618, have been largely associated with high
serum levels of IL-6, TNF-q, and IL-1f in response to ligand (Hammad
et al., 2009; Kormann et al., 2008; Mikacenic et al., 2013). These TLR1
SNPs, namely rs5743595 and rs4833095, reduce the risk of allergic
asthma as they trigger Th1 responses and reduce IL-4 secretion. On the
other hand, some genotypes of TLR1 induce Th2 cytokine in allergic
asthma (Kormann et al., 2008; Mikacenic et al., 2013).

The genotype rs4833095 in TLR1 is correlated with lower serum
IgE levels in allergic patients as on the whole IgE serum levels are
considered to be correlating with SNPs (Mikacenic et al., 2013;
Verheijden et al., 2012; Yang and Chiang, 2015). TLR3 agonist
stimulates the production of type 1 cytokines (especially IFN-y) that
results in reduced airway inflammation. TLR3 also regulates the
production of IL-6 as an inflammatory cytokine; therefore, TLR3
activation in the airway enhances inflammatory cytokines that act as
a stimulus for allergic asthma.

4. Role of Toll-like receptor 4 (TLR4) in pathogenesis of
asthma

TLR4 both mediates innate immune responses and controls the
immune responses against Respiratory Syncytial Virus (RSV), which is
a common cause for bronchiolitis and an important risk factor in the
development of asthma (Caramori et al., 2006, 2009).

Activation of TLR4 pathways may primarily cause chronic inflam-
mation and oxidative stress to eliminate invading pathogens; however,
uncontrolled inflammation can result in bronchial remodeling in the
respiratory system (Caramori et al., 2006; Hammad et al., 2009;
Verheijden et al., 2012). TLR4 signaling increases IL-5 secretion by
mast cells, causing the generation of allergic type 2 cytokines by airway
epithelial cells (Caramori et al., 2009; Koppelman, 2006).
Polymorphism in TLR4 gene is associated with excessive production
of IgE against aeroallergens, bronchial hyperresponsiveness, and
pathophysiology of allergic asthma (Caramori et al., 2009;
Koppelman, 2006). SNPs in TLR4, including Asp299Gly and

Thr3991Ile (also known as rs4986790 and rs4986791, respectively),
are associated with airway hyperresponsiveness to inhaled allergens
and allergic asthma, yet only in cases of exposure to endotoxin (Eder
et al., 2004; Kulig et al., 1999; Werner et al., 2003). Airway inflamma-
tion as a result of TLR4 depends on the nature of the endotoxin and
exposure conditions (Hollingsworth et al., 2004). Brief exposure to
endotoxin, induces similar responses to allergen in both TLR4-deficient
and wild-type mice (Hollingsworth et al., 2006).

Some researchers have found that in stress-caused asthma TLR
stimulation in the presence of stress, results in pro-inflammatory
cytokines, produced by mast cells. Activation of TLR4 pathway is
followed by the production of TNF-a and IL-6. TLR4, also triggering
the production of pro-allergic cytokines, thymic stromal lymphopoie-
tin, GM-CSF, IL-9, IL-25, and IL-33 (Kleinjung et al., 2003; Pockley,
2003; Vabulas et al., 2001). Inhaling a TLR4 antagonist suppresses
bronchial hyperreactivity and asthma; therefore, TLR4 antagonists can
be used as efficient drugs for asthma treatment, though more studies
are required to do so.

5. Possible role of Toll-like receptor 5 (TLR5) in
pathogenesis of asthma

Some microbial products can prime allergic asthma by activating
TLR5 pathway signaling. Maruoka et al. (2011) tested allergenicity of
bacterial flagellin in asthma model, finding out that bacterial protein
flagellin primed Th2 and Th17 responses in allergic asthma models.
Sensitized mice displayed severe asthma symptoms, such as airway
eosinophilic inflammation, goblet cell hyperplasia, mucus hyper-secre-
tion, airway obstruction, and airway hyperresponsiveness. The authors
also emphasized that major adjuvant in house dust is bacterial flagellin;
therefore, both adjuvants and allergens are present in house, being in
turn sensed by TLR5, thus promoting allergic asthma. TLR5 is a known
sensor of bacterial flagellin. Asthmatic people have higher serum levels
of bacterial flagellin-specific antibodies, as compared to non-asthmatic
ones (Maruoka et al., 2011; Wilson et al., 2012).

Shikhagaie et al. (2013) presented the immunostimulatory role of
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TLR5 in the airway epithelium and smooth muscle, though not in
patients with severe asthma, where TLR5 expression is less than
healthy controls (Shikhagaie et al., 2013).

6. Role of Toll-like receptor 6 (TLR6) in pathogenesis of
asthma

TLR6 is a highly conserved member of PRRs (Tantisira et al., 2004).
TLR6 is upregulated in fungal allergenic asthma, though what role it
plays exactly with regards to this disease still remains a moot point
(Kurup et al., 2005). A heterodimer of TLR6 and TLR2 recognize diacyl
lipopeptides, zymosan, and lipoteichoic acid of the fungi. Moreover,
triacyl lipopeptides are recognized by heterodimers of TLR2 and TLR1
too and signaling through both mentioned heterodimers leads to not
only NF-kB activation but cytokine production (Horng et al., 2002;
Ozinsky et al., 2000). TLR6 provides protection by regulating IL-6 and
TGF-B and promoting Th17 responses during allergic asthma process
(Moreira et al., 2011).

Some studies have indicated that TLR6 SNPs play a protective role
in allergic asthma by generating type-1 cytokines. These studies have
also showed that defective expression and/or function of TLR6
increases the frequency of allergic asthma occurrence (Hoffjan et al.,
2005; Kormann et al., 2008; Tantisira et al., 2004). Moreover, TLR6 is
one of the important immunoregulators in fungal allergic asthma and
the absence of its function leads to inflammation and bronchial
remodeling (Kormann et al., 2008). Agonists of TLR2/6 heterodimer
can be employed as therapeutic tools to attenuate fungal allergic
asthma (Weigt et al., 2005).

In animal models for allergic asthma, TLR6 activation induce Th17
responses and produce IL-23, leading to a protective response by
reducing inflammatory responses in fungal-induced asthma (Hoffjan
et al., 2005; Moreira et al., 2011; Weigt et al., 2005). Thus, targeting
TLR6 can stop the inflammatory responses and result in therapeutic
effects in clinical asthma.

7. Role of Toll-like receptor 7 (TLR7) and 8 (TLRS8) in
pathogenesis of asthma

Stimulated TLR7 inhibits asthma exacerbations and airway remo-
deling (Moller-Larsen et al., 2008; Roponen et al., 2010). Synthetic
ligands of TLR7 can be used as a treatment for asthma, hence TLR7
may play an important role in pathophysiology and asthma treatment.
TLR7 polymorphisms have been associated with asthma (Moller-
Larsen et al., 2008; Roponen et al., 2010). TLR7 is expressed in
bronchial epithelial cells, airway smooth muscle (Cherfils-Vicini et al.,
2010; Ekman et al., 2011). eosinophils, and B lymphocytes (Caron
et al., 2005; Gorden et al., 2005; Hart et al., 2005).

The immunomodulatory potential of TLR7 makes it an appealing
candidate for therapeutic-target in allergic asthma (G Drake et al.,
2012). With an inhibitory effect on IgE level (Meng et al., 2011), TLR7
prevents Th2-mediated airway inflammation in asthma, but simulta-
neously it stimulates the production of such Th1 cytokines as IL-12 and
IFN-y (Drake et al., 2012; Kaufman and Jacoby, 2012). Eotaxin is a
strong eosinophil chemotactic factor, the level of which is reduced by
TLR7 (Pham Van et al., 2011), at which time both eosinophilic
infiltration and inflammation in the airways are decreased. TLR7 also
prevents irreversible airway remodeling in chronic allergic asthma
(Camateros et al., 2007).

TLR7 agonists come with some side effects such as fever, myalgia,
and sepsis (Fidock et al., 2011; Pockros et al., 2007). To reduce these,
TLR7 stimulation may be limited to local tissues only, which in case of
asthma it should be administered by inhalation.

Genome-Wide Association Studies (GWAS) have revealed a strong
link between susceptibility to allergic asthma and Xp22 sex chromo-
some, which contain TLR7 and TLRS8 loci (Brasch-Andersen et al.,
2008; Haagerup et al., 2004). TLR8 is highly homologous to TLR7,
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both localized in the endosomal compartment (Diebold et al., 2004;
Jurk et al., 2002). Some studies have suggested that TLR8 may regulate
TLR7 function (Demaria et al., 2010). Synthetic TLR7/TLR8 ligand
prevents development of allergic asthma by inhibiting inflammatory
responses in the airways in response to allergens (Camateros et al.,
2007; Moisan et al., 2006; Sel et al., 2007). TLR7 activation decreases
Th2 response and acts as a bronchodilator, making it an attractive
option for the treatment of allergic asthma.

8. Role of Toll-like receptor 9 (TLR9) in pathogenesis of
asthma

TLRO is the best sensor of bacterial DNAs such as those containing
short sequences of unmethylated CpG oligodesoxynocleotid (ODN)
motifs (Zhang et al., 2005). TLR9 stimulates some alterations in
cellular redox balance and peroxynitrite formation, activating NF-kB
(Bauer et al., 2001; Manna et al., 2006; Wagner, 1999). In immune
cells, CpG DNA activates TLR9 signaling (Ahmad-Nejad et al., 2002;
Krieg, 1999). Neutrophils are one of such immune cells which
constitutively express TLR9 (Kokkinopoulos et al., 2005; Kool et al.,
2011; Parker et al., 2005).

Several studies have demonstrated that TLR9 activation by CpG
ODN prevents allergic airway inflammation and bronchial hypersensi-
tivity in asthma. Consequently, activation of TLR9 signaling pathway
has a potential therapeutic application in allergic asthma (Silverman
and Drazen, 2003).

TLR9 agonist restores Th2/Th1 balance in the immune responses
against allergic asthma (Humbert et al., 2005) by stimulating the
production of neutralizing monoclonal antibodies against pro-inflam-
matory Th2 mediators (Agler et al., 2011; Corren et al., 2010; Haldar
et al., 2009; Parker et al., 2011). TLRY activation also induces
regulatory T cells (Tregs) which inhibits Th2 responses (Ito et al.,
2007).

TLRO ligands can directly induce B cells to switch from IgE to IgA
phenotype and block IL-4, an important cytokine in the development of
allergic asthma (Shen et al., 2008). TLR9 ligands (unmethylated CpG-
ODNS) can also prevent allergen-induced eosinophilic inflammation in
asthmatic patients' airways (Hopp, 1999). Moreover, the ligand can
reduce IgE levels circulation and bronchial hyperreactivity. Activation
of TLR9 by CpG-ODNs can prevent the development of airway
remodeling (Jain et al., 2002, 2003; Kline et al., 2002), inducing
strong Thl-like cytokines patterns (Kline et al., 1999). Mammal
chromosomes contain TTAGGG hexamers as repetitive stretches in
telomeric ends. Synthetic ODNs that contain these motifs as TLR9
agonist are tested in clinical trials to treat allergic asthma (Sato et al.,
2008). TLR7 and TLR9 agonists induce CXCL8 release from mono-
cytes. It has been shown that CXCL8 level was higher in healthy
volunteers, compared to asthmatic patients. TNF-a and IL-6 produc-
tion is also stimulated by TLR9 agonists (Camateros et al., 2007; Jain
et al., 2003; Meng et al., 2011; Shen et al., 2008).

9. Role of Toll-like receptor 10 (TLR10) in pathogenesis of
asthma

TLR10 gene includes 3269 bases on the short arm of chromosome 4
which encodes 811-amino acid protein, approximately 50% identical to
TLR1 and TLR6. TLR10 contains multiple leucine-rich repeats,
cysteine-rich, transmembrane domain, and a cytoplasmic TOLL inter-
leukin-1 receptor domain; however, specific functions of TLR10 are not
currently known (Chuang and Ulevitch, 2001). In SNP studies, high
levels of polymorphisms have been found in the TLR10 gene in the
respiratory system (Lazarus et al., 2002); therefore, genetic variations
of TLR10 gene can contribute to asthma susceptibility.

TLR10 mRNA is expressed predominantly in B lymphocytes and is
increased, following the engagement of B cell antigen receptor. TLR10
is expressed in lung tissue where it can be involved in the regulation of
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innate immune responses allergens (Bourke et al., 2003; Sebastiani
et al., 2003; Wang et al., 1998).

In genetic joint analyses, joint influences have been found between
some genes. In this regard, a gene-to-gene interaction has been
reported between IL-13 and a-chain of IL-4-receptor (Battle et al.,
2007; Chan et al., 2006; Kim et al., 2006). On the other hand, it has
been found that there is a joint association between IL-13 and TLR-10
in allergic asthma. The functional importance of these joint associa-
tions as well as their action during asthma pathogenesis has not yet
been fully understood (Kim et al., 2006; Lee et al., 2004).

10. Role of Toll-like receptor 11 (TLR11) and TLR12 in
pathogenesis of asthma

TLR11 is primarily expressed in epithelial cells of urinary tract and
lung epithelial cells (Tamura et al., 2008; Zhang et al., 2004).

TLR11 induces IL-12 in response to the parasite (especially
Toxoplasma gondii) (Yarovinsky et al., 2005), playing a major role in
IL-12-dependent immune system response which is characterized by
the reaction of CD8+ dendritic cells against the parasite (Plattner et al.,
2008). TLR11 recognizes the parasite in a complex with TLR12 at
which both TLRs directly bind to parasite. Both TLR11 and 12 appear
to be intracellular TLRs (Barton and Kagan, 2009). TLR11/TLR12
complex initiates the MyD88 signaling cascade via the TLR11 Toll/IL-
1R domain. Nevertheless, TLR11, and not TLR12, is bound to MyD88
(Lee et al., 2013; Plattner et al., 2008). The role of these two receptors
in allergic asthma is still unknown but it seems that due to their role in
stimulating eosinophilic responses in parasitic infections, they may also
trigger the development of pathophysiologic responses in asthma by
attracting and activating eosinophils. To better understand the role of
these TLRs in allergic asthma, more studies are needed to use animal
models for asthma.

11. TLR13

TLR13 is involved in cell activation (Kawai and Akira, 2011; Tabeta
et al., 2006), being a bacterial single-stranded RNA (ssRNA) sensor. It
is also able to recognize vesicular stomatitis virus (Shi et al., 2011).
TLR13 is an important bacteria sensor, capable of detecting the
peptidyl transferase loop of bacterial 23S rRNA (D'Costa et al., 2011;
Deshmukh et al., 2011). It is a novel member of the TLR family. Murine
TLR13 gene transcription is regulated through three cis-acting ele-
ments with NF-kB acting as an inhibitor of TLR13 transcription
(D'Costa et al., 2011; Oldenburg et al., 2012; Sagar et al., 2013;
Tabeta et al., 2006). The role of TLR13 and the TLRs, discovered later,
such as TLR14, 15, 16 etc., in humans is still unknown; therefore, the
role of these receptors in allergic asthma cannot be judged. Further
studies should be planned and conducted to clear their exact role and
pathways.

12. Conclusion and future directions

Asthma is a multifactorial disease and a significant global public
health problem. TLRs are involved in the development of allergic
asthma and may contribute to the development of immune response or
tolerance to the antigens (Fig. 1). TLRs are involved in recognizing
microbial products and handling immune defense against pathogens.
TLRs' signaling can shift the inflammatory responses towards either
pathologic or protective pathways that result in tissue injury or
regeneration, respectively. Hence, based on the type of the TLRs along
with the activated signaling pathway, TLR stimulation could either
repair an injured tissue or damage a normal one. In order to achieve
therapeutic goals for controlling and treating allergic asthma, it is
necessary to evaluate the exact mechanism of action and estimate
respective contributions of individual receptor. Current knowledge
concerning the TLRs provides novel approaches for development of
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TLR-based therapies. TLR ligands can be applied as drugs to treat
allergic asthma. For instance, TLR9 is a powerful inducer of Thl
immune responses and agonists of TLR9 have been used for patients in
clinical trials for the treatment of allergic asthma. Moreover, manip-
ulation of Tregs function or Th1/Th2 balance by applying TLR ligands
could be an efficient approach to control or prevent allergic asthma.
TLR ligands can be administered locally, hence the harmful side-
effects, which may appear in systemic use, are inhibited. TLRs give us
new intervening strategies and are potential to become novel ther-
apeutics for the prevention, control, and treatment of allergic asthma;
however, the goal is not easily achieved as the signaling pathways of
TLRs and TLR-mediated cytokines have a very complex network of
connections among one another, in which any inattentive intervention
can end disastrously. Therefore, future studies targeting these recep-
tors will need more precise examinations and deeper information on
the exact mechanisms of their actions. However, TLRs are good
candidates to overcome the abnormal immune responses-derived
diseases such as asthma, though this approach needs more studies in
animal and human models in the future.
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