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A B S T R A C T

Toll-like receptors (TLRs) comprise a clan of proteins involved in identification and triggering a suitable response
against pathogenic attacks. As lung is steadily exposed to multiple infectious agents, antigens and host-derived
danger signals, the inhabiting stromal and myeloid cells of the lung express an aggregate of TLRs which perceive
the endogenously derived damage-associated molecular patterns (DAMPs) along with pathogen associated
molecular patterns (PAMPs) and trigger the TLR-associated signalling events involved in host defence. Thus,
they form an imperative component of host defence activation in case of microbial infections as well as non-
infectious pulmonary disorders such as interstitial lung disease, acute lung injury and airways disease, such as
COPD and asthma. They also play an equally important role in lung cancer. Targeting the TLR signalling network
would pave ways to the design of more reliable and effective vaccines against infectious agents and control
deadly infections, desensitize allergens and reduce inflammation. Moreover, TLR agonists may act as adjuvants
by increasing the efficiency of cancer vaccines, thereby contributing their role in treatment of lung cancer too.
Overall, TLRs present a compelling and expeditiously bolstered area of research and addressing their signalling
events would be of significant use in pulmonary diseases.

1. Introduction

Lungs are repeatedly divulged to several environmental stimuli in-
cluding chemicals, dust, pollen along with numerous microorganisms.
They are competent enough to oppose these environmental stimuli with
the help of various host defences. Composite nasal passage geometry,
airways branching pattern, secretion of mucus and soluble mediators
like surfactant proteins, lysozyme, secretory IgA and antimicrobial
peptides are the exemplifications of host defences. Furthermore, al-
veolar macrophages and dendritic cells provide a perpetual vigilance
for pathogenic components. At the same time, they are also implicated
in inhibiting T cell responses against non-pathogenic antigens [1].
These normal processes of host defences are trivial, but an in-
flammatory response is anticipated in case of a prolonged exposure to
pathogenic antigens or highly virulent microbes. Prompt commence-
ment of an inflammatory response is accomplished with the help of
unique and conserved Pattern recognition receptors (PRRs) present on
the surface of myeloid cells, lung epithelial cells and lymphoid tissue.
PRRs comprise of Toll like receptors (TLRs), RIG-I like receptors (RLRs)

and NOD like receptors (NLRs). These receptors are activated upon
binding to their respective ligands, which trigger the release of cyto-
kines and chemokines that calls for recruitment of antigen presenting
cells and leukocytes at the site of infection and consequently induces
the adaptive immunity [2].

Perpetual communication of respiratory tract with the environ-
mental stimuli put a constraint on the host immune system to differ-
entiate innoxious and pathogenic exposures in a robust manner. To
accomplish this, TLRs selectively recognize unique microbial patterns
called Pathogen associated molecular patterns (PAMPs) [3,4]. Lipopo-
lysaccharide (LPS) in outer membrane of gram-negative bacteria, li-
poteichoic acid and peptidoglycan in cell wall of gram-positive bac-
teria, flagellin of bacterial flagella, dsRNA and ssRNA of viruses etc. act
as PAMPs [5–7]. PAMPs are recognized by the receptor called Pattern
recognition receptors or PRRs present on the cells of the innate im-
munity, i.e. monocytes, macrophages, dendritic cells, neutrophils etc.,
non-immune cells like fibroblasts, endothelial cells, epithelial cells etc.,
and in various intercellular compartments like endosome and lysosome.
Thus, PRRs can detect extracellular as well as intracellular pathogens.
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There are different types of PRRs and each type can recognize multiple
pathogenic species that share a particular type of PRR and TLR is one
among them [3]. TLRs are crucial components of the innate immune
system, used to recognize and defend against invading pathogens. Toll
is a gene in fruit fly and toll-like proteins have been found in animals
and are known as TLRs. They are conserved and there are about 10
functional TLRs (TLR1 to TLR10) in humans and 12 (TLR1 to TLR9,
TLR11 to TLR13) in mice. Human TLRs; TLR1, TLR2, TLR4, TLR5, TLR6
and TLR10 are expressed on cell surface, while TLR3, TLR7, TLR8 and
TLR9 are expressed on the membrane of intracellular vesicles [5–8].

Other than PAMPs, studies have reported the existence of Damage
associated molecular patterns (DAMPs), which are known to be the li-
gands of TLRs. It was first suggested by studies on heat shock proteins
[9]. These DAMPs originate from the host such as high mobility group
box 1 (HMGB1), hyaluronan and heat shock proteins as they are re-
leased from damaged tissues [5–7], act as danger signals to alert the
cells. In case of an injury, damaged tissues release certain intracellular
components into the surroundings, some of which specifically activate
TLRs. Detection of endogenous ligands may also lead to the incipience
of autoimmune responses. For instance, HMGB1 proteins normally re-
side in the nucleus, but when released from apoptotic cells in a complex
with nucleosomes can give rise to lupus like symptoms upon activation
of TLR2 [10]. Breakdown of extracellular matrix also act as damage
signals. Similarly, ischemic injury results from temporary blood flow
loss and oxygen supply. Cell deaths during ischemia release damage
signal and allow influx of WBCs, which instigate more detrimental and
highly exaggerated inflammatory response [8].

Each TLR is a horse shoe like structure with variable number of
Leucine rich repeats (LRRs) at N-terminal facing the extracellular ma-
trix, if present, on surface of the cell; while face lumen if present in
intracellular vesicles. The intracellular or cytoplasmic domain is de-
signated as Toll/IL-1R (TIR) as it shares similarity with Interleukin-1
receptor (IL-1R). TIR is involved in mediating the interaction between
TLR and adaptor proteins and transducing signal while LRRs is believed
to recognize ligands [11]. Signalling pathways activated downstream of
the adaptor molecule interacting with TIR domain promote the ex-
pression of cytokines, chemokines, interferons, which assist in pathogen
removal by recruitment of other immune cells and activation of specific
adaptive immunity. Some TLRs work in dimer form, either homodimer
or heterodimer [12]. It is also associated with other protein families like
MD2 and CD14 to increase ligand diversity (Table 1) [13,14]. After the
binding of ligand to the receptor, TIR interact with intracellular adaptor
proteins like MyD88, TRIF (TICAM-1), TIRAP (MAL), TRAM (TICAM-2)
and activate the downstream signalling pathways. MyD88 dependent

pathway and TRIF dependent pathways are the two primarily involved
signalling pathways, however, other adaptor proteins act as bridge
molecules. MyD88 acquires three domains: an amino- (N-) terminal
death domain (DD), a carboxy- (C-) terminal Toll/IL-1R (TIR) domain
and a short linker sequence. One of its intermediate domain (ID) is in
connection with IL-1R-associated kinases 4 (IRAK4) involved in TLR
signalling [15,16]. All TLRs except TLR3 use MyD88-dependent sig-
nalling. On the other hand, TRIF (a large protein consisting of 712
amino acids in humans) binds to TLR3 directly and indirectly to TLR4
by means of an adaptor protein, TRIF related adaptor molecule (TRAM)
[15]. It is known to possess a significant role in induction of in-
flammatory mediators, that consequently induce antiviral innate im-
mune responses via TLR3 and TLR4 mediated signalling. This was
confirmed upon defective expression of IFN-related genes, mediated by
TLR3 and TLR4 in TRIF knockout mice. However, TLR4 mediated
MyD88 pathway activation and early phase activation of NF-κβ was
also observed. Thus, TLR4 is unique as it uses both pathways [3]. Ac-
tivated TLRs initiate a cascade of events which involves variety of
protein kinases that eventually leads to the activation of certain tran-
scription factors like NF-κβ, MAPKs, IRFs, AP1 [4,12]. These factors
enter the nucleus, binds DNA, transcribe and translate proteins that
consequently enhance innate immune response and initiate adaptive
immune responses against the pathogen (Fig. 1) [7,17,18]. In-
appropriate or unregulated activation of TLR signalling can lead to
chronic inflammation and autoimmune disorders.

TLRs are extensively expressed on resident as well as infiltrating
myeloid and lymphoid cells in the lung tissue. TLR1 to TLR10 are ex-
pressed on primary bronchial epithelial cells, and consequently release
CXCL8 (IL-8) upon activation of TLRs by several ligands [19]. Lower
levels of TLR3, TLR5, TLR9 and higher levels of TLR1, TLR2, TLR4,
TLR7 and TLR8 have been found to be expressed on the surface of
human alveolar macrophages [20]. TLR4 is expressed on lung en-
dothelial cells and is imperative for capillary concealment and neu-
trophil recruitment after systemic administration of LPS [21]. Recruited
neutrophils also express TLR1, TLR2, TLR4, TLR5 and TLR9 [22]. These
markers and anatomical locations can be used to distinguish different
subsets of dendritic cells (DCs) [23]. Significantly high levels of TLR7
and TLR9 have been found to be expressed on lung plasmacytoid DCs
(pDCs), which give rise to regulatory T cells and are also involved in
suppressing allergic response [24].

TLR mediated responses are cell or tissue location dependent. This
can be illustrated as - In the basal layers of airway epithelium, TLR2 and
TLR4 are most relevant and maintained at low expression levels, but in
inflamed cells and pathogenic infection, there is an upsurge in their

Table 1
Ligands and adaptors of TLRs.

TLR Localisation Associated proteins Ligand/agonist Source/pathogen detected Adaptor protein Pathway

TLR-1/2 Cell surface CD14, CD36, DECTIN1 Ac3LP, Glycolipids Bacteria MyD88, TIRAP MyD88
TLR-2 Cell surface CD36, CD14 Lipoproteins Multiple pathogens MyD88, TIRAP MyD88

Peptidoglycan Bacteria
Porins Bacteria
Zymosan Fungi
β-Glycan Fungi
GPI-mucin Protozoa
Envelope glycoproteins Viruses

TLR-2/6 Cell surface CD14, CD38, DECTIN1 Ac2LP, LTA, Zymosan Bacteria MyD88, TIRAP MyD88
TLR-2/10 Cell surface Ac3LP Bacteria MyD88, TIRAP MyD88
TLR-3 Intracellular CD14, TRIL dsRNA Viruses TRIF TRIF

Poly(I:C) Synthetic analogue of dsRNA
TLR-4 Cell surface CD14, MD-2 LPS, F-Prot Bacteria MyD88, TIRAF, TRIF, TRAM MyD88, TRIF

RSV, VSV, Env-prot, MMTV others. Viruses
TLR-5 Cell surface Flagellin Bacteria MyD88 MyD88
TLR-7 Intracellular CD14 ssRNA Viruses MyD88 MyD88
TLR-8 Intracellular CD14 ssRNA Viruses MyD88
TLR-9 Intracellular CD14, HMGB1 Unmethylated CpG DNA Bacteria, protozoa and viruses MyD88 MyD88

Mitochondrial DNA Endogenous
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expression levels [25,26]. Moreover, TLR4 is intracellular but can be
willingly transferred to the surface of the cell for pathogen recognition
[27]. It has been found that TLR4 is one of the host extracellular and
cellular proteins, along with MD-2, HBD-2, CD14 and LBP (LPS binding
protein); required for a precise response to several endotoxins. Human
airway epithelial cells abundantly express TLR4 very little HBD-2 and
little or no MD-2, thus they have to induced in these cells upon ex-
posure to specific bacterial or host products in order to generate an
appropriate response against the endotoxins [28]. In addition, TLR3
and TLR5 in the human airway epithelia also play important roles in
ligand recognition [11,29,30].

Additionally, levels of TLR expression in cells cannot always be co-
ordinated with the functional response [20,31]. This can be explained
as enhanced secretion of TNF-α by alveolar macrophages, IL-6 and IL-
10 by interstitial macrophages has been observed even when the levels
of TLR mRNA are comparable [20]. Moreover, cellular activation of
lung tissue can also be achieved via co-operative interactions with TLR
expressing lymphoid cells. This was demonstrated by activation of
airway smooth muscle cells, by IL-1β released by monocytes stimulated
by LPS. Therefore, both intrinsic cellular mechanisms and co-operative
interactions between resident and recruited cells play a significant role
in determination of response to TLR ligands in the lung.

2. TLR signalling in respiratory tract

A large number of commensal organisms are in continuous contact
with the upper epithelium of respiratory tract which includes nasal
cavity, pharynx, larynx [32]. In case of a respiratory disease or allergic
conditions, production of mucus and anti-microbial substances is the

primitive response of epithelial cells [11,17]. Mucins (protein compo-
nent of mucus) expression is induced either directly or indirectly by
TLR signalling [11,33]. In the lower respiratory tract; trachea, bronchi,
and lungs express TLR3 on the luminal and basal side, whereas TLR2,
TLR6 and TLR1 on basolateral side. TLR6 are present in high levels,
lower levels of TLR2, TLR4, TLR5 and TLR10 along with TLR3, TLR7
and TLR9 are present on both cell surface as well as intracellular
compartments [34]. In response to various TLR ligands, primary
bronchial epithelial cells express TLR1 to TLR10 and secrete the che-
mokine CXCL8 (IL-8) [3,19]. TLR4 expressed in lung endothelial cells is
crucial for neutrophil recruitment [22] and capillary sequestration
[3,21]. Dendritic cells of lungs act as sentinels and bridge innate and
adaptive immunity. TLR7 and TLR9 are highly expressed by lung pDCs
(plasmacytoid DCs) that suppress the allergic response and regulatory T
cells are raised by regulatory lung DCs [3,24]. It has been shown that
alveolar macrophages express TLR3, TLR5 and TLR9 and higher levels
of TLR1, TLR2, TLR4, TLR7 and TLR8 [3,20,31]. Thus, TLR signalling is
implicated in secretion of cytokines, chemokines, interferons like TNF-
α, IL-8, MIP-1α, MIP-1β, RANTES, GRO-α, -β and -γ, IL-6, IL-5 and TGF-
β which are necessary for promoting influx of professional phagocytic/
killing cells such as neutrophils, eosinophils, monocytes, NK cells,
macrophages and DCs that are ultimately responsible for removal of
pathogen [11,35,36]. In addition, TLR signalling is also involved in
production of anti-microbial substances such as defensins, lysozyme,
nitric oxide (NO) and IL-37 in lower respiratory tract [11]. Boron has
been found to equilibrate the LPS-CD14/TLR4/MD2 complex in a study,
leading to release of pro inflammatory cytokines by M1 macrophages
[37].

Fig. 1. TLR signalling - TLR1, TLR2, TLR4, TLR5, TLR6 and TLR10 are expressed on the surface of the cell whereas TLR3, TLR7, TLR8 and TLR9 in intracellular
vesicles like endosome and lysosomes. All TLRs except TLR3 activates MyD88 pathway, TLR3 and TLR4 activate TRIF pathway. When ligand binds to the TLR
receptors, adaptor molecules MyD88 and TRIF bind to the TIR domain either directly or indirectly via bridge molecules TIRAP and TRAM. MyD88 now recruits
IRAK4 which in turn phosphorylate and activate IRAK1/2. The activated IRAKs now interact with TRAF6. This IRAK-TRAF6 complex recruits and activates TAK1. It
also gets activated directly by MyD88 and RIP1. Activated TAK1 activates IKK complex and MAPKs. IKK complex phosphorylates and subsequently degrade Iκβ by
proteasomes leading to release of transcription factor (TF) NF-κβ whereas activated MAPKs releases transcription factor AP1 by activating JNK1/2 and p38. These
TFs translocate into the nucleus and bind to their corresponding TF binding segment on the DNA to induce transcription of cytokines, chemokines, interferons,
interleukins etc. In TRIF pathway, TRIF binds to TIR domain via bridge molecule TRAM. TRIF binds TRAF3 and TRAF6. By binding to TRAF6 it normally activates
MyD88 pathway whereas by binding with TRAF3 it activates TKB1 which further phosphorylates and activates IRF3 and IRF7. Their homodimers enter nucleus and
binds to its binding segment on DNA and transcribe IFN-α and IFN-β.
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3. TLRs in infectious diseases

Pathogen identification is a crucial component for induction of in-
nate immune system in case of inflammation and is moderated through
receptors termed PRRs, the pattern recognition receptors, which detect
conserved molecular motifs on pathogens called PAMPs (pathogen as-
sociated molecular patterns) [38]. PRRs induce multitude of signalling
pathways for accomplishment of early host response upon PAMP re-
cognition, which is essential to kill infectious pathogens.

The first recognized PRRs were TLRs. TLRs identify broad array of
PAMPs [13,39–41]. In humans, ten members of TLR family have been
recognized and each one sense specific PAMPs derived from several
pathogens such as bacteria, viruses, fungi, mycobacteria (Table 2)
[4,39]. Identification of particular PAMPs by TLR initiate signalling
cascade, upon recruitment of adaptor molecule (for example MyD88),
leading to discharge of interferon, chemokines and host defence pep-
tides; which initiate macrophage activation, stimulation of interferon-
stimulated genes (ISGs) and recruitment of neutrophils causing infected
microbe killing [4,42]. Certain TLRs are localized to intracellular ve-
sicles while some are localized to the cell surface. TLR9, TLR8, TLR7
and TLR3 sense nucleic acids and are localized in intracellular vesicles.
Cell surface TLRs such as TLR6, TLR5, TLR4, TLR2 and TLR1 sense
microbial structures [43].

3.1. TLRs in microbial infections

TLR-deficient mice have been used to study the role of TLRs in
bacterial infections. The gram-positive bacterium Staphylococcus aureus
comprises numerous TLR PAMPs. Lipoteichoic acid and lipoprotein are
sensed by the TLR6-TLR2 heterodimer. After the infection with
Staphylococcus aureus, there was decline in TLR2 deficient mice survival
[44]. After sinus and eye infection, TLR2 deficient mice signify increase
in disease severeness and bio burden [45] suggesting that the TLR2
mediated sensing of the bacterial lipoproteins stimulates an immune
response against Staphylococcus aureus. But in case of bacterial brain
abscess, both mice groups (control and TLR2 deficient) showed indis-
tinguishable responses on bioburden and survival [46]. According to
study of Miller et al. and Takeuchi et al 2000, in several mice infection
groups, TLR2-deficient mice group was less vulnerable to bacterial in-
fection than MyD88 deficient mice group, which proposed the role of
another TLRs and IL-1R family members in stimulating immune re-
sponses [44,46]. Thus, both TLR2 signalling and IL-1R, in conjoint have
been found to initiate immune responses against Staphylococcus aureus
infection.

The gram-negative bacterium Salmonella typhimurium comprise nu-
merous PAMPs sensed by TLRs. Cytidine-phosphate-guanosine (CpG)
DNA sensed by TLR9, lipoprotein sensed by TLR2, flagellin sensed by
TLR5 and LPS sensed by TLR4 [45]. After the infection with Salmonella
typhimurium, TLR4-deficient mice indicated growth and Salmonella ty-
phimurium accumulation inside Mesenteric lymphadenitis and was

found to be more vulnerable to bacterial infection than control group.
Weiss et al. reported that even during lack of functional TLR4, TLR2
efficiently respond to the infection as TLR4 and TLR2-deficient group
was more vulnerable to the infection than TLR4 knock-out group [47].

Mycobacterium tuberculosis (M. tuberculosis), the causative pathogen
of tuberculosis is present in aerosol particles. M. tuberculosis reproduce
in the phagosome of dust cells (alveolar macrophages). TLR9, TLR4 and
TLR2, expressed on the surface of alveolar macrophages recognize the
primary Mycobacterium infection and initiate transcription of IL-6, TNF-
α and IL-12 inflammatory cytokines in order to regulate infection
[45,48]. According to some reports,M. tuberculosis inhibited the MyD88
dependent TLR2 signalling [4,49]. MyD88 deficient mice group in-
fected with M. tuberculosis was highly vulnerable to the infection and
exhibited high bioburden and reduced secretion of TNF-α and IL-12,
suggesting that sensing of M. tuberculosis by TLR generated innate im-
munity against Mycobacterium infection [48]. According to several re-
ports, high dosage of Mycobacterium infection into TLR9 and TLR2
deficient mice groups showed high vulnerability to infection but some
reports suggested that low dosage of Mycobacterium infection into
TLR9, TLR4 or TLR2 deficient mice group showed very less vulner-
ability to infection [48]. According to Holscher et al. [270], both con-
trol and TLR9-TLR4-TLR2 deficient mice groups infected with Myco-
bacterium exhibited controlled growth of M. tuberculosis in lung. Hence,
TLRs sensing discrete M. tuberculosis PAMP are mostly superfluous in
stimulating the innate immune response against low dose aerosol in-
fection of M. tuberculosis.

Invasive candidiasis is an infection caused by fungus Candida and is
a life-threatening infection for immunosuppressed individuals.
Dendritic cells recognize the Candida infection and initiate the secretion
of cytokines as well as the upregulation of molecules that cause naïve T
cells differentiation in T helper 17 cell (Th17), T helper 2 cell (Th2), T
helper 1 cell (Th1) and Regulatory T (Treg) cells. It has been reported
that innate immunity is repressed by inducing a detrimental Treg and
Th2 cells response in a mouse model infected with Candida albicans.
However, Th17 and Th1 cell responses play a vital role in protection
against Candida albicans infection. Candida species comprise numerous
PAMPs such as mannan, nucleic acids, chitin and β-glucan and these
PAMPs are sensed by TLR9, TLR7, TLR6, TLR4 and TLR2 [50,51].

PAMP such as mannans is expressed through Candida albicans (C.
albicans) and Saccharomyces cerevisiae (S. cerevisiae) is sensed by TLR4
leading to the secretion of TNF-α [50]. According to the Netea and
Marodi, TLR4 defective C3H/HeJ mice infected with C. albicans exhibit
reduced secretion of cytokines and chemokines through macrophages
and the group was more vulnerable to the infection than control mice.
Moreover, TLR4 deficient mice group primarily infected with less
virulent Candida yeast and re-infected with Candida hyphae exhibited
vulnerability to the infection. But some reports also suggested that
when TLR4-deficient mice are infected with Candida hyphae, they live
more than control mice group [50].

MyD88 deficient mice infected with Candida albicans show high
vulnerability to the infection. The role of IL-1R/TLR mediated re-
sponses has been owed to the high vulnerability of mice [52]. There are
some conflicting studies on specific TLRs function to stimulate host
immune responses against Candida spp. According to some reports,
TLR2 plays redundant role against fungal infection in in vivo condi-
tions. TLR2 deficient mice group is more vulnerable to the Candida
fungal infection than the control mice group and secrete low level of
chemokines and TNF-α. Furthermore, Both TLR2 deficient mice group
and control mice group are defended against another challenge with
virulent Candida albicans, even though, TLR2 deficient mice group ex-
hibit reduced production of antibody against less virulent Candida
species than control mice group [50]. Several reports suggested that,
TLR2 mediated sensing of Candida species can be detrimental for the
host species, as TLR2 deficient mice show reduced production of IL-10
and elevated secretion of IFN-γ and IL-12 and due to this, TLR2 defi-
cient mice exhibit more resistance against Candida species infection

Table 2
PAMPs detected by TLR.

Pathogen TLR PAMPs detected by TLR

Fungus TLR7 RNA
TLR4, TLR2 Mannan
TLR6, TLR2 β-Glucan, zymosan
TLR9 DNA

Mycobacteria, bacteria TLR7 RNA
TLR4 Lipopolysaccharide
TLR9 DNA
TLR6, TLR2, TLR1 Lipoproteins
TLR5 Flagellin

Viruses TLR8, TLR7, TLR3 RNA
TLR9 DNA
TLR4, TLR2 Structural protein
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than control group [53,54].
In viruses, nucleotides act as PAMPs and are sensed by several TLRs.

Viral nucleic acids like DNA is sensed by TLR9, dsRNA is sensed by
TLR3, and ssRNA is sensed by TLR8-TLR7 [7]. Viral DNA rich in CpG
domains are sensed by TLR9 [39,43,55,56]. The TLR-mediated re-
cognition of viral nucleotides stimulates the secretion of cytokines and
IFN type-1 [57].

TLR4 and TLR2 are the cell surface TLRs which detect viruses.
Respiratory syncytial virus (RSV) fusion proteins are sensed by TLR4
and initiate secretion of cytokines. TLR4 also senses envelop protein of
mouse mammary tumor virus (MMTV). TLR4 deficient mice exhibit
reduction in IL-12 secretion and reduced levels of mononuclear cells
infiltration leading to the reduction in viral clearance [39]. Inactivated
H5N1 avian influenza virus causes acute lung injury into mice and
TLR4 deficient mice group is defended against the injury. Oxidative
stress recognized by TLR4 also play role in inflammation [58]. Viral
products like Herpes simplex virus 1 (HSV1), Human cytomegalovirus
(CMV) and Measles virus hemagglutinin (MV-H) glycoproteins are re-
cognized by TLR2 and produce inflammatory cytokines [2]. Moreover,
TLR2 also initiate IFN type-1 production in cell type specific manner.
After infection with inactivated vaccinia virus (VV), dendritic cells and
macrophages produce inflammatory cytokines but not IFN type-1 via
TLR2 whereas inflammatory monocytes induce IFN type-1 through
TLR2 [59]. Furthermore, TLR2 mediated stimulation of IFN type-1 does
not need nucleotides [60].

TLR3 induces secretion of IFN type-1 and inflammatory cytokines
needed for virus elimination. However, there are conflicting reports
regarding the demand of TLR3 in in vivo conditions for protection
against viral infection. When TLR3 deficient mice group is infected with
mouse cytomegalovirus (MCMV), it exhibits depletion in IFN type-1,
IFN-γ and IL-12p40 secretion and depletion in activation of Natural
Killer and Natural Killer T cells. Due to this, TLR3 deficient mice group
is more vulnerable to viral infection than control mice group [61].
Negishi et al., reported that, in Coxsackie B3 virus (CVB3) infection,
TLR3 dependent IFN-γ signalling is required for protection against the
infection whereas IFN type-1 signalling is not required for protection
[62]. Furthermore, TLR3 deficient mice group is more vulnerable to the
virulent West Nile virus (WNV) infection than the control mice group
[63]. Wang et al. [271] reported that TLR3 deficient group exhibits
more survival rate against the WNV infection than the control group.
Although, some reports suggested that, after infection with viruses like
MCMV, Vesicular stomatitis virus (VSV), Reoviruses and Lymphocytic
choriomeningitis virus (LCMV), deficiency of TLR3 does not influence
CD8+ T and CD4+ T cells. Thus, it can be said that TLR3 is not re-
quired for protection against viruses [64].

4. TLRs in acute lung injury/acute respiratory distress syndrome
(ARDS)

Acute lung injury (ALI) is a lethal disease described by an ex-
aggerated host defence immune response in which influx of in-
flammatory cells, such as neutrophils and macrophages, into the lung
tissue perpetuates a vicious cycle of inflammation that amplifies the
accumulation of these cells [65]. A central pathogenic feature under-
lying ALI is the breakdown of lung epithelial-endothelial barrier func-
tion due to widespread cell death and disassembly of endothelial ad-
herens junctions [65–67]. An intact barrier tightly controls lung
vascular permeability [66] and leukocyte recruitment [68], whereas its
disruption results in tissue oedema, neutrophil influx, activation of
procoagulant pathways, and release of proinflammatory cytokines such
as IL-1β [65]. ALI may be caused by bacterial or viral infection or could
be a repercussion of non-infectious outrage including hyperoxia,
trauma or environmental toxins such as ozone, heavy metals. Also,
lungs are invariably exposed to circulating pathogens and bacterial
endotoxins such as the LPS, which are known to induce inflammatory
responses and are key for the pathogenesis of ALI [69]. TLRs conciliate

ALI by identifying specific PAMPs such as LPS or endogenous DAMPs
such as HMGB1, heat shock proteins, fibrinogen or hyaluronan [70,71],
which, in turn activates inflammation [72–74]. The inflammatory re-
sponse could be benign or adverse for host, depends upon the nature
and severity of the instigating stimulus. Alterations in macrophage
polarization may also influence the severity of acute inflammation in
lung [75]. It could be beneficial for the preservation of tissue integrity
and repair of host tissues but prolonged inflammatory responses may
lead to aggravated fibrosis and accumulation of fluid in the lungs which
could be detrimental for the lung tissue [58,76]. Severe bacterial
pneumonia is one of the most common causative factor of ALI, ARDS
and lung injury leading to enhanced pneumonia associated mortality
and morbidity. TLR4 plays an important role in bacterial clearance in
case of Pseudomonas pneumonia as well as Klebsiella pneumonia. This
effect is mediated by GM-CSF (Granulocyte – macrophage colony sti-
mulating factor), a pleiotropic growth factor that possess cytoprotective
effects on alveolar epithelium [77]. GM-CSF is responsible for gov-
erning the intensity of inflammation by regulating the activation of Akt
and Erk kinases, leading to activation of NF-κβ and AP-1transcription
factor complex respectively. Moreover, suppression of GM-CSF has di-
rect effects on activation of these kinases, generating anti – in-
flammatory effects, which could have clinical implications too in in-
flammatory diseases [78].

It has been found that Hemorrhagic shock (HS), customarily seen in
trauma patients leads to excessive inflammatory responses resulting in
development of ALI [79]. Studies based on mouse models of HS-induced
ALI with LPS as the secondary stimulus have demonstrated that in-
creased secretion of inflammatory mediator CXCL8, pulmonary oedema
and enhanced neutrophils incursion are a result of cross talk between
TLR2 and TLR4 [73,79,80]. Similarly, TLR4 is implicated in protection
against hyperoxia-induced ALI by promoting the expression of Bcl-2
and Phospho Akt (anti apoptotic factors) [81]. On the other hand, TLR3
promotes ALI as evident from study demonstrating that TLR3 deficient
mice show reduced neutrophil influx, increased expression of surfactant
proteins and stimulation of pro-apoptotic factors which protects them
from ALI [82]. Furthermore, TLR2 and TLR4 are also involved in
mediating macrophage inflammatory responses to hyaluronan frag-
ments in case of Bleomycin-induced lung injury [83].

TLR7 has been associated with production of IFN type-1, important
for clearance of viruses such as the severe acute respiratory syndrome
coronavirus (SARS CoV). TLR4 and MyD88 also possess a protective
role in case of SARS infection [84,85]. TLR7 also plays a significant role
in case of influenza infection. They are expressed on pDCs and mediate
cell specific immune response via MyD88-dependent IFN induction. B-
cell isotype switching is also observed in case of influenza infection and
is mediated by MyD88 and IPS-1 (adaptor molecule involved in cyto-
solic RIG-I pathway) [86]. TLR3 is seen to be highly upregulated in
human alveolar bronchial and epithelial cells during influenza infec-
tion. Moreover, RIG-I, NLRP3 and NOD-2 have also been found to be
associated with immune response against influenza infections [87–91].

5. TLRs in cystic fibrosis

Cystic Fibrosis, an autosomal recessive genetic disorder is described
by chronic inflammation, caused by prolonged bacterial colonization.
Acute pneumonia or chronic lung disease with sharp, intermittent ag-
gravations, as a result of Pseudomonas aeruginosa infection are the major
causes of mortality and morbidity in cystic fibrosis [92–95]. It has been
observed that functional TLRs are expressed on both CF and non-CF
lung epithelial cells but does not affect the susceptibility of chronic and
gradual P. aeruginosa infection [96]. This has been confirmed by a study
in which expression of surface TLR1 to TLR5 and TLR9 was observed in
both human CFTE29o (CFTR) and 16HBE14o (bronchial non CF) cell
lines [96]. TLR6 mRNA was found to be expressed in both cell lines but
only CF cells retorted to MALP-2, a TLR2/TLR6 agonist [96]. Recently,
it has been shown that bacterial flagellin and expression of TLR5 plays a
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significant role in enhanced inflammatory responses, observed upon
stimulation of IB3-1 cells (CF airway epithelial cells) with clinical
Pseudomonas isolates as compared to cell line expressing wild type
CFTR gene. Moreover, peripheral blood mononuclear cells from CF
patients also displayed aggravated inflammatory response upon sti-
mulation with TLR ligands and P. aeruginosa in comparison to healthy
controls. They also expressed higher levels of TLR5, suggesting the role
of TLR5 in modulating host immune response via an undetermined
mechanism. TLR5 was also selectively increased in airway but not cir-
culating neutrophils from CF patients, but not in patients with
Bronchiectasis and healthy controls [22]. TLR5 expression on neu-
trophils can be functionally related to chronic infection as they are
implicated in phagocytosis, respiratory burst and flagellin dependent
IL-8 secretion [22]. This association was confirmed by a study which
showed abbreviated neutrophil recruitment, MCP-1 production and
bacterial clearance, upon low dose stimulation with flagellated P. aer-
uginosa as compared to isotypic non flagellated strains [97]. In addition,
TLR 4 detects LPS and TLR2/TLR4 detects ExoS toxin of P. aeruginosa
[16,30,98]. Similarly, MyD88 also exhibit a momentous role during the
early phase of inflammation as loss of MyD88 may confer hyper-sus-
ceptibility, enhanced bacterial load, reduced neutrophil influx while
TLR deficiency does not collogue susceptibility to P. aeruginosa infec-
tion [97,99,100]. TLR2 and TLR4 signal via MyD88 dependent and
independent pathways, whereas TLR5 signals via MyD88 exclusively.
However, the complicated pathogenesis of P. aeruginosa infection leads
to inconsistent results in studies for determination of relative con-
tribution of TLR2, TLR4 and TLR5 [101].

Other than P. aeruginosa, Staphylococcus aureus and Burkholderia
cenocepacia are also correlated with early and progressive lung disease
associated with CF, respectively [102,103]. Severe pneumonia and
sepsis in CF patients is a result of B. cenocepacia infection and stimulates
damage to lung epithelial cells along with secretion of TNF-α
[104,105]. Higher mortality has been observed due to flagellin medi-
ated activation of TLR5 and MyD88 in case of B. cenocepacia infection
[105]. MyD88 plays a very important role in inflammation associated
with B. cenocepacia also, as demonstrated by a study which showed that
loss of MyD88 decreased inflammation and mortality of mice despite
higher loads of infection [106].

6. TLRs in chronic obstructive pulmonary disease (COPD)

COPD is a respiratory disorder designated by irreversible limited
expiratory airflow and aberrant inflammation [4]. Smoking is the most
provocative risk factor for COPD in humans and the disease prevalence
is age associated [107]. Disease pathogenesis is not well appreciated
but impaired function of alveolar macrophages, defective mucociliary
clearance and aberrant expression of airway antimicrobial polypeptides
are customarily observed in COPD [108]. Consequently, there is a
gradual loss of lung function, due to an atrocious circle of inflammation
generated upon establishment of pathogens in the lower respiratory
tract [109]. Evidences have suggested that a typical innate immunity
contributes to the disease pathogenesis [110]. Recent studies show that
TLR4 perpetuates the lung oxidant/antioxidant balance by regulating
the expression of NADPH oxidase 3 in structural cells. This was con-
firmed when increased oxidant stress, elastolysis and tissue necrosis (all
features of age-related emphysema) were observed in TLR4 and MyD88
deficient mice. Thus, it was also hypothesized that free radicals and
oxidants of tobacco smoke may supersede innate immunity, resulting in
cell necrosis and damage to lung tissue [111]. A brief exposure of ci-
garette smoke leads to TLR4, MyD88 and IL-1R1 mediated neutrophilic
airway inflammation in mice [112,113]. However, C3H/HeJ mice
having naturally impaired TLR4 signalling establish less chronic in-
flammation after cigarette smoke exposure for 5 weeks [114]. Cigarette
smoke exposure in for the long haul induced strain dependent em-
physema in mice, while no association with TLRs was established
[115]. There are several studies discussing the association of TLR

function and expression in smokers, non-smokers and COPD patients.
One of the studies has shown that the expression of TLR2 reduces in
alveolar macrophages of smokers and COPD patients upon ex vivo li-
gand stimulation. However, the relative expression of TLR4 was insig-
nificant. Other study reported the commensurate level of expression of
TLR2, TLR4, CD14 or MD2 but stimulation of alveolar macrophages
with ligands of both TLR2 or TLR4 decreases the expression of mRNA
and protein of inflammatory cytokines (such as IL-6, TNF-α, IL-1β) and
chemokines (such as RANTES and IL-8), exhibit defective NF-κβ acti-
vation, concealed IRAK-1 and p38 phosphorylation in smokers [116].
Therefore, it was suggested by authors that TLR2 and TLR4 mediated
inflammatory response is dependent upon exposure time of LPS via
cigarette smoking that selectively reprograms alveolar macrophages
[117]. Another study reported decreased expression of TLR2 mRNA
with no changes in TLR4 expression in nasal and tracheal epithelial
cells of smokers in comparison to non-smokers [118]. However, ex-
pression of TLR4 and HBD-2 (an inducible antimicrobial peptide) is
found to be increased in case of mild COPD. On the other hand, ad-
vanced COPD reduces their levels of expression [118]. Thus, several
studies have been carried out to determine the inflection of TLR ex-
pression upon exposure to cigarette smoke and it was concluded that
various factors such as degree of bacterial colonization, content of LPS
in cigarette smoke and persistent inflammatory conditions, account for
modulation of levels of TLR expression. Hence, a more powerful host
response in case of mild COPD corresponds to enhanced TLR4 expres-
sion, and reduced expression in case of severe COPD can be correlated
with impaired innate immunity [118].

Moreover, cigarette smoke gaseous and particulate phase contains
4500 or more components encompassing noxious particles, reactive
chemicals and free radicals and an overly studied risk factor for COPD.
The components of cigarette smoke instigate and augment immune cells
such as the macrophages [119]. Damage to lung tissue occurs due to
hypersecretion of mucus, mucociliary malfunction and inflammation.
The cigarette smoke provocative response accumulates neutrophils,
monocyte, dendritic cells, proinflammatory mediators, ROS, factors
attracting T-lymphocyte and proteolytic enzymes. These responsive
features are crucial players in COPD [120,121].

Toll like receptors associated to cigarette smoke-induced in-
flammation are TLR2, TLR4 and TLR9. An extensive research has been
done on TLR4 function such as by Karimi et al., who showed TLR4
involvement in cigarette smoke-persuaded cytokine production [122].
Sarir et al. revealed that TLR4 surface manifestation is reduced upon
brief exposure of cigarette smoke [123]. Pace et al. corroborated TLR4
involvement in cigarette smoke-inciting CXCL8-lung inflammation
employing epithelial cells [124]. Maes et al. demonstrated that on sub-
acute cigarette exposure neutrophils, lymphocyte levels in BALF were
reduced in TLR4 knockout mice when compared with control wild type
mice [115]. TLR4 role in COPD evidence comes from a population
study which reported connotation between TLR4 polymorphism
(TLRD299G, TLR2R753Q, TLR4T3991) and in 240 heavy smokers
COPD development was investigated [125]. Deteriorated polymorphic
TLR4T3991 contribute to COPD development in smokers, an exposition
to upsurge susceptibility to infections whereas polymorphism of D299G
TLR4 has been linked to reduce COPD severity due to LPS hypo re-
activity. To fully explicate the function of TLR-polymorphism in COPD,
more research is needed. Deficiency of TLR4 in mice results in pul-
monary emphysema [111]. This shows TLR4 participation in healthy
tissue homeostasis. Overall, above knowledge summarizes TLR4 medi-
ated inflammation generated by components of environment as well as
deregulated TLR4 in disease.

TLR2 altered function and expression, upon exposure of cigarette
smoke has also been linked to COPD. When COPD patients and cigarette
smokers were compared with wild type, a decreased expression of TLR2
on macrophages were observed [117]. Moreover, mRNA and protein
expression of TLR2 was not elevated after triggering macrophages with
LPS in smokers and COPD patients. Howbeit, Pons et al. reported
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increased TLR2 expression on monocytes from COPD patients [126].
This shows disagreement with the Droemann et al. findings [117], but
Pons study was on peripheral blood mononuclear cells (PBMCs), sig-
nifying a dissimilarity in TLR2 expression in terms of alveolar and
systemic effects.

Role of TLR9 in cigarette smoke-persuading signalling has been
elaborated by a group who established in vitro, implication of TLR9 in
cigarette-induced production of CXCL8 by neutrophils and plasmacy-
toid dendritic cells [127]. Evidence supporting role of TLR9 instigation
in cigarette smoke-persuading inflammation invent from a study in
which transfected cell line TLR9 human embryonic kidney (HEK) were
used. TLR9 deficient cells showed decrease production of CXCL8.
Synthetic CpG-oligodeoxynucleotides (ODNs), a TLR9 ligand targeting
mice lung gave rise to infiltration of neutrophils, systemic inflammation
along with increased pulmonary permeability [128,129]. This oligo-
nucleotide inciting inflammation has been implied to be based on TNF-
α. TLR9 was also found to be rodent specific due to increased tran-
scription of TLR9 in rodent lung [130]. On the other hand, LPS treat-
ment can upregulate TLR9 expression in lungs of horses. Henceforth, in
non-rodent mammals, the expression of TLR9 and CpG-ODNs response
might increase due to specific co-stimulatory patterns [131]. TLR9
stimulation induces various host defence genes expression, including
IFN-α/β, which is required for antimicrobial immunity. Howbeit, on
exposure of cigarette smoke extract, this effect is suppressed in vitro.
Surprisingly cigarette smoke stimulates TLR9 mediated IL-8 expression
and influx of neutrophils implying that ongoing smoking potentiates
detrimental inflammation in airways in response to infection, in addi-
tion to impaired host airway defence.

Among viral ligands, TLR4 also interacts with viral pneumococci
toxin pneumolysin [132] However, TLR4 interactions seems to be
specific for nasopharynx as indicated by a study in which TLR4 defi-
cient mice possessed very mild impairment of host immune response,
upon direct infection of lower respiratory tract with pneumococcal
toxin [133,134]. Pneumococcal infection also upregulates the expres-
sion of TLR2 and aggravates the host inflammatory response [135,136].
Other PRRs are also involved in case of Streptococcus pneumoniae in-
fections as indicated by a study wherein there is clearance of high and
low infectious doses of S. pneumoniae with a moderate reduction in
production of inflammatory mediators in TLR2 deficient mice
[134,137]. TLR4 recognizes pneumolysin, an intracellular toxin se-
creted by Streptococcus pneumonia. Despite TLR2 plays a decisive role in
host defence against gram positive bacteria, nevertheless S. pneumoniae
can be perceived by TLR4, even in the absence of TLR2 [138]. TLR9
also plays a role, as TLR9 deficiency increases the susceptibility to
pneumococcal infection [139]. On the contrary, reduced production of
inflammatory mediators (IL-6 and TNF-α), unconstrained systemic
bacterial dissemination and airway pneumococcal growth has also been
observed in case of rescission of MyD88 signalling [140]. The severity
of response against S. pneumonia is enormously increased in case of
MyD88 deficiency rather than single or combined deletion of TLR2 and
TLR4 respectively [141].

COPD aggravations are also associated with non-typeable H. influ-
enza (NTHi) infection. Although both TLR2 and TLR4 ligands are in-
volved, but TLR4/MyD88 is the most assertive immune signalling
pathway involved in in vitro and in vivo bacterial clearance. TLR3 also
exhibit a role in production of inflammatory mediators but their be-
stowal in bacterial clearance is ambiguous [142].

7. TLRs in asthma

Asthma is a deadly disease that causes chronic airway inflammation
described by discursive bronchoconstriction, hyperplasia of goblet cells,
excessive secretion of mucus and tissue remodelling that eventuates in
childhood. Host immune response against environmental stimuli of
asthma i.e. pollen or dust particles constitutes the inhabitance of an-
tigen specific Th2 cells secreting antigen specific IgE in lung [143,144].

Innate immunity plays a significant role in pathogenesis of disease as
viral and bacterial infections can be correlated with stimulation or
defence against asthma [145]. It has been reported by several epide-
miological, human and animal studies that time and degree of LPS
exposure and hence activation of TLR4 determines the type of response
i.e. whether a defensive Th1 response or an acquiescent Th2 response is
generated [146]. This can be illustrated as Th2 response develops upon
intranasal administration of low dose of LPS in lung whereas a robust
Th1 response is generated upon administration of LPS elsewhere in the
body. Nonetheless, airway hyperresponsiveness, allergic sensitization
and eosinophilic inflammation is repressed upon treatment with TLR
agonists or microbes [147–149]. Recent studies have shown that in-
tranasal administration of Acinetobacter lwoffii F78 into pregnant mice
provides protection against ovalbumin-induced asthma in the progeny.
The protective effect depends upon maternal pattern of TLR expression
and recognition of microbes by maternal TLRs during pregnancy primes
the foetal lung environment for a later Th1 response against these an-
tigens [150]. TLR4 expressing lung resident cells recognize house dust
mite (a pervasive home allergen) and induces Th2 cell response to
produce IL-25, IL-33, granulocyte-macrophage colony stimulating
factor and thymic stromal lymphopoietin. These cytokines leads to
activation and polarization of ingenuous lymphocytes. Also, neurotoxin
derived from eosinophil stimulates TLR2 activation, that eventually
leads to enormous secretion of IL-6, IL-10 and Th2 polarization [152].
Similarly, basophils also lead to Th2 cell activation [153].

TLRs are also implicated in augmentation of allergic asthma as
shown by numerous genetic association studies. For instance, TLR7 and
TLR8 are correlated with progression of asthma whereas their ligands
safeguard against airway remodelling in experimentally lured asthma
[154]. The ligands for TLR10 are not defined yet, but their SNPs share
correlation with asthma in two independent samples. TLR4 and TLR9
are associated with wheezing, while TLR4 is related to secretion of al-
lergen specific IgE [155]. Hence, TLR9 ligands are in clinical trials for
prevention or treatment of asthma at present [156]. Furthermore,
bacterial infections such as Mycoplasma pneumonia, Chlamydia pneu-
moniae and Streptococcus pneumonia may worsen the disease conditions
[157]. It was shown that MyD88 deficient mice infected with C. pneu-
monia exhibited reduced cytokine and chemokine expression, deferred
recruitment of CD4+ and CD8+ cells, and inability to clear lung
bacterium resulting in chronic inflammation and high mortality [158].
However, secretion of IL-1β, IFN-γ and other inflammatory mediators
may be enhanced at later stages through MyD88 independent pathway
but that are incompetent to preclude C. pneumonia associated mortality
[159].

TLR2 and TLR4 either act in concert or other PRRs are also involved
in C. pneumoniae infection as indicated by normal recovery of TLR2 and
TLR4 deficient mice with proper bacterial clearance from C. pneumoniae
infection [160]. M. pneumoniae infection leads to hypersecretion of
airway mucin and upregulation of TLR2. However, TLR2 is inhibited
during allergic inflammation caused by M. pneumoniae infection, along
with reduced production of IL-6 and other mediators, needed for bac-
terial clearance [161]. Antibiotic treatments are highly effective in
treating asthmatic patients with M. pneumoniae infections as they im-
prove their pulmonary function and are suggestive of the contributions
of bacterial interactions with the host immune system in asthma ag-
gravations and mortality [162,163]. Other PRRs are also involved in
case of Streptococcus pneumonia infections as indicated by a study
wherein there is clearance of high and low infectious doses of S.
pneumonia with a moderate reduction in production of inflammatory
mediators in TLR2 deficient mice (Cite reference [118,121]). The se-
verity of response against S. pneumonia is enormously increased in case
of MyD88 deficiency rather than single or combined deletion of TLR2
and TLR4 respectively (cite reference [124]).

Viruses such as Respiratory Syncytial Virus (RSV) also contribute to
development and aggravations associated with asthma. RSV, in parti-
cular causes acute bronchiolitis and wheezing in children, that
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subsequently progresses into asthma [164,165]. Wheezing due to ser-
ious infection with RSV in early years of life is associated with enhanced
Th2 response, IL-10 secretion and eosinophilia [166,167]. As a result,
TLRs are found to be extensively upregulated in human tracheal epi-
thelial (9HTEo) cells. In the course of RSV infection, virus attaches to
the lung epithelial cells via G protein, followed by fusion of viral en-
velope with host cell plasma membrane mediated by F protein
[168,169]. TLR4 recognizes the viral F protein and stimulate NK cells
[164,170]. Thus, TLR4 deficient mice possess elevated viral load and
defective NK cells [171,172]. According to a study, inadequate TLR4
signalling is also associated with enhanced worsening in pre-term in-
fants [173]. Additionally, dsRNA formed during RSV replication sti-
mulates TLR3 mediated signalling in human lung fibroblasts and epi-
thelial cells, resulting in exaggerated secretion of the chemokines
RANTES and IP-10 [170]. Deficiency of TLR3 signalling leads to en-
hanced mucus secretion, airway eosinophilia and increased expression
of IL-5 and IL-13. Recently, it has been demonstrated that expression of
IFN-β induced by RIG-I, in the time of RSV infection, brings about TLR3
activation, suggesting the role of TLR3 in mediating secondary immune
signalling pathway. Contrastingly, RSV viral clearance is totally medi-
ated by TLR2/TLR6 heterodimers. Thus, allergic asthma can be medi-
ated by infection and worsened by genetic predispositions. These in-
fections may lead to protective inflammatory responses in some cases or
acute allergic responses in other cases or may be permissive towards
prolonged Th2 response.

8. TLRs in lung cancer

Lung cancer is one of the foremost causes of cancer associated
deaths all over the world. Inflammation is one of the hallmarks of
cancer and tumor microenvironment also consists of cells that play
highly significant roles in inflammation. These cells thus, actively
participate in innate immune responses, wherein TLRs also play key
roles. TLRs present on cells of the innate immune system are activated
upon recognition of specific ligands and induce host adaptive immune
responses consequently. Thus, TLRs act as a double edged sword where
on one side identify cancer specific antigens and activate innate re-
sponses and on the other side, promote latent chronic inflammation by
inducing persistent adaptive responses which promote the process of
tumorigenesis [174–176]. Since TLRs are extensively expressed on re-
sident as well as infiltrating myeloid and lymphoid cells (responsible for
activation of adaptive responses), the maintenance of a fine equilibrium
between stromal and haematopoietic cells become very crucial in case
of cancer. TLR activation on both types of cells calls for recruitment of
immune stimulating or tolerogenic cells, both of which participate in
the process of oncogenesis. This can be explained as - activation of TLRs
present on epithelial cells induce production of chemokines (such as IL-
8, a strong neutrophils chemoattractant) and growth factors such as the
Vascular endothelium-derived growth factor (VEGF) that is a key factor
of angiogenesis [177–180]. Similarly, TLR activation on innate immune
cells helps in processing of antigens and their presentation, promotes
the expression of CD80/86 (co-stimulatory molecules) which are in-
volved in activation of T cells and finally secretes IL-6 that modulates
the activity of Treg cells [181,182]. Activation of TLRs also promotes
the production of IL-12p19 or IL-12p35 and IL-27, favouring Th1 or
Th17 immunity, respectively [183]. Th1 exerts anti tumor immunity
while Th17 can possess either pro-tumor or anti tumor activity, that is
tissue or organ dependent [184]. One of the study has demonstrated the
anti tumor activity of Th17 immunity in IL-17 knockout mice [185].
Thus, Th1 response generates a protective response, however, Th2 re-
sponse bedews the host immune response, promoting latent chronic
inflammation. This chronic inflammation can lead to the proliferation
of transformed cells that can evade the immune system in cancer con-
ditions. Interestingly, Treg cells are involved in these alterations of Th2
responses and hence play crucial roles in tumor immunology, de-
termining the destiny of lung cancer cells. Moreover, several studies

have displayed the role of TLRs in cancer development and progression
[177]. Nonetheless, the debate on their protective role in immune
system activation to fight against cancer and their cancer promoting
role by facilitating chronic inflammation is still on [186].

As in other cases, TLRs expressed on dendritic cells play equally
important roles in lung cancer too as upon TLR ligation and activation,
they act as guards to look for antigens which are then presented and
processed by T cells to generate adaptive immune responses. Thus, they
act as a bridge between innate and adaptive immune system [187]. TLR
1 to TLR9 are expressed on both human and mouse myeloid dendritic
cells, but their roles in lung carcinoma have not been elucidated yet.
pDCs express TLR7/8 and TLR9 responsible for the production of IFN-
α/β in MyD88 dependent manner [188,189]. IFN type-1 plays sig-
nificant role in CD8+ T cell cytotoxicity, NK cell activation and pro-
liferation, production of cytokines and TRAIL-mediated cell death
[190], but their functions in lung carcinoma have not been defined yet.
However, it is speculated that tumor microenvironment debilitates their
anti tumor functions [191]. In addition, TLR2, TLR4, TLR7/8 and TLR9
are highly expressed in lung carcinoma tissues, and stimulate the pro-
duction of IFN type-1 and IFN-γ, which in turn, promotes the produc-
tion of IL-10, TGF-β (immunosuppressive cytokines) and tolerogenic
enzyme indoleamine-2,3-dioxygenase (IDO) [189,192]. As a con-
sequence, these cytokines and tolerogenic enzyme induces the pro-
duction of adaptive and natural Tregs, involved in host immune al-
terations [193]. pDCs bind Treg through PD-1/PD-L1 (immune
checkpoint regulators) while TGF-β (induced by TLR4, TLR7 and TLR9)
stimulates production of Treg or Th17 [194,195]. TLR9 activation by
CpG-ODN enhances lung metastasis in IL-17 knockout mice, however
tumor burden reduces in other tumor models [185]. This discrepancy
could be due to tissue specificity.

On the other hand, B cells express TLR7 and TLR9 in an enormous
level. TLR9 binds to CpG and causes B-cell polarization to acquire B-1
phenotype, which promotes tumor regression in mice [189,196].
However, in other study B cells act as antigen presenting cells and
immunoglobulin producing cells, leading to tumor regression in mouse
model [197]. Moreover, roles of other TLRs in B-cell derived immunity
needs further elucidation. Similarly, lung macrophages express high
levels of TLR2, TLR3, TLR4 and TLR6 as compared to TLR7 and TLR9.
Tumor macrophages are polarized to M2 phenotype, upon TLR stimu-
lation. These macrophages are termed as Tumor associated macro-
phages (TAMs), expressing high levels of TLR2. Stimulation of TLR2
signalling pathway promotes lung metastasis [198]. Likewise, TLR4
signalling in TAMs also increases cancerous lesions [199]. CpG-ODN
(type B) activation of TLR9, recruits an enormous amount of macro-
phages into the lungs of mice poised with tumor [200]. Deficiency of
MyD88 reduces tumor growth owing to reduced incursion of macro-
phages to the tumor microenvironment [201]. MyD88 mediated sig-
nalling activates M2 phenotype while TRIF dependent signalling,
strongly induced by TLR3 activation, stimulates M1 phenotype of
macrophages. TLR activation on macrophages and myeloid-derived
suppressor cells (MDSCs) repress immune surveillance of tumor cells
[202]. It was confirmed in a recent study wherein TLR2 activation on
MDSCs promotes tumor immune evasion, thereby enhancing tumor
growth in lung adenocarcinoma, lymphoma and colon carcinoma
[203]. Additionally, MDSCs are recruited to the lung upon adminis-
tration of CpG-ODN (ligand of TLR9) into the mice bearing tumor
[197]. Thus, MDSCs and Tregs, both have important contributions in
progression of lung tumors and are swayed by activation of TLRs; elu-
cidation of their roles in lung cancer would be therapeutically very
beneficial.

NK cells, one of the leading effector cells against tumors are scarcely
activated by MyD88 dependent pathway, but TRIF dependent pathway
lures their cytotoxicity. It has been found that absence of TRIF mediates
tumor progression upon administration of Poly I:C (a ligand of TLR3)
[204]. However, in case of prostate cancer, Poly I:C administration
regresses tumor growth as activation of TLR3 can also result in
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apoptotic cascade [205]. TLR7 and TLR9 signalling reduces upon viral
infection [206], thereby reducing innate immune response in the course
of tumorigenesis. NK cells are also activated upon activation of TLR2-
MyD88 on mDCs. However, reduced lung metastases have been ob-
served due to NK cell activation upon administration of ligands of
TLR3, TLR7/8 [207–209]. Similarly, mast cells are also present in
several tumor types and the activation of mast cell receptors and TLRs
stimulate a number of growth stimulatory mediators and pro-angio-
genic factors that enhance tumor proliferation. Contrastingly, TLR2
activation on mast cells reduced lung carcinoma growth upon sub-
cutaneous implantation of LLC1 cells in mouse model [210]. Oldford
et al. have demonstrated that TLR2 activation on mast cells facilitate
release of IL-6 and CCL1, responsible for consequent increase in anti-
tumor activities and recruitment of NK and CD8+ cytotoxic T cells
[200,211]. Although lung cancer bears Th2 based pathology, the role of
mast cells in tumor progression remains elusive.

Development and progression of lung cancer involves anti-in-
flammatory cytokines such as TGF-β [212], IL-10 and growth factors
such as VEGF and Fibroblast growth factor 2 (FGF2), which are induced
by activation of TLR2, TLR4 and TLR9. In lung epithelial cells, TGF- β1
has been recognized to facilitate apoptosis and inflammation [212].
However, TLR2 and TLR4 activation induces extracellular matrix re-
modelling and EGFR-mediated signalling, respectively, stimulating
progression of lung carcinoma [213,214]. Exceptionally, TLR9 signal-
ling along with cetuximab (an inhibitor of EGFR signalling) regresses
tumor growth [215]. However, activation of TLR9 by CpG-ODN pro-
motes the growth of human tumor epithelial lung cells [216]. Further,
TLR9 activation induces release of VEGF, thereby promoting the growth
of tumor cells [217]. The role of TLR3 and TLR7 signalling has not been
yet explored in lung carcinoma. Although, TLR3 and TLR7 activation
induces apoptosis and hence facilitate tumor regression in prostate and
melanoma models of mouse as well as in in vitro studies conducted on
human lung cancer cell line treated with imiquimod, a TLR7 ligand
[218]. VEGF released from CpG-ODN induced lung carcinoma, acts as a
pro-tumor factor, expediting the angiogenesis of cancer cells and re-
cruitment of inflammatory cells, favouring anti-tumor activity
[213,217,219]. Thus, VEGF may act as both pro-tumorigenic and anti-
tumorigenic. More significantly, TLR2 and TLR4 activation also causes
the extradition of extracellular matrix proteins such as fibrin and hya-
luronan, which may act as DAMPs, exaggerating the inflammatory
processes [213,220]. Pro-inflammatory cytokines such as IL-1, IL-6 and
chemokines such as IL-8, and ICAM-1 are released upon activation of
TLRs present on endothelial cells, and bolsters the recruitment of leu-
kocytes to the lung [221]. Surprisingly, endothelial cells upregulate PD-
1 and secrete high levels of IL-10, TGF-α, TGF-β and IFN-γ, thereby
promoting recruitment of immunosuppressive cells such as pDCs which
interacts with Tregs, to the lung, and hence enhance the im-
munosuppressive abeyants of activated Tregs [222]. Im-
munosuppressive effects could also arise from activation of MDSCs
mediated by MyD88 signalling. These MDSCs are also associated with
release of DAMPs such as HMGB1, vimentin, hsp72 into the tumor
microenvironment. HMGB1 is recognized by TLR4 and TLR9, whereas
hsp72, vimentin and HMGB1, all act as ligands for TLR2, which upon
activation initiate a series of inflammatory processes associated with
cancer development and progression [176,203].

9. TLRs as therapeutic targets

Extensive studies over the years have revealed a broad array of role
played by TLRs in activation of innate immune response against various
infectious agents and intrinsic molecules suggesting its potential as a
therapeutic target. Dysregulation of TLR in induction of pro-in-
flammatory signalling cascade leads to continued cytokines and che-
mokines secretion. This makes TLRs a causative reason for several
diseases such as auto-immune disorders, systemic lupus erythematosus
(SLE), asthma, allergic rhinitis and ischemia reperfusion injury [223].

Consequently, TLRs are being targeted in a dual way - by development
of small molecule ligands (agonists) which have the ability to bind with
TLRs and augment host immune capabilities and also act as adjuvants
in vaccine therapies and by inhibiting TLRs through specific antibodies,
small molecule inhibitors, oligopeptides and by improving endogenous
anti-TLR molecules. Also, negative regulation of signalling pathways
involving TLRs are also gaining interest as a novel therapeutic strategy.
Apart from infectious and inflammatory diseases, targeting TLRs have
demonstrated promising effects in non-infectious diseases, including
lung airway disease, ALI, and interstitial lung disease (ILD) [224].

9.1. TLR agonists

Emerging data have shown that TLRs like TLR2, TLR3, TLR4, TLR5,
TLR7 and TLR9 are linked with various diseases and could be activated
by agonists making them compelling immunomodulators and ad-
juvants. These agonists are catalogued either as cell surface or in-
tracellular molecules on the basis of TLRs location. TLR1, TLR2, TLR4,
TLR5, TLR6, and TLR10 are cell surface TLRs whereas TLR3, TLR7,
TLR8 and TLR9 are included in intracellular TLRs [225]. TLR4 is unique
in itself as it can be active on the cell surface and also intracellularly in
specific cells [225]. The microbial component, LPS, can activate TLR4
and its signalling by inducing the formation of a symmetric M-shaped
TLR4–MD-2–LPS multimer which, in turn stimulates the production of
TNF-α, as well as increase the production of inducible nitric oxide
synthase (iNOS) in tumor cells, making it a possible therapeutic strategy
for lung cancer treatment [226]. A TLR4 agonist MPL (monophosphoryl
lipid A), derived from lipid A of Salmonella minnesota is an approved
vaccine adjuvant in the Europe for hepatitis B and HPV virus [227].
Further, MPL works potently as an adjuvant in allergy vaccines and is
used to treat asthma as it specifically activates the TRAM/TRIF pathway
in TLR4 signalling and regulates CD80/86 complex which is vital for
conferring MPL vaccine adjuvant ability [228]. MPL is also recently
being used in combination with other molecules to synthesize novel
vaccines such as Pollinex Quattro, which is currently in a Phase III
clinical trial against seasonal airway allergies [229,230]. In addition,
OM-174, a TLR4 agonist which is a purified form of lipid-A developed
from E. coli has demonstrated anti-tumor activity in mice models by
increasing IFN-γ production [231,232]. Few chemically synthesized
TLR4 agonists, for example E6020 are vaccine adjuvants [233,234].
Apart from this, the aminoalkyl glucosaminide phosphates which are
lipid A derivatives, are safe and effective adjuvants for influenza virus
vaccine [235,236]. In a murine model of allergic type lung inflamma-
tion, poly-γ-glutamic acid (γ-PGA) which is a TLR4 agonist is seen to
cause downregulation of Th2 cytokines, airway inflammation and eo-
sinophilia while increasing the manifestation of co-stimulatory mole-
cules, CD80, CD86 and CD40 on dendritic cells [237]. Recently, a
synthetic TLR4 agonist (ER803022) has been developed which shows
potential against asthma in mouse models in a TLR-dependent MyD88
activation and IL-12/IFN-γ production [238]. TLR2 is LPS receptor and
identifies several ligands especially that of Gram-positive bacteria, a
synthetic TLR2 agonist known as Pam3CSK4 shows anti-asthmatic
properties by reducing Th2 cytokine release, airway inflammation and
other symptom. Pam3CSK4 has two thioester linked lipid chains
through which it binds to a TLR2 pocket and a small channel of TLR1,
hence forming a bridge between the two molecules [239]. SMP-105 is a
TLR2 agonist from Mycobacterium bovis that consists of mycolic acids,
and peptidoglycans is an approved drug for bladder cancer [240]. This
compound upregulates NF-κβ in a TLR2 dependent and TLR4 in-
dependent manner leading to decrease in TNF-α and IL-6 levels and can
be used as an adjuvant as anti-inflammatory agent [240]. Another li-
gand, Macrophage activating lipopeptide-2 (MALP-2) binds to TLR2/
TLR6 heterodimer and is effective against asthma. It is acquired from
Mycoplasma fermentans and induces IFN-γ, CD80 (B7-1), CD86 (B7-2),
MHC I and II in response to allergies [241]. A study showed that in a
murine model of asthma, MALP-2 causes the decrease of AHR,
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eosinophilia and Th2 cytokines. In addition, it stimulates T cell, B cell
and natural killer cell accumulation in lungs of adult mice [242]. Si-
milarly, Lipoprotein 1 and Lipopeptide-CGP40774 are TLR2 agonists
capable of controlling asthma and airway inflammation by suppressing
IgE production, IL-4 and IL-13 production [243,244]. Accumulating
evidence have indicated that activating TLR7 not only suppresses Th2-
mediated airway inflammation but also decreases the manifestation of
IgE, additionally it significantly inhibits IL-17 and IL-13 production
through IL-10 mediated pathway [245]. Therefore, TLR7 is thought to
recuperate airway diseases such as asthma and allergic rhinitis. Indeed,
Imiquimod is a clinically approved TLR7 agonist for basal cell carci-
noma, actinic keratosis and external genital wart [246,247]. This drug
also works against asthma and viral induced lung and airway infection
by increasing IFN-α via TLR7–MYD88 dependent pathway. Another
compound Resiquimod (R-848), a TLR7 and TLR8 agonist displayed
great tendency to induce IFN-α, IL-12 and TNF-α production while
reducing lung eosinophilia and airway inflammation in in vivo models
[248,249]. A synthetic TLR7 agonist SA-2 regulates T cell production
through IFN-α, IL-27 and IL-10 and shows promising therapeutic po-
tential [250]. ANA773 is a small molecule TLR7 agonist which is under
phase I clinical trial for its anti-viral potential [251]. One of the most
investigated class of compound developed for exacerbation of asthma
known as CpG-ODN, is a TLR9 agonist [252]. It interacts with TLR9
present on leukocytes, B cells and T cells and stimulates the secretion of
IL-6, IFN-γ, IL-12 and CD4 T lymphocytes, in turn eliciting a Th1 type of
inflammatory response along with enhanced IL-12 and IL-10 production
[253]. It also suppresses Th2 cytokine, airway eosinophilia, IgE levels,
and bronchial hyperreactivity in in vitro and in vivo models [254–256].
CpG-ODN has shown encouraging results in clinical trials against
asthma and allergic rhinitis as well [257]. Other TLR9 agonists like
indoleamine 2, 3-dioxygenase, IMO-2055, MO-2125 and IMO-2134 are
reported to have anti-inflammatory and anti-allergic responses
[258,259]. A TLR3 agonist, Rintatolimod is also being experimented for
treatment of severe acute respiratory syndrome, influenza, hepatitis
infections and cancer. It is reported to modulate cellular RNase L en-
zyme levels in patients [260].

9.2. TLR antagonists

Recent advances related to the structure and role of TLRs in normal
physiology as well as in diseased conditions have led to their ex-
ploitation for developing novel therapeutic strategies. In this pursuit,
TLR antagonists are being examined for treatment of various diseases
mainly autoimmune disorders, although none of them have succeeded
to be taken further than clinical trials. Antagonist treatment can reduce
unwarranted inflammation by hindering the interaction between TLRs
and pro-inflammatory ligands and their downstream signalling mole-
cules. TLR2 and TLR4 antagonists are well studied and show great
promise in preventing several diseases. Recently, a TLR4 antagonist,
under acylated form of Rhodobacter sphaeroides LPS (RS-LPS) when in-
haled, reduced the symptoms of asthma by inhibiting eosinophilia and
lymphocytosis, also by reducing the levels of Th2 cytokines and lower
airway hyperresponsiveness [261]. RS-LPS acts as a TLR4 antagonist by
inhibiting the induction of IkBz (gene NFKBIZ, a member of the NF-kB
family, playing a significant role in functioning of epithelial cells) in
bronchial epithelial cells, consequently leading to inhibition of release
of pro-inflammatory cytokines – IL6 and GMCSF in a co-culture based
study of bronchial epithelial cells and monocytes stimulated with house
dust mite mix (HDM) [262]. One of the few synthesized antibodies that
target TLRs is NI-0101, which is specific to TLR4 and blocks TLR4 di-
merization. It has the potency to reduce cytokine secretion and averts
flu and its symptoms in ex vivo and in vivo models. This drug has
successfully completed phase I clinical trial and is proven to be a safe
and non-toxic drug at various concentrations [263]. 1A6, another anti-
TLR4 monoclonal antibody is effective in reducing inflammatory dis-
orders and has positive role in lung injury models [264]. Lipid A

analogues specifically targets TLR4 signalling and has become potential
therapeutic tool against airway diseases. Eritoran TM (E5564) is a TLR4
antagonist that affects TLR4/MD-2/LPS complex formation is the most
advanced TLR agonist and is currently undergoing Phase III clinical
trial for treatment of sepsis [265]. A fully humanized IgG4 monoclonal
TLR2 specific antibody, OPN-305 blocks TLR2-mediated pro-in-
flammatory cytokine production in pre-clinical phase I studies [266].
Antagonists of TLR7 are also in focus for their anti-asthmatic effects
along with their bronchodilatory mechanism which leads to protection
from airway obstruction during viral infections. One such TLR7 an-
tagonist is R837 that plays a critical role in relaxing the airway passage
through production of nitric oxide in a TLR7 dependent manner in in
vitro as well as in vivo models [267]. Recently, capsazepine and its
analogues have been considered as TLR3 inhibitors and they have
shown to repress the production of pro-inflammatory cytokines such as
IL-8 and TNF-α in asthmatic patients [268]. Apart from synthesized
compounds, a natural product known as Resveratrol that is found in
grapes and peanuts down regulates TLR3 and one of its adapter mole-
cule (TRIF) and provides a defensive mechanism against asthma de-
velopment [269]. Though, antagonist therapy shows great potential,
but their use can cause damage to the local immune defence and can
result in development of other opportunistic disorders.

Despite the substantial amount of research going on for develop-
ment of novel TLRs agonist or antagonist in the treatment of airway as
well as other diseases only limited success have been achieved. The
failure of these drugs at clinical trials is most probably a result of in-
appropriate dosage, toxicity, lack of proper time and route of admin-
istration. However, continuous effort and holistic approaches would
open newer ways for utilizing these compounds as medicinal agents in
the near future.

10. Conclusion

An extended exposure of lung to environmental aggravations and
likely pathogens perpetuates the innate immune system to acquire a
critical role in maintenance of lung tissue homeostasis. TLRs are prin-
cipally involved in activation of innate immune system and an en-
ormous amount of research has been carried out in recent years to
explore the role of TLRs in host defence and tissue homeostasis. The
acumens of this work have enabled us to predicate general principles
associated with lung innate immunity. These principles involve devel-
opment of acute pulmonary diseases (for instance – bronchiolitis and
ALI) customarily lead to progression of chronic inflammatory condi-
tions such as fibroproliferative ARDS or may lead to exposition of re-
lapsing or remitting conditions as found in asthma. Secondly, infections
(bacterial, fungal or viral) are the most prominent causes of prolonged
inflammation in lung tissue, as represented by severe RSV infection
preceding asthma development and progression of ARDS following se-
vere influenza and pneumonia. Furthermore, aberrations in innate
immune system lead to the evolution of chronic obstructive lung dis-
eases. These disorders may be due to direct or indirect predilection of
host to infection as in case of chronic P. aeruginosa infections leading to
Cystic fibrosis, and S. pneumonia infections leading to subtle aggrava-
tions of COPD. Irrevocably, tissue remodelling, and repair are im-
perative for pathogenesis of lung inflammation along with host defence,
and TLR mediated mechanisms reconcile these processes. Similarly,
TLRs are also involved in lung cancer development and progression.
Contemporary studies have demonstrated the tumor promoting as well
as tumor suppressing roles of TLR signalling. Activation of TLRs on cells
of tumor microenvironment can promote immune evasion by altera-
tions of Tregs, thereby promoting tumor cell proliferation. On the other
hand, they are also involved in activating immune system to generate
anti-tumor immunity. Moreover, it has been reported that TLRs mediate
activation of immune cells present in tumor microenvironment, which
may result in anti-tumor as well as pro-tumor effects, but the role of
TLRs in tumorigenic effects have not yet been fully elucidated.
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Although, TLR activation plays a critical role in progression of lung
inflammatory diseases, there are still many questions that have to be
answered. Besides this, using TLRs as therapeutic targets involve use of
TLR agonists or antagonists. Few TLR agonists and antagonists have
been used a therapeutic modality in case of airway diseases but success
has not yet been achieved due to several reasons involving dosage
toxicity and inappropriate time and route of administration. Thus, more
studies are needed to explore their potential as a therapeutic strategy.
Furthermore, a profound understanding of TLR associated mechanisms
will help us elucidate the links between innate immune system and
development of chronic inflammatory conditions in lung tissue. This
knowledge will benefit us to identify TLRs as novel therapeutic targets
that could limit the burden of pulmonary diseases.
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