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Abstract

Toll-like receptor (TLR) is a clan of receptor proteins that
belong to a group of receptors called pattern recognition
receptors or PRRs. These receptors are present in a variety of
immune and non-immune cells and help the cell recognize
unique Pathogen-associated molecular patterns (PAMPs), such
as the bacterial lipopolysaccharide, viral nucleic acid etc., and
Damage-associated molecular patterns (DAMPS) from dying or
injured host cells. TLRs respond to these pathogenic stimuli
(PAMPS/DAMPs) and relay signal into the interior of the cell
with the help of adaptor proteins (MyD88, TRIF etc.) and
generate an initial immune response against the invading
pathogen or a stimulus. Lung, being a surface steadily exposed
to atmosphere, expresses an aggregate of TLRs to identify and
respond to a plethora of stimuli. TLR constitute a basic
component of the pulmonary defense mechanism not only in
microbial/viral infections, but is also in pulmonary defense
against non-infectious diseases including COPD, asthma and
lung cancer. A controlled and short-term TLR response sets a
series of pulmonary defenses and guides the adaptive
immunity to initiate antigen-specific response against the
stimuli and facilitate tissue repair. TLR may, therefore, be used
as potential targets for designing reliable and more effective
vaccines, desensitize allergens, and decrease inflammation.
TLR agonists may be used as adjuvant and increase the
efficacy of vaccines, including the cancer vaccines. This article
is an attempt to highlight various aspects and roles of TLR in
lung injury and its repair while providing an overview of the
structure and signaling mechanism of TLRs.
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Introduction
Lungs, being at the interface of the interior surface of the human

body and atmosphere, are directly and continuously exposed to a
plethora of substances and stimuli which include dust, chemicals,
pollens and other allergens including a number of microorganisms and

their spores, viruses etc. and are equipped with a sophisticated
protective mechanism. The pulmonary host defense against various
environmental intimidations include soluble mediators (lysozyme,
secretory IgA, antimicrobial peptides and surfactant proteins), besides
its unique anatomy, the alveolar macrophages and dendritic cells for a
continuous observance of pathogenic machineries, as well as inhibit T
cell response against non-pathogenic antigens [1]. A number of
components which include the complement, a system of plasma
proteins [2], lactoferrin [3], defensing, a family of cationic peptides
[4], and soluble proteins collections (Collagen-containing C-type
lectins) can recognize an invading pathogen or substance with the help
of specific groups or molecules such as the oligosaccharides or lipids
on the microorganism surface, triggering a collection of host defense
responses against injury. Collectins, for example, provoke the host
innate immune response against microorganism aggregation,
complement activation, opsonization, activation of phagocytosis, or
inhibition of microbial growth, as well as modulate the inflammatory
and allergic response, adaptive immunity and clearance of apoptotic
cells [5]. Briefly, these molecules or receptor proteins upon activation
lead to the synthesis and secretion of specific substances or pro-
inflammatory molecules which coordinate to provide a protective
response against pathogen; even though, in doing so, sometime an
aberrant activation of the system may lead to adverse consequences
including immunodeficiency, septic shock, or induction of
autoimmunity. The recent SARS-Cov2 infection (COVID-19) is an
example of such an exaggerated response [6]. In this article, we shall
be reviewing the recent literature on the role of Toll-like receptors
(TLR) in pulmonary injury and their potential as candidate proteins for
designing and development of pulmonary medicine.

Toll-like receptors
Cells express a variety of unique conserved receptor proteins called

the Pathogen or pattern recognition receptors (PRRs) which sense and
detect conserved products of microbial, as well as nonmicrobial,
origin and elicit host immune response [7, 8]. These receptors are
expressed mainly by the cells of the innate immune system, as well as
other cell types, and can be found on the cell surface, the subcellular
compartments (endosomal membrane), in cytosol, and also
extracellularly in blood stream and interstitial fluid [9]. In the lung, the
lung epithelial, myeloid and lymphoid cells, for example, carry these
receptors.

The PRR family includes four distinct types of receptors, namely,
the carbohydrate binding proteins called the C-type lectin receptors
(CLRs), RNA helicase retinoic acid-inducible gene I (RIG-I) like
receptors (RLRs), NOD (nucleotide binding oligomerization domain)-
like receptors (NLRs), and Toll-like receptors (TLRs) [10, 11]. Their
expression and activation ultimately culminate in the expression of a
variety of pro-inflammatory substances providing an early response to
pathogen attack and shaping the adaptive immunity. In this system,
TLRs are particularly important for their ability to recognize unique
microbial patterns, commonly called as Pathogen-associated
molecular patterns (PAMPs) [12, 13]. LPS, lipoteichoic acid,
peptidoglycan and flagellin are prominent PAMPs in bacteria. In
viruses, dsRNA and ssRNA act as PAMP [7, 14, 15]. The receptors
which identify PAMPs called PRRs are present on both immune cells
(monocytes, dendritic cells, macrophages, neutrophils etc) and
nonimmune cells (endothelial cells, epithelial cells etc), as well as in
intracellular compartments (lysosomes). The distribution of PRR
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ensure detection of pathogen or an antigen at both extracellular and
intracellular level.

Toll like receptors or TLRs constitute a crucial component of the
innate immune system. Toll is a gene, initially identified in fruit
fly[16]. Toll-like receptors have been reported in human to recognize
not only the PAMPs, but also Damage-associated molecular patterns
(DAMPS) from dying or injured cells[16]. TLR is a Type 1 integral
membrane protein, having an N-terminal (ligand recognition)
ectodomain of a tandem of a Leucine-rich repeat (LRR) consensus
sequence, typically 22-29 amino acids containing hydrophobic
residues spaced at distinctive intervals [17] and a C-terminal
signalling domain called the Toll/Interleukin-1 receptor or TIR
domain, named for its homology with the IL-1R signalling domain
containing three highly homologous regions or boxes called Box 1,
Box 2 and Box 3. IL-1R and TLR have a similar cytoplasmic TIR
domain and similar downstream proteins[18, 19].

TLRs are glycosylated conserved proteins. More than 10 functional
TLRs have been reported in human. TLR1-6, and TLR10 are
expressed as cell surface receptors, but TLR3, 7, 8 and 9 are present
on the intracellular vesicles[21]. TLR11, 12, 13, like TLR3, 7, 8, 9, are
intracellular TLRs, but not found in human. TLR10 is non-functional
in mouse [14]. The endolysosomal or intracellular TLRs (TLR3, 7, 8,
9, 11, 12 and 13), which are expressed on ER, endosome and
lysosome, recognize either nucleic acids (TLR3, 7, 8, 9, 13) or
microbial components (TLR11, 12) [22]. Localisation of the nucleic
acid sensor TLRs (TLR3, 7, 8 and 9) is important to prevent an
inappropriate immune response as “Self-DNA” is rarely present in
endolysosomal compartments, where the microorganisms are
degraded. DAMPs, on the other hand, are endogenous substances
(danger molecules) released from damaged and dying cells and which
bind to TLR. DAMPs include nuclear protein HMGB1 (High-mobility
group box 1), S100 and heat and cold shock proteins, purines and
peroxiredoxins[23, 24]. Besides this, urate crystals, hyaluronan and
fragments of extracellular matrix functions in a manner to microbial
PAMPs and act as DAMPs [25, 28]

TLR Signaling
A controlled and short-term TLR cascade in response to external

(PAMPs) or internal (DAMPs) stimuli provides an immediate defence,
an innate immune response that guides the adaptive immune system to
initiate antigen-specific response against the stimuli, and to repair
tissue damage. Downstream TLR signalling upon activation promotes
the expression of chemokines, cytokines and other chemical mediators
and recruit other immune cells. It uses a set of adaptor proteins called
TIR domain-containing adaptors, which include Myeloid
differentiation primary response 88 (MyD88), MyD88 adaptor-like
(MAL)/TIRAP (TIR domain-containing adaptor protein), TRIF (TIR
domain- [37]containing adaptor inducing IFN-β, also called
TICAM-1), TRIF-related adaptor molecule (TRAM, also called
TICAM-2), SARM (Sterile- and Armadillo motif protein), BCAP
(PIK3AP1) and SCIMP, a transmembrane non-TIR adaptor [19,
29-36]. Of these, MyD88 is utilized by almost all TLRs, perhaps
except TLR3 [37], inducing the expression of proinflammatory
chemokines and cytokines via NF-κB and MAPKs pathway, as well as
the generation of the reactive oxygen species by the mitochondria and
the cell, and leukocyte migration to the site of infection or injury [38].
TIRAP act as a sorting adaptor which recruits MyD88 to cell surface
TLRs, as well as participates in signalling through endosomal TLRs
[32]. TIRAP is characterized by a lipid-biding domain which binds to

phosphatidylinositol 4,5-bisphosphate (PtdIns (4,5)P2) at the plasma
membrane, or to PI(3)P on endosomes, and facilitates the delivery of
MyD88 to activated TLR4 [39]. On the other hand, the lipid-binding
domain of TIRAP binds to phosphatidylinositol 3P on endosome and
mediates the formation of TLR9 signaling complex [40].
Phosphatidylinositol 3P 5-kinase inhibition preferentially blocks
TLR9 [40]. However, higher concentrations of TLR9 agonists have
been reported to activate cells independent of TIRAP [41]. TRAM is
precisely involved in TLR4-mediated MyD88-independent pathway as
demonstrated in TRAM-deficient mice, which had a defective
cytokine production in the presence of TLR4 ligand [33]. On the other
hand, BCAP (B cell adaptor for PI3K) is a exclusive TIR domain-
containing adapter which negatively regulates/inhibits TLR response.
BCAP is crucial for linking TLRs to PI3K and its absence leads to an
exaggerated inflammation following infection [42]. Negative
regulators of TLR pathway are crucial and while some are induced by
the TLR signaling, others are constitutively expressed. Negative
regulators intersect the TLR pathway at almost every step. SCIMP
(SLP adaptor and CSK interacting membrane protein) is a universal
trans membrane non-TIR TLR adaptor in macrophage [35, 43].

TLRs respond to a stimulus (PAMP/DAMP) by dimerization of
cytoplasmic domain in response to (pathogen-induced) dimerization of
the extracellular domain, or work as monomer [44, 45]. A TLR dimer
can be homo- or heterodimer. TLR4, for example, is a homodimer, and
TLR1/TLR2 a heterodimer. The stimulation (activation upon binding)
of TLR by a pathogenic ligand, such as lipopolysaccharide (LPS),
which binds to TLR4, is assisted by a co-receptor protein MD-2 (also
known as LY96) which binds to the extracellular domain of TLR,
serving as a ‘link’ between TLR and its ligand, and another co-
receptor CD14 (Fig. 1). C3H/HeJ and C57BL/10ScCr mice, which are
low responders to LPS, have a mutated TLR4. In such mutations,
transfection of TLR4 alone does not confer LPS receptiveness on
cells, demonstrating a prerequisite for an additional molecule, MD-2
[46]. CD14 and LPS-binding protein, LBP help deliver and load the
LPS to the TLR4-bound MD-2 [45]. Once bound to the ligand, the C-
terminal signaling domain TIR interacts with intracellular adaptor
molecules (MyD88 etc. including the negative regulators). TRAM is
definitely involved in TLR4-mediated MyD88-independent signaling
cascade [33] (Fig. 1).

Figure1: A simplified schematic diagram of the TLR/ IL-1R
signaling cascade. When activated, both IL-1R and most TLRs
interact with MyD88 and IRAK4, which then phosphorylates IRAK1
and activates TRAF6. Another downstream adaptor called TRIF is
also activated by certain TLR. TIRAP conducts the signal from TLR
to MyD88, while TRAM mediates it from TLR to TRIF. MD2, and
also CD14, associate with the TLR on the cell surface, thus conferring
responsiveness to the ligand, LPS in this case. TLR4 mediated
signaling is shown in the pathway as a prototype. Details have been
provided in the text.
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MYD88-Dependent TLR Signaling
Signaling through TLR orients the immune response by inducing

the synthesis and secretion of proinflammatory chemokines/cytokines
and Type 1 interferons (Type 1 IFNs, important against viral
infections) [47-49]. The process has been reported to be both MyD88-
dependent and MyD88 independent [50]. In the signaling process
engaging MyD88, MyD88 interacts with TLR (or IL-1 receptors) and
soon after the assembly culminates in an oligomeric assembly of
IL-1R-associated kinases (IRAKs), leading to the formation of a multi
protein complex called Myddosome [51]. In the process of
myddosome formation, IRAK4 activates (phosphorylates) IRAK1,
which then undergoes sequential autophosphorylations to regulate its
own availability as an adaptor. A hyperphosphorylated IRAK1 induces
the activations of Tumour necrosis factor receptor-associated factor 6
(TRAF6) which induces K63-linked polyubiquitination on TRAF6
and MAP3K7, also known as Transforming growth factor β (TGF-β)-
activated kinase 1 (TAK1), a member of the MAP kinase family [29].
IRAK1 auto phosphorylation dissociates it from MyD88, but does not
affect its association with TRAF6, which, along with the ubiquitin-
conjugating enzyme UBC13 and UEV1A, promotes K63-linked
polyubiquitination. TRAF6 is linked to TAK1 through a regulatory
protein called TAK1-binding protein 2 (TAB2) [52, 53]. It (TRAF6)
promotes ubiquitination of the evolutionarily conserved signaling
intermediate in Toll pathways (ECSIT), resulting in an increased
production of the reactive oxygen species by the mitochondria and the
cell. TAK1, on the other hand, leads to the activation of the inhibitor
of NF-κB (IκB) kinase (IKK) and MAPKs, which regulate the NF-κB
and AP1 (MAPK pathway), respectively. TAK1 is a key regulator
TLR pathway. Ribosomal S6 kinase 1 (S6K1) has been reported to
negatively regulate the TLR pathway by inhibiting TAK1 [54].

TAK1 activation is crucial as it activates two different complexes/
pathways—NF-κB pathway via IKK, and the MAP kinase pathway.
IKK is composed of two subunits (IKKα and IKKβ) and a regulatory
IKKγ subunit (also known as NEMO). TAK1 binding to IKK
complex, via ubiquitin chains, permits it to phosphorylate and trigger
IKKβ. The (IKK) complex then phosphorylates IκBα, an NF-κB
inhibitory protein which undergoes proteasomal degradation, thus

allowing NF-κB to translocate into the nucleus and induce the
expression of proinflammatory genes [55]. TAK1 also activates the
MAPK proteins (ERK1/2, p38 and JNK) which mediate the activation
of AP-1 [56]. ECSIT, as indicated above, also interacts with TRAF6.
In bacterial infections (and after TLR activation), TRAF6 interacts
with and ubiquitinates ECSIT, which is a mitochondrial respiratory
chain assembly factor. TRAF6-promoted ECSIT ubiquitination leads
to an increased generation of the reactive oxygen species, thus killing
the bacteria inside the cell and also regulate NF-κB in TLR4 signaling
[57, 58]. The endogenous ECSIT can form a complex with p65/p50
NF-κB (ECSIT-silenced THP-1 cells failed to activate NF-κB DNA-
binding activities of p65 and p50, indicating a role of NF-κB in TLR4
signaling [57]. TRAF6 is also reported to be trans located to
mitochondria in infections caused by the bacteria [58].

The MyD88 is essential for TLR2, 4, 5, 7, 8, and 9 signaling
cascades. In fact, all TLRs except TLR3 use MyD88. TLR3 binds to
TRIF, which acts independently of MyD88 in a TRIF-dependent
pathway. TRIF binds to TLR3 directly, but interacts with TLR4
indirectly through TRAM, a TRIF related adaptor [59]. TRAM is
important as it mediates the TLR4 signaling independent of MyD88,
that is, in a TRIF-dependent way.

TRIF dependent pathway
TRIF mediated pathway, which, for example, is initiated by TLR3

and TLR4, activates TRIF directly or indirectly, resulting in the
production of IFN- (Fig. 1), indicating the essentiality of TRIF in
TLR3 and TLR4 signaling, facilitating the antiviral defense. Mice
deficient in the gene encoding TIR domain-containing adaptor (TRIF)
had a defective TLR3 and TLR4 mediated IFN- production. The
cytokine production in response to TLR4 activation is diminished in
TRIF-knock out macrophages, but not with other TLR ligands [60].

Signaling diversity in TLR pathways is an interesting phenomenon,
albeit less understood. For example, in TLR4 cascade mediated by the
TRIF–TRAM (MyD88 independent) pathway, TLR4 specifically
induces the expression of Type I IFN via TRAF-family-member-
associated NF-κB activator (TANK)-binding kinase-1 (TBK-1) and
IFN regulatory factor 3 (IRF3). On the other hand, Type I IFN genes
are also expressed in MyD88 pathway upon stimulation of TLR7 and
TLR9, suggesting the role of some other controlling components in
the diversification of TLR response. In TRIF–TRAM mediated
signaling of TLR4, TRAF3 has a unique role in signal diversification.
It recruits TBK-1 and IKK and phosphorylate (activate) IRF3 in a
process facilitated by the PtdIns5P (PtdIns5P forms a complex
between TBK1 and IRF3). The (TRAF3) pathway is essential for the
expression of IFN-responsive genes and IL-10, an anti-inflammatory
cytokine [61]. The activation cascade involving TRAF3 (which
activates IRF7 or IRF3 and stimulates the production Type I IFN, as
well as IL-10) could be a potential pharmacotherapeutic target in
various diseases, including the pulmonary disease. TRAF6 in TRIF
pathway, on the other hand, recruits RIP-1, which activates TAK1
complex and MAPK. Upon activation, RIP-1 regulates ubiquitination
by Pellino-1 is an E3 ubiquitin ligase which, when phosphorylated by
IRAK1, TBK1, and IKK [62], induces the transcription of IFN-
via a transcription factor called Deformed Epidermal Autoregulatory
Factor 1 (DEAF1). The Pellino-1—DEAF-1 interaction is independent
of the E3 ligase activity of Pellino, but it is weakened when Pellino-1
is phosphor

ylated. DEAF1 then binds to the IFN- promoter and to IRF3 and
IRF7 (which are required for the transcription of IFN-). DEAF1 is
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also crucial for TLR3 mediated production of IFN-, indicating its
role in dsRNA-mediated production of IFN [63].

Regulation of Myd88-Dependent and Independent
Signaling

Several negative regulators have been reported in literature that can
modulate the TLR signaling, by inhibiting either signaling complex
formation or ubiquitination. For example, MyD88 is suppressed by
ST2825, NRDP-1, SOCS1, and Cbl-b, while TRIF is suppressed by
SARM and TAG. SARM is a negative regulator of TRIF and therefore
regulates TLR3 and 4 signaling. TRAF3 is suppressed by SOCS3 and
DUBA. TRAF6 is reported to be suppressed by A20, USP4, CYLD,
TANK, TRIM38, and SHP. NF-κB is suppressed by Bcl-3, IκBNS,
Nurr1, ATF3, and PDLIM2, while IRF3 activation is negatively
regulated by Pin1 and RAUL [29].

TLRs in pulmonary tissue
TLRs are vital not only for host defence against infections and have

implications in lung infections, but also play a role in the pathogenesis
of non-infectious lung injury, including the airways disease, acute
pulmonary injury, and interstitial lung disease. While a controlled TLR
response initiates pulmonary innate immune response, a more
exaggerated response elicits an intense chemokine/ cytokine response
characteristic of the pro-inflammatory M1 macrophage phenotype in
cells and tissues, including the lungs [64]. In the lung, TLR proteins
are widely expressed on both resident and infiltrating macrophages
and lymphoid cells [21]. The alveolar macrophages in the terminal
airways and airspaces, which characterize major macrophage
population of the lung, express almost all mammalian TLRs, most
prominently TLR2, 3, 4, 5 and 6 [65]. The human alveolar
macrophage expresses lower levels of TLR3, 5 and 9, and higher
levels of TLR1, 2, 4, 7 and 8 [66, 67]. TLR1 to TLR10, which
subsequently release CXCL8 or IL-8 upon activation, are expressed on
primary bronchial epithelial cells [68]. The plasmacytoid and myeloid
dendritic cells located within the epithelium and interstitium also
express a multitude of TLR receptors, with the plasmacytoid dendritic
cells preferentially expressing TLR7/8 and TLR9, and the myeloid
dendritic cells producing TLR2, 3, 4 and 9 [69]. Lung dendritic cells
are particularly important as they bridge innate and adaptive immunity
and, depending on the context, may induce Th1, Th2 or Th17 response
to infections. These dendritic cells can also prevent harmful immune
responses to harmless inhaled antigens via Treg cells or via
neutralizing mucosal IgA antibodies [70].

The pulmonary stromal (structural) cells including the pulmonary
endothelium, airway and alveolar epithelium, and fibroblasts also
engage in TLR-mediated signaling [68]. TLR4 on lung endothelial
cells is particularly important for capillary permeability and neutrophil
recruitment in response to LPS [71]. Recruited neutrophils also
express TLR1, 2, 4, 5 and 9 [72]. In the respiratory system, the lower
respiratory tract (trachea, bronchi, alveoli) cells express TLR3 on the
luminal and basal side, whereas TLR1, 2 and 6 on basolateral side.
Briefly, pulmonary TLR signaling has been implicated in the synthesis
and secretion of a variety of chemokine’s and cytokines including the
TNF-α, MIP-1α, RANTES, MIP-1β, GRO-α, -β and -γ, IL-8, IL-6,
IL-5 and TGF-β to promote the influx of professional phagocytes
(neutrophils, monocytes, macrophages) and dendritic cells, and the
production of anti-microbial substances such as defensing, lysozyme,
nitric oxide and IL-37 in the respiratory tract [73-75]. However, the
TLR levels in a cell cannot always be correlated with the functional

response [66, 67]. To illustrate this, the heightened secretion of TNF-α
by the alveolar macrophage cells, and IL-6 and IL-10 by interstitial
macrophages have been observed even when the levels of TLR mRNA
were comparable [66].

TLRs in Lung Infections

Viral Infection
Toll-like receptors are like a double-edged sword, contributing both

to eliminate the pathogenic substance, including the viruses, and, at
the same time, have potential to harm the host due to persistent
immune activation, inflammation and tissue destruction. In virus
infection, such as the SARS-Cov-2 (COVID-19), TLR activation leads
to the inflammation activation and IL-1β production, inducing IL-6
[76]. The activation of JAK/STAT by TLR may further lead to the
macrophage activation syndrome. Ordinarily, in virus infections, the
virus nucleotides or proteins can be sensed by various PAMP
receptors/TLR. Viral RNA is recognized by TLR8, 7 and 3.
Specifically its dsRNA is sensed by TLR3 receptors, and ssRNA is by
TLR8-7 [7]. TLR3 induces the secretion of IFN type-1 and
proinflammatory cytokines, but the reports are conflicting concerning
the protection in vivo. Cytomegalovirus (MCMV) infected TLR3-
deficient animals showed reduction in secretion of IFN type-1, IFN-γ
and IL-12 subunit p40 (IL-12p40, or IL-12B) and a drop in activation
of NK cells, making these (deficient) mice more vulnerable to virus
infection [77]. However, according to some other studies of infections
with MCMV, Reoviruses and Lymphocytic choriomeningitis virus
(LCMV), TLR3 deficiency did not influence CD8+ and CD4+ cells,
denouncing its role in defence against virus infection [78]. The virus
deoxynucleic acid (DNA) is sensed by TLR9 [22, 79-81]. TLR-
binding of viral nucleotides stimulates the expression and secretion of
cytokines and IFN type-1 [82]. In virus infections, the virus structural
proteins are sensed by the cell surface TLRs, TLR4 and TLR2. TLR4
can also sense the envelop protein of mouse mammary tumour virus
(MMTV). TLR4-deficient mice exhibited a reduced IL-12 secretion
and reduced levels of inflammatory cells infiltration leading to a
decrease in viral clearance. [83]. The glycoproteins of Herpes simplex
virus 1 (HSV1), Human cytomegalovirus (CMV) and Measles virus
hemagglutinin (MV-H) can be sensed by the TLR2 receptors and
induce inflammatory cytokines secretions [2]. TLR2 is also reported to
initiate IFN type-1 production in cell type-specific manner. The
dendritic cells and macrophages, when infected with inactivated
Vaccine virus, induce inflammatory cytokines production, but not IFN
type-1 via TLR2, although inflammatory monocytes induced IFN
type-1 through TLR2 [84]. TLR2-mediated stimulation of IFN type-1
does not need nucleotides [85].

Bacterial Infection
Briefly, the bacterial lipoproteins can be detected by TLR6, 2 and 1.

Lipopolysaccharide is detected by TLR4, whereas the bacterial
flagellin can be detected by TLR5, and bacterial RNA and DNA,
respectively, by TLR7 and 9. The lipoteichoic acid, and also
lipoprotein, is an important group of PAMP that can be sensed by
TLR6-TLR2 heterodimer. In TLR2-deficient mice, a decrease in
survival has been reported when these mice were infected with
Staphylococcus aureus [86]. However, in another study, in bacterial
brain abscess, the Control and TLR2-deficient mice showed
indistinguishable responses. TLR2-deficient mice were less vulnerable
to infection than MyD88-deficient mice, indicating a role of some
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other TLR and IL-1R family members in immune response [86, 87].
In a study on to Salmonella typhimurium infection in TLR4-deficient
mice, the knockout mice were more vulnerable to infection.
Interestingly, TLR4 and TLR2-deficient group was more vulnerable to
the infection than TLR4 deficient mice, suggesting an efficient
response of TLR2 in absence of a functional TLR4 [88]. In the
infection caused by Mycobacterium (tuberculosis, TB), TLR9, 4 and 2
on alveolar macrophages recognized the infection and initiated
transcription of IL-6, TNF-α and IL-12 [89, 90]. MyD88-deficient
mice which showed a reduced secretion of TNF-α and IL-12 were
vulnerable to TB [90].

Fungal Infection
In fungal infection, TLR4 and 2 recognize mannan, which is

expressed by Candida albicans and Saccharomyces cerevisiae. TLR4
stimulation is reported to lead to the secretion of TNF-α [91]. TLR4-
deficient C3H/HeJ mice infected with C. albicans which exhibited
reduced cytokine secretion by the macrophage were vulnerable to
infection as compared with the control group. However, the reports
with regard to TLR4 response in candida infection are conflicting
[91]. According to some studies, TLR2 was redundant against fungal
infection. TLR2-knockout mice were more susceptible to Candida
infection and secreted low level of chemokines and cytokines. Other
reports suggested that the TLR2-mediated detection of Candida can be
damaging for the host species (as TLR2-knockout mice demonstrated
a reduced production of IL-10 and increased secretion of IFN-γ and
IL-12; hence were more resistance against infection than control group
[92, 93]. TLR6, and 2 as well, also recognize β-glucan and zymosan.
The fungal RNA can be detected by TLR7 and its DNA by TLR9 [91,
94]. As reported in invasive candidiasis, dendritic cells have been
reported to recognize the Candida infection and initiate cytokine
secretion and upregulate the chemical mediators that cause naïve T
cell differentiation in Th17, Th1, Th2, and Treg cells. In candidiasis,
Th17 and Th1 responses are crucial for protection against Candida,
while the Treg and Th2 responses are detrimental for the host as they
repress the innate immunity.

Toll-Like Receptors in Pulmonary Injury (Non-
Infectious)

Airway Diseases, Acute Lung Injury and Pulmonary
Fibrosis

TLRs play a role in non-infectious pulmonary diseases ranging
from asthma, bronchitis and chronic obstructive pulmonary disease
(COPD) to acute lung injury and pulmonary fibrosis. Many TLRs
have been implicated in airway diseases (COPD, asthma, bronchitis,
bronchiectasis and emphysema). Low, but not large, doses of LPS,
which acts through TLR4, potentiates asthma—a response blunted in
TLR4-deficient mice [95]. However, TLRs such as TLR7 and 9 have
been reported to suppress asthmatic inflammation, indicating their
potential as a therapeutic target. TLR7 acts as a bronchodilator in
allergic asthma in guinea pigs [96], a response primarily attributed to
the suppression of Th2 response. Similarly, TLR9 promotes DC
polarization towards DC1 in response to allergens [97], a response
which can partly be attributed to the CD4+CD25+ Treg cells known to
inhibit allergic inflammation [98]. CpG oligodeoxynucleotides, a
TLR9 agonist, can significantly decrease airway inflammation and
bronchial hyperactivity, and IgE [99]. Role of TLR4 is somewhat
paradoxical in COPD, promoting injury [100, 101], and preventing

pulmonary emphysema (TLR4-knockout mice develop emphysema
with age) [102]. TLR is also engaged in cystic fibrosis, a genetic
ailment characterized by chronic airway inflammation and persistent/
recurrent infection, primarily due to bacteria such as P. aeruginosa.
Incidentally, flagellin, a TLR5 agonist, is abundantly expressed in P.
aeruginosa. Innate immunity mediated by TLR5 has been suggested as
a potential target in cystic fibrosis pulmonary disease [103].

TLRs also contribute to the alveolar capillary injury resulting in
pulmonary edema [104]. The injury, commonly known as acute lung
injury can be produced by lung infections (pneumonia, sepsis), as well
as exposure to non-infectious substances such as bleomycin and
ozone. TLR4 promotes lung injury in response to ozone [105];
however, TLR4 either alone or in combination with TLR2, can also
reduce injury in other models [105]. TLR4-deficient mice are
characterized by an increased susceptibility to hyperoxia-induced
pulmonary injury—an effect attributed to decreased expression of
heme oxygenase-1, a cytoprotective gene reported to inhibit apoptosis
[101, 106]. In general, usually the TLR2 and TLR4 are more
protective in lung injury models, as compared with TLR3, which
seems to promote lethal lung injury in hyperoxia-induced acute lung
injury model [107]. Moreover, the endogenous factors uniquely
present in the lung also affect the lung function. For example, the lung
surfactant protein A (SP-A) dampen injurious TLR-mediated signaling
[108]. The protein blocks the interaction of TLRs with agonists.

Interstitial Lung Diseases
Interstitial lung diseases result in variable amounts of lung

parenchymal inflammation and fibrosis, an exaggerated wound
healing and repair response mediated by the fibroblasts and
myofibroblasts. The fibroproliferative response of the lung may be
initiated or modified by the TLR. TLR4, for instance, in conjunction
with TLR2, suppresses fibrogenesis [109]. An enhanced radiation-
induced lung fibrosis was reported in TLR2/TLR4 double-knockout
mice in this study, but not in TLR2 or TLR4 alone single-knockout
animals, indicating a protective effect in combination. However, TLRs
such as TLR9 promote a dysregulated fibrotic response [110]. In
another study, TLR3 agonist Poly (I: C) helped in matrix production
and differentiation of fibroblast-to-myofibroblast [111].

Lung Cancer and TLR
TLRs are crucial in the development and progression of lung cancer

[112], as well as may enhance anticancer efficiency and tumor
rejection [113]. Specific TLR ligand can be used in cancer
monotherapy, or as an adjuvant. Bacillus Calmette-Guerin (BCG)
vaccine which is also used for the treatment of superficial bladder
tumor is a TLR2/4 ligand and an approved FDA-approved TLR ligand
[114, 115].

A number of endogenous damage-associated molecular patterns/
DAMPs such as the heat-shock proteins, high-mobility group protein
B1, calprotectin (a complex of two Ca2+-binding proteins of S100
family, s100A8 and S100A9), heparanase, and the lung collectin, SP-
A are can be recognized by the TLR and may contribute to the lung
cancer in a positive, or negative way. HSP70 and HMGB1, for
example, bind to TLR2/4 and TLR4, respectively, and produce an anti-
cancer effect by inducing the Th cell cytotoxicity (HSP70), or inhibit
signals that control growth of cancer cells (HMGB1) [116, 117].
HSP27 and HSP60 contribute to cancer by promoting cancer growth
and progression. Extracellular HSP27 binds to TLR3 and mediates
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angiogenesis [118]. Soluble HSP60, on the other hand, stimulates
TLR2 on human CD45RO+ memory and CD45RA+ naive T cells,
regulating the T cell behavior. TLR2 mediated signaling stimulated by
HSP60 leads to the activation of T cell adhesion to fibronectin, and
also inhibition of T cell chemotaxis, and down-regulated chemokine
receptor CXCR4 and CCR7 expression [119]. Calprotectin and SP-A
also contribute to cancer development and its spread. Calprotectin is
an endogenous TLR4 agonist that has been reported to amplify cancer
[120]. SP-A regulates the expression of TLR2 and 4 and reduces the
TLR4 and pro-inflammatory response [120, 121]. The protein has
been reported to express in about 49% primary non-small cell lung
carcinoma (NSCLC) [122]. Heparanase is another protein (enzyme)
that plays a role in lung cancer. Heparanase cleaves heparan sulphate
(HS) into HS fragments (Mol mass, 5 to 7). The enzyme is
overexpressed in about 75% of lung cancer patients, and had an
inverse correlation with survival. Heparanase is one of the many
DAMP whose role has been confirmed in lung carcinoma [112]. HS
fragments can stimulate the release of pro-inflammatory mediators
such as the TNF and interleukins (IL) 1β, 6, 8 and 10 by the peripheral
blood mononuclear cells and activate dendritic cells, both through
TLR4, mediating an inflammatory response [123, 124].

Expression of TLRs on dendritic cells is similarly significant in
lung cancer. The myeloid dendritic cells (mDCs), acting as guards,
look for antigens (to be presented and processed by the T cells to
generate adaptive immune responses), bridging the gap between innate
and adaptive immunity [125]. TLR 1-9 are expressed by the mDCs,
but their role in lung cancer is not fully understood. On the other hand,
the plasmacytoid dendritic cells (pDCs), also known as natural IFN
producing cells, specializes in sensing the viral nucleic acid (RNA/
DNA) via TLR7 and 9, and massive quantity of type 1 IFN [126].
Once it has produced IFN (type 1), pDC differentiates into
professional antigen-presenting cells capable of stimulating T cells of
adaptive immune system. TLR2, 4. 7/8 and 9 are among highly
expressed TLRs in lung cancer and stimulate IFN type-1 and IFN-γ,
promoting the production of IL-10 (an anti-inflammatory cytokine,
also known as cytokine synthesis inhibitory factor) and the
immunosuppressive TGF-β, as well as tolerogenic enzyme
indoleamine-2,3-dioxygenase [127, 128]. These cytokines and
indoleamine-2,3-dioxygenase induce the production of adaptive and
natural Tregs [129]. B cells express TLR7 and 9. TLR9 binds to CpG
and stimulate the B cell polarization, acquiring B-1 phenotype,
reported to promote tumor regression [128, 130]. The macrophage
cells in lung express high levels of TLR2, 3, 4 and 6, when compared
with TLR7 and 9, and are polarized to M2 phenotype in lung cancer.
These ‘Tumor-associated macrophage’ (TAM) cells express high
levels of TLR2, which, upon stimulation, promotes lung metastasis
[131]. TLR4 signaling in TAMs also increases cancerous lesions
[132]. TLR9 recruits large number of macrophages in lung cancer
[133]. TLR pathway in macrophage and myeloid-derived suppressor
cells (MDSCs) repress immune surveillance of the cancer cells [134].
In a recent study on MDSCs, TLR2 (activation) promoted immune
evasion and enhanced tumor growth in lung adenocarcinoma,
lymphoma and colon carcinoma [135]. In another study, TLR9, upon
stimulation by its agonist CpG, promoted the growth of tumor
epithelial lung cells in human [136], but along with cetuximab,
regressed tumor growth [137]. Cetuximab is an inhibitor of EGFR
signaling. TLR9 is also reported to induce the release of VEGF and
promote cancer [138]. Recently, TLR3 has been reported as a new
marker to detect high risk early stage NSCLS [139]. TLR7 and TLR8,
stimulated by the ssRNA, cause an increase in NF-B and upregulation

of Bcl-2, thereby favoring tumor cell survival and chemoresistance
[140].

TLRs: a potential therapeutic target in lung cancer
A TLR can be targeted in two ways – (1) Using agonists that

specifically bind to TLR to augment the response, and which can be
used as adjuvant in vaccine therapies, and (2) Inhibiting TLR
activation (by way of antibodies, small molecule inhibitors,
oligopeptides, and endogenous anti-TLR substances). The negative
regulation of TLR signaling is another important approach that can be
used a novel therapeutic strategy. The modulation of TLR signalling
pathway has demonstrated its usefulness in infectious, as well as non-
infectious, and inflammatory diseases, allergy and autoimmunity
[141]. A brief description of TLR agonists and antagonists is provided
in the following section.

TLR agonists
TLR2, 3, 4, 5, 7 and 9 has been linked with numerous diseases and

could be stimulated by agonists making them fascinating
immunomodulators and adjuvants. The monophosphoryl lipid A
(MPL), derived from Salmonella Minnesota, is used as a vaccine
adjuvant in Europe for Hepatitis B and HPV virus [142]. It is also used
in allergy vaccine and for the treatment of asthma. The lipid, MPL,
specifically triggers TRAM/TRIF pathway and controls CD80/86
complex [143]. Another TLR4 agonist, OM-174, purified form of lipid
A of E. coli, has demonstrated anticancer activity in mice. It acts by
increasing IFN-γ [144, 145]. E6020, on the other hand, is a chemically
synthesized TLR4 agonist [146, 147]. Aminoalkyl glucosaminide
phosphates (AGPs) are also lipid A derivatives which have been
synthesized and are safe and effective as adjuvants for influenza virus
vaccine [148, 149]. Poly-γ-glutamic acid (γ-PGA), known to down
regulation Th2 cytokines, airway inflammation and eosinophilia while
increasing the manifestation of co-stimulatory molecules, CD80,
CD86 and CD40 on dendritic cells, has been found effective in allergic
type lung inflammation [150]. Another synthetic TLR4 agonist
(ER803022) has been found effective in mouse model of asthma.
ER803022 causes TLR-dependent MyD88 activation and IL-12/IFN-γ
production [151].

Pam3CSK4 is a synthetic TLR2 agonist. TLR2 binds to LPS and
recognizes several ligands more specifically of the Gram-positive
bacteria. It can reduce the Th2 cytokine release, airway inflammation
etc in asthma. Pam3CSK4 binds to a TLR2 pocket and a small channel
of TLR1, thus bridging the two [152]. SMP-105 is also a TLR2
agonist, from Mycobacterium bovis. It is an approved drug for bladder
cancer [153]. SMP-105 upregulates NF-κβ via TLR2, in a TLR4-
independent manner. It causes a decrease in TNF-α and IL-6, and has
been found useful as an adjuvant in inflammation [153]. Similarly,
lipopeptide CGP 40774 (LP40), the most potent analogue of synthetic
lipopeptides, stimulated TLR2 (but not TLR4) and potentiated the
production of IFN-γ and IL-10, but not IL-4 and IL-5 by human T
cells and inhibited allergen-induced IgE production [154]. There are
other TLR agonists such as the Macrophage activating lipopeptide-2
(MALP-2). MALP-2 is obtained from Mycoplasma fermentans and
binds to TLR2/TLR6 heterodimer, inducing IFN-γ, CD80, CD86,
MHC I and II in response to allergies [155]. It decreases the airway
hyperresponsiveness, eosinophilia and Th2 cytokines and stimulates
the accumulation of T and B cells and NK cell in lung in murine
model of asthma [156]. TLR7 agonists also suppress Th2-mediated
airway inflammation, as well as IgE production, and inhibit IL-17 and
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IL-13 production through IL-10 pathway [157]. Imiquimod is a TLR7
agonist that works against asthma, virus-induced respiratory infection,
as well as basal cell carcinoma and external genital wart [158]. It
causes an increase in IFN-α via TLR7–MYD88 pathway. SA-2, a
synthetic TLR7 agonist, regulates T-cell production via IFN-α, IL-27
and IL-10 with great therapeutic potential [159]. ANA773, a small
molecule TLR7 agonist, has antiviral potential [160]. R-848
(Resiquimod) is a TLR7 and TLR8 agonist which can reduce lung
eosinophilia and airway inflammation [161, 162]. It induces IFN-α,
IL-12 and TNF-α production.

CpG-ODN is a TLR9 agonist reported to stimulate IL-6, IFN-γ,
IL-12 and CD4 T cells, in turn eliciting a Th1 type of inflammatory
response along with enhanced IL-12 and IL-10 production [163].
CpG-ODN suppresses Th2 cytokine, airway eosinophilia, IgE levels,
and bronchial hyperreactivity and has been found effective in asthma
and allergic rhinitis [164-168]. Rintatolimod, a TLR3 agonist, which
affects the RNase L, has been found effective in severe acute
respiratory syndrome, influenza, hepatitis infections and cancer [169].
In a recent study, the TLR1-10 is associated with improved survival
outcomes in NSCLC.

Small molecule such as N-methyl-4-nitro-2-(4-(4-
(trifluoromethyl)phenyl)-1H-imidazol-1-yl)aniline (CU-T12-9) have
also been found to facilitate TLR (TLR1/2 heterodimeric) complex
formation and induce inflammatory response by inducing NF-κB and
downstream effectors TNF-α, IL-10 and iNOS [170]. TLR5-mediated
recognition of flagellin has been reported to involve in activating
pulmonary defense against P. aeruginosa [171]. In another study,
TLR5 agonist entolimod stimulated NK-dendritic-CD8+ T-cell axis
and suppressed metastasis [172]. TLR10, which has no (known)
ligand specificity and biological function and which acts as a
modulatory receptor (mainly inhibitory effect) has been suggested as a
potential target in therapeutics, owing to its unique anti-inflammatory
properties [173]. These and other PRRs and their agonists need to be
explored further in lung and airways diseases and allergies.

TLR antagonists
Antagonist treatment reduces the unwarranted effects of TLR

activation. TLR2 and 4 antagonists show great potential as potential
molecules. The diphosphoryl lipid A from the nontoxic LPS of
Rhodobacter sphaeroides (RsDPLA) is a reported TLR4 antagonist
which blocks the binding and internalization of LPS in RAW
macrophages [174]. When inhaled, it benefits asthma by preventing
eosinophilia and lymphocytosis, by falling Th2 cytokines and lower
airway hyperresponsiveness [175]. NI-0101, a synthesized antibody,
blocks TLR4 dimerization and can reduce cytokine secretion, averting
flu and its symptoms [176]. 1A6, another anti-TLR4 monoclonal
antibody, has also been reported to reduce inflammation, showing
positive signs in lung injury [177]. Eritoran TM (E5564) is another
TLR4 antagonist. It affects TLR4/MD-2/LPS complex formation
[178]. OPN-305, a fully humanized IgG4 monoclonal TLR2-specific
antibody, blocks TLR2-mediated pro-inflammatory cytokines [179].
R837, a TLR7 antagonist, engages in the NO production and relaxes
airway passage [180]. Capsazepine and its analogues inhibit TLR3 and
repress pro-inflammatory TNF-α and IL-8 in asthma [181].
Resveratrol in grapes and peanuts also downregulate TLR3, and one
of its adapters TRIF, providing protection in asthma [182]. However,
despite the benefits, it is important to exercise caution in antagonist
therapy as its, and also the agonist therapy, use can damage to the local
immune defence and result in damage and opportunistic disorders. A

summary of TLR agonists and antagonists with therapeutic potential
and possible use and contraindications in pulmonary diseases are
shown in Table 1.

Table 1: TLR agonists and antagonists: implications in lung
diseases and contraindications

*TLR4 can be active on cell surface, as well as intracellularly in
specific cells [192].
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Conclusions
Lungs have a huge surface area, roughly the size of a tennis court,

and a total airway length roughly about 1,500 miles, breathing 12-15
times a minute. With such a huge surface exposed to atmosphere, the
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respiratory system is always facing danger of exposure to a plethora of
substances and injury. The pattern recognition receptors called TLR
has drawn particular attention in host defense and a key mechanism in
providing protective mechanism against pulmonary injury, both
infectious and non-infectious. TLR signaling is not only imperative for
strengthening the host defense, but also play a role in tissue
remodeling and repair. In this article, we have attempted to highlight
the key research on TLR in pulmonary injury, providing a mechanistic
approach and insights on therapeutic implications of TLR agonists and
antagonist in lung diseases. TLRs appear to have immense potential as
therapeutic targets in various lung injuries, including virus and
microbial infections, allergies, and even cancer, but need to be dealt
with extra caution as an aggravated or inhibited response can damage
to the local immune defense and result in damage and opportunistic
disorders. A detailed understanding of the TLR-associated
mechanisms is required to fully exploit the potential of TLRs in lung
injury caused by various agents and substances.
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