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The immune system is a very diverse system of the host that evolved during evolution to cope with various
pathogens present in the vicinity of environmental surroundings inhabited by multicellular organisms ranging
TLRs from achordates to chordates (including humans). For example, cells of immune system express various pattern

Inflection . recognition receptors (PRRs) that detect danger via recognizing specific pathogen-associated molecular patterns
gj\l\;;lsmanon (PAMPs) and mount a specific immune response. Toll-like receptors (TLRs) are one of these PRRs expressed by
PRRs various immune cells. However, they were first discovered in the Drosophila melanogaster (common fruit fly) as

genes/proteins important in embryonic development and dorso-ventral body patterning/polarity. Till date, 13
different types of TLRs (TLR1-TLR13) have been discovered and described in mammals since the first discovery
of TLR4 in humans in late 1997. This discovery of TLR4 in humans revolutionized the field of innate immunity
and thus the immunology and host-pathogen interaction. Since then TLRs are found to be expressed on various
immune cells and have been targeted for therapeutic drug development for various infectious and inflammatory
diseases including cancer. Even, Single nucleotide polymorphisms (SNPs) among various TLR genes have been
identified among the different human population and their association with susceptibility/resistance to certain
infections and other inflammatory diseases. Thus, in the present review the current and future importance of
TLRs in immunity, their pattern of expression among various immune cells along with TLR based therapeutic
approach is reviewed.

1. Introduction inflammatory immune response [17-21]. Thus this recognition of pa-
thogens by PRRs plays a very important role in the generation of an
effective innate immune response. TLRs are one of highly conserved

PRRs and have been identified in animals as low as nematodes that is

The innate immune system is the primary defense entity of the host
to protect against invading pathogens and thought to be evolutionarily

conserved and phylogenetically ancient arm of the immune system
[1,2]. In humans innate immune system mainly comprises of innate
immune cells (i.e. monocytes/macrophages, neutrophils, dendritic cells
(DCs), natural killer (NK) cells, mast cells (MCs), eosinophils, basophils
along with newly identified innate lymphoid cells (ILCs) and mucosal
associated invariant T (MAIT) cells, y8T cells, NKT cells etc.) [3-9] and
its humoral components that is circulating complement system pro-
teins/components, cytokines and chemokines secreted by innate im-
mune cells along with various antimicrobial peptides (AMPs) (i.e. LL37,
Bactericidal/permeability increasing protein (BPI) etc. [10-16]. Innate
immune cells express various pattern recognition receptors (PRRs) in-
cluding Toll-like receptors (TLRs,) responsible for the recognition of
pathogen-associated molecular patterns (PAMPs) and induction of

Caenorhabditis elegans (C. elegans) and in ascidian called Ciona in-
testinalis (C. intestinalis) [22-25]. The first identification of TLRs in 1988
in Drosophila melanogaster or D. melanogaster [26] and then subsequent
recognition of its one homolog called TLR4 in humans in 1997 [27]
revolutionized the field of innate immunity. This novel discovery of
TLR4 in humans filled the great gap stayed long in the field of im-
munology that is how pathogens and microbes are recognized by host
immune system. However, a variation in TLR4 expression and function
in different animal species is also observed [28]. In addition to the
variation in expression of TLR4 among different animals, a great var-
iation in expression of the number of TLRs in the animal kingdom is
observed [29]. For example, Purple sea urchin or Strogylocentrotus
purpuratus expresses most that is 222 TLRs, Amphioxus or
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Branchiostoma floridae expresses 42 TLRs, Xenopus or Xenopus tropicalis
expresses 19 TLRs, while Zebra fish or Danio rerio expresses 17 TLRs
[30,31]. This can be explained on the basis of the evolutionary primi-
tiveness of the animal. This is because TLRs are involved in the re-
cognition of almost every pathogen including bacteria, viruses, fungi,
and parasites in animals as soon as they come in contact with the host
via any route of pathogen exposure [32-34]. Thus, TLRs are very im-
portant PRRs of immune system required to initiate an effective innate
immune response at an early stage of infection [35,36]. While at later
stages these TLRs regulate the generation of adaptive immune response
[37-39]. Thus, TLRs are still sitting over the top of the immune system
pyramid since their first discovery in D. melanogaster in 1988 and will
they be remain sitting at this position in the ever-changing and evolving
field of innate immunity and immunology. This review is designed to
highlight the past, present, and future of TLRs in immunity in terms of
their pattern of expression in various immune cells, recognition of
various TLR SNPs in humans making them resistant/susceptible to
various infections and inflammatory disease and development of var-
ious TLR agonists and antagonist as pharmacological therapeutics and/
or vaccine adjuvants.

2. Recognition of pathogens by TLRs and generation of
inflammatory immune response

2.1. Discovery of TLRs and their recognition as PRRs

The Toll protein was first identified in D. melanogaster or common
fruit fly as an integral membrane protein with a cytoplasmic domain
and a large extra cytoplasmic domain with a role in dorso-ventral body
patterning during embryonic development as a maternal effect gene
[26]. The further study established that maternal expression of toll
genes plays an important role in the correct spatial organization of
lateral and ventral structures of Drosophila embryo [40]. While ex-
pression of toll gene in the embryo is an essential factor for the survival
of embryo and this zygotic Toll protein exhibits similar biochemical
activity as shown by maternal Toll protein [40]. Thus, Toll proteins
were first identified as very important proteins responsible for the
viability of the insect embryo and their development along with pat-
terning.

In 1991, Gay and Keith showed that cytoplasmic domain of Toll
protein of Drosophila was related to interleukin-1receptor (IL-1R) of
humans [41]. These Toll proteins were further shown to exert anti-
fungal action in D. melanogaster via regulating the gene responsible for
synthesis of an antifungal peptide called drosomycin [42]. Thus, an era
of recognition of TLRs as PRRs was about to begin as later in 1997
human homolog of Toll protein was identified by the group led by a
prominent immunologist Charles A Janeway Junior, which is now
known as toll-like receptor 4 (TLR-4) [27]. Thus, similar to Drosophila
Toll, human Toll is also a type I transmembrane protein having an
extracellular domain comprising of a leucine-rich repeat (LRR) domain,
and a cytoplasmic domain homologous to the cytoplasmic domain of
the human IL-1R [27]. Both Drosophila Toll and the IL-1 receptor (IL-
1R) signal through NF-kB pathway [27,41].

This identification of human Toll protein revolutionized the field of
immunology and led to the development of the concept of PRRs and
innate immunity [43]. This is because after their first identification and
characterization in humans that is human TLR4, different Drosophila
homologs of Toll have been identified, causing an activation of NF-kB
upon stimulation. This was further strengthened by the view of Gay and
Keith (1991) that TLRs and IL-1Rs are related to each other and trigger
similar signaling responsible for the inflammatory pathway [27,41,44].
By 1998, five human TLRs (i.e.TLR1, 2, 3, 4 and 5) had been identified
as direct homologs of Drosophila Toll protein along with their genetic
location on human chromosomes [44]. For example, tIr 1, 2, and 3
genes for humans are located on chromosome 4, tir4 gene is located on
chromosome 9 and tir5 gene sits on the chromosome 1 [44].
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Subsequently in 1998 the receptor for identification of lipopoly-
saccharide (LPS) in mouse was identified by a group of researchers,
called TLR4 belonging to IL-1R family [45] as a mutation in this gene
was making certain mice strains (i.e. C3H/HeJ and C57BL/10ScCr
mice) more resistant to LPS but still they were highly prone to get gram-
negative bacterial infections [46,47]. Thus, identification of TLRs and
the TLR4 as a potential and major receptor for bacterial LPS in mice and
humans revolutionized the biology of the mammalian immune system
[43,48]. This discovery proved to be a milestone in the evolution of the
innate immune system as an important component of the immune
system responsible for recognizing potential pathogens, inflammatory
immune response and regulating the adaptive immune response. This is
because, before the identification of PRRs and concepts regarding in-
nate immunity given by late CA Janeway Junior [49,50], im-
munologists were mainly focussed on adaptive immunity that is T cell
and B cell-based immune response. Thus, the discovery of TLRs as PRRs
played an important role in the establishment of the innate immune
system as a separate and important branch of immunology. Further-
more, both the arms of immune system regulate each other depending
on the cause, duration, and intensity of the associated immune response
and its outcome.

3. Current scenario in TLR biology, regulation of innate immune
response by TLRs during infection and generation of pro-
inflammatory immune response

TLRs have been considered evolutionarily conserved proteins and
the oldest TLR has been identified in nematodes (i.e. Caenorhabditis
elegans or C. elegans) [51,52]. These are essentially characterized by an
extracellular leucine-rich repeat (LRRs) domain, which mediates re-
cognition of PAMPs, a transmembrane domain along with its cytosolic
or intracellular Toll/IL-1R-like (TIR) domains required for downstream
signaling pathways [27,51-53]. Thus, Toll signaling is present from
primitive life that is nematode to the most advanced form of life that is
modern human and plays a very important role in the development and
immune response [52]. Till date, 10 functional TLRs (i.e. TLR1-TLR10)
in humans and 13 active TLRs in laboratory mice have been identified
[54]. Whereas, D. melanogaster, has 9 different Toll proteins (i.e. Toll,
18 Wheeler (18W) or Toll-2, Toll-3-Toll-9) [55]. These Toll receptors
have two or more characteristic cysteine-rich motifs flanking LRRs.
However, TLR-9 of humans and toll-9 of D. melanogaster have only
single cysteine-rich motif between the transmembrane domain and
LRRs [55]. Even toll-9 from D. melanogaster has a great homology with
mammalian TLR1, 2, 4 and 6 [56].

All TLRs expressed by host cells are synthesized in the endoplasmic
reticulum (ER) and are transported to Golgi complex and from there
these TLRs are transported to either cell membrane or intracellular
compartments (i.e. endosomes) [57]. The trafficking of intracellular
TLRs (i.e. TLR3, TLR7, TLR8, and TLR9) to endosomes is controlled and
regulated by a multi-pass transmembrane protein called UNC93B1
(Unc-93 homolog B1) [57]. The excessive activation of TLR7 is also
controlled by UNC93B1 by employing TLR9 to counteract the ex-
aggerated activation of TLR7 [57,58]. Protein associated with TLR4
(PRAT4A) is another ER resident protein molecule controlling TLR
trafficking of TLR1, TLR2, TLR4, TLR7 and TLR9 from ER to their site of
location that is plasma membrane and endosomes [59]. gp96 (a
member of Hsp90 family) in ER acts as a general chaperone for most of
TLRs including TLR1, TLR2, TLR4, TLR5, TLR7 and TLR9 [60]. Pro-
teolytic cleavage of nucleic acid-sensing TLRs by Cathepsin B, S, L, H,
and K and asparaginyl endopeptidase is required for the functional
maturation of TLRs to recognize their competent ligands and mount an
effective innate immune response [61-63].

TLRs are either expressed extracellularly on the cell surface (For
example, TLR1, TLR2, TLR4, TLR5, TLR6, and probably TLR11 and
TLR12 of mice and TLR10 of humans are expressed largely on the cell
surface of innate immune cells) or intracellularly in the cytosolic
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compartment inside vesicles, for example in endosomes (TLR3, TLR7,
TLRS, and TLRO are intracellular TLRs), where they recognize microbial
genetic material that is DNA or RNA [64-74]. However, TLR2 and TLR4
are also present as intracellular TLRs in DCs, epithelial and endothelial
cells [75-77]. As these intracellular TLRs are present in vesicles or
endosomal compartment so they do not come in contact with host cell-
derived nucleic acids (DNA or RNA) under most physiologic conditions
and do not cause activation of an innate immune response against self
DNA or RNA [78]. These intracellular TLRs present in endosomes play
an important role in the generation of anti-nucleic acid and rheumatoid
factor autoantibodies (for example, IgG autoAbs and IgM rheumatoid
factor) in patients suffering from systemic lupus erythematosus (SLE),
where autoantibodies are generated against person's own nucleic acids
(i.e. DNAs and RNAs) [79]. However, it is beyond the scope of the
present article to discuss the detail of each TLR signaling pathway that
is described elsewhere [80-85]. Table 1 is summarizing the numbers of
TLRs found in mammalian species mainly in humans and laboratory
mouse and their role in pathogen recognition, TLR SNPs and disease
association and expression pattern.

Innate immunity plays a major role in the immunopathogenesis of
inflammation and inflammatory diseases including sepsis [17]. As
mentioned previously, all the innate immune cells that is macrophages,
neutrophils, DCs, mast cells, NK cells (i.e. human NK cells express TLR2,
TLR3, TLR5, TLR7/8 and TLR9), epithelial and endothelial cells etc.
express various TLRs, which help in the recognition of PAMPs in ex-
tracellular as well as intracellular environment [64-72,86,87]. Thus,
TLR mediated recognition of pathogens by innate immune cells plays a
very important role in the induction of pro-inflammatory immune re-
sponse required to clear the infection. And under certain circumstances,
this response can be uncontrolled and exaggerated leading to the de-
velopment of severe systemic inflammation and sepsis. LPS or en-
dotoxin acts as a major PAMP of gram-negative bacteria and is re-
cognized by TLR4, while lipoteichoic acid (LTA), peptidoglycan (PGN)
are the major PAMPs of gram-positive bacteria recognized by TLR2.
Additionally, TLR4 is also responsible for cellular recognition of various
other molecules including plant dipterene paclitaxel or Taxol (an an-
ticancer agent), fusion proteins (i.e. fusion protein of respiratory syn-
cytial virus (RSV), fibronectin, fibrinogen, heat shock proteins (HSp60
and Hsp70) and hyaluronic acid [32,82,88] (Table 1). However, TLR4
and TLR2 also act as receptors for high-mobility group box protein 1
(HMGB1) that is an alarmin released by cells dying from necrosis or
necroptosis but not from apoptosis during acute infections and at later
stages of sepsis [89-93]. Thus, apart from PAMPs, TLR signaling can
also be activated by molecules generated and released by host cells in
the extracellular environment.

4. Different pattern of expression of TLRs on various immune cells
playing important role in the pathogenesis of inflammatory
diseases

4.1. Endothelial cells (ECs) and their pattern of TLR expression

The TLR mediated activation of innate immune response varies from
cell types that is when TLRs (i.e. TLR4 and TLR1/TLR2) expressed on
monocytes and macrophages are treated with LPS or Tripalmitoyl-S-
glyceryl-cysteine (Pam3Cys, a lipopeptide) they release TNF-a and IL-
1B robustly but ECs (i.e. human umbilical vein ECs (HUVECs) and
human lung microvascular ECs) under similar condition produce very
little or no TNF-a or IL-1f, instead they express IL-6, IL-8, CSF2 (Colony
stimulating factor 2), CSF3 (colony stimulating factor 3), ICAM-1
(Intercellular adhesion molecule 1) and SELE (Selectin E or CD62L)
genes, which are required for neutrophil chemotaxis and migration
[94-96]. While, almost similar amount of IL-6 and IL-8 cytokines are
produced by primary human endothelial cells (ECs) and monocytes
[94,97]. This may be explained as a divergent role of extracellular
signal-regulated kinasel/2 (ERK1/2) during inflammatory activation of
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ECs and other innate immune cells that is monocytes and macrophages
etc. [98]. For example, ERK5 activation plays an important role in
HUVECs, primary human lung microvascular ECs and human mono-
cytes activation upon their stimulation with TLR2 agonists [98].
Whereas MEK1 (MAP2K1, mitogen-activated protein kinase kinase 1)
negatively impacts the TLR2 signaling in ECs but promotes TLR2 sig-
naling in monocytes [98]. Thus, ERKS5 acts as a key regulatory kinase of
TLR2 signaling in ECs and monocytes and forms the basis of funda-
mental differences in TLR signaling pathways between ECs and mono-
cytes [98]. Thus, ECs upon stimulation with TLR signaling pathway act
differently from monocytes and macrophages. For example, ECs secrete
IFN-B, IL-1a, IL-6, IL-10, IL-28, IL-29, granulocyte-colony stimulating
factor (G-CSF), and granulocyte-monocyte-colony stimulating factor
(GM-CSF) as major cytokines [77,94,98-104], while leukocytes (that is
monocytes, neutrophils and DCs etc.) secrete, G-CSF, IL-1a, IL-1, IL-2,
IL-6, IL-9, IL-10, IL-12 (p35, p40, p70), IL-13, IL-15, IFN-a, IFN-B, IFN-
¥, TGF-B1 and TNF-a upon TLR stimulation [105-110].

Another major difference between ECs and leukocytes is that TLR2
and TLR4 are only expressed on cell surface of these leukocytes (i.e.
monocytes, macrophages, neutrophils, DCs and NK cells) but in ECs
these (i.e. TLR2 and TLR4) are also expressed intracellularly [98,111].
Thus, the LBP (lipid binding protein) mediated formation of LPS-CD14
complexes and their internalization and delivery to intracellular MD2-
TLR4 complex initiates intracellular TLR4 activation in these cells
[111]. However, the recognition of low to moderate amount of LPS
(0.1-10.0 ng/ml) by ECs requires soluble CD14 (sCD14) [111] but it is
not required for high levels (=1 pgm/ml) of LPS detection. CD14 acts
as a co-receptor and is present in association with the TLRs in cell
surface and for other TLRs also on cell types including macrophages.
TLR7 and TLR9 also require CD14 for the uptake of virus and induction
of pro-inflammatory cytokines during viral infections including vesi-
cular stomatitis virus infection [112]. Also, human endothelial cells
including HUVECs, human coronary artery endothelial cells (HCAECs),
human microvessel endothelial cells from brain (HMVEC-Brain),
HMVEC-Liver and HMVEC-Lungs do not express TLR8 but human
monocytes express higher levels of TLR8 [69]. While HMVECs-liver do
not express TLR2 and relatively low levels of TLR2 are found on
MHVEC-brain [69]. In addition, the expression of various TLRs (i.e.
TLR5, 6, 7, 9, 10) on these ECs is very low as compared to their ex-
pression on primary human monocytes [69]. However, human mono-
cytes express very low levels of TLR3 as compared to human en-
dothelial cells [69]. Thus, this variation in expression of TLRs on ECs
can impact the pathogenesis and outcome of certain inflammatory
disorders where ECs are involved that is sepsis-induced vascular
leakage and chronic inflammatory disease [113-115].

4.2. Natural Killer (NK) cells and TLR expression

NK cells are important innate immune cells with an essential role in
tumor immunity, antibacterial immune response, anti-viral immune
response and human pregnancy [116-121]. The killer immunoglobulin-
like receptors (KIRs), the Ly49 receptors, and the CD94/NKG2 (Natural
Killer Group 2) receptors are the major families of receptors used by NK
cells for their immunological function and education [123,124]. All
human and mice NK cells express NKG2D receptors, which are C-type
lectin-like, type II transmembrane glycoproteins and regulate NK cell
activation during viral infections and different cancers via binding to
corresponding ligands [125,126]. Both activating and inhibitory Ly49
receptors are expressed by murine NK cells but not by human cells
[127,128]. Although humans have a gene for Ly49 that appears to be
pseudogene but baboons express it [129]. KIRs are the major recogni-
tion receptors for primates including humans [122]. KIRs regulate NK
cell cytotoxic activity via recognizing the human leukocyte antigen
(HLA) and binding to these molecules expressed on target cells
[130-132]. Till date fourteen receptors in KIR family have been re-
cognized including seven inhibitory receptors (KIR3DL1, 3DL2, 3DL3,
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2DL1, 2DL2, 2DL3, and 2DL5), six activating receptors (KIR3DS1,
2DS1, 2DS2, 2DS3, 2DS4, and 2DS5) and one KIR2DL4 (with both in-
hibitory and activating action) receptor [133-135]. Along with these
. receptors NK cells also express TLRs that are involved in the recognition
E of viral and bacterial PAMPs [87,130,136]. However, studies have also
‘;" shown an interaction between KIRs expressed on NK cells and TLR li-
N gands [137]. The treatment of NK cells with CpG ODN (oligodeox-
z ynucleotide) downregulates KIR3DL2 inhibitory receptors on their
g e surface from the cell surface [137]. Only KIR3DL2* NK cells release
g g "‘g ‘é IFN-y upon stimulation with CpG ODN suggesting that KIR3DL2 plays
& g o o an important role in the recognition of CpG ODN by NK cells [137].
k] " ; § § o Furthermore, in human NK cells, extracellular recognition of CpG ODN
Eo % fgi ) ;L‘E by surface KIR3DL2 plays a role in the internalization of CpG ODN
S = £ 2888 where it is recognized by endosomal TLR9 expressed in early endo-
somes [137]. Thus, KIR (i.e.KIR3DL2) expressed on NK cells helps TLRs
- in recognizing PAMPs and mounting a significant immune response to
é take care of the infection. However, this stimulation of TLR9 with CpG
& ODN did not impact the expression of other NK cell surface receptors
g (i.e. NKG2D, NKG2A, CD16, CD56, DNAM-1, CD2, LFA-1, 2B4, and
g NTBA) [138,139]. The expression of activating receptors and their li-
= gands on NK cells is also affected by TLR stimulation [140]. This pro-
Z cess is seen during the killing of macrophages infected with Myco-
@ bacterium tuberculosis by NK cells to clear the pathogen via NKp46,
4 NKp30 and NKG2D overexpression on NK cells and ULBP1 (a ligand of
g NKG2D) on infected macrophages due to activation of TLR2 [141,143].
§ £5s Thus, TLR stimulation controls both inhibitory and activating receptors
& ccR on NK cells.

%E E E E The pattern of expression of TLRs on human NK cells is also dif-
2 - %0 z ; E ferent from monocytes and macrophages, for example, TLR1 is most
g Z A % Eg 5 highly expressed of all TLRs on isolated NK cells at mRNA levels, while
=] a O 2ZzaAaAaq mRNAs of other TLRs including TLR2, TLR3, TLR5, and TLR6 are ex-
pressed at moderate levels [143,144]. Even stimulation of NK cells via
8 P ¥ 9o wag TLR2 and TLRS activation through outer membrane protein A from
E 5 5 é S 5 E Klebsiella pneumoniae (KpOmpA) and flagellin cause synthesis and re-
§ E, E, g E, E, E, lease of a-defensins and antimicrobial peptides (AMPs) from these cells
g § § ‘vg ~§ é’ § [144]. Thus, NK cells are capable of direct recognition of bacterial
= = HoomEEEE PAMPs and secrete AMPs that exert direct cytotoxic antibacterial ac-
; < g tion. An increased number of NK cells has also been seen in the joints of
% & ] patients havinﬁ_r:leumatoid arthritis (RA) [145]. Majority of these NK
; % 5 g 3 cells are CD56™'#" with higher levels of CD94/NKG2D and lower levels
% > E Z 5 of KIRs and CD16 receptors [145]. Fibrinogen, HSP 60 and 70, EDA
g = 2 5 E’ (Alternatively spliced domain A) fibronectin, HSP22 (Heat shock pro-
g g é: == tein 22), HMGB1 are various TLR2 and TRL4 ligands that are elevated
2 5 § E E in synovial tissues of RA patients [146]. NK cells found in inflamed
% = § T joints of RA patients may act as important inflammatory cells along
E é % Vé “3 with synovial macrophages and DCs due to the expression of both TLR2

£ E E = % and TLR4 at the cell surface as well as intracellularly [147].
£ | =28 £5 TLR9 mRNA is absent in CD3 ~CD56'" and CD3 ~ CD56" 8" NK cells
° £2z%5 [144]. Interestingly, resting human NK cells highly express mRNA of
= |85 %¢ TLR2 but the mRNAs of TLR4 and TLR3 are weekly expressed, while the
:: o 2 § E & fc<a mRNA of TLRS8 is absent [148]. However, upon stimulation with viral
E S8aaazZ2ZzZ antigens, the levels of mRNAs of all these 4 TLRs (TLR2, TLR4, TLR3
o and TLR8) were highly elevated [149]. Human uterine NK (uNK) cells
§ express TLR2 at both cell surface and intracellularly [150]. However,
_g the expression of TLR1, TLR2, TLR3, TLR4 and TLR9 at the protein level
E is reported in adult human NK cells of both CD56"8" or CD56'°" sub-
Z o types and like ECs, TLR2 and TLR4 are also expressed intracellularly in
:5,5: § both human and murine NK cells [148,151-153]. TLR9 is also found to
= b be expressed intracellularly in NK cells [147]. TLR9 is shown to play an
_ s 2 % important role in the pathogenesis of type 1 diabetes mellitus (T1DM)
§ %g < [154,155]. NK cells are shown to play role in the TIDM [145,156].
§ g T § E A< Thus, it will be interesting to study the role of TLR9 signaling in NK
S|E=|- © zzz=z cells in the pathogenesis of T1D. The mean fluorescent intensity (MFI)
- © o Soan of intracellular TLR2 in CD56™#" and CD56'°" NK cells increases in
‘j: & g g = E [&_‘ é patients with sepsis as compared from healthy controls [153]. Thus, the
= modulation of TLR expression in NK cells has been noticed in patients
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suffering from sepsis.

The activation of NK cells by TLR ligands is also different from other
innate immune cells that are monocytes/macrophages/neutrophils. For
example, for cytokine production by both murine and human NK cells
along with presence of TLR ligands [i.e. LPS, CpG-DNA or Pam(3)CysSK
(4)] they also require accessory cytokines (i.e. IL-15 + IL-18, IL-2 + IL-
12, IL-2 + IL-18) to produce IFN-y or GM-CSF [152,153]. And IL-2 is
the only cytokine capable of stimulating NK cells to produce these cy-
tokines in the absence of any TLR ligand [148]. Sometimes TLR ligand-
dependent activation of NK cells requires the contact of NK cells with
accessory cells that are DCs to produce cytokines, which is mediated by
a newly identified interferon regulatory factor-3 (IRF-3)-dependent NK
activating molecule [157,158]. The LTA mediated stimulation of
human NK cells causes an expression of CD25 and CD69 on these cells
along with the release of IFN-y, indicating the presence of active TLR2
(CD282), causing activation of NK cells in response to TLR2 ligands
[159]. Thus, involvement of TLRs expressed on NK cells in the pro-
duction of IFN-y upon ligation with their corresponding PAMPs along
with the presence of cytokine released by other innate immune cells
(i.e. monocytes, neutrophils, mast cells, DC, ECs etc.) plays an im-
portant role in the induction of inflammatory immune response in-
cluding sepsis and its outcome [160-163]. For example, freshly isolated
human peripheral blood NK cells in the presence of IL-12 become ac-
tivated by dsRNA (TLR3 ligand) or unmethylated CpG DNA (ligands for
TLR9) [164]. This is indicated by the induction of the expression of
CD69 and CD25 (activation markers) [164]. This causes an increased
release of IFN-y and TNF-a and cytolytic action of these NK cells against
tumor cells [164]. Thus the use of various TLR agonists to stimulate NK
cells has a great potential to serve as adjuvants for NK cell-based im-
munotherapy against several cancers. On the other hand, this TLR-
mediated early recognition of pathogens by NK cells can prove helpful
to mount an effective early innate immune response during microbial
infections.

4.3. Dendritic cells (DCs) and TLR expression

DCs are another class of innate immune cells, which are classified
into two different subtypes: a) CD11c positive myeloid DCs (mDCs) and,
b) CD11c negative plasmacytoid DCs (pDCs) in peripheral circulation
[165]. pDCs account for 0.1% of all blood mononuclear cells in humans
and upon pathogen exposure they secrete number of cytokines in-
cluding IL-12, TNFa, Regulated on activation normal T cells expressed
and secreted (RANTES or CCL5), IL-10, interferon-gamma-induced
protein-10 (IP-10 or CXCL10), IL-6, macrophages inflammatory protein
(MIP)-1a and MIP-1f3 [165-169]. In pDCs all TLR7 and TLR9 depen-
dent innate immune responses are mainly mediated by MyD88 activa-
tion and the formation of a complex between MyD88, TRAF6 and IRF-7
[170,171]. Formation of the MyD88 complex with IRF7 involves the
interaction of death domain of MyD88 with an inhibitory domain of
IRF7 causing an activation of IFN-a-dependent promoters [170].
Whereas, adaptor molecule TRAF6 also binds to IRF7 and ubiquitin
ligase activity of TRAF6 plays an essential role in activation of IRF7 and
release of [FN-a [170]. However, in addition to MyD88, TRAF6 and
IRF-7, IRAK4 also plays an important role in activation of IFN genes and
secretion of IFN-a and IFN-B via TLR9 pathway activation in pDCs
[171]. This complex comprising of MyD88, TRAF6, IRF-7, and IRAK4
has been considered as a cytoplasmic transductional-transcriptional
processor (CTTP) [171]. However, in addition to this CTTP complex, an
interaction of IRF-7 with IRAK-1 is required for effective production of
IFN-a [172]. This is because upon TLR7 and TLR9 activation these
pDCs produce only IL-12 and IL-6 with no IFN-a in the absence of IRAK-
1 [173]. While in the absence of IRF-5, pDCs secrete normal levels of
IFN-a but diminished the amount of IL-12p40 and IL-6 in response to
CpG [173]. However, mDCs can be categorized further depending on
differential surface expression of CDlc (BDCA1, Blood dendritic cell
antigen 1), CD16 and BDCA3 and CD16-mDCs comprise largest
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population (65-75% of total mDC population) of mDCs in peripheral
circulation in humans, followed by CD1lc-mDCs (10-20%) and then
BDCA3-mDCs (3-5%) [174,175]. Human mDCs express all TLRs except
TLRO that is not expressed by these types of DCs, while pDCs in humans
lack TLR2, TLR3, TLR4, TLR5, TLR6, and TLR8 but they express TLR10
and higher levels of TLR9 [166]. It should be noted that mDCs lack
TLR9, while pDCs express highest levels of TLR9 [166]. However,
human DCs derived by monocytes (moDCs) during in vitro culture ex-
press all other TLRs except TLR9 and TLR10 and they express higher
levels of TLR4 as compared to CD1c-mDCs [166]. mDCs produce IL-12
and moDCs produce type 1 IFNs upon stimulation with LPS via acti-
vation of TLR4-dependent signaling pathway [176,177]. In DCs binding
of LPS to CD11b (due to low expression of CD14 on DCs) initiates ac-
tivation of TLR4 signaling [178,179]. Thereafter, this TLR4 down-
stream signaling in DCs further requires MAP3K apoptosis signal-reg-
ulating kinase 1 (ASK1 or MAP3K5) to activate p38a for optimal
secretion of pro-inflammatory cytokines (i.e. TNF-a, IL-1 and IL-6)
[180]. Mice lacking ASK1 are resistant to develop LPS induced septic
shock and arthritis [181]. ASK1 acts by forming a complex with TRAF2
and TRAF6 in response to LPS mediated generation of reactive oxygen
species (ROS) [182]. This is because during steady state ASK1 forms an
inactive complex with thioredoxin and TLR4 stimulation breaks this
complex and free ASK1 binds to TRAF2 and TRAF®6, causing its acti-
vation via autophosphorylation [183]. While, stimulation of TLR1, 2
and 6 on DCs causes their maturation and secretion of several cytokines
that is IL-6, IL-8, IL-10, IL-12 and TNF-a [166].

Loss of DCs in circulation, spleen, lymph nodes (i.e. mesenteric
lymph nodes) and various organs is associated with immunoparalysis
observed in patients dying of sepsis [184,185]. Treatment of animal
models of sepsis with FMS-related tyrosine kinase 3 ligand (FLT3L) (a
DC growth factor) restored the DC function via enhancing releases of
certain cytokines that is IL-12, IL-15 and IFN-y along with augmenting
functions of neutrophils, NK and CD4™ T cells and increased the sur-
vival of the experimental animals [186-188]. The protective effect of
FLT3L was observed even after the adoptive transfer of DCs treated with
FLT3L into the septic animals [189]. Intrapulmonary transfer of bone
marrow-derived DCs (BMDCs) also prevented the development of fatal
pulmonary aspergillosis in mice recovering from sepsis [190]. Animals
recovering from sepsis are more prone to develop severe secondary
infections due to prolonged immunosuppression via mechanisms in-
volving transforming growth factor B (TGF-3) secreted by paralyzed
DCs causing accumulation of regulatory T cells (Tregs) in lungs and the
development of tolerogenic DCs expressing Blimpl [191]. Thus, re-
storation of normal functioning of host DCs is very important to prevent
immunoparalysis or immunosuppression observed in septic patient and
further to prevent the patients recovering from sepsis to catch the se-
vere secondary infection. This can be better understood by studying the
TLR mediated regulation of DCs as TLR agonists have shown an im-
portant improvement in survival of animals suffering from acute
pneumonia after hemorrhagic shock [192,193]. TLR agonist treatment
might have prevented the generation of tolerogenic DCs or prevented
the release of TGF-3 from these tolerogenic DCs via increased expres-
sion of MHC class II molecules and co-stimulatory receptors that is
CD80 and CD86 on DCs [191-193]. Thus, regulation of TLR mediated
function of DCs plays an important role in the pathogenesis of both
infectious and inflammatory diseases and their outcome in terms of
survival. Thus, restoration of DCs during sepsis seems to be one of the
primary therapeutic approaches.

4.4. Gamma Delta (v8) T cells in inflammatory diseases and their
expression pattern of TLRs

y8T cells are very important cells of the mammalian innate immune
system and play a critical role in early response to invading pathogens,
autoimmunity (i.e. Inflammatory Bowel Disease (IBD), psoriasis and
asthma etc.) and neurodegeneration along with tissue homeostasis and
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repair [194-199]. y8T cells constitute minor (2%-10% of CD3* T cells)
but a very important component of the T-cell population in peripheral
circulation in humans. Depending on the expression of T cell receptor
(TCR) human y8T cells can be classified into two major categories that
are V81 and V82 y8T cells [200]. V81 y8T cells constitute the major
population of residential T cells in mucosal tissues (i.e. intestines
(25-60%), respiratory tract and reproductive tract etc.) and skin en-
vironment of humans [201-208], where they provide the first line of
defense against invading pathogens and recruitment of inflammatory
cells [209,210]. The murine skin V81 y8T cells are also known as
Dendritic Epidermal T cells (DETC) [211], which are present in the
epidermal layer of the skin [208]. While V82 y8T cells are mainly
present in peripheral blood circulation [207]. In patients with sepsis the
population of V82 y8T or CD3*CD56* y8T cells in circulation is sig-
nificantly reduced [212]. This decrease in CD3*CD56* v8T cells starts
from day second of sepsis and progresses till the death of patient [212].
Only non-proliferative effector subset of y8T cells can be observed in
septic patients at very low levels of 0.61% as compared to healthy
controls (19.2%) [213]. y8T cells have shown a great potential to mi-
tigate the organ injury and mortality associated with sepsis in animal
models [214]. y8T cells also play an important role in modulating the
systemic inflammatory response during severe burn injuries [215]. In
addition, y8T cells play an important role in the pathogenesis of in-
vasive infections [216], which can later lead to the development of
sepsis. Thus, TLR mediated activation of y8T cells should have also
played an important role in the pathogenesis of inflammatory diseases
including sepsis. The expression of TLRs on non-stimulated or resting
v8T cells is hard to detect, but they are expressed once these cells get
activated by danger signals like mitochondrial DAMPs (MTDs) (induce
TLR2 and TLR4 expression on y8T cells) [217,218], cytokines or alar-
mins [216]. All the TLRs found in humans have been found to be ex-
pressed by activated y8T cells [216].

However, the pattern of expression of TLRs on these y8T cells varies
depending on the subtype of these cells. For example, activated V81 and
V82 y8T cells both express higher levels of TLR4 and TLR5 [219-221]
and are capable of exerting potent antibacterial immune response.
While, freshly isolated non-activated human y8T cells do not express
TLR3 on their cell surface but get upregulated on the cell surface after
24 h TCR-mediated stimulation [221,222]. But same has not been ob-
served upon incubation of freshly isolated human y8T cells with TLR3
ligands including double-stranded RNA (dsRNA) viruses such as re-
oviruses, a synthetic analog of dsRNA, polyinosinic-polycytidylic acid
[poly(I:C)], and small interfering siRNA [221,222]. TLR1, TLR2, and
TLR6 have been found to be expressed on human peripheral blood y6T
cells or V82 y3T cells [220,223]. TLR7 and TLR8 are found to be ex-
pressed intracellularly in endosomal compartments of both V81 and
V82 v8T cells [220]. TLR9 is undetectable in human y8T cells, while
TLR10 has been detected on these cells [224,225]. Thus, TLRs are ex-
pressed on these innate immune cells and play an active role in the
detection of pathogens and associated PAMPs as well as DAMPs di-
rectly.

4.5. Myeloid-derived suppressor cells (MDSCs) in inflammatory diseases
and the pattern of TLR expression

MDSCs comprise a heterogeneous cell population of immature
myeloid cells consisting of myeloid progenitor cells and progenitors of
monocytes/macrophages, neutrophils and DCs with strong suppressive
action on T cell functions [226]. In mice these MDSCs are categorized in
two different populations: (1) monocytic MDSCs or M-MDSCs that are
CD11b* Ly-6G~ Ly-6CM#" cells and (2) granulocytic MDSCs or G-
MDSCs having CD11b* Ly-6G* Ly-6C'°" phenotype [227]. However,
in cancer patients, MDSCs are defined by the expression of CD33 or
Siglec-3 (sialic acid binding Ig-like lectin 3) or gp67 or p67 and lacking
phenotypic markers for mature myeloid and lymphoid cells [228].
However, with the advancement of tumor immunology and MDSCs
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biology different phenotypes of these MDSCs in tumor environment
have been described and are discussed in more detail elsewhere
[229-231]. In addition to their role in tumor immunology, they also
play role in infectious diseases, autoimmunity, obesity and human
pregnancy [232]. Thus, MDSCs also comprise a population of important
immune cells in various inflammatory processes and diseases.

The major focus of this section is on the pattern of TLR expression
on MDSCs. Studies have shown that MDSCs express TLR2, TLR4, TLR1,
TLR6, TLR5, TLR3 [233-237]. Thus, expression of these TLRs by
MDSCs also made them an important innate immune cells as these PRRs
recognize microbial PAMPs and host-derived ligands/DAMPs (i.e.
HMGBI1, Hsp60, Hsp70 etc.) released during severe infection including
sepsis or other potential inflammatory diseases [238]. These MDSCs
protect the host from inflammatory tissue/organ damage in the course
of acute infection/sepsis at its early/initial stage via suppressing the
inflammatory pathway [239,240]. Anti-Grl antibody treatment at early
stages of acute infection or sepsis indicated their immunosuppressive
action as this treatment decreased the effective number of MDSCs and
prevented the development of Th2 immune response and suppressed
CD4" and CD8"' T cell associated immune response during sepsis
[240]. Further studies in this field established MDSCs as
munoprotective cells rather than immunosuppressive innate immune
cells during the early phase of sepsis because their depletion at this
stage increased the mortality among experimental animals [241,242].
However, a study further showed that accumulation of these G-MDSCs
in the spleen of mice subjected to sepsis at least after 3 days of onset of
sepsis and continued to increase even till 12 weeks in mice that sur-
vived sepsis [235]. This accumulation of MDSCs was also recognized in
other secondary lymphoid organs that are peripheral lymph nodes in-
cluding inguinal and axillary lymph nodes [235]. This late-stage ac-
cumulation and activation of MDSCs in the spleen, bone marrow, and
peripheral lymph nodes can have immunosuppressive action on host T
cells and may be responsible for the development immunoparalysis due
to inhibition of Thl immune response and skewing it towards Th2
immune response during the late stage of sepsis. However, another
study showed that adoptive transfer of MDSCs isolated from septic mice
on day 10 into the mice with sepsis at an early stage increased their
survival via directly killing the bacteria and inhibiting the release of
pro-inflammatory cytokines [241]. Thus, early activation of MDSCs
during sepsis can be protective but at late stages may lead to the stage
of immunoparalysis that proves detrimental to host. Thus, the exact role
of MDSCs in sepsis as a friend or foe is still a topic of debate [243-245].
However, activation of MDSCs via TLR3, TLR7, TLR8 and TLRO ligands
(i.e. poly I:C, CpG ODN, TLR7/8 agonist 3 M-052 etc.) causes inhibition
of their immunosuppressive action [236,237,246]. This can serve as a
potential cell-specific therapy at later stages of sepsis where im-
munoparalysis is developed due to increased frequency and over-
activation of MDSCs and suppression of T cell-based immunity.

im-

4.6. Platelets and TLR expression pattern

Platelets are mainly characterized in mammalian species as an-
ucleate blood cells responsible for clot formation, atherosclerosis and
blood coagulation during trauma to prevent excess blood loss
[247-249]. However, further studies in the field of platelet biology
established their role in angiogenesis, development, antimicrobial im-
mune response and direct killing of potential pathogens, neurodegen-
eration, stroke, cancer and metastasis [247,250-253]. TLR4 KO mice
have shown defects in their circulating and reticulated platelet counts
[254,255]. However, here my major focus is the pattern of TLR ex-
pression on platelets and its impact on inflammatory diseases.

Both mouse and human platelets express TLR1, TLR2, TLR4, TLR6
and TLR9 [256,257]. A further study in 2005 showed a weak expression
of TLR2, TLR4, and TLR9 on the surface of human CD41* platelets
[258]. But the expression of TLR1, TLR6, and TLR8 on human platelets is
very low [258]. Additionally, these CD141* human platelets highly
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expressed TLR2, TLR4, and TLRO in their cytoplasm [258]. These TLRs
are functional on platelets as stimulation of platelets with LPS or other
TLR-ligands caused thrombocytopenia and production of TNF-a and
other potential mediators of inflammation (i.e. thromboxane, tissue
factor, pro-inflammatory cytokines etc.) under in vivo conditions
[254,256,259-267]. Platelet TLRs are not involved in the recognition of
Streptococcus pneumoniae (S. pneumoniae) instead platelets are activated
by S. pneumoniae independent of TLR stimulation [268]. Platelet MyD88-
dependent TLR signaling does not play any role in host defense and in-
duction of pro-inflammatory immune response against non-capsulated S.
pneumoniae in vivo [268]. Thus, platelets mediated TLR signaling and
clearance of S. pneumoniae cannot take place in infants and children who
are more prone to develop pneumonia and associated sepsis. This is
because S. pneumoniae is one of the major cause of childhood pneumonia
and associated sepsis all over the world. However, an activation of pla-
telets via TLR stimulation during bacterial infection/sepsis stimulates the
clearance of potential pathogens [specifically, Staphylococcus aureus (S.
aureus) and Bacillus cereus (B. cereus)] [263].

In addition, platelet TLR2 is involved in histone-induced thrombin
generation during sepsis as histones are released from several apoptotic
cells [263]. Even careers of TLR4 polymorphism Asp299Gly alone or in
a combination of another polymorphism Thr399Ile have shown reduced
thromboxane A2 (TXA2) (the main product of platelet arachidonic acid
metabolism occurring due to the activation of cyclooxygenase 1 (COX-
1), which exerts prothrombotic and proatherogenic effect) [260]. Thus,
careers of this TLR4 polymorphism may have protective phenotype
against cardiovascular diseases like atherosclerosis and other clot for-
mation disorders due to reduced production of TXA2 by platelets [260].
Hence, the expression pattern of TLRs on platelets is unique in terms of
their function and their role in the pathogenesis of inflammatory dis-
eases including sepsis and other chronic inflammatory disorders. This is
because platelets and TLRs expressed by these cells play a potential role
in the process of inflammation, development of neutrophil extracellular
traps (NETs) and several inflammatory diseases including athero-
sclerosis, sepsis [269-273]. For example, both platelet TLR4 and TLR2
are involved in its interaction with neutrophils causing the formation of
a heterotypic complex with neutrophils [259,275].

The stimulation of platelet TLR2 also increases surface expression of
P-selectin, activation of integrin alpha(llb)beta(3) and generation of
reactive oxygen species (ROS) playing an important role in inflamma-
tion [274]. Furthermore, an in vivo infection with Porphyromonas gin-
givalis (P. gingivalis) failed to form platelet-neutrophil aggregates in
TLR2™/~ KO mice [274]. This Platelet-neutrophil interaction involves
P-selectin expressed by platelets and neutrophil PSGL1 (P-Selectin
Glycoprotein Ligand 1) or CD162 [252]. During hyperlipidemia acti-
vation of platelet TLR2 via oxidized phospholipids [0xPCcpse, Oxidized
phospholipid bound to CD36 or platelet glycoprotein 4 or fatty acid
translocase (FAT)] causes hyperactivation of platelets via activation of
TIRAP (Toll-interleukin 1 receptor domain containing adaptor protein)-
MyD88-IRAK (interleukin-1 receptor-associated kinase)1/4-TRAF6
(TNF receptor-associated factor 6), causing an activation of integrin
through Src family kinase (SFK)-spleen tyrosine kinase (Syk)-PLCy2
(phospholipase Cy2) pathway [275]. This hyperactivation of platelets
via TLR2 during hyperlipidemia is responsible for the development of
thrombosis [275]. In addition to TLR2, an activation of TLR9 is also
involved in the oxidative stress-induced generation of thrombosis via
carboxy(alkylpyrrole) protein adducts (CAPs), that act as novel un-
conventional ligands for TLR9 [276]. Thus, studies investigating the
role of TLRs expressed on platelets in various immune processes during
homeostasis and inflammatory diseases have started to highlight their
role in platelet biology and inflammatory process. Future studies will
further strengthen the importance of TLRs in platelet biology and in-
flammatory diseases.
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4.7. Mast cells and TLR expression

Mast cells are sentinel innate immune cells and regulate both in-
nate and adaptive arms of immune system along with other physiologic
and pathophysiologic conditions [277-279]. However, the pattern of
expression of TLRs on human and mouse mast cells (i.e. bone marrow-
derived mast cells (BMMCs), connective tissue mast cells (CTMCs) and
foetal skin-derived mast cells (FSDMCs) etc.) and impact of different
TLR-ligands on them has been studied in detail and described elsewhere
[71,280-282]. BMMCs from mice and mast cell line MC/9 derived from
mice express mRNA for TLR2, TLR4, and TLR6 but not TLR5 and lack
surface expression of CD14 [283]. These cells produce pro-in-
flammatory cytokines in response to LPS and other TLR ligands [283].
While human mast cells express TLR2, TLR4 and respond differently to
LPS and LTA or PGN and secrete TNF-a, IL-5, IL-10, and IL-13 respec-
tively [284]. However, the release of TNF-a from human cord blood-
derived mast cells requires priming with IL-4 and serum as a source for
sCD14 [284]. TLR4 mediated stimulation of murine mast cells via LPS
operates through the activation of the only MyD88-dependent pathway,
while MyD88-independent or TRIF dependent pathway is not functional
[285]. Additionally, TRIF-dependent and MyD88-independent path-
ways of TLR4 stimulation seem to be operational only when TLR4 gets
internalized into endosomes upon its stimulation [286-288]. This TLR4
internalization to endosome upon stimulation with LPS has not been
recognized in mast cells and they lack type 1 IFNs release upon LPS
stimulation due to the non-existence of TRIF-dependent TLR signaling
[285,289]. This can be explained due to a reduced level of expression of
TRAM (TRIF-related adaptor molecule) in mice BMMCs that is involved
in connecting TRIF to TLR4 receptor complex upon TLR4 stimulation
and inducing TRIF-dependent TLR4 signaling pathway and release of
type 1 IFNs [285].

Additionally, mice mast cells do not express CD14 that is also re-
quired for TLR4 internalization [290,291]. Thus reduced TRAM ex-
pression and absence of CD14 on murine mast cells render them to
internalize TLR4 upon its stimulation. Human neutrophils also lack
TRIF-dependent activation of TLR4 signaling pathway as they also do
not release type 1 IFNs upon LPS stimulation [292] but express fewer
CD14 (albeit 10 times lesser copy numbers per cell in comparison to
monocytes) [293]. Thus CD14 has a potential role in TLR4 inter-
nalization and TRIF-dependent release of type 1 IFNs. However more
studies are required in this direction. TLR2 stimulation of human mast
cells causes the release of histamine, which does not take place by LPS
stimulation [284]. In addition to TLR4 and TLR2, human cultured mast
cells express TLR-1, TLR-3, TLR-5, TLR-6, TLR-7, TLR-8, TLR-9 and
TLR10 (at mRNA levels) [71,294].

Viruses and poly I:C mediated stimulation of TLR3 on human mast
cells leads to the release of IFN-a and IFN-f3 but no TNF-a IL-1f3, IL-5, or
GM-CSF as released by stimulation with TLR4 or TLR ligands [294].
However mouse BMMCs and FSDMCs behave differently when stimu-
lated with TLR3, TLR7 and TLR9 ligands that are poly I:C, R-848, and
CpG ODN [282]. For example, upon stimulation of TLR3, TLR7 and
TLR9 with these ligands only FSDMCs release TNF-a, IL-6, RANTES,
MIP-1a or CCL3, and MIP-2 (CXCL2) but same molecules are not re-
leased by mouse BMMCs [282]. However, both types of mouse mast
cells (BMMCs and FSDMCs) fail to degranulate (i.e. histamine, 3-hex-
osaminidase or serotonin release) and release IL-13 in response to
TLR3, TLR7 and TLR9 stimulation via poly I:C, R-848, and CpG ODN
[282]. Also, mouse BMMCs are less potent than mouse peritoneal cell-
derived mast cells (PCDMCs) in terms of their cytokines release upon
TLR stimulation [280]. For example, PCDMCs release higher levels of
pro-inflammatory cytokines that is IL-1, IL-6, IL-10, IL-17, TNF-a, GM-
CSF and IFN-y upon stimulation with TLR2 ligands LTA and MALP-2
(macrophage-activating lipopeptide-2, a 2-kDa synthetic derivative
from Mycoplasma fermentans, which signals through TLR2 and TLR6) as
compared to BMMCs [280]. This can be explained as immature BMMCs
only express a truncated form of the TLR2 instead of the full-length
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TLR2 protein [280]. Thus, mast cells located at different places react
differently to TLR stimulation. Activation of TLR3 on mast cells via
double-stranded RNA (dsRNA) inhibits its attaching property to vi-
tronectin (VN) and fibronectin (FN) and may decrease its response in
IgE mediated mast cells stimulation [295]. Activation of TLR2 via LTA
downregulates FcepsilonRI expression on human mast cells [296].
Thus, can we rule out that patients recovered from gram-positive bac-
terial sepsis may have protection against certain allergies caused by
over-activation of mast cells due to downregulation of FcepsilonRI ex-
pression on mast cells or just this effect lasts only till the presence of
TLR2 ligands or for longer duration? An interesting research area
needed to be explored.

4.8. T cells and pattern of TLR expression on various subtypes of T cells

T cells [i.e. CD4" and CD8* and CD4*CD25% regulatory T cells
(Tregs) etc.] are major cells of the adaptive immune system and are
present in peripheral blood circulation as well as in various target or-
gans including skin, liver, lungs, kidneys, spleen etc. Various studies
have shown T cells play a very important role in the process of in-
flammation varying from sterile to infectious to auto-immune in-
flammation [297-299]. Even these cells programme memory of in-
flammation depending on previous exposure to potential inflammogens
[300]. For example, these CD4* and CD8" T cells in both compart-
ments that is peripheral blood circulation and in various organs are
affected by sepsis [301-304]. These are significantly decreased to very
low levels in patients who succumb to sepsis [305-307]. Even these T
cells start to undergo apoptotic cell death within first 24 h of onset of
sepsis [303,308,309]. Thus, prevention of this apoptotic T cell death
and associated lymphopenia can prove beneficial in restoring protective
innate immune response via the release of IFN-y and IL-17 within first
24h of sepsis onset [310]. While the number of CD4*CD25" reg-
ulatory T cells (Tr.gs) in circulation increases and negatively impacts the
tissue protective immune response against sepsis (i.e. induce increased
apoptotic death of monocytes required to clear to pathogen from cir-
culation) or severe infection leading to the stage of immunoparalysis
and poor prognosis [311-314]. However, adoptive transfer of in vitro-
stimulated T.g before or after 6 h of induction of sepsis in a mouse
model has increased their survival via enhanced release of TNF-a and
clearance of peritoneal bacteria [315]. While depletion of Tyegs from
circulation post three days of sepsis decreased the mortality among
animal subjected sepsis [316]. Thus, the negative and positive impact of
Tregs ON the outcome of sepsis is determined by the time of T,y based
immunomodulatory approach.

Human peripheral blood T cells express almost all TLRs that is
TLR1-TLR10 at mRNA levels but expression at the protein level is de-
tected for only TLR2, TLR3, TLR4, TLR5 and TLR9 [317-319]. CD8* T
cells express higher levels TLR3 and TLR4, while CD4™ T cells express
higher levels of TLR1 and TLR9 [318]. However, CD8* T cells isolated
from infected person express higher levels of TLR2, where the expres-
sion of TLRY is decreased on CD4" T cells isolated from same person
[318]. While, human CD25*CD4 ™" T,eg express higher levels of TLRS,
TLR5, and TLR2 [320-322]. Expression of TLRs on murine T cells also
varies depending on the mouse strain for example, CD4 * CD45RB"#" T
cells isolated from C57BL/6 or B6 mice express TLR1, TLR2, TLR3,
TLR6, TLR7 and TLR8 at mRNA levels while mRNAs of TLR4, TLR5 and
TLRY are either expressed at very low levels or are undetectable
[323,324]. On the other hand, Naive CD8+ T cells isolated from B6
mice express TLR1, TLR2, TLR6 and TLR9 at mRNA levels and the
expression of TLR4 mRNA is undetectable [325,326]. CD4" T cells
isolated from BALB/c mice express TLR3, TLR4, TLR5 and TLR9 at
mRNA levels [327] and only TLR3, TLR4 and TLR9Y are detected on
protein levels in these cells [328]. On the other hand, CD8* T cells from
these mice express TLR2 at protein levels [324,325].

The TLR expression on T cells is regulated by TCR-signaling, for
example, TLR3 and TLR9 expression on CD4* T cells of BALB/s mice get
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upregulated upon TCR-stimulation [327]. Helper 1T cells or Thl cells
are shown to be activated by TLR2 signaling upon ligation with
Pam3CSK or LTA and release higher levels of IFN-y in the presence of
cytokines IL-2 or IL-12 [329]. Additionally, stimulation of CD4™" T cells
with mycobacterial proteins via TLR2 causes their differentiation into
Th9 cells expressing IL9 mRNA as indicated by differentiation and
proliferation of Th9 cells [330]. Furthermore, TLR2 signaling in CD4 " T
cells causes higher expression of BATF (Basic leucine zipper transcrip-
tion factor) and PU.1 (a transcription factor that in humans is encoded
by SP11 gene), both are the positive regulators of Th9 cell differentia-
tion [330]. TLR signaling on T cells has also been shown to play an
important role in Toxoplasma gondii (T. gondii) infections where
MyD88_/ ~ mice exhibited increased mortality [331]. This can be ex-
plained due to defective TLR signaling with reduced Th1 effector re-
sponses, and reduced levels of IL-12 production required for efficient
secretion of IFN-y from Th1 cells [329,332]. TLR3 and TLR9 signaling
via binding to their corresponding ligands that is Poly(I:C) and CpG
DNA increase the survival of murine CD4* T cells, which can be ex-
plained due to activation of NF-kB and an increased expression of anti-
apoptotic protein Bcl-XL [328,332]. Thus, this ability of T cells to di-
rectly recognize potential PAMPs via TLRs may play an important role
in the pathogenesis of inflammatory disease associated with infections
or sterile inflammation where DAMPs are recognized by potential TLRs.

4.9. B cells and pattern of TLR expression

B cells are antibody-producing cells of immune system and serve as
a precursor of plasma cells responsible for secreting various antibodies
(i.e. IgG, IgM, IgA, IgD, and IgE) as a humoral component of the
adaptive immune system. However, these B cells also act as responsible
cells for enhancing early innate immune response during bacterial
sepsis [333]. For example, Ragl =/~ mice deficient in B cells display
decreased early pro-inflammatory immune response (for example, de-
creased levels of cytokines and chemokines (TNF-a, IL-1p, IL-6, IL-10,
KC or IL-8, RANTES and MCP-1) during bacterial sepsis and show in-
creased mortality [333]. More interestingly this defect is only shown by
B cell-deficient or anti-CD20 B cell-depleted mice, but not by o/ T cell-
deficient mice [333]. Further studies have shown that B cells get acti-
vated during sepsis as early as 24-h post-CLP-induced sepsis in mice as
increased expression of CD69 on the B220"CD19™* cells in spleen, bone
marrow (BM), and mesenteric lymph nodes (MLNs) is observed [333].
Whereas the majority of peritoneal B1 (considered as innate-like im-
mune cells and develop early during ontogeny as compared to con-
ventional B-2 cells) cells get depleted from the peritoneal cavity within
36 h after induction of sepsis in mice models and migrate to spleen and
lymph nodes after activation [333,334].

Marginal zone (MZ) B cells (also considered as innate-like immune
cells similar to B1 cells) are first B cells to encounter blood-borne pa-
thogens during bacteremia due to their primary location at splenic
marginal sinuses, a site where macrophages and DCs capture antigens
[334-336]. Sepsis robustly activates both MZ and follicular B cells,
leading to induction of both germinal cell reaction and plasma cell for-
mation [333]. Also both these MZ (B220*IgM *IgD~CD21*CD23!")
and follicular (B220*IgD "IgM'*“CD23™) B cells get decreased during
sepsis [333]. However, MZ B cells are worst affected as compared to
follicular B cells [333]. The early alteration in B cells number and re-
sponse is also observed in human patients of severe sepsis and septic
shock that is responsible for increased chances of secondary infection in
elderly patients with severe sepsis [337,338].

Studying the expression patterns of TLRs and impact of TLR sig-
naling in the functioning of B cells stimulated various researchers to
investigate this pathway due to the role of these cells in infection and
their potential application in vaccine design [339]. TLR expression on B
cells also has a different pattern from other immunological cells, for
example, murine B cells express TLR4 even at their normal steady state
and are responsive to LPS [340]. This LPS mediated stimulation of TLR4
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on murine B cells initiates their proliferation, cytokine release and class
switch recombination (CSR) [340]. However, human B cells do not
express TLR4 and remain unresponsive to LPS, thus gram-negative
bacteria cannot initiate TLR4 signaling at least in human B cells
[317,340]. Similarly, TLR2 is expressed on murine B cells and initiates
strong immune response upon binding with its cognate ligand that is
LTA or PGN. While, human B cells also express TLR2 but here it re-
quires sensitization via cross-linking of the BCR with anti-im-
munoglobulin or protein A from Staphylococcus aureus (S. aureus)
[341,342]. In both human and murine B cells, TLR2 is expressed along
with its co-receptors TLR1 and TLR6, but an expression of CD36 is
limited to only murine B cells and TLR10 to only human B cells
[343-345]. TLR7 and TLR9 are both expressed by murine and human B
cells [346]. The CpG ODN mediated activation of TLR9 on B cells in-
creased the magnitude of the antibody response to the protein antigen
but inhibited process of antibody affinity maturation both in mice and
in human clinical trials [347]. Thus, the activation of TLR9 on B cells
has a potential to affect antibody response during various vaccination
strategies where various TLR9-agonists are used as adjuvants.

The trafficking of TLR7 to endosomes is independent of UNC-93B1
in human B cells as they do not express UNC-93B1 but not in murine B
cells [346,348]. TRAFS5 is a negative regulator of TLR signaling in B
cells as TRAF5~/~ B cells produce higher levels of IL-6, IL-12p40, IL-
10, TNF-a, and IgM via increased activation of MAPKs ERK1/2 and
JNK, as compared to normal B cells [349]. The negative regulation by
TRAF5 involves blocking the association of TAB2 with TRAF6 during
TLR signaling in B cells [349]. While TRAF5~/~ macrophages and DCs
remain unaffected in terms of TLR induced cytokine release [349].
Human B cells produce various cytokines and chemokines that are MIP-
la, MIP-1f3, macrophage chemotactic protein-1 (MCP-1 or CCL2), IL-
la, IL-1B, IL-6, IL-8, IL-13 and IL-10, IP-10, G-CSF and GM-CSF upon
stimulation of TLRs [350-352]. All these cytokines play an important
role in the pathogenesis of sepsis and several other inflammatory dis-
eases including rheumatoid arthritis (RA).

Even the germinal center (GC) B cells have higher sensitivity to TLR
ligands due to higher expression of MyD88, MAL and IRAK-M, which
are essential domains of TLR signaling [353]. For example, patients
with inborn errors in the downstream TLR signaling effectors, MyD88
or IRAK4 are susceptible to Streptococcus pneumococcus (S. pneumo-
coccus), Pseudomonas aeruginosa (P. aeruginosa) and S. aureus recurring
invasive infections responsible for the induction of sepsis [354-356].
Thus, GC-B cells may play an important role in sepsis due to their in-
creased sensitivity to pathogens as mentioned previously
[333,353,357]. In addition to their active role in the pathogenesis of
sepsis, Type 2 Diabetes (T2D) and periodontal disease (PD) are two
inflammatory diseases that occur conjointly and involve disruption of
TLR-dependent B cell function and release of pro-inflammatory cyto-
kines [358]. B cells that play an important role in the negative reg-
ulation of inflammation and inflammatory diseases are called as reg-
ulatory B cells [359]. Among several regulatory B cell subsets, IL-10
producing regulatory B cells are most studied and have been found to
be associated with several inflammatory diseases including auto-
immunity (i.e. RA, SLE, T1DM, inflammatory bowel disease (IBD),
multiple sclerosis (MS) and pemphigus vulgaris), where their levels are
usually decreased [359,360]. Hence B cells are very crucial immune
cells for different inflammatory conditions and TLR signaling is one of
the several IRAK pathways involved in inflammation. Thus a future
study in this direction will prove beneficial to identify novel mechan-
isms of various inflammatory disease and their therapeutic targets.

4.10. Microglia, astrocytes, and neurons also express TLRs with specific
pattern

Microglia and astrocytes are innate immune cells of brain expressing
TLRs that play important role in the recognition of pathogen entering
into the brain, inflammation associated with neurodegeneration and
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the pathogenesis of stroke [361-365]. Microglia are found to express
TLR1, TLR2, TLR3, TLR4, TLR5, TLR7, TLR8, TLR9 and co-receptor
CD14 and their expression increases following exposure to bacterial
pathogens [366,367]. Whereas human brain astrocytes also express
TLR1, TLR2, TLR3, TLR5, TLR7, TLR8, and TLR9 but the expression of
TLR4 on astrocytes is controversial some reports agree with its ex-
pression on astrocytes while others have not found the expression of
TLR4 on astrocytes [368-376]. Both isoforms of MyD88 that is full
length and short form, TIRAP/Mal, and TICAM-1/TRIF, are all present
in astrocytes, which are the primary requirement for the initiation and
completion of TLR signaling [369]. Thus, expression of TLRs in astro-
cytes may explain their role as innate immune cells of the brain in
addition to microglia for the recognition of pathogens and complica-
tions of the central nervous system (CNS) observed during sepsis and
other inflammatory diseases.

Human and mouse neurons also express TLR3 and mount a strong
pro-inflammatory immune response that is the release of TNF-a, IL-6,
CCL-5, CXCL-10 and IFN-f upon treatment with dsRNA (a ligand for
TLR3) [377,378]. TLR4 and CD14 receptor expression have also been
reported in human and rat neurons [379]. TLR7 has also been shown to
be expressed by human neurons [380]. Mouse neurons also express
TLR8 but here it is not involved in the canonical TLR-NF-kB signaling
pathway and does not mount a classic TLR mediated immune response
but functions as a negative regulator of neurite outgrowth and induces
apoptosis of neurons [381]. Thus, expression of TLRs including TLR4 on
neurons and microglia indicate that they may also be activated by
different PAMPs and play an active role in sepsis/infection associated
neuropathological and neurobehavioral conditions called sepsis-asso-
ciated delirium (SAD) [382-385]. In addition to stimulation of TLRs
expressed in brain environment that is neurons, astrocytes and micro-
glia under microbial infections these can also be stimulated under
sterile inflammatory conditions (i.e. neurodegenerative disorders,
stroke, multiple sclerosis (MS) and spinal cord injury etc.) causing in-
flammatory damage to neurons or brain [376]. Thus, further studies in
context to TLRs and their role in neurons and brain innate immune cells
may explore the unknown adventure of these PRRs in various in-
flammatory disorders of the brain.

5. TLR polymorphism in humans and their disease association

TLRs are found to be expressed on almost every immune cell type
and are involved in the recognition of various PAMPs and host-derived
DAMPs involved in the pathogenesis of various inflammatory diseases
[386-389]. However, polymorphic variants of these TLR genes in hu-
mans have been identified to be associated with several inflammatory
disorders. This gene polymorphisms can occur due to the various pro-
cess including duplication, deletion or a mutation causing triplication
of the high quantity of DNA base pairs sequences or changes in intron
regions. A total of 13 introns are found in the TIR domains of TLR genes
[390], suggesting that TIR domain faced many challenges of invasion
by introns during the evolution of the innate immune system that serves
as a conclusive support of intron-latent theory [391,392]. Thus, the
presence of introns in TIR domain of TLRs makes them to undergo in-
tron-specific polymorphism in addition to other forms of gene poly-
morphism including single nucleotide polymorphism (SNP), small-scale
insertions and deletions, polymorphic repetitive elements and micro-
satellite variation. The first case of TLR polymorphism was observed in
mouse strain C3H/HeJ with LPS hyporesponsive phenotype due to the
substitution of proline with histidine at amino acid 712 in TLR4 protein
[46,393]. Thereafter lots of studies are performed in this direction and
several SNPs in human TLR genes are identified. For example, 3 SNPs
(rs77590742, rs574356 and rs5743604) from TLR1 allele (—7202G,
—6399T, and —833T) are associated with higher risk of prostate cancer
in Swedish population [394]. In addition to TLR1 polymorphism, a
gene cluster of TLR6 and TLR10 are also associated with prostate cancer
development along with IRAK-1 and 4 [395]. While T1805G SNP in the
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coding region of TLR1 occurring due to shifting of isoleucine into serine
at 602 aa (1602S) in the extracellular region of TLR1 is associated with
diminished activation of NF-kB and IL-6 synthesis upon stimulation
with TLR1 ligands [396]. This 1602S SNP may have an association with
protection against Mycobacteria leprae induced leprosy and this 602S
allele comprises the most common SNP affecting TLR function identi-
fied to date among white European population [397].

TLR2 gene has two exons and is located on chromosome 4q32
[398]. The TLR2 SNP Arg753Gln originated due to the substitution of
arginine to glutamine at 753 amino acid residue is associated with
higher risk of development of tuberculosis [399]. In children same SNP
is associated with higher incidence of urinary tract infections caused by
gram-negative bacteria, increased risk of febrile recurrent febrile in-
fections, rheumatic fever and in adults increases the risk of develop-
ment of familial Mediterranean fever [400-403]. This SNP is also as-
sociated with non-infectious diseases like coronary restenosis, type 1
diabetes (T1D) and allograft failure and associated death [400-407].

TLR3 gene has 6 exons and is located on chromosome 4q35.1 in
humans. L412F polymorphism in the TLR3 gene may serve as a genetic
risk factor for human cytomegalovirus (HCMV) infection in children
[408]. In addition, variant TLR3 genotype rs5743312 (C9948T, intron
3, C > T) is also shown to be significantly associated with increased
cancer risk [409]. Another polymorphism in TLR3 gene is associated
with age-related macular degeneration (AMD) in Caucasian but not in
Asian population [410]. Leu412Phe polymorphism in TLR3 genes is
also associated with enteroviral myocarditis/cardiomyopathy in the
Caucasian population [411]. TLR4 gene has four exons and is located
on chromosome 9q33.1 in humans. TLR4 Thr399Ile polymorphism is
shown to exert protection against visceral leishmaniasis (VL) in Medi-
terranean basin [412]. While g.13726T > C and g.15090G > A ge-
netic polymorphisms of TLR4 gene make Chinese Han Population more
susceptible to develop type 2 diabetes mellitus (T2DM) [413]. TLR4
gene polymorphism rs10759932 is found to be associated with lifetime
cigarette smoking in bipolar disorder [414]. TLR4 codon 299 hetero-
zygous gene mutation (Asp299Gly) is shown to be protective against
nonalcoholic fatty liver disease (NAFLD) in humans [415].

TLR5 gene has seven exons and is located on chromosome 1q41.
Two TLRS5 gene variants mainly R392X and N592S are found to be
associated with increased risk of ulcerative colitis (UC) in a population
of Northern India [416]. TLR5 polymorphism rs5744174 is shown to
exert protection against Grave's disease in females of Chinese Cantonese
population [417]. TLR9 gene with its 2 exons is located on chromosome
3p21.2 in humans. TLR9 gene polymorphism rs352139 is associated
with increased risk of Tuberculosis (TB) in Mexican population but it is
associated with decreased risk of TB in Indonesian population [418]. A
link between TLR9-1237T/C gene polymorphism and molecular risk for
diabetes foot (DF) disease in patients with T2DM is also observed [419].

It is impossible to include all TLR (TLR1-TLR10) SNPs in humans
and their association with the disease susceptibility here in this
manuscript, therefore, this information can be found in detail in re-
ferences mentioned [398,420-422]. Table 1 is shown with different
TLRs and their associated SNPs and disease association. Thus, genetic
variation in TLR expression and associated SNPs have been found to be
associated with certain inflammatory and infectious diseases in dif-
ferent population all over the world. This may lead to the development
of TLR based gene therapy as well as the development of certain mo-
lecules to target these TLRs responsible for disease pathogenesis. These
days various cell lines derived from patients with different diseases are
used to carry out in vitro studies relevant to human diseases including
cancers, neurodegenerative diseases etc. However, this experimental
approach can also be affected by the phenomenon of TLR SNPs as these
cell line may have specific SNP for TLRs depending on the population
frequency and for that person's ancestral background [423]. It is more
common that SNPs for genes associated with inflammation are not
commonly screened in common human cells, for example, HeLa and
HEK293 cell lines [423]. Thus, the presence of TLR SNPs (homozygous
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or heterozygous alleles) on these cell lines has a great potential to alter
the TLR mediated inflammatory pathway and its associated impact on
in vitro studies [423]. Thus, this line should be screened for any TLR
SNPs before their use in experiments where TLR signaling plays an
important role.

6. Current and future TLR based therapeutics

Due to their potential role in the recognition of PAMPs of various
origin and generation of pro-inflammatory response during different
inflammatory conditions including sepsis, TLRs are considered a novel
therapeutic drug target. For example, a TLR4 antagonist known as
Eritoran (E 5564) was developed for the treatment of sepsis initially by
a Japanese pharmaceutical company Eisai Co but in 2013 phase III
clinical trial showed it as effective as placebo in 28-day mortality study
during sepsis [17,424]. However, it proved to be effective against lethal
influenza infection-associated acute lung injury (ALI) in mice and can
be used a potential TLR4 based therapeutic approach to target influ-
enza-associated ALI [425]. In addition, several TLR4 agonists including
monophosphoryl lipid A (MPLA) is 1000 times less toxic than bacterial
LPS and can be used as an adjuvant with safety profile as similar to
alum in humans [426-428]. The MPLA based adjuvant also called AS04
has successfully been used in hepatitis B vaccine (FENDrix®) in humans
[429]. In addition, AS04 has also been used as an adjuvant with human
papillomavirus (HPV) vaccine called Cervarix® [430]. AS04 is also used
as an adjuvant with certain cancer vaccines, for example, Melacine®
comprises of lysates obtained from two allogeneic melanoma cell lines
combined with DETOX® (an adjuvant containing ASO4 and a compo-
nent of cell wall of Mycobacterium phlei), is now approved by Canadian
FDA for the treatment of metastatic melanoma [431]. This TLR4 agonist
has also been used as an immunostimulator along with a vaccine called
Stimuvax®, used in certain adenocarcinoma including non-small cell
lung cancer [432]. Thus, TLR4 based agonists and antagonists have
opened a new gateway to design potential immunomodulators that can
either be used alone or in combination as potent adjuvants for in-
creasing the efficacy of vaccines.

Additionally, other TLRs have also been used in drug designing. For
example, TLR2 agonist called SMP-105, a derivative of mycolic acid
(MA), arabinogalactan (consisting of arabinose, galactose, and rham-
nose) and PGN (comprising of alanine, glutamic acid, diaminopimelic
acid, muramic acid, glucosamine, and galactosamine) are isolated from
Mycobacterium bovis bacillus Calmette-Guerin (BCG) Tokyo 172 [433].
Mycobacterium bovis BCG is used to treat bladder cancer as a potential
immunotherapeutic agent since 1976 [434,435] and SMP-105 has also
shown its anti-tumor effect against bladder carcinoma cell lines and
against other cancers including lung cancer via activating TLR2
[436,437]. TLR3 agonist IPH-3102 that mimics dsRNA has been shown
to destroy breast cancer and melanoma cancer cells via activating NF-
kB and type 1 IFNs in vitro [438]. Further research has also shown its
efficacy in animal models of cancers as a potential therapeutic approach
in the field of cancer immunotherapy [439].

The synthetic TLR3 agonist called poly I:C;,U (Ampligen), when
given as an adjuvant in an animal model of influenza virus H5N1 in-
fection with H5N1 vaccine caused an increased production of antigen-
specific IgA production causing a significant decrease in virus titer and
protecting all animals [440]. Ampligen or poly I:C;,U acts as a potent
inducer of maturation of human monocyte-derived DC with sustained
release and production of IL-12 cytokine in vitro [441]. These are
capable of generating Thl specific anti-cancer responses in peripheral
blood T-cells derived from cancer patients in the presence of ascites
medium containing immunosuppressive cytokines [441]. Rintatolimod,
a TLR3 agonist that is sold under the name of Ampligen is approved for
chronic fatigue syndrome (CFS), hepatitis B and hepatitis C infection,
HIV, Influenza and severe acute respiratory syndrome (SARS) [441].
Thus, TLR agonists can be used as potent immunotherapeutic agents
during certain infections including influenza and cancers.
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TLR7, TLR8, and TLR9 based therapeutic approaches have also been
established in recent years. For example, Imiquimod (Aldara, 3M) is
designated as one of the first and most successful TLR based therapeutic
approaches that targets TLR7/TLR8-MyD88 pathway of TLR signaling
and causes induction of release of IL-6, TNF-a and IFN-a (exerting
antiviral and antitumor effect) [438,442]. Imiquimod (Aldara, 3 M) is
now approved for warts caused by HPV, basal cell carcinoma, and ac-
tinic keratosis [443-445]. Even ssRNA based therapeutics targeting of
TLR7 and TLR8 has potent antitumor action and reverses the im-
munosuppressive action of regulatory T cells (Tyg) via activating DCs
[446] and via inducing Thl immune response [438]. For example,
another TLR7 agonist called 852A (N-[4-(4-amino-2-ethyl-1 Himidazo
[4,5c]quinolin-1-yl) butyl] methanesulfonamide, 3M-001) that is a
small-molecule imidazoquinoline similar to imiquimod with highly
selective potential to activate TLR-7 is currently under investigation for
the treatment of inoperable melanoma, renal cell cancer, breast cancer,
ovarian tumor and cancer of cervix etc. [447-449]. 852A (N-[4-(4-
amino-2-ethyl-1 Himidazo[4,5c]quinolin-1-yl) butyl] methanesulfona-
mide, 3M-001) has potent stimulatory action on DCs and stimulates
them to release IFN-a along with other potent cytokines having an anti-
tumor effect [449-451]. Similarly, Immunomodulatory oligonucleo-
tides (IMOs), called IMO-2055 and IMO-2125, targeting TLR9 have also
been developed and are used as single therapeutic agents or as in
combination with other cancer chemotherapeutic drugs in certain
cancers including non-small cell lung cancer (NSCLC) and colorectal
cancer along with viral infections (i.e. Hepatitis C virus-infected pa-
tients) [452-454]. Thus, so far only three TLR agonists have been ap-
proved in different countries for different diseases [455]. These include:
(1) Picibanil, a lyophilized formulation of the bacteria called Strepto-
coccus pyogenes (S. pyogenes) is approved in Japan for various cancers
[456,4571, (2) monophosphoryl lipid A (MPL) derived from Salmonella
minnesota (S. minnesota) LPS is used as an adjuvant in peptide-based
vaccine called HPV-16/18 AS04-adjuvanted vaccine specifically in
cervical intraepithelial neoplasia 2+ (CIN2+) caused by HPV-16 and
HPV-18 [458,459], and (3) imiquimod, derived from imidazoquinoline
targeting TLR7/TLR8-MyD88 pathway is approved for the topical
treatment of actinic keratosis, superficial basal cell carcinoma, and
external anogenital warts (Condylomata acuminata) [460,461]. In ad-
dition, several new clinical trials with various TLR agonists and an-
tagonist have been initiated for various types of cancers [455]. Thus,
due to their multi-action varying from vaccine targets, adjuvant use and
their use as biologics to treat various inflammatory conditions, TLRs
have been considered as “Swiss army knife” of the human immune
system that have potential to act in various infections and sterile in-
flammatory conditions as well [462].

In addition to IMO-2055 and 2125, other TLR9 agonists called
MGN9-1703 and MGN-1706 that are double stem-loop
munomodulating agents consist of non-coding DNA molecules are also
being developed as anticancer agents and are under investigation in
animal models and in prostate and colorectal cancer patients
[438,463]. Thus, various TLR antagonists and agonists have been de-
veloped and are under investigation in several diseases (i.e. allergy,
asthma, autoimmunity, and cancers) other than infectious diseases,
where TLR signaling is the major contributing factor and was dis-
covered in relevance. For example, TLR9 antagonist called hydroxy-
chloroquine (HCQ), an antimalarial drug is now used as a therapeutic
agent to treat autoimmune diseases (i.e. SLE and RA) [438]. Further-
more, quinazoline derivative called CPG-52364 is a specific inhibitor of
TLR7, TLR8, and TLR9 that has shown efficacy in SLE and other cancers
[464]. Most recently, an aminoguanidine compound called guanabenz
(2,6-dichlorobenzylidene aminoguanidine acetate) that is used as an
antihypertensive drug is shown to prevent the activation of TLR9 upon
stimulation with CpG ODNs or DNA immunoglobulin complexes in
endosomes [465]. The drug inhibited TLR9 activation in both murine
and human DCs and B cells in vitro [465]. Under in vivo conditions,
guanabenz showed protection against CpG ODN induced systemic
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cytokine shock and a chemically induced autoimmune disease called
SLE in mice [465]. In addition to these direct agonists and antagonists
of TLR signaling, future TLR based therapeutics will be comprised of
miRNAs regulating TLR signaling and the host-derived negative reg-
ulators of TLR signaling (i.e. certain kinases, phosphatases, cytokines
etc.) which have potential to directly degrade the TLR-signaling mole-
cules involved in MyD88-dependent or TRIF-dependent and MyD88-
independent TLR signaling. However, it is impossible to describe all the
endogenous negative regulators of TLR signaling here in this manu-
script whose detail can be found somewhere else [466-470].

7. Future perspective

TLRs are the relatively new class of innate immune receptors in
context to mammalian/human immunology as were first discovered to
be expressed on human macrophages in 1997. Further studies in the
field of immunology and TLR expression established that the TLR ex-
pression is not limited to innate immune cells but are also expressed by
cells of adaptive immunity that is T cells (i.e. CD4 ™ T cells, CD8 " T cells,
regulatory CD4* CD25™ T cells etc.) and B cells [37,323,340,357,4711.
In addition to directly impacting the biology of innate immune re-
sponse, TLRs have also been shown to impact the adaptive immune
response mediated by different types of T cells and B cells that is their
development, activation, survival, death and associated immune re-
sponse [327,331,339,472]. Even TLR2™/~ mice, unlike TLR4 ™/~ mice,
contain significantly fewer CD4*CD25% regulatory T cells (Tregs) as
compared to corresponding wild-type (WT) mice [473]. Thus, TLRs
serve as an important PRRs for the cells of both innate and adaptive
immune system. However, TLRs have also been found to be expressed
by newly identified cells called innate lymphoid cells (ILCs) that appear
morphologically as lymphoid cells but represent a heterogeneous group
of hematopoietic innate immune cells [3,474,475]. For example, these
ILCs express TLR2, TLR3, and TLR9 but TLR4 and TLR7 are not ex-
pressed by these cells [474]. In addition, c-Kit™ ILCs (type 2 and 3 ILCs)
are a specific population of ILCs that are found to expand in humans
during filarial worm or helminthic infection [476]. These c-Kit* ILCs
(type 2 and 3 ILCs) also express TLR5, TLR6, TLR7 and TLR9 [476].
This purified c-Kit* ILCs produce a higher amount of GM-CSF in re-
sponse to TLR6 ligand [476]. However, TLR-signaling in the c-Kit" ILCs
did not induce more prototypic cytokines including IL-5, IL-17A, IFN-y
[476]. Human conventional type 3 ILCs express mRNA transcripts of
TLR1, TLR2, TLR5, TLR6, TLR7, and TLR9 [477]. But only TLR2 ago-
nists are capable to induce cytokine production from human type 3 ILCs
in the presence of IL-2, IL-15, and IL-23 [477]. This specific expression
of TLR2 on type 3 ILCs or lymphoid tissue inducer (LTi) cells is involved
in the depletion of these cells via induction of their apoptosis in simian
immunodeficiency virus (SIV)-infected macaques [478]. This apoptosis
of type 3 ILCs or lymphoid tissue inducer (LTi) cells causes a breach in
intestinal barrier leading to microbial translocation and development of
bacteremia, systemic immune activation and disease progression in
patients infected with HIV-1 infection [3,478]. Thus, expression of
certain TLRs by ILCs has opened a new direction in the field of TLRs and
ILCs research.

TLRs also play important role in the sterile inflammatory conditions
ranging from cancer to autoimmunity. For example, they have been
implicated in the pathogenesis of several auto-immune diseases in-
cluding SLE, RA, seronegative spondylarthritides (SpA), multiple
sclerosis (MS), experimental autoimmune encephalitis (EAE), type 2
diabetes mellitus (T2DM), systemic sclerosis, Sjogren's syndrome (SS),
myositis (a chronic inflammatory autoimmune disease primarily af-
fecting skeletal muscles, causing severe muscle weakness and fatigue
[479-484]. They have also been associated with the pathogenesis of
several human cancers including B cell malignancies, colorectal cancer,
basal cell carcinoma, bladder cancer, including several other cancers
[485-489]. This involvement of TLRs in the pathogenesis of auto-
immune diseases and cancers has led to the development novel
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immunotherapies for these diseases [490-494]. Even TLR mediated
immune stimulation approach is now being used to enhance radiation
therapy to control tumor growth [495]. For example, various TLRs have
now also been implicated in the pathogenesis of neurodegenerative
disorders including Parkinson's disease (PD), Alzheimer's disease (AD),
Amyotrophic lateral sclerosis (ALS) and repair mechanism is brain
disorders [496-500]. Thus, TLRs are playing an important role in in-
fectious and non-infectious disease and are targeted as therapeutic
approaches in these diseases [501,502]. Even studies have shown that
these TLRs are controlling mammalian reproduction via regulating the
process of steroidogenesis, spermatogenesis in males and ovulation,
fertilization, gestation, and parturition in females [503-506]. TLRs
have also been implicated in the process of regeneration including liver
regeneration in mammals [507-509]. They are also involved in allo-
graft inflammation and promote acute and chronic organ transplant
rejection [510-513].

In summary, the story of TLRs started from their first discovery in D.
melanogaster as genes controlling body patterning during embryonic
development. From this stage of embryonic development, they estab-
lished their role in the immune system as important PRRs responsible
for the recognition of pathogens. This discovery by the research group
led by late Charles A. Janeway Jr. led to the development of the concept
of PRRs and PAMPs and revolutionized the field of innate immunity.
Now after 20 years of their discovery in humans, TLRs are ruling the
world of human biology from their role in infections, inflammation,
reproduction, development, autoimmunity, cancer, allograft in-
flammation/rejection and regeneration. Still, the continuous research
in the field of TLRs has great potential to explore the unexplored role of
TLR in the very complex system of mammalian/human biology. TLRs
are awesome and need greater attention in terms of their evolution,
understanding the mammalian biology under both homeostatic and
inflammatory disease conditions. Thus, along with controlling various
biological functions, different TLR agonists and antagonists have been
designed to target various inflammatory conditions including cancers
and autoimmunity.
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