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Preface

The story of toll-like receptors (TLRs) began with the discovery of the involvement
of the toll gene in embryonic development, specifically dorsoventral body pattern-
ing in Drosophila melanogaster (the common fruit fly) in 1985. However, Dr. Jules
Hoffmann from Strasburg, Germany revealed its antimicrobial or immunological
function in the common fruit fly in 1996. Thus, Jules Hoffmann and Bruno Lemaitre
were the first to describe the antimicrobial, specifically antifungal, function of toll

in D. melanogaster by regulating the antifungal peptide drosomycin. Thereafter, in
1998, Bruce A. Beutler at the University of Texas Southwestern Medical Center, USA,
identified that TLR4 serves as a receptor for bacterial lipopolysaccharide (LPS) in
mice. However, the human analog of Drosophila toll was discovered in the laboratory
of Charles A. Janeway Junior in 1997 who, along with his team, identified the immu-
noregulatory function of human TLRs via activating NF-xB and controlling adaptive
immune response. This discovery revolutionized immunology research, and now we
know that humans have 10 functional TLRs (TLR1-TLR10), which recognize different
microbe- or pathogen-associated molecular patterns (MAMPs or PAMPs) and death/
damage-associated molecular patterns (DAMPs) extra and intracellularly to maintain
immune homeostasis.

From their first discovery as pattern recognition receptors (PRRs) recognizing
bacterial LPS until today, different PRRs, such as NOD-like receptors comprising
inflammasomes, absent in melanoma-2-like receptors (ALRs), RIG-1-like receptors,
C-type lectin receptors (CLRs), and cGAS/STING signaling or cGLRs have been
discovered, but TLRs still rule the PRR family. This may be due to their diversity,
ubiquitous presence (as almost every cell expresses at least one or more TLRs),

and ability to identify diverse ligands (external as well as host-derived endogenous
PAMBPs) to exert a protective immune response. Furthermore, TLR activation also
has a regulatory effect on the aforementioned PRRs.

This book discusses the role of TLRs in immunity, inflammation, infection, and cancer
(Figure 1). The introductory chapter discusses the evolution of TLRs and the forces
behind the evolution of different TLRs in the animal phylum. Chapter 2 discusses

the role of TLRs in inflammation and immunity. We all know that dysregulated or
uncontrolled inflammatory events are associated with different autoinflammatory and
autoimmune diseases as well as different cancers. Therefore, understanding the role of
TLRs in inflammation and immunity is critical for researchers in this area. Chapter 3
discusses the role of TLRs in emerging viral infections, including COVID-19, which
still pose a threat. Chapter 4 discusses the interaction of TLRs with different immune
molecules generated during inflammatory cascades associated with different diseases.
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Almost every eukaryotic or mammalian cell type such as epithelial cells, endothelial cells, immune cells, smooth
muscle cells, and neurons express TLR. Therefore, they provide innate immune function to recognize pathogens
and DAMPs to maintain immune homeostasis. Failure to do this or their functional dysregulation induces
disturbances in the immune homeostasis that may cause chronic inflammation, cancers, and even autoimmunity
or autoinflammatory diseases. In addition, TLRs ave also critical in mammalian embryonic development.

Studying this interaction/crosstalk is critical to designing better immunomodulatory
therapeutics for several chronic inflammatory conditions, including cancers. Finally,
Chapter 5 discusses the role of TLRs in cancers.
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Chapter1

Introductory Chapter: Evolution of
Toll-Like Receptors

Vijay Kumar and John H. Stewart IV

1. Introduction

The story of TLRs started with the discovery of Toll protein in the common fruit fly
or Drosophila melanogaster (D. melanogaster) controlling the dorsoventral body pattern-
ing during embryonic development [1, 2]. Later studies identified that the Toll protein
in Drosophila also provides antifungal immunity [3]. Furthermore, serine protease
network/cluster plays a critical role in the Drosophila Toll protein activation, like
cysteine clusters present in the leucine-rich repeats (LRRs) comprising TLR ectodo-
mains (ECDs) [4, 5]. Nineteen-to-Twenty-five tandem copies of LRR motifs form
TLR ECDs [6]. The LRR motifs of TLRs form a horseshoe-shaped solenoid to directly
interact with their corresponding ligands [5, 7-9]. The Drosophila Toll protein is like
human IL-1 receptor (IL-1R), which, upon recognizing IL-1, activates NF-kB (a human
homolog of Drosophila dorsal protein) and generates associated pro-inflammatory
molecules [10-12]. Human TLR4, which recognizes LPS, was identified as a human
homolog of the Drosophila Toll protein to generate signaling events activating adap-
tive immune response [13]. This discovery revolutionized immunology research. Now,
we have identified thirteen TLRs in the laboratory mice and ten functional TLRs in
humans (Figure 1), which are expressed on the outer cell surface (TLR1, 2, 4, 5, and 6)
and intracellularly (TLR?2, 7, 8, 9, and TLR13 (in mice only) recognize cytosolic nucleic
acids) in cytosolic organelles, such as endosomes [14-17]. These TLRs recognize
different bacteria, viruses, fungi, parasite-derived microbe, or pathogen-associated
molecular patterns (MAMPs or PAMPs) and host-derived damage or death-associate
molecular patterns (DAMPs), which have been mentioned elsewhere [14, 18-20]. Thus,
the discovery of TLR4 in humans strengthened Janeway’s PRR-PAMP theory [13, 21].

Evolution has played a critical role in the immune system’ development and func-
tion [22, 23]. TLRs are critical mediators of innate immune response against diverse
pathogens and host-derived DAMPs. Their activation generates a pro-inflammatory
immune response to central immune homeostasis and critically regulates adaptive
immune response [18, 24-27]. Hence, the current chapter introduces the evolution of
TLRs, which is essential to understand as their dysregulation is associated with differ-
ent inflammatory diseases and developmental defects.

2. Evolution of TLRs

Placozoans (Trichoplax sp.), the simplest animals on earth with no body part or
organ, lack canonical TLRs (Figure 1) and have only TIR domain proteins with LRR
motifs [28]. However, they have orthologs of downstream mediators of canonical
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Figure 1.

Evga;lution of TLRs in the animal kingdom. Conventional TLRs are not present in placozoans, the smallest living
animals. They first evolved in porifers or sponges more than 600 MYA. Thereafter, cnidarians, except Hydra

and coval, express TLRs involved in host defense and development. Nematodes (C. elegans), arthropods (D.
melanogaster), echinoderms (Purple Sea urchin), chordates, including amphioxus, sea squirts (Ciona intestinalis),
and mammals, such as humans and mice, express different numbers of TLRs. Please see the text for details.
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TLR signaling, indicating the presence of components of primordial TLR signaling in
placozoans. For example, they have complete activator protein-1 (AP-1) and mitogen-
activated protein kinase (MAPK) pathways working downstream of TLR signaling

in higher animals but lack IkBa of the NF-«xB pathway. Their NF-«B called NF-kB-
like protein (p1000-subunit-like) lacks death domain (DD), indicating the absence
of canonical TLR signaling. Placozoan (Trichoplax sp.) also lacks TBK1 and TRIF,
indicating the absence of myeloid differentiation factor 88 (MyD88)-independent
TLR signaling [28]. Earlier studies have indicated that evolutionarily, TLRs existed
during protostome (develop mouth first during embryogenesis) development [29].
However, a study has indicated the existence of TLRs as a part of innate immune
defense in sponges (Demospongiae: Phylum Porifera) (Figure 1), which are lower

to protostomes and deuterostomes (develop anus first and mouth develops later)

[30]. Along with the TLR, demosponge Suberites homunculus (SD) also express
IL-1receptor-associated kinase-4-like protein (IRAK-4 L) and a novel effector
caspase, which shares significant sequence similarity with their homologs in higher
metazoans. The SDTLR and SDIRAK-4 L are expressed constitutively [30]. However,
SDCASPL (caspase) expression is highly artificial triacyl lipopeptide Pam(3) Cys-Ser-
(Lys) (4) inducible. Additionally, sponges or porifers also express MyD88 with two
protein interaction domains, TIR (Toll/IL-1 receptor) and DD (Death domain), like a
higher animal, including human’s MyD88, an adaptor protein working downstream to
TLRs [31-33]. Evolutionarily, sponges (Phylum Porifera) are among the most ancient
of the metazoans, dating back to more than 600 million years ago (MYA) (Figure 1)
or at least 60 million years before the Cambrian period (between 541 and 485 MYA)
[34]. Thus, evolutionarily TLRs are more ancient PRRs than expected earlier.

Starlet Sea anemones or Nematostella vectensis have at least one TLR belonging to
the Phylum Cnidaria, Class Anthozoa, and Order Actinaria (Figure 1) [5, 35, 36].
Cnidarians are early diverged metazoans descended from a common ancestor of
protostomes and deuterostomes [37]. Another deuterostome invertebrate, the ascid-
ian Ciona intestinalis, expresses only two TLR genes (Ci-TLR1 and Ci-TLR2), which
possess a hybrid functionality of human TLRs, which cannot be predicted by the
sequence comparison of vertebrate TLRs [38]. This indicates the confounding evolu-
tionary lineages of deuterostome invertebrate TLRs. N. vectensis has separate NF-xB
and IxB genes. The N. vectensis NF-xB lacks the C-terminal IxB-like sequences present
in all other NF-kB proteins, and two IkB-like genes are present on the loci different
from the Nv-NF-kB gene [35]. A gene fusion event has created the NF-«xB gene in D.
melanogaster and humans. N. vectensis also expresses genes involved in up (Toll- and
tumor necrosis-like receptors and ligands, adaptor proteins (Trafs, Myd88), caspases,
and a TBK-like kinase) and downstream (NF-kB coactivator protein Bcl-3 and several
NF-«B target genes) signaling components of vertebrate NF-kB signaling. Thus, N.
vectensis in their cnidocytes have a functional TLR to detect pathogens, such as Vibrio
coralliilyticus, and activate NF-kB signaling to mount an effective immune response
and their development [36, 39].

Notably, genomes of other cnidarians, such as Hydra (Hydra magnipapillata) or the
coral species Acropora millepora, lack TLR genes and conventional TLRs (Figure 1)
[35, 40, 41]. However, they (Hydra and Acropora millepora) have receptors with the
TIR domain with ECDs lacking LRR motifs, which cluster with other higher animal
TIRs, suggesting their relation as TLR-related molecules [5, 40]. They produce anti-
microbial peptides (AMPs) by interacting with the LRRs domain-containing proteins
with the TIR domain with ECDs lack LRR motifs [41]. Furthermore, they express
MyD88 and NF-«p to exhibit ancestral TLR signaling as MyD88 deficiency decreases
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their ancient TLR or TIR-dependent antibacterial immunity [42]. Caenorhabditis
elegans (C. elegans, a Nematode) has only one TLR called TOL-1 that provides innate
immunity by supporting the correct expression of antibacterial factor-2 (ABF-2), a
defensin-like molecule, and development and function of chemosensory BAG neurons
activated by carbon dioxide (CO,) for their pathogen-avoidance behavior [43, 44].

The TOL-1 also regulates chemosensory Amphid Wing B (AWB) neurons sensing
the cyclic lipodepsipentapeptide, Serrawettin W2, produced by Serratia marcescens
[45]. Thus, TOL-1in C. elegans is critical for the innate immune response against
infection and behavioral response to avoid the pathogenic environment. The TOL-1
downstream signaling in C. elegans occurs in the absence of MyD88 and NF-«B as
their homologs are absent but involve trf-1, pik-1, and ikb-1, which are homologs
of Drosophila Traf, pelle, and cactus genes [44, 46, 47]. The purple sea urchins
(Strongylocentrotus purpuratus) have maximum numbers of TLRs (222), which is
followed by annelids expressing 105 TLR homologs in Capitella and 16 in Helobdella,
Brachiostoma flovidae (Amphioxus) expressing 42 TLRs, Xenopus tropicalis (Xenopus)
having 19 TLRs, and Danio rerio (Zebrafish) expressing 17 TLRs [14, 48-50]. Humans
have functional TLR10, which is inactive in laboratory mice. Most sea urchin and
amphioxus TLR genes are paralogues, indicating these animals have expanded their
TLR genes in a species-specific manner [38]. The details of TLRs in different animal
phyla have been discussed elsewhere [38, 51-53].

TLRs have not evolved due to coincidental evolution; instead, they originated
due to multigene evolution, except for TLR5 and TLRS5, which may have evolved
due to coincidental evolution [49]. Furthermore, they have evolved at a constant and
conserved rate. Significant TLR families have diverged during or before the Cambrian
period, which lasted for 53.4 million years from the end of the preceding Ediacaran
Period 538.8 MYA to the beginning of the Ordovician Period 485.4 MYA and produced
the most intense burst of evolution ever known [49]. Synonymous/non-synonymous
substitution ratio evaluation has further not supported the positive selection pressure
in the vertebrate phylogeny. The coding sequence, function, and signaling pathways
initiated by vertebrate TLRs are highly conserved upon recognizing their correspond-
ing ligands [49, 54, 55]. Hence, the TLRs are an example of the evolutionary conserva-
tion of a biological system at multiple levels, such as genes, proteins, and networks.

Further studies have indicated that the rapid speciation and adaptation to freezing
water temperatures are not critical for the evolution of TLR numbers in Nototheniidae
(Perciformes order, Notothenioidei sub-order). This stenothermal monophyletic
teleost clade evolved relatively recently in the cold-stable waters of Antarctica).
However, it induces a shift in the LRR pathogen recognition domain common to
all the Nototheniidae analyzed, and of the six subfamilies of TLR in Nototheniidae
fishes, TLR22 was most affected [56].

Furthermore, MyD88-dependent and MyD88-independent downstream TLR
signaling pathways have evolved separately with common ancestors for vertebrate and
invertebrate orthologs of the MyD88 adaptor molecule [57]. Thus, the MyD88 signal-
ing pathway is very ancient as it originated in sponges), like TLRs, and early duplica-
tion events generated different adaptor molecules and their corresponding TLRs.

3. Conclusion

TLRs exist in sponges (Phylum Porifera), which have evolved at least 600 MYA.
TLRs protected sponges from infections and critically regulated cellular (cnidocytes)

4



Introductory Chapter: Evolution of Toll-Like Receptors
DOI: http://dx.doi.org/10.5772/intechopen.1004203

development in cnidarians. They have carried over this ancestry to the hierarchy of

the animal kingdom (humans). Hence, TLRs evolved in lower animals (Poriferans) to
protect them from invading microbes.
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Toll-Like Receptors in Immunity
and Inflammation
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Abstract

Toll-like receptors (TLRs) are critical components of innate immunity and serve
as pattern recognition receptors (PRRs). These PRRs recognize different microbe
or pathogen-associated molecular patterns (MAMPs or PAMPs) and death/danger-
associated molecular patterns to initiate the pro-inflammatory immune reaction
in response to foreign and internal dangers. PRRs, including TLRs, also connects
innate immunity to adaptive immunity. Furthermore, TLRs expressed on both innate
and adaptive (T and B cells) immune cells regulate their functions. TLRs were first
discovered in the common fruit fly or Drosophila melanogaster as genes controlling
dorso-ventral body patterning during embryonic development. Immunological and
scientific advances have led to the discovery of different TLRs (extra and intracel-
lular) with diverse functions. The present chapter introduces the role of TLRs in
immunity and inflammation and their expansion to mammalian reproduction and
embryonic development, maintenance of immune homeostasis, health, and disease,
specifically neurological disorders, including neurodegeneration and cancers.

Keywords: TLRs, immunity, inflammation, immune homeostasis, neurodegeneration,
cancer

1. Introduction

The discovery of toll-like receptors (TLRs) revolutionized the field of immunology
by filling the gap that the immune system recognizes and clears pathogens to main-
tain immunohomeostasis or immune homeostasis. For example, the first discovery
of TLR4 in human spleen, intestinal epithelial cells (IECs), and peripheral blood
leukocytes (PBLs), including monocytes, macrophages, dendritic cells (DCs), T and
B cells, and its downstream signaling via NF-kB upon recognizing the correspond-
ing pathogen/microbe-associated molecular patterns (PAMPs or MAMPs) such as
lipopolysaccharide (LPS) showed its involvement in the activation and regulation of
the adaptive immunity [1-3]. This groundbreaking research led to the reemergence of
innate immunity in mainstream immunology research and the subsequent discovery
of many other TLRs. For example, 13 TLRs in laboratory mice (TLR1-TLR13) and
10 TLRs in humans (TLR1-TLR10) recognizing different ligands are known today
(Table1) [2, 5].

TLRs are expressed extracellularly (on the plasma membrane, TLR1, TLR2, TLR4,
TLR5, TLR6, TLR10 (in humans) and TLR11, and TLR12 in mice) and intracellularly
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TLRs TLR Localization Ligands (PAMPs and Origin of Ligands
DAMPs)
TLR1 Plasma membrane Triacyl lipopeptide soluble Bacteria and mycobacteria
factors
TLR2 Plasma membrane Peptidoglycan (PGN), Gram +ve bacteria, mycobacteria,
and endosomes lipoteichoic acid (LTA), S. epidermidis, Trypanosoma cruzi,
Lipoproteins or lipopeptides, Treponema maltophilum, Neisseria,
lipoarabinomannan, Fungi, Leptospira interrogans,
glycolipids, porins, zymosan, Porphyromonas gingivalis, host
atypical LPS, heat shock
protein 70 (Hsp70),
eosinophil-derived neurotoxin
(EDN) acts an alarmin
TLR3 Endoplasmic dsRNA and ssRNA and dsRNA, ssRNA, and dsDNA
reticulum (ER), synthetic analog polyinosinic- Viruses
endosomes, polycytidylic acid (poly I:C)
multivesicular
bodies,
lysosomes, and
Endolysosomes
TLR4 Plasma membrane LPS, Taxol, Fusion protein, Gram negative bacteria, Plant,
and endosome Envelope proteins, high respiratory syncytial virus (RSV),
mobility group box 1 protein mouse mammary tumor virus
(HMG-B1), Hsp60, Hsp70, (MMTV), Chlamydia pneumoniae,
Hsp22, Hsp96 Type III repeat Chlamydia trachomatis, host
extra domain A of fibronectin,
hyaluronic acid, heparin
sulfate, Fibrinogen, Saturated
fatty-acids and Fetuin-A
TLR5 Plasma membrane Flagellin Bacteria
TLR6 Plasma membrane Di-acyl lipopeptides, Zymosan Mycoplasma
TLR7 ER, endosomes, guanosine- and uridine- Viruses (human
multivesicular rich ssRNA, Loxoribine (a immunodeficiency virus-1 or
bodies, guanine analog), Bropirimine, HIV-1, Influenza virus and
lysosomes, and ribonucleoproteins (RNPs), vesicular stomatitis virus or VSV),
Endolysosomes siRNAs, and imidazoquinoline synthetic compounds
derivatives such as resiquimod
(R848) and imiquimod
TLRS ER, endosomes, ssRNA, RNPs Viruses
multivesicular
bodies,
lysosomes, and
Endolysosomes
TLR9 ER, endosomes, CpG oligodeoxyneucleotide Bacteria and viruses (Herpes
multivesicular (ODN), viral double stranded Simplex Virus-1and -2 or HSV-1
bodies, DNA (dsDNA), Hemozoin and -2, mouse cytomegalovirus or
lysosomes, and pigment MCMV), Malaria, and protozoa
Endolysosomes genome (T cruzi)
TLR10 ER, endosomes, dsRNA [4] Viruses
(Humans) multivesicular
bodies,

lysosomes, and
Endolysosomes
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TLRs TLR Localization Ligands (PAMPs and Origin of Ligands
DAMPs)

TLR11 ER, endosomes, Profilin-like protein Toxoplasma gondii
multivesicular
bodies,
lysosomes, and
Endolysosomes

TLR12 ER, endosomes, Profilin-like protein Toxoplasma gondii
multivesicular
bodies,
lysosomes, and
Endolysosomes

TLR13 ER, endosomes, 23 sribosomal RNA Bacteria
(Mouse) multivesicular

bodies,

lysosomes, and

Endolysosomes

Table1.
Different TLRs in laboratory mice and humans, their localization, ligands, and their origin.

in endosomes, endolysosomes, and lysosomes (TLR3, TLR7, TLR8, and TLR9)
(Table1) [5, 6]. Mouse TLR13 resides in endosomes, but its ligand is unknown [6, 7].
However, some immune cells, such as dendritic cells (DCs), epithelial cells, and
endothelial cells, also have intracellular TLR2 and TLR4 [8-10]. TLRs are members of
the pattern recognition receptor (PRR) family, which frequently recognize molecules
expressed and released by microbes and damaged or dying cells, called damage/
death-associated molecular patterns (DAMPs), to initiate pro-inflammatory immune
response for their clearance. The clearance of the invading agent proceeds to the reso-
lution phase of the inflammation for maintaining immune homeostasis that otherwise
activates the adaptive immune system later. The combined protective action of innate
and adaptive immunity fights back to take care of the outer or endogenous threat,
failure of which leads to chronic inflammatory diseases and many cancers.

It is important to note that TLR homolog (called Toll) was first discovered in the
Drosophila melanogaster (D. melanogaster) or fruit fly as a gene responsible for dorso-
ventral body patterning during embryonic development in 1980 [3, 11]. Hence, the
story of TLRs’ discovery is fascinating, starting with embryonic development and
ending with their immunological functions and immune homeostasis maintenance.
The current introductory chapter discusses TLRs in the context of human immunity,
their impact on immune-mediated diseases, and their use in drug discovery and
immunotherapeutic approaches. We will not discuss the myeloid differentiation
primary-response protein 88 (MyD88)-dependent and -independent or TIR-domain-
containing adapter-inducing interferon-f (TRIF) or TIR-domain-containing adapter
molecule 1 (TICAM-1)-dependent TLR signaling pathways activating NF-«xB and
interferon regulatory factors (IRFs)-dependent cytokines, chemokines, and type 1
interferons (IFNs) to initiate pro-inflammatory immune response as it is discussed
elsewhere in detail [6, 12-16]. TIR-domain-containing adaptor protein (TIRAP) and
TRIF-related adaptor molecule (TRAM) are other TIR-domain-containing adaptor
molecules involved in MyD88 and TRIF-dependent signaling pathways [16]. However,
we have included Figure 1 for MyD88- and TRIF-dependent TLR signaling activating
NF-kB- and IRF-3 and IRF-7-mediated inflammatory immune response.
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Figure 1.

TLgR (MyD88-dependent and -independent or TRIF-dependent) signaling. The recognition of Gram-negative
bacteria or LPS by TLR4 leads to the activation of downstream signaling pathways through the activation
MyD88-dependent and -independent (TRIF-dependent) manner to activate NF-kB causing the transcription and
translation of pro-inflammatory genes (cytokines and chemokines) and well as the generation of type 1 IFNs. The
TRIF and MyD88-depedent signaling pathways downstream to TLR4 activation converge at transforming growth
factor (TGF)-p-activated kinase 1 (TAB1), 2, and/or 3 and transforming growth factor beta-activated kinase

1 (TAK1) complex. TAK1 activation stimulates MAPK3/6 that activates AP1 and CREB along with activating
NF-«B signaling via NF-kB essential modulator (NEMO). Activation of intracellular TLRs (TLR3, TLRy,

TLRS, and TLR9) induces the generation of type 1 interferons (IFNs) that vegulate immune response, including
adaptive immunity. The activation TLR3 signaling via TRIF-dependent signaling activates TNAK-binding kinase
1 (TBK1) and IKK-1 activates interferon regulatory factor 3 (IRF3) and IRF7 to produce type 1 IFNs. On the
other hand, TLR7/8 activation involves MyD88-dependent downstream signaling activating TRAF6 and IRAK4
complex formation that further activates IRAK1/ TNF receptor associated factor 3 (TRAF3)/osteopontin (OPN)
complex formation to phosphorylate IRF7, which enters to the nucleus for inducing IRF7-dependent type 1 IFN
production. Thus, TLR activation induces NF-kB and IRF-dependent pro-inflammatory immune response to
clear the external or internal danger, but its overactivation causes exaggerated inflammation and predisposition to
several inflammatory conditions, such as sepsis, cytokine storm, autoimmunity, and cancers.
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2. TLRs are critical to maintain immune homeostasis

Homeostasis maintenance and immunological well-being, called immune homeo-
stasis, is critical for healthy life and longevity. For example, TLR-mediated com-
mensal microbes’ recognition maintains intestinal epithelial homeostasis and protects
the host from gut injury and associated mortality [17]. Furthermore, TLR3-mediated
macrophage priming for subsequent TLR7 activation involves the Janus-associated
kinase (JAK) and signal transducer and activator of transcription (STAT) pathway
activation that controls synergistic production of cytokines, innate immune memory
generation, and immune homeostasis maintenance during temporally separated
subsequent infection [18]. Thus, TLR3 and TLRY crosstalk are critical for immune
homeostasis and innate immune memory generation.

Immune homeostasis disruption causes several auto-immune, auto-inflammatory,
and immunodeficiency diseases. Furthermore, foreign invasion from microbes,
allergens, and xenobiotics disrupts the immune homeostasis by activating different
PRRs, including TLRs, which becomes detrimental to the host once it persists longer.
For example, several pro-inflammatory diseases, including sepsis-associated cytokine
storm, coronavirus disease 2019 (COVID-19), and neuroinflammation involve TLR
overactivation [5, 12, 13, 19].

Several endogenously expressed TLR signaling negative regulators (Table 2)
prevent exaggerated TLR signaling responsible for inflammation and inflammatory
diseases. The details of endogenous negative regulators of TLR signaling are beyond the
scope of this introductory chapter and are discussed elsewhere [13, 16, 20-23]. Hence,
dysregulated TLR signaling in response to external and endogenous threats (PAMPs,
MAMPs, or DAMPs) impairs immune homeostasis, causing cytokine syndrome or
cytokine release syndrome (CRS) seen during sepsis, acute or severe COVID-19, and
other inflammatory conditions [13, 24, 25]. In addition to overactivated TLR signaling-
induced inflammatory conditions, the deficiency of TLR signaling molecules causes
different primary immunodeficiency diseases (PIDs) [26, 27]. For example, TLR3
signaling defect correlates well with herpes simplex virus-1 (HSV-1) encephalitis, and
a dampened TLR2 and TLR4 signaling has been observed in chronic granulomatosis
disease (CGD) and X-linked agammaglobulinemia (XLA) [26, 27]. Table 3 shows dif-
ferent TLRs and their signaling pathway molecules’ deficiency and impact on immunity
or PIDs. Therefore, balanced TLR signaling is critical for immune regulation or immune
homeostasis [14, 25, 28-34].

Endogenous TLR Classification Mode of action
signaling negative

regulators

TRAM (Translocating Splice variant of TRAM Competes with TRAM for binding to
chain-associated TRIF

membrane protein)

adaptor with Golgi

dynamics (GOLD)

domain) or TAG

Sterile alpha- and
armadillo-motif-containing
protein or SARM

TIR-domain containing
adaptor molecule

Binds and inhibits TRIF-dependent TLR
signaling

Interferon regulatory factor
4 or IRF4

IRF family of transcription
factors

Inhibits IRF5 binding to MyD88 and
TRAF6 and its translocation to nucleus
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Endogenous TLR
signaling negative
regulators

Classification

Mode of action

Tumor necrosis factor-a-
induced protein 8-like 2 or
TIPE2

Member of TNF-a-induced
protein-8 (TNFAIP8) family

Inhibits TLR signaling via binding to
CASP8 and inhibiting NF-«B and AP-1
activation

Bruton’s tyrosine kinase
or Btk

Tec family tyrosine kinase

Phosphorylates MAL that activates
SOCs-1

DNAX activation protein
of 12 kDa or DAP12, also
called KARAP

Transmembrane adaptor
protein

DAP12 mediated inhibition of TLR
signaling involves another adaptor protein
called DOK-3

Downstream of kinase 1
and 2 (DOK1 and DOK2)

Adaptor Proteins

Inhibit Ras-Erk dependent signaling

Axl

TAM family of receptor kinases

Inhibits NF-kB mediated production of
TNF-a

Interlukin-1 receptor-
associated kinase-M
(IRAK-M) or IRAK-3

Member of serine/threonine
kinase family

Inhibits dissociation of IRAK-1 and
IRAK-4 form MyD88 and formation of
IRAK-TRAF6 complex

TOLL-interacting protein
(TOLLIP)

Adaptor protein that interacts
with cytoplasmic TIR domain
of IL-1Rs

Inhibits phosphorylation and kinase
activity of IRAK1

Src homology 2 domain-
containing protein tyrosine

phosphatase-1 (SHP-1)

Intracellular tyrosine
phosphatase

Inhibits MAP kinase and NF-kB activation

Calcineurin A serine/threonine Specific pathway unknown
phosphatase

Protein tyrosine Intracellular tyrosine Inhibits MAPKs, NF-«B and IRF3

phosphatase-1B (PTP1B) phosphatase

A20 or TNF-a-induced
protein 3 (TNFAIP3)

Ubiquitin modifying enzyme

Inhibits NF-kB signaling as negative
feedback by removing ubiquitin moieties
from TRAF6

Cylindromatosis or CYLD Tumor suppressor Inhibits TLR2 signaling via inhibiting
deubiquitinase MyD88, TRAF2, TRAF6 TRAF7 and
NEMO

Ubiquitin-specific protease Deubiquitinase Inhibits TRL4 signaling via deubiquinating
4 or USP4 TRAF6 and inhibiting its adaptor function
USP18 or UBP43 or ISG15 Isopeptidase It cleaves the K63-linked polyubiquitin
isopeptidase chains of TAK1 and also targets NEMO
Deubiquitinating enzyme Cysteine protease Removes K63-ubiquitin chain from TRAF3

A (DUBA)

to inhibit NF-xB and IRF3 activation

Nuclear receptor 4A1 or
NR4A1 (Nur77)

Member of nuclear receptor 4A
receptor subfamily

Prevent auto-ubiquitination of TRAF6 via
binding to TRAF6

NR4A2 or Nurrl

Member of nuclear receptor 4A
receptor subfamily

Inhibits NF-kB activation downstream to
TLR4 signaling

Small heterodimer partner
(SHP) or NROB2

Orphan nuclear receptor

Prevents Lys63-linked polyubiquitination
of TRAF6 and subsequent activation of
NF-xB

Mitogen and stress-
activated kinase 1 and 2
(MSK1 and 2)

Nuclear kinase sharing
homology with ribosomal S6
kinase (p90“k) family

Phosphorylate histone H3 and CREB that
negatively regulates TLR signaling and
induces several anti-inflammatory genes
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Endogenous TLR Classification Mode of action

signaling negative

regulators

TRAF-associated NF-«xB TRAF binding protein Binding of TANK to TRAF6 inhibits
activator (TANK) NF-xB and AP-1 activation

PDZ and LIM domain PDZ and LIM domain Suppresses TLR signaling by acting as a
containing protein or containing Alkaline nuclear E3 ubiquitin ligase and inhibits
PDLIM-2 (Mystique and Phosphatase NF-«B activation

SLIM in mice)

Mankorin ring finger

Zinc finger and RING finger

Binds to PDLIM2 and inhibits activation of

protein 2 (MKRN2 or domain containing nuclear NF-kB downstream to TLR signaling
RNF62) protein
PDLIM1 or CLP36 or Elfin PDZ and LIM domain PDLIM1 inhibits NF-kB activation by

containing protein of APL
subfamily

sequestering p65 into cytosol

Tripartite motif-containing

A member of tripartite-motif

Blocks TRAF6 autoubiquitination by

protein 30 A (TRIM30a) (TRIM) protein family degrading TAB2 and TAB3and suppresses
NF-kB activation

TRIMS Acts as ubiquitin E3 ligase Polyubiquitinates TRF and inhibits TRIF-
TBK1 interaction

Triad3A or Ring finger RING finger type E3 ubiquitin Degrades TLR proteins

protein 216 (RNF216) ligase

NOD-like receptor family Member of NLR family NLRX1 binds to IKK complex causing

member X1 (NLRX1) an inhibition of IKKa and IKKp
phosphorylation and NF-kB activation

NLRC3 or NOD3 Member of NLR family NLRC3 interacts with TRAF6 to attenuate
its K63-linked ubiquitination to inhibit
NF-kB activation

NLRC5 Member of NLR family Blocks IKK complexes to inhibit NF-kB

activation and type 1 IFN signaling
pathways

Serum stimulation 2 factor
(ST2)

Serves as a part of IL-33
receptor

ST2 binds to sequesters MyD88 and
MAL without affecting TRIF and
IRAK to inhibit TLR-induced NF-kB
activation

Single immunoglobulin

Member of TLR/IL-1R

Blocks TLR-mediated NF-xB and

IL-1R-relate receptor superfamily JNK activation via stopping the

(SIGIRR or TIR-8) recruitment of IRAK and TRAF6
towards MyD88

TLR10 Member of TLR family Stimulates PI3K/Akt/IL-1R antagonist
pathway and inhibits MyD88 and TRIF-
dependent signaling pathways

Activating transcription Member of activating Bind to consensus c-AMP response

factor 3 (ATF3)

transcription factor/cAMP
response element family of
bZip transcription factors

element (CRE) sequences

Interleukin-37 or IL-37

Member of IL-1 cytokine
family

Blocks NF-kB and MAPK activation

Table 2.
Endogenous negative regulators of TLR signaling.
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PIDs Impact on TLR functions on immune cells
Common variable Reduced expression and function of TLR7 and 9 on B cells, reduced
immunodeficiency (CVID) activity of TLR7 and 9 on plasmacytoid DCs (pDCs)
Chronic granulomatous disease Increased TL 4 activity (increased TNF-a and IL-18 production) on
(CGD) neutrophils, peripheral blood monocytes (PBMCs), decreased TLR5 and
TLRY activity, TL 9 activity on B cells reduces as indicated by a decreased
memory response
X-linked agammaglobulinemia Decreased TLR2 and 4 responses by monocytes and macrophages,
(XLA) monocyte-derived DCs show decreased TLR2, 4, 3, and 7/8 responses,
including decreased DC maturation
Hyper Immunoglobulin E (IgE) TLR2 and 4 response increases in PBMCs as indicated by increased TNF-o
syndrome and IL-12 production
Adenosine deaminase (ADA) Decreased TLR7 and 9-meidated immune response by B cells
deficiency
Interleukin-receptor-associated Abolishes TLR7, 8, and 9-mediated type 1 IFN production, leaving TLR3
kinase 4 (IRAK4) deficiency and TLR4-dependent IFN production intact
Table 3.
TLRs in different PIDs.

3. TLRs in human health, including embryonic development and disease

TLRs are responsible for dorso-ventral body patterning during the embryonic
development of D. melanogaster. TLRs’ role in mammalian development is also
emerging, for example, TLR 4 and 7 expression has been observed during murine
embryonic development, and TLR7 expression has been observed in embryonic day
12 (E12) in the dorsal root ganglia (DRG) and nodose ganglion [35]. At E14, sympa-
thetic ganglia, vagus nerve, and nerve fibers and ganglia in the respiratory apparatus
express TLR7. Also, TLR4 expression increases at later embryonic days (E17 onwards).
Furthermore, murine E10.5 macrophages co-express TLRs and CD14, which phagocy-
tose apoptotic cells and bacteria, and secrete several cytokines and chemokines [36].
Hence, TLRs regulate embryonic homeostasis via iron metabolism.

The preimplantation human embryos also express TLRs [37]. Furthermore, TLR3
in the brain cells of mice in the early embryonic stages and neural stem/progenitor
cells (NPCs) control the neurosphere formation. For example, NPCs from TLR3-
deficient murine embryos proliferate highly and form higher numbers of neuro-
spheres than wild-type (WT) embryos [38]. Therefore, TLR3 is a negative regulator
of NPC proliferation and neurosphere formation in mice, which needs exploration
in humans. TLR2 and TLR4 expression increases throughout gestation in sheep
lungs, and LPS exposure increases their expression in fetal sheep lungs [39]. This
study is critical as ovine and human TLR2, 3, and 4 share 83-88% homology. Human
blastocysts highly express TLRs 9 and 5, and TLRs 9, 5, 2, 6, and 7 are expressed
throughout embryonic development, and their stimulation iz vitro produce different
cytokines and chemokines such as IL-8 and monocyte-chemoattractant protein-1
(MCP-1) [37]. Therefore, it will be novel to observe the impact of TLRs in human
embryonic development and TLR deficiency on reproduction or reproductive health.
For example, TLRs are critical in reproductive tract inflammation, which can impair
reproductive potential [40, 41]. Furthermore, human sperms express TLR2 and 4,
and their activation induces apoptosis that can impair male fertility [42]. Hence, it is
critical to understand TLRs’ biology in human reproduction and development.
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Plenty of data are available for TLRs in a vast array of infectious (bacterial, viral,
fungal, and parasitic) and inflammatory diseases [5, 13, 43-48]. We have previously
mentioned TLRs’ role in autoimmune and PIDs. Therefore, this section will introduce
their role in neurodegenerative diseases (NDs) and cancers. For example, Alzheimer’s
and Parkinson’s disease (AD and PD) incidence has increased worldwide since their
first report. PD patients’ number has more than doubled from 1999 (2.5 million) to
2016 (6.1 million) worldwide, which is further increasing [49]. For example, in the
United States, 6.1 million people may have AD as per data collected by the Alzheimer’s
Disease Association (ADA) in 2022, and according to PD foundation, over a million
people have PD.

Inflammation plays a significant role in ND pathogenesis so as TLRs do [12, 50-56].
A novel variant p.E317D in the TLR 9 gene, co-segregating with early-onset AD
(EOAD) in an autosomal dominant manner, identified in a Flander-Belgian family,
increases AD risk by compromising innate immunity-mediated protection [57]. The
p-E317D TLRY variant reduces its potential to activate NF-kB by 50%, indicating that
p.E317D is a loss of function mutation. The protective role of TLR9 in AD comprises
the release of anti-inflammatory cytokines and upregulation of Axl (a negative regu-
lator of TLR-mediated pro-inflammatory signaling), Run domain Beclin-1 interacting
and cysteine-rich containing protein (RUBICON, an autophagy suppressor), and
associated signaling pathways regulation microglial phagocytic function and inflam-
matory signaling [57]. For example, microglia and myeloid cell-specific deletion of
RUBICON in mouse genetic models of AD induce early onset of neurotoxic amyloid-
beta (AB) plaques, microgliosis, and increase in pro-inflammatory cytokines in cortex
and hippocampus [58, 59]. AD patients’ brains express lower RUBICON, Atgl6L, and
Atg5 levels than non-AD brain samples [60]. Furthermore, TLR9 activation amelio-
rates vascular amyloid pathology in mice and provides cognitive benefits [61]. The
increased TLR4 expression and its co-localization with pSer129 aSyn and Iba-1in glial
cells of substantia nigra (SN) and medial temporal gyrus (GTM) in PD patients can
be targeted to prevent inflammatory neuronal damage [62, 63].

Autophagy is critical for Ap secretion and plaque formation, and TLRs are known
to control autophagy [64-66]. For example, TLR7-mediated autophagy increases
epileptic susceptibility by reducing kinesin family member 5 A (KIF5A)-dependent
gamma-aminobutyric acid (GABA)A receptor transport in mice [67]. Furthermore,
TLRs are critical players in non-NDs of the brain called neurological diseases due to
their role in central nervous system (CNS) homeostasis and neurogenesis, including
neuronal pruning, learning, and memory [68]. The recognition of extracellular Tau
protein (one of the causal factors for PD and associated dementia) stimulates microg-
lia to phagocytose live neurons via the TLR4/NLRP3/Caspase 1 axis and NADPH
oxidase activation [69, 70]. The burden of neurological diseases is also increasing
world-wide [71]. For example, neurological diseases ranked third after cardiovascular
diseases and cancers in Europe’s total death [71]. Therefore, exploring TLRs’ role in
NDs and other neurological diseases has the potential for designing novel therapeu-
tics. For example, targeting TLRs may serve a promising therapeutic strategy against
AD and PD [62, 63, 69, 72-74]. Furthermore, Clostridium butyricum improves the
cognitive decline in mice with intraventricular injection of streptozotocin (ICV-STZ)-
induced AD by suppressing TLR4 signaling through gut-brain axis [74]. However,

C. butyricum use in humans may cause serious adverse events [75].

Cancer is another critical human health issue. The immune system and inflammation
play significant roles in cancer pathogenesis, and TLRs are relevant regulators of inflam-
mation and immunity [5, 76-78]. Thus, chronic inflammation due to prolonged TLR
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signaling activation may predispose to cancer development later in life. However, TLR
signaling in cancer cells may exert tumor-suppressive or promoting effects, depending
on the type of TLR signaling [79]. For example, TLR 2, 4, and 7/8 activation in tumor
cells promotes tumor progression via creating and supporting immunosuppressive tumor
microenvironment (TME) or tumor immune microenvironment (TIME), supporting
resistance to apoptosis among cancer cells and their proliferation and metastasis. On the
other hand, TLR2, 3, 4, 5, 7/8, and 9 activation on cancer cells in conjunction with chemo-
therapy and immunotherapy exerts antitumor action [79]. For example, TLRS agonists
enhance antitumor immunity and increase the efficacy of immune checkpoint inhibitors
(ICI) by overcoming their resistance [80]. Furthermore, TLR activation on cytotoxic

T and natural killer (NK) cells and antigen-presenting cells (APCs, macrophages, and
DCs) has anticancer action [79]. Therefore, TLRs are critical in cancer immunotherapy
depending on the cancer and targeted cell type [81-83]. Hence, TLRs are expanding their
boundaries to cancers and neurological diseases, including epilepsy and NDs.

4, Conclusion

The story of TLRs began in 1997 with the discovery of TLR4 in human spleen,
immune, epithelial, and endothelial cells as a homolog of Drosophila Toll protein
that filled the long-standing gap of the microbial recognition, their phagocytosis and
clearance by immune cells. After almost 30 years of TLR4 discovery and revolutionizing
immunology research, TLRs are still at the top as critical PRRs and immune regulators.
However, in the last 30 years, they have expanded their territory from infection, immu-
nity, and inflammation to neurosciences, mammalian reproductive biology, and cancer.
Even TLRs and DAMPs are critical in heart transplant rejection [84]. TLR agonists and
antagonists have a wide range of applications in different inflammatory and infectious
diseases and cancers (as adjuvants). TLR-based emerging therapeutics and vaccine
candidates are under clinical trials for several diseases [85-87]. Furthermore, harnessing
innate immunity for cancer and ND therapy is a critical research area, and TLRs are rel-
evant components of innate immunity [4, 88, 89]. Hence, TLRs control innate immunity
as crucial members of the PRR family with diverse immune and non-immune functions.

Author details
Vijay Kumar® and John H. Stewart IV*
Department of Surgery, Laboratory of Tumor Immunology and Immunotherapy,

Morehouse School of Medicine, Atlanta, Georgia, USA

*Address all correspondence to: vij_tox@yahoo.com; vijkumar@msm.edu
and jstewart@msm.edu

IntechOpen

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

20



Toll-Like Receptors in Immunity and Inflammation

DOI: http://dx.doi.org/10.5772/intechopen.1003992

References

[1] Medzhitov R, Preston-Hurlburt P,
Janeway CA Jr. A human homologue

of the Drosophila Toll protein signals
activation of adaptive immunity. Nature.
1997;388:394-397

[2] Kumar V. Toll-like receptors in adaptive
immunity. Handbook of Experimental
Pharmacology. 2022;276:95-131

[3] Kumar V, Barrett JE. Toll-like
receptors (TLRs) in health and disease:
An overview. Handbook of Experimental
Pharmacology. 2022;276:1-21

[4] Labzin LI, Heneka MT, Latz E. Innate
immunity and neurodegeneration. Annual
Review of Medicine. 2018;69:437-449

[5] Kumar V. Toll-like receptors in
immunity and inflammatory diseases:
Past, present, and future. International
Immunopharmacology. 2018;59:391-412

(6] Blasius AL, Beutler B. Intracellular
toll-like receptors. Immunity.
2010;32:305-315

[7] Brinkmann MM, Spooner E, Hoebe K,
Beutler B, Ploegh HL, Kim Y-M. The
interaction between the ER membrane
protein UNC93B and TLR3, 7, and 9 is
crucial for TLR signaling. Journal of Cell
Biology. 2007;177:265-275

[8] Hornef MW, Normark BH,
Vandewalle A, Normark S. Intracellular
recognition of lipopolysaccharide by
toll-like receptor 4 in intestinal epithelial
cells. Journal of Experimental Medicine.
2003;198:1225-1235

[9] Uronen-Hansson H, Allen J,

Osman M, Squires G, Klein N,

Callard RE. Toll-like receptor 2 (TLR2)
and TLR4 are present inside human
dendpritic cells, associated with

21

microtubules and the Golgi apparatus
but are not detectable on the cell surface:
Integrity of microtubules is required for
interleukin-12 production in response

to internalized bacteria. Immunology.
2004;111:173-178

[10] Chen S, Wong MH, Schulte DJ,
Arditi M, Michelsen KS. Differential
expression of toll-like receptor 2 (TLR2)
and responses to TLR2 ligands between
human and murine vascular endothelial
cells. Journal of Endotoxin Research.
2007;13:281-296

[11] Niisslein-Volhard C, Wieschaus E.
Mutations affecting segment number

and polarity in Drosophila. Nature.
1980;287:795-801

[12] Kumar V. Toll-like receptors in the
pathogenesis of neuroinflammation.
Journal of Neuroimmunology.
2019;332:16-30

[13] Kumar V. Toll-like receptors in
sepsis-associated cytokine storm and
their endogenous negative regulators
as future immunomodulatory targets.
International Immunopharmacology.
2020;89:107087

[14] Fitzgerald KA, Kagan JC. Toll-like
receptors and the control of immunity.
Cell. 2020;180:1044-1066

[15] Kawai T, Akira S. Signaling to
NF-kappaB by toll-like receptors. Trends
in Molecular Medicine. 2007;13:460-469

[16] Akira S, Takeda K. Toll-like receptor
signalling. Nature Reviews Immunology.
2004;4:499-511

[17] Rakoff-Nahoum S, Paglino J,
Eslami-Varzaneh F, Edberg S,
Medzhitov R. Recognition of commensal



Thirty Years since the Discovery of Toll-Like Receptors

microflora by toll-like receptors is
required for intestinal homeostasis. Cell.
2004;118:229-241

[18] Liu B, Liu Q, Yang L,

Palaniappan SK, Bahar I, Thiagarajan PS,
etal. Innate immune memory and
homeostasis may be conferred through
crosstalk between the TLR3 and TLR7
pathways. Science Signaling. 2016;9:ra70

[19] Alturaiki W, Alkadi H, Alamri S,
Awadalla ME, Alfaez A, Mubarak A,

et al. Association between the expression
of toll-like receptors, cytokines, and
homeostatic chemokines in SARS-CoV-2
infection and COVID-19 severity.
Heliyon. 2023;9:12653

[20] Liew FY, Xu D, Brint EK, O’Neill LA.
Negative regulation of toll-like receptor-
mediated immune responses. Nature
Reviews Immunology. 2005;5:446-458

[21] Liu X, Chen W, Wang Q, Li L,
Wang C. Negative regulation of TLR
inflammatory signaling by the SUMO-
deconjugating enzyme SENP6. PLoS
Pathogens. 2013;9:e1003480

[22] Mansell A, Smith R,

Doyle SL, Gray P, Fenner JE, Crack PJ,
et al. Suppressor of cytokine signaling

1 negatively regulates toll-like receptor
signaling by mediating mal degradation.
Nature Immunology. 2006;7:148-155

[23] Nakagawa R, Naka T, Tsutsui H,
Fujimoto M, Kimura A, AbeT, etal.
SOCS-1 participates in negative
regulation of LPS responses. Inmunity.
2002;17:677-687

[24] Moore JB, June CH. Cytokine release
syndrome in severe COVID-19. Science.

2020;368:473-474

[25] Fajgenbaum DC, June CH. Cytokine

storm. New England Journal of Medicine.

2020;383:2255-2273

22

[26] Maglione PJ, Simchoni N,
Cunningham-Rundles C. Toll-like
receptor signaling in primary immune
deficiencies. Annals of the New York
Academy of Sciences. 2015;1356:1-21

[27] Mortaz E, Adcock IM,

Tabarsi P, Darazam IA, Movassaghi M,
Garssen J, et al. Pattern recognitions
receptors in immunodeficiency disorders.

European Journal of Pharmacology.
2017;808:49-56

[28] Duffy L, O’Reilly SC. Toll-like
receptors in the pathogenesis of
autoimmune diseases: Recent and
emerging translational developments.
ImmunoTargets and Therapy.
2016;5:69-80

[29] Fairhurst AM, Hwang SH, Wang A,
Tian XH, Boudreaux C, Zhou X], et al.
Yaa autoimmune phenotypes are
conferred by overexpression of TLR7.

European Journal of Immunology.
2008;38:1971-1978

[30] Farrugia M, Baron B. The role

of toll-like receptors in autoimmune
diseases through failure of the
self-recognition mechanism.
International Journal of Inflammation.
2017;2017:8391230-8391230

[31] Mohammad Hosseini A, Majidi J,
Baradaran B, Yousefi M. Toll-like
receptors in the pathogenesis of
autoimmune diseases. Advanced
Pharmaceutical Bulletin. 2015;5:605-614

[32] Zhang Y, LiuJ, Wang C, Liu J, Lu W.
Toll-like receptors gene polymorphisms
in autoimmune disease. Frontiers in
Immunology. 2021;12. DOI: 10.3389/
fimmu.2021.672346

[33] Marshak-Rothstein A. Toll-like
receptors in systemic autoimmune
disease. Nature Reviews Immunology.
2006;6:823-835



Toll-Like Receptors in Immunity and Inflammation

DOI: http://dx.doi.org/10.5772/intechopen.1003992

[34] Fillatreau S, Manfroi B, Dorner T.
Toll-like receptor signalling in B cells
during systemic lupus erythematosus.

Nature Reviews Rheumatology.
2021;17:98-108

[35] Arnaboldi F, Opizzi E, Rasile M,
Menegola E, Di Renzo F, BarajonI. An
immunohistochemical study of TLR-4
and -7 expression during murine
embryonic development: Respiratory
apparatus and peripheral nervous

system. Italian Journal of Anatomy and
Embryology. 2018;123:6

[36] Balounova J, Vavrochova T,
BeneSova M, Ballek O, Kolat M,
Filipp D. Toll-like receptors expressed
on embryonic macrophages couple
inflammatory signals to iron
metabolism during early ontogenesis.
European Journal of Immunology.
2014;44:1491-1502

[37] Aboussahoud WS, Smith H,

Stevens A, Wangsaputra [, Hunter HR,
Kimber SJ, et al. The expression and
activity of toll-like receptors in the
preimplantation human embryo suggest

a new role for innate immunity. Human
Reproduction. 2021;36:2661-2675

[38] Lathia JD, Okun E, Tang S-C,
Griffioen K, Cheng A, Mughal MR,

et al. Toll-like receptor 3 is a negative
regulator of embryonic neural progenitor
cell proliferation. The Journal of
Neuroscience. 2008;28:13978-13984

[39] Hillman NH, Moss TJM, Nitsos I,
Kramer BW, Bachurski CJ, Ikegami M,
et al. Toll-like receptors and agonist
responses in the developing fetal

sheep lung. Pediatric Research.
2008;63:388-393

[40] Benjelloun F, Quillay H, Cannou C,
Marlin R, MadecY, Fernandez H, et al.
Activation of toll-like receptors
differentially modulates inflammation

23

in the human reproductive tract:
Preliminary findings. Frontiers in
Immunology. 4 Aug 2020;11:1655.
DOI: 10.3389/fimmu.2020.01655

[41] Fazeli A, Bruce C, Anumba DO.
Characterization of toll-like receptors
in the female reproductive tract in

humans. Human Reproduction.
2005;20:1372-1378

[42] Fujita Y, Mihara T, Okazaki T,
Shitanaka M, Kushino R, Ikeda C, etal.
Toll-like receptors (TLR) 2 and 4 on
human sperm recognize bacterial
endotoxins and mediate

apoptosis. Human Reproduction.
2011;26:2799-2806

[43] Khanmohammadi S, Rezaei N. Role
of toll-like receptors in the pathogenesis
of COVID-19. Journal of Medical
Virology. 2021;93:2735-2739

[44] Mantovani S, Oliviero B,
Varchetta S, Renieri A, Mondelli MU.
TLRs: Innate immune sentries against
SARS-CoV-2 infection. International
Journal of Molecular Sciences.

29 Apr 2023;24(9):8065. DOI: 10.3390/
ijms24098065

[45] Kumar V. Understanding the
complexities of SARS-CoV2 infection
and its immunology: A road to immune-
based therapeutics. International
Immunopharmacology. 2020;88:106980

[46] Mukherjee S, Huda S, Sinha Babu SP.
Toll-like receptor polymorphism in host
immune response to infectious diseases:
A review. Scandinavian Journal of
Immunology. 2019;90:e12771

[47] Skevaki C, Pararas M, Kostelidou K,
Tsakris A, Routsias JG. Single nucleotide
polymorphisms of toll-like receptors
and susceptibility to infectious diseases.
Clinical and Experimental Immunology.
2015;180:165-177



Thirty Years since the Discovery of Toll-Like Receptors

[48] Kumar V. Going, toll-like
receptors in skin inflammation and
inflammatory diseases. EXCLI Journal.
2021;20:52-79

[49] Rocca WA. The burden of Parkinson's
disease: A worldwide perspective. Lancet
Neurology. 2018;17:928-929

[50] Dabi YT, Ajagbe AO, Degechisa ST.
Toll-like receptors in pathogenesis of
neurodegenerative diseases and their
therapeutic potential. Immunity,
Inflammation and Disease. 2023;11:e839

[51] Glass CK, Saijo K, Winner B,
Marchetto MC, Gage FH. Mechanisms
underlying inflammation in
neurodegeneration. Cell. 2010;140:
918-934

[52] Chitnis T, Weiner HL. CNS
inflammation and neurodegeneration.
The Journal of Clinical Investigation.
2017;127:3577-3587

[53] Zhang W, Xiao D, Mao Q,

Xia H. Role of neuroinflammation in
neurodegeneration development. Signal
Transduction and Targeted Therapy.
2023;8:267

[54] Li L, Acioglu C, Heary RF, Elkabes S.
Role of astroglial toll-like receptors
(TLRs) in central nervous system
infections, injury and neurodegenerative

diseases. Brain, Behavior, and Immunity.
2021;91:740-755

[55] Owens T. Toll-like receptors in
neurodegeneration. Current Topics
in Microbiology and Immunology.
2009;336:105-120

[56] Pascual M, Calvo-Rodriguez M,
Nuiiez L, Villalobos C, Urefia J, Guerri C.
Toll-like receptors in neuroinflammation,
neurodegeneration, and alcohol-
induced brain damage. IUBMB Life.
2021;73:900-915

24

[57] Cacace R, Zhou L, Hendrickx Van

de Craen E, Buist A, Hoogmartens J,
Sieben A, et al. Mutated toll-like receptor
9 increases Alzheimer’s disease risk

by compromising innate immunity
protection. Molecular Psychiatry. 11 Jul
2023. DOI: 10.1038/s41380-023-02166-0.
[Online ahead of print]

[58] Heckmann BL, Teubner BJW,
Tummers B, Boada-Romero E, Harris L,
Yang M, et al. LC3-associated endocytosis
facilitates p-amyloid clearance and
mitigates neurodegeneration in murine
Alzheimer’s disease. Cell. 2019;178:536-
551.e514

[59] Magné ], Green DR. LC3-associated
endocytosis and the functions of Rubicon
and ATG16L1. Science Advances.
2022;8:eabo5600

[60] Heckmann BL, Teubner BJW,
Boada-Romero E, Tummers B, Guy C,
Fitzgerald P, et al. Noncanonical function
of an autophagy protein prevents

spontaneous Alzheimer’ disease. Science
Advances. 2020;6:eabb9036

[61] Scholtzova H, Do E, Dhakal S,
SunY, Liu S, Mehta PD, et al. Innate
immunity stimulation via toll-like
receptor 9 ameliorates vascular
amyloid pathology in Tg-SwDI mice
with associated cognitive benefits.
The Journal of Neuroscience.

2017;37:936-959

[62] Conte C, Ingrassia A, Breve J, BolJ],
Timmermans-Huisman E, van Dam AM,
et al. Toll-like receptor 4 is upregulated
in Parkinson's disease patients and
co-localizes with pSer129aSyn: A
possible link with the pathology. Cells.
11 May 2023;12(10):1368. DOI: 10.3390/
cells12101368

[63] Selles MC, Fortuna JTS, Santos LE.
Immunomodulation via toll-like receptor
9: An adjunct therapy strategy against



Toll-Like Receptors in Immunity and Inflammation
DOI: http://dx.doi.org/10.5772/intechopen.1003992

Alzheimer's disease? The Journal of
Neuroscience. 2017;37:4864-4867

[64] Nilsson P, Loganathan K,

Sekiguchi M, Matsuba Y, Hui K,
Tsubuki S, et al. Ap secretion and plaque
formation depend on autophagy. Cell
Reports. 2013;5:61-69

[65] Delgado MA, Elmaoued RA,

Davis AS, Kyei G, Deretic V. Toll-like
receptors control autophagy. The EMBO
Journal. 2008;27:1110-1121

[66] Delgado MA, Deretic V. Toll-like
receptors in control of immunological
autophagy. Cell Death and
Differentiation. 2009;16:976-983

[67] Liu ], Ke P, Guo H, Gu]J, LiuY,
Tian X, et al. Activation of TLR7-
mediated autophagy increases
epileptic susceptibility via reduced
KIF5A-dependent GABAA receptor
transport in a murine model.
Experimental & Molecular Medicine.
2023;55:1159-1173

[68] Hanke ML, Kielian T.

Toll-like receptors in health and
disease in the brain: Mechanisms
and therapeutic potential. Clinical
Science (London, England).
2011;121:367-387

[69] Pampuscenko K, Morkuniene R,
Krasauskas L, Smirnovas V, Brown GC,
Borutaite V. Extracellular tau stimulates
phagocytosis of living neurons by
activated microglia via toll-like 4
receptor-NLRP3 inflammasome-
caspase-1 signalling axis. Scientific
Reports. 2023;13:10813

[70] Lei P, Ayton S, Finkelstein DI,
Adlard PA, Masters CL, Bush Al
Tau protein: Relevance to Parkinson's
disease. The International Journal

of Biochemistry & Cell Biology.
2010;42:1775-1778

25

[71] Deuschl G, Beghi E, Fazekas F,

Varga T, Christoforidi KA, Sipido E, et al.
The burden of neurological diseases in
Europe: An analysis for the global burden
of disease study 2017. The Lancet Public
Health. 2020;5:e551-e567

[72] Zhou Y, ChenY, Xu C, Zhang H,
Lin C. TLR4 targeting as a promising
therapeutic strategy for Alzheimer

disease treatment. Frontiers in
Neuroscience. 2020;14:602508

[73] Gambuzza ME, Sofo V, Salmeri FM,
Soraci L, Marino S, Bramanti P. Toll-
like receptors in Alzheimer's disease:

A therapeutic perspective. CNS &
Neurological Disorders Drug Targets.
2014;13:1542-1558

[74] SuY, Wang D, Liu N, Yang J, SunR,
Zhang Z. Clostridium butyricum
improves cognitive dysfunction in ICV-
STZ-induced Alzheimer's disease mice
via suppressing TLR4 signaling pathway
through the gut-brain axis. PLoS One.
2023;18:20286086

[75] Cassir N, Benamar S, La Scola B.
Clostridium butyricum: From beneficial
to a new emerging pathogen.

Clinical Microbiology and Infection.
2016;22:37-45

[76] Kumar V, Stewart JH IV.
Immunometabolic reprogramming,
another cancer hallmark. Frontiers in
Immunology. 2023;14:1125874

[77] Kumar V. Inflammation research
sails through the sea of immunology to
reach immunometabolism. International
Immunopharmacology. 2019;73:128-145

[78] Coussens LM, Werb Z. Inflammation
and cancer. Nature. 2002;420:860-867

[79] Urban-Wojciuk Z, Khan MM, Oyler
BL, Fahraeus R, Marek-Trzonkowska N,
Nita-Lazar A, et al. The role of TLRs



Thirty Years since the Discovery of Toll-Like Receptors

in anti-cancer immunity and tumor
rejection. Frontiers in Immunology.
2019;10:2388

[80] Gonzalez C, Williamson S,
Gammon ST, Glazer S, Rhee JH,
Piwnica-Worms D. TLR5 agonists
enhance anti-tumor immunity and
overcome resistance to immune
checkpoint therapy. Communications
Biology. 2023;6:31

[81] Keshavarz A, Pourbagheri-
Sigaroodi A, Zafari P, Bagheri N,
Ghaffari SH, Bashash D. Toll-like
receptors (TLRs) in cancer; with an
extensive focus on TLR agonists and
antagonists. IUBMB Life. 2021;73:10-25

[82] So EY, Ouchi T. The application of
toll like receptors for cancer therapy.
International Journal of Biological
Sciences. 2010;6:675-681

[83] Yang Y, Feng R, Wang YZ, Sun HW,
Zou QM, Li HB. Toll-like receptors:
Triggers of regulated cell death and
promising targets for cancer therapy.
Immunology Letters. 2020;223:1-9

[84] Kesler A, Agrawal DK,

Thankam FG. Toll-like receptors and
damage-associated molecular patterns
in the pathogenesis of heart transplant

rejection. Molecular and Cellular
Biochemistry. 2022;477:2841-2850

(85] Hennessy EJ, Parker AE, O'Neill LAJ.
Targeting toll-like receptors: Emerging
therapeutics? Nature Reviews Drug
Discovery. 2010;9:293-307

[86] Anwar MA, Shah M, Kim ], Choi S.
Recent clinical trends in toll-like receptor
targeting therapeutics. Medicinal
Research Reviews. 2019;39:1053-1090

[87] Bzéwka M, Bagrowska W,
Goéra A. Recent advances in studying
toll-like receptors with the use of

26

computational methods. Journal of
Chemical Information and Modeling.
2023;63:3669-3687

[88] Demaria O, Cornen S, Daéron M,
Morel Y, Medzhitov R, Vivier E.
Harnessing innate immunity in cancer
therapy. Nature. 2019;574:45-56

[89] Mushegian AA. Harnessing innate
immunity to fight neurodegeneration.
Science Signaling. 2017;10:eaam8102



Chapter 3

Toll-Like Receptors and Emerging
Viral Infections

Muhammad Lugman, Sahibzada Nawazash Ali,
Zainab Khalid, Iqra Anwar, Sagar M. Goyal
and Muhammad Shahid Mahmood

Abstract

Emerging viral infections are considered a global threat, and they have gained
more importance after the coronavirus outbreak in 2019, which affected the whole
world. The innate immune system recognizes invading pathogens via pattern rec-
ognition receptors (PRRs) expressed on different immune cells extracellularly and
intracellularly. Out of several PRRs, Toll-like receptors (TLRs) are one of the critical
PRRs recognizing diverse pathogen-associated molecular patterns (PAMPs) varying
from viruses, bacteria, and fungi. Viral pathogens possess specific molecular signa-
tures such as dsRNA and high CpG content that differentiate them from mammalian
cells. TLRs play their role in innate immunity against pathogenic viruses by producing
antiviral cytokines and chemokines. Most emerging viral pathogens are RNA viruses
including severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East
respiratory syndrome-related coronavirus (MERS-CoV), and severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). These viruses are recognized by TLR 2, TLR
3, TLR 4, TLR7, and TLR8 with the coordination of other PRR members resulting
in the activation of costimulatory molecules that initiate immune response. This
chapter provides insights into the TLRs’ role in developing and regulating the immune
response against emerging viral pathogens. It exploits their roles in innate immunity
to develop treatment strategies against deadly emerging viral pathogens.

Keywords: emerging viral infection, TLRs, innate immunity, viral pathogens,
SARS CoV

1. Introduction

It has been established that the recurrence and emergence of viral diseases
unquestionably play a significant role in influencing the human world, from Walter
Reed’s discovery of the first human virus, known as the yellow fever virus, in 1901 to
the coronavirus disease-2019 (COVID-19) pandemic today caused by SARS-CoV-2.
They not only have an immense effect on the economy and society in today’s con-
nected world, but they also have the potential to cause high mortality as they spread.
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Despite significant advancements in medical research, newly emerging and reemerg-
ing viral infections continue to have catastrophic effects on human populations all
over the world. Unfortunately, there is currently no treatment for most of these viral
infections.

A developing infective condition is brought on by novel disease-causing microbes
that have either never before arisen in a population and are now affecting it, or that
have previously existed but are now quickly spreading to new geographic areas [1].
Either locally or globally, they are to blame for serious public health issues. Rarely can
it be determined whether an illness is new to humans or if it has always existed but
gone unnoticed by the world of science. However, many newly emerging illnesses are
assumed to be the result of a rise in the frequency of close interaction among people
and pathological repositories found in nature. This proximity makes it easier for an
agent to successfully “jump” from an animal or arthropod to a person and pass the
interspecies border [2].

Additionally, the past 50 years have seen exceptional pandemic outbreaks, includ-
ing HIV in early 1990 [3]. HIN1 “swine flu” in 2009, Zika in 2015, chikungunya in
2014, and as well as Ebola fever outbreaks that resembled pandemics in wide areas
of Africa from 2014 to the present [4]. In light of the fact that there are four endemic
coronaviruses that afflict people globally, coronaviruses must have originally emerged
and circulated extensively during the era when viruses were first acknowledged as
causes of human diseases. The SARS-CoV caused a near-pandemic that afflicted 26
nations between 2002 and 2003 before going away in accordance with public health
control measures. The animal host was most likely a domestic cat at the time.

The associated Middle East respiratory syndrome (MERS) coronavirus (MERS-
CoV) first developed in people in 2012 after emerging from dromedary camels [5]. By
the end of 2019, COVID-19, which was identified, as just the most recent instance of
unforeseen, innovative, and fatal global epidemic illness. SARS CoV-2 has been linked
to about 6.96 million fatalities and around 771 million cases as of 04 October 2023
[6]. The root reasons for this novel and risky scenario are varied, and intricate, and
deserve careful consideration [7].

The innate immune system serves as the first line of defense against invading
pathogens. In viral infection, innate immunity plays a vital role in inducing adaptive
immunity. Upon entry immune cells recognized the conserved regions of invading
pathogens named PAMPs, that are not present in the host cells. Immune cell receptors
known as PRRs engage with pathogen PAMPs to activate a number of intracellular
signaling pathways, that trigger the production of pro-inflammatory cytokines and
type I interferons (IFNs), that ultimately initiate the antiviral immune response to
clear the invading agent [8]. The clearance of viral cells is accomplished within a few
weeks in typical infections however, certain viruses learn how to evade or circumvent
the host’s immunological defenses, which helps them replicate and infect the host
persistently.

2. TLRs in pro-inflammatory immune response

The host’s innate immune system serves as its first line of defense contrary to
infectious diseases caused by microbes. The innate immune system is essential and
plays an important part in viral infections by locating and eliminating contami-
nated cells as well as organizing an adaptive immune reaction. The innate immune
system comprises different innate immune cells (basophils, eosinophils, mast cells,
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neutrophils, monocytes, dendritic cells (DCs), natural killer cells) and secreted
humoral components such as complement proteins, cytokines, IFNs, and chemo-
kines. These innate immune cells recognize pathogens via different PRRs including
nucleotide-binding oligomerization domain (NOD)-like receptor family proteins
(NLRs), Toll-like receptors (TLRs), retinoic acid-inducible gene I (RIG-I)-like recep-
tors (RLRs) [9].

PAMPs are persistent architectural motifs that may trigger the body’s natural
defenses against infections by identifying characteristics of bacteria or viruses, such
as nucleic acids, peptides, and lipoproteins, that differentiate the pathogen from the
host. Host PRRs expressed in epithelial cells and first-line immune cells such as DCs,
macrophages, and natural killer cells were able to recognize PAMPs during viral infec-
tion [10]. Antigen-presenting cells (APCs) including macrophages and DCs as well as
certain kinds of T cells express the transmembrane receptors known as TLRs.

The innate immune system is also an initial defense mechanism in emerging viral
infections including SARS-CoV. It also prevents the entry, translation, replication,
and assembly of the virus. They also assist in the identification and elimination of
infected cells along with coordinating and hastening the progression of adaptive
immunity. In response to PAMPs, PRRs in the cytosol and on cell surfaces, in endo-
somes, trigger inflammation and promote apoptosis that stops infections caused by
viruses and helps with the removal of viral debris [9-11].

TLRs were the first to be identified and have been the subject of the most in-depth
research, even though vertebrate hosts also express many other classes of PRRs,
including the NLRs, RLRs, and C-type lectin receptors [12, 13]. Initially discovered in
Drosophila, the TLRs have since been demonstrated to be crucial for the host’s defense
against fungus [14]. Researchers identified 10 homologs in humans (TLR1-TLR10)
and 12 in mice (TLR1-TLR9Y and TLR11-TLR13). These toll receptor homologs were
named as TRLs [15, 16]. TLRs are characterized as type I transmembrane proteins
consisting of a Toll-interleukin-1 receptor (IL-1R) homology (TIR) domain in the
cytoplasmic carboxy-terminal region, which triggers downstream signal transduc-
tion. They also possess a transmembrane domain and an amino-terminal ectodomain
that is rich in repeats of the amino acid leucine, which makes it easier to recognize
PAMPs [17, 18].

The six major families of TLRs found in vertebrates are TLR (1, 3, 4, 5, 7, and 11)
[19]. The members of the TLR1 family are TLR (1, 2, 6, and 10). These are found on
cell membranes and can identify peptidoglycans and lipoproteins that are found in
microbial cell walls and membranes. Furthermore, TLR4 and 5 (located extracellu-
larly on the plasma membrane) recognize LPS and flagellin to initiate TLR-dependent
pro-inflammatory immune response [16]. On the other hand, endosomes and lyso-
somes express TLRs from the TLR (3, 7, and 11) families, which are cytoplasmic TLRs.
Transportation of these TLRs from the endoplasmic reticulum to endolysosomal
spaces, where they are modified by proteases to turn into functional receptors, is
facilitated by UNC93B1, a polytopic membrane protein [20]. Double-stranded RNA
(dsRNA) is detected by TLR3. The TLR7 family contains TLR (7, 8, and 9). Single-
stranded RNA (ssRNA) is detected by TLR (7 and 8), while TLR9 interacts with
unmethylated CpG DNA TLR (7 and TLR8 detect single-stranded RNA (ssRNA),
while TLR9 interacts with unmethylated CpG DNA [16]. TLRs in humans with their
respective ligands and adaptor molecules are summarized in Table 1. The Toxoplasma
gondii parasite’s profilin is sensed by TLR (11 and 12) forming a heterodimer and
belongs to the TLR11 family [30], whereas bacterial 23S ribosomal RNA is recognized
by TLR13 [31, 32].
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Localization TLRs Ligands Adaptor References
molecules

Plasma TLR1/ Diacyl/triacyl lipopeptides MyD88 [19, 21-23]
membrane TLR2
Plasma TLR2 peptidoglycan, lipoteichoic acid, MyD88 [21-23]
membrane Lipoproteins, Zymosan
Endosome TLR3 DsRNA TRIF [24]
Plasma TLR4 LPS, Envelope glycoproteins, MyD88/TRIF [25]
membrane endogenous HSP, HMGBI, p-defensin 2
Plasma TLR5 Flagellin MyD88 [26]
membrane
Plasma TLR6/ lipoproteins, zymosan, lipoteichoic acid MyD88 [21-23]
membrane TLR2
Endosome TLR7 SsRNA MyD88 [16, 27]
Endosome TLR8 SsRNA MyD88 [16, 27]
Endosome TLR9 Unmethylated CpG DNA, MtDNA MyD88 [16, 28]
Plasma TLR10 HIV-1 gp41, HIN1/H5N1 MyD88 [29]
membrane

Table 1.

Toll-like receptors (TLRs) in human respective natural ligands.

Human TLRs that can recognize viral nucleic acids, such as TLR (3,7, 8, and 9),
are mostly expressed in the endosomal compartment, in contrast to the TLRs that rec-
ognize bacteria and are primarily expressed on the cell membrane [33]. Viral dsRNA
taken up into sentinel cell endosomes is detected by TLR3, leading to the activation of
downstream signaling pathways dependent on the cytoplasmic adaptor protein TRIF.
Downstream signaling pathways for TLR (7 and 8), and ssRNAs, rely on MyD88.
TLRY, the sole known DNA sensor, specifically detects the unmethylated CpG DNA
of DNA viruses [34]. Furthermore, viral structural and nonstructural proteins have
been associated with the production of inflammatory cytokines, mediated by TLR
(2 and 4) within the TLR family.

TLR signaling is carried out through two mechanisms: the (TRIF)-mediated route,
which involves the Toll-interleukin-1 receptor (TIR)-domain-containing adaptor
inducing IFN-p, and the (MyD88)-mediated pathway, which relies on the myeloid
differentiation factor 88 [35, 36]. The former induces IFNs, which when stimulated,
put cells into an antiviral state. The latter MyD88-mediated pathway triggers the
activation of the tumor necrosis factors (TNF) such as NF-«B, which subsequently
initiates the activation of multiple genes involved in inflammatory reactions. Only
the TRIF-mediated pathway is activated by TLR3. IRF-3, a crucial for TF for IFN- f, is
activated by TLR3 signaling, inducing the synthesis of IFN. TLR2 exclusively activates
the MyD88-mediated pathway, whereas TLR4 activates both the MyD88-mediated
pathway and the TRIF-mediated pathway. As a result, TLR4 agonists have the dual
effect of activating NF-«xB and promoting the production of IFN [37].

The activation of transcription factors (TFs) like NF-xB, AP-1, and interferon
regulatory factors (IRFs), occurs as a result of signaling pathways initiated by
PRRs. These TFs play an important part in stimulating the expression of different
genes that have a role in antiviral defense such as type I and III interferons (IFNs),
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pro-inflammatory cytokines, and chemokines [8]. These genes of focus can increase
the adaptive immune reaction, prevent the spread of pathogens, and help the host
cells to adapt to changes in their environment. Macrophages and DCs primarily
produce type I IFNs, causing an antiviral defense in the surrounding cells which
start expressing the several genes collectively called IFN-stimulated genes (ISGs).
Neutrophil, monocyte, and NK cell recruitment may be aided by the chemokines
released at the site of infection.

3. Emerging viral pathogens and Toll-like receptors

Members of the Coronaviridae family that are phylogenetically and antigenically
unique include SARS-CoV and MERS-CoV [38, 39]. Similar classes of cellular sen-
sors may be able to detect PAMPs, as they are likely to move through similar spaces in
the host cells infected by coronaviruses. Virus and other invading pathogen-specific
PAMPs are recognized by innate immune sensors, which then cause transcriptional
modifications in host cell signaling pathways that make an antiviral state and reduce
the effectiveness of viral reproduction.

The emergence of highly virulent 1918 and 2009 H1N1, H5N1, and H7N9 and
influenza A viruses (IAV), as well as the SARS, MERS, and most recent SARS-CoV-2
epidemics, demonstrate the potential danger that respiratory virus infections provide
to world health [40]. Essential roles in gas exchange are performed by the human
lung, which serves as an intricately complex and highly delicate mucosal surface that
interacts with numerous environmental bacteria. The lung’s ciliated cells and type
II pneumocytes of the airway epithelium are the primary targets of SARS-CoV and
IAV infection [40, 41]. To ensure maximum detection of viruses at different stages of
the replication cycle, including virus entrance and genome replication, PPRs which
contain various classes of cellular sensors, are allocated at cellular membranes and
within the cytosol. When exposed to infectious microbes, innate immune signaling
cascades are initiated by these cells [42].

3.1SARS CoV

The SARS outbreak that occurred in 2003 had a disastrous impact globally as
it rapidly spread across the continent, causing over 8000 ailments, and resulting
in a mortality rate of 10% [43]. It had severe economic consequences for local and
regional areas.

SARS CoV genome comprises linear, single-stranded, and positive sense RNA.
They are membrane-enveloped viruses [44]. The innate immune system reacts
quickly to viral invasion and is crucial in triggering the adaptive immune system.
When PAMPs engage with host PRRs in innate immunity, numerous signaling mecha-
nisms are activated in immune cells. This results in the release of pro-inflammatory
cytokines and IFNs, which in turn trigger an antiviral response. The primary innate
immune cells with antiviral activity are macrophages, DCs, and natural killer cells [8].

Extracellular membrane-bound TLRs recognize extracellular pathogens. TLR3
has been linked to recognizing changes in the pathogenesis of airway disease brought
on by infections with respiratory viruses such as IAV, rhinovirus, and respiratory
syncytial virus (RSV) as well as recognition of the range of different RNA viruses
[45-47]. Basal levels of TLR3 expression can be found in the lung tissues including
human bronchial epithelial cells and alveolar cells, as well as different immune cells
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(19). TLR3 is attached to the endosomal membrane in cells, where it detects dsSRNA
patterns produced by invasive pathogens [48].

TLR 3 dimerizes and draws in the TRIF adaptor protein after engaging the dsRNA
motif [49, 50]. TFs such as interferon regulatory transcription factor (IRF3) and
NF-«B are signaled to be activated as a result of TRIF recruitment to the endosome
[51]. TRIF has been defined as an adapter for TLR4 signaling in addition to TLR3-
specific signaling pathways [50, 52]. The basal level of TLR4 expression in alveolar
cells and bronchial epithelial cells rises in response to inflammatory cell infiltration
brought on by insults like viral infections [53, 54]. TLR4 communicates with TRIF
or MyD88 via two sorting adaptors: TRAM for TRIF-dependent signaling, and MAL
for MyD88-dependent signaling pathways [55]. An increase in the severity of acute
respiratory distress syndrome (ARDS) brought on by influenza virus infections and
acid damage models has been connected to the TLR4/TRAM/TRIF signaling pathways
in earlier investigations [56]. The involvement of TLR4 in the immunopathogenesis
of the influenza virus has been a subject of controversy, and the TLR4 antagonist
Eritoran has been suggested as a potential immunomodulatory treatment for influ-
enza viral illnesses [57, 58].

The involvement of TLR4 in the highly infectious SARS-CoV remains uncertain.
The activation of proinflammatory cytokines (IL-6, TNF, IFN-, and CCLS5), type 1
interferons (IFN-a and IFN-B), and interferon-stimulated genes (ISGs) (RSAD2,
IFIT1, and CXCL10) is induced by TLR signaling through TRIF [48, 59]. In the set-
ting of ARDS and respiratory viral illnesses, these effector molecules are of definite
importance [40, 60]. In the setting of vaccine adjuvants and antiviral medication,
TLR antagonists and agonists have been postulated as substances having wide-range
efficacy over diverse respiratory illnesses [57, 61-63]. Lipopolysaccharide (LPS), a
TLR4 agonist, and poly(I:C), a TLR3 agonist, have been proven in mouse experiments
to give prophylactic protection against SARS-CoV infection, with poly(I:C) display-
ing better effectiveness than LPS [61]. Additionally, administration of poly(I:C), a
TLR3 agonist that initiates signaling regardless of MyD88, demonstrates antiviral
effects in mouse models infected with coronavirus species that are extremely con-
tagious, such as group 2c MERS like coronaviruses [64]. Given the wide range of
zoonotic precursors that have the potential to spread into human and cattle popula-
tions, it becomes crucial to comprehend how TLR signaling pathways and effector
networks could affect coronavirus pathophysiology. Previous studies in SARS-CoV
infection in the mouse model have suggested a shielding role for the TLR adapter
protein MyD88, which facilitates downstream signaling via multiple TLRs [65].
Research has demonstrated that a powerful cell-intrinsic defense network is activated
in response to SARS-CoV illness through MyD88-independent signaling via TLR (3
and 4), facilitated by the TRIF adaptor protein.

3.2 MERS-CoV

Severe respiratory disease with a 30% death rate was first linked to the MERS-CoV
in 2012. Human individuals who encounter MERS-CoV develop a severe respiratory
illness with a high mortality rate [66]. The most fatal human coronavirus infection to
date is MERS [67]. Even though it has a lower rate of human-to-human transmission,
almost all MERS-CoV infections can cause severe symptoms, making clinical care dif-
ficult. Similar to SARS-CoV, MERS-CoV manifests in humans with serious pneumonia
with ARDS, lymphopenia, leukopenia, septic shock, and multi-organ failure [67].
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Innate immunity is significantly aided by DCs, which can also significantly
increase cytokine and chemokine output. These cells can move from lymphoid tissue
to peripheral organs, where they can activate the T cell population [68]. As a result of
their role as intermediaries between innate and adaptive immunity, DCs are seen as
possible targets for pathogen invasion.

Innate immunity relies on PRRs, such as TLRs and retinoic acid-inducible gene-

I- (RIG-I-) like receptors, which play a crucial role [69-71]. One of the two distinct
adaptor molecules MyD88 or TRIF—becomes active following TLR virus identifica-
tion. Various pathways such as MAPK and NF-kB, which are in charge of encouraging
the synthesis of proinflammatory cytokines and IFNs, are further activated by these
molecules [72-74].

The interaction between MERS-CoV and the host cell’s DPP4 receptor via the S
protein results in the localization of genomic RNA within the cytoplasm. MERS-CoV
replication has the potential to partially trigger an immunological response to dsRNA.
When dsRNA sensitizes TLR-3 and triggers a series of reactions involving IRFs and
NF-xB activation through TRAF3 and TRAF®6, respectively, it leads to the genera-
tion of type I IFNs and proinflammatory cytokines. The generation of type I IFNs is
crucial for enhancing the secretion of antiviral proteins and protecting cells that are
not yet infected.

TLR-3 activates IRF7 and IRF3 following attaching to its specific ligand, irrespec-
tive of MyD88 [73]. A possible treatment for MERS-CoV disease in a mouse model
has recently been revealed using the TLR-3 agonist poly IC [65]. Type 1 IFN-a and
IFN- B expression gets increased after poly IC injection [75]. Consequently, the acti-
vation of various effectors such as macrophages, CD8 T cells, and NK cells is initiated,
leading to their antiviral effects [76, 77]. The host experiences various detrimental
effects due to the proinflammatory cytokine response, including the production of
cytokines like TNF-a and IL-6, which can lead to pathological tissue damage during
any infection [78]. On the other hand, inflammatory cytokine reactions can restrain
the spread of viruses. By comprehending the TLR signaling events in a better way and
effectively controlling viral infections, the risk of viral dissemination can be mini-
mized in the picture of infection of MERS-CoV.

TLR-3 activation inhibition and evasion of the immune reaction can occur
when auxiliary proteins of the MERS-CoV occasionally bind to the viral dsSRNA
during replication, leading to interference with TLR-3 signaling. Proinflammatory
cytokines may be activated by TLR-4 upon recognition of S protein via the MyD88-
dependent signaling pathway. Strong synthesis of immunological mediators results
from virus-cell interactions. Following MERS-CoV infection, infected cells are
stimulated to release substantial quantities of chemokines (MCP-1, CXCL10) and
cytokines (IL-10), which in turn attract lymphocytes and leukocytes to the infection
site [79].

3.3SARS-CoV-2

In the detection of PAMPs from SARS-CoV-2, several TLRs have been implicated,
as indicated by recent studies. It has been indicated that an antiviral response to
SARS-CoV-2 disease may be triggered by TLR (2, 3, 4, 7/8, and 9) [80]. While TLRs
are found all over the human respiratory system, their expression varies among
different innate immune cells. For instance, NK cells exhibit a higher abundance of
TLR3, while macrophages predominantly express TLR4.
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3.3.1TLR2

In murine macrophages lacking TLR2 and in human macrophages administered
with a TLR2 inhibitor exhibit reduced activation of pro-inflammatory signaling
events and decreased cytokine production upon the stimulus of the SARS-CoV-2
E protein [81, 82]. This indicates that TLR2 plays a role in detecting the E protein
of SARS-CoV-2 and initiating inflammatory responses. Moreover, in vivo, experi-
ments demonstrate that the SARS-CoV-2 E protein promotes inflammation through
TLR2-dependency, as evidenced by the decreased levels of IL-6 in the serum of
TLR2-/— mice following administration of the E protein [81]. TLR2 plays a role in
the activation of innate immunity, according to an independent single-cell computa-
tional approach that sought to anticipate potential sites for modification to lessen the
dysfunctional innate immune reaction brought on by the virus [83]. These results are
supported by the observation that TLR2 inhibitor therapy of K18-hACE2 transgenic
mice lowers inflammatory cytokine levels in the blood and increases survivability
after this viral infection [81]. To find out whether TLR2 directly interacts with the E
protein or other ligands of this virus, more research is needed. Apart from TLR2, the
extent of research on the involvement of other TLRs in SARS-CoV-2 infection is not as
definitive in both in vitro and in vivo studies.

3.3.2TLR4

In silico studies indicate that TLR (1, 4, and 6) may be potential binding partners
for the SARS-CoV-2 S protein, with TLR4 exhibiting the maximum affinity [84]. The
activation of TLR4 in reaction to the S protein is evidenced by the observation that the
gene expression of I11b is reduced in Tlr4—/— murine macrophages stimulated with
the S protein compared to wild-type cells in vitro [85].

TLR4 exhibits a remarkable ability to identify various molecular patterns from
disease-causing agents and initiates downstream signaling events that involve either
of these (MyD88-dependent and MyD88-independent) signaling. These pathways
activate TFs such as NF-kB, which govern the expression of the proinflammatory
cytokine [86]. Recent findings indicate that the spike glycoprotein, a major infection-
causing surface protein of SARS-CoV-2, acts as a ligand for human TLR4 [84], as a
result of this protein-to-protein interaction, TFs, including NF-kB, IRFs, and activa-
tor protein 1 (AP-1), resulting in the expression of proinflammatory cytokines and
IFNs [85]. Intense local inflammation caused by the activation of TLR4 in the alveolar
macrophages eventually leads to an accumulation of inflammatory substances that
disrupt gas exchange in the respiratory system, respiratory gas, induce issues in
breathing, and sometimes result in mortality [84, 87]. The presence of inflammatory
agents has the ability to stimulate the immune system including the innate and adap-
tive immune system, amplifying the inflammation and causing a “cytokine storm”, or
overt immunopathology. The major organs such as the heart, kidney, pancreas, etc.
are directly damaged by cytokine storm [88].

3.3.3 Intracellular Toll-like veceptors

Intracellular TLRs (TLR3, TLR7, and TLRS) that detect nucleic acids are found in
endosomes to avoid the detection of self-genetic material. Like other coronaviruses,
SARS-CoV-2 is also a ssRNA virus and after replication in their host cells generates
double-stranded RNA [89, 90]. Intracellular RNA sensors are likely to play a key
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role in SARS-CoV-2 infection identification. TLR3 recognizes dsRNA via the TRIF
signaling pathway in endosomes and stimulates the production of type I IFNs and
proinflammatory cytokines. While TLR7 and TLR8 use MyD88 downstream signaling
pathways to recognize ssRNA of SARS-CoV-2. Recently three-dimensional lung mul-
ticellular spheroids were used to identify the antiviral role of TLR3 and TLR7 follow-
ing COVID infection [90]. In SARS-CoV-2-infected multicellular spheroids, NF-kB
and IRF3 were found to be involved in the TLR3 and TLR7-mediated downstream
signaling. Further, the relative expression levels of both TLRs (TLR3 and TLR7) as
well as the production of type I IFNs and proinflammatory cytokines were also high.

In vivo, studies have shown that the TLR3 signaling pathway plays a protective role
in the context of SARS-CoV infection [42, 91-93]. TLR3-deficient mice (Tlr3—/-)
exhibit higher viral load and reduced function when exposed to mouse-adapted
SARS-CoV [42]. Furthermore, the activation of TLR3 with an agonist leads to a
reduction in SARS-CoV load in human alveolar epithelial cells [92]. TLR3 has not
been particularly connected with SARS-CoV-2 sensing in any investigations to date,
though. Although a genomic investigation of individuals with severe COVID-19
discovered a link between innate defects in TLR3 and the severity of infectious illness,
subsequent research was unable to confirm this link. As a result, it is unknown what
role TLR3 plays in SARS-CoV-2 infection.

Another study revealed that genomic ssRNA fragments of SARS-CoV-2 infec-
tion activated the expression of TLR7 and TLR8 along with the MyD88 downstream
signaling pathway in humans [94]. Because it was found that uridine and guanosine-
rich RNA fragments activated the expression of TLR7 and TLRS, and to test their
hypothesis this group searched the ligand of TLR7/8 and chose two UG-rich regions
within the genome of SARS-CoV-2 and named as SC2-RNA. After treating human
monocytes-derived DCs (MoDCs) with SC2-RNA the authors discovered that SCV2-
RNA therapy promoted the release of the CXCL9 (T cell-recruiting chemokine) and
pro-inflammatory cytokines expression including IL-6, IL-12, and TNF-a. After
stimulation with SCV2-RNA, MoDCs matured and induced IFN-y production in
cocultured CD4 and CD8 T cells, indicating that SCV2-RNA may regulate DC activa-
tion. In pDCs, similar results were obtained as the expression of CD86 and production
of TNF-a and IFN-a increased. The authors hypothesized that ssRNA-induced activa-
tion in MoDCs is mediated by the TLR8/MyD88/NF-Kb pathway and TLR7 in pDCs.
These findings suggest that endosomal RNA sensors are responsible for recognizing
the ssRNA and dsRNA produced by SARS-CoV-2.

4. Therapeutic interventions based on TLRs

TLR’s vital role in the viral recognition adaptive immunity regulation makes them
strong candidates in vaccine formulation as vaccine adjuvants. TLR agonists are gener-
ally accepted because they do not cause side effects while offering dose-saving effects
by increasing vaccination effectiveness. TLR4 and TLR9 agonists have been most
efficient and have been approved for clinical usage while other TLR agonists includ-
ing TLR3, TLR5, TLR7, and TLR8 require more research. Increased understanding of
TLR expression and function, as well as their involvement in viral infection response,
may lead to the creation of vaccination platforms including intrinsic TLR PAMPs TLR
agonists to elicit efficient and lasting responses from the immune system [95].

TLR agonist adjuvants are more efficient in producing a humoral immune
response as compared to first-generation adjuvants like aluminum adjuvants. Recently
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TLR agonists such as CpG oligonucleotide (ODN) Pam3CSK4, resiquimod (R848),
poly(I:C), and monophosphoryl lipid A (MPLA) are being studied as vaccine adju-
vants against SARS-CoV-2 infection. Pam3CSK4, a synthetic triacylated lipopeptide
TLR1 & TLR2 ligand that can activate the proinflammatory transcription factor
NF-B. XS15, a novel water-soluble synthetic Pam3CSK4-derivative, is being used in
conjunction with spike protein peptides of SARS-CoV-2 to create a vaccine format
that promotes CD4+ T-cell responses against peptides anticipated to bind to human
leukocyte antigen — DR isotype (HLA-DR) [96].

LPS, a TLR4 ligand, can regulate the effector T-cell differentiation and influ-
ence inflammation. MPLA is a modified version of LPS that stimulates the immune
system while avoiding most inflammatory effects. It is found most effective against
hepatitis B and human papillomavirus as an adjuvant vaccine and is licensed for use
against these viruses. In the previous study fusion of human IgG FC region (S377-
588-Fc) and Alum-adjuvanted spike protein of Middle East respiratory syndrome
coronavirus produced a significantly higher titer of specific IgG antibodies against
this virus as compared to MPLA-adjuvanted protein. Similarly, a higher Th2 (IgG1)-
biased response was evoked followed by MPLA-adjuvanted S377-588-Fc protein
[97]. A biomaterial-based COVID-19 vaccine also showed a strong adaptive immune
response. Biomaterial mesoporous silica rods loaded with SARS-CoV-2 viral protein,
a growth factor (granulocyte-macrophage colony-stimulating factor) and MPLA
showed an effective immune response by delayed releases after making subcutaneous
scaffoldings. These biomaterials recruited the antigen-presenting cells on the local
site and produced a strong adaptive immune response [98].

SARS-CoV-2 continues to mutate; however, MPLA-adjuvanted antigens such as
S-trimer/MPLA, RBD/MPLA, and S1/MPLA continue to elicit significant cellular and
humoral and cellular immune responses against spike variants (alpha, beta, gamma,
delta, and omicron) [99].

TLR7 and TLR8 activation could be examined as a new technique for anti-SARS-
CoV-2 vaccinations to solve the present problem of viral escape from the immune
system. TLR7 activation exerts an antiviral immune response through Th1 while also
exerting favorable broncho-vasodilatory effects [100]. Iquimod, a synthetic TLR7
ligand, has been licensed against perianal and genital wart infection induced by
human papillomavirus.

A synthetic agonist of TLR7 and TLR8 named resiquimod has been developed
that elicits an effective immune response by IL-6, IFN-a, IFN-, and proliferation of
B cell and T cells. Cytokine profiles induced by the mRNA COVID-19 vaccine and
resiquimod are the same [101]. The complex of SARS-CoV-2 spike protein S1 sub-
unit, resiquimod, and nanoparticle-based SARS-CoV-2 virus vaccine exert a greater
immune response by activation and maturation of antigen-presenting cells, systemic
T cells, and specific B cells response as compared to nanoparticles alone [102].

Anti-coronavirus immunity is most likely provided by CD8+ T cells and neutral-
izing antibodies. TLR3 and TLR9 ligands Poly(I:C) and CpG ODN and Poly(I:C)
significantly increase CD8+ T-cell responses more than other adjuvants among
TLR agonists. These ligands CpG ODN and poly(I:C) have therefore been used as
adjuvants in vaccines against the influenza virus. Inactivated SARS-CoV-2 vaccine
combined with CpG ODN has exponential effectiveness by improving the humoral
immune response when administered in animals [103, 104]. Boosting with nanopar-
ticles formulated with CpG 1018 and poly(I:C) results in enhanced T cells and B cell
activation and IFN- production, as compared to the alum adjuvanted SARS-CoV-2 S1
vaccination [105].
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5. Conclusion

TLRs play a vital role in the innate immune system and recognize a wide range of
PAMPs. This chapter has described the role of TRLs in the immunity against emerging
viral infections including SARC CoV, MERS CoV, and SARC CoV-2. TLRs (2, 3, 4, 7
8, and 9) are considered very effective against these emerging viral pathogens. TLR
3 is TRIF dependent while TLRs 7 and 8 are MyD88 dependent for the downstream
signaling. Viral components including E protein, S protein, and viral genetic material
(ssRNA and dsRNA intermediate) act as ligands for these TLRs. Upon viral invasion,
TLRs recognize the infectious agent trigger the downstream signaling, and ultimately
initiate the immune response. As a result, the production of pro-inflammatory cyto-
kines and type I interferons (IFNs) starts that ultimately initiate the antiviral immune
response to clear the invading agent. However overactive immune system activity may
lead to detrimental production of pro-inflammatory cytokines and chemokines that
can lead to severe illness and widespread inflammation. TLR antagonists are found
satisfactory against these severe infections and most of these therapeutics clinical
trials are under different phases.
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Chapter 4

TLRs and Other Molecules
Signaling Crosstalk in Diseases

Chao Yang and Ruoxi Yuan

Abstract

Inflammatory diseases affect human health and the quality of life, causing heavy
medical burdens in our society. Multiple pathogen-related molecular patterns,
risk-related molecular patterns, and inflammatory cytokines exist in the inflamma-
tory environment; these molecules activate immune cells and trigger inflammatory
responses through pattern recognition receptors and cytokine receptors. Inflammatory
molecules can activate immune cells alone or together through signaling crosstalk.

For example, macrophages pretreated with interferon y enhance Toll-like receptor 4
signal-induced gene expression through epigenetic remodeling. However, there are
multiple forms of interactions between inflammatory molecules, including synergistic
effects and antagonistic effects. At present, the forms of crosstalk between inflamma-
tory molecules and TLRs that participate in immune cell activation and inflammatory
disease progression and their detailed mechanisms are not fully discovered yet. In

this chapter, we will enumerate the interaction between different immune molecules
and TLRs and discuss how the interactions affect the process of inflammatory disease
development and progression.

Keywords: TLRs, signaling transduction, inflammasome, cell death, inflammation,
diseases

1. Introduction

During infection and sterile inflammatory conditions, the host’s immune response
is triggered by pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs), which are recognized by pattern recognition
receptors (PRRs). Therefore, PRRs are critical during infection and noninfection-
associated inflammatory diseases. There are four major families of PRRs involved
in this process: Toll-like receptors (TLRs), RIG-like receptors (RLRs), NOD-like
receptors (NLRs), and C-type lectin receptors (CLRs). These PRRs have overlap-
ping ligand specificities and converge on common downstream signaling pathways,
such as the NF-xB pathway [1, 2]. TLRs are membrane-bound receptors, which can
travel between cell surface membranes and intracellular compartments, including
endosomes, endolysosomes, phagosomes, and phagolysosomes [2, 3]. TLR1, 2, 4, 5, 6,
and TLR10 are located in the cell surface membrane, while TLR3, 7, 8, 9, 11, 12, and 13
are located in the intracellular compartments [2, 4-6]. TLRs recognize a wide range
of PAMPs, including bacterial and viral components; RLRs are cytoplasmic receptors
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that primarily detect viral RNA, while NLRs detect various intracellular PAMPs and
DAMPs. CLRs are expressed on the surface of immune cells and recognize carbohy-
drates in pathogens [2, 7-9].

Upon activation, PRRs initiate signaling cascades that activate transcription
factors, such as nuclear factor-kappa B (NF-kB), thereby inducing the production
of proinflammatory cytokines and other immune mediators [2]. This coordinated
immune response helps to eliminate the invading pathogens and restore tissue
homeostasis. While there are numerous examples of positive and synergistic interac-
tions between different PRRs and inflammatory molecules, it is also essential for
the host to have mechanisms in place to prevent excessive immune activation and
inflammation. Notably, PRRs can also exhibit negative regulation of each other,
especially in the context of different pathogen infections. For instance, prior viral
infection has been shown to increase susceptibility to subsequent bacterial infection
[10, 11]. To maintain immune balance, various mechanisms come into play, including
upregulation of inhibitory pathways, induction of anti-inflammatory mediators, and
internalization and degradation of receptors. Additionally, PRRs and inflammatory
molecules can directly antagonize each other at the signaling level. These regulatory
mechanisms collectively contribute to preventing excessive immune responses and
maintaining immune homeostasis [12]. In this chapter, we summarized the positive
and synergistic interactions between TLRs and certain molecules, but also reviewed
the negative regulatory or antagonistic effects of signaling crosstalk between TLRs
and certain molecules. These signaling crosstalks are involved in and contribute to
various pathogenic conditions. The understanding of the mechanisms of various
paradigms of signaling crosstalks between TLRs and other molecules would benefit to
develop new therapeutic strategies for disease control.

2. Signaling crosstalk between TLRs and other molecules in diseases
2.11FN signaling training to augment TLR response

Interferon y (IFN-y) is a very important cytokine for host defense against patho-
gen invasion and tumorigenesis, with the ability to modulate the immunological
status in both infected cells and tumor cells [13-15]. IFN-y is also involved in inflam-
matory diseases, where it activates inflammatory immune cells, especially monocytes
and macrophages. IFN-y combined with lipopolysaccharide (LPS) activate IFN-y
receptor- and TLR4-mediated signaling crosstalk to polarize macrophages toward an
‘M1-like’ state, characterized by increased proinflammatory responses and resistance
to anti-inflammatory factors [16, 17]. In addition, cells pretreated with IFN-y for
24 hours (hrs) or 48 hrs are very sensitive to TLRs signaling for inflammatory gene
expression [18, 19]. In vivo, IFN-y pretreatment increases LPS and TLR9 ligand
CpG-induced responses and improves the capability of host cells to control pathogen
infection [20]. Type I IFN (IFN-1) signaling modulates monocyte fate from tumor-
associated macrophages to active monocytes, which can activate CD8" T cells for
tumor immunity [21]. Similar to IFN-y, IFN-1 can also train monocytes/macrophages,
but only under a concentration higher than 10 ng/ml in vitro [22]. Monocytes/
macrophages primed with high concentration of IFN-1 are highly sensitive to TLR
ligands, such as LPS (TLR4 ligand), ORNSL (TLR8 ligand), Pam3CSK4 (TLR2 ligand)
and Poly (I:C) (TLR3 ligand), thereby inducing massive inflammatory response and
cytokine storm responsible for tissue damage and dysfunction during viral infection,

46



TLRs and Other Molecules Signaling Crosstalk in Diseases
DOI: http://dx.doi.org/10.5772/intechopen.1003018

such as coronavirus disease 2019 (COVID-19), influenza pneumonia, etc. [22, 23].
IFN-1 signaling is the hallmark of and contributes to the development of autoimmune
diseases such as systemic lupus erythematosus (SLE) and systemic sclerosis (SSc)
[24-26]. Signaling crosstalk between IFN-1 and self-DAMPs-mediated TLR activation
underlies the pathogenesis and severity of inflammatory disorders [27].

Through the mechanism study of the model of IFN and TLR4 signaling crosstalk,
we now know that both IFN-1 and IFN-y-mediated training seem to be not through
modulating TLR signaling pathway activities but to be through epigenetic chromatin
remodeling of monocyte/macrophages to decrease the threshold of the cell sensitivity
to TLR ligands for inflammatory gene expression [19, 22]. Epigenetic remodeling is
a sophisticated process. How does IFN signaling initiates the epigenetic remodeling
process and changes the chromatin accessibility of inflammatory genes is still under
heavy study. In addition, IFN signaling also selectively alters macrophage metabolic
pathways by suppressing TLR4-mediated gene activation [18, 22]. While IFN-y
abrogates the LPS-induced IL-10 negative feedback loop by completely suppressing
IL-10 expression [18, 19], IFN-1 does not suppress LPS-induced IL-10 expression [22].
But, whether IFN-1 affects IL-10 auto-loop to augment inflammatory gene expres-
sion induced by TLRs is unclear yet. These findings suggest that similar but different
mechanisms underpin IFN-1 and IFN-y training.

2.2IFN-1, TNF, and TLR signaling crosstalk

Tumor Necrosis Factor (TNF) plays an important role in host defense and inflam-
mation and contributes to various inflammatory diseases and tumors. However,
pretreatment of the human macrophages with TNF for a minimum of 12 h suppresses
TLR4-mediated inflammatory gene expression and diminishes protection from LPS-
induced cell death [28, 29]. This phenomenon is referred to as TNF cross-tolerance,
which resembles classical endotoxin tolerance (which will be discussed in the other
part of this chapter). The TNF cross-tolerance is mediated by the inactivation of
glycogen synthase kinase 3p (GSK-3p) and the subsequent accumulation of NF-kB
inhibitor alpha (IxkBa), which prevents the translocation of active NF-«B to the
nucleus and the induction of proinflammatory cytokines. TNF-induced tolerance
may contribute to the regulation of sterile inflammation in conditions such as sur-
gery, ischemia/reperfusion, and acute coronary syndrome, as well as to the control
of chronic inflammation in autoimmune diseases [30-32]. A subgroup of genes
substantially expressed by TNF treatment can be superinduced by secondary LPS
challenge, referred to as the synergistic effect of TNF and TLR signaling crosstalk
[29]. In the context of the TNF and TLR4 signaling crosstalk example, we believe that,
in a substantial signaling crosstalk situation, synergistic effect and tolerizing effect
co-exist for different subgroups of gene expression. The synergistic genes induced
by TNF and TLR4 signaling crosstalk are TNF late response genes, which are epigen-
etic primed by TNF and are mainly involved in IFN signaling and lipid-metabolic
processes [29]. Individuals with inflammatory diseases such as sepsis and SLE are
exposed to TNF and TLR ligands. Strikingly, monocytes from septic patients mimic
what happens during TNF and TLR4 signaling crosstalk for gene expression patterns
[29]. However, the gene expression patterns in SLE differ from those regulated by the
combination of TNF plus TLR4. IFN-1 s drive the pathogenesis of SLE and contribute
to training immunity [22, 33]. Thus, the altered gene expression profile in SLE is
modified by IFN-1 s in the presence of TNF and TLR signaling. Indeed, IFN-1 s block
TNF-mediated tolerization of TLR4-induced inflammatory gene expression through
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epigenetic regulatory mechanisms [29]. In addition, the efficacy of TNF-induced
feedback inhibitory mechanisms may be compromised by other cytokines like IFN-y
or genetic variants in genes involved in tolerance regulation, for example, TNF alpha-
induced protein 3 (TNFAIP3, encodes A20) [34, 35].

2.3 Heme and TLR signaling crosstalk activates PANoptosis and pathology

During infection or inflammatory disorders, cell death occurs, and multiple
DAMPs are released in the process of inflammatory cell death. The presence of
PAMPs and DAMPs mimics infection and cell lytic diseases. The signaling crosstalk
between PAMPs and DAMPs may affect the progress of the disease [36]. Heme is
one important DAMP that is released into the bloodstream when red blood cells are
damaged or lysed during infectious and inflammatory diseases [37, 38]. Heme can
activate TLR4 signaling and inflammatory responses [38, 39]. Recently, it has been
demonstrated that heme can coordinate with TLR2, TLR4, and TLR7 signaling, but
not TLR3 signaling to activate a late inflammatory cell death-PANoptosis [36], which
is a type of cell death caused by the combination of either apoptosis, pyroptosis
or necroptosis [40]. The late PANoptosis induced by heme and PAMPs might be
attributed to the need for time for the activated cells to produce enough amounts of
critical protein interferon regulatory factor 1 (IRF1) and NLR family pyrin domain
containing 12 (NLRP12). Although how does the combination of heme with certain
TLRs initiates the signaling cascades to induce the late PANoptosis is unclear, heme
and TLRs costimulation induced IRF1 and the generation of reactive oxygen species
(ROS), which were responsible for NLRP12 expression; NLRP12 thereby interacted
with and activated Caspase-8, RIPK3, and NRLP3 for apoptosis, necroptosis and
pyroptosis [36]. Injection of phenylhydrazine (PHZ) to mice can induce hemolysis,
which increases the level of heme in serum. The combination of PHZ and a nonlethal
dose of LPS-induced kidney damage in mice, while the deficiency of Nirp12 could
significantly protect mice from lethality and kidney damage [36]. High levels of
free heme exist in various pathological conditions [38, 41]. The signaling crosstalk
between heme and TLRs is likely implicated in numerous inflammatory and infec-
tious diseases. Targeting the critical signaling nodes such as NLRP12 will be beneficial
to the control of disease progression.

2.4 Chemokines participate in regulating cytosolic TLR signaling

The natural ligands of cytosolic TLR3/7/8/9 are nucleic acids (NAs), which are
derived from microbial DNA/RNA or extracellular NAs that are released by dying or
netting cells. These NAs are negatively charged molecules, which can form nanopar-
ticles with cationic proteins via charge:charge interactions, such as LL37 and HMGBI.
The formed nanoparticles facilitate the internalization of NAs into the endosome for
cytosolic TLR recognition [42-47]. Thus, some of the cationic proteins are involved
in and amplify cytosolic TLR responses to trigger and to exacerbate inflammatory
diseases [48-51]. Chemokine (C-X-C Motif) ligand 4 (CXCL4), CXCL10, CXCL12,
CXCL14, and C-C motif chemokine ligand 5 (CCL5) are such cationic proteins that can
form nanoparticles with TLR9 NA ligand CpG to increase the internalization of CpG in
plasmacytoid dendritic cells (pDCs), thereby superinducing type I IFN, independently
of their known chemokine receptors [27, 52]. CXCL4, for example, is the most studied
chemokine that physically interacts with CpG to form nanoparticles. The nanopar-
ticles can be taken up by pDCs through clathrin-mediated endocytosis. Besides, the
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nanoparticles formed between CXCL4 and CpG mediate transcriptional and epigen-
etic changes in pDCs that are responsible for the superinduction of IFN-1 [27].

CXCL4, activating a C-X-C motif chemokine receptor 3 (CXCR3)-independent
inflammatory response in human monocytes, also forms nanoparticles with TLR8
oligoribonucleotides ligand (ORNSL) and promotes the internalization of ORNSL
into the endosome of human monocytes [51]. The signals induced by both CXCL4 and
ORNSL lead to a massive TBK1/IKKe activation, which then activates IRF5 and IRF3
to induce strong inflammatory gene and IFN-1 expression. The signaling crosstalk
between CXCL4 and TLRS also triggers NLRP3 inflammasome activation, IL-1f
secretion, and pyroptosis. In addition, both CXCL4 and TLR8 signaling themselves
can induce epigenetic remodeling; the combination of CXCL4 and TLR8 signaling
mounts the epigenetic remodeling in human monocytes, which increases the acces-
sibilities of NF-kB, AP-1, and IRFs to the opened chromatins of inflammatory genes
[51, 53]. In addition, the signaling crosstalk between CXCL4 and TLR8 activates
RIPK3 to modulate inflammatory gene expression and IFN response through activat-
ing PI3K-AKT serine/threonine kinase (AKT)-X-box binding protein 1 (XBP1)/NFE2
Like BZIP transcription factor 2 (NRF2) axis and through regulating signal trans-
ducer and activator of transcription 1 (STAT1) activation [54]. Both TLR8 and CXCL4
are highly expressed and associated with various inflammatory diseases including SSc
and rheumatoid arthritis (RA) [33, 55]. Thus, the signaling crosstalk between CXCL4
and TLR8 ought to contribute to inflammatory disorders. Except for CXCL4, NET-
associated RNA in complex with cationic LL37 amplifies TLR8 response in peripheral
blood mononuclear cells (PBMCs) [56, 57]. With these examples and the evidence of
charge:charge interactions between cationic chemokines and NAs, it is reasonable to
deduce that chemokine CXCL10, CXCL12, CXCL14, and CCLS5 might likewise con-
tribute to TLR8 response.

2.5TLR7/9 and B cell receptor-Signaling crosstalk in autoimmune diseases

B cells are lymphocytes that play an important role in adaptive immunity by
producing antibodies against pathogens and tumor cells. In autoimmune diseases such
as SLE, aberrant activation of B cells by sensing DNA and RNA self-antigens produces
autoantibodies that cause inflammation, tissue damage, and dysfunction. B cell acti-
vation relies on B cell receptor (BCR)-mediated signaling, co-stimulatory molecules-
mediated signaling, and cytokines. In autoimmune conditions, the ligands of TLR7
and TLRY are endogenous NAs, which are more likely to form complexes with cationic
protein or antibodies, facilitating the internalization of NAs for TLR7 and TLR9 acti-
vation. It has been shown that such BCR as rheumatoid factor (RF) AM14 BCR specif-
ically can bind with low affinity to IgG2a to facilitate the internalization of its bound
endogenous or synthetic, highly purified NA [58]. Similar to myeloid cells, B cells also
experience tolerance after TLR signaling [59]. Nevertheless, simultaneous activation
of BCR signaling and TLR signaling overcome TLR tolerized B cells [59]. TLR7 and
TLRY can activate B cells and cooperate with BCR signaling to induce substantial high
amounts of cytokine expression and RNA-associated and DNA-associated autoanti-
body production, respectively [58]. TLR9 activation of atypical memory B cells from
hepatitis C virus (HCV) infected patients triggers TNF secretion and rheumatoid
factor-type IgMs; in addition, the TLR activated atypical memory B cells promote
type 1 effector T cell activation and reduce regulatory T cells proliferation, which are
associated with HCV infection caused with autoimmune disorder cryoglobulinemia
vasculitis [60]. In lupus-susceptible mice, TLR7 is responsible for the generation of

49



Thirty Years since the Discovery of Toll-Like Receptors

antibodies to RNA-containing antigens [58, 61]. In these mice, however, loss of TLR9
exacerbates autoimmune diseases with increased serum IgG and IFN-1 [58, 61].
Further, it has been demonstrated that TLR7 and TLR9 in B cells play pathogenic and
protective roles in the balance of the autoimmune disease progression, respectively
[62]. The opposite function of TLR7 and TLR9 in autoimmune diseases might be
explained by the fact that TLR can directly suppress TLR7 signaling through direct
or indirect physical interactions between the TLRs [63, 64].

2.6 TLRs interactions affect their signaling in immune response

Heme and TLRs signaling crosstalk to induce PANoptosis; the signaling crosstalk
also exists in the combination of different TLRs to activate PANoptosis. Intriguingly,
the combinations of TLR2 signaling with TLR7 signaling fail to induce PANoptosis
[36]. The reason for this is still elusive but could basically exclude the contribution
of IFN-1 signaling in the system, as TLR7 is professionally responsible for IFN-1
expression [22]. However, TLR7 and TLR3 or TLR4 signaling crosstalk could induce
PANoptosis [36]. The concurrent activation of various TLRs, such as TLR2 and TLR4
sensing bacterial wall components, along with TLR3 and TLR7 detecting bacte-
rial RNAs, closely mimics the effects of a live bacterial infection. This resemblance
suggests that PANoptosis occurs during infectious diseases and contributes to host
defense or severe inflammation in conditions like sepsis.

TLR8 and TLR2 signaling crosstalk affects cell activation. During Borrelia burg-
dorferi infection, TLR8 and TLR2 cooperatively activate NF-kB-mediated cytokine
production in human monocytes, whereas TLR8 alone is solely responsible for the
transcription of IFN-p. The activation of TLR2, TLR4, or TLR5 suppresses TLR8-IRF5
signaling and IFN- expression partly through regulating Interleukin 1 Receptor
Associated Kinase 1 (IRAK1) [65-68]. During Mycobacterium tuberculosis (Mtb)
infection, however, TLR4 and TLRS form heterodimers in endosomes to increase the
activation of TLR8, which thereby activates Thl responses against Mtb [69]. The loss
and instability of TLR8 contribute to TLR7 activation and spontaneous autoimmune
disorders [70, 71]. TLR8 can inhibit TLR7 and TLR9 functions, and TLR9 can sup-
press TLR7 function in B cells, but not vice versa [63, 71, 72]. These inhibitory effects
seem not to rely on direct competition for downstream signaling proteins but not on
the direct or indirect physical interactions between TLR8 and TLR7/9 (probably by
forming heterodimers) [63, 73].

TLR tolerance refers to a modified responsiveness (unresponsiveness or low
responsiveness) of cells following repeated or chronic activation of TLRs. The
phenomenon of LPS-induced tolerance, involving TLR4 and endotoxin, was the
first to be described and was observed primarily in monocytes, macrophages, and
dendritic cells. LPS tolerance drives comprehensive transcriptional reprogramming,
shifting the inflammatory response toward the expression of anti-inflammatory and
pro-resolution factors while maintaining innate immune protection. Further studies
revealed gene-specific regulatory mechanisms and epigenetic changes involved in
TLR-tolerance development [74]. It is worth noticing that TLR tolerance is a revers-
ible phenomenon, and these changes can be reversed over time or in response to
competing signals [74-76].

Heterologous tolerance, or cross-tolerance, which refers to the reduced respon-
siveness to TLR stimulation after initial exposure to a specific ligand, may not be as
effective as auto tolerance induced by repeated stimulation of the same TLR type. For
instance, cells initially treated with synthetic lipopeptide TLR2 agonist MALP-2 fail to
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respond to subsequent stimulation with TLR4 ligand LPS [77]. This MALP-2-induced
cross-tolerance to LPS is not attributed to the decrease in TLR4 surface expression.
Instead, it is believed that TLR2-induced tolerance specifically affects the signaling

of TLR4 and TLRY ligands, while leaving TLR3 and TLRS5 signaling unaffected. This
effect is achieved through the inhibition of paracrine type I interferon amplifica-

tion, leading to the suppression of IL-12 production [78]. Similarly, treatment with
alow concentration (1 pg/ml) of Pam3CSK4 induced a state of tolerance, leading to
reduced production of TNF-a and IL-6 upon secondary stimulation with LPS [79].

On the other hand, TLR9 triggers the production of IL-12 family members in response
to intact Gram-positive bacteria. However, in the absence of TLR2 signaling, this
response becomes exaggerated in microglia [80]. Interestingly, when cells are treated
with a combination of TLR2, TLR4, and TLRY ligands, auto tolerance is induced

for each TLR toward these ligands, while cross-tolerance is specifically induced by
lipoteichoic acid and LPS, but not by CpG (TLR9 ligand). Besides LPS, TLR7/8 agonist
(R848) has also been shown to induce homologous and heterologous tolerance to vari-
ous TLR ligands in macrophages [81]. These findings suggest that TLR cross-tolerance
is mediated by distinct mechanisms depending on the specific ligands involved [82].

2.7 TLRs and NLRs signaling crosstalk

NOD-like receptors (NLRs) work distinctly from TLR that function as cytoplas-
mic receptors to recognize PAMPs and DAMPs. Most NLRs play important roles
during inflammatory diseases by driving inflammation, while some NLRs serve as
negative regulators of inflammation. The best-characterized members of the NOD
subfamily are Nucleotide Binding Oligomerization Domain Containing 1 (NOD1)
and NOD2, which detect distinct subunits of bacterial peptidoglycans. The activa-
tion of NOD1 was found to inhibit the activation of TLR1/2, leading to a decrease in
the secretion of IL-6 and IL-10 and a reduction in the percentage of CD11b* F4/80*
macrophages. These findings suggest that NOD1 exhibits antagonistic effects of
TLR1/2 response in macrophages [83]. While there is evidence supporting a coop-
erative interaction between TLR2/4 and NOD2 in cytokine production [84-86],
NOD2 has the ability to inhibit the induction of inflammatory cytokines mediated
by TLR2/4 and promote immune tolerance and homeostasis [87-89]. In mice, intact
NOD?2 signaling inhibits the NF-xB activation driven by TLR2, primarily through the
inhibition of c-Rel [89].

NLRX1 is a unique member of the NLR family which is localized in the mitochon-
dria. Xia et al. demonstrated that NLRX1 acts as a negative regulator of TLR-mediated
NF-xB signaling [90]. Upon LPS stimulation, NLRX1 is rapidly ubiquitinated,
disassociates from TRAF6, and then binds to the IKK complex, leading to inhibition
of IKKa and IKKp phosphorylation and NF-kB activation [90, 91]. The NLRX1-
dependent suppression has also been tested with a number of NLRX1 binding mole-
cules, e.g. punicic acid (PUA) in both in vitro as well as an in vivo DSS model of colitis
[92]. Similarly, additional NLRs, including NLRC3, NLRC5, NLRC6, and NLRP12
have been shown to play a role in regulating TLR-induced canonical and noncanonical
NF-xB activation and MAPK signaling pathways [93-99].

2.8 TLR and CLR crosstalk

C-type lectin receptors (CLRs) are intracellular receptors expressed on antigen-
presenting cells (APCs) and function as PAMP recognition and antigen-uptaking,
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playing a crucial role in the immune system. When activated, CLRs recognize specific
carbohydrate structures on pathogens and initiate immune responses. In the context
of APCs, such as dendritic cells (DCs), triggering the dendritic cell immunorecep-
tor (DCIR), a specific CLR, does not affect the upregulation of neither TLR4- nor
TLR8-mediated co-stimulatory molecules CD80 and CD86. Interestingly, DCIR
activation inhibits the production of IL-12 and TNF-a during TLR8 activation.

This suggests that DCIR can modulate specific cytokine responses induced by TLR8
signaling. However, the production of cytokines induced by TLR2, TLR3, and TLR4
is not affected by DCIR triggering [100]. Mannose Receptor, an important CLR that
interacts with a number of products generated by a variety of helminths, is able to
downregulate TLR4-mediated IL-12 production in DCs to favor Th2 cell responses.
The engagement of macrophage galactose-type lectin (MGL) enhances TLR-induced
IL-10 expression, which in turn promotes the generation and activation of regula-
tory T cells. This regulatory T cell response contributes to immune tolerance and the
control of immune reactions, helping to maintain a balanced immune system.

2.9 Crosstalk between complement receptor and TLRs

The complement system and TLRs are two crucial components of the innate
defense system that rapidly respond to infection. In recent years, there has been
increasing evidence indicating the existence of crosstalk between the complement
system and TLR signaling pathways [101]. The crosstalk between C5a receptor
(C5aR) and TLR4 signaling leads to the downregulation of primarily proinflamma-
tory mediators, such as IL12B, IL2RA, and jagged canonical notch ligand 1 (JAG1),
and the upregulation of anti-inflammatory factors, including Sphingosine kinase 1
(SPHK1), adrenoceptor beta 2 (ADRB2), and four and a half LIM domains 2 (FHL2),
in monocyte-derived dendritic cells (moDCs). This crosstalk is mediated, at least in
part, by the transcription factors Forkhead Box O1 (FOXO1), FOXO3, and serum/
glucocorticoid regulated kinase 1 (SGK1) [102, 103]. C5a-C5aR1 pathway activated by
Porphyromonas gingivalis infection can induce ubiquitination and proteasomal degra-
dation of the TLR2 adaptor myeloid differentiation primary response 88 (MyD88),
leading to suppression of the antimicrobial effect of neutrophils [104]. While C5aR1-
TLR2 crosstalk also dampens intracellular killing of P. gingivalis in macrophages with
amechanism that is different to what happens in neutrophils. C5aR1-TLR?2 crosstalk
induces massive Cyclic adenosine monophosphate (cAMP) production to activate
protein kinase A (PKA), which inactivates GSK-3p and inhibits the expression of
inducible nitric oxide synthase (iNOS). The consequence of this causes the reduction
of nitric oxide-dependent killing of P, gingivalis in macrophage [105].

Complement receptor 3 (CR3; CD11b/CD18) plays a controversial role in regulating
TLR response by either promoting TLR response through membrane-bound phospha-
tidylinositol-(4,5)-bisphosphate (PIP2) to recruit Mal/MyD88 for initiation of MyD88-
dependent signaling or suppressing TLR response through activating Syk and promoting
the degradation of MyD88 and TIR domain-containing adaptor molecule 1 (TRIF) via
the E3 ubiquitin ligase Cbl-b [106-108]. Activation of C5aR1 and CR3 signaling by P
gingivalis selectively downregulates TLR2-induced IL-12 production through activation
of the phosphoinositide 3-kinase (PI3K) and ERK1/2 pathways in macrophages. In addi-
tion, gC1qR, a complement receptor for Clq, also suppresses TLR-induced IL-12 but no
other inflammatory genes in human monocytes [105]. The selective inhibition of IL-12
production by complement receptor causes less IFN-y production, ultimately leading to
enhanced survival of the pathogen during infection [106].
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2.10 GPCR and TLR signaling crosstalk

Recent studies have shed light on the intricate interplay between G-protein
coupled receptor (GPCR) and TLR signaling pathways, revealing a fascinating cross-
talk that significantly influences immune responses and cellular functions. Protease
activated receptors (PARs) are a family of GPCRs that mediate serine proteases trig-
gered cellular effects. Activation of PAR2 by PAR2-AP reduced TLR3-mediated STAT1
activation and TLR3/IRF3-induced IFN-f expression [109]. However, using a global
PARI1 deficient mouse model, it has been revealed that PAR1 promoted polyinosinic-
polycytidylic acid (poly I:C)-triggered CXCL10 expression while suppressed CXCL1
induction [110]. In addition, PAR1 activation was found to suppress TLR4-mediated
NF-kB activation in murine embryonic fibroblasts [111].

A2A adenosine receptor (A2AR), another member of the GPCR family, plays
a critical role in a physiological immunosuppressive pathway. By utilizing A2AR-
deficient mice, Lukashev et al. uncovered the role of A2AR in inhibiting NF-kB activ-
ity and the transcription of proinflammatory cytokines induced by TLR in vivo [112].
Chemokine receptors, belonging to the large family of GPCRs, play a crucial role in
facilitating cell migration through binding to their specific chemokine ligands. These
receptors can be categorized into four main subtypes: CXC chemokine receptors,

CC chemokine receptors, CX3C chemokine receptors, and XC chemokine receptors.
Among CCR8 has been implicated in the progression of various diseases such as sepsis,
type I diabetes, and experimental autoimmune encephalomyelitis [113]. CCL1 per se, as
aligand of CCRS, can induce TNF-a and IL-6 production in macrophages; however,
CCL1 also exerts a suppressive effect on LPS-mediated cytokine production [113].

2.11 Crosstalk between immunosuppressive mediators and TLRs

TLR signaling pathways were also being regulated via immunosuppressive media-
tors. IL-10, known for its potent inhibitory effects on innate immune cells, is the most
effective regulator of TLR-induced inflammatory cytokine production [114, 115].
Some pathogens take advantage of the regulatory effects of IL-10 to dampen immune
responses and evade host immune defenses. This manipulation allows the pathogens
to establish infectious niches within the host, leading to immune evasion and disease
progression. These studies offer mechanistic insights into the immunoregulation of
IL-10. IL-10 distinctly affects LPS-induced IP-10 and IL-12B expression—by inhibit-
ing type I interferon production and restraining RNA polymerase II recruitment
[116, 117]. Conversely, IL-10-responsive microRNA, miR-146b, emerges through an
IL-10-mediated loop, adeptly targeting various TLR4 signaling components [118]. It
achieves this not only through direct inhibition of cytokine transcription but also by
destabilizing the coding RNA [116, 117] and upregulation of miRNA by and IL-10-
mediated STAT3-dependent loop [118]. Furthermore, it has been observed that IL-10
activates the PI3K-Akt-GSK signaling pathway, leading to the suppression of inflam-
matory gene expression [119]. These findings collectively highlight the multifaceted
role of IL-10 in quelling immune responses by intervening at various points within
TLR4 signaling pathways.

IL-4 and IL-13, both significant immunoregulatory cytokines, prompt alter-
native macrophage polarization. IL-4 exhibits inhibitory effects on IFN-p and
IFN-responsive gene expression upon TLR7 and TLR9 stimulation in conventional
dendritic cells (cDCs), achieved by curbing IFN-dependent and NF-kB-dependent
signaling pathways [120]. These inhibitory actions of IL-4, along with the suppression
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of proinflammatory cytokine production, operate through the STAT6 pathway.
Recent research emphasizes the critical role of IL-4-activated STAT6 transcription
factor in directly repressing the LPS-induced inflammatory program of macrophages.
This repression results in reduced lineage-determining transcription factors, p300,
and RNA polymerase II binding, coupled with diminished enhancer RNA expression,
H3K27 acetylation, and chromatin accessibility. Notably, the repressed enhancers
influenced by STAT6 significantly overlap with the NF-«xB p65 cistrome, resulting in
reduced responsiveness to LPS post-IL-4 stimulation. This cascade ultimately leads to
decreased inflammasome activation, IL-1p production, and pyroptosis [121].

In addition to the interleukin signaling pathways that suppress TLR activation,
two orphan receptors, SIGIRR and ST2, also play significant roles in modulating
immune responses. SIGIRR, also known as TIR8, possesses a unique architecture with
a single extracellular immunoglobulin domain, a transmembrane domain, a cytoplas-
mic TIR domain, and an unusually long tail [122-124]. It selectively inhibits NF-xB
activation induced by TLRs and IL1R1, which are TIR domain-containing receptors.
Interestingly, SIGIRR also modulates the TRIF-dependent pathway and inhibits TLR3
signaling. Its inhibitory mechanism involves blocking interactions between TRAM
and TLR4, as well as TRIF and TRAM. ST2, or IL1RL1, is another orphan receptor
with a cytoplasmic TIR domain. It inhibits NF-kB activation in response to IL-1R1 and
TLR stimulation as well. ST2 interacts with Mal and MyD88, suggesting its inhibitory
roles are specific to the MyD88-dependent pathway of TLRs. Thus, overexpression
of ST2 specifically prevents NF-kB activation induced by TLR4, but not TLR3, which
utilizes a TRIF-dependent downstream pathway. Notably, ST2 can form homodimers
with TLR4, MyD88, and TRAM, while its interactions with Mal and TRIF disrupt Mal
homodimerization and TRAM-TRIF interaction, respectively. Although the physi-
ological relevance of ST2’ interaction with TRAM and TRIF may require further
investigation, computational analysis predicts these interactions.

Transcription factor aryl hydrocarbon receptor (AhR) is a cytosolic sensor. AhR
has been suggested as an immunosuppressive effector on various types of immune
cells, playing a crucial role in modulating immune responses [125, 126]. Under
TLR activation, AhR is induced in both macrophages [127] and DCs [128]. In AhR-
deficient macrophages, the production of IL-6 and TNF-a in response to LPS was
notably increased compared to wild-type (WT) cells. Interestingly, activation of AhR
increased the expression of IL-1p but decreased the expression of IL-12A in TLR-
activated MoDCs through a NF-«B RelB-dependent manner.

Tryptanthrin, a natural alkaloid, exhibits anti-inflammatory effects by modulat-
ing the immune response. In PMA-differentiated THP-1 cells, tryptanthrin reduces
the phosphorylation of STAT1 in response to TLR3 ligand poly I:C. This results in the
suppression of interferon-stimulated gene expression and the inhibition of IFN-
induction [129].

2.12 Crosstalk between nuclear receptor and TLRs

Ligand-activated nuclear receptor (NR) transcription factors, such as the gluco-
corticoid receptor (GR), peroxisome proliferator-activated receptor gamma (PPARY),
and liver X receptor (LXR), exhibit robust inhibitory effects on TLR-induced inflam-
matory gene expression. In a recent study, it was discovered that Nuclear Receptor
Related 1 (NURR1) was found to decrease the production of TNF-a by interacting
with NF-xB p65 and preventing its translocation during LPS stimulation. The interac-
tion between NURR1 and NF-kB p65 contributes to the regulation of the TLR4 NF-«xB
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signaling process [130]. Furthermore, treatment with NR ligands also inhibited the
association of AP-1and NF-«B subunits, repressing both basal and TLR-modulated
HIV-1 replication in macrophages [131]. Crosstalk between GR and TLR has been
well summarized in previous reviews briefly; while glucocorticoids have long been
recognized as negative regulators of NF-kB and AP-1 transcriptional activity, they
also play a broader role in modulating immune and inflammatory responses through
a mechanism involving competition with the transcription factor IRF3 for binding to
the Rel domain of the p65 subunit of NF-kB [132-134]. Similarly, PPAR agonists serve
as potential therapeutic targets in neuroinflammation, CNS disorders, and cancer
due to their ability to inhibit TLR-induced proinflammatory cytokine production

in different cell types. They achieve anti-inflammatory effects by targeting MyD88,
NF-kB, MAP kinase pathways, and IRF3, thereby offering a promising approach for
managing these diseases and reducing inflammation-associated pathology [135, 136].
LXRs function as transcriptional regulators of lipid homeostasis and possess strong
anti-inflammatory properties. Upon activation, LXRs effectively suppress signaling
from TLRs 2, 4, and 9 to downstream NF-xB and MAPK. This inhibition is achieved
through Abcal-dependent modifications in membrane lipid organization, which
disrupt the recruitment of MyD88 and TRAF®6, essential components of TLR signal-
ing pathways [91, 137], leading to the suppression of proinflammatory cytokine
production and promotion of cholesterol efflux, and preventing foam cell formation
and plaque progression during atherosclerosis progression.

2.13 Lipid metabolism-TLR crosstalk: bridging immunity and metabolism

In addition to nuclear receptor LXR, lipid metabolism pathways have been impli-
cated in the regulation of TLR responses. Oxidized PAPC (oxPAPC), derived from
phospholipid PAPC and lipoproteins, exerts modulatory effects on TLR4-induced
inflammatory responses through a GPCR. At low concentrations, oxPAPC acts as an
antagonist to counteract TLR4-induced inflammation, while higher doses of oxPAPC
enhance the proinflammatory response. The precise mechanism underlying the
anti-inflammatory function of oxPAPC remains unclear, but it is known that oxPAPC
inhibits NF-kB transcription factor activity by generating cAMP and by reducing
TLR4 sensitivity to LPS through binding to CD14 and LPS binding protein (LBP)
[138, 139]. However, it is worth noting that the inhibitory effects of OxPAPC on
proinflammatory products, such as TNF-a, were specifically observed in the signaling
pathways downstream of TLR2 and TLR4 but no other TLRs.

GPR120 serves as a receptor/sensor for omega-3 fatty acids. When stimulated
by omega-3 or specific chemical agonists, GPR120 exerts broad anti-inflammatory
effects in various immune cells, including monocytic RAW 264.7 cells and primary
intraperitoneal macrophages. Activation of GPR120 by omega-3 fatty acids can
inhibit TLR4 signaling, resulting in a decrease in the production of proinflammatory
cytokines such as IL-6 and TNF-a [140]. Prostaglandin E2 (PGE2), a lipid mediator,
has been found to suppress alveolar macrophages (AMs) immune responses by inhib-
iting signaling events downstream of PRRs. In a study on rat AMs, it was observed
that while PGE2 did not reduce TLR4 mRNA levels, it decreased TLR4 protein levels
[141], or through induction of IL-1R-associated kinase-M (IRAKM), which blocks
the scavenger receptor-mediated phagocytosis and the TLR-dependent activation of
TNF-a [142]. PGE2 also inhibits the production of IL-23 by monocytes stimulated
with LPS. The inhibitory effects of PGE2 on IL-23 production were mediated through
the cAMP signaling pathway, as the cAMP enhancer forskolin significantly reduced
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IL-23 and IL-12 production by monocytes [143]. However, in the case of DCs, the
addition of PGE2 has been shown to enhance their migratory capacity in TLR ligands
(poly(I:C) and/or R848) matured DCs, while maintaining the production of IL-12
by DCs when they encounter T cells [144]. These findings suggest that the effects of
PGE2 on TLR signaling can vary depending on the cell type.

3. Conclusions

Signaling crosstalk occurs consistently in a sophisticated milieu and determines
whether a host can successfully tackle an infection, tumorigenesis, and inflam-
matory response or not. TLRs play vital roles during the whole life of a host. The
signaling crosstalk between TLRs and other molecules affect our bodies in tackling
sophisticated situations. Such signaling crosstalks include synergistic effect,
training/priming, antagonist effect, and tolerance. Mechanistically, these signaling
crosstalks influence immune responses by manipulating the downstream signal-
ing pathways and epigenetic status of immune cells. In this chapter, we enumer-
ate multiple examples of signaling crosstalk between TLR and other molecules
contributing to host defense or inflammatory diseases. There is still more evidence
for signaling crosstalk between TLR and other molecules. In the natural environ-
ment, coinfection with viruses and bacteria is a prevalent occurrence, and it is
probable that concurrent activation of both RIG-I-like receptors (RLRs), which
serve as receptors for viral pathogens, and TLRs takes place. Negishi et al. found
that virus-induced activation of cytosolic RLRs led to the selective suppression of
transcription of the gene encoding the p40 subunit of interleukin 12 (I112b) that
was effectively induced by the activation of TLRs [12]. The transcription factor
IRF3, activated by RLRs, prominently bound to the promoter region of 1112b and
interfered with the assembly of a functional transcription-factor complex induced
by TLR activation. TLR4 and CD40 costimulation synergistically increased the fre-
quency of IL-10-producing but not proinflammatory cytokine-producing B cells at
multiple sclerosis relapse [145]. Platelets-enriched serum suppresses TLR-induced
inflammation and has been used to treat joint inflammation such as rheumatoid
arthritis [146-149]. However, the detailed mechanisms of these signaling crosstalks
are not fully understood yet. Discovering and depicting the detailed mechanisms of
TLR signaling crosstalk with other molecules are important for better understand-
ing the sophisticated situation of disease and for helping to develop new therapeu-
tic strategies to tackle the disease.
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Appendices and nomenclature

A2AR A2A adenosine receptor
ADRB2 adrenoceptor beta 2

AhR aryl hydrocarbon receptor
AKT AKT serine/threonine kinase
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APCs antigen-presenting cells

BCR B cell receptor

C5aR C5a receptor

cAMP cyclic adenosine monophosphate
CCL C-C Motif Chemokine Ligand

CLRs C-type lectin receptors

COVID-19 coronavirus disease 2019

CR complement receptor

CXCL chemokine (C-X-C Motif) ligand
CXCR C-X-C motif chemokine receptor
DAMPs damage-associated molecular

DCIR dendritic cell immunoreceptor

DCs dendritic cells

FHL2 four and a half LIM domains 2

FOXO Forkhead box O1

GPCR G-protein coupled receptor

GR glucocorticoid receptor

GSK-3p glycogen synthase kinase

HCV hepatitis C virus

Hrs hours

IFN interferon

iNOS nitric oxide synthase

IRAK interleukin 1 receptor associated kinase
IRAKM IL-1R-associated kinase-M

IRF interferon regulatory factor

IRGs IFN-responsive genes

IkBa NF-«B inhibitor alpha

JAG1 jagged canonical notch ligand 1

LBP LPS binding protein

LPS lipopolysaccharide

LXR liver X receptor

MGL macrophage galactose-type lectin
moDCs monocyte-derived dendritic cells
Mtb Mpycobacterium tuberculosis

MyD88 myeloid differentiation primary response 88
NA nucleic acid

NF-xB nuclear factor-kappa B

Nlrp NLR family pyrin domain containing
NLRs NOD-like receptors

NOD nucleotide binding oligomerization domain containing
NR ligand-activated nuclear receptor
NRF2 NFE2 like BZIP transcription factor 2
NURR1 nuclear receptor related 1

ORNSL TLRS oligoribonucleotides ligand
oxPAPC oxidized PAPC

PAMPs pathogen-associated molecular patterns
PARs protease activated receptors

PBMCs peripheral blood mononuclear cells
pDCs plasmacytoid dendritic cells

PGE2 prostaglandin E2
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PHZ
PI3K
PIP2
PKA
poly I.C
PPARy
PRRs
PUA
RA

RF
RLRs
ROS
SGK1
SLE
SPHK1
SSc
STAT
TLRs
TNF
TNFAIP3
TRIF
XBP1

Author details

phenylhydrazine

phosphoinositide 3-kinase
phosphatidylinositol-(4,5)-bisphosphate
protein kinase A
polyinosinic-polycytidylic acid

peroxisome proliferator-activated receptor gamma
pattern recognition receptors

punicic acid

rheumatoid arthritis

rheumatoid factor

RIG-like receptors

reactive oxygen species
serum/glucocorticoid regulated kinase 1
systemic lupus erythematosus

sphingosine kinase 1

systemic sclerosis

signal transducer and activator of transcription
toll-like receptors

tumor necrosis factor

TNF alpha-induced protein 3

TIR domain-containing adaptor molecule 1
X-box binding protein 1
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Abstract

The connection between inflammation and cancer has been well recognized at
the epidemiological, biological, and pharmacological levels. Unresolved chronic
inflammation is implicated in most stages of cancer development and thus can induce
certain solid tumors. The molecular regulators of these linkages are emerging and
should be well-decorticated. Toll-like receptors (TLRs) recognize pathogen/microbe-
associated molecular patterns (PAMPs/MAMPs) and death-associated molecular
patterns (DAMPs) secreted from dying or damaged cells of the host. TLRs can be pro
and anti-tumorigenic depending on the type of TLR signaling, cancer, and its stage.
Therefore, comprehensive studies are required in this direction. The current chapter
supplies a concise schematic concerning the biology and the characteristics of TLRs
and summarizes the major findings of the enigmatic role of TLRs and their associated
signaling in the pathogenesis of human cancers. On one hand and in some neoplastic
contexts, TLR activation mediates proliferation invasion, migration and correlates
with poor prognosis and metastasis, and inhibits apoptosis, leading to cancer progres-
sion. On the other hand and depending on other neoplastic context, TLRs agonists
enhance radiosensitivity and chemotherapy, apoptosis, immune cell infiltration, and
raise the antitumor effect of T cells.

Keywords: TLRs, tumor progression, tumor regression, dichotomic role, innate
immunity

1. Introduction

The innate immune mechanisms are the first distinct defense fighting pathogen
attack. They implicated many immune cell types such as monocytes, macrophages,
dendritic cells (DCs), neutrophils, and natural killer (NK) cells [1]. They also comprise
innate humoral components produced by the innate immune cells such as comple-
ment system, cytokines, chemokines, and antimicrobial peptides (AMPs; LL37 and
Bactericidal/permeability-increasing protein (BPI), etc.) [2-5]. These innate immune
cells contain various intracellular or membrane-associated pattern recognition receptors
(PRRs). The PRR family germline-encoded receptors include several forms of recogni-
tion receptors: nucleotide-binding oligomerization domain-like receptors (NOD)-like
receptors and retinoic acid inducible gene I (RIG-I)-like receptors (RLR), C-type lectin
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receptors (CLR), Aim?2- like receptors (ALR) and Toll-like receptors (TLRs) and intra-
cellular DNA sensors such as cyclic GPM-AMP synthase cGAS [6, 7]. These receptors
could discriminate between self and non-self-molecules. The well-known are Toll-like
receptors (TLRs) to acknowledge highly conserved molecules expressed by pathogens:
pathogen-associated molecular pattern (PAMP) or microbial-associated molecular
pattern MAMPs (expressed/released by pathogens) or endogenous ligands released
from dying, stressed and damaged cells: damaged-associated molecular pattern (DAMP)
molecules released from dying cells Hsp60, Hsp70, fibronectin Host DNA from dying
cells, mitochondrial DNA etc. [8, 9]. They produce inflammatory cytokines and type I
interferons (IFNs) to ascertain a highly effective defense system [10]. TLRs are expressed
not only by immune cells but also by epithelial cells, for defense against pathogens invad-
ing the body either through skin or mucous membranes.

Despite the host’s protective role against foreign molecules and fighting diseases,
including cancer, chronic inflammation has been referred to as one of the new hall-
marks of cancer since 2011 [11], besides the above settled in 2000 as proposed by
Hanahan and Weinberg [11]. Further proof of the link between chronic inflammation
and carcinogenesis is revealed by the diminished cancer rates in patients receiving
non-steroidal anti-inflammatory drugs and elevated rate in obese patients exhibiting
high adipose tissue inflammation [6]. Chronic inflammation activates constitutively
signaling pathways, such as Nuclear factor kappa B (NF-kB) or mitogen-activated
protein kinase (MAPK) whose pro-tumoral effect is well documented [12]. In hepato-
cellular carcinoma (HCC) [13] and colitis-associated cancer, the activation of NF-kB
prevented tumor apoptosis and stimulated the production of pro-inflammatory
cytokines in the tumor microenvironment, thereby enhancing tumor progression. In
this context, NF-kB activation is implicated in both tumor initiation and progression in
liver cancer [14]. Therefore, the inflammatory response can lead to carcinogenesis after
NF-kB activation, by the induction of anti-apoptotic molecules [15, 16]. TLR stimula-
tion enhances NF-kB activation and thus leads by consequence to pro-inflammatory
cytokines and chemokines, growth factors and anti-apoptotic proteins release leading
to tumor progression and chemoresistance. TLR overstimulation may bring about
strong inflammation since it plays a part in the recruitment of inflammatory cells in
the tumor microenvironment.

2. TLR structure and signaling pathway

Al TLRs, type I integral membrane receptors, have a characteristic structural
organization with an extracellular recognition domain (ECD), a single transmem-
brane (TM) helix, and cytoplasmic signal domains (Figure1) [17].

The ectodomain (ECD) is a terminal extracellular ligand binding domain made
up of leucine-rich repeat (LRR), TLR-ECD shares a typically standard structural
framework adopting horseshoe-shaped structures built from leucine-rich repeat
(LRR) motif. The N-terminal extracellular ligand binding domain comprises varying
numbers (19-26) hydrophobic leucine-rich repeat (LRR) modules (residues) every
one of 20-30 Aa in length containing the consensus LxxLxLxx sequence in charge of
ligand recognition and PAMPs and DAMPS recognition,” The LRR-NTs are disulfide
linked B-hairpins, LRR-CTs are globular structures that have two o helices and are
stabilized by two disulfide bonds [18, 19].

The intracellular C-terminal signaling domain of TLRs (150 Aa) is one of numer-
ous evolutionarily conserved foundations of the immune system’ It’s named Toll
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Figure 1.
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Full-length TLR structure. The extracellular domain is composed of the N-terminal (LRRNT), LRRs and the
C-terminal (LRR-CT) regions, a single transmembrane segment (TM), and an intracellular domain (TIR).

IL-1 Receptor (TIR) domain since it shares homology with the signaling domain of
IL-1R family members and is carboxyl-terminal to LRR [20]. TIR domain initiates
downstream signaling cascades by interacting making use of its adaptor proteins

TLR Localization Ligands Signaling References
adaptator
TLR1/6 cell membrane lipoproteins, lipopeptides MyD88 and [22]
TIRAP/MAL
TLR2/6 cell membrane lipopeptides peptidoglycan MyD88 and [22]
and lipoteichoic acid TIRAP/MAL
lipoarabinomannan, zymosan
tGPI-mucin, hemagglutinin
protein
TLR3 endoplasmic polyinosinic-polycytidylic acid TRIF [23]
reticulum, lysosomal (poly(I:C)), ds RNA derived from
membrane viruses
TLR4 cell membrane, lipopolysaccharides (LPS), MyD88, [22]
endoplasmic Mannans, Taxol TIRAP/MAL,
reticulum, lysosomal Trif and
membrane TRAM
TLR5 cell membrane flagellin MyD88 [22,24]
TLR7 endoplsmic imiquimod, resiquimod (R-848), MyDS88 [22]
reticulum, lysosomal loxoribine, ssSRNA (RNA viruses)
membrane and synthetic poly(U) RNA
TLRS endoplasmic R-848 and viral ssRNA MyD88 [24]
reticulum, lysosomal
membrane
TLR9 endoplasmic unmethylated MyD88 [22,25]
reticulum, lysosomal 2'-deoxyribo(cytidine-phosphate-
membrane guanosine) (CpG) DNA motifs,
crystal hemozoin
TLR10 Endolysosomes HIV-1gp41 MyD88 [26-28]
Table 1.

Human TLRs, their localization, ligands, and signaling adaptors.
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such as myeloid differentiation response protein 88 (MyD88) that will be the absolute
most commonly used adapter, MyD88 adaptor-like (MAL), TIR-domain-containing
adapter-inducing interferon-p (TRIF), and TRIF-related adaptor molecule (TRAM).
The signaling pathway activates transcription factors such as NF-kBs and inter-

feron regulatory factors (IRFs), ultimately causing the release of proinflammatory
cytokines and type I interferons, various anti-viral and anti-pathogen proteins, and
initiation of the adaptive immune response [21].

Upon PAMPs or DAMPs sensing, TLRs undergo conformational changes, dimer-
ize and reorient their TIR domains, to communicate with TIR-containing proteins,
MyD88 and MAL, TRIF, and TRAM. This interaction results in undergoing a series
of intracellular cascade signal transduction involving interleukin-1 receptor (IL-1R)-
associated kinase 4 (IRAK4), IRAK2/1 phosphorylation resulting in the activation and
dimerization of tumor necrosis factor receptor-associated factor 6 (TRAF6). TRIF
interacts with TRAF3 and TRAF6 limited to TLR3 and TLR4. For endosomal TLR4,
TRAM interplays with TRIF contributes to TRAF3-dependent stimulation of the
kinase TBK1. These pathways promote inflammation and host defense and drive the
IFN pathway activation with interferon-stimulated gene expression Table 1 [29, 30].

3. TLR localization

TLRs are classified into two subfamilies depending on their localization. TLRs
localize on cell/surface membrane and/or reside within intracellular compartments
such as endosomes, multivesicular bodied, lysosomes, and endolysosomes. TLR1, 2, 4,
5, and 6 are located in cell. However, TLR3, 7, 8, 9 are located on endosome membrane
within the cell. Their different location is ultimately linked to the type of ligand they
recognize. Thus, TLRs located on the cell membrane mainly bind microbial mem-
brane lipids and proteins, and TLR4 binds bacterial lipopolysaccharides (LPS). TLR5
recognizes bacterial flagellin, TLR 2,1 and 6 recognize peptidoglycans and zymosan,
whereas TLRs located on the endosomal membranes bind nucleic acids derived from
virus and bacteria but also from self-nucleic acid. Thus, compartmentalization of
nucleic acids sensing TLRs in the endolysosome is primordial to control their stimula-
tion by self-derived nucleic acids and minimizes the risk of autoimmune reactions.
TLR3 recognizes viral double stranded RNA (dsRNA), whereas TLR7 recognizes
single-stranded RNA (ssRNA), TLR9 binds to bacterial and viral DNA (CpG-DNA
motifs) [31, 32].

4. TLR expression on immune cells

TLRs are expressed in varied cell types. Mainly they are located in innate immune
cells Such as monocytes/macrophages, mast cells (MCs), neutrophils, eosinophils,
basophils, natural killer (NK) cells, y8 T cells, innate lymphoid cells, DCs, platelets;
brain innate immune cells like microglia and astrocytes. They are also expressed in
adaptive immunity such as T and B cells. Non-immune cells, such as endothelial cells/
ECs could express TLRs. TLR1 is detected in DCs and B Cells [33]. TLR2 is expressed
in peripheral mononuclear leucocytes, DCs, monocytes, and T Cells [34-36]. TLR3
is mainly expressed in DCs, NK cells, and T cells [37, 38]. TLR4 in macrophages,

DCs, and T Cells [36, 37, 39]. TLRS5 in monocytes, DCs, and NK cells [37, 40]. TLR6 is
highly expressed in B cells and DCs, but low in monocytes and NK cells [37, 41]. TLR7
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is expressed in B cells, DCs, monocytes, and T cells [38, 42]. TLR8 is expressed in
monocytes, DCs, and low in NK and T cells [43, 44]. TLR9 is present in DCs, B cells,
macrophages, NK, and microglial cells [33, 43].

5. TLR expression and roles on cancer cells

TLRs are expressed in certain types of cancers. Their expression could be closely
associated with cell proliferation invasion and the probability of metastasis pro-
moting then cancer progression or enhancing tumor regression. In this regard, the
conclusions from iz vitro or mouse model studies differ significantly (Table 2).

Cancer type Tissue or cell line Role of TLR in cancer References
Cervical Human cancer tissue TLR1 and 3 in early carcinogenesis [45]
HeLa cell line TLR4 promotes tumor progression [46]
Human cancer tissue TLR9 promotes tumor progression [47, 48]
Human cancer tissue, Hela TLR8 promotes tumor progression [49]
cell line
Human cancer tissue TLR2 and 4 promote tumor progression [50]
Human cancer tissue TLR3,78 and 9 promote tumor [51]
regression
Human cancer tissue TLR2,7 and 8 promote tumor [52]
regression
Human cancer tissue TLR3,4 and 5 promote tumor regression [53]
Ovarian Human cancer tissue and cell TLR4 promotes tumor progression [54-56]
line
Human cancer tissue TLR9 promotes tumor progression [57]
fisher 344 rats TLR?2 and 4 promote tumor regression [58, 59]
SKOV3 cell line TLR8 promotes tumor regression [60]
Endometrial Human cancer tissue TLR3 and 4 involved in [61]
adenocarcinoma
Human cancer cell TLR2 and 6 promote tumor progression [62]
Human cancer cell TLR1,2,3 and 4 promote tumor [63]
progression
Melanoma Mice TLR7 and 8 promote tumor regression [64]
Human, mice and B16 cell TLR1 and 2 tumor regression [65]
cell line TLR4 promotes tumor regression [66]
Hepatocellular HUH7 HCC cells, Human TLR2 promotes tumor progression [67]
samples
In vivo and in vitro TLR9 promotes tumor progression [68]
Human samples TLRS predictor of poor prognostic [69]
Human samples, cell line TLR4 promtes tumor progression [67,70-72]
cell line TLR2 promotes tumor regression [73]
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Cancer type Tissue or cell line Role of TLR in cancer References
Lung In vivo and in vitro TLR1/2 inhibits tumor growth [74]
In vivo and in vitro TLR2/6 promotes tumor growth [75]
In vitro TLR3 inhibits tumor growth [76,77]
In vivo and in vitro TLR3 promotes tumor growth [78]
In vitro TLR4 promotes tumor growth [79]
In vitro TLR4 inhibits tumor growth [80]
In vitro TLRS has a protective role [81]
In vitro TLR7/8 inhibits tumor growth [82, 83]
In vitro TLR9 promotes tumor progression [84]
Human TLR9 promotes tumor regression [85]
Breast In vitro, Human, in vivo TLR4,2,9 promote tumor progression [86, 87]
In vitro, in vivo TLR3,7 promotes tumor regression [88, 89]
Colorectal In vitro, vivo, Human TLR4 promotes tumor growth [90-92]
In vivo and in vitro, Human TLR9 promotes tumor regression [93,94]
In vitro TLR9 promotes tumor growth [95-97]
In vivo TLR2 has protective role [98]
in vitro TLR2 promotes tumor progression [99]
In vitro TLR3 promotes tumor regression [100]
Human TLR5 is linked to better prognostic [101]
Glioma In vivo and in vitro TLR2 promotes tumor progression [102-105]
In vitro TLR4 promotes tumor progression [106-108]
In vitro TLR7/8 inhibits tumor growth [109]
In vitro TLR9 promotes tumor progression [110]
In vitro, in vivo TLR9 promotes tumor regression [111-113]
Table 2.

TLR expression in human cancers.

5.1 Cervical cancer

Cervical cancer is caused essentially by High-risk human papillomavirus
(HR-HPV) types. A study highlighted a down expression of TLR3 and an overex-
pression of TLR1 at transcriptional level in dysplastic and carcinoma epithelium. in
stroma, TLR 1, 2, 5, 6, and 9 were overexpressed in association with disease severity.
Thus, TLR3 and TLR1 are proposed as implicated in early and late stages of cervical
carcinogenesis thus their usefulness for diagnostic and prognostic. Moreover, the stro-
mal overexpression of TLRs may play a crucial role in cervical cancer progression [45].

TLR4 was over-expressed in cervical cancer, and its activation by LPS can accelerate
the proliferation and promote anti-apoptosis in Hela cells in vitro in a dose-dependent
manner. The mechanism causing this overexpression is regulated by the NF-kB/IL-6/
TGF-p1 secretion [46]. Patients with persistent HR HPV exhibit over-expressed TLR9
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for more than 1 year in comparison to women who cleared HPV infection and to those
re-infected with low-risk LR HPV. These results speculate that overexpression of TLR9
in persistently infected women could lead to chronic inflammation thus contribut-
ing to cervical cancer risk [47]. Furthermore, TLR9 may play a role in progression

of cervical neoplasia in Tunisian patients and could therefore be considered a con-
venient biomarker for malignant transformation of cervical cells [48]. TLR8 may be
an interesting therapeutic target in cervical cancer. In this regard, overexpression of
TLR8 in cervical cancer patients and Hela cells was observed. Furthermore, a strong
correlation with increased expression of TLR8, VEGF, and Bcl-2 in cervical cancer
patients was demonstrated. Continually, upon binding to its agonist CL075, TLRS is
able to remarkably increase the percentage of cells in G2/M + S of Hela cells, accom-
panied by increased COX-2, BCL-2, and VEGF mRNA levels [49]. TLR2 and TLR4 are
strongly associated with TNF-a and TNF- in cervical cancer with gradually increased
expression from premalignant lesions to cervical cancer compared to normal controls
[50], However, higher TLR expression is associated with HPV16 clearance revealing an
important link between innate and adaptive immunity in the control of HPV infec-
tions after a persistent period [51]. It is speculated that high levels of TLR2, TLR7, and
potentially TLR8 in cervical mucosa are important for CIN2 regression, suggesting
their role in the clearance of HPV [52]. These studies highlight the important protec-
tive role of the innate immune system at different stages of HPV infection. A deeper
understanding of host immune response toward virus factors would affect if a lesion
progresses or regresses. This finding is crucial to drive the proper choice of today’s
available immunotherapeutic for HPV-associated disease. Down-expression of TLR4
during the progression of cervical neoplasia is linked to P (16INK4A) expression,

the crucial marker of HPV integration into host cells. These results demonstrate the
crucial link between HPV infection and TLR signaling during the carcinogenesis of
cervical cancer [114]. Remarkable diminution of mRNA level of TLRs 3, 4, and 5 and
overexpression of TLR1 was noted in cervical squamous cell carcinoma (CSCC) as
compared to controls. These results point toward TLRs 3, 4, and 5 agonists exploration
as therapeutic targets to treat cervical cancer [53]. The chimeric molecule including
the extracellular domain of CD200 and a murine IgG2a Fc region CD200Fc seemed

to repress TLR4/NF-kB and NLRP3 inflammasome inflammatory effects in SiHa

cells and Caski cells treated with LPS. It provided a novel mechanistic understanding
toward the conceivable therapeutic usefulness of CD200Fc for cervical cancer [115].

Regarding TLR gene polymorphism and cervical cancer association, several stud-
ies in several ethnicities have been conducted, but results vary greatly. In like manner,
Oliveira and al concluded there was not always a noteworthy association between
TLR9 polymorphism and HPV clearance or persistence. Accordingly, polymorphism
in the promoter region of the TLR9 gene does not appear to be primordial in the natu-
ral history of the HPV infection [116]. These authors concluded the usefulness of TLR
3 and 9 gene polymorphisms in cervical cancer susceptibility in North India [117].

In the same context, a Tunisian study searching for TLR2 (—196 to —174 del) and
the TLR 9 (2848 G > A) polymorphisms and the susceptibility of cervical cancer
among Tunisian women show no association. Whereas, in the same cohort study, TLR3
(c.1377 C > T) and (Asp299Gly) TLR4 polymorphism has been shown to be associated
with a higher risk of cervical cancer [118]. TLR9 (—1486 T/C, rs187084)-but not TLR9
(2848G/A, rs352140)-may be a threat factor for cervical cancer [119]. Furthermore,
Chinese Han patients with TLR9 rs352140-GA + AA genotype and infected with HPV
have the highest cervical cancer risk, compared to no HPV-infected patients hold-
ing the rs352140-GG genotype. Furthermore, the minor alleles of TLR2-rs3775290,
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TLR4-1rs7873784, and TLR9-rs352140, and interaction with HPV infection were linked
to a high cervical cancer risk in Chinese Han populations [120]. In the Indian popula-
tion, TLR4 haplotype ACAC is highly linked to multiple HR-HPV infections. In other-
wise, TLR9 SNPs rs187084, rs352140, and rs352139 were linked to diminished risk of
high HPV16 viral load [121]. The study gene polymorphisms in cervical cancer suscep-
tibility in North Indian pointed toward the implication of TLR 2 (—=196 to —174 del) and
TLR 4 (Thr3991le) in cervical cancer susceptibility. The TLR gene polymorphisms, may
be a good tool in setting out mechanisms related to innate immunity in cervical cancer
susceptibility [122]. The later Indian study points toward considering TLR4 haplotype
GCAG and TLR9 haplotype GATC as threat to hrHPV infection. Further evaluation of a
larger sample size covering diverse ethnic populations globally is warranted [123].

5.2 Ovarian cancer

Ovarian cancer (OC) is the deadliest in gynecological cancer. TLR4 expression was
linked to ovarian cancer progression, treatment resistance, and poor prognosis. Kelly
etal. demonstrated that TLR4 is overexpressed in various ovarian epithelial tumors.
The high TLR4 expression correlates with increased tumor progression and leads to
chemo-resistance to Paclitaxel. Thus, blocking TLR4 is proposed to be beneficial to the
OC patient if targeted specifically in cancer cells that overexpress the molecule [54].

In several types of OC cells, TLR4 inhibition in synergy with standard chemo-
therapy may be therapeutically beneficial to decrease drug resistance. In this regard,
osteopontin (OPN), brought by LPS activation, leads to the proliferation and metas-
tasis of ovarian cancer cells. These results pave the way to decorticate novel mechanis-
tic pathways promoting cancer progression, invasion, and metastasis. Furthermore,
TLR4 combined with OPN may be considered a promising target for ovarian cancer
therapy [55]. In the same issue, the TLR4/MyD88/NF-«B axis is associated with the
survival of patients with ovarian epithelial cancers (OECs). MyD88 was demon-
strated to be an independent prognostic predictor in patients with OECs. The TLR4/
MyD88 axis may be a possible mechanism for poor prognosis in patients with clear
cell types of OEC in association with drug resistance [56]. Moreover, overexpression
of TLRY is correlated with tumor-grade severity and within poorly differentiated
tumors. OC patients with metastatic disease had in their serum an over level of TLR9
ligand (hypo-methylated DNA). Furthermore, the TLR/PI3K signaling axis modu-
lated the invasion and metastasis through the production of galectin 1, suggesting
that inhibition of the p110, the PI3K isoform, is a promising therapeutic approach
against metastatic ovarian cancer [57]. Protein aggregate magnesium-ammonium
phospholinoleate-palmitoleate anhydride (P-MAPA) upregulated TLR2 and TLR4
signaling pathway. Thus, the combination of (P-MAPA) with IL-12 improves the anti-
tumor immunoresponse, paving the way to a novel therapeutic approach for fighting
OC [58]. Another way, the association with (P-MAPA) and cisplatin (CIS) is thought
to be a promising target therapy against OC cells through TLR4 signaling pathways
activation [59]. Stimulation of the TLR8 abolishes glucose metabolism in CD4+ Tregs
through mTOR signaling reduction, thus reverting the immunosuppressive function
of the previous cells in an OC cell growth microenvironment [60].

5.3 Endometrial cancer

Uterine cancer is the second most common gynecologic cancer worldwide (glo-
bocan, 2020). Endometrial cancer (EC), originating in the epithelium is about 90%
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of uterine cancers. TLR3 and TLR4 protein expression level was studied during the
menstrual cycle and in postmenopausal endometrium taking into account different
grades of cancer from grade 1 to grade 3 (peritoneal endometriosis, hyperplasia,

and endometrial adenocarcinoma specimens). The lowest TLR expression levels
were shown in poorly differentiated carcinoma (grade 3). These findings propose

the implication of TLR3 and TLR4 in endometrial diseases as shown by changed
expression levels in endometriosis and endometrial cancer [61]. EC and endometrial
hyperplasia cells overexpress TLR2 and TLR6. In addition, the expression of TLR6
marked an advanced stage of EC [62]. Wojcik-Krowiranda et al. study demonstrated
a significant correlation between the expression of TLR1, TLR2, TLR3, and TLR4 and
VEGFR1, VEGFR2, VEGF-A, and HIF1la on human neoplastic endometrial samples
at the clinical stage and pathological grading of EC [63]. Ashton et al. reported that
different alleles of TLR9 polymorphisms (The rs5743836 and rs187084 alleles of TLR9
polymorphisms in Caucasian women) were protective against EC [124]. In contrast
to previous thoughts, the overexpression of TLR showed that the use of TLR agonists
could be harmful in some types and stages of cancers. Indeed, TLR agonists are not
only not useful in the late stages of the tumor but also may cause tumor progression.
Considering this hypothesis, scientists lead various types of research using natural or
synthetic inhibitors of TLRs. In the case of EC, the results showed that the use of TLR
inhibitors, such as TLR4 inhibitors, could inhibit chronic inflammation. However,
clinical trial research should be conducted to prove the usefulness of this therapeutic
approach in comparison to other approaches in EC [125].

5.4 Melanoma

Cutaneous melanoma is one of the foremost aggressive tumors and a life-
threatening skin cancer. Within the setting of rising incidence and mortality, there is
a necessity to discover new prognostic markers and early diagnosis is the big challenge
to improve its prognosis. When searching their transcriptional and protein expression
level, TLR2, 3, 4, 7, and 9 exhibit a high amount of expression in tumor tissue and
melanoma cell lines. The results are more disparate at the protein level. TLR3 and 8 ex
vivo are down-expressed in invaded LNs and however over expressed by melanoma
cell lines extracted from the same LNs. Moreover, TLR2 and 4 proteins were absent
in melanoma cell lines, whereas they were expressed in invaded LNs. This study gives
evidence for a broad range of TLR expression in melanoma cells both ex vivo and in
vitro. On one side, TLR2 and TLR4 are highly expressed in melanoma cells ex vivo and
down expressed in vitro. On the other side, TLR3 and 8 expression are weak or absent
ex vivo in invaded LNs however overexpressed in cell lines. However, more research
should be conducted to reveal the functional and mechanistic aspects of these recep-
tors on melanoma cell lines and therefore discover the therapeutic potential of target-
ing these receptors to treat melanoma [126]. TLR7/8 agonists are Resiquimod (RSQ),
an imidazoquinolinamine derivative. The immune checkpoint blockage, Anti-PD-1 in
association with RSQ can significantly extend the survival of melanoma-challenged
mice, compared to untreated mice and mice treated with only anti-PD-1 [64]. TLR2/6
agonists +IFNY treatment synergically enhances CXCL10 production from mela-
noma cells when compared to IFNY alone. CXCL10 promotes the migration of CD4+
and CD8 + T cells, thus suggesting new therapeutic way of enhancing immune cell
infiltration through CXCL10 production [127].

More recently, vaccination with MelQbG10, an innovative vaccine that integrates
three components essential for successful immunotherapy consisting of virus-like
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nanoparticle (VLP), A-type CpG-ODN, and a Melan-A/MART-1 peptide, was toler-
ated and used safely in melanoma patients by the induction of tumor-specific CD8+
T cells after MelQbG10 vaccination [128]. To further improve immune responses and
increase MelQbG10 immunogenicity, additional immune stimulatory agents, such

as imiquimod, a TLR7 agonist lead to enhance Melan-A-specific T-cell frequencies.
Furthermore, MelQbG10 can be considered safe and well tolerated when given in
combination with imiquimod [129].

Immunization against a genetically engineered tumor-specific antigen, ovalbu-
min, when adjuvanted with Diprovocim, which targets the innate immune receptor
TLR1/TLR2 in mice and humans, inhibited the growth of B16 melanoma and pro-
longed survival in the presence of immune checkpoint blockade by anti-PD-L1; all
mice responded to treatment. These data propose Diprovocim improving the benefit
of anti-PD-L1 therapy by raising the number and activation of tumor-specific CTLs
able to reply to this checkpoint inhibitor [65].

Activation of PPARYy by its agonist, pioglitazone, reduces tumor volume through LPS/
TLR4/MyD-88/Nf-kbl/TNF-a axis in melanoma tumor. Moreover, treatment of mela-
noma cells with pioglitazone has a beneficial protective effect against melanoma through
LPS-TLR4-dependent signaling pathways inhibition [66]. TLR3 polymorphism L412F
was linked to an elevated mitotic index. Whereas TLR4 D299G and T399I polymor-
phisms were associated with melanoma severity, nodal metastases, and advanced stage
I1I and could be then potential markers targeting the survival and prognostic of mela-
noma patients. TLR4 T399I polymorphism was highly correlated with worse survival
[130]. However, no association between TLR7 single nucleotide G pp. In11Leu polymor-
phism and susceptibility to develop melanoma was found. Further, other studies on TLR
polymorphisms and their susceptibility to malignant melanoma are needed [131].

5.5 Hepatocellular carcinoma

In 2020, approximately, 830,200 people died from liver cancer globally. Despite
some progress, hepatocellular carcinoma (HCC) remains a major cause of death often
detected at inoperable stage. In 80%, HCC occurs often in the setting of chronic liver
disease and cirrhosis [132]. New biomarkers to identify patients who could benefit
from more aggressive treatment are needed. HCC cells exhibit cytoplasmic and
nuclear TLR2 expression which are associated with proliferative index, Caspase-3
expression, and vascularization. Furthermore, HCC shows notably nuclear TLR2
expression; however, hepatitis and cirrhosis cell patients demonstrate a predominant
cytoplasmic expression. At a functional level, upon TLR2 activation by its agonist,
HUH7, HCC expressed cellular proliferation and vascularization markers CD34 and
VEGE. These results propose a plausible role for TLR-2 in HCC pathogenesis [67]. The
interaction of mtDNA-HMGB1 and TLR9 might contribute to tumor growth signal-
ing pathways in response to hypoxia iz vivo and in vitro in hepatocellular carcinoma
[68]. TLRS is suggested to be an independent predictor of poor prognosis in HCC.
However, TLR8 was not associated with patient survival [69].

Jing et al. detected positive TLR4 expression in 86% of cases of HCC patients.
Other studies confirmed that LPS/TLR4/NF-kB signaling is involved in the invasion
and metastasis of HCC patients [70]. In the same context, another study demon-
strated that HCC patients whose tumors expressed high levels of both TLR4 and TLR9
had a poor prognosis. TLR4-MyD88 signaling pathway appears to be primordial for
hepatocarcinogenesis. LPS-induced TLR4 signaling also promotes cancer cell survival
and proliferation in HCC [71].
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Activation of TLR4 could enhance the proliferation of HCC cells. Furthermore,
TLR4/COX-2/PGE2/STAT3 axis is activated in HCC cells. Abolition of TLR4 or
COX-2/PGE2/STAT3 pathway reduces LPS-induced inflammation and proliferation
of HCC cells and improves the perceptivity of HCC cells to chemotherapeutics in
vitro. These findings shed light on the precise molecular mechanism involved in the
TLR4 signaling pathway leading to HCC progression and then pointing toward TLR4
as a promising target for HCC treatment [72].

To further investigate the expression and function of TLR2 in hepatocarcinoma
proliferation recombinant plasmids expressing one of three forms of TLR2 siRNA (sh-
TLR2 RNAI (A, B, and C) were transfected into BLE-7402. sh-TLR2 RNAi (B) had the
most important knockdown effect. TLR2 abolition with sh-TLR2 RNAIi (B) reduced
cell proliferation and secretion of IL-6 and IL-8. Also, mice treated with sh-TLR2
RNAI (B) demonstrate a severe reduction in tumor volume, suggesting that TLR2
knockdown inhibits proliferation of cultured hepatocarcinoma cells and decreases
the secretion of cytokines. Thus, TLR2 silencing could be proposed for siRNA-based
gene therapy to treat of hepatocarcinoma patients [133]. Abolition of TLR2 by siRNA
exhibited a decrease in proliferation, invasion, migration, and NF-kB/P65 expression
but an increase in apoptotic ratio. In other way, rHMGBI led to proliferation, inva-
sion, and migration, enhanced NF-kB/P65 expression, and abolished cells apoptosis.
Moreover, TLR2 reduced the role of rHMGBI. This finding proposes TLR2 and
HMGBI potential therapeutic targets against HCC [73].

Overexpression of miR-122 significantly diminished TLR4 expression in hepa-
toma cells. However, knocking down miR-122 overexpressed TLR4. It was found
a putative miR-122 target in TLR4 3’'UTR. Over-expression/down-expression of
miR-122 could impact the proliferation and the expression of natural immune fac-
tors [134]. NADPH oxidase 4 (Nox4) enhanced LPS/TLR4/NF-kB/AP-1 signaling
pathways in hepatocytes. Moreover, the effect of Nox4 abolition was time-depen-
dent as proved in the mice model. Therefore, these data suggest LPS/TLR4/Nox4
axis is a tumor-promoting pathway as demonstrated both in human hepatoma cells
and murine hepatocytes [135].

Genetic polymorphisms of TLRs are suggested to influence susceptibility to HCV
infection and progression to end-stage liver disease. One haplotype (GCCCTTAG) of
TLR4 was associated significantly with a decrease in the occurrence of hepatocellular
carcinoma [136]. In another study, a strong association between allele C of rs3804099
of TLR2 and C allele of rs10116253 TLR4 and the risk of HCC was observed.
Furthermore, A powerful link between allele T of rs1816702 of TLR2 and allele A of
rs5030728 of TLR4 and the non-responder group was found. Haplotypes CAGT of
TLR4 and ATAC of TLR2 showed significant association with CH and HCC groups in
comparison to haplotype TGAC for TLR4 and haplotype GCGT for TLR2 [137].

5.6 Lung cancer

Lung cancer is a leading cause of cancer-related deaths with 18% of several deaths
and 11.4% of new cases diagnosed in 2020 (Globocan, 2020). A better understand-
ing of innate immunity and its related molecular mechanism in the lung could lead
to the improvement and development of novel immunotherapy. TLR2 uses TLR1
and TLR6 [138]. TLR2 has been proposed to be a good target for lung cancer as the
complex TLR1/2 promotes inhibition of tumor growth, decreases monocytic MDSC,
and shifts macrophage toward M1 profile through JNK pathway [74]. However, the
TLR2: TLR6 complex has been associated with promoting lung cancer metastasis [75].
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TLR3 expression in lung cancer is a double-edged sword. Indeed, TLR3 activated by
exosomal dsRN leads to chemokine liberation-inducing metastasis via SLIT2 gene
[78]. However, an in vitro study demonstrates that activating TLR3 by its agonist
could enhance apoptosis [76], and induce a protective immune response by activating
DCs [76]. TLR4 activation in lung cancer exerts tumor progression by enhancing the
immune escape through immunosuppressive cytokine liberation such as transforming
growth factor beta (TGF-b), VEGF, and IL-8 [77]. and PDL1 [79]. TLR4 contributes
to tumor regression through (calreticulin) CALR-TLR4-MyD88 axis promoting the
maturation of DCs and boosting immunity [80]. TLRS has a rather protective role

in lung cancer, upon NSCLC cell treatment by flagellin (TLR5 agonists), inhibition

of proliferation, migration, and invasion was observed [82]. TLR7/8 agonist, R848,
combined with nanoemulsion (NE) exerts antitumor activity in lung cancer models
through tumoral T cell activation [81]. In NSCLC cells, TLR7 induces inhibition of
angiogenesis and survival [83]. However, on one side TLR9 activation by its agonist
CpG, enhances lung tumor progression, proliferation, and metastasis [84]. On the
other side, Vidutolimod (ODN-A), TLR9 agonist is used to treat patients with resis-
tance to PD-1 blockade thus priming T-cell responses to fight lung cancer cells (clinic
phase Ib trial) [85].

5.7 Breast cancer

Breast cancer remains a major cause of death in women in the developed world.
Further to their expression on immune cells, TLRs are also expressed in tumor
cells. Recent evidences hold up the connection between breast cancer and inflam-
mation. TLR4 promotes breast cancer progression and metastasis. Iz vitro analysis
demonstrates that MDA-MB-231 expresses TLR4 and abolishing this receptor induces
a severe diminution of cell viability [86].

TLR2 and TLRY activation in MDA-MB-231 cell lines promotes proinflamma-
tory cytokines secretion leading to invasiveness and then metastasis. A high level of
TLR9 was strongly associated with triple-negative subtypes. However, stimulation
of TLR7 in combination with radiotherapy inhibits tumor growth, enhances T-cell
memory, and is correlated with significant regression of spontaneous breast cancer
in mice, suggesting a better prognosis [88]. TLR2 enhances breast cancer survival.
Thus, preclinical in vivo breast cancer models demonstrate the efficiency of combin-
ing doxorubicin with CU-CPT?22, the inhibitor of TLR2, to improve its anticancer
effects and therefore attenuate breast cancer progression. This finding points toward
considering TLR2 as a novel target therapy when associated with doxorubicin [87]. In
vitro analysis showed that synthetic TLR3 agonist, polyl: C induces apoptosis either
through caspase 3,8 and TRAIL pathway [89].

5.8 Colorectal cancer

Colorectal carcinoma (CC) is the third in cancer prevalence in both men and
women and is a major leading cause of cancer morbidity and mortality worldwide. CC
is among solid cancers in which inflammation is crucial in mechanistic oncogenesis.
TLR4 is overexpressed in inflammatory-related colorectal cancer both in human and
in vivo models. TLR4 induces colorectal through TLR4 high level of prostaglandin
E2 and Cox-2 production. Inhibition of TLR4 by siRNA diminished tumor growth
and abolished cell proliferation, migration, and invasion in colorectal cancer cell
lines through suppressing ACAT1 expression [90]. A recent finding shows that TLR4
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activity is inhibited through the direct binding of baicalein to TLR4 then abolishing
HIF-1o and VEGF expressions and as a consequence inhibits CRC growth, angiogen-
esis, and metastasis [91]. Moreover, an iz vitro study showed that Curcumae longae
Rhizoma extract (CLRE) could oppose 5-Fu resistance in colon cancer by inhibiting
TLR4/PI3K/AKT/mTORC1 pathway [92]. A synthetic agonist of TLR9, immune
modulatory oligonucleotide (IMO), acts by impairing epidermal growth factor recep-
tor (EGFR) expression and function and exhibited a synergistic antitumor effect
with anti-EGFR antibody cetuximab or the tyrosin kinase inhibitor gefitinib in GEO
human colon cancer xenografts, whereas it is ineffective in VEGF-overexpressing
cetuximab-resistant GEO cetuximab-resistant (GEO-CR) tumors [93]. MGN1703,
other synthetic TLR9 agonist show antitumor activity and III trial in colorectal cancer
patients is conducted [94]. However, circulating cell-free DNA (cfDNA), when
recognized by TLRY, could enhance colorectal cancer cell proliferation through TLR9/
MyD88/IL8 signaling pathway [95]. Moreover, in vitro study shows that cellular
migration and invasion is mediated through TLR9/MMP13suggesting inhibition of
MMP13 as a therapeutic target to treat colorectal cancer [96]. In addition, chloro-
quine, an antagonist of TLRY, inhibited cell viability, proliferation, and migration

of the CRC cell line HT29, the mechanism through this inhibition is downregulation
of NF-kB, and Bcl-x1 [97]. TLR2 agonist, Pam3Cys (P3C), exhibited cellular prolif-
eration signaling in the human CRC cell line upon PI3K/Akt and NF-kB associated
anti-apoptotic genes BCL2A1, WISP1, and BIRC3 suggesting a primordial role of
TLR2 in colorectal carcinogenesis [99]. putative tumor suppressor, miR-143regulates
negatively TLR2 pathway in colorectal cancer [139]. However, other studies using
mice model of colitis cancer demonstrate a protective role of TLR2 in colitis against
developing colorectal cancer [98]. TLR3 agonist polyl: C is able to boost colorectal
cancer cell resistance to chemotherapy by promoting IFN-p production, which
induces apoptosis and impairs proliferation in some cancer cells [100]. Furthermore,
overexpression of TLR5 in colorectal tumor cells is linked to better prognosis in CRC
patients [101].

5.9 Glioma

Gliomas are the deadliest type of brain tumor with a median survival time of
15 months. The current treatments are complex, offensive, and far from satisfac-
tory. Thus, the urgent need for alternative efficient therapy. Chronic inflammation
is largely implicated in glioma carcinogenesis and progression. TLR2 was found to
be overexpressed in Glioma-associated microglia (GAM). This expression leads to
tumor immune evasion through abolishing MCHII transcription via activation of
MAPK/ERK1/2 signaling pathway thus altering the efficiency of T-cell-dependent
tumor elimination in iz vivo and in vitro models [103]. Moreover, in human and iz
vitro studies show that TLR2 promotes glioma carcinogenesis through autophagy
[104]. Invasion of glioma stem cells (GSCs) is promoted via TLR2/MMP axis [105].
However previous studies focus on the crucial role of HMGB1/TLR2 signaling to
enhance tumor regression [106]. TLR4 is implicated in the proliferation of glioma
cells and inhibition of TLR4 by short hairpin (sh) RNA-induced abolition of cell
proliferation and induction of apoptosis [107]. In vitro experiments suggested that
the neurotrophic factor, prosaposin (PSAP) Highly expressed in glioma could lead
to tumor progression through TLR4/NF-xB pathway [108]. Another study showed
that impaired TLR4 function is associated with immune invasion at the site of glioma
[109]. Parenteral treatment with the TLR7/8 agonist, resiquimod (R848), eventually
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induced complete tumor regression of CNS-1 glioblastoma tumors in Lewis rats

[110]. The most crucial findings on TLR9-signaling in the pathogenesis of glioma

are largely detailed in previous studies. TLR9 promotes brain cancer progression by
inducing invasion-induced hypoxia via the matrix metalloproteinases (2, 9, and 13)
[111]. However when combined with radiotherapy (RT), TLR9 agonist could enhance
tumor regression through inhibition of angiogenesis [112], shift immune response to
CDS8 cytotoxic immunity or macrophage M1 [113, 140].

6. Conclusion

TLRs are involved in several carcinogenic processes to promote cancer progression
in some kinds of tumors and some individuals by inducing cell proliferation, inva-
sion, and metastasis. The mechanisms behind this implicate many hallmarks in the
setting of tumor cells such as inhibition of apoptosis, and stimulation of angiogenesis.
On the other side, TLRs are expressed mainly on macrophages and dendritic cells
(DCs). Stimulation of TLRs fundamentally starts not only innate immune response
but can also induce adaptive immune response boosting the immune system to fight
cancer. In this respect, TLR ligands are used as immunostimulatory molecules as
anticancer treatment in numerous preclinical and clinical studies. From both points
of view, one should be aware when choosing for adjuvants to treat cancer patients.

In related TLR clinical trials, the dual role of TLR should be considered and further
mechanistic investigations on the dual roles of TLR in tumor biology are needed
[140-142]. Thus, conducting a deeper understanding of each TLR on each cancer

is of crucial need. It is worth knowing whether to design a TLR inducer or inhibitor
when considering TLR-targeted therapeutic. Furthermore, with the era of novel
pharmacology and personalized medicine, the use of nanotechnology in combination
with conventional chemotherapy and radiotherapy is of great interest as it impacts
efficiently cancer treatment trials.
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