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Researches on the Evolution, Function, and Related Diseases of TLR5
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Abstract Since the discovery of the first TLR (Toll-like receptor) protein, several TLR family members
have been identified. TLRS, an important member of the TLR family, is the major extracellular receptor that rec-
ognizes flagellin. TLRS in vertebrates has highly conserved structure and function, with a typical TLR domain that

consists of a variable number of leucine-rich repeats, a transmembrane domain, and an intracellular Toll/IL-1 recep-
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tor domain. It is only in fish that TLRS has two forms, namely TLR5M (the membrane-anchored form TLRS) and
TLRSS (the soluble form TLRS5). Both TLR5M and TLRS5S function by forming a dimer complex, amplifying the
signaling cascade, and rapidly initiating the immune response. Upon flagellin ligation, TLRS dimerizes and acti-
vates signaling cascades, leading to the release of pro- or anti-inflammatory cytokines or antibacterial compounds.
Hence, TLRS plays an essential role in providing host defense against flagellated pathogens and maintaining or
re-establishing homeostasis in the gastrointestinal tract. Although there have been relatively few studies on TLRS
functions, TLR5/MyD88/NF-kB is found to be an important signaling pathway in the diagnosis and treatment of

diseases, and it has great research value. Researches on TLRS can provide new insights for exploring host-microbe

interactions and may provide an important basis for disease prevention and diagnosis.

Keywords

In 1985, ANDERSON et al' accidentally dis-
covered a new type of Drosophila melanogaster gene
and named it TLR (Toll-like receptor). Subsequently,
LEMAITRE et al®® found that changes in the TLR
signaling pathway reduced the resistance of Drosoph-
ila to bacteria, resulting in a significant reduction in
survival rate. It was believed that TLR had protective
effects and might protect the body from pathogens®..
Over the years, the TLR family received widespread
attention because of its important roles in the immune
system and several TLR family members were subse-
quently discovered™. TLR is a pattern recognition re-
ceptor and is highly conserved during evolution. Re-
searchers have gradually discovered that TLR family
members have slightly different expression patterns
in different cells and tissues and recognize different
ligands™.

To date, 13 mammalian TLRs have been identi-
fied, of which 10 members (TLR1-10) are present in
the human genome (Fig.1) and 13 in rodents (TLR1-
13). Known TLR family members in various species
have highly conserved structures that primarily in-
clude signal peptides located outside the cell and vari-
able numbers of LRR (leucine-rich repeat) sequences,
transmembrane domains, and intracellular TIR (Toll/
IL-1 receptor) domains'®. Crystallographic study of
the extracellular regions revealed a solenoid horse-
shoes-like structure constituted by LRRs"”. The LRR
domain can specifically recognize conserved small-
molecule motifs of PAMPs (pathogen-associated

molecular patterns) and DAMPs (damage-associated

Toll-like receptor 5; evolution; signaling pathway; inflammation

molecular patterns) such as lipids, nucleic acids, pro-
teins, and other products from microorganisms (e.g.,
bacteria, fungi, and viruses)""'". The TIR functional
domain is primarily responsible for signal transduc-
tion and can recruit downstream adapter molecules in
the cell that also contain the TIR functional domain,
thus achieving signal transduction. The adapter pro-
teins primarily include MyD88 (myeloid differen-
tiation primary response gene 88), MAL (MyDS88-
adaptor like protein), TRIF (TIR-domain-containing
adaptor inducing interferon-f), TRAM (TRIF-related
adaptor molecule), and SARM (sterile alpha and TIR
motif-containing protein)!'*"3,

Although numerous studies have investigated
TLR evolution and function, limited systematic re-
views of recent research advances on TLRS are avail-
able. In the present review, we focus on the recent
research progress on TLRS, the only TLR that senses
flagellin, with respect to its evolution, function, TLRS
signal transduction pathway, and related diseases. We
further investigate TLRS as a potential therapeutic tar-
get and its application value in the diagnosis and treat-

ment of diseases.

1 TLRS and the signal regulation process

The human TLRS consists of 858 amino acids
and has a typical TLR structure. The extracellular do-
main is composed of 15 imperfect LRRs and a mem-
brane-proximal LRR-CT (LRR C-terminal domain),
constructing a solenoid horseshoes-like crystal struc-
ture (Fig.2A and Fig.2B). TLRS is the major TLR
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Schematic structures of the Homo sapiens TLRs were predicted by the online site SMART (http://smart.embl-heidelberg.de/smart/set_mode.
cgi?NORMAL=1), including TLR1 (NP_003254.2), TLR2 (NP_001305716.1), TLR3 (NP_003256.1), TLR4 (NP_612564.1), TLR5 (BAB43955.1),
TLR6 (NP_006059.2), TLR7 (NP_057646.1), TLR8 (NP_057694.2), TLR9 (NP_059138.1), and TLR10 (NP_001017388.1) (GenBank accession num-
ber in brackets). LRR: leucine-rich repeat; LRR-NT: LRR N-terminal domain; LRR-CT: LRR C-terminal domain; TIR: Toll/interleukin (IL)-1 receptor
domain; the red rectangle: signal peptide; the blue rectangle: transmembrane domain.
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Fig.1 Predicted domains and recognized microbial ligands of the Homo sapiens TLRs

member that can recognize bacterial flagellins. Con- When bacteria invade the body, TLRS is respon-
versely, bacterial flagellins such as those derived from sible for recognizing bacterial flagellin via its LRR
Salmonella and Pseudomonas aeruginosa are also the region and transducing the detected information as
only exogenous microbial ligands recognized by the a signal to the downstream adapter protein MyD88
currently known forms of TLR5'. Flagella are the and initiate further signal transduction to downstream
organelles responsible for locomotion in bacteria*. molecules. In mammals, TLRS can also induce
Flagellin, a granular protein component of flagel- plasma B cells to differentiate into functional immu-
lar fibers, has highly conserved amino and carboxyl noglobulin A-producing cells through a specialized
ends and may form the core structure of flagellal™. mechanism!"”), This is dependent on the activation
In addition, it is a highly antigenic virulence factor of intracellular signal transduction pathways, which
recognized by the innate immune systems of several initiate the immune cascade and release inflammatory

organisms!'®. cytokines, thereby triggering the immune function of
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A: the structure of TLRS5 (modified from the reference [76]). SP: signal peptide; LRR: leucine-rich repeat domain; LRR _CT: LRR_C-terminal domain;
TM: transmembrane domain; TIR: Toll/IL-1 receptor domain. B: the tertiary structure of TLRS (PDB: 3j0a). C: the phylogenetic tree was constructed

by the neighbor-joining method in MEGA7.0"" (bootstrap=1 000). The bootstrapping values were showed as numbers at the nodes.
E2 TLRSHYGEHR RGE B
Fig.2 Structure and phylogenetic tree of TLRS

TLR5"% The signal regulation process is shown in
Fig 32

2 Evolution of TLRS

Non-self-microbial ligands are recognized by
TLRs in fish, amphibians, and terrestrial animals. Be-
cause of the multiple whole-genome duplications that
occur in bony fish, they have many types of TLRs with

diverse functions. It is speculated that because aquatic

environments might have more complex bacterial spe-
cies than terrestrial environments, fish needed more
types of TLRs to resist invasion by exogenous patho-
gens, reduce the damage caused by various bacteria,
and achieve healthy long-term survival®. Currently,
at least 17 TLRs have been identified in fish and two
types of TLRS have been found: TLR5SM (a membrane-
anchored form TLRS5) and TLRS5S (a soluble form
TLR5)*%, TLR5S was first discovered in Japanese
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MyD88: myeloid differentiation primary response gene 88; IRAK: interleukin-1 receptor-associated kinase; TRAF: TNF receptor associated factor;

TAB: transforming growth factor-B-activated kinase-1 binding protein; TAK: transforming growth factor-p-activated kinase; MKK: mitogen-activated

protein kinase; P38: P38 mitogen-activated protein kinase; IC: inflammatory cytokine; NF-«kB: nuclear factor kappa B; IkB: inhibitor of NF-kB; IKK:

inhibitor-K-binding kinase.
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Fig.3 TLRS signaling pathway

puffer (Takifugu rubripes)?*” and was later identified
in Atlantic salmon (Salmo salar)®, channel catfish
(Ictalurus punctatus)®, and olive flounder (Para-
lichthys olivaceus)P®”. TLR5M has relatively intact
transmembrane, LRR, and TIR domains, and is stably
present in species with TLR5M; in contrast, TLR5S
has only the LRR domains and lacks transmembrane
and TIR domains. A study by TSUJITA et al®” found
that these two forms of TLRS5 recognized flagellins
and transduced signals downstream in unique ways.
TLR5M is responsible for the recognition of flagel-
lins. TLR5M also binds to TLRS5S to pass the received
message to TLRSS and amplifies it through a signaling
cascade. The cascade reaction is completed through a
MyD88-dependent pathway. In addition, it may induce
the expression of other genes involved in the immune
response, resulting in the activation of NF-kB and pro-

moting the release of inflammatory factors”. To date,

this specialized mode of flagellin recognition has only
been reported in fish*"),

In fish with only TLR5M, signal transduction is
achieved by the formation of a homodimer or heterodi-
mer complex. Reportedly, TLRS in zebrafish, grass
carp, and other fish exists only as membrane-bound
isoforms TLR5a and TLR5b™, It has been confirmed
that duplication of TLRS in zebrafish has concerted co-
evolution, forming a unique heterodimeric complex®*).
Although the currently known TLRS in Schizotho-
rax prenanti exists as the membrane-anchored forms
TLR5-1 and TLRS5-2, changes in downstream gene
expression could be detected to varying degrees af-
ter stimulation with flagellins. It is indicated that the
formation of a heterodimer may not be necessary for
function®.

Amphibians represent a transitional stage be-

tween aquatic and terrestrial animals. They undergo
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metamorphosis between adaptation to aquatic and ter-
restrial environments. In addition, the differences in
the aquatic and terrestrial environments greatly chal-
lenge their immune system. A total of 19 TLRs have
been identified in amphibians, including fish-type and
mammalian-type TLRs. It is speculated that amphib-
ians need to resist various pathogens in the aquatic
environment during the larval phase as well as other
pathogens in the terrestrial environment after metamor-
phosis. However, there is only one kind of TLRS5 in
amphibians and similar to the immune defense mecha-
nism of mammals and fish. Different TLR repertoire is
the adaptation to their living environments in various
vertebrates™,

In the middle Mesozoic period, reptiles and mam-
mals evolved independently. Reptiles are a large clade
of vertebrates and the only poikilothermic amniotes,
which occupy an important position in the evolutionary
process™. The evolution of reptiles has improved the
immune systems of their descendants. The discovery of
reptilian TLR5 by VOOGDT et al®” filled the gaps in
the understanding of the evolution and function of ver-
tebrate TLRS and introduced a new avenue for studying
the immune system of reptiles. However, the interaction
between reptilian immune systems and microorganisms
requires to be investigated in depth.

Studies have shown that TLRS and its functional
duplicates are not found in several mammals (such as
guinea pigs, Yangtze river dolphin, pangolins, and pin-
nipeds)®®. It is believed that a loss event occurred dur-
ing the evolutionary process, which weakens the abil-
ity of the species to recognize flagellins™”!. However,
because inactivation of TLRS improves the survival
of patients with melioidosis™*”, it is speculated that the
loss of TLRS in guinea pigs, Yangtze river dolphin,
pangolins, and pinnipeds is an evolutionary manifesta-
tion. A study on the replacement rate of TLRS in differ-
ent mammalian groups by PINHEIRO et al*"! showed
differences in the evolutionary rate of TLRS in differ-
ent clades; in particular, the evolutionary rate of TLRS
in orders Lagomorpha, Rodentia, Carnivora, and Chi-

roptera is higher than that in other mammalian clades.

Although the evolutionary process of TLRS is com-
plex, analysis of its structure has shown no significant
overall changes in other mammals, underscoring that
TLRS is highly conserved throughout its evolutionary
process*?. The development of TLRS5 is driven by the
occurrence of gene duplication, loss, and conversion
events! ),

To survive and avoid predators, birds have evolved
rich and extensive ecological adaptations that have
many similarities with those of mammals. The immune
systems of both birds and mammals have similar char-
acteristics, suggesting that certain functions are con-
served™*, Gene duplication may provide an opportu-
nity for the evolutionary development of genes, enabling
the production of either new genes or new functions in
existing genes"**. TLR5 in more different avian taxa
has developed into a pseudogene and exists in several
species in a non-functional state. The lack of TLRS in
avian taxa and its effects on their immune systems re-
quire further investigation!*.

The structural similarities in fish TLR5M and
mammalian TLRS indicate that they are highly con-
served in function from fish to mammals and may
share a common ancestral gene origin®” (Fig.2C). Ac-
cording to previous study””, a homolog of TLRS5 has
been annotated from the genome assembly of lamprey.
To date, no homolog of TLRS has been reported in in-
vertebrate, further suggesting that TLRS first emerges
in jawless vertebrates. The conservative evolution of
TLRS5 within the TLR family underscores its impor-

tance in the evolutionary process®”.,

3 Function of TLRS

Investigating the underlying mechanism and sig-
naling pathways by which the two forms of fish TLRS
recruit downstream transcription factors to promote
health recovery has become essential. The concerted
effects of TLR5M and TLRS5S accelerate the sig-
nal amplification cascade and lead to rapid response
against pathogens. In fish with only TLR5M, two pro-
teins form a dimer and play important role as a pattern

recognition receptor™,
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Upon binding bacterial flagellin, TLRS stimu-
lates the expression of proinflammatory, antibacterial
and stress-related genes and hence plays an important
role in the host defense against bacterial pathogens.
TLR5-deficient mice do not show an immune re-
sponse upon stimulation with flagellin®!. In addition,
TLR5"~ mice impaires the transport of pathogenic S.
typhimurium from the intestinal tract to mesenteric
lymph nodes® and are more susceptible to Esch-
erichia coli infection in the urinary tract’®’). These
results suggest that TLRS is essential for the recogni-
tion of extracellular bacterial flagellin. Previously,
researchers believed that TLRS might play different
roles in different vertebrates and that recognition of
flagellins was species-specific. However, only the
manifestation of TLRS activity was found to differ
in various animals”¥. In mice injected with flagellin,
high TLRS5 activity was observed, and it induced an
increase in the release of the downstream IL-8; how-
ever, in chickens, the level of IL-8 release induced by
TLRS5 was significantly reduced™.

TLRS5 is abundantly expressed in virtually most
types of epithelial cells from various mucosal organs
especially on the basolateral surface of the intestinal
epithelium!"®**! and can mediate various functions
in the vertebrate intestinal tract. For example, it can
help maintain the microbial environment and main-
tain metabolic balance in the body, which has a pro-
found impact on intestinal homeostasis and health”®”.
It is observed that TLR5 knockout mice exhibited
decreased TLR5-mediated gene expression and in-
creased bacterial burden in the colon, which resulted
in inability of mice to manage their commensal mi-
croflora and development of spontaneous colitis™. In
addition, it helps promote metabolism and constantly
accelerates the self-renewal of substances and energy
in the organism. VIJAY-KUMAR et al® found that
intestinal diseases of different degrees occur in mice
lacking TLR5. Diseased mice had higher weight and
significantly higher fat content than healthy mice, in-
dicating induction of metabolic syndrome. After food

restriction, the presentation of metabolic syndrome

improved significantly, but that of hyperglycemia
remained unaffected. This suggests that loss of TLRS
reduces the release of inflammatory factors, resulting
in changes in the community structure of intestinal
microbes and preventing obesity caused by TLRS5 de-
ficiency. Proteus mirabilis, which can cause chronic
colitis, is detected in the intestine in the absence of
TLRS5, suggesting that it is closely associated with
inflammation'®”. This shows that TLR5 can stabilize
the microbial environment and play an important
role in the potential control of bacterial populations.
Although the structure of TLRS is conserved through
evolution, the available information about its associ-
ated functions is limited and more detailed and in-

depth research is needed.

4 TLRS and diseases

Inflammation is a form of defensive reaction
that occurs when the body is invaded by exogenous
inflammatory factors. It is a complex protective mea-
sure by which the immune system removes harmful
stimuli from the body and repairs its tissues. During
uncontrolled inflammatory reactions, TLRs act as
initial pattern recognition receptors for PAMPs. The
TLR/MyD88/NF-«xB signaling pathway is an impor-
tant pathway for regulating the immune system dur-
ing the inflammatory response in the body, and it is
widely distributed in the tissues and cells of various
species. As the first barrier in the immune system,
TLRs can sense and recognize various infections and
pathogens. Additionally, TLRs participate in regulat-
ing the development of numerous inflammatory con-
ditions, including infectious diseases, autoimmune
diseases, and allergic responses. These activities of
TLRs eventually lead to the development of an ac-
quired immune response!®'l.

TLRs regulate the innate immune response to
initiate and enhance host antibacterial and antiviral
defense capacities. Flagellins are not only exogenous
microbial ligands that stimulate the TLRS pathway
but also effective adjuvants involved in the innate

immune response against many types of bacteria.



1056

Therefore, flagellins are increasingly used as an ex-
ogenous activator to study TLRS by triggering an
inflammatory reaction in the body; this induces
the release of a large number of cytokines in the
lungs, intestine, liver, kidneys, and other tissues,
thereby achieving the desired experimental ef-
fect!®, UC (ulcerative colitis) is a type of intestinal
disease whose incidence has gradually increased in
recent years. It is a chronic disease that is affected
by many factors and may be closely associated
with the environment, immunity, and abnormali-
ties in the intestinal flora'®!. By studying changes
in TLRs, intestinal flora, and cytokines in patients
with UC, MEENA et al'® found that TLR2, TLR4,
TLRS, and TLR9 expression levels were higher in
patients with UC than those in the control group.
In addition, blood IL-6 and TNF-a levels were also
higher in patients than in the control group, indicat-
ing that TLRs and various inflammatory factors in
the signaling pathway were closely associated with
UC. Although the principal pathogenic mechanism
of UC was not clearly defined in the study, changes
in the intestinal flora and TLRs in patients indi-
cated that the TLRs, which were involved in the
disease, and associated cytokines in signal regula-
tion pathways were clearly the influencing factors
and provided a good theoretical target for disease
prevention and treatment. In addition, through ex-
periments on the regulation of MyD88-dependent
pathways, LUBBAD et al® found that signal trans-
duction pathways that affected TLR/NF-kB inhibited
the release of downstream inflammatory factors, aid-
ing the treatment of UC.

The invasion of an organism with flagellated
bacteria has different effects on different tissues and
organs. Therefore, a variety of inflammatory diseases
including systemic lupus erythematosus, acute pneu-
monia, chronic enteritis, are closely associated with
flagellin involvement!®. The liver is an important or-
gan in the process of sensing flagellin invasion. Dur-
ing the immunization process, high flagellin concen-

tration can overactivate TLRS5, resulting in the release

of excessive inflammatory factors and thus cause
liver injury. A study by YANG et al®” showed that
the involvement of flagellin resulted in the accumula-
tion of many neutrophils and oxidative stress. Serum
aminotransferase levels in the body were increased,
leading to severe liver injury. In another study, XIAO
et al'® stimulated mice with different concentrations
of flagellin and performed statistical analysis of the
changes in different tissues. They found that trans-
aminase levels in the liver were increased and TLRS5
was excessively activated after the stimulation with
high doses of flagellin, resulting in the release of
many inflammatory factors and leading to severe liver
injury with large areas of hepatocellular necrosis. In
addition, high doses of flagellin could also induce
hepatitis in mice in a short period of time. However,
BURDELYA et al'® found that low doses of flagellin
could be used as a radioprotective agent during cancer
radiotherapy and potentially improve the therapeutic
index. This indicates that during immune activation
of the TLRS signaling pathway, flagellin involvement
can be used as an experimental stimulus to study
TLRS5 and its signaling pathway. Therefore, further
investigations to identify the breakthroughs of TLRS

in disease treatments are necessary.

5 Summary and prospects
In multicellular organisms, exogenous pathogens

are common risk factors that can cause injury to tis-
sues, organs, and other components of the body. The
immune system provides an important safeguard and
responds to environmental stimuli, broadens the niche,
and ensures an advantageous evolutionary position for
speciest. The discovery of TLRs was a qualitative
leap, raising awareness about the immune system!". As
pattern recognition receptors, the TLR family clears
exogenous microbial ligands and has played very im-
portant roles in the evolutionary history of the immune
system.

During the evolutionary process, selective pres-
sure exerted by microorganisms preserved the TLRs in

various species and drove their diversification, thereby
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creating a variety of TLR family members, recognizing
different microbial ligands. As membrane-anchored
proteins, TLRs are expressed on the cell surface and
can also play protective roles in the cell. The TLR
family of innate immune receptors is both evolution-
arily conserved and capable of mutation!”'”. The
recognition of different PAMPs by the LRR domain
determines the specificity of TLRs. TLRs sense the
main components on the surface of different microor-
ganisms, thereby exerting their antibacterial and anti-
inflammatory effects'®’). The successive discovery of
other TLRs has resulted in a very large TLR family,
which has become a special taxonomic group in the
immune system that can effectively identify invasive
pathogens. To date, complete TLR families have been
found and identified in many species; 27 TLR family
members have been identified in vertebrates!”, includ-
ing 10 TLRs (TLR1-10) in humans and 22 TLRs in
fish>). Moreover, the discovery of TLRS is interest-
ing, as it not only improves our understanding of the
TLR family but also expands the scope of recognizing
microbials. TLR5M and TLRS5S have improved our
understanding of TLRS and attracted increasing atten-
tion from researchers. Although TLRS functions as an
interactive dimer complex, over the course of evolu-
tion, only one membrane-anchored form of TLRS has
been found and identified in vertebrates other than fish.
Besides playing an immune role in the body, it also
maintains the balance of the microbial population in
the intestine and promotes metabolic stability of the
body™"*’\. Due to their specific living environment and
evolutionary history, the TLR family in fish is more
diverse than that in mammals, with a greater number
and types of TLRs, which may improve the range and
potential for recognition of PAMPs. Since TLRs have
occupied an indispensable position in evolutionary his-
tory, their associated biological processes need to be
further elucidated.

TLR5/MyD88/NF-kB is one of the key signaling
pathways involved in the immune response during dis-
ease diagnosis and treatment. Flagellin can be used not

only as a stimulus for the activation of TLRS5 signaling

pathway, but also as an adjunctive medication in can-
cer radiotherapy!®”. Therefore, studying this pathway
can improve the potential application value of flagellin.
Each member of the TLR family recognizes different
microbial products and protects the body from mi-
crobes in many diverse ways. Based on this, associated
factors in the signal transduction pathway can be iden-
tified as disease prevention and treatment targets and
used to develop further treatment for the prevention of
disease development and progression.

The discovery of TLRS is undoubtedly of great
significance, but it faces many challenges in its ap-
plication to disease diagnosis and treatment. First, the
available studies on its function are not very thorough,
and its mechanism of action needs further investiga-
tion. Second, although appropriate flagellin interven-
tion can be used as an adjunct to cancer treatment and
potentially reduce pain in patients with cancer, there is
no direct evidence for the direct involvement of flagel-
lin in the prevention and treatment of cancer. Third, the
imbalance of TLRS leads to enteritis, liver function ab-
normality, and other diseases. Thus, there are research
questions that need to be answered such as drug target-
ing of TLRS signaling. Fourth, the possibility of toxic
and other adverse effects during clinical application
cannot be neglected. In conclusion, the progress in re-
search on the evolution, function, and disease treatment
strategies of TLRS underscores its important research
value, and further in-depth investigations of its func-
tional mechanism will surely provide new perspectives
on the evolution of the vertebrate immune system as

well as disease treatments.

References
[1] ANDERSON K V, BOKLA L, NUSSLEIN-VOLHARD C. Es-

tablishment of dorsal-ventral polarity in the drosophila embryo:
the induction of polarity by the Toll gene product [J]. Cell,
1985, 42(3): 791-8.

[2] LEMAITRE B, NICOLAS E, MICHAUT L, et al. The Dorso-
ventral regulatory gene cassette spdtzle/Toll/cactus controls the
potent antifungal response in Drosophila adults [J]. Cell, 1996,
86(6): 973-83.

[3] O’NEILL L A J, GOLENBOCK D, BOWIE A G. The history

of Toll-like receptors—redefining innate immunity [J]. Nat Rev



1058

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Immunol, 2013, 13(6): 453-60.

BARTON G M, KAGAN J C. A cell biological view of Toll-
like receptor function: regulation through compartmentalization
[J]. Nat Rev Immunol, 2009, 9(8): 535-42.

O’NEILL L A J. Therapeutic targeting of Toll-like receptors for
inflammatory and infectious diseases [J]. Curr Opin Pharmacol,
2003, 3(4): 396-403.

HAYASHI F, SMITH K D, OZINSKY A, et al. The innate im-
mune response to bacterial flagellin is mediated by Toll-like
receptor 5 [J]. Nature, 2001, 410(6832): 1099-103.

BASITH S, MANAVALAN B, LEE G, et al. Toll-like receptor
modulators: a patent review (2006-2010) [J]. Expert Opin Ther
Pat, 2011, 21(6): 927-44.

TAKEDA K, KAISHO T, AKIRA S. Toll-like receptors [J].
Annu Rev Immunol, 2003, 21(1): 335-76.

DU X, LI D, L1, et al. Clone, identification and functional
character of two toll-like receptor 5 molecules in Schizothorax
prenanti [J]. Fish Shellfish Immunol, 2019, 95: 81-92.

TONG C, LIN Y, ZHANG C, et al. Transcriptome-wide iden-
tification, molecular evolution and expression analysis of Toll-
like receptor family in a Tibet fish, Gymnocypris przewalskii [J].
Fish Shellfish Immunol, 2015, 46(2): 334-45.

AKIRA S, UEMATSU S, TAKEUCHI O. Pathogen recognition
and innate immunity [J]. Cell, 2006, 124(4): 783-801.
O’NEILL L A, BOWIE A G. The family of five: TIR-domain-
containing adaptors in Toll-like receptor signalling [J]. Nat Rev
Immunol, 2007, 7(5): 353-64.

FITZGERALD K A, PALSSON-MCDERMOTT E M, BOWIE
A G, et al. Mal (MyD88-adapter-like) is required for Toll-like
receptor-4 signal transduction [J]. Nature, 2001, 413(6851): 78-
83.

DUTTA S, GHOSH M, CHAKRABARTI J. In-silico studies on
conformational stability of flagellin-receptor complexes [J]. J
Biomol Struct Dyn, 2019, 38(8): 1-13.

MEDZHITOV R. Toll-like receptors and innate immunity [J].
Nat Rev Immunol, 2001, 1(2): 135-45.

YEOH B S, GEWIRTZ A T, VIJAY-KUMAR M. Adaptive im-
munity induces tolerance to flagellin by attenuating TLRS and
NLRC4-mediated innate immune responses [J]. Front Cell In-
fect Microbiol, 2019, 9: 29.

UEMATSU S, FUJIMOTO K, JANG M H, et al. Regulation of
humoral and cellular gut immunity by lamina propria dendritic
cells expressing Toll-like receptor 5 [J]. Nat Immunol, 2008,
9(7): 769-76.

HUG H, MOHAJERI M H, LA FATA G. Toll-like receptors:
regulators of the immune response in the human gut [J]. Nutri-
ents, 2018, 10(2): 203.

AREAL H, ABRANTES J, ESTEVES P J. Signatures of posi-
tive selection in Toll-like receptor (TLR) genes in mammals [J].
BMC Evol Biol, 2011, 11: 368.

DARFOUR-ODURO K A, MEGENS H J, ROCA A L, et al.
Adaptive evolution of toll-like receptors (TLRs) in the family
Suidae [J]. PLoS One, 2015, 10(4): €0124069.

RAUTA P R, SAMANTA M, DASH H R, et al. Toll-like recep-

tors (TLRs) in aquatic animals: signaling pathways, expressions

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

and immune responses [J]. Immunol Lett, 2014, 158(1/2): 14-
24.

MIAO E A, ANDERSEN-NISSEN E, WARREN S E, et al.
TLRS5 and Ipaf: dual sensors of bacterial flagellin in the innate
immune system [J]. Semin Immunopathol, 2007, 29(3): 275-88.
TRINCHIERI G, SHER A. Cooperation of Toll-like receptor
signals in innate immune defence [J]. Nat Rev Immunol, 2007,
7(3): 179-90.

QIN C, GONG Q, WEN Z, et al. Molecular characterization
and expression of toll-like receptor 5 genes from Pelteobagrus
vachellii [J]. Fish Shellfish Immunol, 2018, 75: 198-207.
PALTI Y. Toll-like receptors in bony fish: from genomics to
function [J]. Dev Comp Immunol, 2011, 35(12): 1263-72.
OSHIUMI H, TSUJITA T, SHIDA K, et al. Prediction of the
prototype of the human Toll-like receptor gene family from the
pufferfish, Fugu rubripes, genome [J]. Immunogenetics, 2003,
54(11): 791-800.

TSUJITA T, TSUKADA H, NAKAO M, et al. Sensing bacterial
flagellin by membrane and soluble orthologs of Toll-like recep-
tor 5 in rainbow trout (Onchorhynchus mikiss) [J]. J Biol Chem,
2004, 279(47): 48588-97.

TSOI S, PARK K C, KAY H H, et al. Identification of a tran-
script encoding a soluble form of toll-like receptor 5 (TLRS) in
Atlantic salmon during Aeromonas salmonicida infection [J].
Vet Immunol Immunopathol, 2006, 109(1/2): 183-7.
BAOPRASERTKUL P, XU P, PEATMAN E, et al. Divergent
toll-like receptors in catfish (/ctalurus punctatus): TLRSS,
TLR20, TLR21 [J]. Fish Shellfish Immunol, 2007, 23(6): 1218-
30.

HWANG S D, ASAHI T, KONDO H, et al. Molecular cloning
and expression study on Toll-like receptor 5 paralogs in Japa-
nese flounder, Paralichthys olivaceus [J]. Fish Shellfish Immu-
nol, 2010, 29(4): 630-8.

HUO R, ZHAO X, HAN J, et al. Genomic organization, evolu-
tion and functional characterization of soluble toll-like receptor
5 (TLRS5S) in miiuy croaker (Miichthys miiuy) [J]. Fish Shell-
fish Immunol, 2018, 80: 109-14.

JIANG Y, HE L, JU C, et al. Isolation and expression of grass
carp toll-like receptor Sa (CiTLR5a) and 5b (CiTLRSb) gene
involved in the response to flagellin stimulation and grass carp
reovirus infection [J]. Fish Shellfish Immunol, 2015, 44(1): 88-
99.

VOOGDT C G P, WAGENAAR J A, VAN PUTTEN J P M. Du-
plicated TLRS of zebrafish functions as a heterodimeric recep-
tor [J]. Proc Natl Acad Sci USA, 2018, 115(14): E3221-9.
HUANG L, FAN Y, ZHOU Y, et al. Cloning, sequence analysis
and expression profiles of Toll-like receptor 7 from Chinese gi-
ant salamander Andrias davidianus [J]. Comp Biochem Physiol
B Biochem Mol Biol, 2015, 184: 52-7.

ISHIT A, KAWASAKI M, MATSUMOTO M, et al. Phyloge-
netic and expression analysis of amphibian Xenopus Toll-like
receptors [J]. Immunogenetics, 2007, 59(4): 281-93.

BENTON M J, DONOGHUE P C. Paleontological evidence to
date the tree of life [J]. Mol Biol Evol, 2007, 24(1): 26-53.
VOOGDT C G, BOUWMAN L I, KIK M J, et al. Reptile Toll-



45 TLRSHYHEAL D RE SR Rt 7E

1059

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

like receptor 5 unveils adaptive evolution of bacterial flagellin
recognition [J]. Sci Rep, 2016, 6: 19046.

SHARMA V, HECKER N, WALTHER F, et al. Convergent
losses of TLR5 suggest altered extracellular flagellin detection
in four mammalian lineages [J]. Mol Biol Evol, 2020, 37(7):
1847-54.

AL-DAGHRI N M, CLERICI M, AL-ATTAS O, et al. A non-
sense polymorphism (R392X) in TLRS protects from obesity
but predisposes to diabetes [J]. J Immunol, 2013, 190(7): 3716-
20.

WEST T E, CHANTRATITA N, CHIERAKUL W, et al. Im-
paired TLRS functionality is associated with survival in melioi-
dosis [J]. J Immunol, 2013, 190(7): 3373-9.

PINHEIRO A, AGUEDA-PINTO A, MELO-FERREIRA J, et
al. Analysis of substitution rates showed that TLRS is evolv-
ing at different rates among mammalian groups [J]. BMC Evol
Biol, 2019, 19(1): 221.

ISHENGOMA E, AGABA M. Evolution of toll-like receptors
in the context of terrestrial ungulates and cetaceans diversifica-
tion [J]. BMC Evol Biol, 2017, 17(1): 54.

HUGHES A L, PIONTKIVSKA H. Functional diversification
of the toll-like receptor gene family [J]. Immunogenetics, 2008,
60(5): 249-56.

ROACH J M, RACIOPPI L, JONES C D, et al. Phylogeny of
Toll-like receptor signaling: adapting the innate response [J].
PLoS One, 2013, 8(1): e54156.

JETZ W, THOMAS G H, JOY ] B, et al. The global diversity of
birds in space and time [J]. Nature, 2012, 491(7424): 444-8.
CHENG Y, PRICKETT M D, GUTOWSKA W, et al. Evolution
of the avian B-defensin and cathelicidin genes [J]. BMC Evol
Biol, 2015, 15: 188.

ZHANG J. Evolution by gene duplication: an update [J]. Trends
Ecol Evol, 2003, 18(6): 292-8.

ELLEGREN H. Comparative genomics and the study of evolu-
tion by natural selection [J]. Mol Ecol, 2008, 17(21): 4586-96.
BAINOVA H, KRALOVA T, BRYJOVA A, et al. First evi-
dence of independent pseudogenization of toll-like receptor 5 in
passerine birds [J]. Dev Comp Immunol, 2014, 45(1): 151-5.
KASAMATSU J, OSHIUMI H, MATSUMOTO M, et al. Phy-
logenetic and expression analysis of lamprey toll-like receptors
[J]. Dev Comp Immunol, 2010, 34(8): 855-65.

FEUILLET V, MEDJANE S, MONDOR 1, et al. Involvement of
Toll-like receptor 5 in the recognition of flagellated bacteria [J].
Proc Natl Acad Sci USA, 2006, 103(33): 12487-92.

UEMATSU S, JANG M H, CHEVRIER N, et al. Detection of
pathogenic intestinal bacteria by Toll-like receptor 5 on intesti-
nal CDI11c" lamina propria cells [J]. Nat Immunol, 2006, 7(8):
868-74.

ANDERSEN-NISSEN E, HAWN T R, SMITH K D, et al. Cut-
ting edge: T/r5” mice are more susceptible to Escherichia coli
urinary tract infection [J]. J Immunol, 2007, 178(8): 4717-20.
ANDERSEN-NISSEN E, SMITH K D, BONNEAU R, et al. A
conserved surface on Toll-like receptor 5 recognizes bacterial
flagellin [J]. J Exp Med, 2007, 204(2): 393-403.

FABER E, TEDIN K, SPEIDEL Y, et al. Functional expression

[56]

[57]

[58]

[59]

[60]

[o1]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

of TLRS of different vertebrate species and diversification in
intestinal pathogen recognition [J]. Sci Rep, 2018, 8(1): 11287.
GEWIRTZ A T, NAVAS T A, LYONS S, et al. Cutting edge:
bacterial flagellin activates basolaterally expressed TLRS to
induce epithelial proinflammatory gene expression [J]. J Immu-
nol, 2001, 167(4): 1882-5.

LEIFER C A, MCCONKEY C, LI S, et al. Linking genetic
variation in human Toll-like receptor 5 genes to the gut mi-
crobiome’s potential to cause inflammation [J]. Immunol Lett,
2014, 162(2 Pt A): 3-9.

VIJAY-KUMAR M, SANDERS C J, TAYLOR R T, et al. Dele-
tion of TLRS results in spontaneous colitis in mice [J]. J Clin
Invest, 2007, 117(12): 3909-21.

VIJAY-KUMAR M, AITKEN J D, CARVALHO F A, et al.
Metabolic syndrome and altered gut microbiota in mice lacking
Toll-like receptor 5 [J]. Science, 2010, 328(5975): 228-31.
CARVALHO F A, KOREN O, GOODRICH J K, et al. Transient
inability to manage proteobacteria promotes chronic gut inflam-
mation in TLRS-deficient mice [J]. Cell Host Microbe, 2012,
12(2): 139-52.

FERNANDES P, MACSHARRY J, DARBY T, et al. Differ-
ential expression of key regulators of Toll-like receptors in
ulcerative colitis and Crohn’s disease: a role for Tollip and per-
oxisome proliferator-activated receptor gamma [J]? Clin Exp
Immunol, 2016, 183(3): 358-68.

MIZEL S B, BATES J T. Flagellin as an adjuvant: cellular
mechanisms and potential [J]. J Immunol, 2010, 185(10): 5677-
82.

SHENG Y, WU T, DAL Y, et al. 6-gingerol alleviates inflamma-
tory injury in DSS-induced ulcerative colitis mice by regulating
NF-«B signaling [J]. Ann Palliat Med, 2020, 9(4): 1944-52.
MEENA N K, AHUJA V, MEENA K, et al. Association of
TLRS gene polymorphisms in ulcerative colitis patients of
north India and their role in cytokine homeostasis [J]. PLoS
One, 2015, 10(3): €0120697.

LUBBAD A, ORIOWO M A, KHAN I. Curcumin attenuates
inflammation through inhibition of TLR-4 receptor in experi-
mental colitis [J]. Mol Cell Biochem, 2009, 322(1/2): 127-35.
GOYAL S, DUBEY P K, SAHOO B R, et al. Sequence based
structural characterization and genetic diversity analysis across
coding and promoter regions of goat Toll-like receptor 5 gene
[J]. Gene, 2014, 540(2): 238-45.

YANG J, ZHONG M, ZHANG Y, et al. Antigen replacement of
domains D2 and D3 in flagellin promotes mucosal IgA produc-
tion and attenuates flagellin-induced inflammatory response af-
ter intranasal immunization [J]. Hum Vaccin Immunother, 2013,
9(5): 1084-92.

XIAOY, LIU F, YANG J, et al. Over-activation of TLRS signal-
ing by high-dose flagellin induces liver injury in mice [J]. Cell
Mol Immunol, 2015, 12(6): 729-42.

BURDELYA L G, KRIVOKRYSENKO V I, TALLANT T C, et
al. An agonist of toll-like receptor 5 has radioprotective activity
in mouse and primate models [J]. Science, 2008, 320(5873):
226-30.

SANSONETTI P J. The innate signaling of dangers and the



1060

[71]

[72]

(73]

dangers of innate signaling [J]. Nat Immunol, 2006, 7(12):
1237-42.

ROACH J C, GLUSMAN G, ROWEN L, et al. The evolution
of vertebrate Toll-like receptors [J]. Proc Natl Acad Sci USA,
2005, 102(27): 9577-82.

ADEREM A, ULEVITCH R J. Toll-like receptors in the in-
duction of the innate immune response [J]. Nature, 2000,
406(6797): 782-7.

BIELASZEWSKA M, MAREJKOVA M, BAUWENS A, et
al. Enterohemorrhagic Escherichia coli O157 outer membrane
vesicles induce interleukin 8 production in human intestinal
epithelial cells by signaling via Toll-like receptors TLR4 and
TLRS and activation of the nuclear factor NF-xB [J]. Int ] Med
Microbiol, 2018, 308(7): 882-9.

[74]

[75]

[76]

[77]

ZHANG X T, ZHANG G R, SHI Z C, et al. Expression analysis
of nine Toll-like receptors in yellow catfish (Pelteobagrus fulvi-
draco) responding to Aeromonas hydrophila challenge [J]. Fish
Shellfish Immunol, 2017, 63: 384-93.

LAI R F, JAKOVLIC I, LIU H, et al. Molecular characteriza-
tion and immunological response analysis of toll-like receptors
from the blunt snout bream (Megalobrama amblycephala) [J].
Dev Comp Immunol, 2017, 67: 471-5.

SMITH K D, OZINSKY A. Toll-like receptor-5 and the innate
immune response to bacterial flagellin [J]. Curr Top Microbiol
Immunol, 2002, 270: 93-108.

KUMAR S, STECHER G, TAMURA K. MEGA7: molecular
evolutionary genetics analysis version 7.0 for bigger datasets [J].
Mol Biol Evol, 2016, 33(7): 1870-4.



