
MINI-REVIEW

Research progress on Toll-like receptor signal transduction and its
roles in antimicrobial immune responses

Pengpeng Xia1,2,3 & Yunping Wu1,2,3
& Siqi Lian1,2,3

& Li Yan1,2,3
& Xia Meng1,2,3

& Qiangde Duan1,2,3
&

Guoqiang Zhu1,2,3

Received: 25 February 2021 /Revised: 7 May 2021 /Accepted: 8 June 2021
# The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
When microorganisms invade a host, the innate immune system first recognizes the pathogen-associated molecular patterns of
these microorganisms through pattern recognition receptors (PRRs). Toll-like receptors (TLRs) are known transmembrane PRRs
existing in both invertebrates and vertebrates. Upon ligand recognition, TLRs initiate a cascade of signaling events; promote the
pro-inflammatory cytokine, type I interferon, and chemokine expression; and play an essential role in the modulation of the host’s
innate and adaptive immunity. Therefore, it is of great significance to improve our understanding of antimicrobial immune
responses by studying the role of TLRs and their signal molecules in the host’s defense against invading microbes. This paper
aims to summarize the specificity of TLRs in recognition of conserved microbial components, such as lipoprotein, lipopolysac-
charide, flagella, endosomal nucleic acids, and other bioactive metabolites derived from microbes. This set of interactions helps
to elucidate the immunomodulatory effect of TLRs and the signal transduction changes involved in the infectious process and
provide a novel therapeutic strategy to combat microbial infections.
Key points
• TLRs exert an immediate and direct defense against invading microbes.
• Microbial components and metabolites are crucial for the activation of the host immune responses.
• TLRs provide beneficial immunomodulatory properties to the host.
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Introduction

Pathogens, or microscopic organisms, that invade a host and
lead to an infection, including bacteria, viruses, and fungi,

endanger human or animal health and hinder economic devel-
opment. Due to their high infectivity and mortality rate, some
microbes contribute to major public health issues, such as the
2019-nCoV (Malik et al. 2020), Ebola virus (Nanziri et al.
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2020), highly pathogenic avian influenza (Tasiame et al.
2020), and antibiotic-resistant superbugs (Wang et al. 2019).
In addition to the microbes themselves, microbial metabolites
and components also affect host health, including flagella,
lipopolysaccharide (LPS), short-chain fatty acids (SCFAs),
bile acids, and lactic acid (Kayama et al. 2020), among others.

To resist microbial invasion, hosts have gradually devel-
oped a variety of mechanisms to survive during the process of
long-term evolution. The innate immune response induced by
pattern recognition receptor (PRRs) with recognition of
pathogen-associated molecule patterns (PAMPs) plays a vital
role in a host’s defense against pathogenic microbial infection.
PRRs are mainly composed of Toll-like receptors (TLRs), C-
type lectin receptors, cytoplasmic DNA sensors (i.e., cyclic
GMP-AMP synthase), and several other cytoplasmic recep-
tors, such as RIG-I-like receptors (RLRs) or Nod-like recep-
tors (NLRs) (Cai et al. 2019; Bhattarai et al. 2018). Among
them, TLRs were the first to be discovered and one of the most
extensively studied PRRs. They are present in many species,
including 10 functional members in humans (TLR1-TLR10)
and 12 inmice (TLR1-TLR9 and TLR11-TLR13) (Akira et al.
2006). According to their amino acids and genomic structure,
these mammalian TLRs can be divided into five significant
subfamilies. For example, TLR2, together with TLR1, TLR6,
and TLR10, forms the TLR2 subfamily (Farhat et al. 2008).
The TLR9 subfamily consists of TLR7, TLR8, and TLR9
(Wagner 2004).

All TLRs are type I transmembrane proteins composed of
an extracellular domain (ECD), a transmembrane domain
(TM), a cytoplasmic domain (CP), and a single transmem-
brane helix that connects the ECD and CP. The CP often has
a highly conserved Toll/IL-1 receptor domain (TIR) and po-
lymerizes to recruit downstream adaptors, such as myeloid
differentiation primary response 88 (MyD88) and TIR-
domain-containing adapter-inducing interferon-β (TRIF), to
activate nuclear factor kappa-B (NF-κB)-dependent and inter-
feron regulatory factor (IRF)-dependent signaling pathways,
and induces the production of inflammatory cytokines and
type I interferons (IFNs) (Bowie and O'Neill 2000; Balka
and De Nardo 2019). According to the number and structure
of Leucine-rich repeats (LRRs) in an ECD, different TLRs can
recognize their specific ligands and exert the corresponding
immunological functions through various ways in response to
signals (Yin et al. 2015). This review will summarize the role
of TLRs and their unique signal molecules in microbial infec-
tions to highlight the function of TLRs and provide new strat-
egies and ideas for the prevention and treatment of microbial
infectious diseases.

Recent studies have shown that TLRs can recognize mi-
croorganisms and their non-specific and conserved compo-
nents and metabolites after an infection (Table 1) (Akira
et al. 2006; Levy et al. 2017; Oliveira-Nascimento et al.
2012; Patel et al. 2014). Subsequently, the interaction between

TLRs and microorganisms initiates the innate immune re-
sponse, inducing the expression of interleukin 6 (IL-6), IL-8,
IL-12, and tumor necrosis factor (TNF)-α by activated
mitogen-activated protein kinase (MAPK) and downstream
NF-κB signal pathways (Kawai and Akira 2007; Mukherjee
et al. 2016). Expression of these cytokines results in chemo-
taxis and aggregation of granulocytes and macrophages, lead-
ing to an inflammatory reaction and immune response.
Simultaneously, the interaction between microorganisms and
the host’s immune system also determines the fate of micro-
organisms in the body (Netea et al. 2004a; Netea et al. 2004b).
In the following sections, we will discuss how TLRs recog-
nize the corresponding microbial components or metabolites
and their roles in the immune response against microbial
infection.

Lipoprotein is the predominant ligand
for the TLR2 subfamily

Lipoprotein is a cell membrane anchor protein that widely
exists in Gram-negative (G−) and Gram-positive (G+) bacteria.
In G+ bacteria, lipoproteins with low guanine and cytosine
(GC) content mainly exist in the form of diacylated lipopro-
teins. In contrast, those in G− and G+ bacteria with a high GC
content mainly exist in the form of triacylated lipoproteins
(Braun and Hantke 2019). As reported, bacterial lipoproteins
play an important role in adhesion, protein secretion, signal
transduction, cell wall metabolism, biofilm formation, and
innate immune response, especially in triggering innate and
adaptive immunity through TLRs (Braun and Hantke 2019;
Nguyen and Götz 2016). Understanding the interaction of
lipoproteins with TLRs, especially with the TLR2 subfamily,
will facilitate the study of the potential of lipoproteins as can-
didate vaccines and drug targets for infectious diseases caused
by related bacteria (Hashimoto et al. 2006; Nguyen and Götz
2016).

Mycobacterium tuberculosis (Mtb) is a great target to study
the role of bacterial lipoproteins because it has various kinds
of lipoproteins, including lipoarabinomannan (LAM),
mannose-capped LAM, 19 kDa lipoprotein (LpqH), phos-
phatidylinositol mannoside, lipoprotein (Lpr) G, LprA,
LpqB, and LpqM (Sutcliffe and Harrington 2004). Most of
them interact with TLR2 and participate in the innate immune
response of a host against Mtb. LpqH activates autophagy in a
TLR2-dependent manner, resulting in IL-15 and IL-1β ex-
pression, and an increase in the antimicrobial activity of
monocytes towardsMtb (Shin et al. 2010). However, the com-
bination of LpqH and TLR2 can also inhibit the expression of
IFN-γ. Upon this, IFN-γ-induced expression of class II trans-
activators is diminished, and a decrease of IFN-γ-induced
class II major histocompatibility complex (MHC) genes in
macrophages further leads to bacteria escaping the host’s
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defense system and allows the colonization of bacteria in the
body (Braun and Hantke 2019; Padhi et al. 2019; Pennini et al.
2006). Besides, LprE can inhibit the expression of the
cathelicidin antimicrobial peptide, IL-1β, IL-12, and IL-22
by the TLR2-p38-CYP27B1VDR signal pathway to promote
intracellular bacterial survival (Padhi et al. 2019). Another
lipoprotein from Mtb, LprG, inhibits the antigen presentation
of MHC class II molecules in human macrophages and is
beneficial to localize LAM on the cell surface to inhibit the
fusion of phagosomes and lysosomes (Braun and Hantke
2019; Sutcliffe and Harrington 2004). All these activities
can help Mtb escape from the host’s immune response and
promote the survival and reproduction of bacteria in a host.
Thus, TLRs seem likely to play dual roles in the process of
pathogenic microbial infection. They can enhance the body’s
immune response and resist pathogenic microbial infection as
well as help microorganisms escape immune system clearance
(Netea et al. 2004b).

In addition to TLR2, lipoproteins and lipoprotein-derived
lipopeptides also bind to TLR2-TLR1 and TLR2-TLR6 het-
erodimers (Braun and Hantke 2019). In the TLR2-TLR1 het-
erodimer, there is a gap in the protruding region between the
central part and the C-terminal region of TLR2, where two
lipid chains in the triacylated lipopeptide are inserted into
TLR2, and another lipid chain binds to the lipid-binding chan-
nel between the central and the C-terminal regions of TLR1
(Jin et al. 2007). The structures of TLR6 and TLR1 are highly
homologous, but TLR6 lacks lipid-binding channels, and the
acylated degree of lipoproteins distinguishes the interaction of
TLR2 with TLR1 and TLR6, resulting in their different per-
formances in identifying and scavenging microorganisms
(Oliveira-Nascimento et al. 2012; Triantafilou et al. 2006).
For example, TLR1-TLR2 mainly recognizes triacylated
lipopeptide in microorganisms and their components, such
as Mtb, Borrelia burgdorferi spirochetes, and Leishmania,
whereas TLR2-TLR6 recognizes the diacylated lipopeptides
of respiratory syncytial virus (RSV), hepatitis C virus (HCV),
herpes simplex virus (HSV-1 and HSV-2), among others
(Oliveira-Nascimento et al. 2012; Patel et al. 2014).

Although TLR1 and TLR6 are generally considered to ex-
ert their biological function through the formation of hetero-
dimers with TLR2, they still play roles in the process of mi-
crobial infections individually (Braun and Hantke 2019;
Raieli et al. 2019). TLR1 activation enhances the specific
immune response by promoting co-stimulatory molecule ex-
pression, pro-inflammatory cytokine secretion, and the prolif-
eration and polarization of Th cells. In contrast, TLR2 activa-
tion mainly induces the expression of IFN, which has a wide
range of functions in innate immunity (Raieli et al. 2019).
Studies have shown that Pam3CSK4, a synthetic triacylated
lipopeptide, can be recognized by TLR1-TLR2 and can in-
duce the activation and maturation of dendritic cells (DCs),
but blocking TLR1 and TLR2 on plasmacytoid dendritic cells

(pDCs) has different effects on the cytokine-induced secretion
of helper T cells (Th). The blockage of TLR1 on pDCs can
reduce the polarization of regulatory T cells (Tregs) but does
not affect Th1 cells, while blocking TLR2 can specifically
inhibit the secretion of IFN without affecting T cell polariza-
tion (Oliveira-Nascimento et al. 2012; Raieli et al. 2019). In
dextran sulfate sodium salt (DSS)-induced ulcerative colitis
(UC) co-infected with Candida albicans (Candin, Sc5314),
the deletion of TLR1 can aggravate intestinal inflammation,
leading to colon injury and mouse death. In contrast, the de-
letion of TLR6 can promote the elimination of Candin.
Results based on cytokine detection also indicate that TLR1
deletion can significantly upregulate the expression of TNF-α,
IL-1β , and IL-17A, while the delet ion of TLR6
downregulates the expression of these cytokines (Choteau
et al. 2017). In TLR6-deficient mice, the expression of the
Th2-derived anti-inflammatory cytokine IL-10 decreased,
and the release of the Th1-derived pro-inflammatory cytokine
IFN-γ increased. Therefore, TLR1 can inhibit the expression
of cytokines and prevent tissue damage caused by an inappro-
priate immune reaction. At the same time, TLR6 can regulate
the balance between Th1 and Th2 cytokines after recognizing
Candin and eliminates its infection by enhancing inflammato-
ry responses (Choteau et al. 2017; Triantafilou et al. 2006).

To our knowledge, TLR10, another member of the TLR2
subfamily, has high structural homology with TLR1 and
TLR6. It can homo-dimerize or heterodimerize with TLR1
and TLR2 (Fore et al. 2020; Xiang et al. 2020).
Nevertheless, the research on the ligand recognition, signal
pathway, and biological function of TLR10 is not comprehen-
sive yet. Some studies have shown that ligands interacting
with TLR2 are also considered as the ligands of TLR10, in-
cluding Pam2CGDPKHPKSF (FSL-1), a synthetic diacylated
lipoprotein that activates the TLR2/TLR6 heterodimer and
lipopeptide Pam3CSK4 (Fore et al. 2020). Furthermore,
TLR10 may heterodimerize with TLR2 to recognize LPS
and heat shock proteins (HSP60) of Helicobacter pylori
(H. pylori) to t r igger innate immune responses.
PamCysPamSK4, a diacylated peptide, could be recognized
by the TLR10 homodimer and TLR1/TLR10 heterodimer
(Fore et al. 2020; Su et al. 2020). A recent study has shown
that TLR10 can enhance gp41-mediated IL-8 induction and
NF-κBα activation and modulate HIV-1 infection and inte-
gration independent of TLR2 (Henrick et al. 2019).Moreover,
TLR10 can upregulate chemokine ligand 20 and IL-8 expres-
sion in response to Listeria monocytogenes (EGD) and
Salmonella typhimurium (S. typhimurium) infections, while
the infection with H1N1 (A/HK/54/98) and H5N1
(A/Vietnam/3212/04) influenza virus leads to an increased
TLR10 expression and triggers the induction of pro-
inflammatory cytokines and interferons in the host (Latorre
et al. 2016; Lee et al. 2014a, 2014b; Regan et al. 2013).
TLR10 is the only TLR that can antagonize TLR2 activity,
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inhibit downstream signal transductions, and suppress B cell
adaptive immune responses (Hess et al. 2017; Oosting et al.
2014; Su et al. 2020). It acts as a negative regulator of both
MyD88 and TRIF-mediated signaling, suppressing the degra-
dation of IκB and the phosphorylation of MAPKs through the
production of IFN-β (Jiang et al. 2016). In addition, TLR10 is
associated with a decreased risk of diseases, such as
Pneumococcal meningitis in children and prostatitis, and can
affect the morphology of adipose tissue in obese patients (Fan
et al. 2019; Fore et al. 2020; Xiang et al. 2020).

LPS is mostly recognized by TLR4 and triggers
the host inflammatory response

LPS is an endotoxin that exists as a major constituent of the
outer membrane of G− bacteria and is essential to maintain the
integrity and viability of bacteria (Rietschel et al. 1994). After
exposure to human blood, LPS has substantial toxicity and
mainly causes fever, leukocyte changes, respiratory diseases,
and even sepsis (Basauri et al. 2020). During this process, the
body first recognizes LPS through the corresponding recep-
tors, such as TLR4, and then initiates the body’s defense
mechanism to affect LPS clearance. Meanwhile, the
prolonged acute exposure to LPS drives LPS tolerance and
triggers immunosuppression in the body, which in turn causes
organ dysfunction and damage (Basauri et al. 2020; Langston
et al. 2019). In this regard, broadening our understanding of
the recognition and removal of LPS may contribute signifi-
cantly to the understanding of a host’s defense against bacte-
rial infections.

As is well known, LPS is composed of lipid A, a core
oligosaccharide, and O-antigen. These components can in-
duce effective immune responses and are responsible for bac-
teria escaping from the host’s immune system (Mazgaeen and
Gurung 2020; Rietschel et al. 1994). Although LPS is well
conserved among G− bacteria, the lipid A moiety is widely
varied in different bacteria through numerous lipid A modifi-
cations. The diversity of lipid A alterations leads to a different
immune-stimulatory capacity of LPS and affects the patho-
genesis of many bacteria, including S. Typhimurium,
H. pylori, Francisella tularensis (Ft), and Vibrio cholera
(Mazgaeen and Gurung 2020; Needham and Trent 2013).
Among them, the LPS of pathogenic Escherichia coli
(E. coli) and S. typhimurium that comprise the hexa-acylated
lipid A structure stimulated a strong TLR4-dependent inflam-
matory response in the host. The tetra-acylated lipid A of
Yersinia pestis (Y. pestis) growing at 37 °C and a tetra-
acylated lipid A mutant in the Ft subspecies novicida
(U112) lack immune-stimulatory activity, thus enabling bac-
teria to evade immune recognition and survive within a host
(Li et al. 2012; Needham and Trent 2013). Additionally, some
pathogens synthesize a hexa-acylated form of lipid A,

representing an antagonistic effect on TLR4, which induces
the transient receptor potential channels or caspase-11 (cas-
pase-4 and -5) activation to initiate non-canonical
inflammasome independent of TLR4, such as Legionella
pneumophila, Citrobacter rodentium, Shigella flexneri, and
Burkholderia spp. (Ciesielska et al. 2020; Yang et al. 2015;
Yi 2017). In addition to lipid A, the intact structure of LPS
core oligosaccharides affects innate immunity recognition in
some cases. For instance, the LPS core mutant of Brucella
abortus displayed an increased detection by TLR4-myeloid
differentiation protein (MD)-2. In contrast, the LPS core ham-
peredMD-2 recognition and is essential for Brucella to escape
recognition in the early stages of infection (Conde-Álvarez
et al. 2012). Besides, the full-length O-antigen of LPS and
the lipoproteins that impair the leukocyte differentiation anti-
gen 14 (CD14) binding contribute to the Leptospira
interrogans escape from TLR4 internalization and avoid
TLR4/TRIF-dependent antimicrobial responses (Bonhomme
et al. 2020). Thus, TLR4 is the most important receptor for the
immunological recognition of LPS.

TLR4 is expressed on the surface of various phagocytes,
including macrophages, peripheral monocytes, neutrophils,
and DCs. It acts as a cell sensor for extracellular LPS and
associates with LPS-binding protein (LBP), MD2, and
CD14 to initiate immune responses (Ciesielska et al. 2020;
Mazgaeen and Gurung 2020). The duality property of LBP
and CD14 states that both of them serve as effect molecules to
modulate cellular and systemic responses to LPS. In the early
step of bacterial infection, serum LPS mainly binds to the N-
terminal of LBP to form the LPS-LBP complex, which aids in
LPS recognition by presenting it to CD14 and then accelerates
the transfer of LPS to MD-2 or the TLR4/MD-2 complex
(Jerala 2007; Kitchens and Thompson 2005; Richter et al.
2012). The formed M-type TLR4/MD-2/LPS dimers further
induce the dimerization of TIR domains in cells, initiate
CD14-dependent TLR4 endocytosis, and TRIF-dependent
signal transduction to promote inflammation caused by LPS
(Ciesielska et al. 2020; Rosadini and Kagan 2017). However,
during infection and sepsis, the high concentrations of LBP
and CD14 can both sequester LPS to prevent exaggerated
inflammatory responses by different mechanisms, including
transferring LPS to plasma lipoproteins, extracting LPS al-
ready bound to CD14, and dampening LPS interaction with
TLR4/MD-2 complex (Ciesielska et al. 2020; Gegner et al.
1995; Kitchens and Thompson 2005; Mazgaeen and Gurung
2020; Richter et al. 2012).

In different cells, there are subtle differences in the TLR4-
dependent recognition of LPS as well. When macrophages
were stimulated with E. coli or S. typhimurium, the C-type
lectin, SIGNR1, could recognize the polysaccharide portion
of LPS and enhance the oligomerization of TLR4-MD2 com-
plex to augment the production of pro-inflammatory cytokines
without the aid of CD14. Meanwhile, mice lacking SIGNR1

5345Appl Microbiol Biotechnol (2021) 105:5341–5355



can resist the infection of LPS and colitis induced by DSS by
reducing intestinal injury and the production of pro-
inflammatory cytokines (Mazgaeen and Gurung 2020;
Nagaoka et al. 2005). Upon LPS stimulation, integrin
CD11b promotes TLR4 endocytosis and TRIF signal trans-
duction in DCs, whereas it inhibits TLR4-dependent immune
reaction to LPS by promoting the degradation of TIRAP and
MyD88 in macrophages (Ling et al. 2014; Rosadini and
Kagan 2017). Notably, TLR4 is also involved in the inflam-
matory response triggered by other virulence determinants
dependent or independent of the conventional LPS/CD14
pathway. For instance, the major and minor fimbriae of
Porphyromonas gingivalis require TLR2 and TLR4 to stimu-
late the immune response, and the participation of MD2 and
CD14 facilitates the TLR4 signaling (Davey et al. 2008). P
fimbriae of uropathogenic E. coli bind to surface
glycosphingolipids and recruit TLR4 as co-receptors to stim-
ulate mucosal inflammation in a CD14-independent way
(Frendéus et al. 2001). FimH, an adhesion of type 1 fimbriae,
binds directly to TLR4 and signals through both MyD88 and
TRIF to trigger IRF3 activation to induce an innate antiviral
response (Ashkar et al. 2008).

Flagellin is the specific ligand for TLR5
recognition and provides beneficial
immunomodulatory property to the host

Flagellin constitutes flagella conducive to bacterial movement
and works as a virulence factor to promote bacteria to adhere
to and invade host cells (Duan et al. 2013; Ramos et al. 2004;
Yang et al. 2016). The deletion of flic, a gene encoding the
major flagellin protein, resulted in abnormal growth and de-
creased motility and biofilm formation of bacteria, such as
Edwardsiella tarda, Cronobacter malonaticus (G361, O:2),
and F18 enterotoxigenic E. coli (ETEC) (F107/86,
O139:H1:F18ab) (Duan et al. 2012; He et al. 2012; Ling
et al. 2021). Previous studies have shown that flagellin also
contributes to probiotic effects and has emerged as an immune
modulator to affect the interaction between bacteria; these
responses were closely associated with the flagellin concen-
tration and the monomer-specific structural features (Duan
et al. 2012; Lebeer et al. 2010; Luo et al. 2019; Rossez et al.
2015).

In addition to some commensal bacteria that do not ex-
press flagella, such as Bacteroides spp., most commensal
and probiotic bacteria were shown to produce flagellin to
participate in the modulation of the host’s innate and adap-
tive immune responses (Lebeer et al. 2010). It has been
noted that the flagellin of the probiotic E. coli Nissle
1917 induced human β-defensin 2 expression to counteract
bacterial adherence and invasion (Schlee et al. 2007).
However, the increase in the concentration of flagellin in

the intestine caused by infection with flagellated pathogen-
ic bacteria would lead to the destruction of the intestinal
mucosa and chronic inflammation (Cullender et al. 2013).
Upon stimulation of different sensory pathways, bacterial
flagellin triggers various host responses and exhibits effec-
tive mucosal adjuvanticity and substantial potential to re-
sist tumor growth and radiation-associated tissue damage
(Hajam et al. 2017). The cytoplasmic flagellin can bind
with two NLRs, the neuronal apoptosis inhibitor family
protein (i.e., Naip-5 and -6) and the ICE protease-
activating factor (also known as NLRC4), to activate
downstream caspase-1 and induce inflammation and apo-
ptosis (Hajam et al. 2017; Miao et al. 2006). TLR5 can
recognize extracellular flagellin and utilize MyD88 to ini-
tiate MAPK signaling and NF-κB activation, stimulating
cytokine secretion and eliciting an inflammatory response
to eliminate pathogens (Hajam et al. 2017; Ramos et al.
2004). For instance, the flagellin of F4 ETEC (C83901,
O8:K87: F4ab) induces TLR5-mediated IL-17C expres-
sion in intestinal epithelial cells and increases antimicrobi-
al peptides and tight junction protein expression in an
autocrine/paracrine manner to promote the mucosal host
defense against bacterial infection (Luo et al. 2019).
Simultaneously, a low expression of TLR5 will suppress
the immune response to ETEC infection and reduce cell
damage in the intestine (Dai et al. 2019).

The flagellin monomer is a potent stimulator for TLR5
activation and can be divided into four domains, including
the terminal and central α-helixes (D0 and D1) and the
hypervariable β-sheets and turns (D2 and D3) (Rumbo
et al. 2017). The D0 domain of flagellin contributes to
the signal transduction of TLR5 but has no effects, or only
a slight one, on TLR5 binding. The D1 domain contains
highly conserved regions, which provide the most binding
sites for TLR5, and is closely related to signal transduction
(Yoon et al. 2012). The shortest flagellin consists of the D0
and D1 domains in Bacillus subtilis (B. subtilis, W23),
lacks the hypervariable domains, and still triggers efficient
TLR5 recognition and the subsequent signal transduction
(Song et al. 2017). R89, L93, and E113 residues in the D1
domain of flagellin are critical to interact with the TLR5
LRR9 loop for inducing IL-6 and IL-8 transcription and
TLR5 activation in B. subtilis and Treponema pallidum,
whereas R89T and E114D flage l l in mutants of
Campylobacter jejuni (C. jejuni) and H. pylori failed to
bind with TLR5, thus evading immune recognition by
TLR5 (Song et al. 2017; Xu et al. 2019). Thus, the D0
and D1 domains are the minimal regions required for
TLR5 activation; even the CagL protein of type IV secre-
tory system from the highly virulent H. pylori strain con-
tains a D1-like motif that can activate TLR5 and down-
stream signal transduction in vitro (Pachathundikandi
et al. 2019).
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Recognition of endosomal nucleic acids
by TLR3 and TLR9 subfamily is essential
to detect and combat pathogens

Endosomal nucleic acids derived from invading pathogens,
such as double-stranded RNA (dsRNA), single-stranded
RNA (ssRNA), and DNA sequences rich in unmethylated
CpGs motif, are mainly recognized by TLR3, TLR7,
TLR8, and TLR9, respectively (Lee and Barton 2014;
Wagner 2004). These receptors are localized in the endo-
plasmic reticulum (ER) and endosome/lysosome of cells
and act as sensors to promote stimulatory and non-
stimulatory discrimination by various mechanisms
(Brencicova and Diebold 2013; Lee and Barton 2014),
which may help initiate antimicrobial defenses and devise
therapeutic strategies.

TLR3 is a well-known receptor for the viral replication
product, dsRNA, and synthetic analog, polyinosinic-
polycytidylic acid (poly I:C), and plays an essential role in
viral infections (Brencicova and Diebold 2013; Carty et al.
2021). The dynamic structural analysis of the TLR3-dsRNA
complex suggests that an acidic pH and the formation of “M”-
shaped homodimers are both necessary for TLR3 to bind li-
gands, and His60, His108, His539, and Asn541 are critical
residues to affect the complex formation and TLR3 signaling
(Gosu et al. 2019; Liu et al. 2008). TLR3 is widely expressed
in many cells, including DCs, natural killer (NK) cells, intes-
tinal epithelial cells, lung fibroblasts, vascular endothelial
cells, and hepatocytes (Carty et al. 2021). Upon dsRNA bind-
ing, TLR3 recruits the adaptor TRIF to the TIR domain, there-
by activating innate immunity and leading to robust induction
of IFNs and inflammatory cytokine expression (Bianchi et al.
2020; Carty et al. 2021). Based on this, TLR3 is sufficient to
prevent virus replication and to mediate antiviral responses to
eliminate pathogens, such as encephalomyocarditis virus
(EMCV), poliovirus, dengue virus (DENV), hepatitis B virus
(HBV), HCV, and HSV (Carty et al. 2021; Lester and Li
2014). The zinc-finger protein ZCCHC3 can further positively
regulate TLR3-mediated signaling by promoting the recruit-
ment of TRIF to TLR3 after ligand stimulation (Zang et al.
2020). Many viruses have evolved strategies to dampen TRIF
effects on TLR3-mediated IFN signaling and promote surviv-
al within the host. For example, the HCV-encoded NS4B
protein can induce TRIF degradation in a caspase8-
dependent manner and evade IFN responses (Liang et al.
2018). However, TLR3-mediated inflammatory responses al-
so play a detrimental role in some viral infections. During
influenza A virus (IAV) infection, the deficiency of TLR3 in
mice prolonged the survival time and improved the outcomes
in IAV-induced acute pneumonia (Le Goffic et al. 2006).

In endolysosomal compartments, viral or bacterial ssRNA
and nucleoside analogs (i.e., loxoribine) are recognized by
TLR7 and TLR8. These two TLRs exist as dimers in the

resting state and are converted into an activated state upon
ligand binding, and the cleavage of the Z-loop (the
horseshoe-like shape structure or the hinge region between
LRR14 and LRR15) by proteases and arginine endopepti-
dases is a prerequisite for their conformation changes and
activation (Maeda and Akira 2016; Ohto et al. 2014). Due to
their structural similarities, TLR7 and TLR8 can recognize
similar ligands, including ssRNA rich in GU or poly-U de-
rived from IAV, vesicular stomatitis virus (VSV), human im-
munodeficiency virus (HIV), Pseudomonas aeruginosa and
E. coli, double-stranded siRNA and miRNA, self-RNAs re-
leased from dead or dying cells, and the small molecular li-
gand CL097 (3M001) and resiquimod (R848) (Chen et al.
2017; Ao et al. 2019; Maeda and Akira 2016).

Crystal structure analysis showed that TLR7 could recog-
nize guanosine (G) and uridine (U) in ssRNA at the same time,
but the binding sites are different. Site I recognizes and binds
with G or small molecular ligands to activate TLR7, and a
mutation at E583, L528, and R553 can abolish these recogni-
tions. Site II (C98-C475) mainly recognizes U and can en-
hance the binding ability of site I, but it cannot recognize small
molecular ligands (Zhang et al. 2016; Zhang et al. 2018).
Similarly, there are double ligand binding sites present in
hTLR8. The site I mainly recognizes U or small molecular
ligands, and the F405mutation can abolish these recognitions,
whereas D543, Y348, and T574 mutations can weaken the
activation of the NF-κB signal pathway. Site II mainly recog-
nizes G and promotes the binding of site I to ligands by sta-
bilizing the Z-loop structure and enhancing the affinity be-
tween site I and the corresponding ligands. Mutation at
H373, R375, R429, Y468, F470, and L474 can weaken the
recognition of ssRNA by hTLR8 but has no significant effect
on the recognition of small molecular ligands (Tanji et al.
2015; Gantier et al. 2010).

TLR7 is mainly expressed by pDCs and B cells, whereas
TLR8 expression is restricted to monocytes, macrophages,
and myeloid DCs (mDCs) (Carty et al. 2021; Gantier et al.
2010). Even though they share homology in their structures
and have similar binding ligands, the activation of TLR7 and
TLR8 triggers different signal pathways in the body. It results
in different responses to microbial infections. For instance,
during human monocyte infection with coxsackievirus,
EMCV, IAV, measles virus, Sendai virus, and VSV, TLR7
preferentially promotes the expression of CD4+ Th17 cyto-
kines through the MAPK signaling pathway, while TLR8
promotes Th1 cytokine production and IFN responses through
NF-κB signal (Bender et al. 2020; Lawrence 2009; de
Marcken et al. 2019). This difference may be due to the acti-
vation of TLR7 along with an increase of intracellular Ca2+

concentration and ERK1/2 stimulation, which promotes the
expression of FOSL1 and inhibits the production of type I
pro-inflammatory cytokines, such as IL-27 and TNF-α (de
Marcken et al. 2019).
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Unmethylated CpG DNA in bacteria and viruses, such as
Lactobacillus plantarum (WCFS1), Lactobacillus rhamnosus
(GG, ATCC 53103), HSV, and DENV, are the specific li-
gands to activate TLR9, leading to interferon release and in-
flammation (Carty et al. 2021; Kant et al. 2014). TLR9, which
is mainly expressed in B lymphocytes and mDCs, in a steady-
state, is present as a monomer and then forms an “M”-shaped
homodimer upon binding to active DNA sequences (Blaas
et al. 2009; Ohto et al. 2015). After TLR9 proteolytic cleav-
age, the C-terminal cleavage product triggers TLR9-mediated
signaling. However, the N-terminal cleavage product pro-
motes the degradation of its C-terminal region in the lysosome
or interacts with the C-terminal cleavage product to inhibit the
formation of the C-terminal TLR9 fragment homodimers,
thereby preventing excessive TLR9 signaling (Lee et al.
2014a, 2014b). Therefore, TLR9 plays an essential role in
the modulation of the immune response against microbial
infections.

When DENV infects human DCs, mitochondrial DNA
(mtDNA) is released into the cytoplasm through reactive ox-
ygen species and inflammasome production. Then, mtDNA
upregulates TLR9 expression and activates TLR9 signaling to
induce the secretion of the antiviral cytokines IFN-β1,
IFN-λ1, IFN-λ2, and IFN-λ3 (Lai et al. 2018). In addition to
eliciting Th1 immune responses via TLR9, bacterial DNA
motifs and synthetic CpG oligodeoxynucleotides (ODNs)
could specifically activate the human lamina propria B cells
to express TLR9 and stimulate immunoglobulin A secretion
in the intestine to ameliorate intestinal inflammation (Blaas
et al. 2009; Obermeier et al. 2002). Besides, TLR9 has an
unexpected pathologic role in some cases. For instance,
TLR9-deficient mice represent an advantage to promote the
clearance of methicillin-resistant Staphylococcus aureus
(MRSA, US300) post the IAV infections, and the lung
monocytes/macrophages in Tlr9−/− mice show increased bac-
terial phagocytosis and intracellular killing against MRSA
(Martínez-Colón et al. 2019).

Bioactive microbial metabolites are crucial
signal molecules that modulate the host’s
immune system

In addition tomicrobial components, the bioactive metabolites
derived from microbes also contribute to the host’s innate and
adaptive immunity (Levy et al. 2017; Rooks and Garrett 2016;
Shibata et al. 2017). TLRs have emerged as a vital metabolite-
immune axis-mediated factor to affect the host’s immune sys-
tem in some cases. As reported, the intestinal vitamin contents
determined by commensal bacteria and diets and VB3 supple-
mentation attenuate TLR2- and TLR4-mediated cytokine re-
lease from human monocytes upon stimulation, such as
TNF-α, IL-6, and monocyte chemotactic protein-1 (MCP-1)

(Digby et al. 2012). Succinate is critical to activate a pro-
inflammatory response in LPS-stimulated cells, and in DCs,
GPR91 senses the succinate released from the commensal
bacteria, i.e., Prevotella copri, enhancing antigen-specific ac-
tivation of Th cells and synergizing with TLRs to augment IL-
1β production (Chen and Stappenbeck 2019; Harber et al.
2020). SCFAs, such as lactate, acetate, propionate, and buty-
rate, are essential metabolites produced from gut microbial
fermentation and play roles in the modulation of TLR-
mediated pro-inflammatory responses in intestinal epithelial
andmyeloid cells (Iraporda et al. 2015). For instance, the short
incubation of HEK293 or HeLa epithelial cells with butyrate
and propionate enhanced NF-κB activation in response to
TLR2/TLR1, TLR4, TLR5, and TLR9 agonists, leading to
increased TNF-α transcription and downregulated IL-8 and
MCP-1 expression (Lin et al. 2015; Shibata et al. 2017).
Besides, surface polysaccharide A (PSA), the symbiosis factor
of Bacteroides fragilis, signals throughTLR2 on DCs to pro-
mote Th1 cell differentiation and elicit IL-10 production,
thereby inhibiting inflammation (Rooks and Garrett 2016;
Round et al. 2011; Wang et al. 2006).

Signal pathways activated by TLRs
and corresponding ligands

When microorganisms invade the body, TLRs can recognize
and bind to their corresponding ligands, recruit specific adap-
tors in cells to activate multiple signal pathways, and eliminate
microorganisms by stimulating inflammatory responses. The
body also has various negative regulatory systems to inhibit
the excessive activation of TLR signaling pathways to main-
tain its immune balance. It has been noted that MyD88, sterile
α and armadillo motif-containing protein (SARM), TRIF, and
TRIF-related adaptor molecules (TRAMs) act as adaptor pro-
teins to activate two main TLR signaling pathways dependent
on MyD88 (Fig. 1) or TRIF (Fig. 2), which mainly induce the
expression of inflammatory cytokines or IFNs (Balka and De
Nardo 2019; Takeuchi and Akira 2010). SARM is different
from other TIR adaptors because it can inhibit the function of
TRIF and act as a specific negative regulator for TLR3 and
TLR4 signals (Carty et al. 2006).

Upon recognition of the corresponding PAMP, the C-
terminal domains of TLRs’ ECD are moved closer to each
other and dimerize, which leads to the dimerization of the
cytoplasmic TIR. The C-terminal TIR domain of MyD88
binds to the cytoplasmic TIR, and the N-terminal death do-
main is responsible for recruiting interleukin-1 receptor-asso-
ciated kinase (IRAK) (Yin et al. 2015). It has been reported
that MyD88-deficient mice are highly susceptible to
Staphylococcus aureus (S. aureus), which may be due to the
loss of the ability to recognize many bacterial components in
MyD88-deficient mice, such as LPS, peptidoglycans (PGN),
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and lipopeptide, along with a reduction in the activation of
TLRs and a weaker innate immune response, which is bene-
ficial to the survival of bacteria (Takeuchi et al. 2000). In some
cases, the interaction between TLRs andMyD88 also requires
the participation ofMyD88 adaptor-like (MAL) receptors. For
example, TLR9 recognizes the corresponding ligands. It initi-
ates innate immunity against virus infection upon infection
with HSV-1, but the deletion of MAL inhibits the activation
of TLR9-dependent ERK1/2 and the expression of IFN-β and
TNF-α (Zyzak et al. 2019).

IRAK also plays a vital role in MyD88-dependent signal-
ing pathways (Fig. 1). The family is mainly composed of four
members, namely, IRAK-1, IRAK-2, IRAK-M, and IRAK-4.
The MyD88/IRAK4 interaction can promote the phosphory-
lation of IRAK4, followed by the recruitment and phosphor-
ylation of IRAK1 or IRAK2 (Takeuchi and Akira 2010; Yin
et al. 2015). IRAK-M can prevent the dissociation of IRAK1
and IRAK4 from MyD88 or inhibit the phosphorylation of
IRAK1 and IRAK4, which plays an inhibitory role in TLR
signal pathways. Thus, in the late stage of Leishmania
donovani (L. donovani, MHOM/IN/1983/AG83) infection,
L. donovani can increase IRAK-M expression to inhibit the

signal transduction of TLRs in macrophages and then contin-
ually infect the host (Srivastav et al. 2015). After a phosphor-
ylated IRAK-1 binds to the C-terminal domain of TNF
receptor-associated factor 6 (TRAF6), the IRAK-1/TRAF6
complex dissociates from the receptor and binds to
transforming growth factor-β-activated kinase 1 (TAK1) and
TAK-1-binding proteins (TAB), and IRAK-1 stays on the cell
membrane and is degraded. In contrast, the TRAF6/TAK1/
TAB1/TAB2/TAB3 complex enters the cytoplasm and inter-
acts with other proteins, such as ubiquitin ligases (Sharma
et al. 2016; Takeuchi and Akira 2010). Pathogenic microor-
ganisms can interact with these signaling factors to evade the
host’s immunity and establish persistent infection. For exam-
ple, HCV can induce TRAF6 degradation to inhibit host’s
innate immune responses (Chan et al. 2016). The 3C protein
of Enterovirus 71 can interact with TAB2 and TAK1 to inhibit
the activation of NF-κB (Lei et al. 2014). PtpA, a secreted
tyrosine phosphatase of Mtb, can compete with ubiquitin to
bind TAB3 to inhibit the production of cytokines in host cells
(Wang et al. 2015). The formation of this complex activates
IκB kinases (IKK) and JNK, while IKK causes the phosphor-
ylation and degradation of the inhibitor of NF-κB (IκB) and
the translocation of NF-κB to the nucleus. Additionally, JNK

Fig. 1 MyD88-dependent signaling pathways (Takeuchi andAkira 2010;
Yin et al. 2015; Zhang and Ghosh 2002). Almost all the TLRs, except
TLR3, activate the conservedMyD88-dependent pathway and lead to the
activation of NF-κB andMAP kinases in signal transduction. Upon stim-
ulation with the ligands, the death domain of MyD88 interacts with the
cytoplasmic TIR and recruits IRAK-4 to TLRs. After phosphorylation,
activated IRAK-1 interacts with TRAF6 and triggers the IKK complex
activation and downstream pathways, whereas both TolliP and IRAK-M
interact with IRAK-1 and suppress TLR signals

Fig. 2 TRIF-dependent signaling pathways (Cusson-Hermance et al.
2005; Lundberg et al. 2013). MyD88-independent signaling relies on
TRIF and is unique to TLR3 and TLR4. TLR3 recognizes dsRNA de-
rived from viruses and plays an important role in the induction of inflam-
matory cytokines and type I interferons against viral infections. LPS
produced by G- bacteria stimulates TLR4 and mediates downstream
NF-κB and MAPK signaling pathways
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activates AP-1 to mediate the expression of many cytokines
and participates in the process of antimicrobial infection
(Balka and De Nardo 2019; Mitchell et al. 2016). For exam-
ple, the porcine reproductive and respiratory syndrome virus
(PRRSV) can induce IκBα protein degradation and activate
NF-κB in African green monkey embryonic kidney cells. In
pulmonary alveolar macrophage, PRRSV induces the degra-
dation of IκBα, IκBβ, and IκBε to activate NF-κB and in-
duces the expression of IL-8 through the TAK-1/JNK/AP1
signal pathway, which is beneficial to the body’s resistance
to PRRSV infection (Cao et al. 2017; Liu et al. 2017). In
addition to the above molecules, other molecules are involved
in TLR-mediated signaling pathways, such as Toll-interacting
protein (Tollip) and E3 ubiquitin ligases, which interact with
IRAK-1 and participate in signal transduction (Takeuchi and
Akira 2010; Zhang and Ghosh 2002).

TRIF-dependent signaling pathways are unique to some
TLRs, such as TLR3 and TLR4 (Fig. 2). TLR3 can be directly
combined with TRIF, while TLR4 needs TRAM to promote
the combination of TLR4 and TRIF (Lundberg et al. 2013).
The binding of TRIF to TLR3 can recruit TRAF3, which is
activated by interaction with TRAF family member-
associated NF-κB activators (TANK) and TANK-binding ki-
nase 1, which leads to the phosphorylation and dimerization of
IRF3. Then, IRF3 is transferred to the nucleus to mediate type
I interferon gene expression. The results showed that infection
with Neospora caninum (N. caninum) could increase the ex-
pression of TLR3 and TRIF in macrophages, inducing nuclear
translocation of IRF3, and then increase the expression of
IFN-α and IFN-β to resist parasite infection. Compared with
normal mice, the survival rate of TRIF-deficient mice and the
expression of major anti-inflammatory factors such as IL-12,
IFN-γ, and TNF-α decreased after infection with N. caninum
(Miranda et al. 2019). Decreased expression of TRIF in mac-
rophages can also inhibit TLR4 signaling pathways, such as
the cell wall component of Mycobacterium leprae,
phenolicglycolipid-1, which can inhibit the function of
TLR4 by reducing the expression of TRIF and promoting
the survival of Mycobacterium leprosy in the host
(Oldenburg et al. 2018).

At the same time, TRIF has a TRAF6-binding motif at its
N-terminal domain; TLR3 can recruit TRAF6 after binding
with TRIF, while TRAF6 interacts with receptor-interacting
protein 1 (RIP1) through its C-terminal RIP homotypic inter-
action motif and then forms a complex with TAB1, TAB2,
and TAB3 to activate the corresponding signal pathway
(Cusson-Hermance et al. 2005). RIP1 is a kinase that plays a
key role in the TRIF-dependent signaling pathway; over the
process of evolution, some microorganisms produce proteins
that can interact with RIP1 to escape the innate immunity of a
host. For example, the open reading frame 3 protein produced
by hepatitis E virus genotype 1 inhibits the TLR3 signal path-
way by reducing the ubiquitination of RIP1 (He et al. 2016).

The current therapeutic targeting of TLRs
in microbial-infected diseases

TLRs are potential therapeutic targets for many diseases, in-
cluding allergy, asthma, sepsis, rheumatoid arthritis, inflam-
matory bowel diseases, and cancers. In the past few years,
small molecular compounds, peptide-, protein-, and
nucleotide-based antagonists or agonists of TLRs were used
to treat diseases or act as vaccine and therapy adjuvants
(Hennessy et al. 2010; Uematsu et al. 2004). The development
of antagonists and agonists towards TLR2, TLR3, TLR4,
TLR5, TLR7, TLR8, and TLR9 showed promising therapeu-
tic effects on bacterial and viral infections (Hennessy et al.
2010; Patel et al. 2014). For instance, the neutralizing mono-
clonal antibody T2.5 prevents P3CSK4 or B. subtilis
(DSMZ.1087) caused septic shock by blockage of the
ligand-TLR2 complex formation (Meng et al. 2004). TLR7-
activating compounds (APR002) are beneficial to cure HBV
in chronic hepatitis B patients (Bertoletti and Le Bert 2019).
Another TLR7 agonist, imiquimod (R837), has been ap-
proved for use in the treatment of papillomavirus-associated
lesions. A recent paper stated that R837 might be helpful to
eliminate SARS-CoV-2 during the early phases of infection,
depending on its strong immune-boosting and antiviral prop-
erties (Poulas et al. 2020). Local vaginal application of CpG
ODNs activates TLR9 signaling to inhibit HSV-2 replication
in vaginal epithelial cells and induces an IFN-β-mediated an-
tiviral protection (Shen and Iwasaki 2006). Besides, the TLR9
agonists MGN1703 is used to augment innate and adaptive
antiviral immunity in HIV individuals, enhancing NK and T
cell function to boost the clearance of HIV and reducing la-
tency reversal by improving HIV reverse transcription
(Offersen et al. 2016; Vibholm et al. 2019). TLR10 depletion
through anti-TLR10 antibody blockage and siRNA knock-
down is efficient for attenuating gp41-mediated NF-κBα ac-
tivation and decreasing HIV-1 infection (Henrick et al. 2019).

Conclusions

As pattern recognition receptors, TLRs participate in the in-
nate immunity of the body against microbial infections. The
study of the interaction between TLRs and their correspond-
ing ligands and the changes of TLR signal molecules during
microbial infections helps us clarify the host’s immune regu-
lation mechanism and the specific role of related signal mol-
ecules in the occurrence and development of diseases. Thus,
these signal molecules can be used as ideal targets for
preventing and treating microbial diseases. However, the mo-
lecular mechanism and the novel therapeutic strategies
targeting TLRs to combat microbial infections still need to
be elucidated.
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