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Abstract

Toll-like receptors (TLRs) are pattern recognition receptors that have attracted
considerable attention in recent years and function as pathogen sensors in both
vertebrates and invertebrates. Recognition of specific intra- and extracellular
ligands by TLRs is fundamental to initiating innate immunity, rapidly augment-
ing protective responses against invading pathogens, and ultimately activating
adaptive immunity. TLRs play a crucial role in the discrimination between
pathogenic and probiotic bacteria during intestinal immune responses; further-
more, TLRs can regulate the secretion of antimicrobial peptides by the intestinal
epithelium to eliminate pathogenic bacteria, thereby exerting beneficial effects
on intestinal health. This article introduces the classification of TLRs, their lig-
ands, and the corresponding signaling pathways, and explores the pivotal role
of TLRs in the regulation of intestinal immunity.
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Abstract

Toll-like receptors (TLRs) are pattern recognition receptors that have attracted
considerable attention in recent years, functioning as pathogen sensors in both
vertebrate and invertebrate species. The recognition of specific ligands by TLRs
forms the basis of innate immune activation, enabling rapid protective responses
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against invading pathogens and ultimately triggering adaptive immunity. TLRs
play a crucial role in distinguishing between pathogenic and probiotic bacteria
during intestinal immune responses, while also regulating the secretion of antimi-
crobial peptides from intestinal epithelial cells to eliminate pathogens, thereby
exerting positive effects on gut health. This review introduces the types of
TLRs, their ligands, and corresponding signaling pathways, and discusses the
pivotal role of TLRs in regulating intestinal immunity.

Keywords: Toll-like receptors; intestinal mucosal immunity; ligands; signal
transduction; antimicrobial peptides

Initially identified as membrane surface receptors controlling dorsoventral differ-
entiation in Drosophila embryonic development, Toll proteins were subsequently
found to play important roles in antifungal defense alongside other antimicrobial
peptides [1]. Mammalian homologs of Toll proteins were later discovered and
designated as Toll-like receptors (TLRs) [2]. To date, at least 15 TLRs have been
identified, with TLR1-TLR9 being common to both humans and mice. TLR10
is not expressed in mice, while TLR11-TLR13 are mouse-specific [3]. TLR14 and
TLR15 have been successively identified in mice and chickens, although some re-
ports suggest TLR14 expression in both humans and mice. Recent studies have
demonstrated that TLRs, as a critical class of pattern recognition receptors
(PRRs), play essential roles in intestinal immune regulation. Under normal con-
ditions, the intestinal system maintains a complex and balanced state through
intestinal mucosal immunity, with intestinal epithelial cells playing a key role
in establishing this homeostasis. Concurrently, TLRs are vital for the intestinal
immune system’ s ability to discriminate between pathogenic and commensal
bacteria [4]. Research on TLRs has become a major focus in life sciences, with
deepening investigations into their ligands, signaling pathways, and biological
functions, particularly regarding their influence on intestinal mucosal immune
regulation.

1. TLR Structure and Ligands

The structural characteristics of TLRs determine their unique functions. TLRs
consist of three domains: an extracellular region, a transmembrane region, and
a cytoplasmic region. The extracellular domain contains leucine-rich repeats
(LRRs), also known as the LRR functional domain, which recognizes and binds
pathogen-associated molecular patterns (PAMPs) and damage-associated molec-
ular patterns (DAMPs). The transmembrane region is rich in cysteine residues.
The cytoplasmic Toll/interleukin-1 receptor (TIR) domain is considered the core
region of TLRs, responsible for recruiting adaptor proteins containing TIR do-
mains (TTR domain-containing adaptor protein, TIRAP) in the cytoplasm to
initiate downstream signaling cascades [5]. These pathways ultimately lead to
cytokine and chemokine production, activation of antimicrobial peptides, matu-
ration of antigen-presenting cells, and recruitment of adaptive immune responses.
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The high conservation of the TIR domain enables different TLRs to mediate
similar signaling pathways.

1.2.1 PAMPs

Early detection of infection is beneficial for effective pathogen defense. Even
minute quantities of PAMPs, including lipopolysaccharide (LPS), lipopeptides,
unmethylated DNA, and double-stranded RNA, can trigger robust inflammatory
responses. Many PAMPs elicit pro-inflammatory reactions that cause TLRs
to release inflammatory mediators such as tumor necrosis factor-a (TNF-«)
and interleukin-18 (IL-15). Consequently, PAMPs like LPS, lipopeptides, and
unmethylated DNA are among the most potent inducers of TNF-« and IL-13
release both in vivo and in vitro [6]. Viral RNA and bacterial DNA are present
in late endosomal lysosomes, which is why TLR3, TLR7, and TLR9 are localized
within these cellular organelles [7]. In contrast, TLR1, TLR2, TLR4, TLR5, and
TLR6, which are positioned on the plasma membrane, recognize extracellular
bacterial and fungal cell wall components as well as some viral proteins.

The compartmentalized recognition of TLR ligands to specific cellular locations
such as the cell membrane or lysosomes not only increases the opportunity for
TLRs to bind specific PAMPs but also reduces the possibility of aberrant TLR
activation in the host. Therefore, an additional control level is necessary to
ensure appropriate TLR activation.

1.2.2 DAMPs

Endogenous ligands refer to components derived from the host, including extra-
cellular matrix degradation products and heat shock proteins released during
tissue damage or physiological stress. These ligands can activate TLRs under
both normal and altered environmental conditions. Since many endogenous lig-
ands are associated with tissue injury, they are designated as DAMPs. Some
TLRs can recognize multiple ligands, often with completely different structures.
TLR2 and TLRA4 are prime examples: TLR4 recognizes lipid components such
as the lipid A portion of LPS, as well as proteins from respiratory syncytial
virus, vesicular stomatitis virus, and mouse mammary tumor virus [8-10]. The
ability of TLRs to recognize ligands independent of their chemical composition
is thought to underlie their capacity to identify endogenous ligands. However,
debate continues regarding whether DAMPs are indeed true TLR ligands. One
hypothesis suggests that bacterial products or substances activated by TLRs,
such as lipids or DNA, activate TLRs rather than the ligands themselves [11].
Future research will involve genetic inactivation of candidate molecules to de-
termine whether DAMPs are authentic TLR ligands, and some of the aforemen-
tioned candidate factors may be confirmed as such. Additionally, endogenous
DNA can act as a TLR9 agonist and promote autoimmune responses.
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2.1 Signal Transduction

Binding of TLR agonists to their receptors initiates activation of a complex in-
tracellular signaling network that coordinates inflammatory responses. Upon
ligand binding, TLRs undergo conformational changes and dimerization. Key
components of these signaling networks include adaptor proteins and several
protein kinases such as extracellular signal-regulated kinase (ERK), c-Jun N-
terminal kinase (JNK), p38 MAP kinase, phosphatidylinositol-3 kinase (PI-3K),
and transcription factors IRF3/5/7, nuclear factor B (NF- B), and activator
protein-1 (AP-1). Activation of these transcription factors leads to production
of pro-inflammatory cytokines or co-stimulatory molecules involved in antivi-
ral responses. Critical adaptor proteins include myeloid differentiation factor
88 (MyD88) and TIRAP, which are utilized by nearly all TLRs except TLR3,
as well as TIR domain-containing adaptor inducing IFN-S (TRIF) and TRIF-
related adaptor molecule (TRAM), both of which are important TIR-containing
adaptor proteins. Among TLRs, only TLR4 can activate two distinct signal-
ing pathways: TIRAP/MyD88 and TRAM/TRIF. Interestingly, TLR4 signal-
ing via MyD88 does not require translocation from the plasma membrane to
endocytic vesicles, whereas TRIF-mediated signaling requires TLR4 internal-
ization [12]. The MyD88-dependent pathway activates downstream signaling
components including IL-1 receptor-associated kinases (IRAKs), tumor necro-
sis factor receptor-associated factor 6 (TRAFG6), transforming growth factor-
activated kinase 1 (TAK1), and inhibitor of NF- B (I B). Activation of the
MyD88-dependent pathway through NF- B and AP-1 induces production of
pro-inflammatory cytokines such as interleukin-6 (IL-6), interleukin-10 (IL-10),
interleukin-12 (IL-12), and TNF-a. In contrast, the TRIF-dependent path-
way activates interferon regulatory factors (IRFs) and induces type I interferon
production (Figure 1 [Figure 1: see original paper] illustrates TLR signaling
pathways).

Thus, both MyD88-dependent and -independent pathways are crucial for TLR-
mediated regulation of immune responses.

HMGB1: high mobility group box-1 protein; Hyaluronan: hyaluronic
acid; ssRINNA: single-stranded ribonucleic acid; TBK1: tank-binding kinase
1; TRAKA4: interleukin-1 receptor-associated kinase 4; RIP1: receptor-
interacting protein 1; TRF-3: interferon regulating factor 3; JNK: c-Jun
N-terminal kinase; IFN-«/f3: interferon-a/f.

Figure 1. TLR signaling transduction pathway [13]. TLRs are primarily ac-
tivated by viral PAMPs located in endosomes and bacterial PAMPs on the
cell surface. In addition to PAMPs, several endogenous mediators including
hyaluronan and high mobility group box-1 protein (HMGB1) can activate TLR2
and TLR4. TLRs induce upregulation of pro-inflammatory and antiviral genes
through two adaptor molecules, MyD88 and TRIF. MyD88-mediated signaling
(orange) primarily activates NF- B, IRF-7, and JNK, whereas TRIF-dependent
signaling (blue) mainly activates NF- B and IRF-3.
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2.2 Negative Regulation

Although robust pro-inflammatory and antiviral responses can effectively elimi-
nate pathogens in the short term, chronic or excessive activation of TLR signal-
ing can cause physiological dysfunction and lead to various diseases, including
LPS-induced endotoxic shock, autoimmune disorders, and other TLR-related
pathologies. It can also promote tumor development, metastasis, and immune
evasion, particularly in inflammation-associated cancers [14]. Consequently, sev-
eral mechanisms for negative regulation of TLR-induced intracellular responses
have evolved [15]. These mechanisms operate at the receptor level [through ex-
pression of radioprotective 105 (RP105), suppression of tumorigenicity protein
2 (ST2), and single immunoglobulin IL-1 receptor-related protein (SIGIRR), as
well as TLR downregulation or degradation] and at the adaptor level [target-
ing molecules such as MyD88 and TIRAP or corresponding kinases like IRAK].
These regulatory mechanisms reduce TLR signaling through decreased TLR4
transcription, degradation of TLR4 and TLR9 proteins, TIRAP degradation
by inhibitory zinc finger protein Triad3A or suppressor of cytokine signaling
1 (SOCS-1), inhibition of TIR domains in ST2 and SIGIRR, suppression of
LRR domain receptors such as RP105, and expression of non-functional signal-
ing molecules including short splice variants of MyD88, IRAK-M, IRAK2c, and
IRAK2d.

3.1 TLRs in the Intestine

Most TLRs are expressed in the animal intestinal tract, though this section
focuses on only partial expression patterns. TLR5 is primarily expressed on
colonic epithelial cells and recognizes invasive flagellated bacteria, whereas TLR2
and TLR4 show low expression in intestinal epithelium but are more abundant
in colonic crypts [16]. TLR3 is mainly expressed in mature intestinal cells of
the small intestine and colon [17-18]. The differential spatial distribution of
TLRs within epithelial cells may constitute a key regulatory mechanism for
discriminating between commensal and pathogenic bacteria.

3.2 TLRs Linking Innate and Adaptive Immunity

Invading pathogens are controlled by both innate and adaptive immunity within
the immune system, eliciting systemic and mucosal immune responses. The in-
nate immune system serves as the first line of defense against pathogen invasion
and plays a critical role in early pathogen recognition and subsequent initiation
of inflammatory responses [6]. Innate immune responses depend on TLR recog-
nition of relevant molecular patterns. When pathogens emerge, TLRs transmit
danger signals to antigen-presenting cells, while ligand-TLR binding induces
production of reactive oxygen species, nitrogen dioxide, and pro-inflammatory
factors, and upregulates co-stimulatory molecule expression, ultimately trigger-
ing adaptive immunity.

The intestine must control microbial populations and identify potential
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pathogens—tasks accomplished collectively by the epithelial barrier, innate
immunity, and adaptive immune mechanisms (Figure 2 [Figure 2: see orig-
inal paper]). Adaptive immunity establishment involves cell proliferation,
gene activation, and protein synthesis, making pathogen elimination often
insufficiently rapid. Innate immune responses provide a more rapid defense
mechanism through PRR recognition of invading pathogens. TLRs can activate
innate immunity and mount primary inflammatory responses before adaptive
immunity develops.

MAMPS: microbe-associated molecular patterns; NLR: nod-like receptors;
Defensins: defensins; Innate lymphoid cell: innate lymphoid cell; Gob-
let cell: goblet cell; Paneth cell: Paneth cell; Stromal cell: stromal cell;
Macrophage: macrophage; Dendritic cell: dendritic cell.

Figure 2. Mechanism of intestinal response against MAMPs and DAMPs under
normal conditions [19]. The epithelial barrier recognizes microbial-associated
molecular patterns (MAMPs) through transmembrane TLRs, while intracellu-
lar microorganisms and DAMPs are recognized by nod-like receptors (NLRs).
Pathogens invading the lamina propria are recognized by other cells such as den-
dritic cells, macrophages, and lymphocytes through the same mechanisms, and
the resulting chemokines and cytokines activate immune cells within the lamina
propria. TLRs and NLRs initiate innate immunity and maintain homeostasis.

3.3 TLRs Activating Intestinal Epithelial Cells

Animal health depends on the intestinal system as the primary health barrier
[20], a function accomplished through both intestinal microbiota structure and
epithelial cell health status. First, microbial flora in the intestine forms a me-
chanical barrier against pathogens through close association with intestinal ep-
ithelial cells. Additionally, intestinal epithelial cells provide early signals for
initiating and regulating inflammatory responses and secrete antimicrobial pep-
tides [21] to maintain intestinal health. To establish a rich, long-term homeo-
static relationship between the host and microbiota, TLRs actively participate
in creating the intestinal environment by converting pathogen-associated molec-
ular patterns into signals for antimicrobial peptide expression, barrier reinforce-
ment, and epithelial cell proliferation. Intact TLR signaling is required for
healing damaged intestinal epithelium and clearing bacteria within the mucosa.
Functional impairment of epithelial TLRs is associated with chronic diseases
such as Crohn’ s disease and cancer.

Antibiotic therapy disrupts intestinal microbiota homeostasis and compromises
intestinal immune defense, while also promoting resistance gene transfer by in-
ducing prophages in gut microbes. As alternatives to antibiotics, antimicrobial
peptides exert positive effects on animal intestinal health. The process of antimi-
crobial peptide secretion regulated by TLRs is consequently complex. Paneth
cells (PCs), located at the base of small intestinal crypts, regulate intestinal mi-
crobiota composition and resist pathogens through effector molecules such as de-
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fensins. Intestinal defensins are endogenous antimicrobial peptides whose tran-
scriptional induction and secretion require TLR regulation. In addition to broad-
spectrum antimicrobial activity, defensins can modulate immune responses. Re-
duced epithelial defensins may cause intestinal bacterial translocation in animals.
Studies have shown that porcine §-defensin 1 (pBD1) and porcine S-defensin
2 (pBD2) affect mucin and tight junction protein gene expression in porcine
intestinal epithelial cells [22]. Paneth cells express a-defensins, defensin-5, and
defensin-6, and intact bacteria or PAMPs such as LPS, lipoteichoic acid (LTA),
and muramyl dipeptide can stimulate defensin release, indicating that Paneth
cells express a broad range of TLRs. Paneth cells express TLR9 in their secre-
tory granules, and widespread induction of Paneth cell degranulation releases
antimicrobial peptides to protect mice against Salmonella typhimurium infec-
tion [23]. Besides defensins, Hopper et al. [24] have demonstrated that luminal
bacteria induce angiogenin expression in Paneth cells. These findings indicate
that Paneth cell antimicrobial functions are TLR-associated.

In addition to Paneth cell expression of a-defensins, intestinal epithelial cells
can also express a-defensin 1, a-defensin 2, and a-defensin 3 [25]. Researchers
have confirmed that Salmonella flagellin stimulates S-defensin 2 expression in
intestinal epithelial cells [26-27], and TLR4- and TLR2-dependent signaling
pathways can stimulate §-defensin 2 expression in intestinal epithelial cells [28§].
These data demonstrate that intestinal epithelial cells can combat pathogens
and maintain intestinal health by secreting antimicrobial peptides under TLR
regulation.

3.4 TLR Interaction with Intestinal Commensal Bacteria

While intestinal microorganisms can pose a threat to the intestinal mucosal bar-
rier as antigens, commensal bacteria also maintain intestinal mucosal barrier
homeostasis by activating the intestinal immune system [29]. Rakoff-Nahoum
et al. [30] demonstrated that commensal bacteria play a positive role in prevent-
ing tissue damage and intestinal injury through TLR activation. Commensal
bacteria can also resist pathogen infection by producing metabolites or secreting
antimicrobial substances, with antimicrobial peptides shaping microbial commu-
nities in the intestine [31]. Antimicrobial peptides in the rumen of ruminants
can alter rumen microbial composition, regulate rumen fermentation, and re-
duce associated diseases [32]. Wu et al. [33] showed that feeding antimicrobial
peptides to pigs inhibited harmful bacteria proliferation in the cecum while stim-
ulating beneficial bacteria growth. Various Bifidobacterium species (commensal
bacteria) can produce organic acids and polypeptides [34] that affect pathogenic
E. coli adhesion to endothelial cells, which is fundamental for pathogen coloniza-
tion and virulence [35]. Pathogens adhering to mucosal surfaces and/or invading
tissues can be detected by TLRs, which initiate appropriate responses. During
Clostridium difficile infection, intestinal commensal bacteria can activate TLR
signaling pathways [36], promoting colonic lamina propria cell expression of
chemokine CXCL1 to resist pathogens.
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The discovery of TLRs represents a milestone in immunology, and in-depth
research on these receptors has profound implications for both immunological
theory advancement and disease treatment. Beyond their role in innate im-
mune responses, TLRs are also important in many other processes, including
adaptive immunity, regulation of sterile inflammation, wound healing, promo-
tion of epithelial regeneration, and carcinogenesis. Currently, research on the
key role of TLRs in intestinal mucosal immune regulation has focused primarily
on humans, and the full spectrum of TLR effects on intestinal and animal tissue
health remains incompletely understood. Therefore, substantial research is still
needed on TLR impacts on animal intestinal health, such as investigating TLR
expression levels in different tissues and organs of animals at various ages and
production states, particularly young animals whose intestinal health remains
vulnerable from birth to weaning. Additional research should examine corre-
lations between nutritional interventions or different exogenous immune agents
(such as antimicrobial peptides) and their effects on animal intestinal microbiota
with upregulation or downregulation of TLRs, as well as relationships between
TLR changes and other immune factor profiles. As related research progresses,
it will provide theoretical foundations for immunotherapeutic approaches using
antibiotic alternatives for infectious diseases, contributing to human health and
sustainable livestock development.
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