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Abstract: Toll-Like Receptors (TLRs) is a pattern recognition receptor that connects innate and
adaptive immunity and participates in inflammatory responses play a key role in common autoim-
mune diseases such as Rheumatoid Arthritis (RA), systemic lupus erythematosus (SLE), psoriasis,
and Sjogren’s syndrome (SS) by participating in antigen recognition, immune cell activation, and
inflammatory factor release. Due to the multi-component and multi-target characteristics of tradi-
tional Chinese medicine (TCM), the role of TCM active ingredients acting on TLRs has been

10.2174/0118715303340093241227094242 Widely studied. This article describes the relationship between TLR and four autoimmune diseas-
es, as well as a review of the efficacy of TLR intervention by active ingredients of traditional Chi-
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nese medicine. To provide some basis for the future clarification of the mechanism of action of
drugs for autoimmune diseases and to assist in the development of new medicines.
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1. INTRODUCTION

Autoimmune diseases are a group of diseases character-
ized by the misdirection of the immune system to its host, af-
fecting about one in ten individuals, with prevalence and in-
cidence evolving with gender, age, socio-economic status,
and season [1]. The pathogenesis of autoimmune diseases is
the result of a complex combination of genetic, epigenetic,
environmental factors, and immune regulation. Environmen-
tal factors trigger susceptibility genes, leading to immune
co-functioning dysfunction, abnormal activation and prolifer-
ation of immune cells, autoantibody production, and the re-
lease of large quantities of inflammatory factors, which in
turn produce multi-system damage [2, 3]. Toll-like receptors
(TLRs) are pathogen-specific recognition receptors of the in-
nate immune system, which can also be involved in the in-
duction of adaptive immune responses, expressed on differ-
ent immune cells, and involved in the pathogenesis of a vari-
ety of autoimmune disorders through activation of down-
stream signals, induction of cytokine production and im-
mune cell proliferation. Such as rheumatoid arthritis, sys-
temic lupus erythematosus, Sjogren’s syndrome, and psoria-
sis [4-6]. In recent years, the role of Traditional Chinese
Medicine (TCM) in the treatment of autoimmune diseases
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by acting on TLRs and thus activating downstream signaling
pathways has been gradually explored. Therefore, this arti-
cle summarizes the relationship between the Toll-like recep-
tor pathway and several autoimmune diseases and the latest
progress of TCM in the treatment of autoimmune diseases
through TLR.

2. TLR

2.1. TLR Families and Ligands

TLRs are the most well-described class of Pattern-Recog-
nition Receptors (PRRs), originally discovered in Drosophi-
la embryos [7]. It can distinguish between self and foreign
pathogens by recognizing Pathogen-Associated Molecular
Patterns (PAMPs) and damage-associated molecular pat-
terns (DAMPs) [8, 9]. The TLR family in humans consists
of 10 members (TLR1-TLR10), which have specific ligands,
expression profiles, and cellular localization [10]. Among
them, TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10 are lo-
calized on the cell surface and mainly recognize lipids, lipo-
proteins, proteins, and other membrane components of mi-
croorganisms. Meanwhile, TLR3, TLR7, TLRS8, and TLR9
are expressed in intracellular vesicles and recognize nucleic
acids from pathogens or their nucleic acids in the disease
state [11]. TLRs recognize natural exogenous ligands as
well as natural endogenous ligands and secreted ligands
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[12]. Different TLRs have different functions in ligand
recognition and immune responses, and different TLRs can
be combined to form heterodimers, thus extending the range
of pathogens recognized. TLR2 has a wide range of ligands,
recognizing bacterial lipopeptides, lipoproteins, lipotropic
acids (LTAs), Lipoarabinomannan (LAMs), and yeast
polysaccharides, among others [13]. TLR2-TLRI1 can recog-
nize tri-acylated lipopeptides from Gram-negative bacteria.
A diacyl phosphatidylethanolamine from the cell membrane
of Akkermansia muciniphila is also recognized by TLR2-TL-
R1 heterodimers [14]. TLR2-TLR6 can recognize diacylated
lipopeptides from Mycoplasma species [15, 16]. TLR4 rec-
ognizes Gram-negative bacterial lipopolysaccharide (LPS),
heat shock proteins (HSPs) released by host necrotic cells
[17], and the high mobility group box-1 (HMGB1) [18]. TL-
RS recognizes flagellin proteins, e.g., Pseudomonas aerugi-
nosa, Bacillus subtilis, and Salmonella typhimurium that
have flagellin proteins can be recognized by TLRS5 [19-21].
TLR3 specifically recognizes Double-stranded RNA (dsR-
NA), an intermediate product of viral replication, and polyi-
nosinic-polycytidylic acid (Poly(I: C)) [22]. TLR7 and TL-
R8 are closely related, share the same intracellular body loca-
tion and ligands, and both recognize single-stranded RNA
(ssRNA) from viruses, as well as low-molecular-weight im-
iquimods of the imiquimod family, R-848, etc [23, 24]. TL-
RO recognizes single-stranded DNA containing unmethylat-
ed cytidine-phosphoguanosine (CpG) motifs in bacteria or
viruses [25]. TLR10, on the other hand, is thought to be an
orphan receptor whose ligand and function are unknown.
Still, studies have shown that the ligand binding pocket of
TLR10 is similar to that of TLR2, suggesting that they can
recognize the same or overlapping ligands [26], In addition,
the TLR2/TLR10 heterodimer can play a role in
lipopolysaccharide recognition in helicobacter pylori [27], it
has been shown that TLR10 can detect the HIV-1 gp41 pro-
tein [28].

2.2. TLR Signaling Pathway

TLRs are type I transmembrane proteins composed of ex-
tracellular structural domains with leucine-rich repeat se-
quences for ligand recognition, as well as transmembrane
structural domains and cytoplasmic regions. The cytoplas-
mic portion of the TLRs bears a high degree of similarity to
the IL-1 receptor family and is referred to as the Toll/IL-1 re-
ceptor (TIR) structural domain [29]. Activation of the TLR
signaling pathway originates from the cytoplasmic TIR struc-
tural domain. Upon recognition of a ligand by a TLR extra-
cellular structure, a signal is generated that causes the TIR
structural domain to interact to recruit adapter molecules.
The mechanism of the signaling pathway varies depending
on which ligand the TLRs bind. The major adapters are
myeloid differentiation primary response protein 88 (My-
D88), MyD88-adaptor-like (Mal, also known as TIR do-
main-containing adaptor protein or TIRAP), TIR-domain
containing adaptor protein inducing interferon-f (TRIF),
TRIF-related adaptor molecule (TRAM), SARM (sterile-a
and armadillo motif-containing protein), and SARM can neg-
atively regulate TRIF-dependent pathways [30, 31]. TLR sig-
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naling can be classified into two pathways according to the
TIR adapters they contain: the MyD88 pathway (MyD88-de-
pendent pathway) and the TRIF pathway (MyD88-indepen-
dent pathway) [32]. TLR4 is the only TLR that activates
both pathways [33] (Fig. (1).

MyD88 is a universal adaptor protein for all TLRs ex-
cept TLR3, and TLR4 and TLR2 (including dimers with TL-
R1 or TLR6) require TIRAP to recruit MyD88 [34, 35]. In
contrast, TLRS and TLR7-9 can interact with MyD88 alone.
Upon receiving stimulation from the ligand, the n-terminal
death structural domain of MyD88 recruits IL-1 receptor-as-
sociated kinase 4 (IRAK-4) and IRAK-1, which, when phos-
phorylated by activated IRAK-4, binds to tumor necrosis fac-
tor receptor (TNFR)-related factor 6 (TRAF-6). Subsequent-
ly, TRAF6 can recruit the ubiquitin E2-binding enzyme com-
plex (UBC13 and UEV1A), which in turn recruits and acti-
vates the TAK1 complex (the TAK1 protein kinase complex
consists of it with the regulatory subunits TAB1, TAB2, and
TAB3) and the IKK complex (consists of IKKa, IKKf, and
NEMO (a regulator of NF-kB signaling)) resulting in a de-
crease in NF- kB and MAPK signaling pathways activation
and induction of inflammatory cytokines [36, 37]. In one
pathway, the IKK complex phosphorylates the inhibitory
protein of NF- B, IkB, leading to its proteasomal degrada-
tion, which allows the translocation of NF-kB to the nucleus
and triggers the transcription of a range of proinflammatory
factors. Another pathway is that activated TAK1 simultane-
ously activates MAPK family members JNKs and p38 by in-
ducing the phosphorylation of MAPK kinases 4/7
(MKK4/7) and MKK3/6 [38]. In addition, TLR7-9 on the
surface of plasmacytoid dendritic cells (pDCs) can activate
IRF7 in a cell-specific manner through the MyD88 pathway
upon ligand stimulation, which in turn leads to the produc-
tion of Type I Interferons [39].

The TRIF pathway is responsible for type I interferon
(IFN-I) production, and upon ligand stimulation, TLR3 can
connect directly to TRIF proteins [40]. TLR4, on the other
hand, requires TRAM to bridge to TRIF [41, 42]. Within the
TRIF pathway, including but not limited to TRAF3, TRAF3,
IKKi/IKKe, and TBK1, ultimately leads to the activation of
IRF3 and IRF7, which results in the transcription of IFN-I in
the nucleus [43]. In addition, TRIF stimulates RIP1 and
TRAF6, leading to the activation of MAPKs and NF-kB [32,
44].

3. TLR AND AUTOIMMUNE DISEASES

3.1. TLR and Rheumatoid Arthritis

RA is a chronic inflammatory joint disease primarily
characterized by polyarticular synovial inflammation with
symmetrical involvement of small and large joints [45]. Be-
tween 1980 and 2019, the global prevalence of RA was 460
per 100,000 people [46]. Although the etiology of RA is un-
known, the factors that influence it have been extensively
studied. The most significant risk factor for RA is genetic,
with a first-degree relative with rheumatoid arthritis increas-
ing the risk of developing the disease by two to five-fold
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Fig. (1). The TLR family structure consists of three parts: the extracellular structural domain, the transmembrane structural domain, and the
TIR structural domain. When the TLR extracellular structure recognizes a ligand, it generates a signal that causes the TIR structural domain
to interact with each other to recruit different adapter molecules, thereby activating the NF-kB, MAPKs, and IFN signaling pathways. (4
higher resolution / colour version of this figure is available in the electronic copy of the article).

[47]. In addition, many environmental factors, such as smok-
ing, alcohol consumption, diet, obesity, and environmental
pollution, are also associated with the development of RA
[48]. Early diagnosis is clinically crucial in the treatment of
RA, as in up to 90% of patients, early diagnosis and treat-
ment can stop or slow down the progression of the disease,
thus preventing irreversible disability [49]. RA affects not
only the joints but also other tissues and organs such as the
heart, lungs, and kidneys [50-52], etc. Significant results
have been achieved in the understanding of the pathogenesis
of RA: firstly, the early production of autoantibodies in re-
sponse to genetic and environmental stimuli, leading to sys-
temic immune dysregulation of the mucosal surfaces, and se-
condly, the appearance of clinical symptoms, synovial hyper-
plasia, and infiltration of immune cells leading to joint dam-
age [53]. When synovial dendritic cells are activated, they in-
crease the release of factors such as IL-1, IL-6, IL-12, IL-23,
and tumor necrosis factor-alpha (TNF-a). These cytokines
are known to induce the differentiation of CD4" T cells into

inflammatory T helper 1 (Th1) [54], Th17 [55], and Follicu-
lar helper T (Tfh) cells [56]. Among them, Th17 cells in turn
secrete IL-17, IL-21, IL-22, and granulocyte-macrophage
colony-stimulating factor (GM-CSF), which are involved in
chronic inflammation of the synovium. Meanwhile, IL-17A
of the IL-17 family can promote bone erosion, cartilage de-
struction, and neoangiogenesis in RA patients [57]. Tth cells
are known to be able to promote bone erosion and neoangio-
genesis in RA patients through their surface molecules C-X-
C chemokine receptor type 5 (CXCRS), inducible costimula-
tory molecule (ICOS), and programmed cell death 1 (PD-1),
and secreted cytokines are involved in the regulation of RA
[58]. As a bridge between innate immunity and adaptive im-
mune response, TLR can play a key role in rheumatoid
arthritis by presenting antigens, inducing the release of in-
flammatory factors, and T-cell differentiation Fig. (2). It has
been shown that multiple TLR agonists induce IL-23 produc-
tion by DCs, e.g., LTA (TLR2), LPS (TLR4), and R848 (TL-
R7/8), and it is through a myd88-dependent pathway [59],
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Fig. (2). Genetic factors and environmental factors such as smoking, alcohol consumption, diet, obesity, environmental pollution, etc., jointly
influence and participate in the development of RA. DC, T cell, and FLS all express TLR receptors, which stimulate the release of inflamma-
tory factors from immune cells through TLR activation, which ultimately leads to the generation of osteoclasts, resulting in joint loss. (4
higher resolution / colour version of this figure is available in the electronic copy of the article).

IL-23 is critical for T cells to produce pathogenic IL-17
[60]. IL-17 produced by effector Th17 cells increases the ex-
pression of TLR2, TLR3 and TLR4 in RA-fibroblast-like
synoviocytes (FLS) [61], which induces pro-inflammatory
mediators such as cysteine-rich angiogenesis-inducing factor
61 (Cyr61), IL-23, and GM-CSF, which further exacerbate
chronic inflammation, immune cell chemotaxis, synovial hy-
perplasia and joint destruction [62]. In addition, TLR-2, TL-
R-3, TLR-4, TLR-5, TLR-6, TLR-7, and TLR-9 are highly
expressed in RA-FLS and are involved in the pathogenesis
of RA [63]. For example, miR-19 aberrantly activates TL-
R-2 in RA-FLS and induces IL-6 and MMP3 production
through the TLR-2 signaling pathway [64]. Poly (I: C) can
stimulate TLR-3 to promote IL-8 and vascular endothelial
growth factor (VEGF) production in FLS [65] as well as in-
terferon-beta (IFN-B), C-X-C chemokine ligand-10 (CX-
CL10) [66]. Soluble CD14 can transmit inflammatory sig-
nals to FLS via TLR-4 to produce IL-6, IL-8, and others
[67]. ST3GAL3 promotes the production of matrix metallo-

proteinase-1 (MMP1), MMP3, IL-6, and IL-8 through the
TLR9/MyD88 signaling pathway [68]. RA-FLS also pro-
motes the production of MMP1, MMP3, IL-6, and IL-8
through TLR-2, TLR-4 [69], and TLR-3 activate receptor ac-
tivator of nuclear factor-kappa B ligand (RANKL), which
promotes osteoclast formation and leads to inflammatory
bone destruction [70].

In conclusion, it can be stated that DC, Th17 cells, FLS,
IL-17, and IL-23 play a pivotal role in the pathogenesis of
RA, namely synovial hyperplasia and bone and joint destruc-
tion. Furthermore, the connection of TLRs results in an im-
mune response in the synovium that presents a vicious cir-
cle.

3.2. TLR and Systemic Lupus Erythematosus

Systemic Lupus Erythematosus (SLE) is an autoimmune
disease characterized by the production of autoantibodies
and the deposition of immune complexes, with a complex
and varied clinical picture involving the skin [71], kidney
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[72], central nervous system [73], cardiovascular system
[74], gastrointestinal system [75] and other tissue systems.
The kidneys are the most commonly involved target organ,
and morbidity and mortality in SLE patients are mainly de-
rived from lupus nephritis (LE) [76], of which approximate-
ly 30-60% in adults and up to 70% in children [77]. The eti-
ology of SLE is complex, with genetic risk and environmen-
tal factors (air pollution, ultraviolet light, smoking, viral in-
fections) [78] interact to lead to disease progression. The
pathogenesis of SLE is not well defined, but it mainly in-
volves T and B cell hyperfunction, IFN-I (especially IFN-a),
and overproduction of proinflammatory cytokines [79]. In-
creasing evidence suggests that TLR receptors may be in-
volved in the pathogenesis of SLE through a variety of path-
ways, including T and B cell activation, antibody produc-
tion, and release of inflammatory factors. Recent studies
have found that functional mutations in the TLR are also as-
sociated with the development of lupus in humans and mice,
and a mutation in UNC93B1 (a transmembrane protein that
acts as a regulator of the localization of TLR7 to the nuclear
endosome) identified in a patient with childhood-onset lupus
resulted in unrestricted recycling of TLR7 signaling and dis-
ruption of immune tolerance to nucleic acids. The impor-
tance of TLR signaling in lupus erythematosus is demonstrat-
ed [80]. Interferon is considered a key molecule in the patho-
genesis of systemic lupus erythematosus (SLE). High levels
of IFN-o are associated with up-regulated levels of an-
ti-R052 and anti-La antibodies and inflammatory manifesta-
tions of the mucosal skin in SLE, and high levels of serum
IFN-a are a significant genetic factor in SLE [81, 82]. TLR7
and TLRO are strongly correlated with IFN-o expression and
mediate signaling through MyD88 and IRAK4, leading to
IFN-a production [83, 84]. Studies have shown that viral in-
fections, particularly Epstein Barr virus (EBV), promote
IFN-a secretion [85], and CPG-treated Peripheral blood
mononuclear cells (PBMC) induced higher levels of IFN-a
and TLR-9 gene expression compared to EBV-treated cells
[86]. SLE TLR inhibitory peptide 1 can down-regulate IFN-
o levels by inhibiting most of the downstream proteins of
TLR7/9 in lupus animal models and SLE patients [87].
Another distinguishing feature of SLE is the large number of
autoantibodies produced by self-reactive B cells, e.g., an-
ti-dsDNA, anti-smith, anti-nuclear antigen (ANA), anti-ri-
bonucleoprotein (RNP), anti-Ro, anti-La antibodies, etc [88,
89]. Anti-dsDNA antibody titers have been recognized as an
important surrogate marker for assessing disease activity in
SLE [90]. TLR7 can direct B cell activation and thus partici-
pate in antibody expression Fig. (3). Resting naive B cells
can generate Activated naive (aNAV) B cells, double nega-
tive 2 (DN2) B cells, and DN2 cells in the presence of IL-21
via TLR7 and IFN-y. DN2 cells also DN2 cells also differen-
tiate into Antibody-secreting cells induced by TLR-7, IFN-y,
and IL-21, producing anti-Ro, anti-RNP, and anti-Smith anti-
bodies. This is the pathway for activation of extrafollicular
autoreactive antibody-secreting cells, a process that requires
the involvement of TLR7, and in the absence of the elimina-
tion of the TLR7 ligand, R848 leads to a massive increase in
cell death and a significant reduction in the frequency of dif-
ferentiation [91]. In addition, Activated naive (aNAV) B
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cells, under the dual stimulation of auto-antigen recognition
by BCR and TLR7/TLRS, up-regulate cell-surface co-stimu-
latory molecules such as CD40, CD86, IL-21R, and HLA--
DR, and transmit co-stimulatory signals to T cells, resulting
in the polarization of T cells towards effector Th2 and Th17
cells, which in turn lead to differentiation of aNAV B cells
into antibody-secreting cells (ASCs) in the presence of
IL-21 and increased production of anti-DNA autoantibodies
[92]. The germinal center (GC) is a major site for the produc-
tion of high-affinity antibodies, and the GC reaction is
another pathway by which B-cell activation leads to the for-
mation of autoreactive antibody-secreting cells [93]. It was
found that wild-type B cells can join existing GCs, clonally
expand, persist, and contribute to autoantibody production
and diversification through TLR7, B cell receptor specifici-
ty, antigen presentation, and IFN-I signaling [94]. It is
suggested that TLR7 is also involved in autoantibody pro-
duction in the GC.

To sum up, TLR7 and TLR9 are involved in the activa-
tion and differentiation of T and B cells, as well as the diver-
sified production of autoantibodies, which exacerbates the
pathogenesis of SLE.

3.3. TLR and Psoriasis

Psoriasis is a chronic inflammatory skin disease that typi-
cally presents clinically as well-defined silvery-white scales
(white skin) and grey plaques (dark skin), the removal of
which leads to small bleedings and the edges of which can
move outwards, resulting in the covering of large areas of
skin [95]. Psoriasis occurs on the scalp, limbs, trunk, and ch-
est and is more prevalent in men than in women [96]. Psoria-
sis not only affects the skin but is often associated with other
comorbidities such as arthritis, diabetes, non-alcoholic fatty
liver disease, cardiovascular disease, and dry eye and uveitis
involving the eyes [97-101]. Most people with psoriasis suf-
fer substantial damage to their mental health, and psoriasis
increases the risk of depression and suicide [102]. Several
factors, including behavioral environmental, genetic, and im-
munological factors complicate psoriasis. Factors such as
obesity [103], smoking and alcohol consumption [104], bac-
terial, fungal, and viral infections [105], and climate change
[106] can act as triggers for the early onset of psoriasis and
exacerbate the progression of psoriasis. About 40% of peo-
ple with psoriasis or psoriatic arthritis have a family history
of the disease, and most are female [107]. In addition, innate
and adaptive immune cells are key factors in the pathogene-
sis of psoriasis. The typical pathological manifestation of
psoriasis is the hyperproliferation of the epidermis, which is
mainly triggered by innate immune cells through the release
of cytokines that trigger psoriatic inflammation [108]. At the
same time, the activated adaptive immune system also pro-
duces large amounts of inflammatory cytokines, creating a
powerful inflammatory environment that drives the abnor-
mal proliferation of keratinocytes, which, once activated, are
highly proliferative and produce large amounts of
chemokines, antimicrobial peptides, and other inflammatory
mediators, exacerbating the inflammatory environment
[109-111]. As shown in Fig. (3). The antimicrobial peptide
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Fig. (3). SLE is significantly characterized by high levels of autoantibody production by autoreactive B cells, and TLR7 plays a key role by
regulating the activation of autoreactive antibody-secreting cells and autoantibody production. (4 higher resolution / colour version of this

figure is available in the electronic copy of the article).

LL37 has been implicated as a causative factor in psoriasis
[112], and the LL37-DNA complex stimulates the produc-
tion of IFN- by pDCs via TLR9, whereas binding to RNA
can stimulate the production of IFN-a by pDCs via TLR7,
and additionally the RNA-LL37 complex activates the
Monocyte-derived dendritic cells (MoDCs) via TLR8 and
produces TNF-a and IL-6 and IL-12, IL-23 and IL-27 [113].
These cytokines (especially 1L-12, and 1L-23) enhance IFN-
a-triggered monocyte-derived D promoting naive T cell dif-
ferentiation into Thl and/or Th17 cells [114]. IL-17 pro-
duced by Th17 cells stimulates the proliferation of epider-
mal keratinocytes [115]. In addition, LL37 induces the pro-
duction of TLR7/8, activates TLRS in keratinocytes, and in-
duces IL-17C by producing IL-36y [116]. Functional expres-
sion of TLR2, TLR3, TLR4, TLRS, and TLR9 on keratino-
cytes induces keratinocytes to secrete cytokines and
chemokines, such as TNF-a, CXCL8, CCL20, etc., when sti-
mulated with the ligands, and the TLR3 and TLR9Y ligands
can also induce IFN-I [117, 118]. Phosphatidylglycerol was
found to ameliorate psoriasiform lesions in an imiquimod

(IMQ)-induced mouse model of psoriasis, suggesting that it
could be a useful therapeutic [119]. Phosphatidylglycerol al-
so restores the expression of inflammatory mediators to es-
sentially controlled levels by inhibiting the activation of TL-
R2 and TLR4 under the PAMP [120] and the DAMP [121],
which suppresses the expression of IL-1p, IL-6, and TNF-a
in keratinocytes. In addition to inflammatory factors regulat-
ing the proliferation of keratinocytes, the positive and nega-
tive regulatory effects of miRNAs on keratinocytes have
been gradually tapped [122]. miR-146a is a potent negative
regulator of the innate immune response in keratinocytes.
miR-146a reduces the expression of chemokines, cytokines,
antimicrobial peptides, and signaling molecules through
down-regulation of the IRAK1/TRAF6/NF-kB pathway up-
on stimulation with TLR2 ligands, thereby inhibiting the ex-
cessive inflammatory response in keratinocytes [123]. Mi-
croRNA-181b [124], and miR-489-3p [125] can inhibit the
TLR4 signaling pathway to suppress the proliferation of ker-
atin-forming cells. This provides a new area for designing
mechanism-driven therapeutic approaches from TLRs.



The Role of the Toll-Like Receptor Signaling Pathway

Psoriasis
@ i) T & ®
® e & ) LY
) L ) L] @ &

Antimicrobial peptides

- IL-12
y ] IL-23
e
] N o5
=" QP
‘ \ myeloid DC
%,

plasmacytoid DC ‘n\

® P

monocyte-derived DC

G T-helper17 lymphocyte

Endocrine, Metabolic & Immune Disorders - Drug Targets, XXXX, Vol. XXX 7

miRNA
¥

® e e e °e
® © e e e

® e ¢ ¢ e
o @ @ ¢ @ @

keratinocyte g & ®
e ®

e ® e ¢ @

® ®
® ®
4.
o L7 TNF-a
CXCL8
CCL20
IFN-a

Fig. (4). Antimicrobial peptides stimulate IFN-I production by plasmacytoid dendritic cells, which leads to activation of myeloid dendritic
cells and monocyte-derived dendritic cells, and activation of Th17 cells in response to cytokine coactivation, production of IL-17, which
leads to the aberrant proliferation of keratinocytes. TLRs on keratinocytes, when stimulated by ligands, lead to the activation of keratinocytes
and release of inflammatory factors, which exacerbate the abnormal proliferation. (4 higher resolution / colour version of this figure is avail-

able in the electronic copy of the article).

TLRs stimulate the activation of immune cells and ker-
atinocytes, which induce a state of chronic inflammation in
the epidermis and perpetuate the pathological alterations of
the epidermis in a cyclical manner Fig. (4).

3.4. TLR and Sjogren Syndrome

Sjogren syndrome (SS) is a group of autoimmune disor-
ders that primarily affect exocrine glands such as the sali-
vary and lacrimal glands. The main symptom of desiccation
syndrome is dryness of the eyes, mouth, pharynx, larynx,
and/or vagina, in addition to which extra-glandular manifes-
tations may also be present, including skin, musculoskeletal,
pulmonary, renal, hematological, and neurological involve-
ment [126]. SS is classified into primary Sjogren syndrome
(pSS) and secondary Sjogren syndrome (sSS), depending on
whether it is the first clinically manifested autoimmune dis-
ease or not [127]. The pathogenesis of SS is mainly reflected
in the infiltration of salivary glands by intrinsic and adaptive

immune cells and the presence of autoantibodies in the
blood (especially anti-Sjogren's syndrome-related antigen A
antibodies (anti-SAA) and anti-Sjogren syndrome-related
antigen B antibodies (anti-SSB) [128]. An identification
based on Cytometry by time-of-flight immunophenotyping
found differences in peripheral blood levels of CD41 T and
memory B lymphocytes, pDCs, activated HLA-DR1 CD4
and CD8'T cells, and plasmablasts in pSS patients compared
with control subjects. Cells, and plasmablasts, and in sali-
vary gland biopsy specimens from patients with pSS, the
presence of large numbers of activated CD8" T cells, termi-
nally differentiated plasma cells, and activated epithelial
cells [129]. Salivary gland epithelial cells (SGECs), mainly
composed of follicular and ductal cells, are key to the initia-
tion and propagation of the immune response and may acti-
vate the innate immune response and lead to an adaptive im-
mune response to self-antigens when stimulated by trigger-
ing factors [130]. As shown in Fig. (5). SGECs achieve in-
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nate immune function mainly through TLR receptor expres-
sion and cytokine secretion, while TLR2, TLR3, TLR4, TL-
RS5, TLR7, and TLRY9 [131-133] can be expressed in
SGECs. TLR2, TLR3, and TLR4 induced different levels of
intercellular adhesion molecule (ICAM)-1, CD40, B7-2, and
MHC class I in SGECs from SS patients, suggesting a role
for SS epithelial cells in the innate immune response [133].
TLR7 stimulates SS patient SGECs to facilitate Ro52-SS-A
antigen presentation via MHC class I [134]. In addition, ani-
mal experiments revealed that TLR7 was significantly asso-
ciated with salivary gland inflammation, and TLR7 was posi-
tively correlated with the levels of inflammatory markers
CXCL13, CXCRS5, TNF, and lymphotoxins (LT-a) [135].
Lysosomal-associated membrane protein 3 in salivary gland
epithelial cells can amplify IFN-I production and induce ec-
topic TLR7 expression [136]. TLR2 activation is involved in
the induction of IL-15 production by pSS SGECs and pro-
motes inflammation through NF-kB activation [137]. A dist-
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inctive feature of SS patients is the ectopic presence of the
mucin proteins MUCS5B and MUCT7 in the extracellular ma-
trix of the salivary glands, and in-depth studies have re-
vealed that the mucins can be recognized by TLR4 in the
epithelium thereby inducing a significant elevation of CX-
CLS8, TNF-a, IFN-a, IFN-B, IL-6, and IL-1b, which con-
tributes to the development of the chronic state of SS [138].
In addition, dsDNA virus and Poly(I: C) stimulation of the
TLR promotes B cell-activating factor (BAFF) production
by SGECs [139]. Overexpression of BAFF enhances B-lym-
phocyte infiltration and also induces B-cell to GC B-cell dif-
ferentiation [140], Thus, it plays a role in linking innate and
adaptive immunity. At the border and inside the GC Tth
cells interact with B cells via ICOS and its ligand ICOSL, re-
leasing large amounts of IL-21 to stimulate B cell activation
as well as GC formation [141], involved in the pathogenesis
of SS. Whereas endosomal TLR signaling can largely res-
tore specific B-cell GC responses lacking IL-21R [142].
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Fig. (5). Salivary glands are target organs for pSS, and SGECs play an active role in the pathogenesis of pSS by releasing inflammatory fac-
tors and presenting antigens through TLR receptors. SGECs also secrete BAFF via TLR in response to viral stimulation and promote B cell
activation in concert with IL-21 and CXCL13. (4 higher resolution / colour version of this figure is available in the electronic copy of the ar-

ticle).
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SGECs not only perform innate immune functions
through TLR receptors but also activate adaptive immune
cells, thereby exacerbating the chronic inflammation of sali-
vary glands.

4. TLR AND TRADITIONAL CHINESE MEDICINE

Chinese medicines can activate and inhibit TLRs and al-
so target innate and adaptive immune cells, suggesting that
Chinese medicines can be involved in the activation and dif-
ferentiation of immune cells and the production of cytokines
related to immune response through the TLR signaling path-
way Table 1.

Celastrol is a triterpene constituent of the traditional Chi-
nese herb tripterygium wilfordii with anti-inflammatory and
antioxidant activity [143]. Celastrol regulates chronic inflam-
mation and autoimmune diseases through multiple signaling
pathways, including TLR, NF-kB, MAPK, etc [144]. The
mechanism of action of Celastrol in the treatment of RA has
been explained in various ways. Studies have shown that Ce-
lastrol can inhibit LPS-stimulated FLS migration and inva-
sion by inhibiting MMP-9 expression and activity by inhibit-
ing the TLR4/MyD88/NF-kB pathway [145].In addition, in
rats with collagen-induced arthritis, Celastrol can inhibit
RA-induced autophagy in cardiomyocytes by inhibiting the
TLR2/HMGBI pathway, thus exerting cardioprotective ef-
fects [146].

Caulis Sinomenii has various pharmacological effects
such as anti-inflammatory, analgesic, immunosuppressive,
anti-tumor, hepatoprotective, and antioxidant effects [147].
Sinomenine is the principal ingredient extracted from the
Caulis Sinomenii. A parallel randomised controlled trial de-
monstrated that sinomenine in combination with methotrex-
ate can enhance the disease activity of patients with RA
while concurrently reducing the incidence of gastrointestinal
adverse reactions and hepatotoxicity. These findings suggest
that sinomenine may be a viable option for incorporation in-
to combined therapeutic regimens [148]. Furthermore, its
mechanism of action has been the subject of extensive in-
vestigation.The in vitro culture of RA-FLS demonstrated
that Sinomenine inhibited the proliferation of FLS and pre-
vented cartilage destruction [149]. In addition, Sinomenine
also exerts anti-inflammatory effects on IL-1p-induced hu-
man RA-FLS by inhibiting the TLR4/MyD88/NF-kB signal-
ing pathway and can inhibit the expression of NO, PGE2, iN-
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0OS, and COX-2 [150]. In lipopolysaccharide-induced
macrophage immune response, Sinomenine down-regulates
the levels of inflammatory factors TNF-a, IL-1f, and IL-6
via the TLR4/MyD88/NF-«kB pathway [151]. The results of
these studies indicate that Sinomenine exerts its anti-inflam-
matory and immunosuppressive effects through TLR sig-
nalling, thereby eliciting therapeutic outcomes.

Artemisinin is isolated from the Chinese herb Artemisia
annua L, which is commonly used as an active ingredient in
the fight against malaria. Artemisinin and its derivatives can
play a therapeutic role in a wide range of diseases, including
cancer, viral diseases, inflammation, and autoimmune disor-
ders, and they have been widely exploited [152]. Dihy-
droartemisinin (DHA), a derivative of artemisinin, has been
found to inhibit the proliferation of splenocytes via the TL-
R4/IRF/IFN pathway in isolated splenocytes from MRL/lpr
mice with a predisposition to lupus erythematosus, suggest-
ing that DHA can be a treatment for SLE via the TLR [153].
To improve the efficacy of DHA, a co-administration sys-
tem of DHA and HMGB1 siRNA was established and found
to significantly reduce TLR4 expression and subsequent My-
D88, IRAK4, and NF-«xB, implying that DHA can treat TL-
R4-mediated lupus erythematosus nephritis [154]. Another
in-depth study revealed that the TAT-CLs-DHA/siRNA sys-
tem could inhibit the proliferation and activation of B cells
through the TLR4 signaling pathway, providing a new target
for the treatment of SLE through the TLR4 signaling path-
way [155].

Curcumin is a phenolic constituent extracted from the tra-
ditional Chinese medicine Curcuma longa L. It has a broad
spectrum of medicinal functions, including anti-inflammato-
ry, anti-angiogenic, anti-diabetic, antibacterial, and anti-tu-
mor properties [156-158]. A meta-analysis shows good clini-
cal efficacy of curcumin in the treatment of psoriasis [159].
In examining the mechanism of action of curcumin, it was
determined that TLR represents a crucial target. The main
TLR families involved are TLR2 [160], TLR4, TLRS [161],
TLR9 [162]. In vitro culture of mouse bone marrow-derived
macrophage revealed that curcumin exerts ameliorative ef-
fects on SLE by inhibiting cell activation and BAFF produc-
tion in response to TLR4 stimulation [163].In the pro-
pranolol-induced rat psoriasis model, curcumin was ob-
served to reduce the expression of TLR and immune factors
significantly, thereby indicating that curcumin may exert an
ameliorative effect on psoriasis through TLR [164].

Table 1. Application of Chinese herbal medicine active ingredients in intervening autoimmune diseases through TLR family-related

proteins.

Active Ingredient Traditional Chinese medicine TLR Autoimmune Disease References
Celastrol Tripterygium wilfordii TLR2, TLR4 rheumatoid arthritis ng
Sinomenine Caulis Sinomenii TLR4 rheumatoid arthritis [151]
Dihydroartemisinin Artemisia annua L TLR4 systemic lupus erythematosus [153]
Curcumin Curcuma longa L TLR2, TLR4 psoriasis [163]
Baicalin Scutellaria baicalensis Georgi TLR7/8 psoriasis [167]

Total glucosides of pacony Paeoniae Radix Alba TLR4 rheumatoid arthritis [172-174]
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Baicalin is one of the most representative components of
the traditional Chinese medicine Scutellaria baicalensis Ge-
orgi [165]. Baicalin contains a variety of pharmacological ef-
fects such as antioxidant, anticancer, anti-inflammatory,
antibacterial, cardioprotective, hepatoprotective, nephropro-
tective, and neuroprotective properties [166]. Studies have
shown that baicalin has a significant inhibitory effect on
IMQ-induced psoriasis-like skin inflammation by inhibiting
v6 T-cell activation and the production of IL-17a, IL- 22,
and IL-23. IMQ is an agonist of TLR7/8 and a potent im-
munostimulant used in the induction and exacerbation of
psoriasis via the IL-23/IL-17 axis [167]. Suggesting TLR as
a potential target for baicalin in the treatment of psoriasis.

Total glucosides of pacony (TGP), the herbal active subs-
tance of the Chinese medicine Paeoniae Radix Alba, has
been found to have therapeutic effects on a wide range of au-
toimmune diseases, such as RA [168], SLE [169], psoriasis
[170], SS [171]. TGP plays a role in the treatment of rheuma-
toid arthritis by inhibiting synoviocyte proliferation, lympho-
cyte proliferation, and the release of inflammatory factors
[172]. In a complete Freund's adjuvant-induced arthritis mod-
el, TGP significantly alleviated foot-plantar swelling and
synovial injury and reduced TLR2, TFARG6, and NF-kB lev-
els in rats, suggesting that TGP exerts an ameliorative effect
on inflammation through the TLR2/TRAF6/NF-kB pathway
[173, 174].

CONCLUSION

TLRs are widely distributed in immune cells such as den-
dritic cells, T and B lymphocytes, and non-immune cells
such as fibroblasts and keratinocytes. It is essential for the
regulation of autoimmune diseases by linking innate and
adaptive immune responses that can be activated by specific
exogenous substances (e.g., bacterial LPS, lipopeptides, lipo-
proteins) as well as by endogenous substances (e.g., viral
DNA, RNA, and HMGBI1 and LL37, etc.). Intensive studies
of the TLR receptor have revealed that it can be involved in
immune cell activation, differentiation, and cytokine produc-
tion through the NF-KB, MAPK, and IFN signaling path-
ways, thereby exacerbating inflammation in autoimmune dis-
eases. In addition, TLR-targeted therapy is a promising fo-
cus for further research on autoimmune disease. For exam-
ple, IRAK-4 inhibition can lead to significant suppression of
TLR responses in DCs, keratinocytes, and T cells and al-
ready has potential for preclinical evaluation in a variety of
inflammatory and immune-related disorders, including, but
not limited to, e.g., rheumatoid arthritis, psoriasis. TLR4, as
a widely studied TLR, has also been intensively investigated
for its inhibitors, and the utilization of natural product
agents in particular, may provide new ideas for the develop-
ment of new drugs.

We also noticed that TLR also plays a role in the treat-
ment of autoimmune diseases through active ingredients of
traditional Chinese medicines. This study revealed that ac-
tive ingredients of traditional Chinese medication exerted
therapeutic effects through anti-inflammation and immuno-
suppression. Still, due to fewer references, the underlying
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mechanisms need to be further investigated. Due to the mul-
ti-component and multi-target characteristics of TCM com-
ponents, some of them may be potential agonists or inhibi-
tors of TLR and have greater potential for drug development
in the treatment of autoimmune diseases.

LIST OF ABBREVIATIONS
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LPS = Lipopolysaccharide
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