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ABSTRACT
Toll-like receptors (TLRs) are pattern recognition re-
ceptors expressed in various immune cells on the cell 
surface or within endosomes. TLRs play a key role in 
the innate immune response by detecting pathogen- 
associated molecular patterns. TLRs also recognize 
damage-associated molecular patterns that are endog-
enous molecules produced from damaged or stressed 
cells. TLRs are involved in the pathogenesis of a variety 
of inflammatory, infectious, and autoimmune diseas-
es. Moreover, TLRs regulate immune response in the 
tumor microenvironment. The pivotal role of TLRs in the 
pathophysiology of these diseases makes them attrac-
tive targets for the development of innovative therapy 
for these immune disorders and cancer as well as pre-
ventive measures, such as vaccination. Manipulating 
the TLR signaling pathway by a small-molecule drug is 
one of the promising approaches for the development 
of effective treatments that can be translated into a 
clinical setting. Small-molecule drugs are chemically 
synthesized and are more economically sustainable 
than biologics. This affordability makes the drugs more 
accessible to patients including those in developing 
countries. Besides, small-molecule drugs can be more 
stable and easier to administer. Their oral bioavailabili-
ty and accessibility to cytosol are the distinct advantag-
es over biologics. Nevertheless, only a limited number 
of small-molecule modulators have been developed  
due to the difficulty in finding appropriate drug 
candidates with acceptable selectivity, toxicity, and 
physicochemical profile. Here, we overview the patho-
physiological roles of human TLRs and structural  
features to discuss the efforts, current promising 
opportunities, and challenges in developing small-
molecule modulators of TLRs.
Keywords: Toll-like receptors, Autoimmune disease,  
Cancer, Inflammation, Innate immunity, Small molecule

Abbreviations
TLR, Toll-like receptor; TIR, Toll/IL-1 receptor; PAMPs, 
pathogen-associated molecular patterns; DAMPs, 
damage-associated molecular patterns; MAMPs, 
microbe-associated molecular patterns; MD-2, myeloid 
differentiation factor 2; TRIF, TIR domain-containing 
adaptor inducing IFN-β; MyD88, differentiation pri-
mary response 88; Pam3CSK4, Pam3-Cys-Ser-Lys4; 
SLE, systemic lupus erythematosus; RA, rheumatoid 
arthritis

Highlights
•  �Toll-like receptors (TLRs) are pattern recognition 

receptors that connect innate immunity to adap-
tive immunity in response to pathogens and the 
damaged self.

•  �TLRs are involved in a variety of diseases, includ-
ing infections, inflammations, autoimmune 
diseases, cardiovascular diseases, and can-
cers. Manipulating the TLR signaling pathway 
remains a hot topic in preclinical and clinical 
research. 

•  �Among the 10 human TLRs, the small-molecule 
modulators of TLR4, TLR7, and TLR9 have been 
relatively well studied.

•  �Most of the small-molecule modulators are 
ligand analogs or molecules that bind to the ect-
odomain of TLRs.

•  �Structural analyses of the intracellular domain 
of TLRs lag behind compared to those of the 
extracellular domain.

Introduction
Toll, the initial member of the Toll-like receptor (TLR) 
family, was identified as a developmental gene in Dro-
sophila melanogaster in 1996. The Toll pathway was 
shown to play a critical role in the antifungal response 
of fruit flies.1 This finding aroused a huge interest in 
similar systems in mammals and accelerated the 
epoch-making discovery of the roles of various TLRs 
in innate immunity. Currently, a total of 10 TLRs 
(TLR1–TLR10) have been found in humans, while 12 
members (TLR1–TLR9 and TLR11–TLR13) have been 
found in mice. TLRs are type I transmembrane recep-
tor proteins. They have a large extracellular horse-
shoe-shaped ligand-binding domain consisting of 
leucine-rich repeat (LRR) motifs and a globular intra-
cellular Toll-interleukin-1 receptor (TIR) homology 
domain (Figure 1). TLRs are activated upon binding 
of ligands to their ectodomain, i.e., the extracellular 
domain of the receptor. The initial step of the activa-
tion is the dimerization of the receptor. Dimerization 
means to form a functional protein complex composed 
of two TLRs.

Since they are transmembrane proteins, there are 
technical challenges to purify full-length receptors. As 
a result, the structure of the only extracellular domains 
of TLRs was well determined by X-ray crystallogra-
phy.2–10 To date, a limited number of crystal structures 
of the intracellular domain of TLRs have been deter-
mined.11, 12

TLR1, 2, 4, 5, and 6 are primarily expressed on the 
plasma membrane, also called cell membrane, and 
recognize a variety of microbial components. On the 
other hand, TLR3, 7, 8, and 9 are expressed on endo-
some, intracellular sorting organelles in cells, and are 
involved in the recognition of nucleic acids (Figure 2). 
The natural and synthetic ligands of TLRs are summa-
rized in Table 1.
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Fig 1 | A representative structure of TLR. The conserved structural features of all TLRs consist of three critical 
components: (1) leucine-rich repeat (LRR) motif; (2) transmembrane helix; (3) intracellular TIR domain. The LRR structure 
is based on the model of TLR1-TLR2 heterodimer (Protein Data Bank, PDB, ID: 2z7x) interacting with 6 tri-acylated 
lipopeptides, Pam3CSK4, whereas the TIR domain homology model is based on TLR2 TIR structure (PDB ID: 1fyw). © 
2017 Gao W et al. Front Physiol 2017;8:508

Fig 2 | Toll-like receptors. (A) Sub-cellular localization and MAMPs, PAMPs and/or DMAPs of TLRs. (B) Domain structure of 
TLRs. Tsukidate T et al. RSC Chem Biol. 2023;4(12):1014-36 © The Royal Society of Chemistry 2023

The immunological roles of TLRs are mainly sen-
sors of pathogens as pattern recognition receptors and 
activators of the innate immune signaling pathway 
in response to the danger signal by pathogens13 that 
are called pathogen-associated molecular patterns 

or microbe-associated molecular patterns. Moreover, 
TLRs can recognize a variety of other molecules released 
from dying cells or damaged tissues that are called 
damage-associated molecular patterns (DAMPs). Acti-
vation of TLR signaling has a critical role in connecting 
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Table 1 | Natural and Synthetic Ligands for TLRs

TLR Expression PAMPs DAMPs Nature of Molecules Investigated in Clinical Trials

TLR2 (1/6) B, Mo, Mac, DCs, Plt N, 
MyDCs, Mc

Lipoproteins, zymosan, 
peptidoglycan

HSPs, HMGB1, hyaluronan, HDL (modified) Lipopeptide, recombinant protein, antibody

TLR3 DC, B, Plt Viral dsRNA Self dsRNA Polyinosinic-polycytidylic acid (polyIC, poly-ICLC, 
polyIC12U), anti-TLR3 antibody

TLR4 Mo, Mac, N, MyDCs, Mc, 
B, IE, Plt

LPS HSPs, fibrinogen, heparin sulfate, fibronectin, 
HA, HMGB1, hyaluronan, oxidized LDL, ANG II

Lipid A derivates (glycolipids), anti-TLR4 antibody, 
polysaccharide

TLR5 Mo, Mac, DC, IE Flagellin HMGB1 Flagella and flagella-based molecules

TLR7 Mo, Mac, pDC, B, Plt Viral ssRNA Self ssRNA SM

TLR8 Mo, Mac, DC, Mc Viral ssRNA Self ssRNA SM

TLR9 Mo, Mac, pDC, B, Plt Bacterial and viral CpG 
DNA

Self DNA DNA-based, synthetic ssDNA molecules

TLR10 LN, Mo, S, B, L NA NA NA

Abbreviations: ANG II, angiotensin II; B, B cell; DAPM, danger-associated molecular pattern; DC, dendritic cell; dsRNA, double-stranded RNA; HA, hyaluronic acid; HDL, high-density lipoprotein; HMGB1, 
high mobility group box 1; HSPs, heat shock proteins; IE, intestinal epithelium; L, lung; LC, liver cell; LDL, low-density lipoprotein; LN, lymph node; Mac, macrophage; Mc, mast cell; Mo, monocyte; 
MyDC, myeloid dendritic cell; N, neutrophil; NA, not available; PAMP, pathogen-associated molecular pattern; pDC, plasmacytoid DC; Plt, platelet; S, spleen; SM, small molecule; ssRNA, single-stranded 
RNA; TLR, Toll-like receptor; LPS, lipopolysaccharide; CpG DNA, cytidine-phosphate-guanosine deoxynucleotide.

Source: Anwar MA et al. Med Res Rev. 2019;39(3):1053-90. © 2018 The Authors. Medicinal Research Reviews Published by Wiley Periodicals, Inc.

innate and adaptive immunity. However, prolonged 
and excessive activation of TLRs could disrupt host 
immune homeostasis by enhancing pro-inflammatory 
mediators, which results in inflammatory and auto-
immune diseases such as sepsis,14 atherosclerosis,15 
systemic lupus erythematosus (SLE),16 osteoarthritis,17 
and central nervous system disorders including Alzhei-
mer’s disease.18 TLRs are also associated with cancer 
by promoting mutagenesis, angiogenesis, and metas-
tasis.19 Therefore, inhibitors of the TLR signaling path-
way have the therapeutic potential for the treatment 
of infections, inflammations, autoimmune diseases, 
and cancers. On the other hand, TLR agonists have 
been applied to boost vaccine effectiveness. They are 
also applied to promote a T helper (Th)1-predominant 
immune response for the treatment of Th2-associated 
disorders such as asthma20 and to induce a preferable 
anti-tumor effect in the tumor microenvironment. Con-
sidering the pathological role of TLRs in a diverse of 
disease states, manipulating TLR signaling remains a 
hot topic in preclinical and clinical research.

Currently, a limited number of compounds are 
available for clinical uses despite considerable efforts 
to discover drug candidates targeting TLR signaling 
pathways. Among the 10 human TLRs, TLR4, TLR7, 
and TLR9 have been studied well in terms of drug dis-
covery and development. Here, we focus on the dis-
ease etiology of TLRs, novel small-molecule specific 
modulators of TLRs, and the prospect for their clinical 
application. Although we compare the small molecules 
with some biologics, the biologics targeting TLRs have 
been reviewed elsewhere.21–23 Several approved mole-
cules with different mechanisms of action have been 
reported to have activity against multiple TLRs, such as 
melatonin (TLR3/4 inhibitor), fluvastatin (TLR2/3/4/8 
antagonist), and chloroquine (TLR7/8/9 inhibitor). 
These compounds are beyond the scope of this review 
and are not discussed here. In this review, we discuss 
the recent progress, limitations, and trends in the 

research activities of specific small-molecule modula-
tors of TLR signaling.

TLR1/2, TLR2/6
Biological Function
TLR2 acts by forming heterodimers with either TLR1 
or TLR6, thereby recognizing lipoproteins derived 
from pathogens such as bacteria, viruses, fungi, and 
parasites. The microbial and endogenous ligands of  
TLRs are shown in Table 1. TLR2 is expressed on the 
surface of a wide range of immune cells and epithelial 
cells. TLR1/2 mainly recognizes tri-acylated lipopep-
tides, while TLR2/6 recognizes di-acylated lipopep-
tides.24, 25 Co-crystal structures of Pam3-Cys-Ser-Lys4 
(Pam3CSK4) or Pam2CSK4 bound to the TLR1/2 or 
TLR2/6 heterodimers revealed the mechanism of 
dimerization. Multiple studies have demonstrated 
that TLR2 is associated with the pathogenesis of sep-
sis, atherosclerosis, hypertension, chronic obstructive 
pulmonary disease, and SLE.26 In addition, TLR1 and 
TLR2 are associated with epithelial homeostasis in the 
intestine.27

Structural Features
The structural analysis demonstrated that TLR2 in 
the TLR2/1 or TLR2/6 complex exhibits a pocket that 
allows a structure-based drug design. All the TLR2 
modulators discovered up to date are analogs of the 
ligands that interact with the ectodomain of TLRs. For 
the intracellular domain, crystal structures of the TIR 
domain of TLR1 and TLR2 were resolved in 2000.12 
However, small molecules targeting the TIR domain 
of TLR2 are not available for clinical trials until now. 
TIR domains are important to transduce the activation 
signal into cytosol. Adaptor molecules adjacent to 
TLRs such as myeloid differentiation primary response 
88 (MyD88) and MyD88 adapter-like (Mal, also 
termed TIRAP) also have a TIR domain. These adaptor 
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molecules assemble via the TIR domain, form TIR-do-
main signalosomes, and play a key role in signal trans-
duction.32

Current Modulators
Synthetic phospholipid Compound 1 and its deriv-
atives have been discovered as the antagonists of 
TLR2 signaling.28 On the other hand, its agonist 
Pam2CS derivatives have been reported with a struc-
ture-activity relationship study.29 Synthetic lipo-
peptide TLR2 agonist CBLB612 was developed for 
the treatment of cancer and chemotherapy-induced 
myelosuppression.30

They are lipopeptide analogs of the TLR2 ligand, 
which interact with the ectodomain of TLRs. For 
non-lipopeptide analogs of TLR2 modulators, SMU-
Y6 (antagonist), SMU-C80 (agonist), and several other 
chemotypes have been discovered.31 They are in the 
discovery and pre-clinical research phase. To find an 
innovative modulator, novel approaches such as vir-
tual screening of chemical library and computational 
chemistry have the potential to discover active com-
pounds with a drug-like profile that interact with the 
TIR domain as well as the ectodomain of TLRs.

TLR3
Biological Function
TLR3 recognizes double-stranded RNAs (dsRNAs) from 
pathogens in early endosomes in immune cells and 
initiates an antiviral response (Figure 2). It also rec-
ognizes the RNA released from necrotic synovial fluid 
cells and is involved in the pathology of rheumatoid 
arthritis (RA).33

Recently, TLR3 has been reported to be expressed in 
some types of cancer cells related to viral infections.

Structural Features
From the crystal structure study, it was shown that each 
TLR3 ectodomain binds dsRNA at two sites located at 
the opposite ends of the TLR3 horseshoe, and an inter-
molecular contact between the two TLR3 ectodomain 
C-terminal domains coordinates and stabilizes the 
dimer.5 TLR3 interacts with the backbone of RNAs 
rather than bases. After forming the TLR3 homodimer, 
it signals in an exclusively TIR domain-containing 
adaptor inducing interferon (IFN)-β (TRIF)-dependent 
manner.

Current Modulators
Polyinosinic-polycytidylic acid (poly(I:C)) and polya-
denylic-polyuridylic acid (poly(A:U)) are synthetic 
analogs of dsRNA. A ligand analog IPH-3102 was 
identified as a TLR3 agonist which is a synthetic 
dsRNA.34 Since TLR3 is expressed by a large subset 
of patients in multiple cancers, it has been suggested 
as an immune-stimulating agent for potential cancer 
treatment. For a TLR3 antagonist, a high-through-
put cell-based screening identified a novel ellipticine 
derivative SMU-CX24. It showed anti-inflammatory 
effects and protected mice against atherosclerosis.35 

Several small-molecule modulators of TLR3 with 
different chemotypes have been reported; however, 
only few of them show sufficiently promising pharma-
cological, physicochemical, and toxicological charac-
teristics to become a marketed drug.

TLR4
Biological Function
TLR4 was originally identified as the signaling 
receptor for lipopolysaccharides (LPS) or endo-
toxins from the outer membrane of Gram-negative 
bacteria.36 Binding of lipid A, the hydrophobic 
anchor of LPS, to the signaling cofactor myeloid dif-
ferentiation factor 2 (MD-2) initiates TLR4 signaling. 
TLR4 is expressed in several immune cells such 
as dendritic cells (DCs) and macrophages on the 
plasma membrane (Figure 2). It recognizes multi-
ple DAMPs as shown in Table 1. TLR4 and TLR2 are 
involved in inflammatory diseases, such as athero-
sclerosis, hypertension, and colitis-associated col-
orectal tumors.26 They are also contributors to the 
pathogenesis of sepsis and septic shock, a serious 
condition with an abnormal response to an infec-
tion. Activation of TLR4 signaling plays a pivotal 
role in a wide range of pathologies. For this reason, 
TLR4 has attracted great attention as a therapeutic 
target.

Structural Features
TLR4 is the only TLR among the 10 human TLRs that 
require a co-receptor MD-2 to recognize its ligand. 
The complex of TLR4 and MD-2 recognizes LPS. The 
co-crystal structure shows that the TLR4/MD-2/
LPS complex is an m-shaped dimer bridged by two 
molecules of LPS.6 A lipid A analog eritoran (E5564) 
binds to the hydrophobic pocket of MD-2 which is 
associated with the ectodomain of TLR4. Structural 
analysis showed that there is a suitable ligand-binding 
pocket in the TLR4/MD-2 complex rather than in the 
ectodomain of TLR4. Thus, TLR4/MD-2 antagonists 
with non-LPS-like structures were reported by compu-
tational virtual screening37 and high-throughput cell-
based screening using a reporter assay38 although they 
are in the discovery and preclinical stage.

Current Modulators
Eritoran, a lipid A analog, was developed as a TLR4 
antagonist for the treatment of sepsis. It showed prom-
ising results in phase I and II clinical trials; however, 
it failed to show benefits than the existing treatment 
regimens in phase III clinical trials.39 Several reasons 
for the failure have been considered. There might 
have been oversights in the study protocol design and 
patient stratification. The inadequate understanding 
of the biology of TLRs also might have contributed to 
the failure.55 Similarly, a better understanding and an 
improved study protocol might have been required for 
the clinical study of anti-TLR4 monoclonal antibody 
NI-0101 which did not improve the disease parame-
ters of patients with RA.23 Other lipid A analogs, mono-
phosphoryl lipid A derivatives, are clinically applied as 

https://doi.org/10.70389/PJS.100031


5DOI: https://doi.org/10.70389/PJS.100031 | Premier Journal of Science 2025;4:100031

REVIEWPREMIER JOURNAL OF SCIENCE

TLR4 agonists. They are used as adjuvants of vaccines 
for hepatitis B and cervical cancers.

The derivatives of pyrimido[5,4-b]indoles also 
showed TLR4 agonist activity. The interaction of the 
compound with MD-2 is suggested based on a docking 
study.40 They are in the early stage of drug discovery 
and development.

There are some other non-LPS-like TLR4 signaling 
modulators. One of them is TAK-242 (also called resa-
torvid or CLI-095) which was identified in 1998 from 
a small-molecule library by phenotypic screening to 
inhibit LPS stimulation of macrophages. Coinciden-
tally, TLR4 was identified as the LPS receptor in the 
same year.36 Later, TLR4 was identified as the target 
molecule of TAK-242 using a radiolabeled compound. 
Notably, it binds irreversibly to the Cys747 in the TIR 
domain of TLR4.41,42 TAK-242 is a very potent and the 
most studied selective small-molecule TLR4 inhibitor 
to date. TAK-242 was evaluated in a clinical trial to 
treat patients with sepsis and was found to be gen-
erally well tolerated.43 Although the clinical trial for 
sepsis was discontinued by their sponsor for strategic 
reasons, numerous reports showed the efficacy of TAK-
242 in a variety of animal models, such as intracere-
bral hemorrhage,44 LPS-induced lung inflammation,45 
osteoarthritis,17 and RA.46

TLR5
Biological Function
TLR5 recognizes flagellin, a bacterial protein that is a 
key component of bacterial flagella. It is expressed on 
the surface of monocytes, immature DCs, and epithe-
lial cells (Figure 2). Among human TLRs, TLR5 is the 
only TLR that recognizes a protein ligand (Table 1). 
Increasing evidence suggests that TLR5 plays a crucial 
role in the control of intestinal homeostasis47 since it 
is one of the most significant extracellular receptors 
interacting with the human gastrointestinal microbi-
ome. Flagellin and TLR5 have reported to be involved 
in the pathogenesis of inflammatory bowel disease 
(IBD), especially Crohn’s disease.48

However, some reports indicate that the TLR5 
expression level is not positively correlated with the 
incidence of IBD. Moreover, it has been reported that 
TLR5 expression on monocytes from patients with RA 
correlates with RA disease activity and tumor necro-
sis factor (TNF)-α levels .49 Further studies are needed 
to clarify the multiple roles of TLR5 in the etiology of 
autoimmune diseases.

Structural Features
The ligand flagellin binds directly to the lateral sur-
faces of TLR5 in a symmetrical arrangement, resulting 
in the formation of a 2/2 complex. After a conforma-
tional change in the TIR domain, a signal is transmit-
ted into the cells through the interaction between the 
TIR domain of TLR5 and cytosolic adaptor molecules.

Current Modulators
There are very few small-molecule modulators of TLR5 
reported although some biologics including entolimod 

(CBLB502),50 a recombinant flagellin protein fragment 
targeting TLR5 activation, are being developed for the 
treatment of cancer. Flagellin-based vaccines are stud-
ied extensively, which is discussed elsewhere.51

TLR7, TLR8
Biological Function
TLR7 and TLR8 are phylogenetically similar recep-
tors in the endosomal membrane and recognize 
single-stranded RNAs (Table 1). TLR7 is expressed pri-
marily in the endosome of plasmacytoid dendritic cells 
(pDCs), B cells, and monocytes/macrophages (Figure 2).  
Low levels of the expression of TLR7 have been 
observed in non-immune cells, such as hepatocytes, 
epithelial cells, and keratinocytes. TLR8 is known to 
be primarily expressed in monocytes/macrophages 
and myeloid dendritic cells.52 TLR7 and TLR8 recog-
nize bacterial RNAs and human RNAs as well as viral 
RNAs that are endocytosed. Because TLR7 and TLR8 
recognize RNAs from damaged cells, their signaling 
pathways have been implicated in the development 
of several autoimmune diseases and tumor immune 
surveillance. Importantly, the activation of TLR7 and 
TLR8 signaling pathways results in the induction of 
type I and type III IFN. Overproduction of type I IFN 
is implicated in the pathogenesis of SLE, a chronic 
autoimmune disease characterized by the production 
of autoantibodies. Accumulating evidence suggests 
that TLR7 and TLR8 are associated with inflammatory 
responses in SLE.

Structural Features
There are two distinct ligand-binding sites in both 
TLR7 and TLR8. TLR7 exists as a monomer and forms 
a dimer upon binding guanosine, its derivatives, or 
synthetic ligands. On the other hand, TLR8 exists as 
a preformed dimer and binds uridine, short oligonu-
cleotides, or synthetic ligands at a dimerization inter-
face. TLR7, 8, and 9 have an insertion loop called a 
Z-loop between LRR14 and LRR15 in the ectodomain 
of the receptors. A proteolytic cleavage of the Z-loop is 
required for the activation of the receptors.53

Current Modulators
The imidazoquinoline amine analog TLR7 agonist 
imiquimod (R837) has been approved by the U.S. Food 
and Drug Administration for treating malignant skin 
cancer. It is used for the topical treatment of anogeni-
tal warts, superficial basal cell carcinomas, and actinic 
keratoses. The TLR7/8 agonist resiquimod (R848) was 
developed for potential use as an antiviral treatment, 
including topical treatment of herpes simplex virus 254 
and oral treatment of chronic hepatitis C virus infec-
tion.55 The reduction of virus level was observed; how-
ever, adverse effects similar to IFN-α were the issue. 
Similarly, resiquimod, which showed potent adjuvant 
activity in animal models, suppressed the virus level 
only at concentrations that induced systemic cyto-
kines, which led to systemic side effects.56 Other ago-
nists with non-imidazoquinoline derivatives such as 
motolimod (VTX-2337) and vesatolimod (GS-9620) 
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have been studied in clinical trials.57 Since toxicity 
remains a challenge, the research focus is advancing 
toward formulations to enhance safety and efficacy by 
changing biodistribution, pharmacokinetics, and cel-
lular targeting.

For TLR7/8 antagonists, the discovery, research, 
and development fall behind compared to agonists, 
probably because antagonist binding does not induce 
remarkable structural changes of the ectodomain of 
the TLRs except for the local loop regions. In such a 
situation, phenotypic cell-based screening and struc-
ture-based drug design identified the oral TLR7/8 
antagonist MHV370.58 Its clinical trials in patients 
with Sjögren’s syndrome and mixed connective tissue 
disease are ongoing. Also, the anti-TLR7 antagonistic 
monoclonal antibody DS-7011a is in the clinical stage 
for the treatment of SLE though it is administered sub-
cutaneously. A functional TLR8 antagonist CU-CPT8m 
was identified through a reporter assay.59 The antag-
onist binds to a unique binding site on the pro-
tein-protein interface of the TLR8 homodimer, thereby 
stabilizing the preformed TLR8 dimer in its resting 
state. Further studies on the structural mechanisms of 
activation and inhibition may offer new approaches for 
the design of TLR7/8 inhibitors.

TLR9
Biological Function
TLR9 is primarily expressed in the endosome of pDCs, 
B cells, and eosinophils (Figure 2). Recent studies have 
revealed that TLR9 can also be expressed on the cell 
surface of neutrophils, B cells, and erythrocytes.60 
TLR9 recognizes the pathogen-derived non-methyl-
ated cytidine-phosphate-guanosine deoxynucleotide 
(CpG DNA) motifs from bacteria or artificial synthetic 
non-methylated CpG-containing oligodeoxynucle-
otides.

The activation of TLR9 is associated with a variety of 
diseases, including cardiometabolic disorders,61 SLE, 
and Sjögren’s syndrome. TLR9 is suggested to have a 
protective role in SLE because TLR9-/- murine mod-
els displayed higher TLR7-mediated inflammation.62 
Diverse therapeutic approaches currently target TLR9.

Structural Features
Crystal structure analysis revealed that the agonistic 
CpG DNA-bound TLR9 formed a symmetric complex 
with a 2:2 stoichiometry, whereas the inhibitory DNA-
bound TLR9 was a monomer,10 suggesting that the 
regulation of dimerization is the mechanism of action. 
TLR9 contains a Z-loop, similar to TLR7/8. The cleav-
age of the Z-loop plays an important role in the activa-
tion of TLR9.

Current Modulators
All of the small-molecule TLR9 modulators studied 
in clinical trials are ligand analogs, i.e., either nucle-
otides or nucleotide derivatives, and several agonists 
have been evaluated in clinical trials. An inhaled TLR9 
agonist AZD1419 was developed for the treatment 
of asthma. It was safe and well tolerated, but there 

were no statistically significant differences between 
AZD1419 and placebo for time to loss of asthma con-
trol, a primary endpoint, despite reducing markers of 
type 2 inflammation.63 EMD 1201081 was evaluated in 
phase 2 trials in patients with head-and-neck cancer. It 
was found to be ineffective in the tested dose regimen.64 
CYT003 showed no additional benefit in patients with 
insufficiently controlled moderate-to-severe allergic 
asthma receiving standard inhaled glucocorticoste-
roid therapy.65 Poor efficacy, unfitting hypothesis, or 
improper study design for TLR9 might have prevented 
their success in clinical trials.

TLR 7/8/9
TLR7, TLR8, and TLR9 are expressed intracellularly 
within endosomes (Figure 2). Since the ligands for 
these TLRs are nucleic acids and structurally similar, 
there are some small-molecule modulators that inter-
act with multiple TLRs. CpG-52364, a quinazoline 
derivative, is a TLR7/8/9 antagonist studied in clinical 
trials for the treatment of SLE.66 Another antagonist 
IMO-8503 attenuated the cachectic phenomenon in 
tumor-bearing mice.67 Another antagonist IMO-8400 
inhibited disease development in mouse models of 
psoriasis; however, efficacy was not observed in clin-
ical trials for the treatment of dermatomyositis.68 
Further biological studies are needed to understand 
the complex crosstalk of the TLR signaling pathway 
and other signaling pathways involved in the innate 
immune response and inflammation.

Concluding Remarks
In this review, we summarize the pathophysiolog-
ical roles of TLRs in related diseases and highlight 
the potential and limitations of small-molecule drug 
candidates that regulate TLR signaling. Our under-
standing of the structure and function of TLRs has 
increased dramatically in the past two decades. Iden-
tification of small-molecule compounds with a drug-
like property and potential therapeutic applications 
for the treatment of TLR-related diseases is impera-
tive to improve public health and the quality of life 
of patients.

Small molecules have a shorter half-life span in the 
body in general. They need to be taken more often to 
keep an effective concentration in the plasma. At the 
same time, it is relatively easier to control the plasma 
concentration by getting patients to comply with treat-
ment since they are stable and orally bioavailable. 
Small molecules can target the intracellular part of 
the TLRs as well as the ectodomain of the receptor. In 
comparison, biologics such as antibodies are heat-sen-
sitive and membrane-impermeable, which means they 
cannot target intracellular molecules. Biologics typi-
cally exhibit longer half-lives due to slower absorption 
and clearance mechanisms. They must be injected, 
which creates an obstacle for patients. However, bio-
logics provide more targeted treatment options. Novel 
small-molecule modulators of TLR signaling can offer 
a variety of clinical treatment choices in combination 
with biologics.

https://doi.org/10.70389/PJS.100031


7DOI: https://doi.org/10.70389/PJS.100031 | Premier Journal of Science 2025;4:100031

REVIEWPREMIER JOURNAL OF SCIENCE

In order to understand the disease etiology of TLRs 
and explore novel biomarkers, reliable preclinical 
animal models are essential. To establish superior 
disease models and evaluate drug candidates in an 
appropriate protocol is the key to a successful transi-
tion of the candidates from preclinical to clinical tri-
als. Small-molecule drugs can have potential off-target 
effects due to selectivity issues that can be predicted 
in the early stage using animal models. Biologics have 
twice the final success rate in clinical trials compared 
with that of small molecules,30 which underlines the 
need for further research in appropriate animal models 
to address the issues at an earlier drug discovery stage.

Recent advances in crystallography and in silico 
techniques give us promising opportunities for a struc-
ture-based drug design. Nevertheless, structures of 
the intracellular domain of most of the TLRs are still 
unknown. TIR domain, an intracellular domain of 
TLRs, plays a key role by interacting with the adaptor 
molecules that initiate cytoplasmic signaling path-
ways. The TIR domain exhibits a weak self-associa-
tion and association with other TIR domains, which 
leads to the formation of a signalosome complex such 
as Myddosome.69 Shifting the research focus from 
ligand-receptor interaction to protein-protein interac-
tion will offer a solution to identify innovative drugs 
distinct from conventional TLR ligand analogs. Further 
research on the biology, pathophysiology, and protein 
structure of TLRs including the TIR domain may con-
tribute to breakthrough findings to achieve successful 
drug discovery and development.
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