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Toll-like receptor 7 (TLR7) is a class of pattern recognition receptors (PRRs) recognizing the pathogen-associated

elements and damage and as such is a major player in the innate immune system. TLR7 triggers the release of

pro-inflammatory cytokines or type-I interferons (IFN), which is essential for immunoregulation. Increasing reports

also highlight that the abnormal activation of endosomal TLR7 is implicated in various immune-related diseases,

carcinogenesis as well as the proliferation of human immunodeficiency virus (HIV). 

TLR7  innate immunity

1. Introduction

Toll-like receptors (TLRs) are a major family of prototypical pattern recognition receptors (PPRs) and type I

membranous glycoproteins . TLRs recognize pathogen-associated molecular patterns (PAMPs) and damage-

associated molecular patterns (DAMPs). TLRs can initiate antimicrobial host defense responses to restrain

pathogenic replication in the innate immune system . The engagement of PAMP-PRR interaction allows TLRs

to activate downstream signaling molecules of host defense responses . To date, ten TLR subtypes (TLRs 1–10)

have been identified in mammals. They are expressed in various innate immune cells, including dendritic cells

(DCs), macrophages, and B cells as well as other cell types, such as epithelial cells, endothelial cells, and

fibroblasts . Notably, TLR7 and TLR9 are only expressed in plasmacytoid DCs rather than myeloid DCs .

Several nucleotide-sensing intracellular TLRs, including TLR3, TLR7, TLR8, and TLR9, originally synthesized in

the endoplasmic reticulum (ER), are finally transferred to the endosomal compartments .

TLR7 are selectively activated by guanosine and uridine-containing single-stranded RNA (ssRNA) from viruses,

bacteria, endogenous RNA, and oligoribonucleotides in the DCs’ endolysosomes . TLR7 also respond to various

chemical ligands, such as small heterocyclic molecules. Such recognition promotes the release of pro-inflammatory

cytokines, chemokines, and type-I interferons (IFN), which are involved in the up-regulation of inflammatory

reactions .

TLR7 is a key determinant of the protective immunity, conversely, its dysregulation is linked to the susceptibility of

inflammatory diseases, such as lupus, caused by activation of host-origin nucleic-sensing pathways via TLR7 .

Therefore, the rational design of antagonist ligands is a primary focus for the management of autoimmune

disorders, cancers, virus infection, and other potential TLR7-associated clinical disorders .
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The development of small-molecule antagonists of TLR7 might start with the identification of chemical scaffolds by

high-throughput screening (HTS), or chemical switches, that transform an existing agonist to an antagonist .

After the determination of the chemical scaffolds, structure-activity relationship (SAR) studies are then applied to

optimize their antagonistic activities and might be followed by the co-crystallization of the inhibitor/TLR7 complexes

. Biological studies usually use HEK-Blue or HEK293 cell lines, which are engineered to overexpress TLR7 to

indirectly report the nuclear factor-κB (NF-κB) translocation to the cell nucleus. Tests, such as secreted embryonic

alkaline phosphatase (SEAP)-driven assay, cell proliferation assay, isothermal titration calorimetry (ITC), and

immunoblotting, are also used in in vitro validations. A non-selective TLR7 agonist R848 (Resiquimod) can be

commonly used as a positive control . The inhibition of TLR7-induced pro-inflammatory cytokines can be

measured through a real-time polymerase chain reaction (RT-PCR) .

2. TLR7 Main Features

2.1. Structural Studies of TLR7

TLR7 is characterized by three distinct domains (Figure 1a) . Firstly, an N-terminal ectodomain (ECD) contains

26 leucine-rich repeats (LRRs). They form a large parallel β-sheet, which lies in the inner part of the ECD allowing

a protein–protein interaction between the two monomers. Opposite the β-sheet, α-helices form the convex surface.

The different widths between the β-sheet and the α-helices might explain why the ECD structure is curved . The

unstructured Z-loop region between LRR14 and LRR15 is particularly important for TLR dimerization. TLR7

requires proteolytic cleavage at the Z-loop for its activation; TLR7 with an uncleaved Z-loop is unable to form the

dimer and recognize any microbial RNA . After proteolytic cleavage at the Z-loop region, the N-terminal remains

connected with the C-terminal of TLR7 through a disulfide bond between Cys98 (N-ter) and Cys475 (C-ter) .
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Figure 1. Structure and signaling pathways of the toll-like receptor 7 (TLR7): (a) Schematic representation of

TLR7. The N-terminal ectodomain (ECD) locates in the endosome. The transmembrane helix consists of an α-helix

across the endosomal membrane. The details of the structure of toll/interleukin-1 receptor (TIR) domain are not

illustrated due to the lack of data for TLR7. Data are from reference  (PDB ID: 7CYN). (b) Front view of the ECD

dimer. The cleaved Z-loop and a disulfide bridge between Cys98 and Cys475 are shown in cyan and yellow,

respectively. The binding site of small molecules and synthetized oligonucleotides are illustrated in red and blue,

respectively. Data are from reference  (PDB ID: 5GMG). (c) TLR7-mediated MyD88-dependent signaling

pathways. Firstly, the recognition between small-molecule ligands or ssRNA and TLR7 allows to initiate

downstream signaling. MyD88 then forms the myddosome with IRAK4, which phosphorylates and releases IRAK1.

After that, TRAF6 is auto-ubiquitinated and activates TAK1. TAK1 forms a complex with TAB1/2/3. Finally,

translocation of NF-κB and activation of MAPK signaling pathway generates innate immune responses that lead to

the production of pro-inflammatory cytokines and IFNs.

Following ligand stimulation, two ECDs of TLR7 form an m-shape symmetrical homodimer, due to the proximity of

the LRR loops. This stage is crucial to trigger a downstream signal transduction . Moreover, TLR7 has been

considered as a dual receptor. Small-molecule ligands insert into the binding site within the dimerization interface,

whereas the binding of oligonucleotides is found at the concave surface, respectively (Figure 1b) .

Additionally, a transmembrane (TM) domain consisting of a single long transmembrane helix inserts into the lipid

endomembrane, due to hydrophobic forces . Finally, the cytoplasmic toll/interleukin-1 receptor (TIR) homology

domain, a horseshoe structure, is highly conserved in the TLRs. The TIR domain is taken into consideration for

interacting with the other TIR-containing systems to activate a signaling cascade through recruitment of adaptor

proteins. In TLR1 and TLR10, the TIR domain has a central parallel five-stranded β-sheet flanked with five α-

helices. Inside of the TIR domain, a BB-loop connects a β strand and an α helix, which play a crucial role in the

formation of the dimer and activation of downstream signaling. At present, the structure of TIR domain has not

been reported yet in TLR7 .

2.2. TLR7 Signaling Pathways

The homodimerization of TLR7 allows to initiate the myeloid differentiation primary response 88 (MyD88)-

dependent pathway in the plasmacytoid DCs (Figure 1c) . In the signaling pathway, TLR7 cooperates with

protein kinases, transcription factors, and adaptor proteins .

Upon ligand binding, TLR7 firstly moves toward the MyD88 adaptor-like protein (MAL) and interacts with MyD88

. Then, MyD88 recruits interleukin-1 receptor-associated kinase (IRAK) family members and forms a large

intracellular oligomeric signaling complex: the myddosome. During the formation of the myddosome, IRAK4

activates the autophosphorylation of IRAK1, which is then released to interact with the tumor necrosis factor

receptor–associated factor 6 (TRAF6) . TRAF6 functions as an E3 ubiquitin ligase and promotes the non-

degradative K63-linked ubiquitination of growth factor-β-activated kinase 1 (TAK1).
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Subsequently, the poly-ubiquitinated TAK1 is activated after the formation of a complex with TAK1-binding proteins

(TAB1, TAB2, and TAB3) . TAK1 downstream cascades are then divided into two different signaling pathways:

NF-κB pathway and mitogen-activated protein kinases (MAPK) pathway . TAK1 phosphorylates IκB kinase β

(IKKβ). IKKβ forms a complex with a catalytic subunit IKKα and a regulatory subunit NEMO termed as IKKγ. The

IKK complex then phosphorylates NF-κB inhibitory protein IκBα. The inhibitory protein IKK family inactivates and

keeps apart the transcription factor NF-κB dimer . Subsequently, the degradation of both IκBα and IκBβ allows

the nuclear translocation of the NF-κB, which stimulates the genes encoding IFNs and pro-inflammatory cytokines

. Additionally, TAK1 activates the AP-1 transcription factor, which leads to an increased expression of cytokines

and IFNβ in the nucleus via the MAPK signaling pathway .

3. TLR7 Implication in a Variety of Clinical Diseases

3.1. Autoimmune Disorders

TLR7 MyD88-dependant signaling pathway drives the production of type 1 IFN in human pDCs and is implicated in

the pathogenesis of autoimmune diseases . The abnormal immune system turns its defenses against pathogens

upon normal physiological components of the body .

Among them, systemic lupus erythematosus (SLE) is a polygenic autoimmune disease characterized by the

elevation of two cell types; they are autoreactive age-associated B cells (ABCs) and extrafollicular helper T cells

. Additionally, SLE is also associated with the production of antinuclear autoantibodies in multiple organs .

Abnormal resistance to the degradation of self-derived RNA activates the TLR7 MyD88 signaling pathway and

increases the production of pro-inflammatory cytokines . In SLE pathogenesis, TLR7 can induce the

transcription of IFN-stimulated genes (ISGs), which can up-regulate type 1 IFN and activate B cells . Several

data support the link between TLR7 signaling and B cell activation and production of autoantibodies .

Similarly, the TLR7  variant resulted in the activation of DCs to release serum lgG in mouse and caused

severe lupus in child . Up-regulation of TLR7 also increases IFN-β production in pDCs of SLE patients . A

recent study also revealed that such a variant increased the affinity of TLR7 for guanosine and cGMP and caused

B-cell driven autoimmunity . The TLR7 copy number tightly correlates with disease severity in SLE . In

addition, enhanced TLR7 signaling is associated with the differentiation of inflammatory hemophagocytes (iHPCs),

which are responsible for anemia and thrombocytopenia in immunity-related diseases .

For the management of autoimmune disorders, several studies report the use of synthesized oligonucleotides to

act as immunosuppressor of TLR7 . Among them, IMO-3100, a TLR7/9 dual antagonist of TLR7 and TLR9

can block the expression of IFN-β, TNF-α, and interleukin 17 (IL-17) and attenuate SLE, rheumatoid arthritis (RA)

in a murine model . A recent study also indicates TLR7 overexpression might be a relevant biomarker in

preclinical RA patients . This overexpression might be especially observed in the endosomes of CD8+ T cells

. IMO-3100 significantly improved the expression profile of disease-related MAD-3 genes involved in spindle-

assembly checkpoint (SAC) . Recently, IMO-3100 was evaluated in a 4-week phase 2 trial in psoriasis patients

(NCT01622348). IMO-9200, a trinary antagonist of TLRs 7/8/9, ameliorates SLE progression in mouse model and
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shows safety and tolerance in healthy subjects . IMO-8400 is also a dual antagonist of TLRs 7/9 that completed

a phase 2 trial in psoriasis pathogenesis (NCT01899729) and dermatomyositis (NCT02612857). 

Endosomal TLR7 is also implicated in the pathogenesis of organ-specific type 1 diabetes (T1D), which leads to

insufficient insulin secretion and hyperglycemia . T1D occurs as a consequence of the immune destruction of

insulin-producing β-islet cells within the pancreas . Further to the cytokines release, CD4+ helper T cells

promote CD8+ cytotoxic T cells responses, which lead to the β-islet cells blast. Consequently, the loss of β-islet

cells makes it difficult for the body to metabolize glucose . TLR7 stimulates the up-regulation of a

proinflammatory cytokine and type I/II IFNs and accelerates spontaneous onset of autoimmune diabetes .

Additionally, TLR7 deficiency suppresses the development of T1D by altering B-cell functions and immunoglobulin

production in diabetogenic mouse. Meanwhile, TLR7 deficiency limits the number of CD4+ T cells and reduces the

proliferation of antigen-specific CD8+ T cells .

Sjogren’s syndrome (SS) is also associated with TLR7 expression . SS is a rheumatoid autoimmune disorder

characterized by dry eyes and a dry mouth, and often accompanies lupus and rheumatoid arthritis. In this disease,

the immune system destroys moisture-secreting glands, such as salivary and lacrimal glands. Patients with SS

exhibit increased secretion of inflammatory cytokines in line with TLR7 and TLR9 activation. Such stimulation in

peripheral blood B-cells indicates altered TLR signaling . Therefore, the development of antagonists targeting

TLR7 might prove beneficial for the treatment of SLE, T1D, and SS.

3.2. Immuno-Oncology

TLRs are also involved in the development of various tumors . Either hyperactivation or hypoactivation of TLRs

increase the survival and metastasis of a tumor. On the one hand, elevated expression of TLRs signaling induces

the production of cytokines and stimulates immune cells, such as DCs, to foster tumor immunotherapy . For

example, administration of resiquimod (R848), a TLR7 agonist, upregulates TLR7 expression in dendritic cells

(DCs), and enhances the activation of DCs, natural killer (NK) cells and increases the production of T helper cell

associated cytokines in mice . On the other hand, activation of the TLR7 Myd88 signaling pathway induces

chronic inflammation, which is an important factor for further putative tumorigenesis and tumor progression .

Additionally, TLRs aberrant stimulation could be involved in the early initiation, carcinogenesis, and therapeutic

resistance in several types of cancer, such as gastrointestinal malignancies, melanoma, and esophageal cancer

. Dysregulation of TLRs could also enhance immune escape and angiogenesis .

Furthermore, TLR7 overexpression is related to high cell proliferation in lung cancer as well as pancreatic cancer

. Up-regulation of TLR7 decreases the expression of several antitumor molecules implicated in apoptosis.

TLR7 is also shown to be overexpressed in more than half primary human pancreatic ductal adenocarcinoma

(PDAC), and such overexpression is associated with shorter patient survival . Moreover, increased TLR7

accelerates the proliferation of human CD4+ T helper cells and induces the production of IL-10, IL-2, and IFNγ, and

leads to chemoresistance in primary tumors . Finally, TLR7 and TLR8 stimulation are associated with immune
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evasion in line with an increase in the nuclear factor NF-κB and cyclooxygenase-2 (COX-2) expression . Finally,

a recent study on experimental pancreas tumor models confirms a dual action of TLR7 on tumor growth .

3.3. Antiviral Immunotherapy and Infection

Endosomal TLRs might promote human immunodeficiency virus type 1 (HIV-1) replication and latency reversal via

the stimulation of inflammatory responses . TLR7 overexpression leads to the hypo-responsiveness of CD4+ T

cells, and the production of IFN-α in HIV-1 replication . TLR7 engagement in CD4+ T cells results in the

dephosphorylation of transcription factor NFATc2 and then induces an anergic gene-expression program. In

contrast, the anergy of CD4+ T cells could be eliminated by silencing TLR7 . Furthermore, TLR7 and TLR9 were

found to be involved in T cell CD95/Fas-mediated apoptosis by inducing Type 1 IFN upon exposure to HIV-1. This

enhanced apoptosis has been shown to be inhibited by a phosphonothioate deoxyribose compound acting as a

TLR7/9 specific antagonist . Furthermore, an oligonucleotide TLR7/9 antagonist had the potential to abolish the

production of virus-induced chemokines, such as interferon gamma-induced protein 10 (IP-10) in HIV-1 viremia .

By blocking related cytokines, influenza-related immunopathology could be moderated . The mortality of viral

respiratory diseases is often associated with the ‘cytokine storm’ along with an excessive pro-inflammatory cytokine

production . TLR7 antagonism demonstrated an adjustive role in the protection of an IFN-1-driven cytokine

storm produced by pDCs and monocytes. TLR7 abrogation also reduced the number of lung neutrophils and

attenuated inflammation and mortality in influenza in a murine model .

TLR7 is also implicated in other infection diseases, such as Pseudomonas aeruginosa pneumonia or Helicobacter

pylori infection, and TLR7 or TLR7/8 antagonist might play a positive role in bacterial recognition and treatment 

. TLR7 mediated antiviral protection appears to be observed in SARS-CoV-2 infection . In addition,

expression of TLR7/TLR9 in monocytes and B lymphocytes was shown to be increased in patients with chronic

active EBV infection and such overexpression resulted in excessive inflammation .

3.4. Others

TLR7 is involved in the pathogenesis of knee osteoarthritis (OA) pain induced by microRNAs (miRNAs) . TLR7

can detect the GU-rich motif of miRNAs; therefore, removal of this TLR recognition motif eliminates OA and blocks

the analgesic effect . Clinical data in humans have also suggested a possible involvement of TLR7 in

atherosclerotic lesions characterized by the accumulations of lipid, cells and matrix components . The knockout

of TLR7 in vivo demonstrated a protective effect toward the atherosclerotic lesions by constraining inflammatory

macrophage activation and cytokine production . A recent study shows TLR7 activated platelets can increase

the risk of thrombus formation and highlights the role of TLR7 in cardiovascular diseases and as potential

therapeutic targets in such diseases .
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