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Abstract Endosomal TLRs (TLR3/7/8/9) are highly analogous innate immunity sensors for various

viral or bacterial RNA/DNA molecular patterns. Among them, TLR7, in particular, has been suggested

to be a target for various inflammatory disorders and autoimmune diseases including systemic lupus er-

ythematosus (SLE); but few small-molecule inhibitors with elaborated mechanism have been reported in

literature. Here, we reported a well-characterized human TLR7-specific small-molecule inhibitor, TH-

407b, with promising potency and negligible cytotoxicity through a novel binding mechanism. Notably,

TH-407b not only effectively inhibited TLR7-mediated pro-inflammatory signaling in a variety of

cultured cell lines but also demonstrated potent inflammation suppressing activities in primary peripheral

blood mononuclear cells (PBMCs) derived from SLE patients. Furthermore, TH-407b showed prominent
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Selective;

Cytokine
efficacy in vivo, improved survival rate and ameliorated symptoms of SLE model mice. To obtain molec-

ular insights into the TH-407b derivatives’ inhibition mechanism, we performed the structural analysis of

TLR7/TH-407b complex using cryogenic electron microscopy (cryo-EM) method. As an atomistic reso-

lution cryo-EM structure of the TLR family, it not only of value to facilitate structure-based drug design,

but also shed light to methodology development of small proteins using EM. Significantly, TH-407b has

unveiled an inhibition strategy for TLR7 via stabilizing its resting/inactivated state. Such a resting state

could be generally applicable to all TLRs, rendering a useful method for targeting this group of important

immunological receptors.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Toll-like receptors (TLRs) are pattern recognition receptors
(PRRs), recognizing pathogen-associated molecular patterns
(PAMPs) and thereby regulating the immune responses1,2. Dys-
regulation of TLRs signaling contributes to the development and
progression of numerous diseases such as rheumatoid arthritis3

and systemic lupus erythematosus4,5. Therefore, TLRs are
emerging as important drug targets6 for autoimmune diseases.
Traditionally, it was believed that PAMP molecules triggered pro-
inflammatory signaling cascades through TLRs dimerization.
However, the activation mechanism of endosomal TLRs
remained elusive. Take TLR8 as an example, an unliganded
dimer, particularly designated as the resting state, had been
suggested to preform before the recognition of PAMP molecules.
As a paradigm-shifting study, our group reported selective TLR8
inhibitors that stabilizing the resting state7-9, thus interrupting the
downstream signaling process. Nonetheless, there was little un-
derstanding whether this mechanism also applied to other endo-
somal TLRs. Among the endosomal TLRs, TLR7 and TLR8
show high sequence and function similarities1,2, but few selective
inhibitors with elaborated inhibition mechanism have been re-
ported for TLR7, primarily attributed to the challenges of
structural analysis for the TLR7-inhibitor complexes10,11. Thus,
we set out to test the hypothesis that “stabilizing the resting
state” could be generally applicable to other endosomal TLRs, in
particular TLR7, a highly relevant target for therapeutic
development.

Systemic lupus erythematosus (SLE) is an autoimmune dis-
ease that most often diagnosed in women at age of 20e40 (with
a female to male ratio of 7:1e9:1)12,13. Exhibiting characteristics
of a multisystem ailment, SLE was characterized by a multi-
faceted etiopathogenesis. The abnormal activation of TLR7 was
previously considered to be associated with SLE, but the mech-
anism has not been clearly clarified at present14-17. In 2022, the
clinical trial application for enpatoran (M5049), a TLR7/8 co-
inhibitor developed by Merck, was approved by the Drug
Administration for the treatment of SLE18. Our previous study
also showed that TLR7 selective inhibitors could improve the
survival rate and relieve renal injury of lupus prone mice19. In
this study, we report a proof-of-concept that TLR7 inhibitors
demonstrate therapeutic potential in the treatment of SLE, which
was supported by in vitro experiments of patients’ peripheral
blood mononuclear cells (PBMCs) and in vivo studies of SLE
animal models.
2. Materials and methods

2.1. Tests in human specimens

Human whole blood was collected by venipuncture from sys-
temic lupus erythematosus (SLE) patients and healthy human
volunteers as contrast. All experiments performed on human
PBMCs have been described and approved by the IRB of
PUMCH (No. S-478) and are consistent with Institutional
Guidelines. Human PBMCs from three SLE patients were iso-
lated using density gradient centrifugation. Immediately after
separation, cells were cultured at a density of 3 � 106 cells/mL in
0.2 mL of RPMI 1640 in 96-well round-bottom plates (Thermo
Scientific). Cells were then treated with indicated compound TH-
407b. After incubating for 24 h, the supernatants were collected
after centrifuged for 10 min at 4000 rpm at 4 �C and frozen at
�80 �C until ready for Elisa measurements. The levels of TNF-a,
IL-6 and IL-1b were determined using BD OptEIATM human
TNF, IL-6 and IL-1b-ELISA kit (BD Biosciences) according to
the manufacturer’s instructions8,9.

2.2. MRL/lpr mice model

Fourteen-week-old female MRL/lpr mice were used in this study.
At the initiation of treatment, mice were randomly allocated into
groups based on their body weight.

For verifying in vivo therapeutic potential of TH-407b, oral
administration of the test substances was carried out either once or
twice daily. The mice were divided into three groups (n Z 12 per
group) as follows: the treated group received oral administration
of TH-407b at a dose of 100 mg/kg, dissolved in a 10% w/v so-
lution of polyethylene glycol 400 (PEG-400) and 1,3-propanediol
in water (55:20:25); the positive control group received daily oral
administration of hydroxychloroquine (HCQ) at a dose of 100 mg/
kg, dissolved in saline; and the placebo group received oral
administration of saline in an equivalent volume. Throughout the
treatment period, mice were anesthetized using isoflurane and
blood samples were collected weekly via the fundus vein. The
mice’s survival, body weight, and severity of skin lesions were
monitored on a weekly basis. After four weeks of treatment, the
mice were euthanized, and their bodies were dissected. Spleen
weight was measured as part of the analysis. Both kidneys were
fixed in 10% neutral-buffered formalin, embedded in paraffin,
sectioned, stained with hematoxylin and eosin (HE), and subse-
quently examined using light microscopy.
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For verifying in vivo therapeutic potential of S14, oral
administration of the test substances was carried out either once
daily. The mice were divided into three groups (n Z 12 per group)
as follows: the treated group received oral administration of S14 at
a dose of 50 mg/kg, dissolved in a 10% w/v solution of poly-
ethylene glycol 400 (PEG-400) and 1,3-propanediol in water
(55:20:25); and the placebo group received oral administration of
saline in an equivalent volume. Throughout the treatment period,
mice were anesthetized using isoflurane and blood samples were
collected weekly via the fundus vein. The mice’s survival, body
weight, and severity of skin lesions were monitored on a weekly
basis. After four weeks of treatment, the mice were euthanized,
and their bodies were dissected. Spleen weight was measured as
part of the analysis. Both kidneys were fixed in 10% neutral-
buffered formalin, embedded in paraffin, sectioned, stained with
hematoxylin and eosin (HE), and subsequently examined using
light microscopy.
2.3. High-throughput screening (HTS)

HEK-Blue hTLR7 cells were purchased from Invitrogen (cat. hkb-
htlr7), which can stably express human TLR7 and a secreted
embryonic alkaline phosphatase (SEAP) reporter. More than one
hundred thousand of small-molecule compounds from Chem-
bridge library, Sigma drug library and Selleck library were
screened in 384-well plates at the platform of School of Phar-
maceutical Sciences, Tsinghua University using SEAP assay we
had reported previously. The initial concentration of small-
molecule compounds was 5 mmol/L. A promising hit compound
(Sigma-5-8-L20) from Sigma library was successfully obtained.
2.4. SEAP reporter assay

HEK-Blue TLR7 cells were plated at 5 � 105 cells/mL in a tissue
culture treated 96-well plate in dulbecco’s modified eagle medium
(DMEM) with 10% (v/v) fetal bovine serum (FBS) (deactivated
phosphatases). Then cells were treated with 2 mg/mL R848
(Invivogen) and varying concentrations of appropriate com-
pounds. Cells were incubated with compounds and R848 at 37 �C.
After incubation for 20e24 h, 50 mL culture media was taken out
and placed in a new 96-well plate. 50 mL Quanti-Blue (Invivogen)
was added to the media, and the plate was incubated at 37 �C until
color changed obviously (about 30 min). The plates were then
quantified on a BeckmaneCoulter DTX 880 Multimode Detector
by measuring absorbance at 620 nm. Data was normalized as
readout of R848-treated cells is 100% activation, and untreated
cells are 0% activation7,8.
2.5. Cell viability assay

HEK-Blue TLR7 cells (5 � 105 cells/well) or human PBMCs
(3 � 106 cells/mL) were placed in a 96-well plate and co-
incubated with indicated compounds at 37 �C for 24 h. Then
Cell Counting Kit-8 (Bimake) was added to each well (1:10
dilution). Then, the cells were incubated at 37 �C until a color
change was observed (within 2 h) and absorbance was read at
450 nm. Data were normalized with the untreated cells control as
100% survival.
2.6. RT-PCR analysis of IL-8 mRNA expression

HEK-Blue TLR7 cells were seeded at a density of 1 � 106 cells/
well in a 6-well plate. After 24 h incubation, the medium was
replaced by serum free medium, and then the cells were treated
with or without R848 (2 mg/mL) and various concentrations of
compound for 16 h at 37 �C. Then, cells were scraped and re-
suspended in phosphate buffer saline (PBS). Total RNA was
extracted using Trizol reagent (Invitrogen, No. 15596026) with
standard protocols. Reverse transcription was performed by
iScriptTM cDNA Synthesis Kit (Bio-rad, No. 1708890) according
to manufacturer’s instructions. qPCR was performed using iTaq
Universal SYBR Green Supermix (Bio-Rad, No. 1725120). IL-8
and GAPDH primers were obtained from Ruibiotech. Data were
analyzed using the DDCt method with GAPDH gene as a
housekeeping gene, normalized to cells control.

2.7. RT-PCR analysis of IFN-a and ISGs mRNA expression

Human blood was drawn from healthy donors into vacutainer
tubes with EDTA as the anticoagulant and used within 2 h of
collection. Two volumes of blood were diluted with one volume of
PBS, and 1.5 mL per well of the diluted blood was dispensed per
well of 12-well plates. The cells were treated with R848 (5 mg/
mL) and various concentrations of compound for 24 h at 37 �C.
Total RNA was extracted using Trizol reagent (invitrogen, No.
15596026) with standard protocols. Reverse transcription was
performed by iScriptTM cDNA Synthesis Kit (Bio-rad, No.
1708890) according to manufacturer’s instructions. qPCR was
performed using iTaq Universal SYBR Green Supermix (Bio-Rad,
No. 1725120).

GAPDH forward primers: 50-CATGAGAAGTATGACAACA
GCCT-30

GAPDH reverse primers: 50-AGTCCTTCCACGATACCAAA
GT-30

IFN-a forward primers: 50-GCCTCGCCCTTTGCTTTACT-30

IFN-a reverse primers: 50-CTGTGGGTCTCAGGGAGATCA-30

IRF7 forward primers: 50-AAGAGCCTGGTCCTGGTGAA-30

IRF7 reverse primers: 50-TCGATGTCGTCATAGAGGCTG
TT-30

IFI6 forward primers: 50-GGTCTGCGATCCTGAATGGG-30

IFI6 reverse primers: 50-TCACTATCGAGATACTTGTGGGT-30

IFI27 forward primers: 50-CTTCACTGCGGCGGGAATC-30

IFI27 reverse primers: 50-CCAGGATGAACTTGGTCAA
TCC-30

IFI44 forward primers: 50-TGGTACATGTGGCTTTGCTC-30

IFI44 reverse primers: 50-CCACCGAGATGTCAGAAA
GAG-30

IFI44L forward primers: 50-AAGTGGATGATTGCAGTGAG-30

IFI44L reverse primers: 50-CTCAATTGCACCAGTTT
CCT-30

Data were analyzed using the DDCt method with GAPDH gene
as a housekeeping gene, normalized to cells control.

2.8. Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed to measure TNF-a and IL-6 expression
levels. Raw 264.7 cells seeded at 2 � 106 cells/well in 2 mL
supplemented Roswell Park Memorial Institute (RPMI) medium
[10% (v/v) FBS, 2 mmol/L L-glutamine, 100 mg/mL streptomycin
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and 100 U/mL penicillin and 0.05 mmol/L 2-mercaptoethanol] in
6-well plates and incubated at 37 �C in a humidified 5% CO2

atmosphere. After 24 h, the medium was replaced with un-
supplemented RPMI medium, and the cells were treated with or
without R848 (2 mg/mL) and various concentrations of com-
pounds. After 24 h, supernatants of the culture media were
collected, and the levels of TNF-a and IL-6 were determined
using mouse TNF-a and IL-6 OptEIA ELISA kit (BD Bio-
sciences), according to the manufacturer’s instructions8,9.

Another ELISA was performed to measure ANA and anti ds-
DNA antibodies levels. Blood was collected from eyeground
venous plexus and plasma was collect by centrifugation
(3000 rpm, 15 min, 4 �C). ANA and anti ds-DNA antibodies levels
were determined using mouse ANA and anti-ds-DNA antibodies
ELISA kit (Jiangsu Meibiao Biotechnology Co., Ltd.), according
to the same instruction.
2.9. Western blot

Western blot analysis was performed in Raw 264.7 cells treated
with 2 mg/mL R848 and TH-407b or THP-1 cells treated with
1 mg/mL TL8-506 and TH-407b to determine the upregulation/
inhibition of TNF receptor associated factor 3 (TRAF3),
phosphorylated-IKK (p-IKK) and IKK. Raw 264.7 or THP-1 cells
were collected and lysed. Total protein was fractionated into cell
lysis buffer (50 mmol/L Tris-HCl, 150 mmol/L NaCl, 10% glyc-
erin, 0.2% Triton X-100, protease inhibitor 1 X, constant volume
of Milli-Q pure water to 1 L and adjust pH to 7.5). Protein con-
centrations were measured by Bradford assay and loaded into 10%
Tris-glycine SDS-PAGE. Protein was transferred onto a PVDF
Transfer membrane (Merck Millipore) by electroblotting (100 mA
for 1 h) and probed with the primary antibody TRAF3 (CST;
4729), IKBa (Bioss; 1287R), p-IKBa (Bioss; 52169R) (1:1000).
Then Peroxidase-conjugated AffiniPure Goat Anti-Rabbit IgG
(H þ L) antibody (for TRAF3, IKBa and p-IKBa) (CST) at
1:5000 dilution was used as secondary antibody. 5% w/v BSA in
TBST was used for blocking the membrane, and primary, sec-
ondary antibody preparation steps. Visualization of the blots was
performed by Thermo SuperSignal West Pico kit (Thermo Fisher
Scientific). GAPDH (CST; 2118) was used as internal controls for
cytoplasmic fractions.
2.10. Protein expression and purification

Monkey (Macaca mulatta) TLR7 extracellular domain expression
construct with N167Q, N399Q, N488Q, and N799Q mutations
and cleavable Z-loop and C-terminal protein A tag described
previously21 were expressed in Drosophila S2 cells. Culture su-
pernatant was purified using IgG Sepharose (GE Healthcare). The
Z-loop and the protein A tag were then cleaved using thrombin
protease (Nacalai tesque). The proteins were purified by gel-
filtration chromatography using a HiLoad 26/600 Superdex
200 pg column (GE Healthcare) equilibrated in a buffer of
10 mmol/L HEPES-NaOH, pH 7.5, 150 mmol/L NaCl. Fractions
were pooled, concentrated to w10e15 mg/mL, flashed cooled in
liquid nitrogen, and kept at �70 �C until use. Glycan-trimmed
TLR7 proteins were expressed in the presence of 1.5 mg/L kifu-
nensine (Glycosyn) and treated by Endo Hf (New England Bio-
labs). Glycan-untrimmed proteins were used in ITC analysis,
crosslinking assay. Glycan-trimmed TLR7 proteins with partially-
uncleaved protein A tag were used for cryo-EM analysis.
2.11. ITC titration

ITC experiments of TH-407b to TLR7 recombinant proteins were
conducted at 298 K in a final buffer condition of 40 mmol/L
citrate/NaOH pH 4.8 (Hampton Research), 150 mmol/L NaCl by
using a MicroCal iTC200 (Malvern Panalytical). A solution
containing 1 mmol/L TH-407b was titrated into a solution con-
taining 80 mmol/L TLR7 protein, using a titration sequence of a
single 0.4 mL injection followed by 18 injections, 2 mL each, with
180 s intervals between injections.

ITC experiments of loxoribine into TLR7 recombinant proteins
in the absence or presence of 500 mmol/L TH-407b were con-
ducted at 298 K in a final buffer condition of 30 mmol/L citrate/
NaOH pH 4.8 (Hampton Research), 150 mmol/L NaCl by using a
MicroCal iTC200 (Malvern Panalytical). A solution containing
1 mmol/L Loxoribine (Invivogen) was titrated into a solution
containing 50 mmol/L TLR7 protein with or without 500 mmol/L
TH-407b, using a titration sequence of a single 0.4 mL injection
followed by 18 injections, 2 mL each, with 180 s intervals between
injections.

OriginLab software (OriginLab) was used to analyze the raw
ITC data. Thermodynamic parameters were extracted from curve
fitting analysis with a single-site binding model.

ITC experiments of TH-407b to TLR7 recombinant proteins in
the presence of loxoribine were conducted at 298 K in a final
buffer condition of 40 mmol/L citrate/NaOH pH 4.8 (Hampton
Research), 150 mmol/L NaCl by using a MicroCal iTC200
(Malvern Panalytical). A solution containing 1 mmol/L TH-407b
was titrated into a solution containing 80 mmol/L TLR7 protein in
the absence or presence of 100 mmol/L loxoribine, using a titration
sequence of a single 0.4 mL injection followed by 18 injections,
2 mL each, with 180 s intervals between injections.

2.12. Crosslinking assay

For crosslinking assay using glutaraldehyde reagent (Nacalai
tesque), TLR7 protein was adjusted to a final concentration of
25 mmol/L using buffers containing 50 mmol/L citrate/NaOH pH
4.8, 1507 mmol/L NaCl. GS9620, TH-407a, and TH-407b dis-
solved in DMSO were added to final concentrations of 0.2 or
1.0 mmol/L. For TH-407a, due to its low solubility, it precipitated
and could not reach a concentration of 1.0 mmol/L. The reactions
were started by adding glutaraldehyde (Nacalai tesque) to a final
concentration of 20 mmol/L, incubated at 20 �C for 30 min, and
quenched by adding Glycine-HCl pH 5.0 to a final concentration
of 100 mmol/L. Crosslinked samples were analyzed by non-
reducing SDS-PAGE. Image-J software was used to perform a
quantitative analysis of the SDS-PAGE gel image.

Crosslinked samples were also analyzed with a Superdex 200
Increase 10/300 GL column equilibrated in a buffer of 10 mmol/L
citrate/NaOH pH 4.8, 100 mmol/L NaCl. The crosslinking con-
dition was the same as above. About 60 mg crosslinked proteins in
the absence or presence of 1.0 mmol/L TH-407b during the
crosslinking reaction were injected into the column. UV absor-
bance at 280 nm (A280) and 260 nm (A260) of the elutes were
monitored.

2.13. Cryo-EM grid preparation and data collection

Crosslinked TLR7/TH-407b complex for cryo-EM analysis was
prepared as follows: 30 mmol/L glycan-trimmed TLR7 with
partially-uncleaved protein A tag, 1 mmol/L TH-407b, and
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20 mmol/L glutaraldehyde were mixed in 50 mmol/L citrate/
NaOH pH 4.7, 150 mmol/LNaCl buffer and reacted at 20 �C for
25 min. The reaction was quenched by adding glycine/HCl pH 5.0
to a final concentration of 100 mmol/L and incubated at 4 �C for
30 min. The sample was then purified with a Superdex 200 In-
crease 10/300 GL column equilibrated in a buffer of 10 mmol/L
citrate/NaOH pH 4.8, 100 mmol/L NaCl. The dimer fractions
were pooled and concentrated to w2.6 mg/mL using Amicon
Ultra devices (Merck). The concentrated sample was diluted to
w0.8 mg/mL using a buffer containing 10 mmol/L Citrate pH 4.8,
100 mmol/L NaCl, and 150 mmol/L TH-407b. A 3 mL aliquot of
TLR7/TH-407b complex was applied to a glow-discharged
Quantifoil grid (R1.2/R1.3 300 mesh, copper), blotted for 4 s in
100% humidity at 6 �C, and plunged into liquid ethane using a
Vitrobot Mark IV (Thermo Fisher Scientific). Movie stacks were
collected by using a Titan Krios G3i microscope (Thermo Fisher
Scientific) at 300 kV equipped with a Gatan Quantum-LS Imaging
Filter (GIF) and a Gatan K3 direct electron detector in the electron
counting mode at the Cryo-EM facility in the University of Tokyo
(Tokyo, Japan). Movie stacks were acquired using
105,000 � magnification with an accumulated dose of 57.9
electrons per Å29 over 60 frames. The pixel size was 0.83 Å. The
data were automatically acquired by the beam-image shift method
using the SerialEM software26.

2.14. Cryo-EM data processing and model building

Cryo-EM data processing was performed using RELION 3.0.627.
Raw movie stacks were motion-corrected using MotionCor228. The
CTF parameters were determined using the CTFFIND4 program29.
The data processing workflow is summarized in Supporting
Information Fig. S4. Briefly, bad micrographs were excluded based
on CtfMaxResolution >5 Å. Particles were firstly picked from
randomly selected 100 micrographs using the LoG-based auto-
picking algorithm. Several rounds of 2D classification were per-
formed and the 2D class average images were used as the templates
for reference-based auto-picking which generated 3,211,637 parti-
cles. All particleswere sub-divided into six subsets and two rounds of
2D classification were performed against each subset. Particles
belonging to good class images were selected and merged. Then, a
total of three rounds of 3D classification were performed and
generated a particle package containing 337,415 particles. This par-
ticle package yielded an overall resolution of 3.2 Å. The final reso-
lutionwas estimated by gold-standard Fourier shell correlation (FSC)
between the two independently refined half maps (FSC Z 0.143).
The local resolution map was produced with the ResMap program30.
For model building against the EM map, coordinates of two TLR7
monomers (PDB ID: 5GMH) were docked into the final map using
Phenix dock inmap program31. Themodelwas thenmanually refined
and built using the COOT program32. Real-space refinement in
Phenix program was performed after manual refinement31.

The cryo-EM map has been deposited in the Electron Micro-
scopy Data Bank. The atomic coordinate of the TLR7/TH-407b
complex structure has been deposited in the Protein Data Bank. The
statistics of EM data processing and refinement were summarized
in Supporting Information Table S1. Structure representations were
generated in the Chimera33, Pymol, and COOT programs32.

2.15. Histopathological analysis

The both kidneys were fixed in 10% neutral-buffered formalin,
embedded in paraffin, sectioned, stained with hematoxylin and
eosin (HE) and periodic acid-Schiff (PAS), and examined by light
microscopy (Zeiss, Axio Scan. Z1).

2.16. Pharmacokinetic profiling

Male ICR mice (n Z 12, weighing 25 � 3 g) were randomly
assigned to two groups, namely the intravenous (iv) and oral
administration groups, after an overnight fasting period. TH-407b
or S15 was dissolved in a mixture solution containing 5% dime-
thylacetamide (DMAC), 10% Solutol, and 85% saline for both
intravenous and oral administration routes. The dose volume for
both routes of administration was 10 mL/kg. In the first group,
mice were administered a single intravenous tail vein bolus dose
of 1 mg/kg TH-407b or S15, while in the second group, mice were
given single oral doses of 5 mg/kg TH-407b or S15. Blood sam-
ples were collected from mice into heparinized tubes at specific
time points, including 0.0833, 0.25, 0.5, 1, 2, 4, 6, 8, and 24 h
following intravenous administration or 0.25, 0.5, 1, 2, 4, 6, 8, and
24 h after oral administration. Subsequently, plasma samples were
obtained by centrifuging the blood samples at 10,000�g for 5 min
at 4 �C in preparation for further analysis.

2.17. Acute toxicity assessment

TH-407b was orally administered to 14-week-old male and female
C57BL/6 mice at 0, 100, 200, 400, 800, 1000 mg/kg dissolved in
0e10% w/v solution (PEG-400:1,3-propanediol:H2O Z 55:20:25),
and saline was administered for the placebo group. Survival and
body weight of the mice was measured within 7 days. Then the
mice were euthanized and dissected, and heart, liver, spleen, kidney
and lung were extracted and observed. The results showed that all
the mice survived, and there was no significant difference in body
weight among 7 groups, and there was no significant pathological
change in the organs.

2.18. Long-term toxicity assessment

TH-407b dissolved in 0e10% w/v solution (PEG-400:1,3-
propanediol:H2O Z 55:20:25), was orally administered to 14-
week-old male and female C57BL/6 mice at 100 mg/kg twice
daily. And saline was administered for the placebo group. Survival
and body weight of the mice was measured within 28 days. Then
the mice were euthanized and dissected, and heart, liver, spleen,
kidney and lung were extracted and observed. The results showed
that all the mice survived, and there was no significant difference
in body weight among 2 groups, and there was no significant
pathological change in the organs.

3. Results

3.1. Identification of potent and selective TLR7 inhibitors

To discover potential specific TLR7 inhibitors, we firstly per-
formed a preciously-established cell-based high-throughput
screening assay using engineered HEK-Blue 293 cell lines sta-
bly overexpressing different human TLRs. The TLRs-mediated
nuclear factor kappa-B (NF-kB) activation could be tested by
measuring the secreted embryonic alkaline phosphatase (SEAP)
activity. Several commercial small molecule libraries, which
contained more than 100,000 drug-like compounds, were
screened, and the 5-(piperazin-1-yl) quinoline derivative S1 was
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piperazine, K2CO3, DMF, reflux, 18 h; (C) TFA, DCM, 30 �C, 2 h; (D)
Et3N, DCM, r.t., 6 h; (E) Fe/HCl, rt, overnight.
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identified as potential TLR7/8 dual inhibitor with no obvious in-
hibition to other homologous TLRs (TLR1/2/6, TLR3, TLR4,
TLR5, and TLR9) (Supporting Information Fig. S1A).

To obtain a more potent and specific small-molecule inhibitor
for TLR7, we developed a concise synthetic route for the 5-
(piperazin-1-yl) quinoline scaffold for structural optimization. The
representative synthetic route of the hit compound was shown in
Schemes 1e4. The overall synthetic route of the other compounds
was similar to hit compound S1. Details were slightly different,
listed in Supporting Information. We divided the structure of the hit
compound into three parts for detailed structureeactivity relation-
ship (SAR) studies and aimed for the potential selective inhibitor
for TLR7. For part A, we tried different substituent modifications to
the benzene ring. The results indicated that electron-donating group
showed higher potency than that of electron-withdrawing group (S2
vs S3), and the stronger the electron donating ability was (S4 vs S2),
the better inhibitory activity. Different positions of the methoxy
group introduced to the benzene ring have been explored, and the
para-substitution (S4) showed better activity than either meta- (S9)
or ortho- (S10) modification, suggesting a particular orientation was
desired. The multiple substituents (S11) did not obviously improved
the inhibitory activity for TLR7. The replacement of the benzene
ring by other five- or six-membered rings had no obvious impact on
TLR7 inhibitory activity or selectivity (S6 vs S12 to S14). There-
fore, the para-substituted methoxyphenyl group was chosen as the
optimal one for part A for the following exploration. Then, we
focused on part B and part C. We found that changing the inter-
mediate linker resulted in the decreased TLR7 inhibitory activities
(S4 vs S17, S18). Thus, piperazine and carbonyl groups were still
preferred for part B. Moreover, removing, replacing or changing the
position of the nitrogen atom and nitro group in quinoline group
Br

N

Br

NO2 N
NO2

R

BA

Scheme 2 Synthesis of compounds S15 and S16. Reagents and

conditions: (A) H2SO4, HNO3, r.t., 3 h; (B) tetraphenylphosphine

palladium (0), sodium carbonate, toluene, 90 �C, overnight.
would decrease or even loss the activity to both TLR7 and TLR8
(S1 vs S20 and S4 vs S21 to S26) dramatically. Therefore, we kept
these two parts in the following exploration. Finally, back to part A,
we tried to replace benzene with a larger group. When the
substituted benzene ring was replaced by adamantane (S1 vs S27),
the selectivity was significantly reversed. And with hydrophilic
group in adamantane, the TLR7 inhibitory activity was obviously
better than that of TLR8 (S28, S30 vs S29). Among them, S30
modified with carbonyl in adamantine showed the best activity and
selectivity, which was designated as TH-407b.

Through the extensive structureeactivity relationship (SAR)
study (Table 1), we successfully obtained a specific TLR7 inhib-
itor TH-407b with improved potency and negligible cytotoxicity.
The half maximal inhibitory concentration (IC50) value of TH-
407b in HEK-Blue hTLR7 cells is 0.23 � 0.03 mmol/L, superior
to the reported ones10,11 (Fig. 1A).
3.2. TH-407b inhibited TLR7 signaling pathway and TLR7-
mediated cytokine production

TLR7 activation initiates the signaling cascade and leads to the
increased production of the pro-inflammatory cytokines such as
tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6) and
interleukin-8 (IL-8)20. In order to confirm the on-target effect of
TH-407b to TLR7 in the complex cellular environment, several
experiments were performed to prove TH-407b indeed specifically
inhibit the TLR7 downstream signaling in cultured cell lines.

First, we indicated the effect of TH-407b on inhibiting pro-
inflammatory cytokine, IL-8, in mRNA level in HEK-Blue hTLR7
cells induced by R848, a known synthetic agonist for TLR7/8,
through quantitative reverse transcription-polymerase chain reac-
tion (RT-PCR) (Fig. 1B). We found that different concentrations of
TH-407b could inhibit IL-8 mRNA levels in a dose-dependent
manner with the inactive analog S24 as a negative control.

Then, we conducted further assays to verify the inhibition of
TH-407b to various cytokines. R848 treatment significantly
increased TNF-a production after 24 h. While TH-407b could
dose-dependently inhibit TNF-a and IL-6 production in 2 mg/mL
R848 treated RAW 264.7 cells by ELISA (Fig. 1C).

Finally, we further confirmed that TH-407b targeted TLR7 by
Western blot. TNF receptor associated factor 3 (TRAF3) and the
phosphorylated NF-kappa-B inhibitor alpha (p-IKBa), are all
important downstream proteins to TLR71,2. When R848 was added
to activate the TLR7 signaling pathway, TRAF3 and p-IKBa levels
were increased. And we found that when the TH-407b was added,
TRAF3 and p-IKBa were significantly inhibited (Fig. 1D and



Scheme 4 Synthesis of compounds S-20. Reagents and conditions: (A) 1,10-dinaphthalene-2,20-didiphenylphosphine, tert-butanol sodium, tri

(dibenzyl acetone) dipalladium, toluene, 100 �C, 12 h; (B) TFA, DCM, 30 �C, 2 h; (C) Et3N, DCM, r.t., 6 h.

Table 1 Representative structureeactivity relationship (SAR) results for inhibitory activities of 5-(piperazin-1-yl) quinoline derivatives

in HEK-Blue hTLR7 and HEK-Blue hTLR8 cells.

Compound R1 R2 IC50 (mmol/L)a,b

(TLR7)

IC50 (mmol/L)a,b

(TLR8)

S1 (Hit) eNO2 4-CleC6H4e 0.79 � 0.27 0.13 � 0.03

S2 eNO2 4-CH3eC6H4e 0.86 � 0.39 0.11 � 0.04

S3 eNO2 4-CF3eC6H4e 1.90 � 0.52 0.58 � 0.11

S4 eNO2 4-OCH3eC6H4e 0.53 � 0.09 0.07 � 0.01

S5 eNO2 4-NO2eC6H4e 0.64 � 0.21 0.15 � 0.04

S6 eNO2 C6H5e 1.07 � 0.42 0.10 � 0.07

S7 eNO2 4-FeC6H4e 1.15 � 0.16 0.10 � 0.05

S8 eNO2 4-BreC6H4e 0.97 � 1.23 0.14 � 0.17

S9 eNO2 3-OCH3eC6H4e 1.28 � 1.05 0.08 � 0.03

S10 eNO2 2-OCH3eC6H4e 3.06 � 2.72 0.06 � 0.01

S11 eNO2 2,4-diOCH3eC6H3e 0.41 � 0.33 0.06 � 0.03

S12 eNO2 2.12 � 0.58 0.06 � 0.03

S13 eNO2 0.53 � 0.11 0.10 � 0.01

S14 eNO2 3.00 � 0.37 0.06 � 0.01

S15 0.02 � 0.01 0.02 � 0.01

S16 0.66 � 0.13 1.3 � 0.03

S17 N.A. N.A.

S18 1.14 � 0.94 5.18 � 0.67

(continued on next page)
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Table 1 (continued )

Compound R1 R2 IC50 (mmol/L)a,b

(TLR7)

IC50 (mmol/L)a,b

(TLR8)

S19 N.A. N.A.

S20 eH 4-CleC6H4e N.A. N.A.

S21 eNH2 4-OCH3eC6H4e N.A. 0.82 � 0.04

S22 N.A. N.A.

S23 N.A. N.A.

S24 N.A. N.A.

S25 N.A. N.A.

S26 N.A. N.A.

S27

(TH-407a)

eNO2 0.47 � 0.05 4.57 � 0.76

S28 eNO2 0.43 � 0.09 1.47 � 0.45

S29 eNO2 2.62 � 0.54 3.89 � 0.78

S30

(TH-407b)

eNO2 0.23 � 0.03 1.26 � 0.30

aIC50 values and corresponding standard deviations were determined from at least three independent biological replicates.
bN.A. means no significant inhibitory activity at 100 mmol/L.
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Supporting Information Fig. S13). We also assessed the TRAF and
p-IKBa protein levels within THP-1 cells subsequent to TL8-506
stimulation. When TL8-506 was added to activate the TLR8
signaling pathway, TRAF3 and p-IKBa levels were increased. And
we found that only the highest concentration of TH-407b was
added, TRAF3 and p-IKBa were inhibited (Figs. S1B and S13).

3.3. TH-407b binds to TLR7 and induces receptors dimerization

To explore the inhibition mechanism, an ITC titration analysis was
conducted to examine whether TH-407b directly binds to TLR7
extracellular domain. A TH-407b solution at 1 mmol/L concen-
tration titrated to an 80 mmol/L TLR7 protein solution, and as a
result, the enthalpy change (DH Z �7868 cal/mol) confirmed the
direct binding of TH-407b to TLR7 extracellular domain with a
moderate binding affinity (KD Z 5.1 mmol/L) (Fig. 2A). The
binding affinity of TH-407b is comparable to that of synthetic
TLR7 agonists, such as loxoribine21. To further investigated the
oligomerization state of TLR7 upon TH-407b binding, we per-
formed a crosslinking assay using glutaraldehyde reagent and
quantitatively investigated the band intensity (Fig. 2B). The results
showed that part of TLR7 was crosslinked to dimers even in the
absence of ligands, indicating that TLR7 might form an unli-
ganded dimer in a similar manner with TLR822. In the presence of
a TLR7-specific agonist, GS9620, a large amount of TLR7
transformed to dimers, reconfirming that TLR7 forms a dimer



Figure 1 Characterizations of novel selective TLR7 inhibitor. (A) TH-407b dose-dependently inhibited R848-induced TLR7 activation with an

IC50 of 0.23 � 0.03 mmol/L, while its analog S24 showed much lower potency. (B) IL-8 mRNA level in 2 mg/mL R848 treated HEK-Blue TLR7

cells under different concentrations of TH-407b with S24 as a control. (C) TH-407b could dose-dependently inhibit TNF-a and IL-6 production in

2 mg/mL R848 treated RAW 264.7 cells by ELISA. (D) The expression of TRAF3 and p-IKBa in the TLR7 downstream signaling pathway could

be inhibited by TH-407b. (Center lines indicate means, and whiskers indicate � SEM. P values were determined using one-way ANOVA;

***P < 0.001, ****P < 0.0001).
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when activated by agonistic ligand, which is consistent with the
crystal structures of TLR721. The novel antagonists, TH-407b and
its derivative TH-407a also increased the TLR7 dimer proportion
in a concentration-dependent manner, and the band shape of the
antagonist-induced dimer was distinct from that of the GS9620-
induced dimer, indicating a different pattern of crosslinking. Gel
filtration analysis of crosslinked TLR7 samples also confirmed
that TH-407b induced the formation of dimeric TLR7 (Fig. 2C).
Therefore, we speculated that upon antagonist binding, TLR7 can
form a distinct dimeric structure compared to the activated form.

3.4. Cryo-EM structure of TLR7/TH-407b complex

Next, we performed the cryo-EM analysis of the TLR7/TH-407b
complex to visualize the recognition mechanism of TH-407b by
TLR7. To prevent the dissociation of the complex, we utilized a
crosslinked form of the TLR7/TH-407b complex (Supporting
Information Fig. S2). We successfully determined the cryo-EM
structure of this crosslinked TLR7/TH-407b complex at a 3.2 Å
resolution (Fig. 3A and B, Supporting Information Fig. S3, and
Table S1). The overall structure of the TLR7/TH-407b complex
adopts a C2-symmetric open-form conformation formed by face to
face interaction of two TLR7 protomers (TLR7 and TLR7*,
throughout this paper, we use asterisks to indicate the second
TLR7 and its residues). The densities of TH-407b are clearly
observed inside the TLR7 dimerization interface (Supporting
Information Fig. S4). The C-termini of the two protomers are
separated with a distance of 69 Å, preventing the subsequent as-
sembly of the cytosolic signaling domain. Thus, we refer this
TLR7/TH-407b complex structure as an inactivated conformation.
In comparison to the activated TLR7 dimer (TLR7/GS9620
complex)

23

, when the two structures are aligned according to
one TLR7 protomer, the second TLR7* protomer exhibits a large
displacement of 37 Å at their C-termini (Fig. 3C). When
compared to the TLR8/CU-CPT8m complex structure

8

, inacti-
vated dimers of both TLR7 and TLR8 harbor separated
C-terminus of the protomers, but those of the TLR7 is more
separated from each other compared to those of TLR8. Actually,
the dimerization interfaces of the TLR7/TH-407b complex and the
TLR8/CU-CPT8m complex are spatially conserved and have
either similar or different features of interaction (Supporting
Information Fig. S5A and S5B).

The TH-407b binding site is composed of residues from LRR8,
LRR11-13, and LRR15*-17*, which is spatially distinct from the
agonist binding site of TLR7 (LRR8, LRR11-14 and LRR16*-18*)
(Fig. 3D). TH-407b is recognized via characteristic hydrophobic and
hydrogen bond interactions (Fig. 3E). Specifically, the TH-407b
backbone is surrounded by a pocket composed of many



Figure 2 TH-407b binds to TLR7 and induces receptor dimerization. (A) ITC titration of TH-407b to TLR7 recombinant proteins. Dissociation

constant value (KD) is indicated. (B) Crosslinking assay of ligand-induced dimerization of TLR7. The non-reduced SDS-PAGE gel image is

displayed in the upper panel. Quantitative analysis by ImageJ software of the SDS-PAGE gel image (lower panel). The intensities of the dimeric

TLR7 and monomeric TLR7 band areas were calculated, respectively. A green dashed line indicates the value of dimeric TLR7 in the absence of

any ligands. (C) Gel filtration analysis of glutaraldehyde-crosslinked TLR7 in the absence or presence of 1.0 mmol/L TH-407b. The elution time

of dimeric and monomeric TLR7 is indicated by black arrows. Solid lines and dashed lines indicate the absorbance unit (AU) at 280 nm (A280) and

260 nm (A260), respectively.
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hydrophobic residues (L353, F349, F351, V355, V381, F408, F506*,
F507*, and L528*). Y264, N265, Q531*, and S530* form van der
Waals interaction with TH-407b backbones at the bottom of the
pocket. The quinoline group is sandwiched byF351 and F507*which
forms pep stacking interactions. The nitro group and the N atom in
the quinoline group formmultiple hydrogen bondswith themain and/
or side chain of Y264 and Q354. The carbonyl group on adamantine
forms a hydrogen bond with the R553* side chain, possibly
explaining the stronger activityofTH-407b thanTH-407a. TheTLR7
antagonist binding site corresponds to the same position that was
previously identified in TLR8

7,8 (Fig. S5C and S5D). Similar features
are observed between them, such as hydrophobic environments
composed by conserved residues (Fig. S5C and S5D).

3.5. Inhibition of TLR7 through stabilizing the inactivated
dimeric state by TH-407b

We conducted another inhibition assay using ITC titration
(Fig. 4A). The binding of loxoribine to TLR7 was confirmed with
a binding affinity of KD Z 4.4 mmol/L and DH Z �5828 cal/mol.
By contrast, the heat change upon the titration of loxoribine was
completely obliterated in the presence of pre-mixed TH-407b.
This result demonstrates that the TH-407b-induced inactivated
dimeric TLR7 inhibits the formation of activated dimeric TLR7.

We also performed an ITC titration of TH-407b to TLR7 in the
presence of an agonist (100 mmol/L loxoribine). Interestingly,
even under this condition, we were able to detect the binding of
TH-407b to TLR7 with a comparable KD value (11.7 mmol/L),
although the DH was largely reduced (Supporting Information
Fig. S6). These data indicate the capability of TH-407b binding
to and possibly reversing the activated form of TLR7.

Therefore, we proposed a model of TLR7 inhibition by TH-
407b (Fig. 4B): Unliganded TLR7 exists majorly as a monomeric
form, possibly being in a monomer-dimer equilibrium in a
monomer dominant manner due to the rapid dissociation of the
dimer. TH-407b shifts the equilibrium toward dimer by inducing
and stabilizing an inactivated dimeric TLR7 in which the two
C-terminuses are apart from each other and the downstream



Figure 3 Cryo-EM structure of TLR7/TH-407b complex. (A) Cryo-EM density maps of the TLR7/TH-407b complex are shown as surface

representations. The maps are segmented according to different TLR7 protomers and colored by blue and cyan colors, respectively. Three

different views (front, side, and top) are displayed. Map levels are countered at 0.032. (B) Cryo-EM structure of the TLR7/TH-407b complex is

shown as cartoon (polypeptide) and space-filling (TH-407b) representations. The C, O, and N atoms of TH-407b are colored magenta, red and

blue, respectively. The distance (dashed line) between the Ca atoms of the two C-terminal residues in two protomers are indicated. (C) Com-

parison of the TLR7/TH-407b complex with TLR7/GS9620 complex (PDB: 5ZSJ) (upper) and with TLR8/CU-CPT8m complex (PDB: 5WYX)

(lower). Protein structures are shown as ribbon representations. Distances (red dashed lines) between the Ca atoms of the two C-terminal residues

in two structures are indicated. (D) Schematic representations of TLR7/agonist complex and TLR7/TH-407b complex structures are shown. LRR

domains are displayed by tandem elliptical shapes and ligands are displayed by circles. LRRs involved in ligand binding are colored black and

indicated by numbers. (E) Close-up view of TH-407b recognition (Left). Residues within 5 Å of TH-407b are shown in stick representations. A

schematic view representing the recognition mode of TH-407b is displayed (right). Dashed lines indicate hydrogen bonds.
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cytosolic TIR oligomerization process cannot be initiated. TH-
407b upkeeps this inactivated dimer upon agonist engagement
and eventually inhibits the immune response.

3.6. Therapeutic potential of small-molecule TLR7 inhibitors in
treating SLE

TLR7 is over-expressed in peripheral blood mononuclear cells
(PBMCs) of patients with systemic lupus erythematosus
(SLE)4,5, making it a potential target for drug development. In
order to validate the therapeutic potential of TH-407b, we
measured the level of different cytokines in the patients’ primary
cells treated by various concentrations of TH-407b. We collected
the fresh blood from three SLE patients and their PBMCs were
isolated by density gradient centrifugation24. Then immediately,
cells were treated with indicated compound TH-407b and incu-
bated for 24 h. Finally, through ELISA test, we found that TH-
407b could dose-dependently inhibit the production of TNF-a,
IL-6, and interleukin-1 beta (IL-1b) in PBMCs harvested from
SLE patients (Fig. 5) without any toxicity. Meanwhile, whole
blood from healthy individuals, when stimulated with R848 and
subsequently treated with different TH-407b concentrations for
24 h, displayed a significant inhibition of IFN-a and interferon-
stimulated genes (ISGs) mRNA levels (Supporting Information
Fig. S7).

These results showed that TH-407b treatment exerted potent
anti-inflammatory effects in SLE patients, further supporting to
previous speculations that TLR7 might play a role in the patho-
genesis of these inflammatory disorder and autoimmune diseases.

In order to verify in vivo therapeutic potential of TH-407b,
MRL/lpr mice, a genetically engineered mouse strain prone to
SLE was chosen. MRL/lpr mice are widely used as a SLE mouse
model with comparable symptoms of human patients25. We used
female MRL/lpr mice for about 14 weeks to investigate the phar-
macodynamic properties of TH-407b. Since TH-407b has demon-
strated a relatively short half-life (Supporting Information Fig. S8),
it was administered orally twice daily at a dose of 100 mg/kg.
Positive control group was administered hydroxychloroquine
(HCQ, a drug widely used to treat SLE) orally once daily at
100 mg/kg, and saline was administered for the placebo group.



Figure 4 TLR7 inhibition mechanism of TH-407b. (A) ITC titrations of loxoribine into TLR7 recombinant proteins in the absence or presence

of 500 mmol/L TH-407b. Dissociation constant value (KD) and enthalpy change (DH ) are indicated. N.D. means ‘not detected’. (B) Model of

TLR7 inhibition by TH-B. Unliganded TLR7 is mainly in monomeric form and might also form a pre-formed dimeric form. TH-407b induces an

inactivated dimer of TLR7, which blocks the cytosolic assembly of TIR domains. The formation of activated dimer induced by TLR7 agonists and

downstream signal transduction is inhibited by TH-407b.
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After 4-week administration, the survival rate of TH-407b group
and HCQ group was significantly higher than placebo group
(Fig. 6A), and the rate and severity of skin lesions was much lower
(Fig. 6B and Supporting Information Fig. S9). After dissection, we
found that the spleen and lymph nodes (Supporting Information
Fig. S10) of mice in TH-407b group and HCQ group were signif-
icantly smaller than placebo group since there is no significant
difference in mice weight among three groups (Fig. 6C). Blood was
collected each week during administration and ANA, anti-ds-DNA
antibodies levels were detected by using ELISA assay. The results
showed that placebo group also had significantly higher content
than other groups (Fig. 6D). Histological analysis of the kidneys
confirmed that TH-407b group exhibited mild glomerulonephritis
while placebo group displayed severe glomerulonephritis (Fig. 6E
and F). The average diameter of glomeruli in TH-407b group was
smaller than placebo group (Fig. 6G).

Importantly, acute toxicology experiments indicated negligible
acute toxicity, even at a high dose of 1000 mg/kg. Long-term
treatment toxicity assessment demonstrated no significant toxicity
with a dose of 100 mg/kg administered twice daily for 4 weeks.
Furthermore, an in vitro bacterial reverse mutation assay revealed
no mutagenic potential for TH-407b (Supporting Information
Figure 5 The potential for medicine of TH-407b. (A, B, C) TH-407b co

in PBMCs harvested from the SLE patients. Each data point represents an

indicate � SEM. P values were determined using one-way ANOVA; *P <
Table S2). A hERG binding toxicity assessment indicated mini-
mal inhibitory effect on hERG potassium channels, suggesting a
low risk of cardiac toxicity (Supporting Information Fig. S11).
Taken together, these results indicated that TH-407b could
effectively improve the survival rate of MRL/lpr mice and
improve their symptoms, which further verified its therapeutic
potential in the treatment of SLE.

3.7. Data availability

The cryo-EM density map of the TLR7/TH-407b complex has
been deposited in the Electron Microscopy Data Bank (EMDB)
under accession code EMD-35258. The coordinate of the TLR7/
TH-407b complex structure has been deposited in the RCSB
Protein Data Bank (PDB) under accession code 8I96.

4. Discussion

TLR7 and TLR8 are closely related TLRs with common acti-
vation mechanisms. A large number of TLR8 antagonists and
their complex structures have already been reported7,8 but few
small-molecule inhibitors with elaborated inhibition mechanism
uld dose-dependently inhibit the production of TNF-a, IL-6, and IL-1b

independent sample read. (Center lines indicate means, and whiskers

0.05, **P < 0.01, ***P < 0.001).



Figure 6 Efficacy of TH-407b in treating MRL/lpr mice. (A) Body weight and survival rate. (B) Skin lesions. (C) Spleen weight. (D) Mice

ANA & anti-ds-DNA antibodies level. (E) Histopathological images of the glomeruli with HE stain. (F) Histology scoring for the extent of

glomerulonephritis. The scale bar represents 20 mm. (G) Average diameter of glomeruli. Center lines indicate means, and whiskers

indicate �SEM. P values were determined using one-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001.
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have been reported for TLR7. Here, we reported a well-
characterized small-molecule inhibitor TH-407b to TLR7 with
improved potency and selectivity in cultured cell lines and
ex vivo specimens from SLE patients. In addition, TH-407b
showed good efficacy in treating SLE in mice, which not only
demonstrates it presents considerable therapeutic potential, but
also indicates that TLR7 might play a role in this inflammatory
disorder and autoimmune diseases like SLE. In particular, the
complex structure of TLR7 bound to its specific inhibitor TH-
407b resolved by cryo-EM analysis revealed the detailed mo-
lecular mechanism that TH-407b stabilized the resting/inacti-
vated state of TLR7 and interrupted the TLR7-mediated
signaling cascades. As an atomistic resolution cryo-EM structure
of the TLR family, it not only of value to facilitate structure-
based drug design, but also shed light to methodology develop-
ment of small proteins using EM.

The recognition of backbones of TH-407b and CU-CPT8m via
characteristic pep stacking interactions (TLR7: F351, F349,
F507*; TLR8: Y348, F346, F495*) are similar. Nonetheless,
detailed local structures of the two binding pockets still differ
largely from each other, which shapes their unique ligand pref-
erence. TLR7 has a more spacious pocket with an entrance
composed of F408, F506*, L528*, R553*. By contrast, the
binding pocket of TLR8 is more compact and is completely
encapsulated with no entrance existing. Actually, molecular
weights of published TLR8-specific antagonists targeting
this binding pocket are relatively smaller compared to TH-407b7,8.
Moreover, Q354 of TLR7 forms hydrogen bond interactions with
TH-407b via both its main chain and side chain. The corre-
sponding residue in TLR8 is G351, which is not conserved. The
different pocket sizes and different patterns of hydrogen bond
interactions are possible factors that defines their ligand
preference.

To assess the in vivo therapeutic potential of the TLR8-
selective compound, female MRL/lpr mice were utilized in a
14-week study, investigating the pharmacodynamic properties of
S14. Administered orally once daily at a dose of 50 mg/kg, S14
displayed no significant alterations in spleen index, skin lesion
severity, glomerular diameter, or ANA and anti-ds-DNA antibody
levels compared to the placebo group. Intriguingly, the survival
rate of the S14 group was notably lower than the placebo group
(Supporting Information Fig. S12). These findings indicate the
ineffectiveness of the TLR8-selective compound in SLE treat-
ment, thereby reinforcing the distinct functional roles of TLR7
and TLR8. In summary, we reported by a combination of struc-
tural, chemical biology, and cellular approaches for TLR7, locking
its resting state could be a novel strategy for the SLE treatment.
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