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ABSTRACT

The stimulator of interferon genes (STING), an integral adaptor protein in the DNA-sensing pathway,
plays a pivotal role in the innate immune response against infections. Additionally, it presents a valuable
therapeutic target for infectious diseases and cancer. We observed that fangchinoline (Fan), a bis-
benzylisoquinoline alkaloid (BBA), effectively impedes the replication of vesicular stomatitis virus
(VSV), encephalomyocarditis virus (EMCV), influenza A virus (H1N1), and herpes simplex virus-1 (HSV-1)
in vitro. Fan treatment significantly reduced the viral load, attenuated tissue inflammation, and improved
survival in a viral sepsis mouse model. Mechanistically, Fan activates the antiviral response in a STING-
dependent manner, leading to increased expression of interferon (IFN) and interferon-stimulated genes
(ISGs) for potent antiviral effects in vivo and in vitro. Notably, Fan interacts with STING, preventing its
degradation and thereby extending the activation of IFN-based antiviral responses. Collectively, our
findings highlight the potential of Fan, which elicits antiviral immunity by suppressing STING degra-

dation, as a promising candidate for antiviral therapy.
© 2024 Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

[5,6]. The development of modulators targeting STING has garnered
significant attention for potential applications in treating infectious

In response to cytosolic DNA, stimulator of interferon genes
(STING), a crucial adaptor in the DNA-sensing pathway, dissociates
from the nuclear periphery endoplasmic reticulum and trans-
locates to the Golgi apparatus. It subsequently recruits the down-
stream kinase TANK binding kinase 1 (TBK1), initiating the
expression of type I interferon (IFN-I) [1,2]. Extracellular IFN-I,
bound to IFN-a/f receptor (IFNAR), activates the Janus kinase-
signal transducers and activators of transcription (JAK-STAT)
pathway, leading to the expression of IFN-stimulated genes (ISGs)
[3,4]. To date, over 300 ISG-encoding proteins with direct roles in
pathogen control and immune regulation have been identified
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diseases and cancer, and as vaccine adjuvants [7—10]. Recent
studies have elucidated the intracellular regulatory mechanism
that modulates the intensity and duration of STING-mediated
innate immune responses by inhibiting STING protein degrada-
tion [11,12]. To the best of our knowledge, no small-molecule drugs
targeting this mechanism have been reported to date.
Bis-benzylisoquinoline alkaloids (BBAs), including tetrandrine,
cepharanthine, and berbamine, have demonstrated potent antiviral
activities against a broad spectrum of viruses, such as Ebola virus
(EBOV), herpes simplex virus 1 (HSV-1), and severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) [13,14]. For example,
tetrandrine inhibits the entry of the EBOV into cells by blocking two
endosomal calcium channels [15]. Cepharanthine inhibits HSV-1 by
promoting cellular autophagy [16], whereas berbamine restricts
SARS-CoV-2 replication by disrupting the endolysosomal transport
of angiotensin-converting enzyme 2 (ACE2) through transient re-
ceptor potential mucolipins (TRPMLs) [17]. However, these

2095-1779/© 2024 Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xuanlong@bucm.edu.cn
mailto:yaowang@bucm.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpha.2024.100972&domain=pdf
www.sciencedirect.com/science/journal/20951779
www.elsevier.com/locate/jpa
https://doi.org/10.1016/j.jpha.2024.100972
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jpha.2024.100972

J. Wang, E Xie, X. Jia et al.

pharmacological mechanisms do not fully elucidate the broad
antiviral spectrum of BBAs, suggesting that the potential shared
antiviral mechanism of BBAs remains unknown.

In this study, we report that fangchinoline (Fan), a BBA isolated
from Stephania tetrandra, potently inhibits vesicular stomatitis virus
(VSV), encephalomyocarditis virus (EMCV), influenza A virus (HIN1),
and HSV-1 replication in vitro. In a viral sepsis model, Fan signifi-
cantly diminishes viral loads in organs, mitigates the release of in-
flammatory cytokines, and enhances mouse survival, highlighting
Fan as a promising candidate for antiviral therapy. Mechanistically,
Fan directly interacts with the STING protein, preventing its degra-
dation and prolonging the activation of the IFN-based antiviral im-
mune pathway. This suggests that the pharmacological maintenance
of STING protein expression as a strategy holds the potential for
eliciting an antiviral immune response in antiviral therapy.

2. Materials and methods
2.1. Reagents and antibodies

Fan (C37H49N20g; molecular weight: 608.74; purity: 98.5%) was
provided by Chengdu Push Bio-Technology (Chengdu, China).
Hoechst 33342 was purchased from Sigma-Aldrich (St. Louis, MO,
USA). The 2'3"-cyclic guanosine monophosphate (GMP)-adenosine
monophosphate (AMP) (2',3'-cGAMP), TRIzol, poly(dA:dT), and
poly(I:C) (low molecular weight) were offered by InvivoGen (Hong
Kong, China). 5,6-Dimethylxantheonone-4-acetic acid (DMXAA)
was purchased from Macklin Biochemical Technology (Shanghai,
China). SeaPlaque™ Agarose was purchased from Lonza Group
(Rochester, NY, USA). Fixative solution (4% formaldehyde,
methanol-free) was purchased from Biosharp Life Sciences (Hefei,
China). Dimethyl sulfoxide (DMSO), 1 % crystal violet stain solution,
and Triton X-100 were ordered from Beijing Solarbio Science &
Technology (Beijing, China). Cell Counting Kit-8 (CCK-8) was pur-
chased from Dojindo Laboratories (Kumamoto, Japan). Ruxolitinib
(Rux) was supplied by TopScience LLC. (Shanghai, China). The an-
tibodies used for immunoblotting and immunofluorescence are
displayed in Table S1.

2.2. Mice

The mice we used were all male C57BL/6] (age, 8 weeks) except as
otherwise noted. The male C57BL/6] mice were offered by SPF
Biotechnology Co., Ltd. (Beijing, China). Before the experimental
procedures, all mice were acclimatized in a pathogen-free environ-
ment for one week. C57BL/6 Sting’/’ mice were provided by Dr.
Kunpeng Liu from College of Medicine, Guangxi University, China.
The animal experimental procedures and animal care were approved
by the Animal Care Committee of the Beijing University of Chinese
Medicine, Beijing, China (Approval No.: BUCM—2023112002—4086).

2.3. Cells and viruses

A549 and 1929 cell lines were purchased from American Type
Culture Collection (ATCC). Immortalized bone marrow-derived
macrophages (iBMDMs) were offered by Dr. Feng Shao (National
Institute of Biological Sciences, Beijing, China). These cells were
cultured in Dulbecco's modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. The THP-1 cells, provided by the Chinese Academy
of Sciences (Kunming, China), were fed with Roswell Park Memorial
Institute (RPMI) 1640 medium with 10% FBS and 1% penicillin-
streptomycin. The methods to isolate and culture BMDMs and mouse
embryonic fibroblast (MEF) were described previously [18,19]. All
cells were kept at 37 °C in a humidified 5% CO, incubator.
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All viruses we used were from our laboratory, including VSV
(Indiana strain), VSV labeled with enhanced green fluorescent
protein (VSV-eGFP), EMCV, H1N1 (PR8), and HSV-1.

2.4. Cell viability assay

A549 and 1929 cells were seeded (cultured) in 96-well plates
(3.5 x 10%/5 x 10* cells per well) and grown for 12 h. Cells were
then incubated with Fan for 12 h. Cell viability was measured by
calculating the absorbance of the cells at 450 nm, using a CCK-8
(Dojindo Laboratories).

2.5. Flow cytometry and fluorescence analysis

Before assay, A549 or L929 cells were seeded in a 24-well plate
at a density of 2 x 10°jwell, and cultured overnight before the
assay. After VSV-eGFP infection and treatment with Fan, the cells
were washed after removing the medium. The samples were
trypsinized, centrifuged, and resuspended in cold staining buffer
(phosphate-buffered saline (PBS) with 1% FBS), and analyzed by
flow cytometry (Beckman Coulter, Brea, CA, USA).

For the assay of fluorescence microanalysis, after cotreatment of
VSV-eGFP (MOI 0.1) and Fan for 12 h, A549 cells in a 24-well plate
were observed using a fluorescence microscope (Olympus IX2-UCB,
Tokyo, Japan).

2.6. Plaque assay

The Fan was incubated with VSV in A549 cells for 12 h, and the
supernatant was collected. The appropriate dilution ratio for the
plaque assay was determined. After incubating A549 cells in a 24-
well plate with the diluted virus supernatant at 37 °C for 2 h, the
supernatant was removed, and melted agarose diluted in DMEM
was added. After solidification of the agarose, the plate was inver-
ted and cultured at 37 °C for three days. The 4% formaldehyde was
used to fix cells and stained cells with a crystal violet solution for
counting visible plaques.

2.7. Virus infection assay

Cells were infected with VSV-eGFP (MOI 0.1), and viruses were
absorbed on the cell surface at 4 °C for 2 h. The supernatant was
removed and replaced with fresh medium. Cells were kept for 10 h
at 37 °C with Fan at different stages: pretreatment, attachment,
entry, and post-entry. The intensity of GFP was quantified with flow
cytometry.

2.8. Immunoblotting

As mentioned previously [19], Western blot analysis was per-
formed according to standard procedures. Briefly, proteins from
cells or animal tissues were fully lysed and boiled. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to
concentrate and segregate proteins. Then proteins were wet
transferred to a nitrocellulose membrane, and sealed in 1x tris
buffered saline with Tween 20 (TBST) with 5% bovine serum al-
bumin (BSA) for 1 h. With overnight incubation with relevant pri-
mary antibodies at 4 °C, the membranes were sealed in the
appropriate horseradish peroxidase (HRP)-conjugated antibodies
for 1 h. The membranes were exposed using the Immobilon
enhanced chemiluminescence (ECL) kit (Beyotime, Beijing, China)
and detected on the Tanon-5200 Imaging System (YPH-Bio, Beijing,
China). The primary and secondary antibodies are listed in Table S1.
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2.9. RNA isolation and real-time quantitative polymerase chain
reaction (qRT-PCR) analysis

Total RNA from cells and tissues was extracted using total RNA
extractor (TRIzol) solution (Invitrogen, Carlsbad, CA, USA). RNA was
quantified and reverse-transcribed using an Evo M-MLV RT kit
(Accurate Biology, Changsha, China). The complementary DNA
(cDNA) was diluted to perform qRT-PCR using the SYBR® Green
Premix ProTaq HS qRT-PCR Kit (Accurate Biology, Changsha, China).
The CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
USA) was used to measure the relative messenger RNA (mRNA)
level. The relative level of mRNA was normalized by the B-actin
expression in each sample. Relative expression changes were
calculated by the method of 2-2ACr The primer sequences are listed
in Table S2.

2.10. Enzyme-linked immunosorbent assay (ELISA)

Blood was collected from the euthanized mice. After centrifu-
gation at 4 °C, the blood was separated and mouse serum samples
were collected. The level of interleukin-6 (IL-6) and tumour ne-
crosis factor-alpha (TNF-a) in serum samples was determined
following the instructions of the manufacturer (Proteintech,
Wubhan, China).
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2.11. Transfection of stimulation

For poly(I:C) stimulation, A549 cells were transfected with
poly(I:C)/poly(dA:dT) (1 pg/mL) delivered by polyethyleneimine
(2 pg/mL) for 5 h. After stimulation, the media was changed
completely and the samples were treated or collected for further
analysis.

2.12. Fluorescent imaging

Cells were infected with HIN1 or EMCV and co-treated with
Fan. The cells were fixed, permeabilized, and blocked. Then
appropriate primary antibodies were chosen to overnight incu-
bate them at 4 °C, followed by secondary fluorescent antibodies.
Hoechst 33342 was used to show the shape and position of the
nucleus. Images were viewed on an Olympus FV1000 confocal
microscope.

2.13. Molecular docking

Molecular docking assays were performed using PyMol 2.5 soft-
ware and MOE 2019 software. The PubChem database was used to
download the small-molecule Fan three-dimensional (3D) structure.
After removing the water molecule, and adding hydrogen atoms, the
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Fig. 1. Fangchinoline (Fan) inhibits vesicular stomatitis virus (VSV) in vitro. (A) Molecular structure of Fan. (B) Fluorescence microscopy imaging of VSV labeled with enhanced green
fluorescent protein (VSV-eGFP) (multiplicity of infection (MOI) 0.02) infected A549 cells under different doses of Fan treatment for 12 h. (C) Plaque assay analysis of infectious VSV
viral particle count. Fan-L: low-dose Fan (5 uM); Fan-H: high-dose Fan (10 uM). (D) Real-time quantitative polymerase chain reaction (qQRT-PCR) analysis of VSV glycoprotein (VSV-G)
and the large protein of VSV polymerase (VSV-L) messenger RNA (mRNA) levels. (E) Western blot analysis of VSV-G expression levels. VSV-eGFP (MOI 0.05) infected A549 and
1929 cells were co-incubated with increasing doses of Fan (2.5, 5, and 10 uM) for 12 h, or incubated with Fan for different durations (0, 8, 16, and 24 h). (F—H) Flow cytometry
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P < 0.001, compared to VSV-eGFP group. ns: not significant. BF: bright field image; GAPDH:
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crystal structure of STING (Protein Data Bank (PDB) ID: 6MX3) for
molecular docking was generated.

2.14. Cellular thermal shift assay (CETSA)

iBMDM cells were lysed by using a liquid-nitrogen freezing
system. At room temperature, the total proteins were incubated
with DMSO or Fan (80 uM) for 1 h. The soluble proteins were
separated into indicated PCR tubes and heated at the temperatures
respectively (37, 41, 44, 47, 50, 53, 56, 59, 63, and 67 °C) for 3 min in
a PCR instrument. After heating, the proteins were cooled and
centrifuged at 4 °C for 40 min by centrifugation at 15,000 g. The
supernatant was prepared to perform an immunoblotting analysis.

2.15. STING target engagement by drug affinity responsive target
stability (DARTS) assay

DARTS assay was an effective method to assess target engage-
ment. iBMDM cell protein was harvested, washed with chilled PBS,
and lysed on ice for 1 h. The supernatant was transferred into
72.2 pL of reaction buffer (50 mM tris-HCI (pH 8.0), 50 mM Nacl,
10 mM CaCl,. The concentration of protein was quantitated and
diluted to 5 pg/uL. Then the protein was incubated with Fan (80 uM)
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or DMSO for 1 h. The protein samples were then proteolyzed with
pronase as indicated for 30 min. Finally, the cell lysates were sub-
jected to Western blot to determine the abundance of STING.

2.16. STING degradation assay

iBMDM cells were pre-treated with DMSO or Fan (10 pM) for 3 h
and then co-incubated with DMXAA (15 uM) for different time.
Western blot analysis was then performed according to standard
procedures to detect the expression levels of STING and phos-
phorylated TBK1.

2.17. Animal model of VSV infection

Before the experimental procedures, C57BL/6] mice were accli-
matized at the condition of specific pathogen free. After intraperi-
toneal injection with Fan (10 or 30 mg/kg/day) or DMXAA (10 mg/
kg/day) for 12 h, the mice were treated with an intraperitoneal
injection of VSV (2 x 108 plaque forming unit (PFU) per mouse).
Before analyzing the data by the Kaplan-Meier method, the infec-
ted mice were monitored to record survival and weight. The viral
loads or cytokine expressions in livers, lungs, and spleens were
detected after 24 h infection.
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Fig. 2. Fangchinoline (Fan) inhibits encephalomyocarditis virus (EMCV), influenza A virus (H1N1), and herpes simplex virus-1 (HSV-1) in vitro. (A—C) Dose-response curves showing
the inhibitory effect of Fan in the range of 0.00125—10 uM on viral replication in A549 and L929 cells. Real-time quantitative polymerase chain reaction (QRT-PCR) analysis of viral
genome encoding the EMCV 1C proteins (A), the HIN1 hemagglutinin (HA) proteins (B), and the HSV-1 127 proteins (C). (D) Confocal microscopy of the nucleoprotein (NP) (red) in
A549 cells infected with HIN1 and treated with Fan (5 and 10 uM). Hoechst 33342 dye was used to stain the nuclei of cells (blue). (E) Immunofluorescence images of the double-
stranded RNA (dsRNA) (green) in A549 cells infected with EMCV and treated with Fan (5 and 10 pM). Nuclei (blue) are shown by Hoechst 33342. (F) Fluorescence images of vesicular
stomatitis virus labeled with enhanced green fluorescent protein (VSV-eGFP) (multiplicity of infection (MOI) 0.1) infected A549 cells with the treatment of dimethyl sulfoxide
(DMSO) or Fan for 24 h. Propidium iodide (PI) and Hoechst 3334 were used to stain the cells (n = 5). The data above are presented as mean + standard deviation (SD). **#P < 0.001,
compared to control group; P < 0.001, compared to VSV-eGFP group. SI: selectivity index; ECso: concentration for 50% of maximal effect; DAPI: 4',6-diamidino-2-phenylindole;

BF: bright field image.
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2.18. Hematoxylin and eosin (H&E) staining

Lungs were collected from all groups, rinsed with pre-chilled
PBS, and fixed overnight, followed by dewaxed, rehydrated, and
then stained with H&E. Tissue sections were prepared and per-
formed microscopic pathology analysis.

2.19. Transcriptome data analysis

Both wild-type (WT) and IFNAR1~/~ A549 cells were treated
with DMSO or Fan for a duration of 24 h. Trizol was used for cellular
RNA extraction. Then sequencing libraries were established. Illu-
mina NovaSeq platform was used to obtain paired-end reads of 150
bp by sequencing the libraries. Clean data (clean reads) were ac-
quired by eliminating reads that contained adapters, poly-N, or
were of low quality from the raw data. The reads were aligned to
the reference genome using the hisat2 tool. Differential expression
analysis was conducted on the raw data counts of all genes in each
sample, considering genes with a P value < 0.05 and log2(fold
change) > 1 as significantly differential expression.

The ClusterProfiler R package was used to implement Gene
Ontology (GO) enrichment analysis based on the differentially

Journal of Pharmaceutical Analysis 14 (2024) 100972

expressed genes. The gene set enrichment analysis (GSEA) software
was used to carry out GSEA using curated gene sets (C2) obtained
from the Molecular Signatures Database (MSigDB) database.

2.20. Statistics

All of the data were reported as mean + standard deviation (SD)
as indicated. For two groups, comparisons were performed by
Student's t-test. Multiple comparisons were tested by one-way
analysis of variance (ANOVA) with a Bonferroni post-test. Experi-
ment data were analyzed using GraphPad Prism 9.0 software.
P < 0.05 is considered to be statistical significant.

3. Results
3.1. Fan inhibits VSV in vitro

A549 lung epithelial cells, known for their susceptibility to vi-
ruses including VSV, EMCV, H1N1, and HSV-1, were subjected to
immunofluorescence staining screening to assess the efficacy of 317
compounds from a traditional Chinese medicine monomer library.
Among these compounds, Fan, a BBA extracted from Stephaniae
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Fig. 3. Fangchinoline (Fan) inhibits the replication of vesicular stomatitis virus (VSV) and alleviates VSV-induced inflammation in vivo. (A) Model diagram of Fan treatment in the
C57BL/6 mouse disease model of VSV intraperitoneal infection. Each group of mice except control mice was pre-treated with intraperitoneal injections of Fan and 5,6-
dimethylxanthenone-4-acetic acid (DMXAA), followed by intraperitoneal infection with a virus at a dose of 2 x 10® plaque forming unit (PFU) per mouse. (B) Survival curves of
mice intraperitoneally infected with VSV under Fan (30 mg/kg/day) and DMXAA (10 mg/kg/day) treatment (n = 5 in each group). (C) Curves of the changes in body weight of mice
intraperitoneally infected with VSV under Fan (30 mg/kg/day) and DMXAA (10 mg/kg/day) treatment (n = 5). (D) Real-time quantitative polymerase chain reaction (qQRT-PCR)
analysis was performed to detect the transcript levels of RNA encoding VSV glycoprotein (VSV-G) in the liver, lung, and spleen tissues of VSV infected mice (n = 5). (E) Immu-
noblotting of VSV-G levels in lung and spleen tissues. (F) Super-resolution microscopy imaging of lung sections of VSV infected mice. (G) Enzyme linked immunosorbent assay
(ELISA) was employed to measure the concentrations of tumour necrosis factor-o. (TNF-2.) and interleukin-6 (IL-6) in serum (n = 5). Fan-L: low-dose group (10 mg/kg/day); Fan-H:

high-dose group (30 mg/kg/day). The data above are shown as mean + standard deviation (SD). ***P < 0.001, compared to control group; ‘P < 0.05, P < 0.01, and

compared to VSV group. GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

P < 0.001,
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tetrandra (Fig. 1A), exhibited the most pronounced reduction of VSV
glycoprotein (VSV-G) levels, as indicated by reduced green immu-
nofluorescence staining (Fig. 1B). Furthermore, Fan demonstrated a
dose-dependent reduction in plaque formation, indicating
decreased viral yield in cell culture supernatants (Fig. 1C). Addi-
tionally, qRT-PCR and immunoblotting were employed to assess the
antiviral activity of Fan by monitoring the expression of VSV RNA
and G protein, respectively. The results demonstrated that Fan
exerted potent inhibition on VSV replication in dose- and time-
dependent manners (Figs. 1D and E).

The antiviral effect of Fan was evaluated at different stages using
a time-of-drug addition assay in a single infectious cycle (Fig. 1F).
Flow cytometry revealed that Fan primarily inhibited VSV infection
at the post-entry step, as indicated by decreased viral replication
when Fan was added 3.5 h after infection (Figs. 1G and H). Notably,
pre-treatment with Fan before viral attachment significantly sup-
pressed viral replication, albeit with a less pronounced effect dur-
ing viral attachment, suggesting that Fan may modulate host
factors post-viral entry to exert inhibitory effects on viral
replication.
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3.2. Fan is a pan-viral inhibitor in vitro

To investigate the potential cross-protection of Fan against other
viruses, we conducted viral-load reduction assays for HIN1, EMCV,
and HSV-1 in various virus-permissive cell lines. Fan exhibited
minimal cytotoxicity in both A549 and 1929 cell types, with a half
maximal inhibitory concentration (ICsg) value of approximately
40 pM. Subsequent experiments were performed using concen-
trations that maintained cell viability above 90%. qRT-PCR analysis
revealed that Fan treatment led to a notable decline in the viral
mRNA levels of EMCV, HIN1, and HSV-1 (Figs. 2A—C). Immuno-
fluorescence staining indicated reduced H1N1 nucleoprotein (NP)-
positive cells and attenuated fluorescence intensity within these
cells following Fan treatment (Fig. 2D). Furthermore, Fan treatment
substantially decreased double-stranded RNA (dsRNA) formation
during EMCV infection [20] (Fig. 2E) and reduced the percentage of
dead cells induced by viral infection (Fig. 2F). Collectively, Fan
demonstrated broad-spectrum antiviral efficacy, inhibiting the
replication of EMCV, H1N1, and HSV-1 in both human and mouse
cells.
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3.3. Fan protects against VSV infection in mice

Given that both tetrandrine and Fan are BBAs derived from Ste-
phaniae tetrandra, we administered 30 mg/kg Fan, an equivalent
concentration of tetrandrine used clinically to treat pneumoconiosis
and rheumatoid arthritis (30—50 mg/kg)[21,22]. The antiviral activity
of Fan was assessed in a murine VSV-induced viral sepsis model, with
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DMXAA, a known STING agonist, serving as a positive control [23]
(Fig. 3A). The results demonstrated that pre-treatment with Fan or
DMXAA significantly prolonged the survival time of mice (Fig. 3B) and
effectively alleviated virus-induced weight loss, with weight recovery
observed on day 6 of treatment (Fig. 3C).

Moreover, viral loads were significantly reduced in liver, lung,
and spleen tissues in drug-treated mice compared with that in VSV-
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infected mice (Fig. 3D); furthermore, expression levels of VSV-G
were decreased in lung and spleen tissues (Fig. 3E). H&E staining
demonstrated that Fan treatment effectively mitigated virus-
induced inflammatory cell infiltration in lung tissues (Fig. 3F).
Additionally, Fan significantly inhibited mRNA expression of
inflammation-related genes, including Tnf-q, II-6, and C—X—C motif
chemokine ligand 10 (Cxcl10) (Fig. S1), and led to decreased serum
secretion of TNF-a and IL-6 (Fig. 3G). Collectively, our findings
suggest that Fan protects against VSV challenge in a mouse model
by suppressing viral replication and mitigating associated inflam-
matory dysregulation in the host.

3.4. Treatment with Fan initiates innate antiviral immunity and ISG
expression

We used RNA sequencing (RNA-seq) to examine global tran-
scriptome changes in human A549 cells after Fan treatment. Bio-
informatics analysis revealed 896 differentially expressed genes
(DEGs), including 663 upregulated and 233 downregulated genes,
in Fan-treated cells compared with that in the control group. The
upregulated DEGs included several ISGs, including myxovirus
resistance 1 (MX1), IFN induced protein with tetratricopeptide re-
peats 1 (IFIT1), and 2'-5'-oligoadenylate synthetase 2 (OAS2)
(highlighted in red in Fig. 4A). For these upregulated genes, GO
enrichment analysis revealed significant enrichment of pathways
associated with antiviral defence response and IFN-I signalling
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(Fig. 4B). GSEA using the Reactome Pathway Database as a reference
gene set indicated substantial upregulation of IFN-related path-
ways in Fan-treated cells. Conversely, the process of human im-
munodeficiency virus (HIV) infection was markedly
downregulated, consistent with previous findings on the inhibitory
effects of Fan against HIV [24] (Fig. 4C). Additionally, qRT-PCR
analysis validated the RNA seq results, showing a significant in-
duction of all annotated ISGs upon treatment with Fan, exhibiting a
5—10-fold increase compared with that in the control group
(Fig. 4D). Furthermore, immunoblotting confirmed the upregula-
tion of the most prominent ISG, MX1, at the protein level. Treat-
ment with Fan alone enhanced MX1 expression in a dose- and
time-dependent manner (Fig. 4E). We observed that this treat-
ment further augmented the induction of MX1 expression by the
dsRNA mimic, poly(I:C) (Fig. 4F), a potent activator of the innate
antiviral immune response. These findings suggest that Fan induces
and enhances the expression of ISGs involved in antiviral immunity.

3.5. Fan elicits antiviral responses in dose- and time-dependent
manners

To assess the effect of Fan on IFN and ISG expression in different
cell types, qRT-PCR was performed to examine the effect of Fan
treatment on THP-1, MEF, BMDM, and L929 cells. The results
revealed a noticeable time-dependent increase in the mRNA levels
of IFN beta 1 (IFNB1), MX1, IFIT1, and other ISGs (Fig. 5A).
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Furthermore, Fan treatment enhanced the mRNA levels of IFNB1
and ISGs induced by the treatment with the dsRNA mimic poly(I:C),
dsDNA mimic poly(dA:dT), and the STING agonist cGAMP in a time-
dependent manner in A549 and L1929 cells (Figs. 5B—D). Tran-
scription factor enrichment analysis of the DEGs revealed signifi-
cant enrichment of transcription factors involved in IFN pathways,
including STAT1, IFN regulatory factor 3 (IRF3), IRF9, and nuclear
factor kappa-B p65 (RELA) (Fig. S2). Therefore, immunoblotting was
performed to assess the impact of drug treatment on transcription
factor activation. These results indicated that Fan markedly induced
phosphorylation of TBK1, STAT1, and STAT2 in THP-1 and MEF cells
in dose- and time-dependent manners (Figs. 5E and F). Addition-
ally, Fan treatment directly facilitated the nuclear translocation of
IRF3 and STAT1 (Figs. 5G, 5H, and S3). Collectively, these results
indicate that Fan induces antiviral responses in dose- and time-
dependent manners.

3.6. Antiviral effects of Fan depend on IFN-I-based antiviral
immunity

To explore the relationship between the antiviral effect of Fan and
the IFN pathway, cells were co-treated with the JAK-specific inhibitor
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Rux [19]. Significant inhibition of ISG expression was observed
following Fan treatment (Fig. 6A). Subsequently, the expression of
antiviral-related genes in WT and IFNAR1 = A549 cells following
drug treatment was assessed. Fan upregulated the expression of
multiple ISGs, including MX1, IFIT1, and OAS2 in WT cells. However,
this upregulation was nearly eliminated in the heatmap in IFNART 7/~
A549 (Fig. 6B), and qRT-PCR experiments yielded similar results
(Fig. 6C). Flow cytometry and immunoblotting results further
demonstrated that the inhibitory capacity of Fan against viruses was
compromised in IFNAR1 /= cells (Figs. 6D and E). We also assessed the
knockout efficiency of IFNAR1, as shown in Fig. 6F. The band on the
right almost disappeared, demonstrating a successful knockout
(Fig. 6F). These data suggest that Fan activates antiviral immunity that
relies on the IFN-I pathway.

3.7. Fan binds STING to prevent its protein degradation and initiate
antiviral responses

STING, a crucial adaptor molecule in the innate antiviral im-
mune response, plays a pivotal role in activating downstream IFN-I
expression via both cyclic GMP-AMP synthase (cGAS)-dependent
and -independent mechanisms [25,26]. Significant advancements
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have been made in elucidating the regulatory mechanisms gov-
erning STING degradation to activate and prolong antiviral immune
responses [27,28]. Our molecular docking analysis revealed that Fan
binds to STING with a free binding energy of —8.0 kcal/mol, forming
hydrogen bonds with the GLN-266 and TYR-261 residues of the
STING protein and participating in hydrophobic interactions with
the VAL-208, THR-263, TYR-261, GLU-260, and TYR-167 residues
(Fig. 7A). These results indicate a potential interaction between Fan
and STING.

Biotin-Fan (Bio-Fan) was synthesised to investigate its binding
to STING (Fig. 7B). Immunofluorescence confocal microscopy
revealed that treatment with Bio-Fan led to the time-dependent
formation of STING puncta (Fig. 7C), which is a crucial character-
istic associated with the recruitment and activation of downstream
proteins [29,30]. Additionally, Bio-Fan was evidently co-localised
with STING puncta inside the cells, which gradually increased
during drug treatment, suggesting a direct interaction between Fan
and STING in the cells (Figs. 7C and S4). Additionally, CETSA and
DARTS assay demonstrated that Fan enhanced the stability of STING
under high-temperature and protease digestion in vitro (Figs. 7D
and E). Consistent with these results, surface plasmon resonance
(SPR) indicated that Fan bound to STING in a concentration-
dependent manner with a dissociation constant of 2.88 uM,
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suggesting a strong binding ability of Fan to STING (Fig. 7F).
Importantly, we observed that treatment of iBMDM cells with
DMXAA led to progressive degradation of STING protein, whereas
treatment with Fan significantly attenuated this degradation pro-
cess, thereby sustaining TBK1 activation (Fig. 7G). qRT-PCR and
immunoblotting revealed that treatment with Fan did not alter the
mRNA and protein levels of STING (Figs. 7H and I). These findings
suggest that Fan directly interacts with STING to inhibit its degra-
dation and sustain the activation of TBK1.

3.8. Fan inhibits virus replication in a STING-dependent manner
in vitro and in vivo

To examine the relationship between the antiviral capacity of Fan
and STING both in vitro and in vivo, we generated Sting/~ mice and
Sting’/* MEF cells (Fig. 8A). Fan treatment in WT cells significantly
increased the expression of Ifnb1, Mx1, Ifitl, and Oas2 (Fig. 8B). In
contrast, this upregulation was nearly entirely suppressed in Sn'ng‘/ -
MEF cells (Fig. 8B). Similar results were observed in the liver, lung,
and spleen tissues of mice intraperitoneally injected with Fan, as
determined using qRT-PCR analysis (Figs. 8C and S5). Moreover, the
antiviral effect of Fan was weakened in Sting*/* MEF and the pro-
tective effect of Fan against VSV infection was eliminated in Sting ™/~
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mice (Figs. 8D and E). These findings indicate that Fan induces an
antiviral response and inhibits viral replication both in vitro and
in vivo in a STING-dependent manner.

4. Discussion

Previous studies have shown that cepharanthine, tetrandrine,
and berbamine, which are BBAs components of plants of the genus
Stephania, have potent antiviral activities [31—33]. However, the
reported antiviral mechanisms to date do not comprehensively
elucidate the broad antiviral spectrum of BBAs, indicating a need to
uncover a potential shared mechanism underlying their antiviral
effects. Fan, also a BBA and a major active therapeutic constituent of
Stephania tetrandra, was investigated in this study. We observed
that Fan effectively inhibited the replication of VSV, EMCV, H1N1,
and HSV-1 in vitro. Additionally, in a viral infection model, Fan
demonstrated the capacity to reduce viral loads in organs, mitigate
virus-induced inflammation, and extend the survival of infected
mice.

Transcriptome sequencing analysis of Fan-treated cells revealed
a significant upregulation of genes associated with antiviral innate
immunity, the IFN-I pathway, and negative regulation of viral
replication. Furthermore, Fan activated ISGs such as Mx1, Ifit1, and
Oas2 in both primary cells and mice. Fan treatment induced the
phosphorylation of the downstream protein kinase TBK1 and
transcription factors IRF3, STAT1, and STAT2. However, the antiviral
and immune-activating activities of Fan were markedly suppressed
by JAK inhibitor treatment and in IFNART/~ cells, indicating that
Fan exerts its antiviral effects through an IFN-I-based immune
response. Based on their similar chemical structures, we speculated
that BBAs might inhibit viral replication via a shared mechanism
similar to that of Fan.

STING, a key adaptor protein in the IFN-I pathway, recruits TBK1
to activate the antiviral innate immune response by inducing the
expression of IFN-I and proinflammatory cytokines. It plays an
indispensable role in host defence against viral infections caused by
both DNA and RNA viruses [2,34—36]. Our experiments revealed
that Fan was unable to promote the expression of ISGs and signif-
icantly attenuated the antiviral function, both in vivo and in vitro,
when STING was knocked out. This suggests that Fan activates the
STING-dependent immune response.

STING agonists, including DMXAA, cGAMP, and 5-hydroxytryp-
tamine-DNA (HT-DNA), have demonstrated promising antiviral and
anti-tumour activities in drug development [37—40]. STING grad-
ually degrades upon activation by its agonists, such as DMXAA,
cGAMP, and HT-DNA [41,42]. Notably, inhibiting or slowing down
the degradation of STING can extend and amplify STING-mediated
immune responses [43]. The sustained expression of STING pro-
motes the expression of ISGs and serves as an effective defence
mechanism for the host against viral invasion [44]. Despite their
therapeutic potential, certain small-molecule agonists of STING,
such as DMXAA, exhibit dose-limiting toxicity and species limita-
tions in early-phase clinical trials [45]. Our findings reveal that Fan
substantially inhibits STING degradation and prolongs the main-
tenance of innate immune signalling through direct interaction
with STING. The administration of Fan may help leverage this
innovative pharmacological mechanism to augment immune acti-
vation and antiviral effects with minimal toxicity, thereby offering
promising clinical applications.

5. Conclusion
Collectively, our findings highlight the potential of Fan as a

natural small molecule that enhances the maintenance of antiviral
innate immune activation by inhibiting STING degradation. Fan
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exhibits antiviral activity both in vivo and in vitro, positioning it as a
potential drug candidate against viral infections. The findings
suggest that the pharmacological maintenance of STING protein
expression and activation of the antiviral immune response could
be a viable strategy to combat viral infections and develop new
therapeutics.
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