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� This study developed a novel
therapeutic agent alisol B 23-acetate
for COVID-19 treatment.

� Alisol B 23-acetate has inhibitory
effects on different species of
coronavirus including MERS-CoV,
SARS-CoV-2, SARS-CoV-2.B.1.1.7
lineage (Alpha variant), B.1.617.2
lineage (Delta variant), B.1.1.529
lineage (Omicron variant) and
Omicron BA.5.2 lineage.

� Alisol B 23-acetate has inhibition
potency toward ACE2.

� Alisol B 23-acetate protects against
SARS-CoV-2 and its variants
challenge in several animal models.

� Alisol B 23-acetate also shows anti-
inflammation activities in vivo and
in vitro.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o
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Introduction: Emerging severe acute respiratory syndrome (SARS) coronavirus (CoV)-2 causes a global
health disaster and pandemic. Seeking effective anti-pan-CoVs drugs benefit critical illness patients of
coronavirus disease 2019 (COVID-19) but also may play a role in emerging CoVs of the future.
Objectives: This study tested the hypothesis that alisol B 23-acetate could be a viral entry inhibitor and
would have proinflammatory inhibition for COVID-19 treatment.
Methods: SARS-CoV-2 and its variants infected several cell lines were applied to evaluate the anti-CoVs
activities of alisol B 23-aceate in vitro. The effects of alisol B 23-acetate on in vivo models were assessed
by using SARS-CoV-2 and its variants challenged hamster and human angiotensin-converting enzyme 2
proin-
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COVID-19
Anti-immunoinflammatory activity
ACE2
(ACE2) transgenic mice. The target of alisol B 23-acetate to ACE2 was analyzed using hydrogen/deuterium
exchange (HDX) mass spectrometry (MS).
Results: Alisol B 23-acetate had inhibitory effects on different species of coronavirus. By using HDX-MS,
we found that alisol B 23-acetate had inhibition potency toward ACE2. In vivo experiments showed that
alisol B 23-acetate treatment remarkably decreased viral copy, reduced CD4+ T lymphocytes and CD11b+

macrophages infiltration and ameliorated lung damages in the hamster model. In Omicron variant
infected human ACE2 transgenic mice, alisol B 23-acetate effectively alleviated viral load in nasal turbi-
nate and reduced proinflammatory cytokines interleukin 17 (IL17) and interferon c (IFNc) in peripheral
blood. The prophylactic treatment of alisol B 23-acetate by intranasal administration significantly atten-
uated Omicron viral load in the hamster lung tissues. Moreover, alisol B 23-acetate treatment remarkably
inhibited proinflammatory responses through mitigating the secretions of IFNc and IL17 in the cultured
human and mice lymphocytes in vitro.
Conclusion: Alisol B 23-acetate could be a promising therapeutic agent for COVID-19 treatment and its
underlying mechanisms might be attributed to viral entry inhibition and anti-inflammatory activities.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

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

Within two decades, the world has experienced three major
outbreaks of coronavirus (CoVs) disease (COVID), including severe
acute respiratory syndrome (SARS), middle east respiratory syn-
drome (MERS) and COVID 2019 (COVID-19) [1–3]. With rapid
transmission and high mutation of SARS-CoV-2, the COVID-19 pan-
demic has made much higher public health disasters and economic
damages than SARS-CoV and MERS-CoV pandemics. Coronavirus
infects human through receptor-binding domain (RBD) of spike
protein binding to the angiotensin-converting enzyme 2 (ACE2)
receptor. Until now, 12 different important variants have been
identified including B.1.1.7 (Alpha), B.1.351 (Beta), B.1.525 (Eta),
B.1.427/B.1.429 (Epsilon), B.1.526 (Iota), B.1.617.1 (Kappa),
B.1.617.2 (Delta), C.37 (Lambda), P.1 (Gamma), P.2 (Zeta), P.3 (Theta)
and B.1.1.529 (Omicron) [4–8]. Recently, Omicron and its variants
become the most popular SARS-CoV-2 variants. The Omicron vari-
ants obtain larger numbers of mutations in RBD region and have
high affinity to bind human receptor ACE2 [9]. Meanwhile, the
mutation in RBD of Omicron variants exhibits the increased anti-
body evasion, leading the rapid spread of the Omicron variants
[10]. With its high transmissibility, the Omicron variants have
rapidly replaced Delta as the dominant variants globally. Under
the global application of multiple COVID-19 vaccinations, Omicron
variant infection appears to have the attenuated symptoms and
mortality. However, the aged patients with Omicron infection still
suffer from severe lung inflammation and other complications,
leading to the increase of mortality.

Scientists has made great effects to seek effective drugs for
COVID-19 treatment. Remdesivir, hydroxychloroquine and
lopinavir-ritonavir were initially developed for COVID-19 treat-
ment with pan-coronavirus inhibitory effects, but their clinical
effectiveness were unsatisfactory and controversial [11–15]. Com-
bination treatment of interleukin-6 receptor inhibitors tocilizumab
and sarilumab were studied to increase survival rates in severe
COVID-19 patients [16]. Paxlovid (nirmatrelvir plus ritonavir), the
SAR-CoV-2 main protease inhibitor, revealed antiviral activities
and reduced the risk of critical illness or death [17–19]. However,
Paxlovid treated COVID-19 patients showed greater incidence of
viral rebound than the untreated Omicron variant infected patients
[20]. Notably, SARS-CoV-2 Omicron variant exerts drug resistances
[20] and have antibody evasion [21]. With potential new emerging
variants and/or newly species in the future, developing potential
therapeutic agent against SARS-CoV-2 and its mutants are urgent
needed for drug discovery to COVID-19 treatment.

Natural medicinal compounds are important sources for drug
discovery. Traditional Chinese Medicine (TCM) has long history
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against epidemic infective diseases. In China, several TCM formulae
are recommended as potential therapeutic agents but the scientific
basis and effectiveness remain to be explored. QingFei PaiDu
(QFPD) Decoction is one of the representative herbal prescriptions
recommended for COVID-19 treatment in China. A recent review
and meta-analysis suggests the effectiveness and safety of QFPD
as an adjunct therapy with conventional treatment against
COVID-19 [22]. Several antiviral and anti-inflammation com-
pounds including Oroxylin A, hesperetin, scutellarin, glycyrrhizic
acid and glycyrrhizin, were identified from the QFPD [23–25].
The triterpenoids licorice-saponin A3 and glycyrrhetinic acid from
licorice were reported to inhibit SARS-CoV-2 infection by targeting
spike protein of SARS-CoV-2 [26]. Thus, we initially tested 35
active compounds from QFPD with potentials of anti-viral, anti-
inflammation and immunomodulation for screening anti-
coronavirus compounds based on the literatures [23–25,27–30].
We found alisol B 23-acetate, an active compound from Alismatis
Rhizoma, showed inhibitory effects on SARS-CoV-2 infection
in vitro (Fig. S1). Alisol A/B/C and their acetate derivatives are the
major bioactive compounds among triterpenoid compounds of
Alismatis Rhizoma [31]. Alisol A and alisol B 23-acetate have antibi-
otic bioactivities [32]. Alisol B 23-acetate also reveals the anti-
cancer, anti-inflammation and hepatoprotective properties [33–
35]. Alisma herb extract and its ingredient alisol B 23-acetate could
attenuate allergic asthma and lipopolysaccharide-induced acute
lung injury [36,37]. It is of interesting to explore the potentials of
Alisol A/B/C and their acetate derivatives for COVID-19 treatments.

The aim of this investigation was designed to develop a novel
therapeutic agent for COVID-19 treatment. In the present study,
we performed a series of experiments to test the hypothesis that
alisol B 23-acetate could be a promising antiviral compound
against COVID-19 via viral entry inhibition and anti-
inflammatory activities.

To fully achieve the anti-CoVs activities of alisol B 23-acetate,
we tested inhibitory effects of alisol B 23-acetate on different spe-
cies of coronavirus lineages in vitro firstly. We adopted pseudo-
typed Vesicular Stomatitis Virus (VSV) and receptors
overexpressed cells to explore the potential mechanisms of alisol
B 23-acetate in viral entry. HDX-MS techniques were utilized to
verify the molecular interaction between alisol B 23-acetate and
ACE2 receptor. To identification of alisol B 23-acetate for COVID-
19 treatment, several coronaviruses challenged animal models
were established to evaluate the role of alisol B 23-acetate in ame-
liorating lung damage and inflammation caused by virus. The
potential drug alisol B 23-acetate could benefit critical illness
patients of COVID-19 but also may play a role in new emerged
CoVs variants in the future.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Materials and methods

Cell culture

Human epithelial colorectal adenocarcinoma cells (ATCC, Caco-
2), African green monkey kidney cells, clone E6 (ATCC, Vero E6) and
adenocarcinoma human alveolar basal epithelial cells expressing
human ACE2 and human TMPRSS2 (InvivoGene, A549-ACE2-
TMPRSS2) were applied for antiviral studies. Vero E6 cells stably
expressed TMPRSS2 and HEK293 cells (ATCC) stably expressed
hACE2 were generated by transducing lentivirus and followed by
puromycin selection. All cells were maintained in DMEM supple-
mented with 10 % FBS, 50 U/ml penicilin and 50 lg/ml
streptomycin.

Virus

The SARS-CoV-2 HKU-001a strain (GenBank accession number:
MT230904) and Omicron B.1.1.529 lineage (GenBank: OM212472)
were isolated from the nasopharyngeal aspirate specimen of
laboratory-confirmed COVID-19 patients in Hong Kong [38,39].
The MERS-CoV (HCoV-EMC/2012) was a gift from Dr. Ron Fouchier.
The Alpha variant (GenBank: OM212469), Delta variant (GenBank:
OM212471), and Omicron BA.5.2. (GISAID accession:
EPI_ISL_13777658) were archived in Department of Microbiology,
The University of Hong Kong. All viral associated experiments
involving live SARS-CoV-2, Alpha variant, Delta variant, Omicron
variant and MERS-CoV were conducted in the Biosafety Level 3
Facility at the University of Hong Kong and used the standard oper-
ating procedures as our previous report [40].

Antiviral assay in vitro

Caco-2 cells and VeroE6 were infected with SARS-CoV-2 HKU-
001a, Alpha variant, Delta variant, Omicron variant, and MERS-
CoV with 0.1 multiplicity of infection (MOI). After 1 h of infection,
the inoculum was removed, and the cells were washed with PBS.
Alisol A, alisol B, alisol C and their derivatives were purchased from
commercial company with purity � 98 % (Chengdu Push Biotech-
nology). The chemicals were dissolved in DMSO for treatment. Cell
viabilities of A549, Caco-2 and VeroE6 were detected by 3-(4,5-di
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) after
48 h treatment with alisol B 23-acetae at 5, 10, 20, 40, 60 lM.
Supernatants and cell lysis were collected at 24- or 48-hours post
inoculation (hpi) for plaque assays and quantitative real-time PCR
assay (qRT-PCR). Viral loads of MERS-CoV, SARS-CoV-2, Alpha vari-
ant, Delta variant and Omicron variant were determined by qRT-
PCR. The primers and probe sequences used for viral load detection
were showed in Table S1.

Pseudotype-based vesicular stomatitis virus assay

As previous report, SARS-CoV-2 and its variants spike protein
pseudotyped Vesicular Stomatitis Virus (VSV) were generated with
small modifications [41]. In detail, BHK-21/WI-2 cells (Kerafast)
overexpressing with spike proteins were inoculated with VSV-G
psedutyped DG-luciferase VSV (Kerafast). After 24 h VSV-G anti-
body (I1, ATCC) inoculation, pseudotyped particles were collected
by removing cell debris and stored at �80 �C until use. SARS-
CoV-2 Omicron variant spike fluc pseudovirus were purchased from
Quimigen (PSSO-HLA003). In viral entry test, A549-ACE2-TMPRSS2
cells and HEK293-hACE2 were treated with alisol B 23-acetate at
12.5, 25, 50 lM for 1 h prior to inoculation with respective pseudo-
typed VSV. After treated with alisol B 23-acetate for 1 h, the cells
were refed with fresh culture medium. At 24 h post-
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transduction, we quantitatively determined the firefly luciferase
activity by using bright-GloTM luciferase assay (Promega).

Virus attachment assay

We tested the role of alisol B 23-acetate on virus-cell attach-
ment applying SARS-CoV-2 and VeroE6 cells. Three doses of alisol
B 23-acetate were pre-incubated with VeroE6 cells at 2 h before
virus infection at 12.5, 25, 50 lM. After 2 h of alisol B 23-acetate
treatment, SARS-CoV-2 virus were inoculated into cells with MOI
at 5. The cells were incubated at 4 �C for 1.5 h to allow the virus
attachment. After 1.5 h post-transduction, the cells were collected
and staining with spike protein of SARS-CoV-2 for flow cytometry
analysis.

HDX-MS analysis

HDX-MS analysis was performed to investigate the binding
potentials of alisol B 23-acetate to ACE2 according to the protocol
as previous report with minor modifications [42]. ACE2 protein
was purchased from Genescript Biotech Corp (NP_068576.1, resi-
dues 18–740) and dissolved in phosphate buffer at 20 lM. Alisol
B 23-acetate was dissolved in 15 % ethanol and reacted with
ACE2 at 9:1 in a 10 lL solution system. Deuterium exchange was
initiated protein sample with 30 lL D2O phosphate buffer (pD
7.4). After exchanged for 1, 10 and 60 min, the mixtures were ana-
lyzed by HDX-MS using Waters ACQUITY UPLC system equipped
with Waters Synapt G2-Si mass spectrometer. The experiments
were performed with following parameters: capillary voltage,
3500 V; source temperature, 150 �C; desolvation temperature,
350 ℃. Scan range was set from m/z 100 to m/z 2000 with accurate
mass measurement for all mass peaks. The digestion column was
Waters Enzymate BEH-Pepsin column followed by Waters
ACQUITY UPLC Protein BEH C4 Column before MS analysis. The
mobile phase consisted of 0.1 % formic acid (FA) water (A) and
0.1 % FA acetonitrile (B) by using gradient elution of 0–5 min,
20–80 %ACN; 5–8 min, 80 % ACN; 8–10 min, 80–20 % ACN. Peptide
was generated by ProteinLynx Global Server (PLGS, Waters) and
processed using DynamX 3.0 (Milford, Massachusetts). The average
mass error of all peptides was below 3 ppm for analysis and the
maximum mass error was set at 10 ppm. The standard deviation
of retention time was below 5 %. Crystal structure of ACE2 was
obtained from Protein Data Bank (PDB ID:1r42). The difference in
deuterium uptake over 95 % confidence interval was regarded as
significant change for HDX.

T lymphocytes culture and treatment

Human T cells were isolated from peripheral blood mononu-
clear cells (PBMC) of health doners and sorted by human CD4
microbeads and magnetic-activated cell sorting method (MACS)
according to our previous protocol with minor modification [43].
Mouse T lymphocytes were collected from lymph nodes and
spleens by using mouse CD4 microbeads. Anti-CD3 and anti-
CD28 antibodies were pre-coated for activation and expansion of
human T cells. Carboxyfluorescein succinimidyl ester (CFSE), a flu-
orescent tracking dye, was used to staining the T cells for prolifer-
ation test. After CFSE staining, the proliferation of T lymphocytes
was analyzed by flow cytometry. NovoCyte Quanteon flow cytome-
ter (Agilent) was used to test the conjugated fluorochromes and
software FlowJo was used for data analysis. We also detected the
activities of alisol B 23-acetate on the differentiation of T cells.
Th17 cells were induced by TGFb, IL6 and anti-IFNc antibody.
Th1 cells were stimulated by IL12. Tfh cells were derived by IL6
and IL21 stimulation. The Th17, Th1 and Tfh cells were sorted from
CD4+ T cells by MACS. For cytokines analysis, culture medium was
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collected to detect the release of IL17 and IFNc within 3 days by
Elisa kit (Biolegend). To enrich the cytokines in the culture super-
natant, we freeze-dried culture medium and dissolved in 100 lL
distilled water for testing. The antibodies for lymphocytes flow
cytometry analysis and the Elisa kit for cytokines analysis were
listed in Table S1.
Antiviral experiments in hamster and hACE2-mice

Both male and female Syrian hamsters aged 6–10 weeks old
were obtained from the Chinese University of Hong Kong Labora-
tory Animal Service Centre. Heterogenous K18-hACE2 C57BL/6J
mice (2B6.Cg-Tg(K18-ACE2)2Prlmn/J), male and female, aged 6–
8 weeks, were purchased from Jackson Laboratory. The animals
were kept at biosafety level 2 for housing and given standard pellet
feed and water ad libitum as previously described [38]. The ham-
sters were infected with SARS-CoV-2, Delta variant or Omicron vari-
ant based on different experimental protocols. In SARS-CoV-2 and
Delta variant experiments, each hamster was intranasally inocu-
lated with 104 PFU of SARS-CoV-2 or Delta variant in 100 lL PBS
under intraperitoneal ketamine and xylazine anesthesia (ketamine
5 mg/kg and xylazine 120 mg/kg for hamster). In Omicron BA.5.2
experiments, both hamsters and hACE2-mice were inoculated with
105 PFU of Omicron BA.5.2 (ketamine 5 mg/kg and xylazine
100 mg/kg for mice). Furthermore, we specifically evaluated the
prophylactic and therapeutic effects of alisol B 23-acetate against
SARS-CoV-2 Omicron variant infections. The hamsters were allo-
cated with three groups including mock infection, viral infection
with vehicle treatment, and viral infection with alisol B 23-
acetate treatment. Alisol B 23-acetate (180 mg/ml) was dissolved
in a solvent solution containing ethanol (Sigma), polyethylene gly-
col 400 (Sigma, PEG400) and saline (10:3:2) while the same solvent
solution without alisol B 23-acetate was used as vehicle treatment.
All solutions were filtered by 0.22 lM filter. In prophylactic proto-
col, prior to Omicron variant infection, the hamsters were intrana-
sally (i.n.) administrated with 40 lL of alisol B 23-acetate solution
corresponding to the dosage of 60 mg/kg. In therapeutic protocols,
after infected with SARS-CoV-2 and Delta variant at 24 h, the ham-
sters were intraperitoneally injected with the same dosage of alisol
B 23-acetate solution (60 mg/kg) at 1, 2, 3 dpi (Fig. 4A). In Omicron
variant infection experiments with therapeutic protocols, alisol B
23-acetate was sustained for 2 days with the same dosage to the
mice because of the short pathogenic period of Omicron variant
infection (Fig. 6A). In prophylactic protocol, prior to Omicron vari-
ant infection, the hamsters were intranasally (i.n.) administrated
with 40 lL of alisol B 23-acetate solution corresponding to the
dosage of 60 mg/kg (Fig. 6A). At the designed time-points, the ham-
sters were sacrificed at 4 dpi for virological and histopathological
examinations. Viral yield and gene expression levels in lung tissues
were detected by RT-qPCR methods. The primers for inflammation
cytokines were shown in the Table S1. ELISA kit was used to detect
the levels of cytokines in the sera according to the manufacture’s
recommendations (hamster IFNc: MyBiosource). The pathology
of viral infected hamster lung tissues was examined by Hema-
toxylin and Eosin (H&E) staining in accordance with our estab-
lished protocol [40,44,45].
Ethics statement

All animal care and experimental procedures were approved by
the University Committee on the Use of Live Animals in Teaching
and Research in the University of Hong Kong (Reference code:
CULATR no. 5838-21).
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Endogenous ROS and peroxynitrite staining

We collected fresh lung tissue (�1 cm2) at 4 days after vehicle
or alisol B 23-acetate treatment. To detect the antioxidant activity,
we used HKYellow (20 lM) [46] and hydroethidine (HEt 20 lM;
Invitrogen) to measure the productions of peroxynitrite (ONOO–)
and superoxide (O2

.-), respectively. Lung tissues were stained with
HKYellow and HEt for 2 h prior to fixation. After staining, fresh
lung samples were sectioned into 20 lm cryosection slices for
imaging study. The confocal images were detected by microscope
(Zeiss LSM 800, Germany; Core facility in LSK Faculty of Medicine,
HKU). The quantified fluorescent intensity was analyzed by using
ImageJ software.
Transcriptome analysis

Lung RNA samples were used for RNA-seq reads and checked by
FastQC (v0.11.7). Library construction was performed using Nex-
tera XT kit following the manufacture’s protocol. For RNA sequenc-
ing of the SARS-CoV-2 infected samples, DNBSEQ method was
adopted to repair the RNA samples and library construction. By
using Cutadapt version 1.16, we selectively picked the reads at
the length � 30 that were recognized as high-quality reads and
removed low quality reads and adapter contamination. The tran-
scriptome alignment/mapping to each gene were done using
TopHat version 2.1.1 with default parameters. All the samples
had over 80 % mapping with hamster reference MesAur 2.0
(GCA_017639785.1) downloaded from Ensemble. Cut-off criteria
for low expression gene with CPM threshold value of 1 were fil-
tered out using limma-voom. Read counts were normalized by
trimmed mean of M-values method and the differentially
expressed genes were calculated using R package edgeR
(v3.28.1). The value of False Discovery Rate (FDR) � 0.05 was con-
sidered as differential gene expression level. The enriched pathway
analysis was conducted and generated by R package clusterProfil-
er42 (v3.14.3). R package pheatmap (v1.0.12) model was applied
to generate heatmaps. R package version 0.7.7.
Immunofluorescence

The collected lung tissue was post-fixed with 4 % PFA for 48 h
and dehydrated in 30 % sucrose solution. The lung tissue was
embedded in O.C.T. and cut into 25 lm sections for antigen-
retrieve and immunofluorescence staining. The antigen-retrieved
process was conducted by heating samples in citrate acid buffer
(pH 6.0). PBS buffer containing 5 % goat serum was utilized for
blocking. Then. the samples were stained with specific primary
antibodies and secondary antibodies, counterstained the nucleus
with DAPI. Cell images were obtained by confocal microscope
(Zeiss LSM 800, Germany; Core facility in LSK Faculty of Medicine,
HKU). Specific primary antibodies were shown in Table S1.
Statistical analysis

The data were presented as the Mean ± S.E.M and statistical
analysis were conducted by using One-way ANOVA followed by
Dunnett’s multiple-comparison test for multiple group compar-
isons. Unpaired two-tailed Student’s t-test was performed to com-
pare the statistical difference between two groups. P-value less
than 0.05 was considered as statistical significance.
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Results

Alisol B 23-acetate has pan-coronavirus inhibitory properties by
targeting ACE2

We firstly screened the anti-viral activities of 35 constituents
from QFPD on inhibiting SARS-CoV-2 infection in Caco2 cells
(Fig. S1). Among these compounds, alisol B 23-acetate was the only
one showing the inhibitory effects on the viral titer in the cultured
supernatant. Next, we examined the antiviral activities of alisol A/
B/C and their acetate derivatives by using Omicron BA.5.2 variant
infected Caco2 cells (Fig. 1a and 1b). Both alisol B and alisol B
23-acetate dose-dependently decreased the Omicron variant copies
Fig. 1. The antiviral activities and cytotoxicity of alisol B 23-acetate (23-alisol B) and
infection (MOI) = 0.5) and treated with compounds in 4 dosages (5, 10, 20, 40 lM). (a) Ch
supernatant were determined by qualitative polymerase chain reaction with reverse t
**p = 0.0083 for 10 lM 23-alisol B relative to DMSO group). (c) Caco-2 cell viabilities w
assay (n = 3 for each group, *p = 0.0434, **p = 0.0025 for alisol C 23-acetate; **p = 0.006
mean ± S.E.M (***p < 0.001, all comparations relative to DMSO group, one-way ANOV
replicates and repeated twice for confirmation.
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in the cell culture supernatant (Fig. 1b). Alisol B 23-acetate
reduced � 1-log10 viral titer at 10 lM in the supernatant. Interest-
ingly, alisol A, alisol C and their derivatives had no inhibitory effect
on the viral copies. Meanwhile, alisol B 23-acetate had lesser cyto-
toxicity than alisol B (Fig. 1c). The 50 % cytotoxicity concentrations
(CC50) of alisol B and alisol B 23-acetate were at 8.1 lM and
22.46 lM, respectively (Fig. 1c). The CC50 of alisol B 23-acetae to
A549 cell line was at 46.14 lM (Fig. S2). Those data suggest that
alisol B 23-acetate could be a promising compound with anti-
SARS-CoV-2 and less cytotoxicity. The safety was further confirmed
by acute toxicity test using the golden Syrian hamsters in vivo. The
hamsters were intraperitoneally injected 360 mg/kg which was
six-time higher than the therapeutic dosage in the animal experi-
its derivatives. Caco-2 cell line was infected with Omicron variant (multiplicity of
emical structure of 23-alisol B and its derivatives. (b) Virus loads in the cell culture
ranscription at 48 h.p.i. and normalized by human b-actin (n = 3 for each group,
ere tested by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
8 for 5 lM alisol A, **p = 0.0019 for 10 lM alisol A). All the data are presented as
A followed by Dunnett test). All experiments were performed in n = 3 biological
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ments. The results revealed that alisol B 23-acetate had no influ-
ence on body weight (Fig. S3a), organ index, liver functions
(Fig. S3b and S3c) and morphological change (Fig. S3d). Thus, alisol
B 23-acetate has been specifically selected for further
investigation.

We next examined the inhibitory effects of alisol B 23-acetate
on different coronavirus species including MERS-CoV, SARS-CoV-
2, Alpha variant, Delta variant, Omicron variant BA.1. and BA.5.2
by using Caco-2 cells and A549-TMPRSS2. From the results, alisol
B 23-acetate dose-dependently decreased the viral yields of
MERS-CoV, SARS-CoV-2, Alpha variant, Delta variant and Omicron
variant in the culture supernatants of the Caco-2 cells (Fig. 2a-
2f). At 30 lM, alisol B 23-acetate reduced MERS-CoV viral titer
by � 1-log10, that of � 2-log10 and � 3-log10 for Alpha and Delta,
respectively. As for Omicron BA1.1 variant, alisol B 23-acetate at
10 lM exhibited to markedly decrease viral copies by � 1.5-
log10 (Fig. 2e). Meanwhile, alisol B 23-acetate at 10 lM subtracted
viral yields by � 0.5-log10 in the Omicron BA.5.2 infected A549-
TMPRSS2 cells (Fig. 2f). Furthermore, at the dosages of 30 lM
and 40 lM, alisol B 23-acetate completely inhibited intracellular
viral loads in the cells. The IC50 values for MERS-CoV, SARS-CoV-
2, Alpha and Delta were at 8.3, 15.02, 12.02, 19.29 lM, respectively
(Fig. 2g-2k) and for Omicron BA.5.2 was at 11.09 lM (Fig. 2l). The
selectivity index (SI) values were calculated to measure the win-
dow between cytotoxicity and antiviral activity through dividing
CC50 by IC50. The SI values of alisol B 23-acetate for MERS-CoV,
SARS-CoV-2, Alpha, Delta, Omicron BA1.1 and Omicron BA5.2 were
at 2.7, 1.50, 1.86, 1.16, 1.42 and 4.16 respectively. Those results
suggest that alisol B 23-acetate has broad anti-coronavirus
bioactivities.

To explore the antiviral mechanisms, we investigated the roles
of alisol B 23-acetate on viral entry by utilizing vesicular stomatitis
virus (VSV)-based wild type and Omicron variant spike (S) pseudo-
typed virions. Alisol B 23-acetate significantly decreased the entry
of SARS-CoV-2 S pseudotyped virions to VeroE6 cells, A549-ACE2-
TMPRSS2 cells and VeroE6-TMPRSS2 cells (Fig. 3a-3c). Camostat, a
TMPRSS2 inhibitor, abated virus entry to VeroE6-TMPRSS2 cells
and decreased S pseudotyped virions entry to VeroE6 cells
(Fig. S4). Interestingly, alisol B 23-acetate revealed better antiviral
effects on the Caco-2 cells than the A549-TMPRSS2 cells after
exposed to Omicron BA5.2. challenge (Fig. 1b and Fig. 2l). Mean-
while, alisol B 23-acetate dose-dependently inhibited the invasion
of Omicron S pseudotyped virions to HEK293-hACE2 cells (Fig. 3d).
Alisol B 23-acetate also alleviated the interaction of ACE2 to the
RBD of SARS-CoV-2 spike protein (Fig. 3e). The results of alisol B
23-acetate on virus attachment revealed the consistent effects that
alisol B 23-acetate reduced the SARS-CoV-2 attachment to VeroE6
cells, dose-dependently (Fig. 3f and 3g). Those results suggest that
the antiviral mechanisms of alisol B 23-acetate could be attributed
to blocking the virus entry into cells via ACE2 rather than
TMPRSS2.

We next conducted HDX-MS analysis to explore the potential
reaction between ACE2 and alisol B 23-acetate. After deuterium
Fig. 2. Alisol B 23-acetate (23-alisol B) has broad-spectrum inhibitive effects on human
infection (MOI) = 0.1) for 1 h and treated with 23-alisol B in 4 dosages (10, 20, 30, 40 l
supernatant were determined by plaque assay. After 1 h of infection and 24 h 23-aliso
treatment, viral titer of SARS-CoVs-2 (b), Alpha variant (c), Delta variant (d), Omicron BA.1
group, *p = 0.0233, **p = 0.0041 in MERS-CoV infection; **p = 0.0074 for 30 lM 23-alisol
alisol B, **p = 0.0031 for remdesivir in Alpha variant infection; *p = 0.0168 for 20 lM 23-a
infection). (g-l) Intracellular viral loads were tested by qualitative polymerase chain react
rate of 23-alisol B was calculated by comparing viral loads in vehicle treated group. Re
variant (i), Delta variant (j), Omicron BA.1.1 variant (k) and Omicron BA.5.2 variant (l) (n =
infection; *p = 0.0468 for Delta variant infection). Viral titer and viral copies were normali
E.M (***p < 0.001, all comparations relative to vehicle group, one-way ANOVA followed b
repeated twice for confirmation.
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exchange and digestion, the drug and protein mixture were ana-
lyzed by using high resolution MS. The sequence coverage to
ACE2 (residues 18–740) was at 88.1 % (Fig. 3h and Fig. S5). Treat-
ment of alisol B 23-acetate remarkably delayed the deuterium
uptake of 7 peptide residues at 53–74, 134–167, 414–427, 497–
511, 521–542, 553–567 and 569–585 (Fig. 3i), showing the HDX
differences (DHDX) at �0.566 Da, �0.730 Da, �0.524 Da,
�0.402 Da, �0.405 Da, �0.48 Da and �0.467 Da respectively in
60 min deuterium exchange. All these peptides impacted by alisol
B 23-acetate were located at a-helical of ACE2 (Fig. 3j). Notably,
the fragment covering residues 521–542, influenced by alisol B
23-acetate, was located at the helix (residues 511–531) which con-
nected two subdomains and formed the floor of the canyon of ACE2
(Fig. S6c). We then performed molecular docking analysis to pre-
dict the binding activity of alisol B 23-acetate to ACE2. Consis-
tently, the potential binding residues of alisol B 23-acetate were
at P490, T497, G165 and L562 of ACE2 (Fig. 3k and 3l). These
results indicate that alisol B 23-acetate inhibits coronavirus attach-
ment to the cells through impacting activity of ACE2, subsequently
blocking the virus entry and replication.

Alisol B 23-acetate reveals antiviral and anti-inflammatory properties
in vivo

We then tested the antiviral properties of alisol B 23-acetate on
the golden Syrian hamsters infected with SARS-CoV-2 and Delta
variant in vivo using previous described protocol [38]. Similar to
previous report [38], after exposed to SARS-CoV-2 or Delta variant
at 3–4 days, the hamster lung tissues had the peak levels of viral
loads with histopathological changes. In the study, alisol B 23-
acetate (60 mg/kg) was intraperitoneally administrated to the
hamsters for 3 days whereas the solvent injection was used as
vehicle treatment. As shown in Fig. 4a, alisol B 23-acetate mark-
edly reduced viral RNA level in the hamster lung tissues at � 4-
log10 and � 15-log10 for SARS-CoV-2 and Delta variant, respec-
tively (Fig. 4b and 4f). Meanwhile, alisol B 23-acetate significantly
alleviated the SARS-CoV-2 and Delta variant plaque-forming units
in the lung tissues by � 1-log10 (Fig. 4c and 4g). Compared with
the vehicle group, alisol B 23-acetate treatment significantly
decreased the immunofluorescent staining of the viral N protein
(VNP) in the lung sections with the infections of SARS-CoV-2 and
Delta variant (Fig. 4d-e and Fig. 4h-i). Those results suggest that
alisol B 23-acetate has anti-viral bioactivities against SARS-CoV-2
and Delta variant infection in vivo.

We also evaluated the pathogenesis of SARS-CoV-2 infection in
lung tissues. After SARS-CoV-2 and Delta variant infection, hamster
lung tissues had remarkably increased inflammatory cell infiltra-
tion around vascular endothelium areas and peribronchiolar
regions that were characteristically companied with bronchus
and alveoli tissue damages (Fig. 5a and 5b). The enlarged areas
of bronchus and blood vessel indicated that bronchiolar epithelium
cell death and perivascular infiltration were reduced after alisol B
23-acetate treatment. Thus, alisol B 23-acetate could be a promis-
-pathogenic CoVs in vitro. Caco-2 cell line was infected with CoVs (multiplicity of
M) and remdesivir was used as positive control. (a-f) Virus titer in the cell culture
l B treatment, viral titer of MERS-CoV (a) were determined. After 48 h 23-alisol B
.1 variant (e), Omicron BA.5.2 variant (f) were detected in supernatant (n = 4 for each
B, **p = 0.0019 for remdesivir in SARS-CoV-2 infection; **p = 0.0095 for 30 lM 23-
lisol B in Delta variant infection; *p = 0.0314 for 10 lM 23-alisol B in Omicron BA.5.2
ion with reverse transcription and normalized by human b-actin. Relative inhibition
lative inhibition of 23-alisol B on MERS-CoV (g) infection, SARS-CoVs-2 (h), Alpha
3 for each group, **p = 0.0011 in MERS-CoV infection; **p = 0.0075 for Alpha variant
zed with cell viabilities or b-actin expression. All the data are presented as mean ± S.
y Dunnett test). All experiments were performed in n = 3–4 biological replicates and
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Fig. 3. Alisol B 23-acetate inhibits viral entry by targeting ACE2. (a - c) VSV-based pseudotyped viral particle of SARS-CoV-2 were pre-treated with 23-alisol B, and the relative
mixture was added to targeted modified cells and kept in culture for 24 h. The SARS-CoV-2 pseudotype entry to A549-ACE2-TMPRSS2 cells (a), VeroE6 cells (b) and VeroE6-
TMPRSS2 cells (c) were detected by the activity of firefly luciferase (n = 4, **p = 0.0081 for SARS-CoV-2 particles to A549-ACE2-TMPRSS2 cells; n = 3, *p = 0.0175 for SARS-CoV-
2 particles to VeroE6 cells). (d) SARS-CoV-2 Omicron variant type pseudotyped viral particle entry was examined after incubation with 23-alisol B in HEK249-hACE2 cells
(n = 4, *p = 0.0162, **p = 0.0024 for 25 lM 23-alisol B, **p = 0.0012 for 50 lM 23-alisol B). (e) ACE2 activity was detected through binding to RBD of wild type S protein by
ELISA kit (n = 3, **p = 0.0014). (f) Representative flow cytometry histogram results of Spike protein related fluorescence intensity. (g) Quantification of spike protein intensity
in VeroE6 cells (n = 3, **p = 0.0011). (h) Deuterium uptake of whole peptides of ACE2 after incubation with 23-alisol B. (i) Deuterium uptake results of significantly regulated
peptides of ACE2 by 23-alisol B (n = 3 for each timepoint). (j) The location of impacted peptides were labeled onto the crystal model of ACE2. (k and l) Two potential binding
sites of 23-alisol B to ACE2 and results shown as 3D molecular analysis. All the data are presented as mean ± S.E.M (***p < 0.001, all comparations relative to vehicle group,
dunnett test, one-way ANOVA). All experiments were performed in n = 3–4 biological replicates and repeated twice for confirmation.
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Fig. 4. Alisol B 23-acetate exhibits antiCoVs activities in vivo. (a) Hamsters (n = 4–8) were intranasally inoculated with 104 PFU of SARS-CoV-2 and SARS-CoV-2 Delta variant. Alisol B
23-acetate was intraperitoneal administration to hamster either vehicle (ethanol, PEG400 and saline solvent system) and 23-alisol B (60 mg/kg) for three consecutive days. (b) Virus
copies in the hamster lung tissue after SARS-CoV-2 infection. Hamster lung collected at 3 dpi were subjected to SARS-CoV-2 viral copies detection by RT-qPCR assays (n = 8). (c)
SARS-CoV-2 viral yield in the hamster lung tissue was titrated by plaque assays after 23-alisol B treatment for 3 days (*p = 0.0428). (d) Representative immunofluorescent images of
the viral N protein (VNP) distribution in lung tissue sections after SARS-CoV-2 challenge. (e) Quantification of the cells positive with VNP colocalized with nucleus in SARS-CoV-2
challenged hamster lung tissue (*p = 0.0181). (f) Virus copies in the hamster lung tissue after Delta variant infection and 23-alisol B treatment (*p = 0.0249). (g) Delta variant viral
yield in the hamster lung tissue (*p = 0.0359). (h) Representative immunofluorescent images of the VNP distribution in lung tissue sections after Delta variant challenge. (i)
Quantification of the cells positive with VNP colocalized with nucleus in Delta variant challenged hamster lung tissue (*p = 0.0146). All the data are presented as mean ± S.E.M
(***p < 0.001, all comparations relative to vehicle group, unpaired two-tailed Student’s t-test between vehicle and 23-alisol B treatment group. One-way ANOVA was used for
multiple groups designed experiments followed by Dunnett test for NP+ cells. All experiments were performed in n = 4–8 biological replicates.
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Fig. 5. Alisol B 23-acetate ameliorates lung damages in CoVs challenged hamster. Hamsters (n = 4–6) were intranasally inoculated with 104 PFU of SARS-CoV-2 and SARS-
CoV-2 Delta variant. 23-alisol B was intraperitoneal administration to hamster either vehicle or 23-alisol B (60 mg/kg) for three consecutive days. (a) Representative images of
H&E-stained lung tissue section from SARS-CoV-2 and Delta variant infected hamsters. Squared areas were shown as enlarged areas of bronchus and blood vessel. (b)
Representative fluorescence micrographs of of HKYellow and hydroethidine (HEt) stained lung tissues of 23-alisol B and vehicle treated SARS-CoV-2 infected hamsters. (c and
d) Quantification of HKyellow (c) and HEt (d, *p = 0.0167) fluorescence intensity in lung tissues. (e-f) Serum IFN-c level in SARS-CoV-2 (e) and Delta variant (f) infected
hamster serum were quantified by ELISA assay (*p = 0.0287 for IFNc in SARS-CoV-2 infection; *p = 0.0339, **p = 0.0033 for Delta variant infection). All the data are presented
as mean ± S.E.M (***p < 0.001, all comparations relative to vehicle group). All experiments were performed in n = 4–6 biological replicates.
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Fig. 6. Therapeutic and prophylactic treatment of 23-alisol B to Omicron variant infection in transgenic hACE2 mice and hamster. (a) hACE2 transgenic mice (n = 6–8) were
intranasally inoculated with 105 PFU of SARS-CoV-2 Omicron variant and Omicron variant. For therapeutic effects, 23-alisol B was intraperitoneal administration to hamster
either vehicle or 23-alisol B (60 mg/kg) for two consecutive days. Hamsters (n = 4–6) were intranasally inoculated with 105 PFU of SARS-CoV-2 Omicron variant. For
prophylactic efficiency, 23-alisol B was intranasal administration to hamster with the same solvent system for one day before infection. (b) Virus copies in nasal turbinate and
lung tissues of Omicron variant infected hACE2-mice (*p = 0.0224). (c) Inflammation cytokines detected by ELISA in serum of Omicron infected mice (*p = 0.018 for IFNc
content, *p = 0.0366 for TNFa content, **p = 0.003). (d) Viral yield was titrated by plaque assays in nasal turbinate and lung of hamster after viral infection (*p = 0.0410). (e)
Viral copies in nasal turbinate and lung were detected by RT-qPCR assay (*p = 0.0426). (f) Representative immunofluorescence images of the viral N protein distribution in
lung tissue sections. (g) Quantification of the cells positive with VNP colocalized with nucleus (**p = 0.0022). All the data are presented as mean ± S.E.M (***p < 0.001, all
comparations relative to vehicle group, unpaired two-tailed Student’s t-test between vehicle and 23-alisol B treatment group. one-way ANOVA followed by Dunnett test for
NP+ cells). All experiments were performed in n = 4–6 biological replicates.
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ing natural compound with antiviral and anti-inflammatory bioac-
tivities. Reactive nitrogen species (RNS) and reactive oxygen spe-
cies (ROS) are important mediators for acute inflammatory
responses and immune responses in acute respiratory distress dis-
eases [47,48] as well as COVID-19 [49]. By using fluorescent probes
hydroethiidine (HEt) and HKYellow (HKY), we detected the pro-
ductions of superoxide and peroxynitrite in the hamster lung tis-
sues respectively. The treatment of alisol B 23-acetate
remarkably decreased the levels of superoxide and peroxynitrite
in the lung tissues after SARS-CoV-2 and Delta variant infection
(Fig. 5c-5f). In addition, SARS-CoV-2 and Delta variant infections
significantly increased serum IFNc level in the hamsters. While,
11
alisol B 23-acetate treatment remarkably reduced serum IFNc level
in either SARS-CoV-2 or Delta variant infected hamsters (Fig. 5g
and 5h). Those results suggest that alisol B 23-acetate ameliorates
the cytokine storm and lung inflammatory damages induced by
SARS-CoV-2 and Delta variant infection.

We further adopted hACE2-K18 mice and hamsters to study
prophylactic and therapeutic effectiveness of alisol B 23-acetate
against Omicron variant infection (Fig. 6a). Under the therapeutic
protocol, alisol B 23-acetate treatment (i.p.) effectively attenuated
viral copies in nasal turbinate by � 0.5-log10 (Fig. 6b), but no sta-
tistical change of viral replications between vehicle and alisol B 23-
acetate group was found in the Omicron variant infected lung tis-



Fig. 7. Transcriptional analysis of SARS-CoV-2 and SARS-CoV-2 Delta variant infected hamster lung tissues with 23-alisol B treatment. (a and d) Heat map of DEGs in
uninfected and SARS-CoV-2 (a) and Delta variant (d) infected hamster lungs administrated with therapeutic 23-alisol B or vehicle controls. (b and e) Pathway functional
enrichment analysis results of down-regulated DEGs comparing 23-alisol B administration with its corresponding vehicle controls in SARS-CoV-2 (b) and Delta variant (e)
infected hamster. (c and f) Representative expression level of chemokine and cytokine in the lung tissues homogenate from SARS-CoV-2 infection (c) and Delta variant (f)
infection (n = 3–4) at 3 d.p.i. were detected by qRT-PCR assay (*p = 0.0296 for CXCL11, *p = 0.05 for CXCL10, *p = 0.0374 for IRF7, *p = 0.0291 for CCL7,*p = 0.0291 for TLR2,
*p = 0.0157 for CD274, *p = 0.0211 for MIP1b). All the data are presented as mean ± S.E.M (All comparations relative to vehicle group, unpaired two-tailed Student’s t-test
between vehicle and 23-alisol B treatment group for mRNA expression levels).
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sues. Additionally, alisol B 23-acetate treatment decreased IL17
and IFN-c in the serum of Omicron variant infection, indicating
the inhibition of proinflammatory cytokines (Fig. 6c). We then
evaluated the prophylactic effects of alisol B 23-acetate against
Omicron variant infection by using intranasal administration (i.n.)
at 1-day before Omicron variant infection. Pre-treatment of alisol
B 23-acetate significantly alleviated viral titer, viral loads and
decreased viral N proteins in the hamster lung tissues (Fig. 6d,
6e, 6f and 6g). Those results support the potentials of alisol B
23-acetate as a promising drug candidate for COVID-19 treatment
with the bioactivities of antiviral and anti-inflammation in vivo.

Transcriptional analysis of lung tissue treated with alisol B 23-acetate

We next performed RNAseq experiments to profile overall tran-
scriptome changes in hamster lung tissues under SARS-CoV-2 or
Delta variant infection. Alisol B 23-acetate treatment significantly
12
down-regulated 28 genes and up-regulated 3 genes in the hamster
lung tissues of SARS-CoV-2 infection (Fig. 7a). In the differential
expression genes (DEGs) analysis for KEGG functional pathway, ali-
sol B 23-acetate revealed to decrease the SARS-CoV-2 associated
pathogenesis and proinflammatory signaling pathways, including
IL17 signaling pathway, toll like receptor (TLR) signaling pathway
and NOD-like receptor signaling pathway (Fig. 7b). Meanwhile,
similar effects were found in the samples with Delta variant infec-
tion. At 4 dpi, alisol B 23-acetate treatment affected 26 genes in the
Delta variant infected hamsters (Fig. 7d). Among them, alisol B 23-
acetate down-regulated TLR signaling pathway in both WT type
and Delta variant infection (Fig. 7b and 7e). Furthermore, alisol B
23-acetate treatment significantly downregulated the mRNA
expression of CXCL10, CXCL11, CCL7 and IRF7 in the SARS-CoV-2
infected hamster lung tissues (Fig. 7c). Alisol B 23-acetate also sup-
pressed the expression levels of TLR2 and MIP1b in the Delta
infected hamster lung tissues (Fig. 7f). Those results indicate that



Fig. 8. Alisol B 23-acetate decreases macrophages and T cells infiltration in lung tissues of SARS-CoV-2 and Delta variant infection. (a and c) Representative confocal images of
the CD11b positive macrophages in lung tissue sections after SARS-CoV-2 (a) infection and SARS-CoV-2 Delta variant (c) infection. (b and d) Quantification of the density of
CD11b positive cells in lung tissues of SARS-CoV-2 (b) and SARS-CoV-2 Delta variant (d) infection. (e and g) Representative confocal images of the CD3 positive T lymphocytes
in lung tissue sections after SARS-CoV-2 (e) infection and SARS-CoV-2 Delta variant (g) infection. (f and h) Quantification of the density of CD3 positive cells in lung tissue
sections after SARS-CoV-2 (f) infection and SARS-CoV-2 Delta variant (h) infection. All the data are presented as mean ± S.E.M (***p < 0.001, all comparations relative to vehicle
group, Dunnett test, one-way ANOVA). All the quantification were conducted based on 2 views in one sample.
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alisol B 23-acetate could modulate the inflammatory response
related signal pathways in SARS-CoV-2 or Delta variant infection.

Alisol B 23-acetate suppress proinflammatory T cells responses

Macrophages and T cells play crucial roles in mediating cyto-
kine storm in severe COVID-19 patients [50,51]. Our RNAseq
experiments suggest the inhibitory effects of alisol B 23-acetate
13
on TLR related proinflammatory responses. Thus, we further inves-
tigated the effects of aliso B on CD11b+ macrophages and CD3+ T
cells in the virus infected hamsters. Administration of alisol B 23-
acetate tremendously reduced the numbers of CD11b+ macro-
phages (Fig. 8a-8d) and CD3+ T cells infiltration (Fig. 8e-8h) in
the hamster lung tissues. Since aliso B 23-acetate could directly
inhibit viral entry into cells, one may argue that the inhibitions
of the macrophages and T cell infiltration could be attributed to



Fig. 9. Alisol B 23-acetate suppressed pro-inflammatory T cells activation and cytokines release in human lymphocytes in vitro. (a) T cells stimulation and 23-alisol B
treatment procedure. Anti-CD3 and anti-CD28 antibody were pre-coated for the activation and expansion of human T cells. Alisol B 23-acetate was treated to the activated T
cells for 72 h before analysis. (b) The proliferation of CD4+ T cells was evaluated by CFSE detection through flow cytometry. (c and f) Representative flow cytometry results of
IFNc+ T cells (c) and IL17+ T cells (f) treated with 23-alisol B and DMSO as control. (d and g) Quantification of the percentage of IFNc+ T cells (d) and IL17+ T cells (g) positive
cells in 23-alisol B treated T cells (*p = 0.0112, **p = 0.0035 for Th1 cells population, *p = 0.0447 for IFNc content). (e and h) The content of IFNc (e) and IL-17 (h) was
assessment in cell culture supernatant after 48 h treatment (*p = 0.0103, **p = 0.0018). All the data are presented as mean ± S.E.M (***p < 0.001, all comparations relative to
vehicle group, Dunnett test, one-way ANOVA). All experiments were performed in triplicate and repeated twice for confirmation.
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the reduction of the viral loads in the targeted tissues. Thus, we
investigated the activities of alisol B 23-acetate on pro-
inflammatory T cells in vitro to confirming the direct anti-
inflammatory and immunomodulation activities by adopting pri-
mary mouse immune cells and human PBMC in vitro. To mimic
the proinflammatory T cells activation in viral infection, we
induced T helper 1 (Th1) cells and T helper 17 (Th17) cells by using
several cytokines (Fig. 9a). We used CD4 related isotype control to
get the CD4 positive population (Fig. S7). CFSE labeling was applied
14
to study the role of alisol B 23-acetate on T cells proliferation. Ali-
sol B 23-acetate treatment significantly inhibited the proliferation
of T cells (Fig. 9b) and decreased the differentiation of T cells into
Th1 cells with the lower population of IFNc+CD4+ cells (Fig. 9c and
9d). The secretion of IFNc was also decreased in the supernatant
(Fig. 9e). Furthermore, we observed the roles of alisol B 23-
acetate on proinflammatory Th17 cells and IL17 secretion. Treat-
ment of alisol B 23-acetate for 48 h inhibited the population of
the IL17+CD4+ dual positive Th17 cells (Fig. 9f and 9g) and attenu-



Fig. 10. Alisol B 23-acetate suppressed pro-inflammatory T cells activation and cytokines release in mice lymphocytes. (a and d) Representative flow cytometry results of
IFNc+ T cells (a) and IL17 + T cells (d) treated with 23-alisol B and DMSO as control. (b and e) Quantification of the percentage of IFNc+ T cells (b) and IL17 + T cells (e) positive
cells in 23-alisol B treated T cells (*p = 0.0171). (c and f) The content of IFNc(c) and IL-17 (f) was assessment in cell culture supernatant after 48 h treatment (*p = 0.0154). All
the data are presented as mean ± S.E.M (***p < 0.001, all comparations relative to vehicle group, Dunnett test, one-way ANOVA). All experiments were performed in triplicate
and repeated twice for confirmation.
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ated the release of IL17 into the culture supernatant (Fig. 9h). Sim-
ilarly, in primary cultured mouse lymphocytes, alisol B 23-acetate
decreased the population of the IFNc positive Th1 cells and atten-
uated IFNc secretion (Fig. 10a-10c). As for Th17 cells, alisol B 23-
acetate showed the suppressive effects on IL17 concentration and
IL17+ Th17 cells (Fig. 10d-10f). Finally, we measured the popula-
tion of T follicular helper (Tfh) cells but no remarkable change
was found in the iCOS+ and PD1+ Tfh cells population after alisol
B 23-acetate treatment (Fig. S8a and S8b). Overall, these results
suggest that alisol B 23-acetate could inhibit proinflammatory T
lymphocyte responses.
Discussion

In the present study, we firstly screened 35 active compounds
identified from QFPD with the potentials of antiviral bioactivities.
Among them, alisol B 23-acetate was the only compound with
the inhibitory effects on SARS-CoV-2 infection in vitro. Further
studies revealed that alisol B 23-acetate had broad inhibitory
effects on different coronavirus species including MERS-CoV,
SARS-CoV-2, SARS-CoV-2 Alpha variant, Delta variant and Omicron
variant in vitro and in vivo. HDX-MS study indicates that the poten-
tial binding sites of alisol B 23-acetate could be at spike protein
receptor ACE2. Moreover, a series of in vivo and in vitro experi-
ments suggest that alisol B 23-acetate could inhibit proinflamma-
tory T cells responses and ameliorate the CoVs infection-induced
inflammation.

Alisol B 23-acetate is presented in Alismatis Rhizoma, a medici-
nal plant from GFPD. Given that alisol A/B/C and their acetates are
15
structurally similar compounds identified from Alismatis Rhizoma,
we subsequently investigated the structure and functional rela-
tionship for their anti-coronavirus bioactivities. Notably, both ali-
sol B and alisol B 23-acetate dose-dependently reduced the viral
load in the supernatant of the Omicron infected Caco-2 cells.
Although alisol A/alisol A 24-acetate and alisol C/alisol C 23-
acetate are structurally similar to alisol B or alisol B 23-acetate,
all of them had no inhibitory effect on the viral load. The major
structural differences among those compounds are the acetoxy
group and carbonyl group. Particular attention could be paid to
the structural difference between alisol B 23-acetate and alisol C
23-acetate. The carbonyl group of alisol C 23-acetate could make
the rotatable structural changes that might affect its antiviral
bioactivity (Fig. 1). While, the acetoxy group of alisol B 23-
acetate could form a polar connect to residue 497, a special binding
site of S-protein in ACE2 (Fig. 3j). Whether the acetoxy group and
carbonyl group are essential groups for antiviral bioactivities of ali-
sol compounds remains to be elucidated.

ACE2 is a major receptor protein mediating SARS-CoV-2 entry to
the host cells [41,52]. The structure arrangement in the spike pro-
tein S2 subunit impacts the fusion of SARS-CoV-2 with host cell
membranes [53,54]. The Omicron spike protein exhibits the
strengthened S-ACE2 interaction and high ACE2 affinity to form
S-ACE2 complex, facilitating the transmissibility and immune eva-
sion [55]. Herein, we found that alisol B 23-acetate blocked the
entry of SARS-CoV-2 S pseudotyped virions into VeroE6 cells,
A549-ACE2-TMPRSS2 cells and VeroE6-TMPRSS2 cells. It also
diminished the Omicron variant S pseudotyped virions entry into
HEK293-hACE2 cells. According to the crystal structure, ACE2 is
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composed of 20 a-helical segments and nine 310 helical segments
in secondary structure [56,57] (Fig. S6a). Helix H1 (Q24-Q42), beta
sheet (K353-R357) and helix H2 (L79-Y83) are the binding
domains of ACE2 receptor to the Spike protein [58,59]. Addition-
ally, several hydrogen bonds are formed in the interaction of
ACE2 and SARS-CoV-2 RBD locating at residues N417, Y505, T500
and N501[59]. In HDX-MS analysis, alisol B 23-acetate acted on
a-helical of ACE2 located at residues 53–74, residues 134–167,
residues 414–427, residues 497–511, residues 521–542, residues
553–567 and residues 569–585. The residues 521–542 at the helix
(residues 511–531) could connect the subdomains to form the
floor of the canyon of ACE2, whereas residues 53–74 are near to
the binding region of ACE2 linking to the RBD. The peptide 53–
74 affects the conformational change of ACE2 induced by the
neighborhood. Alisol B 23-acetate also affected several hydrogen
bonds locating at residues N417, Y505, T500 and N501 that partic-
ipate in the interactions between ACE2 and SARS-CoV-2 RBD [59].
Moreover, the acetoxy group could form a polar connect for alisol B
23-acetate to residue 497 in ACE2, subsequently affecting the flex-
ibility of the ACE2 (Fig. 3k and Fig. S9). By using HDX-MS, we fur-
ther analyzed 84 peptides in ACE2 protein that achieved 88.1 %
coverage (Fig. 3f and Fig. S4). Unfortunately, we were unable to
detect precursor ion (516.7, 517.7, 518.7 and 519.7 in positive
charge model) of alisol B 23-acetate in any of these peptides. Alisol

B 23-acetate dose-dependently block S-ACE2 complex (Fig. 3e).
Thus, we expect that alisol B 23-acetate could bind to ACE2 non-
covalently rather than directly ACE2-binding activity. The anti-
coronavirus mechanism of alisol B 23-acetate could be, at least in
part, attributed to blocking S-ACE2 interaction and preventing
the virus entry into cells. Notably, ACE2 is essential for blood pres-
sure regulation through ACE2/angiotensin-(1–7)/MAS-receptor
(ACE2/ANG-(1–7)/MAS) axis [60]. Infection of SARS-CoV-2 led to
reduce the expression of ACE2 and affect RAAS [61]. Alisol B 23-
acetate could regulate gut-kidney axis and reduce blood pressure
in rat models of hypertension and chronic kidney disease [62].
Whether alisol B 23-acetate affects blood pressure in COVID-19
treatment remains to be further studied.

Cellular serine protease TMPRSS2 is also an essential mediator
for S protein priming [63–65]. However, alisol B 23-acetate showed
lower antiviral bioactivities in A549-TMPRSS2 cells under the chal-
lenge of Omicron BA5.2. variant (Fig. 1b and Fig. 2l). Thus, TMPRSS2
might be not involved in the antiviral bioactivities of alisol B 23-
acetate. Recently, neuropilin1 and furin are identified as co-
factors for viral entry, especially in the cells with low ACE2 expres-
sion [66,67]. It is of interesting to address whether alisol B 23-
acetate affects those co-factors in future.

Hamster and human ACE2 transgenic mice are two well estab-
lished and widely used animal models for COVID-19 study [68,69].
With the sustained mutations in RBD region of SARS-CoV-2 spike
protein, different types of variants are characterized with different
transmissibility and pathogenicity. We adopted hamsters and
hACE2 transgenic mice to evaluate the antiviral activities in vivo.
Alisol B 23-acetate was intraperitoneally injected into hamsters
for improving bioavailability. In both SARS-CoV-2 and Delta variant
infected hamsters, treatment of alisol B 23-acetate significantly
declined the viral copies and viral N protein expression in the lung
tissues (Fig. 4) and ameliorated lung damages (Fig. 5). Those results
suggest that alisol B 23-acetate could dampen SARS-CoV-2 and
Delta variant infection and attenuate lung damages. In our previous
study, Omicron-infected hamsters exhibited lesser respiratory tract
viral burdens and lung damage than Delta-infected hamsters [45].
Omicron variant infection had lesser pulmonary changes than Delta
infection in the computed tomography imaging of COVID-19
patients [70]. Accordingly, we investigated the therapeutic and
prophylactic effects of alisol B 23-acetate on the Omicron variant
16
infection by detecting the viral copies in the nasal turbinate and
lung tissues. The mice were received the treatments of alisol B
23-acetate or vehicle under anesthesia to reduce the pain and
mucociliary clearance. Interestingly, in the therapeutic protocol,
alisol B 23-acetate treatment intraperitoneally significantly atten-
uated viral copies in nasal turbinate. In the prophylactic intranasal
administration, alisol B 23-acetate remarkably decreased the viral
copies and the expression of VNP in the lung tissues but had no
influence on the viral load of the nasal turbinate (Fig. 6). With
the intranasal administration, we could minimize potential side
effects of alisol B 23-acetate and make easy for the prevention
and treatment of COVID-19. Therefore, alisol B 23-acetate could
be a potential antiviral agent against SARS-CoV-2, Delta and Omi-
cron variant infections.

Oxidative stress and inflammatory response are implicated as
major causes of cytokine storm with high mortality in COVID-19
patients [71,72]. The macrophages and T cells aggravate inflamma-
tion cascade reactions, contributing to severe SARS-CoV-2 pneu-
monia [51,73]. IFNc and IL17 are two proinflammatory cytokines
correlated with lung injury in the critical illness patients [74–76].
Inflammatory factors and immune cytokines, including anti-IL17
and anti-IFNc, are crucial therapeutic targets for COVID-19 treat-
ment [77–79]. Th1 and Th17 cells are the major sources of IFNc
and IL17, respectively, and inhibition of those immune cells could
reduce cytokines-mediated tissue damages [80]. Superoxide (O2

–)
and peroxynitrite (ONOO–) are critical mediators contributing to
lung damages in COVID-19 [49,81,82]. As a result, we investigated
the antioxidant and anti-inflammation effects. Treatment of alisol
B 23-acetate diminished the productions of O2

.- and ONOO– in the
lung tissues and reduced serum IFNc level in the SARS-CoV-2
and Delta variant infected hamsters. It also reduced serum concen-
trations of IL17, IFNc and TNFa in the hACE2 transgenic mice with
Omicron variant infection. Furthermore, alisol B 23-acetate inhib-
ited the infiltration of T cells and macrophages in the hamster lung
tissues. Consistent results were also observed from in vitro exper-
iments. Alisol B 23-acetate reduced the secretion of IL17 and IFNc
in normal lymphocyte activation, suggesting the anti-
inflammatory effects and suppression of cytokine storm in viral
infection. By using transcriptional analysis, our study indicates that
alisol B 23-acetate could modulate the inflammation response
related signal pathways. Notably, ACE2 is not presented in T cells
[83–86]. CD26 and CD147 play vital roles in SARS-CoV-2 infection
of T cells [83,87,88]. Although alisol B 23-acetate could bind to
ACE2, its effects on pro-inflammatory T cells should be ACE2-
independent. Taken together, alisol B 23-acetate could inhibit
oxidative stress and cytokine storm in the animals with the
SARS-CoV-2, Delta or Omicron variant infection.

Cytotoxicity is an important topic for drug discovery. In the
in vitro results, the highest SI value of alisol B 23-acetate was
4.16. Alisol B 23-acete showed potential cytotoxicity with CC50
ranged from 22 to 46 lM in vitro (Fig. 1c and Fig. S2). Hence, we
performed acute toxicity experiments in which the hamsters were
treated with alisol B 23-acetate at 360 mg/kg, a six-time higher
dosage than the therapeutic one used in our study. The treatment
had no influence on body weight, organ functions, liver functions
and tissue morphological change. Previous pharmacokinetic study
revealed that alisol B 23-acetate had the half-life time at 8.43 h in
rat plasma [89]. Also, alisol B 23-acetate treatment at 60 mg/kg for
4 weeks had non-cytotoxic effects on non-alcoholic steatohepatitis
mice in vivo [90]. Taken together, alisol B 23-acetate should be safe
as an antiviral agent. For drug discovery, the long-term safety,
pharmacodynamical profiles and metabolic kinetics remain to be
further explored.

Last but not least, we should note the limitation of this study.
Firstly, for fast-track drug screening to fight COVID-19 timely, we
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only selected 35 compounds from QFPD, a commonly used TCM
formula in Chinese community. Of the potential active compounds,
alisol B 23-acetate may not be the best anti-coronavirus compound
in the formula. Plus, the concentration and bioavailability of alisol
B 23-acetate in QFPD are unknown yet. We should be cautious to
use the experimental results for the interpretation of the QFPD’s
anti-COVID-19 mechanisms and chemical basis. Next, we only pre-
formed the acute toxicity studies on alisol B 23-acetate. With
potential cytotoxicity in vitro, for drug discovery, we would modify
the structures for better bioavailability and less toxicity. Pharma-
cokinetics, pharmacodynamics and comprehensive toxicity studies
shall be performed before clinical trials. Furthermore, the pharma-
ceutical investigations, such as nasal spray development or
sustained-release preparations, are important to achieve satisfied
results in translational application of alisol B 23-acetate.
Conclusions

Alisol B 23-acetate is a valuable medicinal compound with anti-
pan-CoVs bioactivities for COVID-19 treatment. The underlying
antiviral mechanisms could be related with interfering S-ACE2
interaction and preventing virus entry into cells. Moreover, alisol
B 23-acetate also has anti-inflammation activities against coron-
avirus infection. With anti-viral and anti-inflammation activities,
alisol B 23-acetate could be a potential therapeutic agent with
the potentials for drug discovery to treat COVID-19, creating
opportunity to fight the newly emerged coronavirus variants in
the future.
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