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ARTICLE INFO ABSTRACT

Keywords: Qingfei Paidu decoction (QFPDD) has been clinically proven to be effective in the treatment of coronavirus

C(')VID'-19. ) disease 2019 (COVID-19). However, the bioactive components and therapeutic mechanisms remain unclear. This

g:;gsfeé P\;“;u Decoction study aimed to explore the effective components and underlying mechanisms of QFPDD in the treatment of
-CoV-

COVID-19 by targeting the virus-host interactome and verifying the antiviral activities of its active components
in vitro. Key active components and targets were identified by analysing the topological features of a compound-
target-pathway-disease regulatory network of QFPDD for the treatment of COVID-19. The antiviral activity of the
active components was determined by a live virus infection assay, and possible mechanisms were analysed by
pseudotyped virus infection and molecular docking assays. The inhibitory effects of the components tested on the
virus-induced release of IL-6, IL-1 and CXCL-10 were detected by ELISA. Three components of QFPDD, oroxylin
A, hesperetin and scutellarin, exhibited potent antiviral activities against live SARS-CoV-2 virus and HCoV-OC43
virus with ICsg values ranging from 18.68 to 63.27 pM. Oroxylin A inhibited the entry of SARS-CoV-2 pseudo-
virus into target cells and inhibited SARS-CoV-2 S protein-mediated cell-cell fusion by binding with the ACE2
receptor. The active components of QFPDD obviously inhibited the IL-6, IL-1p and CXCL-10 release induced by
the SARS-CoV-2 S protein. This study supports the clinical application of QFPDD and provides an effective
analysis method for the in-depth study of the mechanisms of traditional Chinese medicine (TCM) in the pre-
vention and treatment of COVID-19.

Bioinformatics
Systematic pharmacology
Virus-host interactome
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1. Introduction

The outbreak of coronavirus disease 2019 (COVID-19), caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has led
to a pandemic. Despite treatments and vaccines, this highly infectious
disease continues to affect human health [1]. Vaccines are considered
the most effective and economical means to prevent and control this
pandemic [2]. However, the emergence of SARS-CoV-2 variants with
spike (S) protein mutations that confer resistance to neutralization
might threaten the global impact of mass vaccination campaigns. Due to
altered virus-host cell interactions, emerging virus variants with
enhanced transmissibility might rapidly spread around the world [3].
Therefore, there remains an urgent need for the development of addi-
tional treatments, such as affordable and accessible antiviral agents, to
relieve the severity and mortality of COVID-19.

Traditional Chinese medicine (TCM) has played and continues to
play an important role in the prevention and treatment of several viral
pneumonias, including COVID-19 [4,5] and severe acute respiratory
syndrome (SARS) in 2003 [6]. Some TCM prescriptions can not only
inhibit viral replication directly but also attenuate excessive proin-
flammatory responses and tissue lesions caused by viruses [7]. Qingfei
Paidu Decoction (QFPDD) has been commonly recommended for the
treatment of COVID-19 by the General Office of National Health Com-
mission and the Office of National Administration of Traditional Chinese
Medicine of China [8]. In general, QFPDD is an optimized combination
of four classic TCM recipes, each of which is widely used to treat diseases
such as colds, fevers and flu in China [9,10]. Based on the theoretical
system of TCM, physicians can combine and adjust the general pre-
scriptions based on the symptoms of diagnosed patients to increase the
curative effect and avoid potential adverse reactions [11,12]. Several
retrospective multicentre cohort studies have demonstrated a satisfac-
tory safety profile for QFPDD, and its early application is associated with
favourable outcomes in patient recovery, viral shedding and course of
the disease [13,14]. Studies based on network pharmacology have
preliminarily clarified the active compounds of QFPDD in the treatment
of COVID-19 [15]. However, the components of QFPDD and the targets
of drug intervention for COVID-19 in these studies rely heavily on pre-
dictions and lack experimental validation, thus reducing the credibility
of the results. Until now, the exact active components and mechanisms
of QFPDD in the treatment of COVID-19 have not been elucidated based
on modern pharmacological experiments, which undoubtedly hinders
the rational application and quality control of this prescription and more
seriously restricts its clinical application outside China. Recently, the
serum-absorbed components of QFPDD were revealed by
UHPLC-Q-Orbitrap HRMS assay [16], and these findings provide an
important basis for in-depth research on the active components and
mechanisms of QFPDD in the treatment of COVID-19.

Previous studies on TCM against COVID-19 have mainly focused on
finding virus-targeted compounds, including virus entry inhibitors and
key enzyme inhibitors of viral replication [17,18]. However, resistance
to virus-targeted agents is a potential major obstacle to developing
effective therapies due to mutations in SARS-CoV-2. Host-directed
agents that act on the virus-host interactome potentially offer durable,
broad-spectrum treatment modalities for viral infections [19]. For
instance, transmembrane serine protease 2 (TMPRSS2) inhibitors were
reported as potential treatments for COVID-19 because TMPRSS2 plays a
key role in mediating viral entry [20,21].

Many studies have shed light on the SARS-CoV-2-host interactome at
the cellular and host levels. For example, Blanco-Melo et al. analysed the
gene expression profiles of multiple cell types after virus infection and
showed that the overall transcriptional footprint of SARS-CoV-2 infec-
tion was distinct compared to that of other highly pathogenic corona-
viruses and common respiratory viruses [22]. Lieberman et al.
determined the gene expression of nasopharyngeal swabs from
COVID-19 patients and presented the differential expression profile of
host-specific genes after SARS-CoV-2 infection [23].
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In this study, differentially expressed genes (DEGs) as a virus-host
interactome for COVID-19 were obtained from SARS-CoV-2-infected
cells by bioinformatics methods, and serum-absorbed components of
QFPDD were analysed by systematic pharmacology. The antiviral and
anti-inflammatory activities of QFPDD against clinically isolated SARS-
CoV-2 in vitro were carried out to verify the predicted key results.
Consequently, our results further reveal the effective components and
underlying mechanisms of QFPDD, providing a scientific basis for
QFPDD as a potential agent for clinical application in the prevention and
treatment of COVID-19.

2. Materials and methods
2.1. Materials

Details of all compounds used in this study are shown in Supple-
mentary Table 1. All compounds were dissolved separately in dimethyl
sulfoxide (DMSO) at a stock concentration of 100 mM. Phorbol 12-myr-
istate 13-acetate (PMA) was purchased from Topscience (Shanghai,
China). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo
(Kumamoto, Japan). An ELISA kit for human interleukin-6 (IL-6) was
purchased from Affymetrix (San Diego, CA, USA). ELISA kits for human
interleukin-1 (IL-1f) and human C-X-C motif chemokine ligand 10
(CXCL-10) were purchased from BioLegend (San Diego, CA, USA).

2.2. Cell lines, virus and plasmids

The African green monkey kidney cell line (Vero-E6), human acute
monocytic leukaemia cell line (THP-1), human ileocecal carcinoma cell
line (HRT-18) and human embryonic kidney cell line 293 T (HEK-293 T)
were purchased from American Type Culture Collection (Manassas, VA,
USA). HEK-293 T cells stably expressing human ACE2 (ACE2-293 T)
were established by our laboratory. Cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) or RPMI-1640 medium supple-
mented with 10% foetal bovine serum (FBS) and 1% penicillin-
streptomycin in a humidified 5% CO, atmosphere at 37 °C. All re-
agents for cell culture were purchased from Gibco (Thermo Fisher, MA,
USA). Human coronavirus OC43 (HCoV-OC43) was obtained from the
State Key Laboratory of Respiratory Disease (Guangzhou Medical Uni-
versity, Guangdong, China).

The envelope-expressing plasmids SARS-CoV-2 S (pcDNA3.1-SARS-
CoV-2-S, pAAV-IRES-EGFP-SARS-CoV-2-S) and SARS-CoV S (pcDNA3.1-
SARS-CoV-S) were kindly provided by Dr. Shibo Jiang (Fudan Univer-
sity, Shanghai, China). Four envelope-expressing plasmids S protein
variants of SARS-CoV-2, including D614G (substitution of aspartate (D)
to glycine (G) at site 614 in S protein), E484K (substitution of glutamic
acid (E) to lysine (K) at site 484 in S protein), N501Y (substitution of
asparagine (N) to tyrosine (Y) at site 501 in S protein), P681H (substi-
tution of proline (P) to histidine (H) at site 681 in S protein), and the
luciferase reporter-expressing plasmid pNL4-3. Luc.R"E~ were main-
tained in our laboratory. The plasmid pAAV-IRES-EGFP was purchased
from Hedgehog Bio (Shanghai, China).

2.3. Data retrieval and processing

The Gene Expression Omnibus (GEO) database (http://www.ncbi.
nlm.nih.gov/geo) was used to search for a COVID-19-related gene
expression microarray. First, the keywords "(COVID-19 OR SARS-CoV-2)
AND GEO [entry type] AND "Homo sapiens"[porgn]" were used to search
for the available data related to the subject, followed by the study type
(expression profiling by array) to further screen out the candidate
microarray datasets. Datasets with an experimental design that met the
type of case-control study were selected.
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2.4. Datasets analyses

The gene expression matrix and attached annotation document for
each array dataset included in the final analysis were downloaded from
the GEO database. The annotation document was used to annotate the
gene name of the gene expression microarray. If multiple probes mapped
to the same gene symbol, the mean expression value was adopted.
Subsequently, the Limma package in R software was applied to identify
DEGs between control samples and case samples in each gene expression
microarray with the cut-off criteria |log2-fold change (FC)|> 0.5 and
adjusted p value < 0.05. Third, the Robust Rank Aggregation (RRA) R
package was used to integrate all the ranked gene lists of datasets. The
RRA method precludes the substantial heterogeneity and error of each
experiment caused by different technological platforms or statistical
methods. Theoretically, the smaller is the p value for the RRA results, the
higher is the gene ranks and credibility of DEGs [24]. Genes with
adjusted p values < 0.05 and |FC= > 0.5 were considered robust DEGs in
the final gene list. Finally, the COVID-19 DEGs set was obtained by
merging the DEGs from all the datasets included in the final analysis. In
addition, according to the results of differential expression analysis in
each dataset, a heatmap and volcano plot were constructed using R
software.

2.5. Serum-absorbed compounds and corresponding targets of QFPDD

The list of serum-absorbed compounds in QFPDD were kindly pro-
vided by Dr. Guangbo Ge (Shanghai University of Traditional Chinese
Medicine, Shanghai, China), who developed a method based on UHPLC-
Q-Orbitrap HRMS to identify absorbed prototypes as well as the me-
tabolites in mouse serum following oral administration of QFPDD [16].
Subsequently, the serum-absorbed compounds and their corresponding
targets were collected from the Traditional Chinese Medicine System
Pharmacology Database (TCMSP, http://Isp.nwu.edu.cn/). Because the
TCMSP database only contains the official full name, the UniProt data-
base (https://www.uniprot.org) was used to convert target names into
standard gene symbols.

2.6. Construction of the compound-target-pathway-disease regulatory
network

A Venn diagram was applied to intersect compound targets with
disease targets to obtain common compound-disease targets. Subse-
quently, to better understand and visualize the molecular regulatory
mechanism of QFPDD in the treatment of COVID-19, a visual network of
“compound-target-pathway-disease” interactions was constructed by
Cytoscape software. By analysing the topological features of the
network, the key compounds and targets were identified according to
the degree value of the nodes.

2.7. Functional enrichment analysis for targets in the network

Bioinformatic annotation of targets was performed by using the
“clusterprofiler” package of R software. The results of Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genome (KEGG) enrichment
analyses were used to decipher the potential molecular mechanisms of
QFPDD in the treatment of COVID-19. Enrichment results with an
adjusted p value < 0.05 were identified as statistically significant.

2.8. Cytotoxicity assay

The cytotoxicities of the test compounds on different target cells
were analysed by CCK-8 assays. Briefly, ACE2-293 T, HRT-18 and Vero-
E6 cells were seeded in a 96-well plate at 1 x 10* cells/well and allowed
to adhere for 24 h. THP-1 cells were incubated with PMA (80 ng/mL) for
48 h, which was then exchanged with fresh medium for 24 h. The cells
were treated with a serial dilution of compounds for 48 h. CCK-8
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solution was added, the cells were incubated at 37 °C for 2 h, and the
optical density (OD) at 450 nm was then measured using a microplate
reader. The half-maximal cytotoxic concentration (CCso) was calculated
using GraphPad Prism 8 software (GraphPad Software, CA, USA).
Follow-up experiments were carried out under the condition that all
compounds had no significant toxicity towards cells.

2.9. Pseudotyped virus infection assays

The infectivity of pseudotyped SARS-CoV-2 S and SARS-CoV S in
target cells was determined by a single-cycle infection assay as described
previously [25]. Briefly, pseudovirus (PsV) was produced by cotrans-
fection of HEK-293 T cells with a backbone plasmid (pNL43. Luc. R'E)
and plasmids encoding either SARS-CoV-2 S or SARS-CoV S by using
PolyJet transfection reagent (SignaGen, MD, USA). Target cells
(ACE2-293 T and Vero-E6) were seeded into 96-well plates at a density
of 1 x 10 cells per well and incubated for 24 h. A mixture consisting of
gradient concentrations of compounds and an equal volume of pseu-
dovirus was added to each well. After 48 h, the cells were lysed, and
luciferase activities were quantified by a luciferase assay system
(Promega, Madison, WI, USA). Chloroquine (CQ) was used as a positive
control. The half-maximal inhibitory concentration (ICsg) was calcu-
lated as the final concentration of compounds that caused a 50%
reduction in relative luminescence units compared to the level of the
virus control subtracted from that of the cell control. The ICs values are
expressed as the means + SDs from independent experiments and were
calculated using GraphPad Prism 8 software.

2.10. Cell-cell fusion assay

The SARS-CoV-2 S protein-mediated cell-cell fusion assay was per-
formed as described previously [25]. Briefly, HEK-293 T cells were
transfected with the vehicle plasmid pAAV-IRES-GFP or pAAV-IR-
ES-GFP-SARS-CoV-2 S by using PolyJet to construct effector cells.
Vero-E6 cells were incubated in 96-well plates at a density of 1 x 10*
cells per well for 6 h followed by the addition of effector cells with or
without compounds. After 6 h, three random fields in each well were
imaged by inverted fluorescence microscopy (Zeiss, Jena, Germany).
The percent inhibition of cell-cell fusion was calculated using the for-
mula described previously [25].

2.11. ELISA for cytokines

The levels of the cytokines IL-6, IL-13 and CXCL-10 were measured
by ELISA using capture and detection antibodies. For monocyte to
macrophage differentiation, THP-1 cells were incubated with PMA (80
ng/mL) for 48 h in 96-well plates at a concentration of 3 x 10* cells/
well and changed with fresh medium for 24 h. The cells were treated
with SARS-CoV-2 S PsV for 24 h after incubation with the test com-
pounds for 12 h. The cell culture supernatants were collected and ana-
lysed according to the manufacturer’s instructions; OD at 450 nm was
measured by a microplate reader (BioTek, Vermont, USA).

2.12. Live SARS-CoV-2 infection assay

Live SARS-CoV-2 (isolate Wuhan-Hu-1) inhibition assays were per-
formed by the Wuhan Institute of Virology, Chinese Academy of Sci-
ences, as described [26]. All infection experiments were performed in a
biosafety level-3 laboratory. Briefly, Vero-E6 cells were pretreated with
the test compounds for 1 h and then infected with SARS-CoV-2 (MOI =
0.001) for 1 h. Subsequently, fresh medium with the test compounds was
added, and viral total RNA in the supernatants was extracted using a
MiniBEST Viral RNA/DNA Extraction Kit (Takara, Tokyo, Japan) after
24 h of incubation. S gene copies were quantified from viral cDNA by a
standard curve using an ABI 7500 (Takara TB Green Premix Ex Taq II,
Tokyo, Japan) after reverse transcription. DMSO and CQ were used as
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negative and positive controls, respectively. ICsq values are expressed as
the mean + SD from independent experiments and calculated using
GraphPad Prism 8 software.

2.13. Indirect immunofluorescence assay

The protective effects of the test compounds on Vero-E6 cells infec-
ted with SARS-CoV-2 were examined by observing the virus distribution
profile reflected by viral nucleoprotein (NP) expression. Briefly, Vero-E6
cells from the live SARS-CoV-2 infection assay were fixed with 4%
paraformaldehyde and then permeabilized with 0.2% Triton X-100
(Sigma, MO, USA) [26]. After blocking nonspecific binding sites with
2% skim milk, the cells were incubated with polyclonal rabbit anti-NP
antibodies and a secondary goat anti-rabbit IgG H&L (Alexa Fluor®
488) (Abcam, Cambridge, UK). DAPI was used for nuclear staining, and
fluorescence images were acquired by an inverted fluorescence micro-
scope (Zeiss, Jena, Germany).

2.14. Molecular docking

Molecular docking was performed using the Sybyl-8.1 surflex-dock
module (Tripos, Inc. St. Louis, MO, USA). Here, the structure of ACE2
protein was downloaded from the Protein Data Bank (PDB: 6acg).
Shedding of small-molecule ligands and water of ACE2 protein and other
necessary modifications were applied to produce a simulated physio-
logical environment [27]. To generate the ProtoMol, a threshold
parameter of 0.5 and a bloat parameter of 0 A were set. The generated
ProtoMol is a computational representation of a ligand with the poten-
tial interaction with the binding site, and Kollman all-charges were
added. Staged minimization with 2000 steps at each stage and the
GeoMx model were then chosen for molecular preparation. Sequentially,
OA was docked into the binding sites of ACE2 protein. The minimum
RSMD between final poses and other parameters were set to 0.5 A to
distinguish conformations from the default.

2.15. HCoV-0C43 infection assay

HCoV-0OC43 was grown and propagated in HRT-18 cells cultured
with RPMI-1640 and 2% FBS. For compound treatment studies, HRT-18
cells were seeded into 12-well plates at a density of 4 x 10° cells per well
and incubated for 24 h. The cells were pretreated with serial dilutions of
compounds at the indicated concentrations for 1 h prior to HCoV-OC43
infection at an MOI of 0.05. Samples were collected after cells were
treated with a mixture of compounds and viruses for 24 h. Total RNA in
the adherent cells was extracted using a Cell Total RNA Isolation Kit
(FOREGENE, Chengdu, China) according to the manufacturer’s in-
structions. Real-time PCR (RT-PCR) was accomplished using a Light-
Cycler 480 sequence detector system (Roche, Mannheim, Germany)
with SYBR® Premix Ex Taq™ II reagents (Takara, Tokyo, Japan) ac-
cording to the manufacturer’s instructions. The primers used for the
HCoV-0C43 nucleoprotein (NP) gene, HCoV-OC43 spike protein (SP)
gene and human GAPDH gene are as follows:

HCoV-0C43 NP-sense: 5'-AGCAACCAGGCTGATGTCAATACC-3'.

HCoV-0C43 NP-antisense: 5'-AGCAGACCTTCCTGAGCCTTCAAT-3'.

HCoV-0C43 SP-sense: 5'-GCCAACTCTTCCGAACCAGC-3'.

HCoV-0C43 SP-antisense: 5'-TGGGTTGCAGCTGTCGTGTA-3'.

GAPDH-sense: 5-AGGGCAATGCCAGCCCCAGCG-3'.

GAPDH-antisense: 5'-AGGCGTCGGAGGGCCCCCTC-3'.

Gene expression was analysed using quantitative RT-PCR with
GAPDH as an internal control. The ICs( values were calculated by HCoV-
0OC43 NP gene expression. The expression of HCoV-OC43 NP was
detected by indirect immunofluorescence assay and western blot assay
with primary antibody 40643-T62 (Sinobiological, Beijing, China) and
secondary goat anti-rabbit IgG H&L (YF®594) (Bioscience, Shanghai,
China) following the routine experimental procedure described above
and in the previous study [28].
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2.16. Statistical analysis

The data are presented as the means + standard deviations and were
analysed using SPSS software, v22.0 (IBM, NY, USA). Student’s t test or
ANOVA was applied as appropriate. Outliers were excluded using
Grubb’s method. A p value of < 0.05 was considered statistically sig-
nificant, and the probability level is indicated by single asterisks or
multiple asterisks (*) (* p < 0.05 and ** p < 0.01).

3. Results
3.1. Differentially expressed genes in SARS-CoV-2-infected individuals

According to the above criteria, the GSE147507 and GSE152075
datasets were used in this study. The GSE147507 dataset contains two
subdatasets: A549-ACE2 cells, a type of transformed lung alveolar cell
(A549) transduced with a vector expressing human ACE2, and trans-
formed lung-derived Calu-3 cells. Both were mock-infected with SARS-
CoV-2. The GSE152075 dataset contains RNA-sequencing profiles of
nasopharyngeal swabs from 430 SARS-CoV-2-infected individuals and
54 negative controls, including host gene expression, viral load, age, and
sex across infection status.

The microarray datasets were standardized to remove individual
differences between samples. The results showed that the homogeneity
of the data met the requirements (Supplementary Fig. 1). Subse-
quently, DEGs were identified in each dataset by using R software ac-
cording to the cut-off criteria. A total of 2657 DEGs were identified by
merging three microarray subdatasets and deleting duplicates (Sup-
plementary Table 2). The volcano plots of the three microarrays are
shown in Fig. 1A-C. The overall results from the RRA analysis are pre-
sented in Supplementary Table 3. The heatmap of the top 20 up- and
down-regulated DEGs is shown in Fig. 1D.

3.2. Compound-target-pathway-disease regulatory network

A total of 195 compounds (104 prototypes and 91 metabolites) were
identified in mouse serum after oral administration of QFPDD, and
prototype compounds were further explored in this study. A total of 70
compounds and 313 corresponding targets were identified in the TCMSP
database after deleting untargeted compounds and duplicate targets
(Supplementary Table 4).

To reveal the key targets of QFPDD, the intersection of targets of
absorbed compounds in serum and DEGs of SARS-CoV-2-infected in-
dividuals were identified by a Venn diagram. A primary compound-
target-pathway-disease regulatory network was constructed, including
54 biologically active compounds, 66 targets and the top 10 KEGG
pathways (Fig. 2). All intersecting targets and their corresponding
compounds are listed in Supplementary Table 5. Through network
topological feature analysis, 10 high-degree compounds were identified
in Table 1, including resveratrol (RE), wogonin (WO), daidzein (DA),
luteolin (LU), oroxylin A (OA), hesperetin (HE), isoliquiritigenin (IS),
naringenin (NA), scutellarin (SC), and tectorigenin (TE). These ten
compounds regulated most of the DEGs of SARS-CoV-2-infected in-
dividuals and might be the key active compounds of QFPDD in the
treatment of COVID-19.

3.3. Functional enrichment analysis of common targets

The results of functional enrichment showed that 66 drug-disease
common targets were significantly enriched in 122 KEGG pathways
and 50 GO terms according to the cut-off criterion of adjusted p value
< 0.05 (Supplementary Table 6). As presented in Fig. 3A, the top 20
most significant KEGG pathways were mainly enriched in inflammation-
and infection-related signalling pathways, such as the NF-kappa B sig-
nalling pathway, Toll-like receptor signalling pathway, Epstein-Barr
virus and influenza A infection signalling pathway. The top 20 most
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significant GO terms included the response to cytokine receptor binding, 3.4. OA, HE and SC effectively inhibit infection by live SARS-CoV-2

virus receptor activity and activated transcription factor binding

(Fig. 3B). The 10 high-degree predicted compounds obtained after the
screening of the compound-target-pathway-disease interaction network
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Table 1
Information on the 10 high-degree compounds.
Molecule Name Chemical structure TCMSP MOI Pubchem Degree
D CID
Resveratrol HO. MOL012744 445154 42
OH
Wogonin ~ MOL000173 5281703 18
Daidzein MOL000390 5281708 14
Luteolin MOLO000006 5280445 11
OH O
Oroxylin A MOL002928 5320315 10
oy g
OH O
Hesperetin ©i0\ MOL002341 72281 8
Ho\©/\<')g on
OH O
Isoliquiritigenin 0 MOL001789 638278 8
Cr,,
HO OH OH
Naringenin OH MOL004328 439246 5
OH O
Scutellarin H g"” MOL002931 185617 4
HOL AN o\,m]/o\ﬂ, >,
HOJ\ OHo’Lf 'l
HO S0 Gl
Tectorigenin HO. O 0‘ MOL003767 5281811 3

further validated the antiviral activities against infection by live SARS-
CoV-2 in vitro. Vero E6 cells were infected with 100 TCIDsq of live
virus and incubated with compounds at different dilution concentrations
for 24 h. As shown in Table 2, three compounds, OA, HE and SC,
significantly inhibited SARS-CoV-2 replication in Vero-E6 cells, with
IC5o values of 31.39 +0.07, 49.99 + 0.66 and 22.47 + 0.19 uM,
respectively. In addition, the inhibition of SARS-CoV-2 infection by TE at
concentrations up to 100 pM was approximately 48.31% (data not
presented). NP, a multifunctional RNA-binding protein for viral RNA
transcription and replication, is highly expressed during SARS-CoV-2
infection [29]. We further analysed the effects of these compounds on
viral NP expression by indirect immunofluorescence analysis. Consis-
tently, all three compounds significantly inhibited the expression of NP
in Vero-E6 cells in a dose-dependent manner (Fig. 4A). Chloroquine
(CQ) at 10 pM was used as a positive control. Moreover, OA, HE and SC
showed minimal levels of cellular toxicity in Vero-E6 cells, with CCsq
values of more than 200 pM (Fig. 4B-D and Table 2). These results
indicated that OA, HE and SC may be the major active compounds of
QFPDD against SARS-CoV-2 infection.

3.5. OA inhibits the entry of SARS-CoV-2 PsV into target cells

The surrogate PsV system has become an ideal tool for identifying
antiviral agents and studying the entry of SARS-CoV-2 without safety
concerns [30,31]. Our previous studies showed that some compounds
exhibited potent antiviral activity against the entry of SARS-CoV-2 PsV
into target cells [26]. Thus, we further detected the inhibitory activity of
10 high-degree compounds against the entry of SARS-CoV-2 S PsV using
the surrogate PsV system. The results showed that of the ten compounds,
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only OA exhibited significant inhibitory activity against SARS-CoV-2 S
PsV infection in both ACE2-293 T cells and Vero-E6 cells in a
dose-dependent manner, with ICsy values of 15.03 + 1.46 and 15.08
=+ 2.19 pM, respectively (Fig. 5A, B). To investigate whether OA has a
similar effect on SARS-CoV infection, which is closely related to
SARS-CoV-2 infection and employs ACE2 for cell entry, we conducted a
pilot experimental test in vitro on anti-SARS-CoV S PsV activity. We
found that OA exhibited similar inhibitory activity against the entry of
SARS-CoV S PsV into 293 T-ACE2 cells (Fig. 5A, B).

Compared to the wild-type S protein of SARS-CoV-2, its variants
showed stronger binding activities to ACE2 receptors, thereby
increasing virus transmission efficiency in host cells [32]. Accordingly,
we further tested the potential inhibition of OA on the entry of four S
protein variants PsV (D614G, N501Y, E484K and P681H) of
SARS-CoV-2. The results showed that OA had significant inhibitory ac-
tivities on the entry of four S protein variants, PsV, into ACE2-293 T
cells in a dose-dependent manner, with ICsy values of 18.11 + 0.67,
13.62 +1.24, 1898 +£3.20 and 19.56 4+ 2.39 uM, respectively
(Fig. 5C). CQ was used as a positive control (Fig. 5D). In addition, the
cytotoxicity assay showed that OA had no or only slight cytotoxicity
towards both ACE2-293 T and Vero-E6 cells at concentrations up to
80 pM.

3.6. OA inhibits SARS-CoV-2 S protein-mediated cell-cell fusion

The S protein of SARS-CoV-2 binds to the ACE2 receptor to facilitate
fusion and eventually enter the target cells. To further confirm the
possible mechanism of OA, we determined the effect of OA on SARS-
CoV-2 S protein-mediated cell-cell fusion as described previously [25].
As shown in Fig. 6A, OA significantly inhibited the S-mediated
293 T/SARS-CoV-2/EGFP and Vero E6 cell-cell fusion, resulting in a
reduction in syncytium formation in a dose-dependent manner.

Polymerization of heptad repeat 1 (HR1) and heptad repeat 2 (HR2)
in the S2 subunit of the S protein to form the six-helical bundle (6-HB) is
the key process of SARS-CoV-2-mediated membrane fusion [33]. Our
previous study found that salvianolic acid C inhibits
SARS-CoV-2-mediated membrane fusion by interfering with the forma-
tion of 6-HB [34]. However, further analysis showed that OA inhibited
cell-cell fusion mediated by the SARS-CoV-2 S protein independent of
interfering with the formation of 6-HB (Fig. 6B).

Molecular docking has become an important technique for studying
the interaction between the ligand and receptor [35]. Accordingly,
molecular docking studies were performed to explore whether OA has
the ability to bind the ACE2 protein. We used the X-ray structure (PDB:
6acg) of the SARS-CoV-2 RBD/ACE2-BOAT1 complex as the docking
protein [36]. Using Sybyl-8.1 software, OA was docked with the pre-
treated 6acg protein. OA binds to the collectrin-like domain cavity of
ACE2 protein, as shown in Fig. 6C. The 4-carbon oxygen atom and 5-hy-
droxyl oxygen atom of the flavone body form hydrogen bonds with
LYS416. The 5-hydroxy hydrogen atom of the flavone body forms
hydrogen bonds with GLU536 and LYS541. The oxygen atom of the
6-methoxy group of the flavone body forms a hydrogen bond with
HIS535, as shown in Fig. 6D. Therefore, OA can perfectly bind with
ACE2, which may be one of the mechanisms by which OA inhibits
SARS-CoV-2 entry.

3.7. Inhibitory effects of active compounds on viral-induced cytokine
release

The S protein of SARS-CoV-2 triggers potent inflammatory responses
in macrophages and epithelial cells [37], and the inhibitory effects of
QFPDD on inflammation caused by SARS-CoV-2 have been confirmed by
a large number of studies [8]. Therefore, we analysed the effective
compounds and mechanisms of the anti-inflammatory effect of QFPDD.
As shown in Fig. 7A, the 10 high-degree compounds in Table 1 regulated
the NF-kappa B signalling pathway, the Toll-like receptor signalling
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Table 2
Anti-SARS-CoV-2 activities and cytotoxicities of three compounds in Vero-E6
cells in vitro.

Compounds 1Cso (1M) CCso (M) SI

Oroxylin A (OA) 31.39 + 0.07 > 200.00 > 6.37
Hesperetin (HE) 49.99 + 0.66 > 200.00 > 4.00
Scutellarin (SC) 22.47 +0.19 > 200.00 > 8.90

IC50: half-maximal inhibitory concentration.
CCs: half-cytotoxic concentration.
SI: selectivity index as CCs0/ICso

pathway, and the TNF signalling pathway, which have been reported to
be closely related to SARS-CoV-2-induced inflammatory responses [38,
39]. Moreover, the anti-inflammatory effects of these 10 compounds
have been widely confirmed in several studies [40,41]. Herein, we
further investigated the effects of these compounds on cytokine
expression in THP-1 macrophages challenged with the SARS-CoV-2 S
protein. As shown in Fig. 7B and Supplementary Fig. 2 A, ten tested
compounds at different concentrations except SC significantly decreased
the release of IL-6 from THP-1 cells. Furthermore, OA, TE and IS at
different concentrations inhibited the release of both CXCL-10 and IL-1§
(Fig. 7C, D and Supplementary Fig. 2B, C), NA and LU at different
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concentrations inhibited the release of CXCL-10 (Fig. 7C), and RE at
different concentrations inhibited the release of IL-1p (Fig. 7D and
Supplementary Fig. 2 C).

3.8. OA, HE and SC effectively inhibit infection by live HCoV-OC43

To investigate whether OA, HE, and SC have inhibitory effects on
other types of coronaviruses, we tested their inhibitory effects on HCoV-
0C43, which is considered to be the most common human coronavirus
worldwide and is typically associated with mild respiratory tract in-
fections [42]. HRT-18 cells were infected with 100 TCIDsq of live
HCoV-0C43 and incubated with compounds at different dilution con-
centrations for 24 h. As shown in Fig. 8D-E, OA, HE and SC significantly
inhibited the expression of HCoV-OC43 NP and SP genes in HRT-18
cells, with ICsy values of 18.68 + 0.06, 31.46 & 0.27 and 63.27
+ 0.50 pM, respectively. Western blotting results showed that all three
compounds inhibited the expression of HCoV-OC43 NP protein, with OA
and HE being more effective (Fig. 8F). We further analysed the effects of
OA and HE on the expression of HCoV-OC43 NP protein by indirect
immunofluorescence assay. The results showed that both could signifi-
cantly inhibit the expression of the HCoV-OC43 NP protein in HRT-18

cells (Fig. 8G). Moreover, all three compounds showed minimal levels
of cellular toxicity on HRT-18 cells, with CCsq values of more than 400
pM (Fig. 8A-C). These results suggest that OA, HE and SC may be the
main active compounds of QFPDD against common coronavirus
infection.

4. Discussion

TCM prescriptions are widely used in the treatment of COVID-19 in
China and have been proven to significantly alleviate the symptoms of
the disease, delay the progression of mild disease to severe disease,
improve cure rates and reduce mortality rates [11]. QFPDD is the only
general prescription that has been for the treatment of COVID-19 pa-
tients, including patients with mild, moderate, and severe disease and
critically ill patients. A comprehensive understanding according to the
actual situation of the patients, particularly considering the age,
physique, disease status, treatment process, medication effect, and un-
derlying diseases, is necessary to make dialectical differentiations of the
syndrome, disease, and treatment based on a traditional Chinese phy-
sician’s clinical experience [43]. For clinical application, QFPDD is
taken as a water decoction once a day and separately administered in the
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morning and at night 40 min after meals, resulting in a total of three
doses during the course of treatment. If possible, half a bowl of rice
water can be consumed after each time the decoction is administered,
and those with body fluid deficiency can consume one bowl of rice water
[12]. Although QFPDD has been proven to be a safe and effective pre-
scription for the treatment of COVID-19, its active components and
mechanisms remain unclear, particularly with respect to components
affecting the virus-host interactome.

In this study, we constructed a compound-target-pathway-disease
interaction network of QFPDD for the treatment of COVID-19 by tar-
geting the virus-host interactome based on the absorbed components of
QFPDD in mouse serum. Through network topological feature analysis,
10 high-degree compounds were predicted to be potentially associated
with the clinical therapeutic effects of QFPDD against COVID-19. Ac-
cording to antiviral analysis in vitro, OA, HE and SC effectively sup-
pressed infection by live SARS-CoV-2 in Vero-E6 cells and HCoV-OC43
in HRT-18 cells. Among them, OA is an O-methylated flavone found in
Scutellaria baicalensis, which is reported to have various biological
functions, including antiviral, anti-inflammatory, and anticancer activ-
ities [44]. The inhibitory effects of OA on enterovirus, influenza A virus
and respiratory syncytial virus have been demonstrated in previous
studies [45-47]. Most recently, Gao et al. showed that OA could inhibit
the entry of SARS-CoV-2 S PsV into ACE2-293 T cells by binding to the
ACE2 receptor, which is consistent with our molecular docking results
[48]. Our research also confirmed that OA inhibited the entry of
SARS-CoV-2 S PsV into target cells and inhibited SARS-CoV-2 S
protein-mediated cell-cell fusion. Interestingly, OA also showed a sig-
nificant inhibitory effect on HCoV-OC43, which enters cells via
9-O-acetylated sialic acid-mediated endocytosis [49], suggesting that

OA may exert its inhibitory effect on coronaviruses through a variety of
mechanisms. It is worth noting that only oroxyloside, the glycoside form
of OA, was identified as an active component in the water extract of
QFPDD [5]. In general, oroxyloside needs to be hydrolysed to OA by
intestinal enzymes for intestinal absorption [50]. This indicates that it
might be a scientific and effective way to ascertain the active compo-
nents of TCM by analysing the serum absorbed components in the pre-
scription. SARS-CoV-2 hijacks and exploits autophagy to promote viral
replication [51,52], and autophagy modulators have been verified to
have anti-SARS-CoV-2 activity [20,53]. OA, a moderate inhibitor of
cyclin-dependent kinase 9, blocks autophagy initiation by inactivating
the SIRT1-FOXO03-BNIP3 axis and PINK1-PRKN pathway [54]. Whether
the inhibition of SARS-CoV-2 infection by OA is also related to the
regulation of autophagy needs further study.

HE is the aglycon of hesperidin. Both HE and hesperidin have been
shown to inhibit SARS-CoV-2 S PsV infection by blocking the interaction
between the S protein and ACE2 receptor and reducing ACE2 and
TMPRSS2 expression [55,56]. HE has also been predicted using
computational approaches to be a potent inhibitor of the main protease
of SARS-CoV-2 [57]. Moreover, hesperidin was previously found to be
effective against live SARS-CoV-2 infection in high-throughput
screening experiments [58]. Our study further demonstrated that HE
also significantly inhibited live SARS-CoV-2 and HCoV-OC43 infection
in vitro. SC, as the major component of both breviscapine tablets and
injections, has long been used in the treatment of cardiovascular disease
owing to its ability to improve the cerebral blood supply [59,60]. Pre-
vious studies have shown that SC has antiviral activity against porcine
reproductive and respiratory syndrome virus and human immunodefi-
ciency virus in vitro [61,62]. Nevertheless, SC inhibits neither the entry
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of SARS-CoV-2 S PsV nor the activity of 3 C-like protease and papain-like
protease, two preferred targets for broad spectrum anti-coronavirus
drug discovery, which may be the reason why it has not been further
tested in live SARS-CoV-2 infection in previous high-throughput
screening experiments [63,64]. The present study successfully pre-
dicted that SC may be an effective component of QFPDD and confirmed
that it can significantly inhibit live SARS-CoV-2 infection in vitro, but
more studies are needed to clarify its mechanism.

The main risk factors for severe COVID-19 coexist with idiopathic
pulmonary fibrosis, which might cause chronic breathing difficulties

10

and affect a patient’s quality of life [65]. Chen et al. investigated the
anti-pulmonary fibrosis activity and mode of action of QFPDD by using
in vivo and in vitro pulmonary fibrosis models. The results showed that
QFPDD inhibit the bleomycin-induced M2 polarization of macrophages
in pulmonary tissues, which effectively ameliorates inflammation and
collagen deposition and significantly improves epithelial-mesenchymal
transition in pulmonary fibrosis in mice [66]. Pulmonary fibrosis is
due not only to SARS-CoV-2 directly attacking the lung as its target
organ but also activation of the cytokine storm in COVID-19 patients.
Among numerous cytokines associated with acute respiratory distress
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syndrome in COVID-19, IL-6 is particularly important in the persistence
of the proinflammatory milieu, and IL-13, CXCL-10, IL-2, IL-7 and IL-10
are critical for escalating disease complications [67,68]. Our results
showed that the active components of QFPDD significantly inhibited the
release of IL-6, IL-1p and CXCL-10 from THP-1 macrophages challenged
with SARS-CoV-2 S protein, which suggested that the anti-inflammatory
effects of QFPDD may be attributed to the effects of these active
components.

Several classic TCM recipes (e.g., Ma Xing Shi Gan decoction [69],
She Gan Ma Huang decoction [70] and Xiao Chai Hu [71]) that comprise
QFPDD have been widely used in the treatment of respiratory diseases
for thousands of years in China [72]. TCM recipes with multicomponent,
multitarget, and multimechanism characteristics potentially offer du-
rable, broad-spectrum treatment modalities for viral infections. Inter-
estingly, the aglycone or glycoside forms of OA, HE or SC have been
elucidated as components of several TCM formulations, such as Shuan-
ghuanglian preparation [64], Reduning injection [73], Jinzhen granule
[74], Yingiao powder [75] and Lianhuaqgingwen capsule [76]. Similar to
QFPDD, these formulations have also been recommended as effective
therapeutic formulations against COVID-19 in China. These studies
support that the three components might be the key active compounds
of QFPDD in the treatment of COVID-19.

5. Conclusion

In this study, we applied an approach targeting the virus-host
interactome to construct a compound-target-pathway-disease interac-
tion network and clarify the active components and mechanisms of
QFPDD in the treatment of COVID-19. By systematic pharmacology and
antiviral in vitro analysis, we found that three components of QFPDD,

11

OA, HE and SC, exhibit potent antiviral activity against live SARS-CoV-2
virus and HCoV-OC43. Furthermore, we confirmed that the active
components of QFPDD could clearly inhibit the release of IL-6, IL1-p and
CXCL-10 from THP-1 macrophages challenged with the SARS-CoV-2 S
protein. This study provides an effective analysis method for in-depth
study of the mechanisms of TCM prevention and treatment of diseases.
Due to the complexity of the serum-absorbed compounds of QFPDD,
more studies are needed to elucidate the interactions between the active
components and their efficacies in vivo.
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Fig. 8. Inhibitory activity of com-
pounds against HCoV-OC43 infec-
tion in vitro. The cytotoxicity of OA
(A), SC (B) and HE (C) towards HRT-
18 cells was determined by CCK-8
assays. HCoV-OC43 NP (D) and SP
(E) gene expression was analysed
using quantitative RT-PCR with
GAPDH as an internal control. (F)
Expression of HCoV-OC43 NPs in
HRT-18 cells was detected by western
blot assay. CQ was used as a positive
control. (G) HCoV-OC43 NP expres-
sion (red) was detected by indirect
immunofluorescence assay. Nuclei
(blue) were stained with DAPI, scale
bar =10 um. The data are presented
as the means + SDs of triplicate sam-
ples from a representative experiment
(*p<0.05, **p<0.01).

Fig. 1 Data homogeneity diagram of
the three microarray subdatasets
included in this study.

Fig. 2 Effects of 10 high-degree com-
pounds on IL-6 (A), CXCL-10 (B) and
IL-1B (C) release from SARS-CoV-2 S
protein-challenged THP-1 cells. The
data are presented as the means
+ SDs of triplicate samples from a
representative experiment (*p<0.05,
**p<0.01, SARS-CoV-2 S
protein).
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