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A B S T R A C T   

Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has extensively and rapidly spread 
in the world, causing an outbreak of acute infectious pneumonia. However, no specific antiviral drugs or vac
cines can be used. Phillyrin (KD-1), a representative ingredient of Forsythia suspensa, possesses anti-in
flammatory, anti-oxidant, and antiviral activities. However, little is known about the antiviral abilities and 
mechanism of KD-1 against SARS-CoV-2 and human coronavirus 229E (HCoV-229E). 
Purpose: The study was designed to investigate the antiviral and anti-inflammatory activities of KD-1 against the 
novel SARS-CoV-2 and HCoV-229E and its potential effect in regulating host immune response in vitro. 
Methods: The antiviral activities of KD-1 against SARS-CoV-2 and HCoV-229E were assessed in Vero E6 cells 
using cytopathic effect and plaque-reduction assay. Proinflammatory cytokine expression levels upon infection 
with SARS-CoV-2 and HCoV-229E infection in Huh-7 cells were measured by real-time quantitative PCR assays. 
Western blot assay was used to determine the protein expression of nuclear factor kappa B (NF-κB) p65, p-NF-κB 
p65, IκBα, and p-IκBα in Huh-7 cells, which are the key targets of the NF-κB pathway. 
Results: KD-1 could significantly inhibit SARS-CoV-2 and HCoV-229E replication in vitro. KD-1 could also 
markedly reduce the production of proinflammatory cytokines (TNF-α, IL-6, IL-1β, MCP-1, and IP-10) at the 
mRNA levels. Moreover, KD-1 could significantly reduce the protein expression of p-NF-κB p65, NF-κB p65, and 
p-IκBα, while increasing the expression of IκBα in Huh-7 cells. 
Conclusions: KD-1 could significantly inhibit virus proliferation in vitro, the up-regulated expression of proin
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flammatory cytokines induced by SARS-CoV-2 and HCoV-229E by regulating the activity of the NF-кB signaling 
pathway. Our findings indicated that KD-1 protected against virus attack and can thus be used as a novel strategy 
for controlling the coronavirus disease 2019.   

Introduction 

Coronaviruses (CoVs), which belong to the family Coronaviridae, 
are positive‐sense single‐stranded RNA viruses, that infect numerous 
animals, including birds and mammals (Ksiazek et al., 2003). CoVs are 
common pathogens that easily cause respiratory tract infection and 
induce different degrees of diseases. These diseases range from upper 
respiratory tract infections with mild symptoms to lower respiratory 
tract infections with severe symptoms, including acute tracheitis, 
pneumonia, bronchitis, and even severe acute respiratory syndrome 
(SARS) (Heimdal et al., 2019; Owusu et al., 2014; Xu et al., 2020). 
SARS-CoV-2 (formerly known as 2019-nCoV, the causative pathogen of 
coronavirus disease 2019 (COVID-19), has widely and rapidly spread in 
the world, causing an outbreak of acute infectious pneumonia 
(Du, 2020; Carlos et al., 2020). COVID-19 is a major CoV infection that 
has threatened human life after SARS and Middle East respiratory 
syndrome (MERS), causing severe respiratory illness and even death 
(Zaki et al., 2012). Despite a series of extraordinary social-alienation 
measures in various countries, the number of people infected continues 
to rise. Moreover, the population's susceptibility to these highly pa
thogenic CoVs has contributed to large outbreaks and evolved into 
public health events: thereby highlighting the necessity to prepare for 
future re-emergence or novel emerging viruses (Nkengasong, 2020). 
For this sudden and lethal disease, no specific antiviral drugs or vac
cines can be used. Therefore, identifying effective antiviral agents to 
combat the disease is urgently needed. 

At present, some drugs can effectively eliminate SARS-CoV-2 and 
improve symptoms. These drugs are reportedly effective in vitro, such as 
fusion peptide (EK1) (Xia et al., 2019), abidol (Coleman et al., 2016), 
RNA-synthesis inhibitors (eg., TDF and 3TC), and anti-inflammatory 
drugs (eg., hormones and other molecules). However, the efficacy and 
safety of drugs for SARS-CoV-2 pneumonia patients require further 
assessment through clinical trials. 

A novel CoV pneumonia diagnosis and treatment plan jointly issued 
by the National Health Committee of the People's Republic of China and 
the National Administration of traditional Chinese medicine has clas
sified COVID-19 into the category of "pestilence" in Traditional Chinese 
Medicine (TCM). In the third edition, part of "TCM treatment" for 
COVID-19 has been added, whereas the sixth edition describes the 
syndromes, tongue picture, and pulse throughout different periods of 
the disease, as well as recommends the relevant prescriptions and 
proprietary Chinese medicine. A previous report has indicated that the 
respiratory symptoms of four patients with mild or severe COVID-19 
were cured or significantly improved after treatment with lopinavir/ 
ritonavir, abidol, and Shufeng Jiedu Capsule on the basis of supportive 
nursing. Another retrospective analysis of clinical records conducted in 
SARS-CoV-2 infected patients at Wuhan Ninth Hospital and CR & 
WISCO General Hospital has shown that Lianhuaqingwen combination 
could significantly relieve cardinal symptoms and reduce the course of 
COVID-19 (Yao et al.,2020). Accordingly, studying the TCMs that have 
obvious advantages in the treating the new virus is important. 

Forsythia suspensa (Thunb.) is a popular traditional Chinese medi
cine used to treat pyrexia and infections (Guo et al., 2007; Lua et al., 
2010). Phillyrin (KD-1), a representative ingredient of F. suspensa, has 
anti-inflammatory (Diaz et al., 2001), anti-oxidant (Lee et al., 2011;  
Gulcin et al., 2006), and antiviral activities (Chen et al., 2004). A 
previous report has showed that KD-1 could inhibit inflammation in 
LPS-stimulated RAW264.7 macrophages in vitro, which is supposed to 
be linked with the restrained JAK-STAT and p38 MAPK signal pathways 
and decreased expression of ROS (Pan et al., 2014). KD-1 shows 

phosphodiesterase-4 inhibitory activities in phosphodiesterase assay 
and reduces LPS-mediated TNF release in RAW264.7 and PBMC cells in 
vitro (Coon et al., 2014). Moreover, KD-1 (10, 20 mg/kg) suppresses the 
pulmonary histopathologic changes, alveolar hemorrhage, and neu
trophil infiltration in an acute lung-injury mice model in vivo. It exerts 
protective effects against lung inflammation by down-regulating the 
contents of TNF-α, IL-1β, IL-6, and myeloperoxidase (Zhong et al., 
2013). We have also found that KD-1 exerts antiviral effects in different 
respiratory tract viruses, including influenza virus, parainfluenza virus, 
and respiratory syncytial virus in vitro. However, the effectiveness of 
KD-1 in the treatment of CoV is not confirmed, and its mechanisms of 
action remain obscure. Accordingly, we evaluated the antiviral and 
anti-inflammatory efficiencies of KD-1 against a clinical isolate of SARS- 
CoV-2 and human coronavirus 229E (HCoV-229E) in vitro to explain the 
mechanisms of treatment of viral-induced inflammatory and develop 
the clinical use of KD-1. 

In the present study, the antiviral and anti-inflammatory effects of 
KD-1 on SARS-CoV-2 and HCoV-229E infection in vitro were compre
hensively evaluated. Results demonstrated that KD-1 inhibited virus 
replication in a dose-dependent manner. KD-1 could also markedly 
decrease the expression of proinflammatory cytokines in infected 
human hepatocellular carcinoma cell lines (Huh-7) by inhibiting the 
transcription factor nuclear factor kappa B (NF-κB) signal in Huh-7 
cells. Our finding can help elucidate the mechanism of KD-1 against 
SARS-CoV-2 and HCoV-229E infection. 

Materials and methods 

Reagents 

The KD-1 (lot: 20,190,201) used in this study was produced and 
provided by Dalian Fusheng Natural Medicine Development Co. Ltd. 
(Dalian, China). KD-1 was triturated, and 100 mg was prepared in 1 ml 
of dimethyl sulfoxide (DMSO). The mixture was ultrasonicated and then 
centrifuged. The supernatant was passed through a 0.22 μm syringe 
filter before use. IκBα rabbit monoclonal (lot: 4812), p-IκBα rabbit 
monoclonal (lot: 2859), NF-κB p65 rabbit monoclonal (lot: 8242), and 
p-NF-κB p65 rabbit monoclonal (lot: 3033) antibodies were provided by 
Cell Signaling Technology, Inc. (Danvers, MA, USA). 

Table 1 
Primer sequence for RT-qPCR.     

Target Gene Direction Sequence (5′−3′)  

IL-1β Forward GCACGATGCACCTGTACGAT 
Reverse AGACATCACCAAGCTTTTTTGCT  
Probe FAM-ACTGAACTGCACGCTCCGGGACTC-TAM 

TNF-α Forward AACATCCAACCTTCCCAAACG 
Reverse GACCCTAAGCCCCCAATTCTC  
Probe FAM-CCCCCTCCTTCAGACACCCTCAACC-TAM 

IL-6 Forward CGGGAACGAAAGAGAAGCTCTA 
Reverse CGCTTGTGGAGAAGGAGTTCA  
Probe FAM-TCCCCTCCAGGAGCCCAGCT-TAM 

MCP-1 Forward CAAGCAGAAGTGGGTTCAGGAT 
Reverse AGTGAGTGTTCAAGTCTTCGGAGTT 
Probe FAM-CATGGACCACCTGGACAAGCAAACC-TAM 

IP-10 Forward GAAATTATTCCTGCAAGCCAATTT 
Reverse TCACCCTTCTTTTTCAT-TGTAGCA 
Probe FAM-TCCACGTGTTGAGATCA-TAM 

GAPDH Forward GAAGGTGAAGGTCGGAGTC 
Reverse 
Probe 

GAAGATGGTGATGGGATTTC FAM- 
CAAGCTTCCCGTTCTCAGCC-TAM 
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Cell lines and virus 

African green monkey kidney epithelial (Vero E6) cells and human 
hepatocellular carcinoma cell lines (Huh-7) were purchased from 
ATCC. The cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM, Gibco, USA) with 10% fetal bovine serum (FBS), 100 U/ml 
penicillin, and 100 μg/ml streptomycin. The SARS-CoV-2 (Genebank 
accession no. MT123290.1) was clinically isolated from the First 
Affiliated Hospital of Guangzhou Medical University, and HCoV-229E 
(ATCCⓇVR740™) was purchased from ATCC. The viruses were propa
gated and adapted as previously described (Zhu et al., 2020). The 50% 
tissue culture infective dose (TCID50) of SARS-CoV-2 and HCoV-229E 
were determined using the Reed–Muench method (TCID50 =  10−6/ 
100 μl and TCID50 = 10−5.5/μl, respectively). Virus stocks were col
lected and stored at −80 °C. The infection experiments of SARS-CoV-2 
were performed in a biosafety level-3 laboratory and those of HCoV- 

229E were performed in a biosafety level-2 laboratory. 

Cytotoxicity assay 

The cytotoxic effects of the KD-1 on Vero E6 and Huh-7 cells were 
evaluated by MTT assay (Park et al., 2011). Briefly, Vero E6 (5 × 104 

cells/well) and Huh-7 (5 × 104 cells/well) cells grown in monolayer in 
96-well plates were rinsed with PBS followed by incubation with in
dicated concentrations of KD-1. After 72 h, the cells were stained with 
0.5 mg/ml MTT solution for 4 h. The supernatants were removed, and 
the formed formazan crystals were dissolved in 100 μl of DMSO. The 
absorbance at 570 nm was determined using a Multiskan Spectrum 
reader (Thermo Fisher, USA). The 50% toxicity concentration (TC50) of 
KD-1 causing 50% death of cells was calculated. 

Fig. 1. Dose-dependent reduction of SARS-CoV-2-induced cytopathic effect and plaque formation by KD-1. Vero E6 cells were not-infected or infected with SARS- 
CoV-2 and the inhibitory effect of different concentrations of KD-1 on virus proliferation was evaluated. A. The cytotoxicity effects of KD-1 in Vero E6 cells was 
detected using MTT assay. (B) The inhibitory effects of KD-1 on SARS-CoV-2 in Vero E6 cells. (C) Inhibitory effect of KD-1 on plaque formation of SARS-CoV-2. (D) 
The quantitative analysis of the plaque formation in different groups was analyzed by SPSS ver. 19.0. Data were presented as the mean ± SD obtained from three 
separate experiments. * p< 0.05; ** p< 0.01; *** p< 0.001, compared with SARS-CoV-2-infected cells. 
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Cytopathic effect (CPE) inhibition assay 

To investigate the antiviral effects of KD-1 against SARS-CoV-2 and 
HCoV-229E, we performed CPE inhibition assay with a nontoxic con
centration of KD-1. Briefly, Vero E6 cell monolayers were grown in 96- 
well plates and inoculated with 100 TCID50 of CoV strains at 37 °C for 
2 h. The inoculum was removed, and the cells were subsequently in
cubated with indicated concentrations of KD-1. Following 72 h of in
cubation, the infected cells showed 100% CPE under a microscope. The 
percentage of CPE in KD-1-treated cells was recorded. The 50% in
hibition concentration (IC50) of the virus-induced CPE by KD-1 was 
calculated as described, and the selectivity index (SI) was determined 
from the ratio of TC50 to IC50 (Reed et al., 1938). 

Plaque-reduction assay 

Plaque-reduction assay was performed as previously described. 

Briefly, monolayer Vero E6 cells in 6-well plates were rinsed with PBS 
and incubated with 100 plaque-forming unit of SARS-CoV-2 and HCoV- 
229E. Following 2 h of incubation, the inoculum was removed and the 
cells were overlaid by 2 ml of agar/basic medium mixture, which 
contained 0.8% agar and indicated concentrations of KD-1. The plates 
were then incubated in 37 ℃ for 72 h, followed by fixation with 4% 
formalin for 30 min. The overlays were then removed and stained with 
0.1% crystal violet for 3 min. The plaques were visualized and counted 
(Reed et al., 1938). 

RNA isolation and reverse-transcriptase-quantitative PCR analysis (RT- 
qPCR) 

To determine the possible mechanisms underlying the antiviral ac
tivity of KD-1, we used several drug concentrations with high antiviral 
efficiency for subsequent experiments. The primers of TNF-α, IL-6, 
MCP-1, IL-1β, IP-10, and GAPDH genes (Table 1) were designed using 

Fig. 2. Dose-dependent reduction of HCoV-229E-induced cytopathic effect and plaque formation by KD-1. Huh-7 cells were not-infected or infected with HCoV-229E 
and the inhibitory effect of different concentrations of KD-1 on virus proliferation was evaluated. A. The cytotoxicity effects of KD-1 in Huh-7 cells was detected using 
MTT assay. (B) The inhibitory effects of KD-1 on HCoV-229E in Huh-7 cells. (C) Inhibitory effect of KD-1 on plaque formation of HCoV-229E. (D) The quantitative 
analysis of the plaque formation in different groups was analyzed by SPSS ver. 19.0. Data were presented as the mean ± SD obtained from three separate experi
ments. * p< 0.05; ** p< 0.01; *** p< 0.001, compared with HCoV-229E -infected cells. 
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Primer 5.0. 
Briefly, Huh-7 cells grown in 12-well plates were rinsed with PBS 

and then exposed to CoV at a multiplicity of infection (MOI) of 1 for 2 h. 
The inoculums were removed after infection, and the cells were divided 
into the following six groups: normal control group (NC), virus-infected 
group (virus), and three groups with various of KD-1 concentrations. 
The cells were harvested at 48 h. Total RNA from the different groups 
was extracted in accordance with the specification of RNA reagent 
(Invitrogen, MA, USA), and reverse transcription of RNAs was quanti
fied by using the PrimeScript™ RT Master Mix kit (Takara Bio, Japan). 
RT-PCR was then performed on cDNA samples by using SYBR Premix Ex 
Tap™ II (Takara Bio, Japan). PCR data were analyzed with ABI PRISMⓇ 

7500 Real-time PCR detection system (Applied Biosystems Co., USA). 
The relative amount of PCR products was calculated using the 2−ΔΔCt 

method as previously described (Pfaffl et al., 2001). 

Western blot assay 

Huh-7 cells were treated as described in the “RNA isolation and 
reverse-transcriptase quantitative PCR analysis (RT-qPCR)” section and 
harvested for western blot analysis. Total proteins of the samples were 
extracted from the cells by lysis with radioimmunoprecipitation assay 
(RIPA) buffer (DGCS Biotechnology, China). The protein contents of the 
samples were determined by using the BCA kit (Beyotime, China). 
Then, 20  mg of the cell lysate was separated by 10% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and the sepa
rated proteins were transferred onto a polyvinylidene fluoride (PVDF) 
membrane (Millipore, USA). The membranes were blocked with 5% 
BSA for 2 h and then incubated with primary antibodies over night at 4 

ºC. Subsequently, the membranes were incubated with appropriate 
secondary antibodies for 1 h at 25 °C. The immune complexes were then 
immunoblotted with an HRP-conjugated anti-rabbit immunoglobulin-G 
antibody. Immunodetection was performed by using the enhanced 
chemiluminescence reagents (Fdbio, China). All experiments were re
peated three times. 

Data analysis 

All data in this study were analyzed by using analysis of variance 
(ANOVA) with SPSS ver. 19.0 (Armonk, NY, USA). Data were presented 
as the mean ± standard deviation. Differences in multiple groups were 
determined by one-way ANOVA analysis of variance with Tukey's 
honest significant difference (HSD) test. P-value < 0.05 was considered 
statistically significant. 

Result 

KD-1 exerted antiviral on SARS-CoV-2 and HCoV-229E in vitro 

The cytotoxicity of KD-1 in Vero E6 and Huh-7 cells was evaluated 
by non-radioactive cell proliferation assay (MTT). The TC50 values 
corresponding to 50% cytotoxic effect after 72 h of inhibitor treatment 
were determined. The TC50 of KD-1 toward Vero E6 and Huh-7 cells 
were 1959 μg/ml and 1034 μg/ml, respectively (Figs. 1A and 2A). The 
antiviral activities of KD-1 against SARS-CoV-2 (Fig. 1) and HCoV-229E 
(Fig. 2) were evaluated by CPE inhibition assay. Results showed that 
KD-1 (250 μg/ml, 125 μg/ml and 62.5 μg/ml) significantly reduced the 
CPE caused by infection in Vero E6 cells. Meanwhile, 31.25 and 

Fig. 3. Effects of KD-1 treatment on the mRNA expression levels of inflammatory mediators in SARS-CoV-2-infected Huh-7 cells. TNF-α, IL-1β, IL-6, IP-10, and MCP- 
1. Data were presented as the mean ± SD obtained from three separate experiments. * p< 0.05; ** p< 0.01; *** p< 0.001, compared with SARS-CoV-2-infected 
cells. 
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15.63 μg/ml KD-1 were less active, and the IC50 value of KD-1 was 
63.90 μg/ml. The SI of KD-1 was 30.66 (Fig. 1B). The antiviral activity 
of KD-1 toward HCoV-229E was effective. The IC50 value of KD-1 to
ward HCoV-229E was 64.53 μg/ml (Fig. 2B). The SI of KD-1 was 16.02. 
These results showed that KD-1 could protect cells from virus-induced 
cell death in a dose-dependent manner, and that the antiviral capability 
of KD-1 on SARS-CoV-2 was better than that on HCoV-229E. 

A plaque-reduction assay was conducted to confirm the efficacy of 
KD-1 on SARS-CoV-2 (Fig. 1C and 1D) and HCoV-229E (Fig. 2C and 2D) 
propagation. Vero E6 and Huh-7 cells were infected with SARS-CoV-2 
(MOI=0.1) and HCoV-229E (MOI=0.1), respectively. The cells were 
also incubated with overlay medium containing various KD-1 con
centrations. After 3 days, the overlays were removed and stained with 
0.1% crystal violet. The plaques were visualized and counted. Results 
showed that the average size and plaque number in KD-1-treated cells 
were markedly reduced in a dose-dependent manner. CPE and plaque- 
reduction assays showed that KD-1 may be a key parameter influencing 
SARS-CoV-2 and HCoV-229E activities. 

KD-1 strongly inhibited the expression of proinflammatory cytokines in vitro 

Infections by CoVs (including SARS-CoV-2 and HCoV-229E) can 
induce a strong inflammatory reaction, as hallmarked by the production 
of cytokines and chemokines. Accordingly, the influence of KD-1 on 
infected cells was examined by measuring cytokines. To determine the 
influence of KD-1 on the expression of proinflammatory cytokines in
duced by SARS-CoV-2 and HCoV-229E, the mRNA expression levels of 
IL-6, TNF-α, IL-1β, IP-10, and MCP-1 in Huh-7 cells were detected by 
RT-qPCR. As shown in Figs. 3 and 4, the mRNA expression levels of IL- 

6, TNF-α, IL-1β, IP-10, and MCP-1 in the virus group were significantly 
up-regulated 48 h after infection in Huh-7 cells infected by SARS-CoV-2 
(p < 0.01) and HCoV-229E (p < 0.001) compared with those in the NC 
group. Compared with the SARS-CoV-2 and HCoV-229E groups, KD-1 
significantly reduced the mRNA expression levels of IL-6, TNF-α, IL-1β, 
IP-10, and MCP-1 in a dose-dependent manner in Huh-7 cells 48 h after 
infection (p < 0.01 or p < 0.05), respectively. This finding indicated 
that KD-1 may be an effective anti-inflammatory agent. 

KD-1 significantly decreased the expression of key proteins related to the NF- 
κB signaling pathway in vitro 

To further explore the mechanisms underlying the antiviral activity 
of KD-1, we examined the expression of proteins related to NF-κB sig
naling in Huh-7 cells infected by SARS-CoV-2 and HCoV-229E. Western 
blot analysis was performed using the cell lysates of Huh-7 cells treated 
with or without KD-1 to analyze the protein expression levels of NF-κB 
p65, p-NF-κB p65, IκBα, and p-IκBα. As shown in Figs. 5 and 6, the 
expression levels of NF-κB p65, p-NF-κB p65, and p-IκBα of the virus 
group were markedly higher than those of the NC group (p < 0.01), and 
the expression levels of IκBα of the virus group were markedly lower 
than those of the NC group (p < 0.01). Compared with the virus group, 
the protein expression levels of the NF-κB p65, p-NF-κB p65 were sig
nificantly reduced in Huh-7 cells with KD-1 (250, 125, and 62.5 μg/ml), 
and p-IκBα was significantly reduced in Huh-7 cells with KD-1 (250 and 
125 μg/ml). Meanwhile, IκBα was significantly up-regulated in Huh-7 
cells with KD-1 (250, 125, and 62.5 μg/ml). 

Fig. 4. Effects of KD-1 treatment on the mRNA expression levels of inflammatory mediators in HCoV-229E-infected Huh-7 cells. TNF-α, IL-1β, IL-6, IP-10, and MCP-1. 
Data were presented as the mean ± SD obtained from three separate experiments. * p< 0.05; ** p< 0.01; *** p< 0.001, compared with HCoV-229E-infected cells. 
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Discussion 

The number of infections caused by the newly emerged SARS-CoV-2 
continues to rise sharply in China (CDC, 2020; WHO, 2020). The ex
tensive and rapid spread of this virus in the world has caused an out
break of acute infectious pneumonia (Guang et al., 2020). It is a major 
CoV infection that has threatened human life after SARS and MERS 
(Mahase, 2020). No specific antiviral drugs or vaccines can be used for 
this sudden and lethal disease, and the supportive care and nonspecific 
treatment of the patient is the only option to ameliorate the symptoms 
(Clercq, 2020; Russell et al., 2020; Zumla et al., 2020). Thus, effective 
and safe antiviral agents are urgently needed. Nowadays, the use of 
TCM is a popular and acceptable therapy, and many TCM prescriptions 
have been proven to exert obvious therapeutic effect on viruses by in
hibiting their replication directly and improving the immune functions 
of the host organism. Thus, these prescriptions may be effective anti
viral drugs. KD-1, a representative ingredient of F. suspensa, possesses 
anti-inflammatory, anti-oxidant, and antiviral activities. However, the 
antiviral and anti-inflammation effects induced by SARS-CoV-2 and 
HCoV-229E and the potential mechanisms of KD-1 in treating viral 
pneumonia are unclear. Herein, we investigated the potential antiviral 
and anti-inflammatory activities of KD-1 on SARS-CoV-2 and HCoV- 
229E. We elucidated for the first time that KD-1 could inhibit SARS- 
CoV-2 and HCoV-229E infection and significantly suppress the in
flammation caused by SARS-CoV-2 and HCoV-229E by down-regulating 
pro-inflammatory cytokines through the inhibition of the NF-κB signal 
pathway. 

The effects of KD-1 against SARS-CoV-2 (Fig. 1) and HCoV-229E 
(Fig. 2) in vitro were measured by CPE and plaque assays. Results 
showed that KD-1 could protect cells from virus-induced cell death and 
inhibit the average size and plaque number in KD-1-treated cells in a 
dose-dependent manner. The SI index of KD-1 on SARS-CoV-2 and 

HCoV-229E reached 30.66 and 16.02, respectively. All these results 
confirmed that KD-1 may be a key parameter influencing its viral ac
tivity. 

Highly pathogenic CoVs, such as SARS-CoV and MERS-CoV re
portedly cause fatal pneumonia, which is mainly associated with rapid 
virus replication, massive inflammatory cell infiltration, and elevated 
proinflammatory cytokine/chemokine responses. Although the patho
physiology of fatal pneumonia caused by highly pathogenic CoVs is not 
completely understood, recent studies suggest the crucial role of cyto
kine storm in causing fatal pneumonia (Channappanavar et al., 2017). 
Previous studies have shown increased amounts of proinflammatory 
cytokines (e.g., IL-1β, IL-6, IP-10, and MCP-1) in sera of SARS patients 
(Leong et al., 2006), which was similar in the serum of MERS patients 
with increased concentrations of proinflammatory cytokines (IFN-γ, 
TNF-α, IL-15, and IL-17) (Assiri et al., 2013). Moreover, it was reported 
that the occurrence of cytokine storm in NCIP patients in the ICU but 
not in non-ICU patients (Huang et al., 2020). They detected the pro
duction of IL-1β, TNF-α, MCP-1, IP-10, and IL-6 induced by SARS-COV- 
2 and HCoV-229E. Meanwhile, our results showed that KD-1 inhibited 
the release of IL-1β, TNF-α, MCP-1, IP-10, and IL-6 induced by SARS- 
COV-2 and HCoV-229E in Huh-7 cells (Fig. 3 and Fig. 4) in a dose- 
dependent manner. 

The SARS syndrome is characterized by uncontrolled inflammatory 
response, and NF-κB is the major transcription factor activated in acute 
respiratory distress syndrome (Fan et al., 2001). Similar to SARS-CoV, 
SARS-CoV-2 can also cause severe respiratory illness and even death. 
We performed RNA-seq of SARS-COV-2 virus-infected Huh-7 cells using 
the Illumina HiSeq 2000 platform and found that SARS-CoV-2 infection 
could regulate the NF-κB, TNF and PI3K-Akt signaling pathway, as well 
as ECM-receptor interaction (data not shown). NF-кB plays an im
portant role in mediating inflammation, immune responses, and other 
cellular activities (Mitchell et al., 2016). NF-кB activation can induce 

Fig. 5. KD-1 inhibits the inflammation induced by the virus through modulating the NF-κB pathway in vitro. (A) The expression of the NF-κB p65, p-NF-κB p65, p- 
IκBα and IκBα proteins in the Huh-7 cells was detected by western blot analysis; (B) The quantitative analysis of the NF-κB p65, p-NF-κB p65, p-IκBα and IκBα 
proteins was analyzed by Image J. The values were presented as the means ± S.D. of three individual experiments. * p< 0.05; ** p< 0.01; *** p< 0.001, when 
compared to the viral control. 
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cytokine production, and these cytokines can react in turn, produce a 
positive autoregulatory loop and exacerbate the inflammatory response 
(Santoro et al., 2003). Accordingly, to understand the molecular me
chanism of KD-1 action against CoV infection, we examined how the 
regulation of the NF-кB signaling pathway contributed to the allevia
tion of inflammation. . Results showed that HCoV-229E activated the 
NF-кB signaling pathway, and that KD-1 could significantly decrease 
the HCoV-229E -induced activation of p-NF-κB p65 and p-IκBα, and 
increase the expression of IκBα (Figs. 5 and 6). We inferred that the 
mechanism underlying the antiviral activity of the KD-1 involved the 
impairment of the up-regulated pro-inflammatory cytokines induced by 
CoV by inhibiting the activity of the NF-кB signaling pathway. The 
change in cytokine profiles suggested that KD-1 may affect the inhibi
tion of cytokine storm induced by CoV, and this deduction should be 
validated in vivo. 

Conclusions 

Our results revealed that KD-1 could significantly protect cells from 
CoV-induced cell death and inhibit the average size and plaque number 
of the virus in vitro. The anti-CoV effect was attributed to the blocking of 
virus replication and the inhibition of the CoV-induced up-regulated 
expression of pro-inflammatory cytokines by a regulating the activity of 
the NF-кB signaling pathway. Thus, further evaluation of KD-1 as an 
anti-SARS-CoV-2 agent is need. Our finding can serve as a reference to 
further reveal the mechanisms underlying the anti-inflammatory ac
tivity of KD-1 and its potential use to treat SARS-CoV-2-induced in
flammation. 
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