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Abstract: The continuous emergence of SARS-CoV-2 variants has led to a protracted global COVID-19
pandemic with significant impacts on public health and global economy. While there are currently
available SARS-CoV-2 vaccines and therapeutics, most of the FDA-approved antiviral agents directly
target viral proteins. However, inflammation is the initial immune pathogenesis induced by SARS-
CoV-2 infection, there is still a need to find additional agents that can control the virus in the early
stages of infection to alleviate disease progression for the next pandemic. Here, we find that both
the spike protein and its receptor CD147 are crucial for inducing inflammation by SARS-CoV-2 in
THP-1 monocytic cells. Moreover, we find that 3-epi-betulin, isolated from Daphniphyllum glaucescens,
reduces the level of proinflammatory cytokines induced by SARS-CoV-2, consequently resulting in
a decreased viral RNA accumulation and plaque formation. In addition, 3-epi-betulin displays a
broad-spectrum inhibition of entry of SARS-CoV-2 pseudoviruses, including Alpha (B.1.1.7), Eplison
(B.1.429), Gamma (P1), Delta (B.1.617.2) and Omicron (BA.1). Moreover, 3-epi-betulin potently inhibits
SARS-CoV-2 infection with an ECsg of <20 uM in Calu-3 lung epithelial cells. Bioinformatic analysis
reveals the chemical interaction between the 3-epi-betulin and the spike protein, along with the critical
amino acid residues in the spike protein that contribute to the inhibitory activity of 3-epi-betulin
against virus entry. Taken together, our results suggest that 3-epi-betulin exhibits dual effect: it
reduces SARS-CoV-2-induced inflammation and inhibits virus entry, positioning it as a potential
antiviral agent against SARS-CoV-2.
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1. Introduction

SARS-CoV-2 is the causative agent of the COVID-19 infectious disease, which has
spread rapidly worldwide since its identification in late 2019. The virus caused a global
pandemic that has had a significant impact on public health and the global economy. Multi-
ple variants of SARS-CoV-2 have been discovered and some of them are more infectious
than the original strain, while others may not show a significant increase in transmission.
SARS-CoV-2 is a positive-sense, single-stranded RNA virus. The structural proteins of
SARS-CoV-2 include membrane glycoprotein (M), envelope protein (E), nucleocapsid pro-
tein (N), and the spike protein (S). Among these, the spike protein is the key structural
protein for inducing inflammation [1]. Upon infection, the receptor-binding domain (RBD)
of the spike protein binds to angiotensin converting enzyme 2 (ACE2) on the surface of
target cells, facilitating the subsequent entry of the virus into the cells [2]. In addition to
ACE?2, other potential receptors have been proposed, such as glucose-regulated protein 78
(GRP78) and CD147 [3,4].

SARS-CoV-2 is highly contagious, leading to either asymptomatic infection or a range
of symptoms, including cough, fever, fatigue, muscle aches and headaches, shortness of
breath, even pneumonia and acute respiratory distress syndrome (ARDS) [5]. Inflammation
is a key feature of the immune response to the virus and plays a significant role in the
symptoms and severity of COVID-19 [6,7]. SARS-CoV-2-induced inflammation causing
the release of cytokines, such as Interleukin-1 beta (IL-1 beta), Interleukin-6 (IL-6), Tumor
necrosis factor-alpha (TNF-alpha), and Interferon-gamma (IFN-gamma), which contribute
to the disease severity and death [8]. Hyper-inflammation is considered one of the major
drivers of severe COVID-19 and long COVID [9]. Hence, molecules that possess dual
antiviral and anti-inflammatory properties are in high demand.

Traditional medicinal plants and their natural product derivatives have been used in
preventing and treating a wide range of infectious diseases [10-12]. Consequently, some
of these natural compounds have been developed as promising candidates for combating
SARS-CoV-2 [13,14]. In this study, we discovered that compound 3-epi-betulin, isolated
from Daphniphyllum glaucescens, exhibits a dual anti-SARS-CoV-2 effect. It effectively
reduces virus-induced inflammation and acts as a broad-spectrum inhibitor for virus entry
in a cell culture model.

2. Results
2.1. The SARS-CoV-2 Pseudovirus Activates an Inflammatory Response Independent of
Virus Entry

To understand whether the structural proteins of SARS-CoV-2 can stimulate cell
inflammation, two types of pseudotyped virus particles mimicking SARS-CoV-2 were used.
These particles contained either the spike, envelope, and membrane proteins (SEMpv) or
the spike protein only (Spv). THP-1 cells were stimulated with these particles, and the
inflammatory response was evaluated by detecting the central mediator of inflammation,
phospho-NFkB p65, downstream pro-inflammatory genes, and released cytokines. The
data showed that both SEMpv and Spv activated NFkB p65 phosphorylation 4.1-fold and
3.9-fold, respectively (Figure 1A). In addition, both SEMpv and Spv induced mRNA levels
of pro-inflammatory genes IL1B (2.9-fold vs. 3.1-fold), IL6 (2.01-fold vs. 2.34-fold), and TNF
(2.37-fold vs. 1.86-fold), respectively. Similar pseudoviral particles were used to stimulate
the inflammatory response, and the cellular viral RNA was evaluated to determine viral
infectivity (Figure 1B). Finally, a similar amount of IL-1(3 cytokine was detected in THP-1
cells stimulated with either SEMpv or Spv (Figure 1C).
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Figure 1. Stimulation of THP-1 cells with SARS-CoV-2 pseudovirus results in an inflammatory
response. (A) Differentiated THP-1 cells were stimulated by pseudoviruses bearing either SARS-CoV-
2 spike, envelope, or membrane protein (SEMpv) for 4 h. Cell lysates were collected and analyzed by
Western blotting by indicated antibody. The ratio of phosphorylated p65 versus nonphosphorylated
p65 is indicated. 3-Actin was used as a normalized control. (B) THP-1 cells were stimulated for 16 h
using pseudoviruses, and the expression levels of pro-inflammatory genes (IL1B, IL6, and TNF) and
viral RNA were detected by RT-qPCR. GAPDH was used as a normalized control. (C) In parallel, the
concentration of IL-1B cytokine was detected by ELISA in the supernatant. Data are presented as the
mean + S.D. (n = 3; *, p < 0.05; ***, p < 0.001).

To further clarify whether viral entry is important for the activation of inflammation,
UV-inactivated pseudotyped viruses were used in the same experiments. Interestingly, the
phosphorylation of p65 was still activated by UV-inactivated SEMpv as well as SEMpv
(3.2-fold vs. 3.8-fold, respectively) (Figure 2A). Subsequently, the pro-inflammatory genes
IL1B (2.82-fold vs. 2.93-fold), IL6 (2.18-fold vs. 2.26-fold), and TNF (2.11-fold vs. 2.06-fold)
were also increased by SEMpv or UV-inactivated SEMpv stimulation. However, the in-
tracellular viral RNA in UV-inactivated SEMpv infection was reduced by 66% compared
to SEMpv (Figure 2B). Additionally, IL-1p cytokine release was also promoted by UV-
inactivated SEMpv stimulation (Figure 2C). Similar data were displayed by UV-inactivated
Spv. These data above implied that the inflammation is not related to the virus entering
cells. We therefore wonder if the binding of spike to receptor is crucial for stimulating
inflammation. Angiotensin-converting enzyme 2 (ACE2) is the most important receptor
for SARS-CoV-2 entry [15]. However, CD147 was reported to mediate the virus entering
the cells by endocytosis [4]. Hence, the expression levels of ACE2 and CD147 in human
lung epithelial Calu-3 and macrophage THP-1 cells were determined by immunofluores-
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cence assay. The results demonstrated that ACE2 was highly expressed in Calu-3 cells but
not THP-1 cells. However, CD147 was expressed in both cells, especially in THP-1 cells
(Figure 3A). Next, the CD147 was knocked down to estimate the effect of CD147 on spike-
stimulated inflammation. The expression of knockdown-CD147 was evaluated by flow
cytometry. Compared to the negative control (shGFP), the mean fluorescence intensity (MFI)
of knockdown-CD147 (shCD147C, shCD147D) on THP-1 cells was decreased by 45.5% and
46.6%, respectively (Figure 3B). In addition, the spike-stimulated inflammation was reduced
significantly in CD147 knockdown cells. The phosphor status of NFkB was decreased by
50% in spike-pseudotyped virus-stimulated CD147 knockdown-THP1 cells (Figure 3C, left
panel). In addition, the levels of IL-1B mRNA and secreted IL-13 were decreased by 61%
and 50.3%, respectively in spike-pseudotyped virus-stimulated CD147 knockdown-THP1
cells (Figure 3C, middle and right panels). These results implied that spike-CD147 interac-
tion is crucial for SARS-CoV-2-induced inflammation in THP-1 cells. Taken together, we
established a system to induce inflammation by SARS-CoV-2 pseudovirus.
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Figure 2. The structural proteins of SARS-CoV-2 pseudovirus induce an inflammatory response.
(A) Differentiated THP-1 cells were stimulated with either UV-inactivated or active SARS-CoV-2
pseudovirus for 4 h, and the cell lysates were collected for Western blotting by indicated antibodies.
(B) Differentiated THP-1 cells were stimulated with either UV-inactivated or active SARS-CoV-2
pseudovirus for 16 h, and the cellular RNA was collected to detect the expression of pro-inflammatory
genes (IL1B, IL6, and TNF) and viral RNA by RT-qPCR. GAPDH was used as a normalized control.
(C) The concentration of IL-1f cytokine in the supernatant was analyzed by ELISA. Data are presented
as the mean + S.D. (n = 3; *, p < 0.05; **, p < 0.01; ***, p < 0.001).
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Figure 3. CD147 facilitates SARS-CoV-2-induced inflammation response in differentiated THP-1
cells. (A) Expression of ACE2 and CD147 in Calu-3 and differentiated THP-1 were detected by
immunofluorescence staining with indicated antibody. DAPI stain as a nuclear marker. (B) THP-1
cells were knocked down by lenti-based shCD147 for 48 h and the CD147 expression level was
evaluated using antibody detection and analyzed by flow cytometry. (C) CD147-knockdown THP-1
cells were stimulated by SARS-CoV-2 pseudotyped virus. The protein lysates were collected after
4 h virus incubation and the Western blotting was used to detect the phosphorylation status of p65
by indicated antibody (left panel). The RNA was collected after 16 h stimulation, and the level of
proinflammation gene IL1b was detected by RT-qPCR (middle panel) and the level of IL1B cytokine
in supernatant was detected by ELISA (right panel). Data are presented as the mean £+ S.D. (n = 3;
*,p <0.05; **, p < 0.01; ***, p < 0.001; ns, not significant).

2.2. Compound 5 with Anti-Inflammation Activity Induced by SARS-CoV-2 Pseudoviruses
Suppresses Viral Replication

Dinorditerpenes from Flueggea virosa are known to exhibit suppressive activity toward
the phosphorylation levels of NF-kB P65 in PMA-differentiated THP-1 cells stimulated
by SARS-CoV-2 pseudovirus [16]. Additionally, triterpenes are well-known for their role
in conferring anti-inflammatory properties to herbal remedies [17]. Thus, compounds of
these two types were selected from the two plant sources for the SARS-CoV-2 pseudovirus-
induced inflammatory system (Table 1). The differentiated THP-1 cells were infected with
SEMpyv, followed by treatment with the indicated compound, listed in Table 1, for 16 h.
Among these compounds, the IL1B RNA level was significantly decreased, by 47.3%, by
compound 5 (cpd. 5, 3-epi-betulin) (Figure 4A). To assess the anti-inflammatory activity that
may suppress the replication of SARS-CoV-2, we utilized SARS-CoV-2 replicon cells to test
the antiviral effects on viral replication. Here we utilized a noninfectious self-replicating
SARS-CoV-2 replicon, derived from pBAC-SARS-CoV-2. The pPBAC-SARS-CoV-2 contains
the 5 UTR, ORF1a/1b, and 3'UTR of the SARS-CoV-2 genome. Additionally, to facilitate
the detection of replication, the firefly luciferase reporter gene was incorporated into pBAC-
SARS-CoV-2. To detect the replication of the replicon, HEK293T cells were co-transfected
with pBAC-SARS-CoV-2 and pCAG2-NP-HA. At 5 h post-transfection, the transfected cells
were reseeded onto a 96-well plate. At 24 h post-transfection, the cells were treated with
various concentrations of compound 5. The luciferase activity, representing the replication
activity, was measured at 48 h post-transfection. Compound 5 demonstrated significant
dose-dependent inhibition of replication in SARS-CoV-2 replicon-transfected cells. The
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EC50 was 11.7 & 0.4 uM (Figure 4B). To confirm the anti-inflammation activity of compound
5, calu-3 cells were infected with SARS-CoV-2 (hCoV-19/Taiwan/NTU49/2020) at MOI of
0.001 for 1 h. After infection, the cells were treated with either DMSO or 10 tM compound
5 for 24 h. The cellular RNA was collected and the expression of pro-inflammatory genes,
IL6 and TNE was decreased by 66.6% and 46.0%, respectively, according to RT-qPCR
(Figure 4C). Consequently, the plus-stranded viral RNA exhibited a reduction of 73.8%,
whereas the minus-stranded viral RNA decreased by 51.7% (Figure 4C, right panel). In
addition, the culture supernatant viral load decreased by 61.4%, and plaque formation
showed a decline of 51.5% (Figure 4D). These data suggest that compound 5 attenuated
inflammation induced by SARS-CoV-2 and subsequently reduced viral replication.

Table 1. Compounds used in this study.

No. Compound Name Compound Structure
Cod. 1 12-Hydroxy-13-methyl-ent-podocarp-
pd 6,8,11,13-tetraen-3-one
Cpd. 2 33,12-Dihydroxy-13-
pd. methylpodocarpa-6,8,11,13-tetraene
ent-33,12x-Dihydroxypimara-
Cpd. 3 8(14),15-diene
Cpd. 4 3-epi-Betulinic acid
Cpd. 5 3-epi-Betulin
Cpd. 6 Lup-20(30)-ene-3(3,29-diol

Cpd. 7

Betulin
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Table 1. Cont.

No. Compound Name Compound Structure

Cpd. 8 Lup-20(29)-ene-1,3-dione

To rule out the possibility that compound 5 may inhibit inflammation through the
inhibition of viral entry, a time-of-addition study was designed, as shown in Figure 5A. The
two upper strategies were presented for inhibiting the distinct step of viral entry, including
pre-treatment to target viral receptors and pre-inoculation to disrupt viral binding. In the
pre-treatment procedure, compound 5 was initially added to the cells for 1 h, followed by
pseudotyped virus infection. In the pre-inoculation procedure, compound 5 was pre-mixed
with pseudotyped virus for 1 h before adding the mixture to the cells. The pro-inflammatory
genes were detected by RT-qPCR. The expression of pro-inflammatory genes remained un-
changed regardless of whether compound 5 was pretreated with differentiated THP-1 cells
or mixed with pseudoviruses before infection (Figure 5B,C). In contrast, when compound
5 was administered to differentiated THP-1 cells after pseudovirus infection, there was a
69.5% decrease in IL1B expression and an 82.9% decrease in IL6 expression (Figure 5D).
These data indicated that compound 5 inhibited SARS-CoV-2-induced inflammation at the
stage of post-infection but not related to viral entry.
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Figure 4. Compound 5 inhibits SARS-CoV-2-induced inflammation and viral replication. (A) Dif-
ferentiated THP-1 cells were treated with potential anti-inflammation compounds for 48 h. The cell
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viability was determined by MTS assay (left panel). Differentiated THP-1 cells were infected with
SARS-CoV-2 pseudovirus and treated with potential anti-inflammation compounds for 16 h. Gene
expression of IL-1B was detected by RT-qPCR (right panel). (B) 293T cells were treated with indicated
dose of compound 5. After 48 h, the cell viability was determined by MTS assay (left panel). 293T
cells were transfected with pPBAC-SARS-CoV-2 bearing luciferase gene and pCAG2-NP-HA. After
5 h, the cells were reseeded and compound 5 was added into the culture medium for 24 h. Viral
replication was detected by luciferase activity assay, while cell viability was determined using an
MTS assay. The results are presented as the ratio of luciferase activity to cell viability (right panel).
(C) Calu-3 cells were infected with SARS-CoV-2 (hCoV-19/Taiwan/NTU49/2020) at MOI of 0.005
for 1 h. After infection, the cells were treated with either DMSO or 10 uM compound 5 for 24 h. The
cell lysate was collected to detect the expression levels of pro-inflammatory genes (IL-6 and TNF)
and different sense of viral RNA via RT-qPCR. (D) The culture supernatant was then harvested to
determine the virus titer using RT-qPCR and plaque assay. Data are presented as the mean + S.D.
(n=3;%p<0.05 **,p <0.01; ***, p < 0.001; ns, not significant).
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Figure 5. Compound 5 inhibits SARS-CoV-2-induced inflammation not related to virus entry.
(A) Schematic representation of the timeline to evaluate the anti-inflammatory activity of compound
5. After 16 h incubation, cellular RNA was collected, and the expression levels of pro-inflammatory
genes were determined by RT-qPCR. (B) Differentiated THP-1 cells were treated with compound 5 for
1 h before infection with SARS-CoV-2 pseudovirus. (C) Compound 5 was mixed with SARS-CoV-2
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pseudovirus for 1 h prior to infecting the differentiated THP-1 cells. (D) Differentiated THP-1 cells
were infected with SARS-CoV-2 pseudovirus and subsequently treated with compound for 16 h.
GAPDH was used as a normalization control. The data are presented as the expression ratio of the
inflammatory gene to GAPDH. Data are presented as the mean £ S.D. (n = 3; *, p < 0.05; **, p < 0.01;
ns, not significant).

2.3. Compound 5 Docked the RBD Domain of the SARS-CoV-2 Spike Protein and Effectively
Inhibited Virus Entry

Since compound 5 belongs to the class of triterpenes, we are curious whether com-
pounds with similar structures possess antiviral activities. Accidentally, we found that
the compound betulinic acid, which shares a similar chemical structure with compound 5,
has been reported to inhibit SARS-CoV-2 virus spike binding to ACE2 through the RBD
domain [18]. Using the molecular docking method via iGEMDOCK, compound 5 and
betulinic acid were observed to anchor with the wild-type SARS-CoV-2 spike proteins.
These two compounds are docked into similar positions of the spike protein (Figure 5A)
and interact with six residues, which are Y495, G496, Q498, T500, N501, and Y505 (Table 2).
Compared to betulinic acid, compound 5 has an extra hydrogen bond interaction with
residue Y453 and lower binding energy. We therefore selected compounds with a chemical
structure similar to compound 5 from our chemical library, as listed in Table 1, for the
SARS-CoV-2 pseudovirus entry assay. To achieve this, SARS-CoV-2 pseudoviruses were
pre-treated with either DMSO or the specified compounds at 37 °C for 1 h. Following
this, BHK-ACE2 cells were incubated with the compound-virus mixture for an additional
48 h, and luciferase activity was assessed. Consistent with the docking results, compound
5 exhibited a better inhibitory effect on virus entry compared to betulinic acid. Moreover,
compound 5 displayed the highest inhibitory activity for virus entry among all the com-
pounds tested and with no cytotoxicity (Figure 6B,C). To further understand the inhibition
effect of compound 5 on different variants of SARS-CoV-2, we employed pseudoviruses
carrying spike proteins of different variants in the pseudovirus entry assay. The EC50 of
each variant of the SARS-CoV-2 pseudovirus entry activity was determined. The EC50 of
compound 5 for wild-type SARS-CoV-2 pseudovirus is 14.6 uM for SEMpv and 16.3 uM
for Spv, respectively. In contrast, the compound displayed no inhibitory activity against
the control VSV-pseudovirus (Gpv). Next, we tested the viral entry activity of compound 5
against different mutant SEMpvs. The data indicated that compound 5 exhibited inhibitory
effects on D614G (EC50 12.5 uM) and N501Y (EC50 13.1 uM) (Figure 7A). Furthermore,
the activity of compound 5 against virus entry was tested against different variants of the
Spv. The data indicated that compound 5 exhibited similar inhibition activity in variants of
Alpha (B.1.1.7) (EC50 10.34 uM) and Eplison (B.1.429) (EC50 12.88 uM), displayed better
activity in Gamma (P1) (EC50 3.27 uM) and Delta (B.1.617.2) (EC50 3.09 uM), but did not
perform as well in Omicron (BA.1) (Figure 7B). These above results demonstrated that
compound 5 has the potential to disrupt virus entry across a broad range of SARS-CoV-2
variants. Finally, SARS-CoV-2 (hCoV-19/Taiwan/NTU49/2020) was pre-incubated with
compound 5 and the mixture was applied to Calu-3 cells for a pretreatment experiment.
The intracellular viral RNA and infectious virus titer were significantly decreased, by 45.6%
and 66.3%, respectively, at a concentration of 20 uM (Figure 7C). These data above indicated
that compound 5 exhibits anti-viral activity by reducing the entry of SARS-CoV-2.

Table 2. Amino acid residues of wild-type SARS-CoV-2 spike protein interact with 3-epi-betulin and
betulinic acid.

Compound Energy Binding Residues

Cpd. 5 —76.9 Y453, Y495, G496, Q498, T500, N501, Y505
Betulinic acid —72.8 Y495, G496, Q498, T500, N501, Y505
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Figure 6. Compound 5 has the potential to inhibit virus entry. (A) The docked poses of compound
5 and betulinic acid anchored with the wild-type SARS-CoV-2 spike proteins. The receptor-binding
domain of wild-type spike proteins (yellow) was complexed with the human ACE2 protein structure
(PDB ID: 6M0]J, chain A, gray). Two compounds, compound 5 (light purple) and betulinic acid
(orange), docked with wild-type spike proteins by iGEMDOCK, have —76.9 and —72.8 kcal/mol
binding energy, respectively. (B) BHK-ACE2 cells were treated with indicated compounds for 48 h.
Cell viability was then determined by MTS assay. (C) SARS-CoV-2 pseudoviruses were pretreated
with DMSO or each of indicated compound at 37 °C for 1 h. Subsequently, BHK-ACE2 cells were
incubated with the compound-virus mixture for additional 48 h followed by luciferase activity assay.
(n = 3;**, p <0.001, ns, not significant).

Compound 5 exhibited higher inhibitory potency against wild-type SARS-CoV-2 than
compound 6, 7, and 8, and the results may correlate with their chemical structures. Ac-
cording to the interaction profile generated from iGEMDOCK (Figure 8A), three hydrogen
bonds are absent in the docked poses of compound 6, 7, and 8, which interact with the side
chain of spike TYR453 and THR500, and the main chain of ASN501. Compounds 5, 6, and 8
have the same backbone structure, namely Icosahydro-1H-cyclopenta[a]chrysene (five-ring
core, PubChem CID: CID 22085851), but compound 7 does not. The only differences are the
functional groups attached to this five-ring core. There are two critical functional groups of
compound 5, but they are absent in compounds 6, 7, and 8. The first is a hydroxymethyl
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group bound between the cyclopentane and cyclohexane, which interacts with the side
chain of THR500 and the main chain of ASN501. The other one is a hydroxyl group bound
in one cyclohexane located at the end of this five-ring core, which interacts with the side
chain of spike TYR453. These three hydrogen bonds might explain why only compound
5 possesses inhibitory potency against the spike protein in vitro. The 2D interaction plot
generated by PoseView [19] is presented in Figure 8B.
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Figure 7. Compound 5 exhibits inhibitory effects on virus entry. (A) Pseudovirus bearing spike from
different variants of SARS-CoV-2 was pre-incubated with serially diluted compound at 37 °C for
1 h. The mixture was then put into BHK-ACE2 cells for 48 h followed by luciferase activity assay
to determine the EC50 of the compound to each variant of pseudovirus. (B) Each of SARS-CoV-2
variants was pre-incubated with a serial dilution of the compounds at 37 °C for 1 h. Subsequently,
VeroE6 cells were incubated with the compound-virus mixture for an additional hour, followed by
incubation without compound treatment for 120 h. The plaque formation ratio was calculated by
counting the number of plaques and normalizing them to the numbers obtained from the DMSO
control. (C) SARS-CoV-2 (NTU49) with MOI at 0.001 was pretreated with DMSO, 10 uM, or 20 pM
compound at 37 °C for 1 h. Calu-3 cells were then incubated with the compound-virus mixture for an
additional 1 h, followed by incubation without compound treatment for 24 h. The culture supernatant
was collected, and the virus titer was determined using qRT-PCR (left) and plaque assay (right). Data
are presented as the mean + S.D. (n = 3; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant).
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Figure 8. Interaction profile and 2-D interaction plot of compound 5 binding to wild-type SARS-
CoV-2 spike protein. (A) The interaction profiles of compound 5, 6, 7, and 8 by iGEMDOCK. Each
interactive residue listed on the x-axis has four codes separated by hyphens. The first code of the
interactive residue stands for the force between compounds and residues, H for hydrogen bond force,
and V for van der Waals forces. The second code represents the interaction in the main chain (M) or
side chain (S). The third code represents the spike protein’s residue type, and the fourth code is the
residue serial number. The interactions are represented in green when the energy < -2.5 for H and
the energy < —4 for V. The absent interactions are colored in black. Three red triangles indicate these
interactive residues interact with compound 5 but not with other compounds. (B) 2-D interaction
plot of the interactions between docked compound 5 and the wild-type spike protein visualized

by PoseView.

To understand the lower inhibition activity of compound 5 in the Omicron variant,
multiple sequence alignments of the receptor-binding site of SARS-CoV-2 spike proteins
in six variants are displayed. The binding of compound 5 to wild-type strains involves
seven positions in the spike proteins, which are marked in blue. However, three residues
including G496S, Q498R, and Y505H of Omicron strains occurred in these important
binding positions (Figure 9A). It implies that these positions may affect the binding affinity
of compound 5 to the spike of Omicron. Figure 9B shows the different docked poses of
compound 5 in the wild-type and Omicron strains by the molecular docking method. The
receptor-binding domains of wild-type (yellow) and Omicron (pink) spike proteins are
superimposed, and the human ACE2 protein structure (PDB ID: 6M0]J, chain A), which
was complexed with the wild-type spike protein in the crystal structure, is colored in gray.
Compound 5, represented by light green and light purple sticks, was anchored to the
spike proteins of both the wild-type and Omicron of SARS-CoV-2, respectively (Figure 9B).
The different docked poses of compound 5 in the wild-type and Omicron variants by
the molecular docking method may explain why compound 5 did not demonstrate high
inhibitory potency against the Omicron strain.
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WT_6MBI_E YRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPY
AP_7LWT_A  YRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTYGVGYQPY
EP_7N8H_A  YRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPY
GM_75BS_A  YRLFRKSNLKPFERDISTEIYQAGSTPCNGVKGFNCYFPLQSYGFQPTYGVGYQPY
DT_7VIN_A  YRLFRKSNLKPFERDISTEIYQAGSKPCNGVEGFNCYFPLQSYGFQPTNGVGYQPY
OM_7Q07_A YRLFRKSNLKPFERDISTEIYQAGNKPCNGVAGFNCYFPLRSYSFRPTYGVGHQPY

Figure 9. Sequence alignment and structural comparison of compound 5 binding to SARS-CoV-2 spike
protein. (A) The multiple sequence alignment of the receptor-binding domain in the SARS-CoV-2
spike proteins was presented. The title of each protein sequence is in the format “ Abbreviations_PDB
ID_Chain” listed in table in Section 4.13. The amino acid residues that compound bind to spike
protein are marked blue. (B) The receptor-binding domains of wild-type (yellow) and Omicron
(pink) spike proteins are superimposed. The human ACE2 protein structure (PDB ID: 6M0], chain
A), which was complexed with the wild-type spike protein in the crystal structure, is colored in
gray. Compound 5, with light green or light purple sticks, is indicated as anchored with wild-type or
Omicron strains of SARS-CoV-2 spike proteins, respectively.

3. Discussion

The clinical presentation of COVID-19 varies widely, ranging from asymptomatic cases
to fatal outcomes [20]. Though there has been rapid vaccine development, there are still no
long-term protective vaccines. Antiviral agents such as protease inhibitors (3CLpro and
ritonavir) and polymerase inhibitors (remdesivir and molnupiravir) have shown effective-
ness in treating early-stage COVID-19 [21]. However, SARS-CoV-2 elicits an imbalanced
host-dependent response in COVID-19 patients. These individuals exhibit elevated levels of
proinflammatory cytokines and chemokines, which contribute to pulmonary inflammation
and substantial lung damage [22]. Therefore, targeting pro-inflammatory molecules in
early phases of COVID-19 is one of the key strategies to preventing the progression of
the disease.

There is accumulating evidence demonstrating that the S protein, but not other viral
structure proteins of SARS-CoV-2, induces the inflammation response. Stimulation with the
S protein induces a polarization of THP-1 macrophages towards a proinflammatory state,
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characterized by an increase in TNF-a and MHC-II M1-like phenotype markers [23]. In
addition, the S protein was thought to be sensed by TLR2, which subsequently activates the
NF-«B pathway, resulting in the induction of inflammatory cytokines and chemokines [1].
Our data demonstrated that the S pseudotyped virus induced a similar level of proinflam-
matory cytokines compared to the SEM pseudotyped virus. Moreover, the inactivated S
pseudotyped virus elicited a similar level of inflammatory response as the active pseudo-
typed virus. These data above support the previous finding that the S protein plays a role
in SARS-CoV-2-stimulated inflammation.

CD147 was considered a receptor for SARS-CoV-2, mediating virus entry through
endocytosis [4,24]. Our data indicated that the expression level of CD147 on THP-1 cells
is higher than ACE2, as observed through fluorescence staining. Moreover, a reduced
expression of phosphorylated NF«B and proinflammation cytokine IL-1(3 was observed in
S pesudotyped virus-infected CD147-knockdown THP-1 cells. These data above implied
that attachment of spike to receptor or associated factors on the THP-1 cell surface is
critical for SARS-CoV-2-induced inflammation. Since there remain some arguments for
the roles of CD147 on SARS-CoV-2 infection [4,25,26], the molecular mechanisms under-
lying spike-induced inflammation in THP-1 cells during SARS-CoV-2 infection deserve
further investigation.

It is noted that the chemical structure of compound 5 is similar to betulinic acid,
which has been reported to have anti-viral activity by inhibiting SARS-CoV-2 spike binding
to ACE2 by computational screening [18]. We therefore tested the inhibition activity
of betulinic acid and compound 5 on the entry of SARS-CoV-2. Firstly, we found that
compound 5 has significantly higher inhibition activity than betulinic acid. The result is
consistent with the structure analysis via iGEMDOCK. Though the two compounds are
docked into similar positions of the spike protein (Figure 6A, Table 2), compound 5 has an
extra hydrogen bond interaction with residue Y453 and lower binding energy then betulinic
acid. It has been reported that Y453, located in the RBD domain of the spike protein, can
form hydrogen bonds with H34 in human ACE2 [27]. This suggests that compound 5
possesses a greater potential to disrupt the interaction between the spike and ACE2 due to
its higher affinity to the spike protein. In addition, among the similar chemical compounds,
compound 5 has also exhibited significant activity against viral entry. Though compound 7
has been identified for its ability to bind to the spike protein [28], compound 5 possesses
two essential functional groups that are absent in other compounds. The first group is a
hydroxymethyl group located between the cyclopentane and cyclohexane moieties. This
group interacts with the side chain of T500 and the main chain of N501. The second one is a
hydroxyl group which is attached within a cyclohexane ring located at the terminus of this
five-ring core. It engages in interaction with the side chain of spike Y453. The Y453 residue
in spike protein RBD is close to His34 in the ACE-2 receptor and T500 and N501 residues in
spike protein RBD are close to Tyr41 in ACE-2 [29]. Among these three amino acids, the
N501 in wild-type SARS-CoV-2 was found as one of the pivotal residues that increases the
binding affinity towards human ACE2 receptors [30]. Therefore, the presence of these three
hydrogen bonds could explain the exclusive inhibitory potency of compound 5 against the
spike/ ACE2-mediated virus entry in vitro.

On the other hand, compound 5 was effective for different variants, except the Omicron
variant. Multiple sequence alignment of the receptor-binding site of SARS-CoV-2 spike
proteins in six variants showed that seven positions (marked as blue in Figure 8) which
participate in compound 5 binding were conserved, excluding the Omicron strain. Three
mutations, including G496S, Q498R, and Y505H of Omicron, occurred in these important
binding positions. The neighboring residues G496 and F497 of the SARS-CoV-2 spike, as
well as residues D355 and Y41 of ACE2, were reported to be crucial for the interaction
between the RBD and ACE2 [31]. Our results demonstrated that compound 5 is docked into
the spike protein (Figure 6A) and interacts with six residues, which are Y495, G496, Q498,
T500, N501, and Y505 (Table 2). However, mutations in G496S, Q498R, and Y505H has been
reported to lead to a decrease in the stability of the spike protein [32,33]. It suggests that
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mutations in these three positions may affect the binding affinity of compound 5 to the
spike protein of the Omicron variant and explain why compound 5 did not demonstrate
high inhibitory potency against the Omicron strain. These results will provide practical
information on developing 3-epi-betulin as an adjuvant in current regimens against SARS-
CoV-2 in the future.

4. Materials and Methods
4.1. Purification of Terpenoids from Flueggea virosa and Daphniphyllum glaucescens

Compounds 1-3 and 8 were obtained from F. virosa [34]. Compounds 1-3 were isolated
following the methodology outlined in our previous study. Compound 8 (50.0 mg) was
obtained from subfraction 5G using an RP-18 column, employing a gradient elution ranging
from 75% to 90% MeOH-H,O. Compounds 4-7 were isolated from D. glaucescens [35].
Following the same protocol, we obtained fractions 4G, 4L, and 4N by vacuum liquid
chromatography. Fraction 4G was subdivided into 16 subfractions (4G1-4G16) using
RP-18 column chromatography (gradient, 30% to 90% MeOH-H,O). Subfraction 4G11
was subjected to RP-18 HPLC (90% ACN-H;O) to give compounds 4 (2.8 mg) and 5
(217.0 mg). Compound 7 (400 mg) was obtained from fraction 4L utilizing RP-18 column
chromatography (95% MeOH-H,0). Compound 6 (28.4 mg) was purified from fraction 4N
using RP-18 column chromatography with a gradient elution (60-95% MeOH-H;0O).

4.2. Cells, Viruses, and Compounds

THP-1 cells were cultured in RPMI (Gibco, Waltham, MA, USA) supplemented with
10% FBS. BHK-ACE2 cells, a BHK21 cell line stably expressing human ACE2 (gift from Dr.
Chia-Yi Yu, National Health Research Institutes, Miaoli, Taiwan), were cultured in RPMI
medium supplemented with 5% FBS. Calu-3 cells were grown in Dulbecco’s Modified
Eagle Medium (DMEM; Gibco) supplemented with 15% FBS (Gibco), penicillin G sodium
100 units/mL, streptomycin sulfate 100 ug/mL, and amphotericin B 250 ng/mL (antibiotic-
antimycotic, Gibco). VeroE6 cells were grown in DMEM supplemented with 10% FBS and
1% antibiotic-antimycotic. All above cells were cultured at 37 °C with 5% COs,.

SARS-CoV-2 was isolated from the sputum specimen of COVID-19 patients, and ampli-
fied in VeroE6 cells with 2 ug/mL tosylsulfonyl phenylalantyl chloromethyl ketone (TPCK)-
trypsin (T1426, Sigma-Aldrich, Darmstadt, Germany). hCoV-19/Taiwan/NTU49 /2020
(B.1.1.7, GISAID: EPI_ISL_1010718), hCoV-19/Taiwan/NTU56/2021 (B.1.429, GISAID:
EPI_ISL_1020315), hCoV-19/Taiwan/CGMH-CGU-56/2021 (P.1, GISAID: EPI_ISL._2249516),
hCoV-19/Taiwan/NTU92/2020 (B.1.617.2, GISAID: EPI_ISL_3979387) and hCoV-19/Taiwan/
NTU128/2021 (BA.1, GISAID: EPI_ISL_ 11050301) were the virus isolates used in this study.
With the approval of the Institutional Biosafety Committee, all work involving SARS-CoV-2
virus was performed in the Biosafety Level-3 Laboratory of the National Taiwan University
College of Medicine. Compounds used in this study are listed in Table 1, with the support
of Dr. Chih-Hua Chao (School of Pharmacy, China Medical University, Taichung, Taiwan).

4.3. SARS-CoV-2 Pseudovirus

The wild-type SARS-CoV-2 pseudovirus was a lentiviral-based viral particle. The
pseudoviral particles of SARS-CoV-2 were generated as described previously [16]. In
brief, 293T cells were co-transfected with pcDNA3.1-2019-nCoV-5A18 (from RNAi Core,
Academia Sinica, Taipei, Taiwan), pCMV d8.91, and pAS3W Fluc, to produce pseudotyped
viral particles. The supernatant containing pseudotyped viral particles was collected at
24 h, 36 h, and 48 h post-transfection. The supernatant was then centrifugated at 3000 rpm
for 5 min at 4 °C to remove cellular debris following collection by filtration using a low
protein-binding filter (0.45 pm) at 4 °C and subsequently ultracentrifugated at 20,000 x g for
2.5 h. The viral pellets were then resuspended in Opti-MEM medium and stored at —80 °C.
The pseudotyped SARS-CoV-2 variants were purchased from RNAi Core (Academia Sinica,
Taipei, Taiwan). All SEM pseudoviruses were provided by Dr. Chia-Yi Yu (National Health
Research Institutes, Miaoli, Taiwan). The construction and production of the pseudovirus
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have been described previously [36]. The pseudotyped viral activity was assessed by
measuring luciferase activity upon virus entry into cells. The viral particle number was
determined by real-time RT-PCR by measuring the RNA copies of FLuc reporter gene.

4.4. Real-Time RT-PCR Assay

To determine the gene expression of viral and proinflammation genes, the TRIZOL
method was used to extract total RNA from viral transduced cells. The total RNA was
reverse-transcribed to cDNA by random primer followed by real-time PCR. In brief, the
reaction includes the cDNA, 10 pL of Sybr green master mix (Applied Biosystems), and
250 nM of individual primer, and we adjusted the total volume to 20 puL with reaction
conditions as follows: 2 min at 50 °C, 10 min at 95 °C, and then 40 cycles of 15s at 95 °C and
1 min at 60 °C. To quantify the RNA copies of pseudoviruses, ten-fold serial dilutions of
plasmid pAS3W Fluc with known concentration were used to create the standard curve to
detect the viral copies of pseudovirus. For SARS-CoV-2 viral RNA, the primer set located in
E gene was used to detect the level of viral RNA. The level of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a control and the relative expression was calculated
by the AACT method [37]. The primers used in this study are listed in Table 3.

Table 3. Primers used in this study.

Target Forward Primer (5'-3) Reverse Primer (5'-3')
GAPDH TGGGTGTGAACCATGAGAAG GCTAAGCAGTTGGTGGTGC
FFLuc ATTACACCCGAGGGGGATGA CCAGATCCACAACCTTCGCT
IL1B GGACAAGCTGAGGAAGATGC GATTCTTTTCCTTGAGGCCC
IL6 AATGAGGAGACTTGCCTGGT GCAGGAACTGGATCAGGACT
TNF CTGCACTTTGGAGTGATCGG AGGGTTTGCTACAACATGGG

RT primer for (+) stranded viral RNA AGAAGGTTTTACAAGACTCACGTT
RT primer for (—) stranded viral RNA CGAACTTATGTACTCATTCGTTTCGG

SARS-CoV-2_E

ACAGGTACGTTAATAGTTAATAGCGT ATATTGCAGCAGTACGCACACA

4.5. Inflammation Induced by SARS-CoV-2 Pseudovirus

The human monocytic cell line THP-1 was treated with 5 ng/mL of phorbol
12-myristate 13-acetate (PMA; Sigma-Aldrich) to differentiate into macrophages in RPMI-
1640 medium with 10% FBS for 24 h. After changing fresh medium, the cells were incubated
for a further 48 h. The differentiated THP-1 cells were re-seeded into a 12-well plate at
a density of 5 x 10° cells per mL, followed by preincubation with or without the tested
compound for 2 h prior to SARS-CoV-2 pseudovirus. After 2 h incubation, the cells were
washed with PBS and then we changed the fresh medium for a further 16 h incubation.
The cell lysates were collected to detect the expression level and phosphorylated status
of NF-kB by Western analysis and the RNA was collected to detect the level of viral and
proinflammatory genes by RT-qPCR. In parallel, the supernatant was collected to measure
the level of IL-1$ using Human IL-1p ELISA kit R&D Systems (Minneapolis, MN, USA)
according to manufacturer’s instructions. Briefly, 200 pL of the sample was added to each
well of an ELISA plate and incubated for 2 h at room temperature (RT). The reaction solu-
tion was then aspirated and washed three times. Next, 200 pL of the detection antibody was
added to each well and incubated for 1 h at RT. The reaction solution was again aspirated
and washed three times. Substrate Solution (200 uL) was added to each well and incubated
for 20 min at RT. Finally, Stop Solution (50 uL) was added to each well, and the absorbance
was read at 450 nm within 30 min with wavelength correction at 570 nm.

4.6. Flow Cytometric Analysis

THP-1 cells were infected with lenti-based shCD147 for 24 h followed by puromycin
selection. After 48 h incubation, the expression level of CD147 in the individual group of
cells was detected by antibody against CD147 and analyzed by flow cytometry. In brief,
the cell pellets from each group of cells were collected by centrifugation at 2000 rpm for
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5 min. The cell density was adjusted to 1 x 10° cells/mL in phosphate-buffered saline (PBS)
supplemented with 10% goat serum (Gibco). The total volume was maintained at 0.1 mL.
The cells were then incubated with the CD147 antibody (Abcam, Cambridge, UK, clone
ab666, 1:100) for 30 min at 4 °C. Following that, the cells were incubated with the secondary
antibody, Alexa Fluor 488 goat anti-mouse IgG (H + L) (no. A-11029; Invitrogen, Carlsbad,
CA, USA), for an additional 30 min in the dark at 4 °C. Flow cytometric analysis was
performed using an Attune Nxt FACS (Life Technology/Thermo Fisher Scientific, Waltham,
MA, USA).

4.7. Immunofluorescence Stain

Calu-3 and differentiated THP-1 cells were fixed with 4% paraformaldehyde for
30 min, followed by three washes with ice-cold PBS. Subsequently, the cells were permeabi-
lized with 0.2% Triton X-100 for 5 min and washed three times with PBS and then blocked
by 5% BSA for 1 h. The cells were then incubated with anti-ACE2 antibody (A4612), or
anti-CD147 antibody (ab666) followed by staining with Alexa Fluor 488 goat anti-mouse
(no. A-11029; Invitrogen, Carlsbad, CA, USA), or AlexaFluor-568 goat anti-rabbit
(no. A-11011; Invitrogen, Carlsbad, CA, USA), respectively. Nuclei were stained with
DAPI for 10 min, and the cells were washed three times with PBS. Finally, the stained cells
were observed under Olympus IX-71 microscope (Olympus Optical, Toyko, Japan).

4.8. Cell Viability Assay

Cell viability assay was performed by MTS assay as previously described [38]. In brief,
the differentiated THP-1 cells (4 x 10* cells/well), BHK-ACE2 cells (1 x 10* cells/well), and
Calu-3 cells (1 x 10* cells/well) were treated with the tested compounds independently at
the indicated dose for an additional 48 h. The cells were then incubated with MTS solution
for 1 h, and the absorbance at 490 nm was detected by SpectraMax®iD3 (Molecular Devices,
San Jose, CA, USA).

4.9. SARS-CoV-2 Pseudovirus Entry Assay

For pseudoviruses, BHK-ACE2 cells were seeded into 24-well plates (5 x 10* cells /well)
and inoculated with 250 uL. media containing pseudovirus (5 x 10° particle number).
After 2 h incubation, cells were changed with 250 uL fresh media for an additional
48 h inoculation. The cells were then lysed with 50 uL 1 x Passive Lysis Buffer con-
taining 50 puL Bright-glo (Promega, Madison, WI, USA) at room temperature for 15 min.
The transduction efficiency was quantified by luciferase activity assay by SpectraMax®iD3
(Molecular Devices, San Jose, CA, USA). The IC50 was determined as the concentration at
which the response reaches the midpoint of the linear regression.

4.10. Plaque Reduction Assay

Plaque reduction assay was performed in 24-well culture plates. The veroE6 cells
(ATCC® CRL-1586™) were seeded at 2 x 10° cells/well in DMEM with 10% FBS and
antibiotics one day before infection. The cells were then incubated with a different dose of
compound for 1 h followed by infection with SARS-CoV-2 (100-150 plaque forming unit
(PFU) per well) at 37 °C for 1 h under compound treatment. Subsequently, viruses were
removed and the monolayered cells were washed once with PBS before covering with a
mixture of 1% methylcellulose and DMEM supplemented with 2% FBS and compound for
120 h. The cells were fixed with 10% formaldehyde overnight. After removal of overlay
media, the cells were stained with 0.5% crystal violet and the plaques were counted. The
plaque formation ratio was calculated by counting plaque numbers and comparing them
to the numbers obtained from the virus control.
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4.11. Yield Reduction Assay

For pretreatment experiments, virus at MOI with 0.001 was pretreated with a dif-
ferent dose of compound for 1 h at 37 °C. Then, calu-3 cells were infected with mix-
ture for 1 h. After infection, cells were incubated in DMEM supplemented with 2% FBS
and 1% antibiotics for 24 h. For post-treatment, calu-3 cells were infected with virus for
1 h, and following that, they were incubated with compound for 24 h. At the end point,
culture supernatant was harvested for virus titration, and cell lysate was collected to detect
expression of target viral RNA via RT-qPCR.

4.12. Virus Titration

The infectious virus titer in the supernatant was determined by plaque assay. Briefly,
a total of 2 x 10° veroE6 cells were seeded per well in the 24-well plate one day before
being infected for 1 h at 37 °C with SARS-CoV-2. After 1 h, the cells were rinsed with PBS,
covered with a mixture of 1% methylcellulose and DMEM supplemented with 2% FBS, and
incubated at 37 °C in a 5% CO, incubator. Cells were fixed with 10% formaldehyde for
1 h and stained with 0.5% crystal violet five days later. The plaque formation ratio was
then calculated by counting plaque numbers and comparing them to the numbers obtained
from the virus or DMSO control. The viral RNA copies in the culture supernatant were
quantified by RT-qPCR. Viral RNA in the supernatant was extracted with QIAamp Viral
RNA Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions.
RNA level of viral E gene in total cellular RNA were determined by RT-qPCR.

4.13. Molecular Docking and Interaction Analysis

The molecular docking and interaction analysis between compounds and spike pro-
teins of SARS-CoV-2 were performed by iGEMDOCK [39], a helpful tool for understanding
ligand binding mechanisms for a specific protein target. All SARS-CoV-2 spike protein
structures of different strains were collected from Protein Data Bank and used as the target
proteins. These spike protein structures are listed in Table 4. The figures representing the
molecular interaction were all drawn by PyYMOL (The PyMOL Molecular Graphics System,
Version 2.0, Schrodinger, LLC, New York, NY, USA).

Table 4. The SARS-CoV-2 spike protein structures of different strains used in molecular docking and
interaction analysis.

Strain Abbreviations PDB ID Chain Reference
Wild-type WT 6MOJ E [40]
Alpha (B.1.1.7) AP 7LWT A [41]
Epsilon (B.1.429) EP 7N8H A [42]
Gamma (P1) GM 7SBS A [43]
Delta (B.1.617.2) DT 7V7N A
Omicron (BA.1) oM 7Q07 A

4.14. Statistical Analysis

Statistical analysis was assessed by one-way ANOVA (Bonferroni’s Multiple Compari-
son Test). Data are presented as the mean + SD of three independent experiments. The
p < 0.05 was considered statistically significant.

5. Conclusions

In summary, we found a compound, 3-epi-betulin, isolated from Daphniphyllum
glaucescens, that exhibits a dual function to inhibit entry of SARS-CoV-2 variants, and
spike-induced inflammation by cell models. In addition, 3-epi-betulin may play a role
as a broad-spectrum compound to inhibit virus entry, diminishing viral load and in-
flammatory condition in COVID-19. Further investigation is still needed to elucidate
the detailed mechanisms by which 3-epi-betulin acts against SARS-CoV-2. Through this
study, we also define some amino acid residues in the RBD domain that are critical for
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3-epi-betulin binding. These results may provide new insights for designing compounds
subsequently to combat SARS-CoV-2. Overall, our results highlight the potential of 3-epi-
betulin against SARS-CoV-2.

Author Contributions: Y.-J.Y. performed most of the experiments and analyzed the data. T.-L.C.
performed all the experiments in BSLIII and S.-Y.C. analyzed the data. Y.-J.C. and C.-H.L. performed
the bioinformatic analysis and data analysis. C.-H.C. selected and supported the purified phytocom-
pounds. W.-C.S. performed the in vitro replication assay. Y.-].Y., T.-L.C., Y.-].C. and ].-C.C. drafted the
manuscript. M.M.C.L., ].-C.C. and C.-P.T. conceived the study, edited the manuscript, and acquired
funding. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by China Medical University (Grant Number CMU110-5-42,
CMU110-MF-37, CMU111-5-39), part from the National Science and Technology Council (Grant
Number: MOST 110-2320-B-039-054-MY3), the Chang Gung Medical Foundation (Grant Numbers
CORPD1K0031, CMRPD1L0281-2, and CMRPD1N0211-3) and the China Medical University Hospital
(Grant Number DMR-112-047).

Informed Consent Statement: Not applicable.
Data Availability Statement: All relevant data are included in the paper.

Acknowledgments: We would like to acknowledge the service provided by the Biosafety Level-3
Laboratory of the First Core Laboratory, National Taiwan University College of Medicine. We thank
the National RNAi Core Facility, Academia Sinica, Taiwan, for providing the shRNAs and technical
support. Experiments for real-time PCR and flow cytometer were performed in the Medical Research
Core Facilities, Office of Research & Development, at China Medical University, Taiwan.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Khan, S; Shafiei, M.S.; Longoria, C.; Schoggins, ].W.; Savani, R.C.; Zaki, H. SARS-CoV-2 spike protein induces inflammation via
TLR2-dependent activation of the NF-kappaB pathway. Elife 2021, 10, €68563. [CrossRef]

2. Xu, C;Wang, Y,; Liu, C.; Zhang, C.; Han, W.; Hong, X.; Wang, Y.; Hong, Q.; Wang, S.; Zhao, Q.; et al. Conformational dynamics
of SARS-CoV-2 trimeric spike glycoprotein in complex with receptor ACE2 revealed by cryo-EM. Sci. Adv. 2021, 7, eabe5575.
[CrossRef]

3. Ibrahim, IM.; Abdelmalek, D.H.; Elshahat, M.E.; Elfiky, A.A. COVID-19 spike-host cell receptor GRP78 binding site prediction. J.
Infect. 2020, 80, 554-562. [CrossRef] [PubMed]

4. Wang, K; Chen, W,; Zhang, Z.; Deng, Y.Q.; Lian, ].Q.; Du, P.; Wei, D.; Zhang, Y.; Sun, X.X.; Gong, L.; et al. CD147-spike protein is
a novel route for SARS-CoV-2 infection to host cells. Signal Transduct. Target. Ther. 2020, 5, 283. [CrossRef] [PubMed]

5. Sharma, A,; Tiwari, S.; Deb, M.K; Marty, J.L. Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2): A global pandemic
and treatment strategies. Int. |. Antimicrob. Agents 2020, 56, 106054. [CrossRef] [PubMed]

6. Lamers, M.M.; Haagmans, B.L. SARS-CoV-2 pathogenesis. Nat. Rev. Microbiol. 2022, 20, 270-284. [CrossRef] [PubMed]

7. Mohammed, A.; Kalle, A.M.; Reddanna, P. Managing SARS-CoV-2 Infections Through Resolution of Inflammation by Eicosanoids:
A Review. |. Inflamm. Res. 2022, 15, 4349-4358. [CrossRef]

8. Darif, D.; Hammi, I; Kihel, A.; Saik, L.E.; Guessous, E,; Akarid, K. The pro-inflammatory cytokines in COVID-19 pathogenesis:
What goes wrong? Microb. Pathog. 2021, 153, 104799. [CrossRef]

9.  Vollbracht, C.; Kraft, K. Oxidative Stress and Hyper-Inflammation as Major Drivers of Severe COVID-19 and Long COVID:
Implications for the Benefit of High-Dose Intravenous Vitamin C. Front. Pharmacol. 2022, 13, 899198. [CrossRef]

10. Hu, Z.W,; Lin, J.H,; Chen, ].T.; Cai, T.X,; Xia, L.X,; Liu, Y.; Song, X.; He, Z.D. Overview of Viral Pneumonia Associated With
Influenza Virus, Respiratory Syncytial Virus, and Coronavirus, and Therapeutics Based on Natural Products of Medicinal Plants.
Front. Pharmacol. 2021, 12, 630834. [CrossRef]

11. Li, T.; Peng, T. Traditional Chinese herbal medicine as a source of molecules with antiviral activity. Antivir. Res. 2013, 97, 1-9.
[CrossRef]

12.  Salehi, B.; Kumar, N.V.A; Sener, B.; Sharifi-Rad, M.; Kilic, M.; Mahady, G.B.; Vlaisavljevic, S.; Iriti, M.; Kobarfard, F.; Setzer, W.N.;
et al. Medicinal Plants Used in the Treatment of Human Immunodeficiency Virus. Int. J. Mol. Sci. 2018, 19, 1459. [CrossRef]

13.  Remali, J.; Aizat, WM. A Review on Plant Bioactive Compounds and Their Modes of Action Against Coronavirus Infection. Front.
Pharmacol. 2020, 11, 589044. [CrossRef]

14.  Sruthi, D.; Dhanalakshmi, M.; Rao, H.C.Y,; Parthasarathy, R.; Deepanraj, S.P; Jayabaskaran, C. Curative Potential of High-Value

Phytochemicals on COVID-19 Infection. Biochemistry 2023, 88, 64-72. [CrossRef] [PubMed]


https://doi.org/10.7554/eLife.68563
https://doi.org/10.1126/sciadv.abe5575
https://doi.org/10.1016/j.jinf.2020.02.026
https://www.ncbi.nlm.nih.gov/pubmed/32169481
https://doi.org/10.1038/s41392-020-00426-x
https://www.ncbi.nlm.nih.gov/pubmed/33277466
https://doi.org/10.1016/j.ijantimicag.2020.106054
https://www.ncbi.nlm.nih.gov/pubmed/32534188
https://doi.org/10.1038/s41579-022-00713-0
https://www.ncbi.nlm.nih.gov/pubmed/35354968
https://doi.org/10.2147/JIR.S355568
https://doi.org/10.1016/j.micpath.2021.104799
https://doi.org/10.3389/fphar.2022.899198
https://doi.org/10.3389/fphar.2021.630834
https://doi.org/10.1016/j.antiviral.2012.10.006
https://doi.org/10.3390/ijms19051459
https://doi.org/10.3389/fphar.2020.589044
https://doi.org/10.1134/S0006297923010066
https://www.ncbi.nlm.nih.gov/pubmed/37068882

Int. . Mol. Sci. 2023, 24, 17040 20 of 21

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kriiger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.; Nitsche,
A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell
2020, 181, 271-280. [CrossRef] [PubMed]

Cheng, ].C.; Chen, YJ.; Chuang, C.W.; Chao, Y.H.; Huang, H.C.; Lin, C.C.; Chao, C.H. Polyoxygenated Terpenoids and Polyketides
from the Roots of and Their Inhibitory Effect against SARS-CoV-2-Induced Inflammation. Molecules 2022, 27, 8548. [CrossRef]
Jeong, G.S.; Bae, ].S. Anti-Inflammatory Effects of Triterpenoids; Naturally Occurring and Synthetic Agents. Mini-Rev. Org. Chem.
2014, 11, 316-329. [CrossRef]

Carino, A.; Moraca, F; Fiorillo, B.; Marchiano, S.; Sepe, V.; Biagioli, M.; Finamore, C.; Bozza, S.; Francisci, D.; Distrutti, E.; et al.
Hijacking SARS-CoV-2/ACE2 Receptor Interaction by Natural and Semi-synthetic Steroidal Agents Acting on Functional Pockets
on the Receptor Binding Domain. Front. Chem. 2020, 8, 572885. [CrossRef]

Katrin Stierand, M.R. PoseView—Molecular interaction patterns at a glance. J. Cheminform. 2010, 2, P50. [CrossRef]

Mehta, P.; McAuley, D.F,; Brown, M.; Sanchez, E.; Tattersall, R.S.; Manson, ]J.J.; HLH Across Speciality Collaboration, UK.
COVID-19: Consider cytokine storm syndromes and immunosuppression. Lancet 2020, 395, 1033-1034. [CrossRef]

Li, G; Hilgenfeld, R.; Whitley, R.; De Clercq, E. Therapeutic strategies for COVID-19: Progress and lessons learned. Nat. Rev.
Drug Discov. 2023, 22, 449-475. [CrossRef] [PubMed]

Dharra, R.; Sharma, A.K,; Datta, S. Emerging aspects of cytokine storm in COVID-19: The role of proinflammatory cytokines and
therapeutic prospects. Cytokine 2023, 169, 156287. [CrossRef] [PubMed]

Barhoumi, T.; Alghanem, B.; Shaibah, H.; Mansour, FA.; Alamri, H.S.; Akiel, M.A.; Alroqi, F.; Boudjelal, M. SARS-CoV-2
Coronavirus Spike Protein-Induced Apoptosis, Inflammatory, and Oxidative Stress Responses in THP-1-Like-Macrophages:
Potential Role of Angiotensin-Converting Enzyme Inhibitor (Perindopril). Front. Immunol. 2021, 12, 728896. [CrossRef] [PubMed]
Avdonin, P.P; Rybakova, E.Y.; Trufanov, S.K.; Avdonin, P.V. SARS-CoV-2 Receptors and Their Involvement in Cell Infection.
Biochem. Mosc. Suppl. Ser. A-Membr. Cell Biol. 2023, 17, 1-11. [CrossRef] [PubMed]

Fenizia, C.; Galbiati, S.; Vanetti, C.; Vago, R.; Clerici, M.; Tacchetti, C.; Daniele, T. SARS-CoV-2 Entry: At the Crossroads of CD147
and ACE2. Cells 2021, 10, 1434. [CrossRef] [PubMed]

Ragotte, R.J.; Pulido, D.; Donnellan, ER.; Hill, M.L.; Gorini, G.; Davies, H.; Brun, J.; McHugh, K.; King, L.D.W.,; Skinner, K; et al.
Human Basigin (CD147) Does Not Directly Interact with SARS-CoV-2 Spike Glycoprotein. mSphere 2021, 6, e€0064721. [CrossRef]
[PubMed]

Ren, W,; Lan, J.; Ju, X.; Gong, M.; Long, Q.; Zhu, Z.; Yu, Y.; Wu, ].; Zhong, ].; Zhang, R.; et al. Mutation Y453F in the spike protein
of SARS-CoV-2 enhances interaction with the mink ACE2 receptor for host adaption. PLoS Pathog. 2021, 17, e1010053. [CrossRef]
Burkhanova, T.M.; Krysantieva, A I.; Babashkina, M.G.; Konyaeva, I.A.; Monina, L.N.; Goncharenko, A.N.; Safin, D.A. In silico
analyses of betulin: DFT studies, corrosion inhibition properties, ADMET prediction, and molecular docking with a series of
SARS-CoV-2 and monkeypox proteins. Struct. Chem. 2023, 34, 1545-1556. [CrossRef]

Guruprasad, L. Evolutionary relationships and sequence-structure determinants in human SARS coronavirus-2 spike proteins for
host receptor recognition. Proteins 2020, 88, 1387-1393. [CrossRef]

Liu, Y,; Liu, J.; Plante, K.S.; Plante, ].A.; Xie, X.; Zhang, X.; Ku, Z.; An, Z.; Scharton, D.; Schindewolf, C.; et al. The N501Y spike
substitution enhances SARS-CoV-2 infection and transmission. Nature 2022, 602, 294-299. [CrossRef]

Teng, S.; Sobitan, A.; Rhoades, R.; Liu, D.; Tang, Q. Systemic effects of missense mutations on SARS-CoV-2 spike glycoprotein
stability and receptor-binding affinity. Brief. Bioinform. 2021, 22, 1239-1253. [CrossRef] [PubMed]

Bhattacharya, M.; Sharma, A.R.; Dhama, K.; Agoramoorthy, G.; Chakraborty, C. Omicron variant (B.1.1.529) of SARS-CoV-2:
Understanding mutations in the genome, S-glycoprotein, and antibody-binding regions. Geroscience 2022, 44, 619—-637. [CrossRef]
[PubMed]

Kumar, S.; Thambiraja, T.S.; Karuppanan, K.; Subramaniam, G. Omicron and Delta variant of SARS-CoV-2: A comparative
computational study of spike protein. J. Med. Virol. 2022, 94, 1641-1649. [CrossRef] [PubMed]

Chao, C.H.; Cheng, J.C.; Shen, D.Y.; Wu, T.S. Anti-Hepatitis C Virus Dinorditerpenes from the Roots of. . Nat. Prod. 2014, 77,
22-28. [CrossRef] [PubMed]

Chao, C.H.; Cheng, J.C.; Gongalves, T.P.; Huang, KW.; Lin, C.C.; Huang, H.C.; Hwang, S.Y.; Wu, Y.C. Glaulactams A-C,
daphniphyllum alkaloids from. Sci. Rep. 2018, 8, 15417. [CrossRef]

Wang, H.I,; Chuang, Z.S.; Kao, Y.T.; Lin, Y.L.; Liang, J.J.; Liao, C.C.; Liao, C.L.; Lai, M.M.C.; Yu, C.Y. Small Structural Proteins E
and M Render the SARS-CoV-2 Pseudovirus More Infectious and Reveal the Phenotype of Natural Viral Variants. Int. ]. Mol. Sci.
2021, 22,9087. [CrossRef] [PubMed]

Livak, K.J.; Schmittgen, T.D. ; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the
2(-Delta Delta C(T)) Method. Methods 2001, 25, 402—408. [CrossRef]

Yeh, YJ.; Tseng, C.P.; Hsu, S.D.; Huang, H.Y.; Lai, M.M.C.; Huang, H.D.; Cheng, ]J.C. Dual Effects of Let-7b in the Early Stage of
Hepatitis C Virus Infection. J. Virol. 2021, 95, e01800-20. [CrossRef]

Yang, ].M.; Chen, C.C. GEMDOCK: A generic evolutionary method for molecular docking. Proteins 2004, 55, 288-304. [CrossRef]
Lan, J.; Ge, ]J.; Yu,]; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 spike
receptor-binding domain bound to the ACE2 receptor. Nature 2020, 581, 215-220. [CrossRef]


https://doi.org/10.1016/j.cell.2020.02.052
https://www.ncbi.nlm.nih.gov/pubmed/32142651
https://doi.org/10.3390/molecules27238548
https://doi.org/10.2174/1570193X1103140915111703
https://doi.org/10.3389/fchem.2020.572885
https://doi.org/10.1186/1758-2946-2-S1-P50
https://doi.org/10.1016/S0140-6736(20)30628-0
https://doi.org/10.1038/s41573-023-00672-y
https://www.ncbi.nlm.nih.gov/pubmed/37076602
https://doi.org/10.1016/j.cyto.2023.156287
https://www.ncbi.nlm.nih.gov/pubmed/37402337
https://doi.org/10.3389/fimmu.2021.728896
https://www.ncbi.nlm.nih.gov/pubmed/34616396
https://doi.org/10.1134/S1990747822060034
https://www.ncbi.nlm.nih.gov/pubmed/37008884
https://doi.org/10.3390/cells10061434
https://www.ncbi.nlm.nih.gov/pubmed/34201214
https://doi.org/10.1128/mSphere.00647-21
https://www.ncbi.nlm.nih.gov/pubmed/34378982
https://doi.org/10.1371/journal.ppat.1010053
https://doi.org/10.1007/s11224-022-02079-8
https://doi.org/10.1002/prot.25967
https://doi.org/10.1038/s41586-021-04245-0
https://doi.org/10.1093/bib/bbaa233
https://www.ncbi.nlm.nih.gov/pubmed/33006605
https://doi.org/10.1007/s11357-022-00532-4
https://www.ncbi.nlm.nih.gov/pubmed/35258772
https://doi.org/10.1002/jmv.27526
https://www.ncbi.nlm.nih.gov/pubmed/34914115
https://doi.org/10.1021/np400528h
https://www.ncbi.nlm.nih.gov/pubmed/24400834
https://doi.org/10.1038/s41598-018-33748-6
https://doi.org/10.3390/ijms22169087
https://www.ncbi.nlm.nih.gov/pubmed/34445789
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1128/JVI.01800-20
https://doi.org/10.1002/prot.20035
https://doi.org/10.1038/s41586-020-2180-5

Int. . Mol. Sci. 2023, 24, 17040 21 of 21

41.

42.

43.

Gobeil, S.M.; Janowska, K.; McDowell, S.; Mansouri, K.; Parks, R.; Stalls, V.; Kopp, M.E; Manne, K,; Li, D.; Wiehe, K.; et al. Effect
of natural mutations of SARS-CoV-2 on spike structure, conformation, and antigenicity. Science 2021, 373, eabi6226. [CrossRef]
[PubMed]

McCallum, M.; Bassi, J.; De Marco, A.; Chen, A.; Walls, A.C.; Di Iulio, J.; Tortorici, M.A.; Navarro, M.].; Silacci-Fregni, C.; Saliba,
C.; et al. SARS-CoV-2 immune evasion by the B.1.427/B.1.429 variant of concern. Science 2021, 373, 648-654. [CrossRef] [PubMed]
Zhang, J.; Xiao, T.; Cai, Y.; Lavine, C.L.; Peng, H.; Zhu, H.; Anand, K,; Tong, P; Gautam, A.; Mayer, M.L.; et al. Membrane fusion
and immune evasion by the spike protein of SARS-CoV-2 Delta variant. Science 2021, 374, 1353-1360. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1126/science.abi6226
https://www.ncbi.nlm.nih.gov/pubmed/34168071
https://doi.org/10.1126/science.abi7994
https://www.ncbi.nlm.nih.gov/pubmed/34210893
https://doi.org/10.1126/science.abl9463
https://www.ncbi.nlm.nih.gov/pubmed/34698504

	Introduction 
	Results 
	The SARS-CoV-2 Pseudovirus Activates an Inflammatory Response Independent of Virus Entry 
	Compound 5 with Anti-Inflammation Activity Induced by SARS-CoV-2 Pseudoviruses Suppresses Viral Replication 
	Compound 5 Docked the RBD Domain of the SARS-CoV-2 Spike Protein and Effectively Inhibited Virus Entry 

	Discussion 
	Materials and Methods 
	Purification of Terpenoids from Flueggea virosa and Daphniphyllum glaucescens 
	Cells, Viruses, and Compounds 
	SARS-CoV-2 Pseudovirus 
	Real-Time RT-PCR Assay 
	Inflammation Induced by SARS-CoV-2 Pseudovirus 
	Flow Cytometric Analysis 
	Immunofluorescence Stain 
	Cell Viability Assay 
	SARS-CoV-2 Pseudovirus Entry Assay 
	Plaque Reduction Assay 
	Yield Reduction Assay 
	Virus Titration 
	Molecular Docking and Interaction Analysis 
	Statistical Analysis 

	Conclusions 
	References

