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Introduction: The COVID-19 pandemic caused by the SARS-CoV-2 virus has
underscored the urgent necessity for the development of antiviral compounds
that can effectively target coronaviruses. In this study, we present the first
evidence of the antiviral efficacy of hyperforin, a major metabolite of St.
John’s wort, for which safety and bioavailability in humans have already been
established.

Methods: Antiviral assays were conducted in cell culture with four human
coronaviruses: three of high virulence, SARS-CoV-2, SARS-CoV, and MERS-CoV,
and one causing mild symptoms, HCoV-229E. The antiviral activity was also
evaluated in human primary airway epithelial cells. To ascertain the viral step
inhibited by hyperforin, time-of-addition assays were conducted. Subsequently,
a combination assay of hyperforin with remdesivir was performed.

Results: The results demonstrated that hyperforin exhibited notable antiviral
activity against the four tested human coronaviruses, with 1Cso values spanning
from 0.24 to 2.55 pM. Kinetic studies indicated that the observed activity occur
at a post-entry step, potentially during replication. The antiviral efficacy of
hyperforin was additionally corroborated in human primary airway epithelial
cells. The results demonstrated a reduction in both intracellular and extracellular
SARS-CoV-2 viral RNA, confirming that hyperforin targeted the replication step.
Finally, an additive antiviral effect on SARS-CoV-2 was observed when hyperforin
was combined with remdesivir.

Discussion: In conclusion, hyperforin has been identified as a novel pan-
coronavirus inhibitor with activity in human primary airway epithelial cells, a
preclinical model for coronaviruses. These findings collectively suggest that
hyperforin has potential as a candidate antiviral agent against current and future
human coronaviruses.
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1 Introduction

The COVID-19 pandemic, caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has emphasized the urgent
need for broad-spectrum antiviral drugs. Before the emergence of
SARS-CoV-2, there were no specific antiviral drugs available for
human coronaviruses (HCoVs). Even 4 years after the onset of the
outbreak, therapeutic options remain limited. To date, only three
direct-acting antivirals have been approved by the Food and Drug
Administration (FDA) for clinical use. Ritonavir-boosted nirmatrelvir
(Paxlovid®) is the primary therapy for patients at high risk of
developing severe COVID-19. Nirmatrelvir (PF-07321332) is an oral
protease inhibitor that targets the main protease (MP*) of SARS-
CoV-2 (Owen et al,, 2021). Remdesivir, a viral RNA-dependent RNA
polymerase (RdRp) inhibitor, is administered as a second-line therapy
(Warren et al, 2016; Agostini et al., 2018; Beigel et al., 2020).
Molnupiravir (MK-4482 or EIDD-2801), also an RdRp inhibitor, is an
orally available prodrug of the ribonucleoside analog EIDD-1931 with
broad-spectrum antiviral activity against RNA viruses (Stuyver et al.,
2003; Sheahan et al., 2020).

Coronaviruses are positive single stranded-RNA viruses belonging
to the Coronaviridae family, the Orthocoronavirinae subfamily and the
Nidovirales order (Coronaviridae Study Group of the International
Committee on Taxonomy of Viruses, 2020). A total of seven HCoV
strains have been identified to date. These are distinguished into two
groups based on their clinical presentation, from mild, HCoV-229E,
-OC43, -HKU1, and-NL63, to severe symptoms, SARS-CoV, Middle-
East respiratory syndrome coronavirus (MERS-CoV) and SARS-
CoV-2 (Tang et al., 2022). Coronaviruses are enveloped RNA viruses.
Structural proteins spike (S), envelope (E), and membrane (M)
proteins are embedded into the envelope lipid bilayer and protect the
viral genome which is associated with nucleoprotein (N). The S
protein mediates the host-cell attachment and the viral entry by
recognizing host-specific receptors (Belouzard et al., 2012). The virus
enters into the cell via two different pathways, depending on the
expression of cellular proteases on the cell surface, such as TMPRSS2
(Jackson et al., 2022). If the latter is expressed, the S protein is cleaved
at the cell surface and the viral particle fuses with host plasma
membrane. The endosomal pathway is the second entry pathway and
the fusion occurs with the endosomal membrane (Hoffmann and
Pohlmann, 2021). The genome is then released into the cytosol, where
it is translated into two polyproteins, ppla and pplab. These two are
cleaved by the papain-like protease nsp3 (PLP) and the main protease
nsp5 (MF), into several nonstructural proteins (nsp) such as nsp12,
the viral RdRp, engaging the replication step (Weiss and Leibowitz,
2011). Then the virus is assembled and secreted.

Many SARS-Like CoVs have been described in bats, with some of
them being capable of infecting human cells. Therefore, coronaviruses
are still a threat for human health (Li et al., 2005; Temmam et al.,
2022). Moreover, despite the widespread use of the current SARS-
CoV-2 antiviral therapy, some concerns persist, such as the poor oral
bioavailability of remdesivir (Rasmussen et al, 2022) and the
mutagenic potency of molnupiravir (Zhou et al., 2021). The
identification of new antiviral agents that could be utilized in
combination therapies is essential to mitigate the emergence of
resistant mutants and face future HCoV emergence.

Plants are a rich source of active molecules with a vast structural
diversity which play a pivotal role in the field of drug discovery and
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serve as inspiration for medicinal chemistry (Newman and Cragg,
2016). Numerous plant metabolites are being identified as
antimicrobials agents (Gibbons, 2004; Abreu et al., 2012). Among
them, some products exhibit antiviral activity against viruses of
different families in vitro (Denaro et al., 2020). Recently, pheophorbide
a (Pba), a chlorophyll degradation product, and honokiol, isolated
from magnolia bark, have demonstrated activity against several HCoV's
(Meunier et al.,, 2022; Salgado-Benvindo et al., 2023). Here, we describe,
for the first time, that hyperforin, the major metabolite of St. John’s
wort (SJW), is an antiviral agent with pan-coronavirus activity.

2 Materials and methods
2.1 Chemicals and antibodies

Dulbeccos modified Eagles medium (DMEM), phosphate-
buffered saline (PBS), GlutaMAX™ and 4’, 6-diamidino-2-
phenylindole (DAPI) were purchased from Life Technologies
(Carlsbad, California, United States). Fetal bovine sera (FBS) were
obtained from Eurobio (Evry, France). Remdesivir (GS-5734) and
tariquidar were from BioTechne (Minneapolis, United States). GC376
was obtained from AmBeed (Arlington Heights, United States).
Chloroquine and camostat mesylate were from Sigma-Aldrich (Saint
Louis, United States). Hyperforin was purchased from Phytolab
(Vestenbergsgreuth, Germany) (total of hyperforin >98.0%). Pba was
from Cayman Chemicals (Merck Chemicals, Darmstadt, Germany).
Stocks of compounds were resuspended in dimethyl sulfoxide
(DMSO) at 100 mM.

Polyclonal rabbit anti-SARS-CoV-2 nucleocapsid antibody was
purchased from Novus Biological (Cambridge, United Kingdom).
Monoclonal mouse anti-§3-tubulin IgG1 antibody (T5201) was from
Sigma-Aldrich (Saint Louis, United States). Horseradish peroxidase-
conjugated goat anti-rabbit IgG antibody was purchased from Jackson
ImmunoResearch (Ely, United Kingdom).

2.2 Cells

Human kidney cells (HEK293T/17, ATCC, CRL-11268; HEK293T'T/
ACE2) (Lavie et al,, 2022), African green monkey kidney cells (Vero-81,
ATCC, CCL-81; Vero-E6 cells), and Human hepatoma cells (Huh-7) were
grown in DMEM supplemented with 10% FBS. Human lung cell line
Calu-3 (ATCC, HTB-55) was cultivated in MEM supplemented with 10%
FBS and glutaM AX-1. Lentiviral vectors expressing TMPRSS2 were used
to transduce Vero-81 cells and to produce Huh-7/TMPRSS2 stable cell
line. This latter was selected with 2 pg/mL of puromycin. A reporter cell
line, F1G-Red, generated in the laboratory, and derivates from Vero-81
cells was also used for combination assay (Desmarets et al., 2022). Primary
human nasal epithelia MucilAir™ (Epithelix, Geneva, Switzerland) were
maintained in MucilAir™ culture medium (Epithelix) as recommended
by the manufacturer.

2.3 Virus

HCoV-229E-luc was kindly gifted by Volker Thiel (van den Worm
etal., 2012). SARS-CoV-2 variants the original strain containing the
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D614G mutation (EPI_ISL_940555) (Belouzard et al., 2022), the alpha
(B1.1.7; EPI_ISL_1653931) and omicron variants (B1.1.529; EPI_
ISL_7696645) provided by Dr. Kazali Alidjinou (University of Lille).
SARS-CoV strain (Frankfurt isolate) (Drosten et al., 2003) was
provided by Dr. Michelle Vialette (Unité de Sécurité Microbiologique,
Pasteur Institute of Lille). MERS-CoV was recovered by transfecting
the infectious clone of MERS-CoV-EMCI2 (kindly provided by Luis
Enjuanes) in Huh-7 cells (Almazan et al., 2013).

2.4 Cell viability

Huh-7, Vero-81 and Calu-3 cells were seeded in 96-well plate at a
density of 1x107, 1.5x10?, 5x10* cells per well respectively, and
incubated for 24h at 37°C and 5% CO, before treatment with the
different compounds. Two-fold serial dilution were performed with
final concentration ranging from 2.5 to 160 uM in DMEM. Cells were
incubated with the compounds for 24 h. A 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS)-based viability assay (CellTiter 96® AQueous One Solution
Cell Proliferation Assay, Promega) was performed as previously
described (Meunier et al., 2022).

2.5 HCoVs infection assays

2.5.1 HCoV-229E-Luc

2x10* Huh-7/TMPRSS2 cells per well were seeded into a 96-well
plate 24 h before infection. Cells were inoculated with HCoV-229E-Luc
at a multiplicity of infection (MOI) of 0.1 and, simultaneously, treated
with increasing concentrations of hyperforin (2-fold dilutions, from
0.625 to 20 uM). The inoculum was removed after 1 h and replaced
with culture medium containing the compound at same concentrations.
The cells were then lysed 7h later in 20 pL of Renilla luciferase assay
lysis buffer (Promega), and luciferase activity was quantified using a
Tristar LB 941 luminometer (Berthold Technologies, Bad Bildbad,
Germany) as recommended by the manufacturer.

2.5.2 MERS-CoV and SARS-CoV

2x10° Calu-3 or Vero-81/TMPRSS2 cells were seeded in a 24-well
plate on coverslips, 48 h or 24 h prior infection with MERS-CoV or
SARS-CoV, respectively. Cells were inoculated with the virus at a MOI
of 0.1, in the presence of increased concentrations hyperforin (2-fold
dilutions from 1.25 to 10 pM and 1.25 to 20 pM for SARS-CoV and
MERS-CoV, respectively), for 1h at 37°C and 5% of CO,. The
inoculum was replaced by culture medium containing hyperforin at
same concentrations and the cells were incubated for 16h.
Supernatants were collected for viral titration and cells were fixed
twice with 4% of paraformaldehyde (PFA) before exiting the BSL-3
facility and processed for immunostaining.

2.5.3 SARS-CoV-2

1x10° Vero-81/TMPRSS2 cells per well were seeded in a 48-well
plate 24 h before infection. Cells were inoculated with the virus at a
MOI of 0.3, in the presence of increased concentration of the
compound (2-fold dilutions from 0.625 to 10 pM), for 1h at 37°C and
5% of CO,. 50nM tariquidar, a P-glycoprotein inhibitor, was added in
the media to inhibit pump efflux, and 10 pM chloroquine was used as
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a control of the expression of TMPRSS2. Inoculum was replaced with
media containing the different compounds and cells were incubated
for 16 h at 37°C and 5% of CO,. The supernatants were collected for
viral titration.

2.6 Infectivity titration

Huh-7 (MERS-CoV) or Vero-E6 (SARS-CoV and SARS-CoV-2)
were seeded in a 96-well plate and were inoculated with 1/10 serially
diluted supernatants. After 5days (SARS-CoV and SARS-CoV-2) or
7 days (MERS-CoV) of incubation at 37°C and 5% of CO,, the 50%
tissue culture infectious dose (TCID50/mL) was determined by
assessing the virus-induced cytopathic effect and using the Spearman-
Karber formula (Wulff et al., 2012).

2.7 Western blot detection

Proteins were separated onto a 12% SDS-polyacrylamide gel
electrophoresis and transferred on nitrocellulose membrane
(Hybond-ECL, Amersham). The membrane was blocked and
incubated overnight at 4°C with a polyclonal rabbit anti-SARS-CoV-2
nucleocapsid antibody (1/4000), or a monoclonal mouse anti-3-
tubulin antibody (1/4000) and then with HRP-conjugated secondary
antibodies. They were visualized by enhanced chemoluminescence
(Pierce™ ECL, ThermoFisher Scientific) on LAS3000 (Fujifilm) or
Amersham ImageQuant 800 (Cytiva).

2.8 MucilAir™ primary human airway
epithelial cells (HAE) infection assay

The apical surface of the cells was rinsed 3 times for 10 min using
MucilAir™ HAE culture medium to remove the mucosal secretion.
The cells were inoculated at the apical side with HCoV-229E-Luc
(MOI=0.01) or SARS-CoV-2 (MOI=0.3) and treated with 4 uM or
12 uM of hyperforin or 0.025% DMSO for 1 h. On the apical pole, the
inoculum was removed and replaced by 10 puL of medium containing
the compounds. Simultaneously, hyperforin or DMSO were added in
the basolateral medium. For HCoV-229E-Luc infection, after 24 h of
incubation, 140 pL of culture medium was added on the apical surface
of MucilAir™ HAE and collected for RNA extraction. The cells were
then lysed with 40 pL of Renilla luciferase assay lysis buffer (Promega).
Luciferase activity was quantified as previously described. For SARS-
CoV-2 infection, after 48h of incubation, 140 pL of culture medium
was added on the apical surface of MucilAir™ HAE and was collected
for RNA quantification by RT-qPCR and viral titration. The cells were
lysed and RNA was extracted for RT-qPCR assay.

2.9 RT-qPCR assay

RNA was extracted from MucilAir™-HAE supernatants or cells
using QIAamp Viral RNA Mini kit (Qiagen) and NucleoSpin RNA
plus (Macherey Nagel) respectively. One-step qPCR assay was
performed using 5 pL of RNA and Takyon Low rox one-step RT probe
master mix (UFD-LPRT-C0101, Eurogentec) with specific primers
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and probes (Supplementary Table S1) and using a Quantstudio 3
(Applied Biosystems). The expressions of HCoV-229E M gene and
SARS-CoV-2 E gene were quantified using a standard curve.

2.10 Time-of-addition assay

One day prior infection, 1x10° Vero-81/TMPRSS2 cells per well and
2x10* Huh-7/TMPRSS2 cells per well were seeded into a 48-well plate or
96-well plate for SARS-CoV-2 or HCoV-229E-Luc infection, respectively.
To assess which viral step is inhibited, the different compounds were
added at different time points, either 1h before the inoculation
(corresponding to the condition “pre-treatment”), during the inoculation
or 1h, 2h, 3h after the inoculation (1 h.p.i.,, 2h.p.i. or 3h.p.i.). The cells
were then lysed at 16h or 7h post-infection for SARS-CoV-2 or HCoV-
229E-Lug, respectively, and analyzed as described above.

2.11 Drug combination assay

24h before infection, 4.5x10° F1G-Red cells per well were seeded in
384-well plate in DMEM with 2% of FBS. 1 h before infection, seven-2-
fold concentrations of hyperforin and remdesivir combined or alone
were dispensed onto the cells using an Echo 550 acoustic dispenser
(Labcyte) in three biological replicates. DMSO concentration was kept
constant throughout the plate and used as control. The cells were then
inoculated with the virus by adding 10 pL of inoculum (MOI=0.3) and
50nM tariquidar for 16h. The infection was assessed by using an
INCELL Analyzer 6,500 high-throughput automated confocal
microscope (GE Healthcare) located in BSL-3. Nine images were taken
(20X objective, NA 0.75) for each condition and the number of infected
cells was quantified using Columbus image analysis software (Perkin
Elmer) (Desmarets et al., 2022). Synergy scores were calculated by using
Synergy Finder (http://www.synergyfinderplus.org/) (mean and p-value).

2.12 Statistical analysis and IC5y and CCs,
calculation

Analysis of the data was performed by using GraphPad Prism
(Boston, Ma, United States). ICs, and CCs, values were calculated by
nonlinear regression curve fitting with variable slopes and by
constraining the top to 100% and the bottom to 0%. Results are
presented as mean and standard error of the mean (SEM). Statistical
analysis was performed using one-way Anova non-parametric Kruskal
Wallis test followed with Dunn’s post-hoc test, and by comparing each
treated group with the untreated control (DMSO control). p-values
<0.05 were considered significantly different from the control.

3 Results
3.1 Hyperforin has pan-coronavirus activity

A preliminary screen of several natural compounds for their
antiviral activity against HCoV-229E, a HCoV causing mild
symptoms, identified hyperforin as a promising candidate. Indeed,
dose-response  assay

showed an antiviral activity against
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HCoV-229E-Luc with a 50% inhibitory concentration (ICs,) value of
1.10pM +£0.08uM (Figure 1A). Cytotoxicity tests showed a 50%
cytotoxic concentration (CCs) value of 19.35+2.08 uM, resulting in a
selective index (SI) of 17.59 (Table 1).

We further investigated its antiviral activity against highly virulent
HCoV. Dose-response assays were first conducted in cells challenged
with SARS-CoV-2 variants D614G (B.1), alpha (B1.1.7) and omicron
(B1.1.529). The results showed that hyperforin inhibited infection of
the three variants with calculated ICs, values of 0.98+0.28 uM,
0.24+0.02 uM, and 0.29 +0.13 pM respectively, and with a CC, value
0f45.91 uM in Vero-81/TMPRSS?2 cells (Figure 1B). The respective SI
were all higher than 40 (Table 1). Importantly, antiviral activity of
hyperforin was confirmed in human lung A549/ACE2 cells infected
with SARS-CoV-2 (Supplementary Figures SIA,B). Next, dose-
response assays were conducted to test hyperforin efficacy against
SARS-CoV and MERS-CoV. The results highlighted that hyperforin
is active against both of them with IC;, values of 1.01+0.12pM and
2.55+0.28uM, respectively (Figures 1C,D). These results were
confirmed by immunostaining of double-stranded RNA for both virus
and S protein of MERS-CoV (Supplementary Figures S1IC-F). In
Calu-3 cells, the CCs, value was estimated at approximately 100 pM
(Figure 1D), which is consistent with the number of nuclei quantified
by immunostaining (Supplementary Figure S1F). Taken together,
these data demonstrated that hyperforin has a pan-coronavirus
antiviral activity with ICs, values ranging from 0.24 to 2.55 pM.

3.2 Hyperforin inhibits a post-entry step

To investigate the hyperforin mechanism of action, time-of-addition
assays were performed (Figure 2A). The protease inhibitor GC376 and
the TMPRSS2 inhibitor, camostat mesylate (entry inhibitor), were added
as controls. Hyperforin significantly decreased the infection by more
than 2Log,, from 1 h.p.i. to 2 h.p.i (Figure 2B). Similar kinetic profiles
were observed for hyperforin and GC376 but not for camostat mesylate.
These results were confirmed for SARS-CoV-2. N protein was not
detected when hyperforin was added from 1h.p.i. to 3h.p.i (Figure 2C)
and the N expression signal was quantified (Supplementary Figure S2).
Similar inhibition profile to the SARS-CoV-2 Mpro inhibitor GC376
was observed. Conversely, hyperforin inhibition kinetic was different
from the one of entry inhibitor Pba, a natural compound inhibiting
SARS-CoV-2 entry (Meunier et al., 2022). To confirm that hyperforin is
a post-entry inhibitor, assays were performed with particles pseudotyped
with either HCoV-229E or SARS-CoV-2 spike protein (229 pp. or
SARS2pp) mimicking virus entry. No significant decrease was observed
for 229Epp or SARS2pp in the presence of hyperforin up to 5pM
(Supplementary Figure S3) suggesting that it is not an entry inhibitor.
The data collectively indicate that hyperforin exerts its effects at a post-
entry step of HCoV, most likely the replication step. Consequently, it is
postulated that the compound may target a viral or cellular factor that
is essential for the replication of the HCoV.

3.3 Hyperforin is active in primary human
airway epithelial cells

To evaluate the potential use of hyperforin in HCoVs therapy;, its
antiviral activity was tested in HAE cultured at air-liquid interface,
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FIGURE 1
Hyperforin has a pan-coronavirus activity. Dose—response assays were performed against HCoV-229E-Luc in Huh-7/TMPRSS2 cells. Hyperforin
concentrations are detailed in Materials and Methods section (A), SARS-CoV-2 variants in Vero-81/TMPRSS2 (B), SARS-CoV in Vero-81/TMPRSS2
(C) and MERS-CoV in Calu-3 cells (D). Antiviral activity was studied either by measuring luciferase activity for HCoV-229E after 7 h of infection, or by
TCID50/mL for SARS-CoV-2, SARS-CoV and MERS-CoV after 16 h of infection. Cytotoxicity was assessed by MTS assay at 24 h.

TABLE 1 Cytotoxicity and antiviral activity of hyperforin against HCoVs.

Virus Cells 1C50 (M) CCs (uM) |
HCoV-229E Huh-7/TMPRSS2 1.10+0.08 19.35+2.08 17.59
SARS-CoV-2 (D614) Vero-81/TMPRSS2 0.98+0.28 45914485 46.85
SARS-CoV-2 alpha (B1.1.7) Vero-81/TMPRSS2 0.24+0.02 45.91+4.85 191.29
SARS-CoV-2 omicron (B1.1.529)  Vero-81/TMPRSS2 029+0.13 45.91+4.85 158.31
SARS-CoV Vero-81/TMPRSS2 1.01£0.12 45914485 45.46
MERS-CoV Calu-3 2.55+0.28 ~ 100 ~39.21

considered as a preclinical model for HCoVs. First, its cytotoxicity in
HAE was determined by measuring LDH secretion and trans epithelial
electrical resistance (TEER). LDH secretion higher than 5% and TEER
lower than 100Q.cm’ reflect damaged cells. No cytotoxicity was
observed with 4 uM hyperforin at 24 and 48h for the two parameters
(Supplementary Figure S4). However, cytotoxicity was observed with
12 pM hyperforin at 48 h, with LDH secretion higher than 5% compared
to control and TEER lower than 100Q.cm? (Supplementary Figure 4).
Thus, for SARS-CoV-2 antiviral assays, only the concentration of 4 uM
was evaluated due to an incubation time of 48 h. Antiviral assays with
HCoV-229E-Luc in HAE showed a significant decrease in viral RNA
copies with 12pM hyperforin (Figures 3A,B), similar to the decrease
observed with 10pM GC376. No significant decrease of luciferase
activity was observed at this concentration. For SARS-CoV-2, the data
showed a decrease of infectious titers for both 4 uM hyperforin and
5uM remdesivir used as control (Figure 3C). However, this decline was
not statistically significant. Moreover, both intracellular and extracellular
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viral RNA are significantly decreased upon hyperforin treatment,
similar to remdesivir control (Figure 3D), demonstrating that the
reduction in virus release observed in Figure 3C is due to a reduction of
viral RNA production. Taken together, these data underlined that
hyperforin is active against HCoVs in HAE, a human preclinical model,
and suggested that hyperforin is a replication inhibitor of SARS-CoV-2.

3.4 Hyperforin is active in combination
with remdesivir

The results presented above demonstrate that hyperforin
encompasses many characteristics of an antiviral agent to be used in
clinic. In order to reinforce the data, combination studies of hyperforin
with remdesivir were performed using checkboard method with
double serial dilutions of each compound (Figure 4A). Analysis by
SynergyFinderPlus showed that the combination of hyperforin with
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Hyperforin is active at a post entry step. (A) Graphical representation of the time-of-addition assay. Compounds (C) were added at different time points
during infection. (B) 4 pM hyperforin, 5uM GC376, 50 pM camostat mesylate (camostat) were added at different time points during infection of Huh-7/
TMPRSS2 cells by HCoV-229E-Luc. (C) 20 uM hyperforin, 10 pM GC376 and 1 pM Pba, were added at different time points during infection of Vero-81/
TMPRSS2 cells by SARS-CoV-2. 10 pM chloroquine was used as a control of TMPRSS2 expression. Cells were lysed 16 h after inoculation in Laémmli
loading buffer and the amount of N protein was detected in immunoblot.
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FIGURE 3

Hyperforin is active against HCoV-229E and SARS-CoV-2 in HAE.(A) Cells were inoculated with HCoV-229E-Luc at the apical surface of HAE in the
presence of 4 or 12 uM hyperforin, and 10 pM GC376 (GC) for 24 h. Extracellular RNA was recovered from apical side and was quantified by RT-qPCR.
(B) Cells were lysed and luciferase activity was measured. Cells were inoculated with SARS-CoV-2 at the apical surface in the presence of 4 uM
hyperforin or 5uM remdesivir (Rem) for 48 h. Infectious virus secreted at the apical surface was quantified by TCID50/mL (C) and intracellular and
extracellular viral RNA by RT-qPCR analysis (D).
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remdesivir is additive, with synergy scores ranging from-10 to +10,
with the four mathematical models (HSA, Loewe, Bliss and ZIP;
Figure 4B and Supplementary Figure S5) and significant p-value
(Table 2). Moreover, a most synergic area (MSA) analysis showed a
synergistic combination with a MSA score of 14.9 (Figure 4C). Taken
together, these results highlight the potential of hyperforin as an
antiviral agent against HCoVs.

4 Discussion

This study presents, for the first time, evidence of the antiviral
activity of hyperforin, a major metabolite of SJW (Hypericum
perforatum L). Indeed, hyperforin exhibited antiviral activity against
highly virulent human coronaviruses such as SARS-CoV, MERS-
CoV, and SARS-CoV-2, as well as the low virulent HCoV-229E, with
ICs, values spanning from nanomolar to micromolar ranges.
Interestingly, pharmacokinetic and bioavailability data in mammals
are already available for hyperforin due to the use of SJW extract for
the treatment of mild to moderate depressive episodes (Barnes et al.,
2001; Linde et al., 2008). Standardized extracts of SJW have been
studied in many clinical trials demonstrating very good tolerability
(Roder et al,, 2004; Linde et al., 2008; EMA, 2023). Hyperforin, the
major metabolite of SJW, represents up to 5% of the total extract
(Barnes et al., 2001). Several studies have shown that circulating
concentrations of hyperforin fall within the range of ICy, values, with
maximal concentrations of 690nM and 1.1pM in rodents after
administration of SJW extract or hyperforin (Biber et al., 1998;
Hatanaka et al., 2011). In healthy human volunteers, ingestion of a
single dose of 300 to 1,200mg of SJW extract (containing 5%
hyperforin) resulted in detectable concentrations of hyperforin in
plasma ranging between 200 and 300nM in two different studies
(Biber et al., 1998; Agrosi et al., 2000; Hatanaka et al., 2011).
Furthermore, various reports have demonstrated that SfW extract is
not toxic in animal models and humans (Barnes et al., 2001; Negres
etal, 2016; EMA, 2023). Although these results are encouraging, the
hyperforin distribution in lungs following an oral administration has
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TABLE 2 Synergy scores obtained from synergy finder for hyperforin and
remdesivir combination.

Model Synergy score p-value
ALY 4.23 4.44e-04
Loewe 3.09 5.22e-03
HAS 7.05 5.42¢-23
Bliss 5.13 9.11e-07

not yet been reported. Dona et al. demonstrated that hyperforin
could reduce lung metastases in mice after intraperitoneal injection,
indicating that the compound can reach the lungs in vivo (Dona et al.,
2004). Our results in HAE showed that hyperforin is active when
administered at the air interface. It would be valuable to quantify
hyperforin in mice lungs after intranasal administration.
Pharmacokinetic studies are necessary to optimize the dose and route
of administration.

Our findings indicate that hyperforin displays pan-coronavirus
activity, suggesting that it may be efficacious against any known
HCoV, as well as against any novel HCoVs that may emerge in the
future. Few natural molecules have been reported to possess such
activity, with the exceptions being Pba and honokiol (Meunier et al.,
2022; Salgado-Benvindo et al, 2023). The identification of a
pan-coronavirus antiviral drug represents a significant challenge in
terms of pandemic preparedness (Jochmans et al., 2023). In this
regard, hyperforin may potentially serve as a lead compound for the
development of such an antiviral agent. It would be of interest to test
the antiviral efficacy of hyperforin against the three other HCoVs,
namely HCoV-OC43, -HKU1, and-NL63.

The results demonstrated that hyperforin is active at a post-entry
step of HCoV, most likely during the replication step as it decreased
both intracellular and extracellular RNA in HAE. Furthermore, the
time-of-addition assay demonstrated a comparable inhibition profile
for hyperforin and GC376, a protease inhibitor, which reinforces the
hypothesis that hyperforin acts as a replication inhibitor. The
replication step is a major target for antiviral agents employed in
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clinical settings, including nirmatrelvir and remdesivir. Consequently,
it is of particular interest that hyperforin has also been demonstrated
to target this step. To prevent viral resistance, it is widely accepted that
antiviral therapy should combine two or three antiviral agents. Our
results indicated that hyperforin could be combined with remdesivir,
an RdRp inhibitor, showing additive antiviral activity and synergy at
high concentrations in vitro. This combination is noteworthy as it was
recently demonstrated that obeldesivir, an oral prodrug of the parent
remdesivir was shown to be very effective in non-human primates
(Mackman et al., 2023).

Further experiments are required in order to gain a more
comprehensive understanding of the precise mechanism of action of
hyperforin. For instance, transcriptomic and proteomic analyses may
provide insight into the cellular pathways that are modulated by
hyperforin. Hyperforin has recently been described as an inducer of
the heme oxygenase 1 (HO-1) pathway, with the ability to upregulate
the expression of HO-1 (Cardile et al., 2023). Moreover, it has been
demonstrated that hemin, an inducer of HO-1 that upregulates HO-1
expression, exhibits antiviral activity against SARS-CoV-2 (Kim et al.,
2021). In our study, it was not possible to demonstrate the
upregulation of HO-1 expression in response to hyperforin treatment
in either the Huh-7 or Vero-81 cell lines (Supplementary Figure S6A).
Moreover, the down-regulation of HO-1 expression by specific
siRNA did not show an impact on HCoV-229E infection
(Supplementary Figures S6B,C), suggesting that HO-1 is not involved
in antiviral activity of hyperforin.

As mentioned previously, hyperforin is the major metabolite of
SJW extract. Hypericum perforatum L. (SJW), is the most common
and well-known species in the genus Hypericaceae. Consequently,
hyperforin is potentially available in large quantities. Further in vivo
investigation, in mouse model, is required to substantiate the potential
of hyperforin as a pan-coronavirus antiviral agent. It is noteworthy
that it has already been demonstrated that this compound is
orally available.

In conclusion, the imperative for broad-spectrum antiviral agents
has become increasingly evident to bolster pandemic preparedness
and address the emergence of future HCoVs. Given the existing
clinical reports and the antiviral efficacy demonstrated in this study,
hyperforin holds considerable promise for future therapies targeting
both human and animal coronaviruses.
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