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ABSTRACT 21 

COVID-19 pandemic has highlighted the need of antiviral molecules against 22 

coronaviruses. Plants are an endless source of active compounds. In the current study, we 23 

investigated the potential antiviral effects of Hypericum perforatum L.. Its extract contained 24 

two major metabolites belonging to distinct chemical classes, hypericin (HC) and hyperforin 25 

(HF). First, we demonstrated that HC inhibited HCoV-229E at the entry step by directly 26 

targeting the viral particle in a light-dependent manner. While antiviral properties have 27 

already been described for HC, the study here showed for the first time that HF has pan-28 

coronavirus antiviral capacity. Indeed, HF was highly active against Alphacoronavirus HCoV-29 

229E (IC50 value of 1.10 µM), and Betacoronaviruses SARS-CoV-2 (IC50 value of of 0.24 to 0.98 30 

µM), SARS-CoV (IC50 value of 1.01 µM) and MERS-CoV (IC50 value of 2.55 µM). Unlike HC, HF 31 

was active at a post-entry step, most likely the replication step. Antiviral activity of HF on 32 

HCoV-229E and SARS-CoV-2 was confirmed in primary human respiratory epithelial cells. 33 

Furthermore, in vitro combination assay of HF with remdesivir showed that their association 34 

was additive, which was encouraging for a potential therapeutical association. As HF was 35 

active on both Alpha- and Betacoronaviruses, a cellular target was hypothesized. Heme 36 

oxygenase 1 (HO-1) pathway, a potential target of HF, has been investigated but the results 37 

showed that HF antiviral activity against HCoV-229E was not dependent on HO-1. Collectively, 38 

HF is a promising antiviral candidate in view of our results and pharmacokinetics studies 39 

already published in animal models or in human.   40 
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INTRODUCTION 41 

The recent COVID-19 pandemic caused by severe acute respiratory syndrome 42 

coronavirus 2 (SARS-CoV-2) has highlighted the urge for broad-spectrum antivirals. Before the 43 

emergence of SARS-CoV-2, no specific coronavirus (CoV) antiviral agent was available. Four 44 

years after the beginning of the outbreak, we are still lacking for therapeutical options. To 45 

date, there are only three direct-acting antivirals (DAA) approved by FDA (Food and Drug 46 

Administration) for clinical usage. The ritonavir-boosted nirmatrelvir (Paxlovid®) is the first 47 

line-therapy for patients with high risk of developing severe COVID-19. Nirmatrelvir (PF-48 

07321332) is an oral protease inhibitor that is active against the main protease (MPRO) of SARS-49 

CoV-2 (1). Ritonavir serves as a booster, since it increases the plasma concentration of 50 

nirmatrelvir by inhibiting the cytochrome P450 3A4 (2). The second-line therapy, remdesivir is 51 

often given when there is contraindication to Paxlovid®. Remdesivir (GS-5734), a viral RNA-52 

dependent RNA polymerase (RdRp) inhibitor initially developed to treat Ebola infections, was 53 

one of the first molecule to demonstrate an antiviral activity against CoV in vitro and in vivo 54 

(3–5). Given intravenously, remdesivir which is an adenosine nucleotide analog prodrug, acts 55 

as a chain-terminator (6). The third-line therapy, molnupiravir (MK-4482 or EIDD-2801), a 56 

RdRp inhibitor originally developed against hepatitis C virus (HCV) infection, is an orally 57 

available prodrug of the ribonucleoside analog EIDD-1931 (β-D-N4-hydroxycytidine) that has 58 

a broad-spectrum antiviral activity against RNA viruses (7, 8). Even though these therapies are 59 

widely used, some concerns remain. Firstly, even if they are still active against the current 60 

circulating variants, the increased use of antivirals supports the development of drug 61 

resistance (9, 10). One of the main strategies to avoid the emergence of resistant mutants is 62 

the use of combination therapies that allow complete viral clearance, especially in 63 

immunocompromised patient (11–13). Secondly, 2% of Paxlovid® treated patients have 64 

exhibited a viral rebound, which is not significantly different from the placebo group (14, 15). 65 

Thirdly, the poor bioavailability of remdesivir when taken orally makes it challenging for 66 

ambulatory care and limits its usage for hospital settings. Fourthly, although molnupiravir is 67 

still approved by FDA, it has been withdrawn by the European Medicines Agency (EMA) 68 

because the benefice-risk balance was unfavorable for the patient (16). Finally, molnupiravir 69 

could pose a risk to the host, as it has been shown to have mutagenic potential in human cells 70 

(17). In light of these challenges, the development of new antivirals is more than necessary.  71 
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CoVs are positive single stranded-RNA viruses belonging to the Coronaviridae family, 72 

the Orthocoronavirinae subfamily and the Nidovirales order (18). Seven CoV infect human 73 

(HCoV) so far and can be distinguished into two groups based on the clinical presentation, 74 

from mild, HCoV-229E, -OC43, -HKU1, and -NL63, to severe symptoms, SARS-CoV, Middle-East 75 

respiratory syndrome coronavirus (MERS-CoV) and SARS-CoV-2 (19). Coronaviruses are 76 

enveloped RNA viruses. Structural proteins spike (S), envelope (E), and membrane (M) 77 

proteins are embedded into the envelope lipid bilayer and protect the viral genome which is 78 

associated with nucleoprotein (N). The S protein mediates the host-cell attachment and the 79 

viral entry by recognizing host-specific receptors (20). The virus enters into the cell via two 80 

different pathways, depending on the expression of cellular proteases on the cell surface, such 81 

as TMPRSS2 (21). If the latter is expressed, the S protein is cleaved at the cell surface and the 82 

viral particle fuses with host plasma membrane. The endosomal pathway is the second entry 83 

pathway and the fusion occurs with the endosomal membrane (22). The genome is then 84 

released into the cytosol, where it is translated into two polyproteins, pp1a and pp1ab. These 85 

two are cleaved by the papain-like protease nsp3 (PLpro) and the main protease nsp5 (MPRO), 86 

into several nonstructural proteins (nsp) such as nsp12, the viral RdRp, engaging the 87 

replication step (23). Then the virus is assembled and secreted. 88 

According to World Health Organization, around 80% of the population relies on herbal 89 

medicine to heal themselves, and plants are a great source of active molecules with huge 90 

structural diversity. Several natural products have been shown to exhibit antiviral activity 91 

against viruses of different families in vitro (24). We have recently shown that pheophorbide a 92 

(Pba), a chlorophyll degradation product is active against SARS-CoV-2 and MERS-CoV (25), that 93 

the red algae derivate griffithsin is active against MERS-CoV (26), and that some cinnamoyl 94 

oleanolic acids isolated from Hippophae rhmnoides are active against both SARS-CoV-2 and 95 

HCoV-229E (27). Also, we believe that plants could contain promising antiviral molecules of 96 

different chemical classes that are still unknown.  97 

Hypericum Tourn ex L. is a cosmopolitan genus with 512 recognized species to date 98 

(28). Hypericum perforatum L. (perforated Saint John’s wort, SJW), belonging to Hypericaceae, 99 

is the most common and well-known species among this genus (29). Its chemical composition 100 

includes flavonols (quercetin and its glycosides including hyperoside, rutin, isoquercitrin, 101 

quercitrin, miquelianin), biflavonoids (I3,II8-biapigenin and amentoflavone), 102 

naphtodianthrones (hypericin (HC) and its analogues), prenylated phloroglucinols (hyperforin 103 
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(HF) and its analogues) (30). Some standardized extracts of SJW, have been studied in many 104 

clinical trials to assess their effectiveness in depression also demonstrating a good tolerability 105 

(31–33). However, HC appears to induce adverse effects such as phototoxicity (34) and HF is 106 

known to be an enzyme inducer (31). HF and HC are the active compounds of Hypericum 107 

perforatum L. known to be responsible for its anti-depressive properties. To date, only HC has 108 

been described for antiviral activity against enveloped viruses such as human 109 

immunodeficiency virus 1, Sindbis virus and murine cytomegalovirus with a light-dependent 110 

activity (35). More recently, an antiviral activity against SARS-CoV-2 has been discovered for 111 

this naphtodianthrone (36). 112 

Here we highlighted that two major metabolites of Hypericum perforatum L., HC and 113 

HF, exhibit antiviral activity against HCoV, with distinct modes of action with HC inhibiting 114 

entry of HCoV an HF a post-entry step. Furthermore, our data described for the first time an 115 

antiviral capacity for HF with pan-coronavirus activity. 116 

 117 

 118 

RESULTS 119 

1. Hypericum perforatum L. and its metabolites, HF and HC, are active against HCoV-120 

229E 121 

In order to identify new antiviral compounds against HCoVs, we have selected the crude 122 

methanolic extract of Hypericum perforatum L. based on a previous screening of several 123 

plants. Its antiviral activity was tested against HCoV-229E-Luc in a dose-response assay. The 124 

results showed that the crude methanolic extract inhibited HCoV-229-Luc infection in a dose-125 

dependent manner with 50% inhibitory concentration (IC50) of 18.73 ± 0.84 µg/mL (Figure 1A). 126 

No cytotoxicity was observed at active concentrations (Figure 1A). The results suggested the 127 

presence of at least one active compound within Hypericum perforatum L. crude extract which 128 

is known to contain two major metabolites, HF, a prenylated phloroglucinol derivative, and 129 

HC, an anthraquinone derivative. To determine if these compounds were responsible for the 130 

anti-coronavirus activity, dose-response and cytotoxicity assays were performed. The results 131 

showed that the two metabolites exhibited antiviral activity against HCoV-229-Luc with IC50 132 

values of 0.37 ± 0.02 µM and 1.10 µM ± 0.08 µM, respectively (Figures 1B and C). Cytotoxicity 133 

tests showed that both compounds are not toxic at active concentrations with a 50% cytotoxic 134 
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concentration (CC50) values of 25.77 ± 2.58 µM and 19.35 ± 2.08 µM for HC and HF, 135 

respectively, resulting in a selective index (SI) of 69 for HC and 17 for HF (Figures 1B and C). 136 

 137 

2. HC inhibits the entry of HCoV-229E in a light-dependent manner and by directly 138 

targeting the viral particle 139 

We further investigated each active compound individually to determine their mechanism of 140 

action. It was recently underlined that HC inhibited SARS-CoV-2 at the entry step (36). To 141 

characterize the mechanism of action of HC on HCoV-229E, a time-of-addition assay was 142 

performed by adding the compound at 4 µM (corresponding to the IC90) at different 143 

timepoints during infection, either before, during or after the inoculation of the cells by the 144 

virus (Figure 2A). The results showed that HC significantly reduced HCoV-229E-Luc infection 145 

when added from pre-treatment condition to 2 h post-inoculation (p.i.), meaning that it 146 

inhibited the infection at an early step (Figure 2B), probably the entry step. An entry assay 147 

was performed with particles pseudotyped with HCoV-229E S protein (229pp) and mimicking 148 

virus entry, in the presence of HC. The results showed that HC significantly decreased 229Epp 149 

entry in a dose-dependent manner (Figure 2C). Taken together, these results highlighted that 150 

HC is an inhibitor of HCoV-229E entry, which is consistent with already published data on 151 

SARS-CoV-2. 152 

To inhibit viral entry, a compound may act directly on the viral particle before its attachment 153 

to the cell surface. To assess if HC was such inhibitor, we incubated HCoV-229E-Luc with HC at 154 

high concentration (2 µM) for 30 min. Then, before inoculation, we diluted the mixture 10 155 

times to reach a final concentration of HC of 0.2 µM. This concentration is inactive on HCoV-156 

229E. As controls, cells were inoculated by HCoV-229E-Luc in the presence of HC either at 157 

“high” concentration (2 µM) and “low” concentration (0.2 µM). It is important to note that 158 

the MOI was kept constant in all conditions. The results showed no significant inhibition of 159 

infection in presence of 0.2 µM HC, whereas a similar significant inhibition of infection was 160 

observed for the condition “2 µM > 0.2 µM” HC and infection with 2 µM HC (Figure 2D). Taken 161 

together these results showed that HC targeted the viral particle before infection. It is well 162 

known that HC is a photoactivable molecule and has a light-dependent activity on several 163 

viruses (35). To determine if antiviral activity of HC on HCoV-229E is light-dependent, a dose-164 

response assay was carried out in the presence or absence of light. The white visible light is 165 

sufficient to photoactivate HC, so we used the light of the safety cabinet (37). The results 166 
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confirmed the dose-dependent inhibition of infection of HCoV-229E-Luc in the presence of HC 167 

under normal light condition (Figure 2E) similar to the results presented in Figure 1B. 168 

However, when the experiment was carried out in the dark, no inhibition of HCoV-229E-Luc 169 

infection was observed even at high HC concentration up to 5 µM (a concentration above IC90 170 

under light exposure) (Figure 2E). These results clearly demonstrated that HC directly targets 171 

the viral particle and inhibits HCoV-229E entry in a light-dependent manner.  172 

 173 

3. HF has a pan-coronavirus antiviral activity 174 

HF is less studied than HC in literature and no data are available on its potential antiviral 175 

activity. Thus, we performed antiviral assays against three highly pathogenic HCoVs, SARS-176 

CoV, MERS-CoV and SARS-CoV-2. For SARS-CoV-2, we had access to different variants, the 177 

initial Wuhan strain (D614), alpha variant B1.1.7 and omicron variant B1.1.529. Dose-response 178 

inhibition studies were conducted and the results were shown in Figure 3. Antiviral assays on 179 

SARS-CoV-2 variants were performed in Vero-81/TMPRSS2 cells and antiviral activity was 180 

assessed by viral titration. The results showed that HF inhibited infection of all tested SARS-181 

CoV-2 variants with calculated IC50 values of 0.98 ± 0.28 µM, 0.24 ± 0.02 µM, and 0.29 ± 0.13 182 

µM for strain D614, alpha variant B1.1.7 and omicron variant B1.1.529 respectively, without 183 

any cytotoxicity at the active concentration (CC50 = 45.91 µM) (Figure 3A). The respective SI 184 

were all higher than 40 (Table 2). These data were confirmed by Western blot analyses in 185 

human lung A549/ACE2 cells infected with SARS-CoV-2 alpha variant (Figure 3B). A dose-186 

dependent decrease of the expression of SARS-CoV-2 N protein was observed in presence of 187 

HF. Dose-response assays were also conducted against the two others highly pathogenic 188 

HCoVs, SARS-CoV and MERS-CoV, in Vero-81/TMPRSS2 and Calu-3 cells, respectively. Our 189 

results highlighted that HF is highly active against both SARS-CoV and MERS-CoV with an IC50 190 

values of 1.01 ± 0.12 µM and 2.55 ± 0.28 µM, respectively, resulting in SI of 45 for SARS-CoV 191 

(Figure 3C and 3D, Table 2). CC50 value in Calu-3 cells was not determined precisely, but, as 192 

observed in Figure 3D, it was higher than 20 µM, with SI>7. Taken together, these data 193 

suggested that HF has a pan-coronavirus antiviral activity with IC50 values ranging from 0.24 194 

to 2.55 µM. 195 

 196 
 197 
 198 
 199 
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Table 1. Cytotoxicity and antiviral activity of HF against HCoVs. ND: not determined. 200 

Virus Cells IC50 (µM) CC50 (µM) SI 
HCoV-229E Huh-7/TMPRSS2 1.10 ± 0.08 19.35 ± 2.08 17 

SARS-CoV-2 (D614) Vero-81/TMPRSS2 0.98 ± 0.28   45.91 ± 4.85 46 
SARS-CoV-2 alpha (B1.1.7) Vero-81/TMPRSS2 0.24 ± 0.02 45.91 ± 4.85 188 

SARS-CoV-2 omicron 
(B1.1.529) 

Vero-81/TMPRSS2 0.29 ± 0.13 45.91 ± 4.85 158 

SARS-CoV Vero-81/TMPRSS2 1.01 ± 0.12 45.91 ± 4.85 45 
MERS-CoV Calu-3 2.55 ± 0.28 > 20.0 ND 

 201 

4. HF is an inhibitor of HCoV replication step 202 

To characterize the mechanism of action of HF against HCoVs, time-of-addition assays against 203 

HCoV-229E and SARS-CoV-2 were performed. The data presented in Figure 4A and 4B showed 204 

a higher inhibition of infection when HF was added at 1 h to 3 h p.i., for both HCoV-229E-Luc 205 

and SARS-CoV-2. Although HF significatively inhibited the infection of HCoV-229E at all steps 206 

(from pre-treatment to 3 h p.i.), it decreased the infection by more than 2xLog10 from 1 h p.i.  207 

to 3 h p.i. (Figure 4A). Similar results were observed with SARS-CoV-2; N protein was not 208 

detected when HF was added from 1 h to 3 h p.i. (Figure 4B). Pba, a natural compound 209 

targeting the viral envelope, and GC376, a protease inhibitor, were added as an entry and a 210 

replication inhibitor, respectively. Similar profiles of N expression were observed with GC376 211 

and HF. Chloroquine was used to control the expression of TMPRSS2. These data suggested 212 

that HF is an inhibitor of the replication step of both SARS-CoV-2 and HCoV-229E.  213 

To confirm this hypothesis, entry inhibition assays were performed with either 229Epp and 214 

SARS2pp. No significant decrease of infection was observed for any of the particles in the 215 

presence of HF up to 5 µM (Figure 4C) confirming that HF is not an entry inhibitor. Altogether 216 

these data suggested that HF is an inhibitor of HCoV post-entry step, most likely the replication 217 

step. 218 

 219 

5. HF inhibits HCoV-229E and SARS-CoV-2 infection in human primary epithelial cells 220 

To gain relevance, the antiviral activity of HF was then tested in human primary airway cells 221 

cultivated at air-liquid interface, considered as a preclinical model for human coronaviruses. 222 

First, the cytotoxicity of HF in human airway epithelia (MucilAirTM-HAE) was determined by 223 

measuring LDH secretion and TEER at 24 and 48 h. LDH secretion higher than 5 % and TEER 224 

lower than 100 Ω.cm2 reflect damaged cells. No cytotoxicity was observed with 4 µM HF at 24 225 
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and 48 h for the two measured parameters (Figures 5A and B). However, cytotoxicity was 226 

observed with 12 µM HF at 48 h, with LDH secretion higher than 5% compared to control and 227 

TEER lower than 100 Ω.cm2 (Figures 5A and B). Thus, for antiviral assays, two HF 228 

concentrations, 4 and 12 µM, were tested against HCoV-229E-Luc and only one, 4 µM, against 229 

SARS-CoV-2 due to a longer incubation time of 48 h.  230 

HAE were inoculated with HCoV-229E-Luc in the presence of 4 or 12 µM HF and 10 µM GC376 231 

as a control, for 24 h. Viral RNA at the apical surface was quantified as well as luciferase activity 232 

in cell lysates. The results showed a decrease in viral RNA copies and luciferase activity when 233 

cells were treated with 12 µM HF (Figures 5C and D), similar to the decrease observed with 10 234 

µM GC376. These results highlighted that HF is active against HCoV-229E in human primary 235 

cells.  236 

To determine if HF could also inhibit SARS-CoV-2 in this preclinical model, HAE were inoculated 237 

with the virus in the presence of 4 µM HF. Viral infectious titers at the apical surface and 238 

intracellular viral RNA were quantified (Figures 5E and F). The data showed a decrease of both 239 

viral RNA copies and infectious titers in the presence 4 µM HF. A 3xLog10 decrease in viral titers 240 

was observed upon 4 µM HF treatment similar to the decrease observed with 5 µM remdesivir 241 

demonstrating that HF is an inhibitor of SARS-CoV-2 infection in HAE. 242 

Taken together, these data underlined that HF is active against HCoVs in human primary 243 

respiratory epithelial cells grown in air-liquid interface. 244 

 245 

6. HF has an additive effect with remdesivir  246 

The results presented in this study demonstrate that HF encompasses many characteristics of 247 

an antiviral agent to be used in therapy. In order to determine the potential use of HF as 248 

therapeutic in clinic, combination studies of HF with remdesivir and nirmatrelvir, were 249 

performed. Checkboard assays were performed with double serial dilutions of HF and 250 

remdesivir or nirmatrelvir (Figure 6).  251 

F1G-Red Vero-81 reporter cell line was used to monitor SARS-CoV-2 infection (38). First, the 252 

cytotoxicity of each combination was assessed by quantifying the number of nuclei. No 253 

cytotoxicity was observed for any of the combinations of HF with remdesivir or nirmatrelvir 254 

(Supplemental Figure 1). The combination effect was then assessed with SynergyFinderPlus. 255 

As shown in Figure 7C, the combination of HF with remdesivir is additive, with synergy scores 256 
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ranging from -10 to +10, with the four mathematical models (HSA, Loewe, Bliss and ZIP) and 257 

significant p-value (Table 2).  258 

Table 2. Synergy scoring obtained from Synergy Finder for HF and remdesivir combination. 259 

Model Synergy score p-value 
ZIP 4.23 4.44e-04 

Loewe 3.09 5.22e-03 
HAS 7.05 5.42e-23 
Bliss 5.13 9.11e-07 

A synergistic area, score above 10, was highlighted with HF, ranging from 2.5 to 10 µM, 260 

combined to remdesivir, ranging from 37.5 to 150 nM, with a synergy score of 14.9 (Figure 261 

7B). For nirmatrelvir, none of the mathematical model was able to give a significant synergy 262 

score (Supplemental Table 2).  263 

 264 

7. The antiviral activity of HF is not dependent of HO-1 pathway.   265 

Due to the pan-coronavirus antiviral activity of HF, we put forward the hypothesis that it may 266 

regulate a cellular factor necessary for HCoVs replication. Recently, HF was described as an 267 

inducer of heme oxygenase 1 (HO-1) pathway by upregulating the expression of HO-1 (39). 268 

Moreover, it was also recently shown that hemin, an HO-1 inducer that upregulates HO-1 269 

expression, has an antiviral activity against SARS-CoV-2 (40). HO-1 pathway was also described 270 

to be involved in antiviral immune response against different viruses (41). Thus, we 271 

hypothesized that the antiviral activity of HF against HCoV could be linked to the HO-1 272 

pathway. To evaluate this hypothesis, Huh-7 cells or Vero81 cells were treated with increasing 273 

concentrations of HF and then HO-1 protein expression was detected by Western Blot. The 274 

results showed that HF up to 10 µM (active antiviral concentration; 10 x IC50) was not able to 275 

upregulate HO-1, unlike hemin, used as a control, which induced a strong up regulation of the 276 

protein expression (Figure 8A). Next, to further confirm these results, siRNA targeting HO-1 277 

(siHO-1) were used to knock-down its expression prior to infection of Huh-7 cells with HCoV-278 

229E. HO-1 protein expression was strongly decreased by siHO-1, and was weakly induced by 279 

hemin (Figure 8B). However, similar HF antiviral activities against HCoV-229E were observed 280 

in wild-type Huh-7 cells compared to siHO-1 cells (Figure 8C). Taken together, the results 281 

highlighted that HO-1 pathway is not involved in HF antiviral activity against HCoV-229E.  282 

 283 

 284 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 17, 2024. ; https://doi.org/10.1101/2024.04.09.588755doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.09.588755
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

DISCUSSION 285 

The development of broad-spectrum antiviral agents has become a necessity to 286 

support the pandemic preparedness. Natural compounds are a great source of active 287 

compounds with biological activities, including among others anticancer, antibacterial or 288 

antiviral properties (42). Although there are no natural antiviral molecules used in clinical 289 

settings yet, some plant extracts are currently being tested in clinical trials, like Antiwei 290 

granule (a mix of Chinese herbs) for the treatment of influenza (43), Viola odora L. against 291 

SARS-CoV-2 infection (44) or Sutherlandia frutescens (L.) R.Br. against HIV infection (45). 292 

Here, we showed that HF, a major metabolite of SJW (Hypericum perforatum L.), a 293 

prenylated phloroglucinol, has antiviral capacity against highly pathogenic HCoVs, SARS-CoV, 294 

MERS-CoV, and SARS-CoV-2, and the low pathogenic HCoV-229E. Moreover, HF was active in 295 

combination with remdesivir and in human primary airway cells. In addition, we highlighted 296 

that HF might be an inhibitor of the replication step. Interestingly, HC, the second major 297 

metabolite of SJW, a naphtodianthrone, displayed also antiviral capacities against HCoV-229E 298 

infection but with a different mechanism of action than HF.  299 

We demonstrated that HC has photo-dependent activity and targeted the viral particle. 300 

The light-dependent mechanism of action of HC is consistent with previous reports on other 301 

enveloped viruses such as human immunodeficiency virus 1, Sindbis virus and murine 302 

cytomegalovirus (35, 46). Nonetheless, its light-dependent mechanism of action and its 303 

phototoxicity are not compatible with clinical application in infected patients (34), but can be 304 

potentially of interest for an environment disinfectant. Consequently, we focused our study 305 

on characterization of HF antiviral activity. 306 

We demonstrated that HF displayed pan-coronavirus activity, a feature that makes this 307 

natural compound quite unique in the literature. Without any structural modification, IC50 308 

values are close to 1 µM, HCoV-229E (IC50 = 1.10 µM), SARS-CoV-2 (IC50 = 0.24 – 0.98 µM), 309 

SARS-CoV (IC50 = 1.01 µM) and MERS-CoV (IC50 = 2.5 µM). Pharmacokinetics and bioavailability 310 

data are already available in the literature for SJW’s extract. It is important to note that 311 

hyperforin is the major metabolite and hypericin is less abundant (up to 4.5% and 0.15% of 312 

the extract, respectively) (47). Indeed, different studies show that the circulating 313 

concentration of HF is within the range of our IC50 values with a maximal concentration of 314 

690 nM and 1100 nM in rats and mice models, respectively, after administration of 300 mg/kg 315 

of SJW extract and 5.2 mg/kg of hyperforin, respectively (48, 49). In human, ingestion of a 316 
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single dose of 300 – 1200 mg SJW’s extract (containing 5 % of HF) led to a detectable 317 

concentration of hyperforin in plasma ranging between 200 and 300 nM in healthy volunteers 318 

in two different studies (48–50). Moreover, different reports also demonstrated that St John’s 319 

Wort extract was neither toxic in animal models nor in humans (31, 47, 51). 320 

Although these results are encouraging, the distribution of HF in lungs after oral 321 

administration has not been reported yet. Donà et al. (52) showed that HF was able to reduce 322 

lung metastases in mice after intraperitoneal injection, demonstrating that the compound was 323 

able to reach lungs in vivo. Our results in HAE demonstrated that HF is active when 324 

administrated at the air interface. It would be interesting to quantify HF in the lungs after 325 

intranasal administration. Pharmacokinetics studies are needed to optimize the dose and the 326 

route of administration. Moreover, HF or SJW formulation might also be optimized to increase 327 

their bioavailability (49, 50).  328 

Besides the two major metabolites, HF and HC, the crude extract of Hypericum 329 

perforatum L. also exhibited antiviral activity against HCoV-229E and SARS-CoV-2 (our data 330 

and (36)). Hypericum perforatum L. is one out of more than 500 species of Hypericum 331 

described so far. The composition in these two metabolites is very variable within these 332 

species. It would be very interesting to correlate the antiviral activity of Hypericum species 333 

with their composition. This will help to determine if the antiviral activity is mainly driven by 334 

HF or HC, or if both may have additive or synergistic effect. We showed that HF and HC had 335 

different mechanism of action, entry inhibition for HC and translation or replication inhibition 336 

for HF. Consequently, it could be expected that these two compounds may have, at least, an 337 

additive antiviral effect. 338 

To avoid resistance, it is admitted that antiviral therapy should combine 2 or 3 antiviral 339 

agents. Our results showed that HF could be associated with remdesivir, a RdRp inhibitor, with 340 

additive antiviral activity, and synergistic at high concentration, in vitro. This result is 341 

promising, but, unfortunately, no combination of HF with nirmatrelvir, the anti-protease agent 342 

of Paxlovid, lacked additive or synergistic effect. However, no antagonist effect was observed, 343 

showing that HF could still be envisaged as a promising antiviral agent. More experiments are 344 

needed to explain these results. 345 

Here we demonstrated that HF is active against all the highly pathogenic HCoVs 346 

described so far, SARS-CoV, MERS-CoV and SARS-CoV-2. They all belong to the 347 

Betacoronavirus genus. Interestingly, HF was also active against HCoV-229E which is a 348 
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member of the Alphacoronavirus genus. It would be interesting to test the antiviral capacity 349 

of HF against other human and animal CoVs. HF time-of-addition assay on HCoV-229E and 350 

SARS-CoV-2 suggested that HF could inhibit the replication step. Indeed, HF has a similar 351 

kinetic profile as GC-376, a SARS-CoV-2 Mpro inhibitor. We thus hypothesized that HF might 352 

target a cellular factor necessary for coronavirus replication, because it seemed unlikely that 353 

HF could target a viral protein with similar efficacy for Alpha- and Betacoronavirus. A possible 354 

cellular target, HO-1, was identified. A recent study has shown that HO-1 pathway is activated 355 

upon treatment of melanoma cells with HF (39). Moreover, agonists of HO-1 pathway, such 356 

as hemin, are known to exhibit antiviral activity against SARS-CoV-2 (40). However, our results 357 

suggested that the antiviral activity of HF is not linked to HO-1 pathway. First, upregulation of 358 

HO-1 protein expression was not observed neither in Huh-7 cells nor in Vero81 cells upon HF 359 

treatment. It was shown by others that HO-1 expression could be induced in these cell types 360 

when treated with agonists such as hemin (40, 53–56). Second, the knock-down of HO-1 361 

expression in Huh-7 cells did not impair HCoV-229E infection. Further investigations are 362 

needed to fully characterize the HF mechanism of action. Transcriptomic and proteomic 363 

analyses may help to identify cellular genes or proteins whose expression is regulated by HF. 364 

In conclusion, SJW extract and HF might be of great interest for future therapies on 365 

HCoV or animal coronaviruses. A proof of their efficacy in vivo is still needed. However, efficacy 366 

of HF against 4 different HCoVs makes this molecule particularly interesting in a pandemic 367 

preparedness approach, in the event of the emergence of a new highly pathogenic HCoV. 368 

Lately, new SARS-Like CoVs have been described in bats and are still a threat for human health 369 

(57, 58). 370 

 371 

 372 

MATERIALS AND METHODS 373 

Chemicals 374 

Dulbecco’s modified Eagle’s medium (DMEM), phosphate-buffered saline (PBS), 4’,6-375 

diamidino-2-phenylindole (DAPI), GlutaMAXTM and Lipofectamine RNAi MAX were purchased 376 

from Life Technologies (Carlsbad, California, USA). Goat and fetal bovine sera (FBS) were 377 

obtained from Eurobio (Evry, France). Mowiol 4-88 was obtained from Calbiochem 378 

(Darmstadt, Germany). Remdesivir (GS-5734) and tariquidar were from BioTechne 379 

(Minneapolis, USA). Nirmatrelvir was from MedChemExpress (Monmouth Junction, USA). GC-380 
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376 was obtained from AmBeed (Arlington Heights, USA). Chloroquine was from Sigma-381 

Aldrich (Saint Louis, USA). HC and HF were purchased from Phytolab (Vestenbergsgreuth, 382 

Germany) (total of HF > 98.0%). Pba was from Cayman Chemicals (Merck Chemicals, 383 

Darmstadt, Germany). Stocks of compounds were resuspended in dimethyl sulfoxide (DMSO) 384 

at 100 mM. Plant extracts were resuspended in DMSO at 50 mg/ml. 385 

 386 

Antibodies 387 

Polyclonal rabbit anti-SARS-CoV-2 nucleocapsid antibody was purchased from Novus 388 

Biological (Cambridge, UK). Mouse anti-dsRNA mAb (clone J2) was from Scicons (Nordic-389 

MUbio, Susteren, the Netherlands). Rabbit polyclonal anti-MERS-CoV Spike protein antibody 390 

was from SinoBiological (Eschborn, Germany). Mouse anti-ß-tubulin IgG1 antibody (T5201) 391 

was from Sigma. Monoclonal rabbit anti-HO-1 antibody was purchased from Cell Signaling 392 

Technology (Danvers, Massachusetts). Horseradish peroxidase-conjugated goat anti-rabbit 393 

IgG antibody, goat anti-mouse IgG antibody, Alexa 594-conjugated goat anti-rabbit antibody 394 

and Alexa 488-conjugated donkey anti-mouse antibody, were purchased from Jackson 395 

ImmunoResearch (Ely, United Kingdom).  396 

 397 

Cells 398 

Human kidney cell lines (HEK293T/17, ATCC, CRL-11268; HEK293TT/ACE2) (59), African green 399 

monkey kidney cell lines (Vero-81, ATCC, CCL-81; Vero-E6 cells), Human lung cell line 400 

(A549/ACE2, kindly provided by Delphine Muriaux), and Human hepatoma cells (Huh-7) were 401 

grown in DMEM supplemented with 10% FBS. 402 

Human lung cell line Calu-3 (ATCC, HTB-55) was cultivated in MEM supplemented with 10% 403 

FBS and glutaMAX-1. 404 

Lentiviral vectors expressing TMPRSS2 were used to transduce Vero-81 cells and to produce 405 

Huh-7/TMPRSS2 stable cell line. This latter was selected with 2 µg/mL of puromycin. A 406 

reporter cell line, F1G-Red, generated in the laboratory, and derivates from Vero-81 cells was 407 

also used for combination assay (38). Primary human nasal epithelia MucilAirTM (Epithelix, 408 

Geneva, Switzerland) were maintained in MucilAirTM culture medium (Epithelix) as 409 

recommended by the manufacturer. 410 

 411 

Plant collection and extraction 412 
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The aerial part of Hypericum perforatum L. was collected in the Lille metropolis (France), 413 

deposited and identified at the Herbarium of the University of Lille by Gabriel Lefèvre and 414 

Céline Rivière. The plant was dried at 37°C for 48 to 72 h. After being powdered, the plant 415 

material was extracted three times with methanol for 24 h under agitation. The combined 416 

methanolic extract was then concentrated under reduced pressure with a rotary evaporator 417 

(HeidolphTM, Grosseron, Germany). The obtained crude methanolic extract was then 418 

resuspended with DMSO at the concentration of 50 mg/mL for the experiments.  419 

 420 

Virus 421 

HCoV-229E-luc was kindly gifted by Volker Thiel (60). SARS-CoV-2 variants (the original Wuhan 422 

strain (EPI_ISL_410720), the alpha (B1.1.7; EPI_ISL_1653931) and omicron variants (B1.1.529; 423 

EPI_ISL_7696645). The original strain was kindly provided by the French National Reference 424 

Center for Respiratory Viruses hosted by Institut Pasteur (Paris, France). SARS-CoV strain 425 

(Frankfurt isolate) was provided by Dr Michelle Vialette (Unité de Sécurité Microbiologique). 426 

MERS-CoV was recovered by transfecting the infectious clone of MERS-CoV-EMC12 (kindly 427 

provided by Luis Enjuanes) in Huh-7 cells.  428 

 429 

Cell viability 430 

Huh-7 or Vero-81 cells were seeded in 96-well plate at a density of 1x104 and 1.5x104 cells per 431 

well respectively, and incubated for 24 h at 37°C and 5% CO2. A 3-(4,5-dimethylthiazol-2-yl)-432 

5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)-based viability assay 433 

(CellTiter 96® AQueous One Solution Cell Proliferation Assay, Promega) was performed as 434 

previously described (25).  435 

 436 

MucilAirTM cytoxicity assays  437 

Cytotoxicity was studied according to the manufacturer’s instruction either using cytotoxicity 438 

LDH assay kit-WST (Dojindo) or by measuring transepithelial electrical resistance (TEER) 439 

(Millicell® ERS-2, Millipore) as previously described (25). Toxicity is considered when LDH 440 

secretion is above 5% and TEER below 100 Ω.cm2. 441 

 442 

HCoVs infection assays 443 

 444 
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HCoV-229E-Luc 445 

2x104 Huh-7/TMPRSS2 cells per well were seeded into a 96-well plate 24 h before infection. 446 

Cells were inoculated with HCoV-229E-Luc and, simultaneously, increased concentrations of 447 

compound or the plant extract were added to cell culture medium. The inoculum was 448 

removed after 1 h and replaced with culture medium containing the compound or the plant 449 

extract. The cells were then lysed 7 h later in 20 µl of Renilla luciferase assay lysis buffer 450 

(Promega), and luciferase activity was quantified using a Tristar LB 941 luminometer (Berthold 451 

Technologies, Bad Bildbad, Germany) as recommended by the manufacturer. 452 

 453 

MERS-CoV and SARS-CoV  454 

2x105 Calu-3 or Vero-81/TMPRSS2 cells were seeded in a 24-well plate on coverslips, 48 h or 455 

24 h prior infection with MERS-CoV or SARS-CoV, respectively. Cells were inoculated with the 456 

virus at a multiplicity of infection (MOI) of 0.1, in the presence of increased concentrations of 457 

the compound, for 1 h at 37°C and 5% of CO2. The inoculum was replaced by culture medium 458 

containing the compound and the cells were incubated for 16 h. Supernatants were collected 459 

for viral titration and cells were fixed twice with 4% of paraformaldehyde (PFA) before exiting 460 

the BSL-3 facility and processed for immunostaining. 461 

 462 

SARS-CoV-2 463 

1x105 Vero-81/TMPRSS2 or A549/ACE2 cells per well were seeded in a 48-well plate 24 h 464 

before infection. Cells were inoculated with the virus at a MOI of 0.3, in the presence of 465 

increased concentration of the compound, for 1 h at 37°C and 5% of CO2. 50 nM tariquidar, a 466 

P-glycoprotein inhibitor, was added in the media to inhibit pump efflux, and 10 µM 467 

chloroquine was used as a control of the expression of TMPRSS2. Inoculum was replaced with 468 

media containing the different compounds and cells were incubated for 16 h at 37°C and 5% 469 

of CO2. The supernatants were collected for viral titration and the cells were lysed using 470 

reducing Laëmmli loading buffer for western blot analysis. The samples were inactivated 30 471 

min at 95°C. 472 

 473 

Light-dependent assay 474 

Cells were inoculated with HCoV-229E-Luc, treated with increasing concentrations of the 475 

compound and incubated in the cabinet under light or dark conditions before being place in 476 
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the incubator at 37°C and 5% CO2. For the light condition, the plate was incubated for 10 min 477 

under the light of the safety cabinet. For the dark condition, the experiment was conducted 478 

in the dark, with the light of the safety cabinet turned off, and the tubes and plate were 479 

covered with aluminum foil. Only the light from the hood next to the safety cabinet was on. 480 

After 7 h of incubation, cells were lysed and infection was studied by measuring the luciferase 481 

activity.  482 

 483 

Infectivity titration  484 

Huh-7 (MERS-CoV) or Vero-E6 (SARS-CoV and SARS-CoV-2) were seeded in a 96-well plate and 485 

were inoculated with 1/10 serially diluted supernatants. After 5 days (SARS-CoV and SARS-486 

CoV-2) or 7 days (MERS-CoV) of incubation at 37°C and 5% of CO2, the 50% tissue culture 487 

infectious dose (TCID50/mL) was determined by assessing the virus-induced cytopathic effect 488 

and using the Spearman-Kärber formula. 489 

 490 

Western blot detection  491 

Proteins were separated onto a 12% SDS-polyacrylamide gel electrophoresis and transferred 492 

on nitrocellulose membranes (Hybond-ECL, Amersham). The membranes were blocked and 493 

incubated overnight at 4°C with a polyclonal rabbit anti-SARS-CoV-2 nucleocapsid antibody 494 

(1/4000), a mouse anti-ß-tubulin (1/4000) or a rabbit anti-HO-1 (1/1000). They were visualized 495 

by enhanced chemoluminescence (PierceTM ECL, ThermoFisher Scientific) on LAS3000 496 

(Fujifilm) or Amersham ImageQuant 800 (Cytiva). 497 

 498 

Immunostaining  499 

Cells were permeabilized for 5 min with 0.4 % Triton X-100 and blocked with 5% of goat serum 500 

for 30 min and were incubated with anti-dsRNA monoclonal mouse antibody (clone J2) or anti-501 

MERS-CoV Spike protein polyclonal rabbit antibody. Cells were rinsed three times with PBS, 502 

and immunostained with an Alexa 594-conjugated goat anti-rabbit secondary antibody or an 503 

alexa-488-conjugated donkey anti-mouse secondary antibody and DAPI. The coverslips were 504 

mounted on microscope slides in Mowiol. The images were acquired with an Evos M5000 505 

microscope (Thermo Fischer Scientific). Ten images were randomly taken for each condition 506 

in duplicate. The number of cells were determined by the number of nuclei, and infected cells 507 

were detected by quantifying the number of dsRNA-positive or Spike-positive cells.  508 
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 509 

MucilAirTM-Human airway epithelia (MucilAirTM-HAE) infection assay  510 

The apical surface of the cells was rinsed 3 times for 10 min using MucilAirTM-HAE culture 511 

medium to remove the mucosal secretion. The cells were inoculated at the apical side with 512 

HCoV-229E-Luc (MOI = 0.01) or SARS-CoV-2 (MOI = 0.3) and treated with 4 µM or 12 µM or 513 

HF or 0.025% DMSO for 1 h. On the apical pole, the inoculum was removed and replaced by 514 

10 µL of medium containing the compounds. Simultaneously, HF or DMSO were added in the 515 

basolateral medium. 516 

For HCoV-229E-Luc infection, after 24 h of incubation, 140 µL of culture medium was added 517 

on the apical surface of MucilAirTM-HAE and collected for RNA extraction. The cells were then 518 

lysed with 40 µL of Renilla luciferase assay lysis buffer (Promega). Luciferase activity was 519 

quantified as previously described. 520 

For SARS-CoV-2 infection, after 48 h of incubation, 140 µL of culture medium was added on 521 

the apical surface of MucilAirTM-HAE and was collected for RNA extraction and viral titration. 522 

The cells were lysed and RNA was extracted for RT-qPCR assay. 523 

 524 

RT-qPCR assay 525 

RNA was extracted from MucilAirTM-HAE supernatants or cells using QIAamp Viral RNA Mini 526 

kit (Qiagen) and NucleoSpin RNA plus (Macherey Nagel) respectively. One-step qPCR assay 527 

was performed using 5 µL of RNA and Takyon Low rox one-step RT probe master mix (UFD-528 

LPRT-C0101, Eurogentec) with specific primers and probes (Supplemental Table 1) and using 529 

a Quantstudio 3 (Applied Biosystems). The expressions of HCoV-229E M gene and SARS-CoV-530 

2 E gene were quantified using a standard curve. 531 

 532 

Time-of-addition assay  533 

One day prior the infection, 1x105 Vero-81/TMPRSS2 cells per well and 2x104 Huh-7/TMPRSS2 534 

cells per well were seeded into a 48-well plate or 96-well plate for SARS-CoV-2 or HCoV-229E-535 

Luc infection, respectively. To assess which viral step is inhibited, the different compounds 536 

were added at different time points, either 1 h before the inoculation (corresponding to the 537 

condition “pre-treatment”), or during the inoculation or 1 h, 2 h, 3 h after the inoculation (1 h 538 

p.i., 2 h p.i. or 3 h p.i.). The cells were then lysed at 16 h or 7 h post-infection for SARS-CoV-2 539 

or HCoV-229E-Luc, respectively, and analyzed as described ahead.  540 
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 541 

Pseudotyped particle entry assay 542 

Particles pseudotyped with either the spike protein of SARS-CoV-2 (SARS2pp), or HCoV-229E 543 

(HCoV-229Epp), were produced as previously described (61). 4.5x103 HEK293TT/ACE2 544 

(SARS2pp) cells per well or 1x104 Huh-7/TMPRSS2 (229Epp) cells per well were seeded into a 545 

96-well plate 24 h before infection. Cells were inoculated with SARS2pp and 229Epp in the 546 

presence of HF or HC (2.5, 5 or 10 µM) for 2 h at 37°C and 5% of CO2. The inoculum was 547 

removed and replaced with culture media without compound. The cells were lysed after 48 h 548 

of incubation. The luciferase activity was then measured with Firefly luciferase assay kit 549 

(Promega) according to the manufacturer recommendations and using a luminometer 550 

(Berthold).  551 

 552 

Drug combination assay 553 

24 h before infection, 4.5x103 F1G-Red cells per well were seeded in 384-well plate in DMEM 554 

with 2% of FBS. Compounds (HF, remdesivir and nirmatrelvir) were dissolved in DMSO at 555 

concentrations stocks of 10 or 100 nM. 1 h before infection, dose-response concentrations of 556 

the compound (seven- 2-fold serial dilutions) were dispensed onto the cells using an Echo 550 557 

acoustic dispenser (Labcyte) in three biological replicates. Last column of each plate contained 558 

DMSO control solvent. DMSO was distributed at equivalent volumes as negative control. The 559 

cells were then inoculated with the virus by adding 10 µL of inoculum (MOI = 0.3) and 50 nM 560 

tariquidar for 16 h. The infection was assessed by using an IN CELL Analyzer 6500 high-561 

throughput automated confocal microscope (Ge Healthcare) located in BSL-3 safety 562 

laboratory. Nine images were taken (20X objective, NA 0.75) for each condition and the 563 

number of infected cells was quantified using Columbus image analysis software (Perkin 564 

Elmer). The data were analyzed and we used Synergy Finder 565 

(http://www.synergyfinderplus.org/) for the calculation of the synergy scores (mean and p-566 

value) and https://synergyfinder.fimm.fi/ for the most synergistic area (MSA).  567 

 568 

RNA interference 569 

Cells were transfected with small interfering RNA (siRNA) targeting HO-1 (siHO-1, final 570 

concentration: 10 nM) (Gene HMOX1, AM16708, Assay ID 11056, ThermoFischer) or with a 571 

non-targeting siRNA control (siCTRL, Dharmacon) using Lipofectamine RNAi MAX (Invitrogen) 572 
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according to manufacturer’s recommendations. After 24 h of incubation, cells were treated 573 

with increasing concentration of hemin or HF, infected or not with HCoV-229E-Luc and 574 

incubated again for 24 h. Cells were then lysed using Laëmmli buffer in reducing conditions or 575 

with the Renilla luciferase assay lysis buffer. HO-1 expression was then studied by Western 576 

Blot.  577 

 578 

Statistical analysis and IC50 and CC50 calculation 579 

IC50 and CC50 values were calculated by nonlinear regression curve fitting with variable slopes 580 

and mean and standard error of the mean (SEM) values were graphed using GraphPad Prism 581 

software version 10.0.3 (Boston, Ma, USA) and by constraining the top to 100% and the 582 

bottom to 0%. Statistical analysis was performed using Mann-Whitney non-parametric test by 583 

comparing each treated group with the untreated control (DMSO control). P-values < 0.05 584 

were considered significantly different from the control. 585 

 586 
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 809 

FIGURES 810 

 811 

 812 
Figure 1. Cytotoxicity and antiviral activity of Hypericum perforatum L. and its metabolites against 813 
HCoV-229E. Huh-7 cells were inoculated with HCoV-229E-Luc in the presence of increasing 814 
concentrations of (A) Hypericum perforatum L. crude methanolic extract, (B) HC or (C) HF. Cells were 815 
lysed 7 h after infection and luciferase activity was quantified. For the cytotoxicity assay, cells were 816 
incubated 24 h with increasing concentrations of the crude extract or the molecules and MTS assay 817 
were performed. Results are expressed as the means +/- SEM of 3 independent experiments 818 
performed in triplicate.  819 
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 821 
Figure 2. HC inhibits HCoV-229E entry by directly targeting the virus in a light-dependent manner. A) 822 
Graphical representation of the time-of-addition assay. The compound (C) was added at different time 823 
points during infection. B) Huh-7/TMPRSS2 cells were inoculated with HCoV-229E in the presence of 824 
4 µM HC at different timepoints. Cells were lysed 7 h p.i. and luciferase activity was quantified. C) Huh-825 
7/TMPRSS2 cells were inoculated with 229Epp in the presence of increasing concentrations of HC. 826 
After 2 h, the inoculum was removed and replaced with medium without compound for 46 h. Cells 827 
were lysed and luciferase activity was quantified. D) HCoV-229E-Luc was incubated with 2 µM HC for 828 
30 min and dilute 10 times to reach a concentration of 0.2 µM HC for inoculation of Huh-7/TMPRSS2 829 
cells (2 µM > 0.2 µM). As controls, cells were inoculated with HCoV-229E-Luc in the presence of 0.2 or 830 
2 µM HC. The MOI was the same in all conditions. Cells were lysed 7 h p.i. and luciferase activity was 831 
quantified. E) Huh-7/TMPRSS2 cells were treated with increasing concentrations of HC and inoculated 832 
with HCoV-229E-Luc in dark or light condition. Plates were kept in the dark or exposed to the light for 833 
10 min during inoculation, and 10 min p.i.. Cells were lysed as described and luciferase activity was 834 
quantified. Results were expressed as the means +/- SEM of 3 independent experiments performed in 835 
triplicate. Statistical analyses were performed using Mann-Whitney non-parametric test; ns: non 836 
significative, * P < 0.05, ** P < 0.01, *** P < 0.001. C: compound. p.i.: post inoculation. 837 
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 839 
Figure 3. Antiviral activity of HF against several HCoVs. A) Vero-81/TMPRSS2 cells were inoculated 840 
with different variants of SARS-CoV-2 (D614 strain, alpha or omicron variant) in the presence of 841 
increasing concentrations of HF for 16 h. Supernatants were collected, and the viral titers were 842 
determined by TCID50/mL. Viability at 24 h was assessed by MTS assay. B) A549/ACE2 cells were 843 
infected with SARS-CoV-2 alpha variant in the presence of increasing concentrations of HF for 16 h. 844 
Cells were lysed and Western Blot analysis was performed. Western blot is representative of 3 845 
independent experiments. C) Vero-81/TMPRSS2 cells were inoculated with SARS-CoV in the presence 846 
of increasing concentrations of HF for 16 h. Supernatants were collected for viral titration. Viability 847 
was determined by MTS assay. D) Calu-3 cells were inoculated with MERS-CoV in the presence of 848 
increasing concentrations of HF for 16 h. Supernatants were collected for viral titration; Cell number 849 
was determined by staining of the nuclei with DAPI. Data were presented as means +/- SEM of 3 850 
independent experiments performed in duplicate (A, C, D).  851 
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 853 
Figure 4. HF inhibits a post-entry step of the viral cycle. A) Time-of-addition assay was performed 854 
against HCoV-229E in Huh-7/TMPRSS2 cells in the presence of 4 µM HF as previously described in 855 
Figure 2A. B) Time-of-addition assay was performed against SARS-CoV-2 in Vero-81/TMPRSS2 cells in 856 
the presence of 20 µM HF, or 10 µM GC367 and 1 µM Pba, as controls. 10 µM chloroquine was used 857 
as a control of TMPRSS2 expression. Cells were lysed 16 h post-infection and lysates subjected to 858 
Western blot analysis as previously described. Western blot is representative for 3 independent 859 
experiments. C) HEK-293TT/ACE2 and Huh-7/TMPRSS2 cells were inoculated with SARSpp and 229Epp, 860 
respectively in the presence of increasing concentrations of HF for 2 h. Inoculum was removed and 861 
replaced with medium without compound for 46 h. Cells were lysed and luciferase activity was 862 
quantified. Data were expressed as mean +/- SEM of 3 independent experiments performed in 863 
triplicate. Statistical analyses were performed using the Mann-Whitney nonparametric test. n.s. not 864 
significant. * P < 0.05, *** P < 0.001. 865 

0.01 0.1 1 10 100 1000

DMSO

All time

3H PI

2H PI

1H PI

Inoculation

Pre-treatment

Relative luciferase activity (%)

***

***

***

***

*** ***

***

***

***

0.0 2.5 5.0 10.0
1

10

100

1000

Hyperforin (µM)

R
el

at
iv

e 
lu

ci
fe

ra
se

 a
ct

iv
ity

 (%
) 

SARS2pp 229Epp

ns ns ns

ns ns *

B

C

A

DM
SO

Pr
e-

tr
ea

tm
en

t

In
oc

ul
at

io
n

1 
h 

PI

Al
l t

im
e

Hyperforin

Ch
lo

ro
qu

in
e

2
h 

PI

3
h 

PI

GC376

Pba

N protein

N protein

N protein



 

 

 866 
Figure 5. HF is active in human primary respiratory epithelial cells. Cytotoxicity was determined by 867 
measuring the TEER (A) and LDH secretion (B) according to the manufacturer’s recommendations. Cells 868 
were inoculated with HCoV-229E-Luc at the apical surface of MucilAir™ HAE in the presence of 4 or 12 869 
µM HF, and 10 µM GC376 (GC) for 24 h. RNA was extracted from apical wash and was quantified by 870 
RT-qPCR (C). Cells were lysed and luciferase activity was measured (D). Cells were inoculated with 871 
SARS-CoV-2 at the apical surface in the presence of 4 µM HF or 5 µM remdesivir (Rem) for 48 h. 872 
Infectious virus secreted at the apical surface was quantified by TCID50/mL (E) and intracellular viral 873 
RNA by RT-qPCR analysis (F). Data were expressed as mean +/- SEM of 2 independent experiments. 874 
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 876 

 877 
Figure 6: Protocol of the combination assay. Cells (F1G-Red) were treated with increasing 878 
concentrations of drug A and drug B and challenged with SARS-CoV-2. The infection was then assessed 879 
by confocal microscopy. Nine images per well were taken and infected cell number was quantified. 880 
The data were then uploaded on SynergyFinderPlus. Synergy scores were calculated based on 4 881 
mathematical models (HSA, Loewe, Bliss and ZIP). The combination is synergistic if the score is above 882 
10; additive if it is ranging from -10 to 10; and antagonistic if it is below 10.  883 



 

 

 884 
Figure 7. Combination of HF and remdesivir. A) Inhibition of infection heatmap. B) Most synergistic 885 
area (MSA) obtained with SynergyFinder 3.0 for HSA model. C) Heatmaps obtained with 886 
SynergyFinderPlus. 887 

A

C

B
MSA = 
14.9



 

 

 888 

 889 
Figure 8. The antiviral activity of HF is not linked with HO-1 pathway. A) Huh-7 cells or Vero81 cells 890 
were treated with increasing concentrations of HF. HO-1 expression was then studied by Western Blot. 891 
B) Huh-7 cells were treated with siRNA targeting HO-1 (siHO-1) or control siRNA (siCTRL). 24 h later, 892 
cells were treated or not with 50 µM of hemin. HO-1 expression was then studied by Western Blot. C) 893 
Dose-response assays of HF against HCoV-229E were performed in presence of siHO-1 or siCTRL. The 894 
luciferase activity was measured after 24 h of incubation. Western Blots were representative for 3 895 
independent experiments. Data were presented as means +/- SEM of 3 independent experiments 896 
performed in triplicates. 897 
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