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Abstract: Ebola virus (EBOV), one of the most infectious human viruses and a leading cause of viral 
hemorrhagic fever, imposes a potential public health threat with several recent outbreaks. Despite 
the difficulties associated with working with this pathogen in biosafety level-4 containment, a pro-
tective vaccine and antiviral therapeutic were recently approved. However, the high mortality rate 
of EBOV infection underscores the necessity to continuously identify novel antiviral strategies to 
help expand the scope of prophylaxis/therapeutic management against future outbreaks. This in-
cludes identifying antiviral agents that target EBOV entry, which could improve the management 
of EBOV infection. Herein, using EBOV glycoprotein (GP)-pseudotyped particles, we screened a 
panel of natural medicinal extracts, and identified the methanolic extract of Perilla frutescens (PFME) 
as a robust inhibitor of EBOV entry. We show that PFME dose-dependently impeded EBOV GP-
mediated infection at non-cytotoxic concentrations, and exerted the most significant antiviral activ-
ity when both the extract and the pseudoparticles are concurrently present on the host cells. Specif-
ically, we demonstrate that PFME could block viral attachment and neutralize the cell-free viral 
particles. Our results, therefore, identified PFME as a potent inhibitor of EBOV entry, which merits 
further evaluation for development as a therapeutic strategy against EBOV infection. 
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1. Introduction 
Ebola virus (EBOV), the etiologic agent of Ebola virus disease (EVD), is an enveloped 

negative-sense single-stranded RNA virus, belonging to the Filoviridae family. This family 
of viruses also includes the Marburg virus and is characterized by a thread-like, filamen-
tous morphology [1]. There are six species of ebolaviruses, namely Zaire (EBOV), Sudan, 
Bundibugyo, Taï Forest, and Reston, which are known to infect humans, and Bombali, for 
which there is no confirmed human case to date [2]. EBOV infection is a leading cause of 
viral hemorrhagic fever in human and nonhuman primates (NHP), with average case 
mortality of 50–90% [3]. Since its emergence in 1976, EBOV has caused sporadic outbreaks 
that were mostly restricted to parts of Africa, until the unprecedented 2013–2016 regional 
epidemic, which started in Guéckédou, Guinea and spread to various countries, thereby 
imposing a public health emergency of international concern [4]. Several recent localized 
outbreaks have also occurred between 2018 and 2021, including the 2021 epidemics in the 
Democratic Republic of Congo [5] and Guinea [6]. These recent outbreaks prompted an 
urgency for further pushing the ongoing vaccine and antiviral development, and it was 
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not until December 2019 that immunization became possible with the U.S. FDA-approved 
rVSV-ZEBOV vaccine (Ervebo) [7]. More recently, the combination monoclonal antibody-
based treatment Inmazeb (previously REGN-EB3), was also approved by the U.S. FDA in 
October 2020, making it the first licensed antiviral treatment against EBOV [8]. Such out-
comes are encouraging, due to the difficulty of working with this risk group 4 pathogen, 
and highlight the importance of undeterred and continuous research development of clin-
ical strategies for the prevention and treatment of EBOV infection. This includes identify-
ing antiviral agents that target EBOV entry, which could improve the therapeutic arsenal 
against the deadly filovirus and could play an important role in cases where full scale 
immunization coverage is not possible. 

The genome of EBOV is 19 kb in length and encodes seven viral proteins, including 
the nucleoprotein (NP), polymerase cofactor (VP35), matrix proteins (VP40 and VP24), the 
transcription activator (VP30), RNA polymerase (L), and the glycoprotein GP. GP is the 
sole viral protein expressed on the surface of the viral particle and constitutes the main 
viral protein responsible for EBOV entry, making it an attractive target for therapeutic 
interventions, such as the design of vaccines and entry inhibitors against the virus. GP is 
post-translationally cleaved by the furin protease, yielding two disulfide-linked subunits, 
GP1 and GP2, which respectively orchestrate viral attachment to host cells and fusion of 
the viral and host cell membranes [9]. EBOV enters host cells through macropinocytosis 
and possibly other endocytic pathways [10,11], and further processing of GP by the endo-
somal cathepsins, such as cathepsins L and B [12], which expose the GP receptor binding 
site to facilitate its binding to the Niemann-Pick C1 (NPC-1) host cell receptor in the en-
dosome [13,14], are believed to be required for its entry [15]. 

Viral entry, the first step of the viral life cycle, constitutes an attractive target for 
prophylactic/therapeutic interventions since blocking viral entry impedes the subsequent 
steps of the viral life cycle. Entry inhibitors have emerged as an essential class of antiviral 
agents that have been used against viral infections, such as Maraviroc against human im-
munodeficiency virus (HIV) [16], Bulevirtide against hepatitis D virus [17], and the more 
recently approved Inmazeb against EBOV [8]. As an effort to expand the scope of antiviral 
candidates targeting EBOV entry, herein we employ EBOV pseudoparticles (EBOVpp), 
which are biosafety level (BSL)-2-safe viral particles expressing recombinant EBOV GP 
and previously shown to allow identification of entry inhibitors against the virus [18,19], 
to screen a panel of natural medicines that serve as an excellent source of antiviral discov-
ery [20]. We describe in the following, our identification of the methanolic extract of Perilla 
frutescens (PFME) as a plant-derived antiviral candidate with potent anti-EBOV entry ac-
tivity. 

2. Materials and Methods 
2.1. Reagents 

Dulbecco’s modified Eagle’s media (DMEM; #11995040), fetal bovine serum (FBS; 
#26140079), and gentamicin (#15750060) were purchased from GIBCO/ThermoFisher Sci-
entific (Waltham, MA, USA). Dulbecco’s phosphate-buffered saline (DPBS; #SH30028.03) 
was obtained from Hyclone (Logan, UT, USA). Dimethyl sulfoxide (DMSO; #SI-D5879), 
polyethylene glycol 8000 (PEG-8000; #SI-P1458), and amphotericin B (#A2942) were pur-
chased from Sigma-Aldrich (Saint Louis, MO, USA). 

2.2. Cells and Plasmids 
Human hepatoma cells Huh-7 were cultured in DMEM supplemented with 10% FBS, 

1% gentamycin, and 1% amphotericin B, and incubated at 37 °C in 5% CO2 incubator as 
described previously [21]. Human embryonic kidney HEK 293FT cells (Invitro-
gen/Thermo Fisher Scientific) were cultured as above but supplemented with 0.5 mg/mL 
G418 sulfate (InvivoGen; San Diego, CA, USA). For all viral infections, a basal medium of 
DMEM containing 2% FBS and antibiotics was used. For EBOVpp production, the HIV-1-
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based lentiviral vector containing a firefly luciferase reporter tag has previously been de-
scribed [22]. The EBOV GP expressor sequence is generated based on the Mayinga strain 
of Zaire EBOV (accession number U23187.1) through gene synthesis and cloned into 
pcDNA3.1 (Invitrogen/ThermoFisher Scientific) using standard cloning techniques. 

2.3. Production of EBOVpp 
The production of EBOVpp was carried out using a previously described method for 

generating lentivirus-based pseudoparticles with some modifications [23]. 5 × 106 HEK 
293FT cells were seeded in 10-cm dishes overnight, prior to co-transfection next day with 
10 μg lentiviral vector and 10 μg EBOV GP plasmids using OMNIfect transfection reagent 
(Transomic Technologies; Huntsville, AL, USA). The cells were then incubated at 37 °C in 
5% CO2 incubator overnight before removing the transfection complexes with DPBS 
washes and overlaying the cells with complete DMEM for further incubation. The culture 
supernatants were collected at 72 h and 96 h post-infection, clarified by centrifugation, 
and then concentrated using PEG-8000 as previously described [23], before the virus pellet 
was resuspended in DPBS and stored at −80 °C. 

2.4. Luciferase Luminescence-Based TCID50 Virus Titre Quantification 
Huh-7 cells (1 × 105 cells/well of 48-well plates) were infected with EBOVpp at 10-fold 

serial dilutions in triplicate for 2 h at 37 °C. After which, the cells were washed by DPBS 
and replaced with basal media for 72 h incubation at 37 °C. The cells were then harvested 
and assessed using the Firefly Luciferase Assay kit and a luminometer (Promega; Madi-
son, WI, USA) according to the manufacturer’s protocol. The luciferase reporter signal 
corresponding to viral infectivity from successful EBOVpp entry was then used to deter-
mine the 50% tissue culture infectious dose (TCID50) based on the Reed-Muench method 
[24]. Wells were scored as positive when the reporter signal was at least 1 log10 higher than 
the mock controls. 

2.5. Western Blot 
To detect EBOVpp production, purified EBOVpp were processed using RIPA buffer 

(Sigma) supplemented with cOmplete Mini Protease Inhibitor Cocktail (ROCHE; Basel, 
Switzerland) and the protein concentrations were determined using the Bio-Rad Protein 
Assay kit (Bio-Rad Laboratories; Hercules, CA, USA). Following which, samples were re-
solved by sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) electrophoresis and 
transferred onto a nitrocellulose membrane by standard Western blotting techniques. The 
blots were then probed using the primary anti-EBOV GP (subtype Zaire, strain Mayinga 
1976) rabbit polyclonal antibody (Sino Biological; Beijing, China) at 1:1000 dilution, and 
HIV-p17 monoclonal antibody (Santa Cruz Biotechnology; Dallas, TX, USA) at 1:200 dilu-
tion, followed by the respective horseradish peroxidase (HRP)-conjugated secondary an-
tibodies (Abcam; Cambridge, United Kingdom) at 1:3000 dilution and detection using 
ECL chemiluminescent substrate (Bio-Rad Laboratories). Images were taken with a Chem-
iDoc-ItTS2 imager (UVP; Upland, CA, USA). 

2.6. Transmission Electron Microscopy 
HEK 293FT cells (5 × 106 cells seeded in 10-cm dishes) were transfected for EBOVpp 

production as described above and transferred to Lab-Tek II chamber slides (Nunc/ Ther-
moFisher Scientific) for 72 h incubation at 37 °C. The cells were subsequently fixed with 
2% paraformaldehyde and 2.5% glutaraldehyde in 0.2 M cacodylate, then rinsed with 0.2 
M cacodylate plus 7% sucrose for 45 min, before Osmium tetroxide (OsO4) fixation for 2 
h. The samples were next rinsed again with 0.2 M cacodylate plus 7% sucrose for 45 min, 
and then dehydrated with different percentages (70–100%) of alcohol for 2 h. Afterwards, 
the samples were treated with propylenoxid for 30 min, then fixed with epichlorohydrin 
and propylenoxid for 24 h, followed by incubation at 62 °C for 72 h. All chemical reagents 
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used in the sample preparation are of analytical grade. The samples were finally analyzed 
with a transmission electron microscope (TEM HT7700; HITACHI, Tokyo, Japan). 

2.7. Drug Preparation 
The candidates used for antiviral screening are aqueous and methanol extracts from 

referenced medicinal plant materials [25] and were kindly provided by Dr. Ming-Hong 
Yen (Kaohsiung Medical University, Kaohsiung, Taiwan). The plant materials were 
freshly obtained from a local pharmacy store (Kaohsiung, Taiwan), authenticated by ana-
tomical methods and HPLC analysis, and extracted using standard hot-water [26] and 
methanol [27] extraction methods. The water-soluble extracts were reconstituted using 
ddH2O, and the methanol extracts were reconstituted in DMSO. All extracts were diluted 
with culture media to their final working concentrations consisting ≤0.01% DMSO. 

2.8. Cytotoxicity Assay 
Huh-7 cells (1 × 104 cells/well seeded in 96-well plates) were treated with the different 

drug candidates at various concentrations for 72 h incubation at 37 °C, before cytotoxicity 
analysis was performed using the cell counting kit-8 (CCK-8) kit (Sigma). CCK-8 reagent 
was added to the drug-treated cells for 2 h incubation at 37 °C, before optical densities at 
450 nm were measured using the SpectraMax Plus 384 Microplate Reader (Molecular De-
vices, LLC.; San Jose, CA, USA) to determine the cell viability percentage and the 50% 
cellular cytotoxicity (CC50) as previously described [28]. 

2.9. EBOVpp Antiviral Screening 
Huh-7 cells (1 × 105 cells/well seeded in 48-well plates) were first pre-incubated with 

the different drug candidates at their respective maximal non-cytotoxic dose for 24 h at 37 
°C. Following which, the cells were washed with DPBS, and then inoculated with 
EBOVpp (multiplicity of infection (MOI) 0.01) concurrently with the addition of each ex-
tract (at their respective initial concentration used) for 2 h at 37 °C. The virus–drug inocu-
lum was next removed and cells were washed using DPBS and then incubated in basal 
media for 72 h at 37 °C before luciferase assay analysis as described above. 

2.10. Dose-Response Assay 
Huh-7 cells (1 × 105 cells/well seeded in 48-well plates) were pre-incubated with the 

drug candidate at the indicated doses for 24 h, and then infected with EBOVpp (MOI 0.01) 
in the presence of the drug candidate again at the same concentration range. After 2 h 
infection at 37 °C, the cells were washed with DPBS and further incubated in basal media 
for 72 h at 37 °C, before luciferase assay was performed as described earlier. 

2.11. Time-of-Drug-Addition Assay 
The time-of-drug-addition assay was performed as described previously [29] with 

modifications. The test drug agent was added to Huh-7 cells (1 × 105 cells/well seeded in 
48-well plates) either for 24 h before (pretreatment) or concurrently with (co-addition) a 2 
h-infection with EBOVpp (MOI 0.01) at 37 °C. Wash steps were included to ensure that 
the drug or virus was only present during the specific incubation period. Following 72 h 
incubation post infection, the cells were washed with DPBS before performing the lucif-
erase assay analysis as described above.  

2.12. Synchronized Infection Assay 
The synchronized infection assay was performed to identify the test drug’s effect on 

different stages of viral entry using previously reported method [30] with modifications. 
(i) Viral inactivation assay: EBOVpp was first pre-incubated with the test drug agent in 
test tube for 2 h at 37 °C. The virus–drug mixture was then diluted 6-fold to ineffective 
concentration of the drug, before being used to infect Huh-7 cells (1 × 105 cells/well seeded 
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in 48-well plates) at a final MOI of 0.01 for 2 h at 37 °C. The infection inoculum was next 
removed and the cells were washed using DPBS, then further incubated in basal media 
for 72 h. (ii) Viral attachment assay: Huh-7 cells (1 × 105 cells/well seeded in 48-well plates) 
were first pre-chilled at 4 °C for 1 h, then incubated with EBOVpp (MOI 0.01) in the pres-
ence of the test drug agent for 2 h at 4 °C to permit only virus binding but not penetration 
into the host cell, before removing the virus–drug inoculum with ice-cold DPBS wash. The 
virus-bound cells were subsequently covered in basal media and incubated at 37 °C, 
which allows viral penetration, for 72 h. (iii) Viral entry/fusion assay: Huh-7 cells (1 × 105 
cells/well seeded in 48-well plates) were first pre-chilled at 4 °C for 1 h, and then infected 
with EBOVpp (MOI 0.01) for 2 h at 4 °C to permit only viral attachment but not penetra-
tion. The virus inoculum was next removed with ice-cold DPBS wash, and the virus-
bound cells were treated with the test drug agent for 2 h incubation at 37 °C which allows 
viral fusion/penetration. The drug-containing media was later removed by DPBS washes, 
and the cells were further incubated in basal media at 37 °C for 72 h. For (i) and (iii), the 
anti-EBOV GP KZ52 antibody (25 μg/mL; Integrated BioTherapeutics, Rockville, MD, 
USA), which can neutralize EBOV GP and prevent EBOV infection [31] by specifically 
targeting cathepsin cleavage in the viral fusion step [32], was included as a positive con-
trol. For all assays, the cells were harvested for analysis by luciferase assay at 72 h post 
infection, as described above. 

2.13. Statistical Analysis 
GraphPad Prism 8 software (San Diego, CA, USA) was used for quantitative analysis. 

Data were represented as means ± standard deviation (SD), and statistical analysis was 
performed using one-way ANOVA with Dunnett post hoc test. A p-value of <0.05 was 
considered statistically significant. 

3. Results 
3.1. Production and Characterization of EBOVpp 

To identify novel entry inhibitors against EBOV, we utilize EBOVpp which were pro-
duced by transfecting HEK 293FT cells with plasmids encoding the EBOV GP (Mayinga 
strain) and a luciferase reporter-tagged HIV-1-based lentiviral vector, yielding chimeric 
viral particles displaying EBOV GP on a lentiviral core (Figure 1A). The generated 
EBOVpp were then used to infect and titrate on the liver-derived Huh-7 cells. Wash steps 
following infection and paraformaldehyde treatment control (which fixes the cells and 
prevents infection) were included to ensure that the reporter signals were not due to carry-
over luciferase from the virion inoculum. As shown in Figure 1B, EBOVpp successfully 
infected Huh-7 cells, yielding luciferase signals indicative of successful viral entry medi-
ated by EBOV-GP and that could be serially titrated and demonstrated a linear correlation 
with viral titer. This observation is consistent with published literature reporting usage of 
Huh-7 as a permissible host cell line to EBOV infection [33–36]. Further western blot anal-
ysis confirmed the production of authentic EBOVpp, whereby in contrast to detecting the 
HIV-1 matrix protein p17 across the samples of pseudoparticles bearing vesicular stoma-
titis virus (VSV) glycoprotein G or EBOV GP, EBOV GP was only detected in the EBOVpp 
(Figure 1C). Furthermore, transmission electron microscope (TEM) imaging showed 
spherical particles typical of HIV virions due to the HIV-derived core in the EBOVpp as 
opposed to the filamentous morphology of wilt-type EBOV particles (Figure 1D). To-
gether, these results confirmed successful production of the EBOVpp for our antiviral 
screening experiments. 
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Figure 1. Production and Characterization of EBOVpp. (A) Schematic of EBOVpp with surface-ex-
pressing EBOV-GP and an HIV-based luciferase reporter-tagged lentiviral backbone. (B) Infectivity 
analysis and titration of EBOVpp (10-fold serial dilution) on Huh-7 cells. Luciferase reporter activity 
was determined at 72 h post-infection to determine viral infectivity. Paraformaldehyde (PFA; 4%) 
treatment, which fixes the cells and renders them impermeable to virus internalization, was in-
cluded as a negative control. Data are expressed as mean relative light units (RLU) ± SD from 3 
independent experiments. (C) Analysis of EBOV GP expression in supernatant-harvested pseudo-
particle preparation by western blotting. Images shown are representative blots from three inde-
pendent experiments. VSV-G pseudoparticles (VSVpp) are included for comparison and anti-HIV-
p17 matrix protein served as control. (D) Transmission electron microscope (TEM) imaging of 
EBOVpp release from transfected HEK 293FT cells. Representative micrographs from three inde-
pendent experiments are shown. 

3.2. Screening of Plant-Derived Natural Medicines Identified the Methanolic Extract of Perilla 
frutescens (PFME) as an Antiviral Candidate against EBOV Entry 

The biodiversity of plants and their phytochemical contents represent an excellent 
source of novel antiviral drug discovery. We next therefore picked a panel of heat-clearing 
and detoxicating medicinal herbs [25], and screened their water and methanol extracts as 
candidates for anti-EBOV entry inhibition activity. The test drug agents were first evalu-
ated for cytotoxicity on Huh-7 cells to determine their CC50 as well as their maximum non-
cytotoxic (≥95% cell survival)/screening concentrations (Table 1). To examine the anti-
EBOV entry activity of the candidates, we pre-incubated Huh-7 cells with each of the test 
product at its screening concentration for 24 h, before infecting the cells with MOI 0.01 of 
EBOVpp in the presence of the test drug agents for 2 h as illustrated in Figure 2A. We then 
evaluated EBOVpp infection based on the levels of luciferase reporter signal and defined 
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104 relative light units (RLU) as the minimum threshold level (approximately one-log re-
duction compared to their non-treated controls) for the selection of potential EBOV anti-
viral candidates (Figure 2B,C). While none of the water extracts achieved prominent anti-
EBOV entry activity (Figure 2B), a few methanolic extract candidates showed anti-EBOV 
inhibition (Figure 2C). Specifically, the methanolic extract (ME02) of Perilla frutescens 
(PFME) demonstrated the strongest effect with the most substantial decrease (~1.5 log) in 
the luciferase reporter activity compared to the DMSO control (Figure 2C). Therefore, 
PFME was chosen as our priority anti-EBOV candidate for all subsequent experiments. 

Table 1. List of Natural Medicine Candidates and Their CC50 and Screening Concentration Used. 

ID Species Part(s) CC50 (μg/mL) SC (μg/mL) 
   ME WE ME WE 

01 Artemisia annua  Herba 237 >800 46 <1 
02 Perilla frutescens Folium  169 >800 30 100 
03 Zingiber officinale Rhizome  40 >800 4 800 
04 Schizonepeta tenuifolia Herba  693 >800 135 50 
05 Mentha canadensis Herba  327 >800 70 100 
06 Chrysanthemum morifolium Flos  1011 >800 27 500 
07 Morus alba Folium  460 >800 83 500 
08 Saposhnikovia divaricate Radix  987 >800 251 800 
09 Cimicifuga foetida Rhizome  47 >800 12 100 
10 Isatis indigotica Fort. Folium  663 >800 131 100 
11 Polygonum cuspidatum Radix  120 621 26 100 
12 Dryopteris crassirhizoma Rhizome  1575 >800 420 500 
13 Anemarrhena asphodeloides Rhizome  730 >800 294 500 
14 Sophora tonkinensis Radix  287 >800 17 10 
15 Aster tataricus Radix et rhizome  818 >800 74 10 
16 Artemisia argyi Folium  212 555 29 50 
CC50 and screening concentration (SC) of the candidate extracts as determined by CCK-8 cell viability assay. Data represent 
mean from three independent experiments. ME = methanol extract; WE = water extract. 
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Figure 2. Antiviral Screening of Natural Medicine Candidates against EBOVpp Infection. (A) Sche-
matic of EBOVpp antiviral screening procedure. Antiviral efficacy of the water extracts (WE) (B) 
and methanolic extracts (ME) (C) of each natural medicine candidate against EBOVpp (MOI = 0.01) 
infection on Huh-7 cells. DMSO (0.01%) and 4% PFA treatments are included as controls. Data are 
expressed as mean RLU ± SD from three independent repeats. The 104 threshold is shown by blue 
line with shade. 

3.3. PFME Blocks the Early Entry Steps of EBOVpp Infection 
The anti-EBOV activity of PFME was first studied via a dose-response assay. We pre-

treated Huh-7 cells with increasing concentrations (5–30 μg/mL) of the extract for 24 h 
before infecting the cells with MOI 0.01 of EBOVpp again in the presence of PFME at the 
different concentrations. We found that PFME dose-dependently inhibited EBOVpp in-
fection (Figure 3). Next, we investigated how PFME impedes EBOVpp infection by per-
forming a time-of-drug-addition assay, wherein cells were either pretreated with PFME 
for 24 h before washing and infection (pretreatment) or infected in the presence of PFME 
(co-addition), as depicted schematically in Figure 4A. Our results showed that 30 μg/mL 
of PFME in co-addition treatment (Figure 4C) significantly reduced EBOVpp infection by 
over 1 log, in contrast to pretreatment wherein PFME exerted only minor but non-statis-
tically significant effect (Figure 4B). These results suggest that PFME likely targets the 
early phases of EBOVpp entry during its infection. 
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Figure 3. Dose-Response Analysis of PFME against EBOVpp Infection. Dose-response of PFME us-
ing the indicated concentrations against EBOVpp (MOI 0.01) infection on Huh-7 cells. Luciferase 
reporter assay was performed at 72 h post-infection to evaluate viral infectivity. DMSO (0.01%) 
served as a negative control. Data are expressed as mean RLU ± SD from three independent repeats. 

 
Figure 4. Time-of-Drug-Addition Analysis of PFME against EBOVpp Infection. (A) Schematic of 
time-of-drug-addition analysis of PFME (30 μg/mL) treatment against EBOVpp (MOI 0.01) infection 
on Huh-7 cells using (B) pretreatment and (C) co-addition models. For the co-addition assay, EBOV 
GP-neutralizing antibody KZ52 [31] was included as a positive control. For both experiments, 
DMSO (0.01%) treatment served as negative control. Luciferase reporter assay was performed at 72 
h post-infection to assess EBOVpp infection. Data are expressed as mean RLU ± SD from three in-
dependent experiments. Asterisks (*) denote statistical significance: **** p < 0.0001. 
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3.4. PFME Blocks EBOVpp Attachment and Neutralizes the Viral Particles 
Since the most robust antiviral impact of PFME against EBOVpp entry appear to oc-

cur when both the EBOV GP-pseudotyped viral particles and the test drug are concur-
rently present on the host cell (Figure 4C co-addition scenario), we hypothesized that 
PFME possibly act by influencing the early viral entry steps mediated by the EBOV GP. 
To decipher which specific step(s) of the early viral entry event is targeted by PFME, we 
performed a synchronized infection assay in which we examined whether PFME inacti-
vates cell-free EBOVpp from being able to bind target cells to initiate infection, or PFME 
inhibits viral attachment to host cell receptor, or PFME inhibits post-attachment viral fu-
sion with host cell (Figure 5A). The KZ52 neutralizing antibody, which binds to EBOV GP 
[31] and prevents cathepsin cleavage required for the viral fusion step [32], was included 
as a positive control for inactivation and entry/fusion assays. Our findings show that 30 
μg/mL PFME potently inactivated free viral particles, with better neutralizing activity 
than the KZ52 neutralizing antibody positive control [31], and diminished EBOVpp infec-
tion (Figure 5B). In addition, 30 μg/mL PFME also blocked EBOV attachment to the host 
cells and suppressed the infection (Figure 5C). In contrast, PFME did not exert a significant 
effect on viral entry/fusion (Figure 5D), whereas the KZ52 antibody treatment effectively 
blocked this step. These results indicate that PFME mediates its anti-EBOVpp activity 
likely by neutralizing the free viral particles and blocking viral attachment to the host 
cells. Overall, we identified and propose PFME as an efficient novel antiviral inhibitor 
candidate against EBOV-GP-mediated viral entry. 

 
Figure 5. PFME Effectively Inactivates EBOVpp and Blocks Viral Attachment to Host Cells. (A) 
Schematics of the synchronized infection assay on early viral entry. (B) Effect of PFME (30 μg/mL) 
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treatment on cell-free EBOVpp (final MOI = 0.01). (C) Effect of PFME (30 μg/mL) treatment on 
EBOVpp (MOI 0.01) viral attachment. (D) Effect of PFME (30 μg/mL) treatment on EBOVpp (MOI 
0.01) viral entry/fusion. Anti-GP antibody KZ52 (25 μg/mL), which specifically prevents the for-
mation of fusion-activated EBOV GP [32], was included as a positive control for inactivation and 
entry/fusion assays. Luciferase reporter assay was performed at 72 h to evaluate EBOVpp infectivity 
(%). DMSO (0.01%) treatment served as negative control. Data are expressed as mean ± SD from 
three independent experiments. Asterisks (*) denote statistical significance: *** p < 0.001; **** p < 
0.0001. 

4. Discussion 
The past several decades has witnessed the emergence and re-emergence of viral 

pathogens including EBOV, underscoring the need for continuous development of vac-
cination and therapeutic strategies to curtail these viruses and prevent their spread. Due 
to its highly infectious nature and the lack of antiviral therapeutics that were only recently 
approved, the deadly EBOV and its associated EVD represent an important public health 
threat to be addressed urgently in preparation for potentially devastating future out-
breaks. Identifying antiviral agents that restrict EBOV entry into host cells and prevent 
establishment or limit propagation of its infection are advantageous as they could serve 
not only as therapeutic drugs, but also for prophylaxis purposes (pre- or post-exposure) 
which is key in reducing viral transmission and providing protection for high-risk 
healthcare workers [37]. Indeed, entry inhibitors have emerged as an important class of 
antiviral agents for the prevention/treatment of various viral infections and have been ex-
plored widely, including against HIV-1 [38–41], herpes simplex virus [28,42], avian influ-
enza [43,44], dengue virus [45,46], hepatitis C virus [23,26,47–49], measles virus [50,51], 
and enteroviruses [52,53]. These developments prove the utility and significance of entry 
inhibitors as a vital class of antiviral agents. Although entry inhibitors in principle do not 
stop post-entry viral replication, they are useful to restrict the de novo infection spread by 
progeny viruses, and their combination with other antiviral agents can enhance antiviral 
efficacy and help prevent the emergence of drug resistance, as evidenced by the inclusion 
of entry inhibitors in the highly active antiviral therapy (HAART) against HIV-1 [54], as 
well as experimental combination therapy with direct-acting antivirals (DAAs) for HCV 
[55]. Similarly, antiviral therapeutics blocking EBOV entry have been examined in the past 
decades, including neutralizing monoclonal antibodies (ZMapp, mAb 114, REGN-EB3) 
[56–58], synthetic chemicals (diaryl-quinoline compounds, sulfonamide MBX2254, tria-
zole thioether MBX2270, cationic amphiphiles, G protein-coupled receptor antagonists) 
[19,59–61], and natural products such as quercetin 3-β-D-glucoside [62] and sclareol and 
sclareolide from the plant Salvia sclarea [63]. Our finding that PFME efficiently suppresses 
EBOV GP-mediated entry adds to the growing list of entry inhibitory agents against 
EBOV that deserve further evaluation for development as EBOV entry inhibitors. 

Our study demonstrated that 30 μg/mL PFME co-addition most effectively inhibited 
EBOVpp infection (Figure 4C), suggesting that the extract likely targets the early viral 
entry events of the virus. To elucidate the specific entry-related step that PFME targets to 
block EBOVpp entry, we performed a synchronized infection assay on the early viral en-
try steps, and found that 30 μg/mL PFME strongly inactivates cell-free EBOVpp (Figure 
5B). In addition, compared to the EBOV GP-neutralizing antibody KZ52, PFME had 
higher inhibition rate, indicating that the extract possesses strong neutralizing capacity 
against EBOVpp infectivity. Besides this, PFME also robustly blocked viral attachment to 
the host cells (Figure 5C), but had no significant effect on post-binding viral entry/fusion 
(Figure 5D). Therefore, we speculate that the antiviral activity of PFME appears to precede 
the endosomal cathepsin cleavage steps, and may involve modifying EBOV GP to (1) pre-
vent receptor interaction (hence rendering the EBOVpp particle inactive) and/or (2) to pre-
clude the subsequent GP conformational change from the required protease cleavage for 
binding to NPC1 in the endosome that leads to release of the viral genome [15]. However, 
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we could not completely rule out that PFME may potentially also modulate host cell fac-
tors required for viral entry to block the EBOVpp infection. For instance, the presence of 
PFME on the cells could downregulate expression of the host cell factors that facilitate 
EBOV attachment and entry (β1 integrins, folate receptor-α, C-type lectins, T-cell immu-
noglobulin and mucin domain 1, and Tyrosine kinase receptor Axl) [64–72], modulate host 
macropinocytosis that promotes EBOV particle engulfment [10,73], or boost the innate 
antiviral immune response which is known to block viral infection [74]. A preliminary 
analysis of the cell innate immune response to PFME treatment showed that the extract 
can moderately stimulate interferon (IFN)-β promoter activation (~0.6 fold over control), 
which could be suppressed by the overexpression of the IFN-inhibiting EBOV VP35 [75] 
(Figure S1). Further in-depth analysis on host cell attachment factors, macropinocytosis 
pathway, and cell innate immune response may help to fully clarify the spectrum of anti-
viral activity of PFME. 

Although PFME showed promising inhibition against EBOV GP-mediated viral en-
try, the specific component of the extract that mediates its antiviral activity remains to be 
elucidated. In an attempt to identify the active compounds responsible for PFME’s anti-
EBOV activity, we tested the effect of rosmarinic acid, which is previously reported as the 
dominant antioxidant phenolic compound in PFME, against EBOVpp entry [76,77]. Our 
preliminary results did not reveal significant antiviral activities from rosmarinic acid (Fig-
ure S2), indicating that perhaps other less abundant active components or a combination 
of these compounds may be responsible for the extract’s antiviral activity. Further research 
would be needed to pinpoint the exact component(s) of PFME responsible for its anti-EBOV 
entry activity. In addition, while we have used the EBOVpp as an in vitro system to identify 
PFME as a potential antiviral candidate blocking EBOV entry, further studies should be ex-
plored in vivo for testing drug bioavailability and efficacy. 

In summary, using the EBOVpp system, we identified the natural extract PFME as 
an efficient inhibitory agent of EBOV entry that acts by neutralizing the cell-free viral par-
ticles and blocking viral attachment to the host cell. We suggest that PFME is of value for 
further drug development as an anti-EBOV therapeutic agent. 

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/v13091793/s1, Figure S1: PFME Induces IFN-β Promoter Activation That Can Be Sup-
pressed by the Overexpression of the IFN-β Antagonist EBOV VP35, Figure S2: Rosmarinic Acid 
Does Not Impede EBOVpp Infection. 
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