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ABSTRACT

Currently, no approved antiviral therapeutic is available for treatment or prevention of Ebola virus
(EBOV) infection. In this study, we characterized an EBOV-glycoprotein (GP) pseudotyped HIV-1-based
vector system in different cell cultures, including human umbilical vein endothelial cells (HUVECs)
and human macrophages, for the screening of anti-EBOV-GP agent(s). Based on this system, we
demonstrated that an aqueous extract (CHPV) from the Chinese herb Prunella vulgaris displayed a potent
inhibitory effect on EBOV-GP pseudotyped virus (EBOV-GP-V)-mediated infection in various cell lines,
including HUVEC and macrophage. In addition, our results indicated that CHPV was able to block an
eGFP-expressing Zaire ebola virus (eGFP-ZEBOV) infection in VeroE6 cells. The anti-EBOV activity of
CHPV was exhibited in a dose-dependent manner. At a 12.5 pg/ml concentration, the CHPV showed a
greater than 80% inhibition of EBOV-GP-V and eGFP-EBOV infections. Likewise, our studies suggested
that the inhibitory effect of CHPV occurred by binding directly to EBOV-GP-Vs and blocking the early viral
events. Interestingly, our results have shown that CHPV was able to enhance the anti-EBOV activity of the
monoclonal antibody MAb 2G4 against EBOV-GP. Overall, this study provides evidence that CHPV has

anti-EBOV activity and may be developed as a novel antiviral approach against EBOV infection.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Ebola virus (EBOV) is an enveloped, negative-strand RNA virus
belonging to the Filoviridae family that causes severe hemorrhagic
fevers in humans and non-human primates, with case fatality rates
as high as 90% (Wilson et al., 2001). EBOV was first identified in
1976, and since then over 20 reported natural Ebola virus outbreaks
have occurred, with the 2014 Ebola outbreak in West Africa being
the largest, causing over 11,000 deaths. Currently, there is still no
effective treatment or vaccine for EBOV infection in humans;
therefore, the development of new antiviral strategies is an urgent
global health need.

* Corresponding author. Laboratory of Molecular Human Retrovirology, Depart-
ment of Medical Microbiology, Faculty of Medicine, University of Manitoba, Canada.
E-mail address: xiao-jian.yao@umanitoba.ca (X. Yao).

http://dx.doi.org/10.1016/j.antiviral.2016.01.001
0166-3542/© 2016 Elsevier B.V. All rights reserved.

The EBOV glycoprotein (GP), which comprises a surface unit GP1
and a transmembrane unit GP2, is an essential component of the
viral envelope and plays a central role in viral entry (Misasi and
Sullivan, 2014). EBOV GP1 is required for cell attachment and re-
ceptor interaction, while GP2 is required for membrane fusion. The
EBOV-GP provides a potential target for therapeutic strategies to
disrupt EBOV-GP-mediated virus entry and block the propagation
of EBOV in vivo.

Given that filoviruses have a surface glycoprotein similar to
other enveloped viruses and share a similar mechanism of entry
with HIV-1, several well-defined compounds have been suggested
for the potential inhibition of entry of filoviruses, i.e., lectins,
glucosidase inhibitors, benzylpiperazine adamantine diamides, LJ-
001, dUY11, selective estrogen receptor modulator (SERMS) and
ion channel blockers (i.e., amiodarone and dronedarone) (Barton
et al.,, 2014; Coté et al., 2011; Chang et al., 2013; Gehring et al.,
2014; Johansen et al., 2013; Vincent et al., 2010; Wolf et al., 2010).
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However, most of these compounds have been proposed as anti-
virals based on in vitro or animal data, and investigations into their
effectiveness and safety in humans are still required. Recently, a
novel immunotherapeutic (ZMapp) consisting of a combination of
monoclonal antibodies (c13C6, c2G4 and c4G7) and optimized from
two previous antibody cocktails (MB-003 and ZMADb) was shown to
be able to rescue 100% of rhesus macaques when treatment is
initiated up to 5 days post—challenge (Murin et al., 2014; Pettitt
et al., 2013; Qiu et al., 2014; Zhang et al., 2014). The monoclonal
antibodies target the GP1-GP2 interface and the glycan cap, thereby
inhibiting viral entry (Audet et al., 2014; Qiu et al., 2011, 2012a).
During the 2014 EBOV outbreak in Western Africa, ZMapp was
administered to seven patients with Ebola virus disease (EVD) in
the United States and several other countries, but the outcome was
not considered to be statistically significant (McCarthy, 2014).
Moreover, very little of the ZMapp antibodies is currently available
(Lenny Bernstein, 2014). Thus, the lack of ZMapp and unavailability
of experimental treatment in the most affected regions of the EBOV
outbreak in Western Africa hinder its development in source-
limited countries.

Traditional Chinese medicine holds a unique position among all
traditional medicines because of its many years of history. Many
aqueous extracts of traditional Chinese medicinal herbs have been
proven to have antiviral activities (Zheng, 1990), and most of these
are generally of low toxicity, cheap and readily accessible. Some
Chinese herbs, including Prunella vulgaris, L. Panaxginseng CA.
Meyer, Andrographis paniculata, Lentinus edodes and Spirulina pla-
tensis, display inhibitory effects on the entry step of various viruses,
such as HIV-1, Hepatitis B and HSV-1 (Chang et al., 1991; Fiore et al.,
2008; Harada, 2005; Hayashi et al., 1996a, 1996b; Hayashi, 2008;
Kang et al., 2013; Lee et al., 2014; Li et al., 2001; Liu et al., 2002;
Sato et al.,, 1996; Seubsasana et al., 2011; Tabba et al., 1989; Yao
et al, 1992; Yoshida et al., 1988; Zhang et al., 2007). However,
whether these herbs could also have inhibitory activities against
EBOV infection remains unknown. In this study, we developed a
sensitive EBOV-GP pseudotyped HIV-1-based vector system for
screening anti-EBOV agent(s) and then investigated the antiviral
mechanism of action. Based on this system, we identified an
aqueous extract from the Chinese herb P. vulgaris (CHPV), which
was able to inhibit EBOV-GP-V and eGFP-Ebola virus infections by
binding to EBOV-GP and blocking viral entry. Interestingly, our
results also showed that CHPV was able to enhance the anti-EBOV
activity of the monoclonal antibody MAb 2G4 against EBOV-GP.
Thus, this study provides evidence for the first time that CHPV,
an aqueous extract from P. vulgaris, has potent anti-EBOV activity.

2. Materials and methods
2.1. Plasmid constructs

The EBOV-GP plasmid (pCAGGS-ZEBOV-GP) containing the gene
of EBOV glycoprotein (GP) from the Mayinga strain was generated
by cloning the full length of GP1,2 (nucleotides 142—2172; amino
acid (aa) 1 to 676) into the eukaryotic expression vector pCAGGS
(Wahl-Jensen et al., 2005). The Lentiviral vector encoding for
Gaussia luciferase gene (pLenti-Basic-Gluc) was purchase from
Target system Inc. The helper packaging plasmid pCMVAS.2
encoding for the HIV Gag-Pol, vesicular stomatitis virus G (VSV-G),
and HIV-Envelope plasmids were described previously (Jayappa
et al., 2015; Kobinger et al., 2001; Yao et al., 1998).

2.2. Cell culture, antibodies and chemicals

The human cervical epithelial cell (HeLa), TZM-b1 cells, human
lung carcinoma cell (A549), human embryonic kidney cells

(HEK293T), and kidney epithelial cells extracted from African green
monkey (VeroE6) were cultured in Dulbecco's modified Eagle's
medium. Two CD4+ T-lymphoid cell lines, Jurkat and C8166 T cells,
were cultured in RPMI-1640 medium. All cell lines were supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin and
streptomycin, in the exception of the VeroE6 cell line, which was
cultured with 3% FBS. Human Umbilical Vein Endothelial cells
(HUVECs) were cultured in EGM-2 Media (Lonza) containing FBS,
hydrocortisone, hFGF-B, VEGF, R3-IGF-1, ascorbic acid, hEGF, GA-
1000 and heparin. HUVECs Cells were cultured for 3—4 days and
were passaged for no more than 7 generations for the experiments
described. Human PBMC derived macrophages were prepared by
dispensing fresh PBMCs into 24-well plates at 37 °C for 2 h. After
gentle washing with DMEM, the adherent cells were cultured in
DMEM containing 20% FBS and 10 ng/ml macrophage colony-
stimulating factor (M-CSF; R&D systems) for 7 days. DNA trans-
fection in HEK293T cells was performed with a standard calcium
phosphate precipitation method.

The mouse monoclonal antibody (2G4) against EBOV glycopro-
tein and anti-HIVp24 monoclonal antibody were described previ-
ously (Ao et al., 2007; Qiu et al., 2011). The HIV-1 p24 ELISA Kit was
obtained from the AIDS Vaccine Program of the Frederick Cancer
Research and Development Center.

2.3. Preparation and purification of herb extracts

Ginsenoside, Spirulina polysaccharide, Lentinan and Dia-
mmonium glycyrrhizinate (DG) were obtained from Chinese com-
panies (En Bang Biotech Co., Yuchang Biotech Inc., Luye Pharma
Group Ltd. or China Tai-Tianqing Pharmaceutical Ltd.). Androgra-
pholide was purchased from Sigma Inc. The dried fruitspikes of
P. vulgaris L. (Labiatae) were purchased from Tong Ren Tang Health
Pharmaceutical Co., Ltd. (Beijing, CN). The herb extraction process
was based on methods described previously (Yao et al., 1992).
Briefly, dried herbs were soaked overnight in deionized water at
room temperature and then boiled for 1.5 h. After centrifugation
(3000 g, 30 min), the supernatant was filtered through a 0.45 pm
cellulose acetate membrane and lyophilized. The resulting dark
brown residue was dissolved in deionized water and stored
at —20 °C. A single symmetrical peak corresponding to a molecular
weight of polysaccharides (approximately 10 kDa) in the aqueous
extract from PV was detected by HPLC analysis, as described pre-
viously (Yao et al., 1992).

2.4. Viruses production, infection and inhibition experiments

EBOV-GP pseudovirions (EBOV-GP-Vs) were produced by
transfecting HEK293T cells with pCAGGS-ZEBOV-GP (5 ug),
pCMVAS8.2 (7 pg) and pLenti-Basic-Gluc plasmids (3 pg). Mean-
while, VSV-G or HIV Env pseudovirions were produced from 293T
cells transfected with VSV-G or HIV Env plasmid together with A8.2
and pLenti-Basic-Gluc plasmids. 48 hrs post-transfection, cell cul-
ture supernatants were collected and pseudovirions were purified
from the supernatant by ultracentrifugation (32,000 rpm) for 2 h.
The pelleted viruses were resuspended into DMEM medium and
virus titers were quantified using an HIV-1 p24 ELISA assay.

The pseudovirions were quantified by measurement of Viral-
associated HIV p24 level using ELISA assay. The same amounts of
EBOV-GP-Vs, VSV-G or HIV Env pseudovirions (as adjusted by p24
levels) were incubated with target cells (at 0.1 x 10° per well
(96 well plate) or 0.4 x 10° cells per well (24 well plate) for 2—4 h
and washed with medium. After 24—72 h, the supernatants were
collected and the viral infection was evaluated by measuring
Gaussia luciferase (Gluc) activity. Briefly, 50ul of Coelenterazine
substrate (Nanolight Technology) was added to 20ul of
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supernatant, mixed well and read in the luminometer (Promega,
USA).

For testing of the anti-EBOV entry activity of Chinese herbs,
various concentrations of each herb extract or compound were
mixed with EBOV-GP-Vs or directly added into target cells at
different time points. After 2—4 h of infection at 37 °C, the cells
were washed twice with medium to remove excessive residue vi-
ruses and herb extract/compound. The anti-EBOV activity was
evaluated by measuring the Gluc activity in the culture supernatant
at different time points after infection. Similarly, to analysis the
inhibitory effect of MAb 2G4 and CHPV, a series of diluted 2G4
alone or the combination of 2G4 with varying concentrations of
CHPV were mixed with EBOV-GP-Vs and added to HEK293T cells or
macrophages. After 2 h of incubation, the cells were washed and
the Gluc activity in the cell culture supernatants was detected at 24
and 48 h post-infection.

In the macrophage studies, a continuous exposure to CHPV/
pseudovirion treatment also was performed. Briefly, CHPV was
added 1 h to cells prior to infection, followed by EBOV-GP-Vs
infection with or without MAb 2G4. Then, infected cells were
cultured in the same medium containing CHPV/EBOV-GP-Vs + MAb
2G4 without washing. The Gluc activity in the cell culture super-
natants was monitored at 24 and 48 h post-infection.

For the Zaire ebola virus (ZEBOV) infection, we utilized a re-
combinant ZEBOV expressing enhanced green fluorescent protein
(eGFP) (named as eGFP-ZEBOV). This virus showed similar pheno-
types to that of wild-type ZEBOV (wt-ZEBOV) in vitro, produced
mild disease in rhesus macaques, and lethal in mice lacking signal
transducer and activator of transcription 1, even that were
moderately attenuated, compared with that caused by wt-ZEBOV
(Ebihara et al, 2007). The virus stock was preparated, as
described previously (Qiu et al., 2012a). To test the inhibitory effect
of CHPV on eGFP-ZEBOV infection, we first added different amounts
of CHPV or/and MAb 2G4 in VeroE6 cells for 10 min, then the cells
were infected with approximately 100 PFU of eGFP-ZEBOV in the
presence of CHPV or MADb 2G4. After 12 h of infection, the cells were
washed and cultured with fresh medium without any drug. At 48 h
of infection, cells were fixed with 10% phosphate-buffered formalin
and fluorescent plaques were counted using an AID Fluorescent
plate reader, as described previously (Patel et al., 2009).

2.5. Binding assay

For testing the binding of CHPV to EBOV-GP-Vs, EBOV-GP-Vs
were mixed with CHPV, MAb 2G4 or medium alone and incubated
for 10 min at 4 °C. The treated EBOV-GP-Vs were then collected by
ultracentrifugation (Beckman SW41Ti rotor 22,000 rpm, 2 h). The
pelleted pseudovirions were re-suspended in fresh DMEM and
used to infect HEK293T cells and their infectivity was monitored by
measurement of the Gluc activity in the supernatants after 48 h of
infection.

To detect the viral attachment to the cells in the presence of
CHPV, HEK293T cells in 24 -well plates were first cooled on ice for
15 min and EBOV-GP-Vs (P24 0.51 ng) were added in the absence or
presence of indicated concentrations of CHPV. After 1 h incubation
on ice, the cells were washed with cold PBS to remove unbound
virus, lysed with RIPA lysis buffer and the virus attached to cells
were detected with anti-p24 ELISA assay.

2.6. Cytotoxicity assay

The WST-1 cell proliferation assay (Roche) was used to deter-
mine the cytotoxicity of CHPV, as described earlier (Ao et al., 2011).
Briefly, HUVECs were cultured at 4 x 10> cells/well in a 96-well
plate and treated with CHPV for 2 or 48 h. After 48 h, WST-1 was

added to the cultures at 10 pl/well and incubated at 37 °C for 4 h.
Absorbance was measured at 490 nm using a microplate reader.

3. Results

3.1. Generation of an EBOV-GP pseudotyped HIV-1-based vector
system

To generate EBOV-GP pseudovirions (EBOV-GP-Vs), the EBOV-
GP-expressing plasmid (pCAGGS-ZEBOV-GP) was co-transfected
with an HIV-based lentiviral vector that encoded the Gaussia
luciferase gene and a packaging plasmid (pCMVARS.2) in HEK293T
cells (Fig. 1A). In parallel, HIV Env+ pseudovirions or viruses
without envelope glycoprotein were included as controls. The
Gaussia luciferase (Gluc) is a bioluminescent enzyme that can be
secreted into the cell culture media, enabling the analysis of viral
replication by direct measurement of Gluc activity in the
supernatant.

To examine the expression and incorporation of EBOV-GP in the
cells and the virus, both virus-producing cell and virus lysates were
analyzed by SDS-PAGE and Western blot with a mouse anti-EBOV-
GP1, as indicated in Fig. 1B. The preGP (110 kDa) and GP1
(120—130 kDa) were clearly detected in EBOV-GP-transfected cells
(Fig. 1B, lane 1), with molecular masses corresponding to those
previously described for EBOV-GP (Elliott et al., 1985; Volchkov
et al., 1995, 1998). As expected, abundant GP1 was detected in
EBOV-GP-Vs, indicating that EBOV-GP can be efficiently incorpo-
rated into the pseudovirions (Fig. 1B, lane 3). Meanwhile, the HIV
capsid Gagp24 protein was detected in all of the cell lysates and the
pelleted EBOV-GP-Vs and virions without envelope protein by
rabbit anti-p24 antibodies (Fig. 1B, lower panel).

To test whether the EBOV-GP-V was able to infect HEK293T cells,
equal amounts of EBOV-GP-Vs or viral particles without any en-
velope protein (as adjusted by HIV Gagp24) were incubated with
HEK293T cells for 4 h. The Gluc activities in the supernatants were
measured to evaluate the virus infectivity at 48 h post-infection.
The results indicate that EBOV-GP-Vs were able to efficiently
infect 293T cells, whereas viral particles without viral envelope
protein did not produce any Gluc activity (Fig. 1C).

To further test whether the pseudovirion infection was medi-
ated by EBOV-GP, a previously described monoclonal antibody
(MADb), 2G4, which targets the Ebola virus glycoprotein (Qiu et al.,
2011, 2012b), was used to block the entry of EBOV-GP-V. Briefly,
EBOV-GP-Vs were incubated with various dilutions of 2G4 for
30 min and then added onto HEK293T cells. At 48 h post-infection
(p.i.), the Gluc activities were measured and the results showed that
the EBOV-GP-V infection of HEK293T cells could be efficiently
blocked by 2G4 in a dose-dependent manner (Fig. 1D). A 50% in-
hibition of HIV-1 infection was achieved when 2G4 was used at a
concentration of 1.72 ug/mL. These results clearly indicated that
EBOV-GP was responsible for the entry of pseudovirions and their
infection.

The ability of EBOV-GP-V to infect other cell types was further
analyzed in different cell lines, including HEK293T cells, CD4+
TZMb1 cells, human cervical epithelial cells (HeLa), CD4+ T-
lymphoid cells (C8166 and Jurkat cells), HUVECs and human lung
carcinoma cells (A549) (Fig. 1E). In parallel, the same amount of
HIV-Env + pseudovirions (HIV-Env-Vs) and VSV-G pseudovirions
(VSV-G—Vs) were used as controls. The Gluc activity was tested in
the supernatant at 48 h p.i. As expected, the VSV-G—Vs efficiently
infected all target cell lines, whereas HIV-Env-Vs only targeted the
CD4+ T cells, including C8166, Jurkat and TZMb1 cells. In contrast,
EBOV-GP-V was unable to induce detectable levels of Gluc activity
in both the Jurkat and C8166 T-lymphoid cells. In agreement with
the previously described EBOV-GP tropism range (Wool-Lewis and
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Fig. 1. Generation of an EBOV-GP-V pseudotyped virus system. (A) Schematic representation of the 3 co-transfected plasmids, including the lentiviral vectors encoding for the
Gaussia luciferase (Gluc) gene, the HIV-1 helper construct A8.2 and the pCAGGS-ZEBOV-GP plasmid. (B) Western blot showing the GP1, preGP and P24 protein expression in virions
and transfected cells. (C) Equal amounts of GP + or GP- virions (adjusted by P24) were used to infect HEK293T cells. After 48 h, the Gaussia Luciferase activity (Gluc) of the su-
pernatants was measured and normalized as a percentage of the positive control (Gluc value of GP + as 100%) (D) Dose-dependent 2G4 (MADb) inhibition of EBOV-GP-V transduction
in HEK293T cells. The same amount of EBOV-GP-V was incubated with the indicated concentration of 2G4 for 30 min and added to HEK293T cells for 4 h. The cells were washed and
cultured in complete DMEM without antibody. Gluc activities in the supernatant were tested after 48 h of incubation. (E) Evaluating the transduction ability of EBOV-GP-V in
different cell types. The results are the mean values + standard deviations (SD) of three independent experiments.

Bates, 1998), EBOV-GP-Vs were shown to be able to infect human
Hela cells, TZMb1 cells, human A549 cells and primary HUVECs.
These results clearly distinguish the different tropisms of EBOV-GP
from HIV and VSV-G envelope proteins.

3.2. Evaluation of different Chinese herbs as potential anti-EBOV-GP
agents

The previous study demonstrated that EBOV-GP-Vs can mediate
an EBOV-GP-specific viral entry and that viral replication can be
easily detected by measuring Gluc activity in the supernatant. By

using this system, we next tested the effect of different Chinese
herbs on EBOV entry. A number of studies have suggested that the
extracts of some Chinese herbs display a significant inhibitory effect
on the entry and/or replication of different viruses (Table 1).
Therefore, in our study, CHPV, ginsenoside, andrographolide, spir-
ulina polysaccharide, lentinan and diammonium glycyrrhizinate
extracted from P. vulgaris, as well as Panaxginseng, Andrographis
paniculata, Spirulina platensis, Lentinus edodes and Liquorices, were
assessed for potential anti-EBOV activity.

Our cytotoxicity study showed that none of these extracts had
obvious cytotoxic effects on HEK293T cells up to concentrations of
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Table 1

Antiviral activities of different extracts or components from Chinese herbs.
Active extracts Example of plant source Antiviral actions References
Aqueous extract of The purified bioactive extract Prevention of hiv attachment to CD4 receptors, and suppression Liu et al., 2002;

Prunella vulgaris

Ginsenoside

Andrographolide

Spirulina polysaccharide

Lentinan

Diammonium
glycyrrhizinate(DG)

from P. vulgaris L. fruitspikes.

Ginsenoside is a class of steroid
glycosides, purified from
Panaxginseng C.A. Meyer

A major bioactive chemical constituent
of Andrographis paniculata

A natural sulfated polysaccharide,
isolated from Spirulina platensis

A polysaccharide isolated from a
common edible mushroom,
Lentinus edodes

DG was extracted and purified from
Liquorices (Radix glycyrrhizae)

of HIV-1 entry by disrupting the gp41 six-helix bundle formation.
Inactivation of HSV-1 directly, blocked HSV-1 binding to

Vero cells, and inhibited HSV-1 penetration into Vero cells.
Ginsenoside has effective anti-hepatitis B virus activity

mediated by interrupting virus adsorption on host cell,

DNA replication and secretion of hepatitis B surface antigen.
Andrographolide was reported for anti-HSV-1 and anti-hiv
activity in vitro. The inhibitory effects the compound on viral
entry and replication steps.

Spirulina polysaccharide was shown to target viral absorption,
penetration stages and some replication stages after

penetration into cells.

The sulfated lentinan exhibits a potent anti-HIV activity by
suppressing viral adsorption to the cells and reverse transcriptase.

Anti-hepatitis B virus by reducing transport to the membrane

and sialylation of hepatitis B virus surface antigen.

Anti-HIV by reduction of membrane fluidity lending to

inhibition of fusion.

The antiviral activity against SARS related coronavirus, respiratory

Tabba et al., 1989;

Yao et al., 1992;
Zhang et al., 2007
Kang et al., 2013;

Lee et al.,, 2014;

Li et al., 2001

Chang et al., 1991;
Seubsasana et al., 2011

Hayashi et al., 1996a;
Hayashi, 2008;
Hayashi et al., 1996b
Yoshida et al., 1988

Fiore et al., 2008;
Harada, 2005;
Sato et al., 1996

syncytial virus, arboviruses, vaccinia virus and vesicular
stomatitis virus, also have been revealed in vitro studies.

40 pg/mL (data not shown). We therefore used serial dilutions of
CHPV from 0.625 pg/mL to 40 pg/ml. After 2 h of infection with
EBOV-GP-Vs in the presence of each herb, the infected cells were
washed to remove the residual pseudovirions and herb, after which
the Gluc activity in the supernatant was measured at 48 h p.i. The
results showed that in the presence of andrographolide or spirulina
polysaccharide, EBOV-GP-V still replicated efficiently, suggesting
that these herbs did not affect the replication of GP pseudotyped
virus (Fig. 2). In contrast, CHPV showed a strong inhibitory effect on
EBOV-GP-V infection, with an approximately 80% inhibition of
EBOV-GP-V infection achieved when CHPV was used at 10 pg/mL
(Fig. 2). The ginsenoside also displayed a modest antiviral effect at a
higher concentration of 40 pug/ml. Thus, we continued to charac-
terize the anti-EBOV activity of CHPV and the mode of its action.

3.3. CHPV interferes with the EBOV-GP-V entry step by acting on
virus-like particles

To gain insight into the mechanism of how CHPV inhibits EBOV-
GP-V infection, a consistent concentration of CHPV (10 ug/ml) was
added to the HEK293T cell culture medium at various time points,
including pre-, simultaneous and post-exposure of the cells to the
EBOV-GP-pseudovirions. The results in Fig. 3A show that when cells
were pretreated with CHPV for 2 and 4 h and then removed before
adding pseudovirions, there was no inhibitory effect on virus
infection (Fig. 3A), suggesting that the inhibitory activity of CHPV
did not act directly on cells to render them resistant to infection.
Interestingly, when the cells were incubated simultaneously with
EBOV-GP-V and CHPV, a strong inhibitory effect was achieved, with
no negative impact on viral infection when CHPV was added at 2 or
more hrs post-infection (Fig. 3A). All of these results revealed that
CHPV blocks EBOV-GP-V replication in the early steps of the
infection. This also led us to believe that the major inhibitory effect
of CHPV may be through its action on the virus itself. As shown in
Fig. 3B, EBOV-GP-Vs were first incubated with CHPV (10 pg/mL) for
10 min at 4 °C. The CHPV-treated viruses were pelleted by ultra-
centrifugation and washed once with media to remove residual
unbound CHPV (Fig. 3B). As a control, EBOV-GP-Vs were incubated
with the anti-EBOV-GP antibody 2G4 or media alone and were
pelleted by ultracentrifugation. All pelleted viruses were used to

infect HEK293T cells, and the Gluc activity was measured at 48 h
post-infection. Similar to the pseudovirions incubated with 2G4,
the pseudovirions pre-treated with CHPV also displayed a signifi-
cant reduction of infection ability, when compared with the pseu-
dovirions that were incubated with medium alone (Fig. 3C).

To exclude the possibility that the free soluble active constitu-
ents of CHPV could be pelleted by ultracentrifugation, rather than
being associated with virus, we performed the same ultracentri-
fugation procedure with CHPV alone. After centrifugation, the su-
pernatant or re-suspended pellet sample was added to HEK293T
cells, followed by EBOV-GP-V infection. As shown in Fig. 3D, the
CHPV in the supernatant after ultracentrifugation still showed
strong antiviral activity compared with the EBOV-GP-Vs infection
in the absence of CHPV. In contrast, the pellet portion did not exert
any antiviral activity (Fig. 3D), indicating that the soluble active
constituents of CHPV could not be pelleted. All of these results
suggest that CHPV might be attached to the viral glycoproteins,
consequently blocking viral entry. However, we could still not rule
out the possibility that the presence of CHPV may also result in
conformational changes of EBOV-GP.

To determine if CHPV directly interfered with the viral adsorp-
tion process by interaction with the virus, the cell attachment of
EBOV GP-V was assessed by measurement of cell-associated
pseudovirions by a p24 ELISA assay. Briefly, HEK293T cells were
cooled on ice for 15 min and EBOV GP-V, in the presence or absence
of CHPV (200, 20, 2 and 0.2 pg/mL), was added. After a 1 h incu-
bation on ice, the cells were washed with cold PBS to remove un-
bound virus and lysed with RIPA buffer. The cell-bound
pseudovirions were measured by detection of the p24 levels in the
cell lysate. The results show that as the pseudovirions were incu-
bated continuously with diluted CHPV, the amount of cell-
associated p24 increased in a dose-dependent manner (Fig. 3E).
At 20 ug/ml, CHPV could block approximately 80% of pseudovirion
attachment. This result clearly indicates that CHPV could interfere
with virus attachment to cells, consequently preventing virus entry.

3.4. Evaluation of the inhibitory effect of CHPV on EBOV-GP
pseudovirion entry in HUVECs and human macrophages

As is well-documented, the dysregulation of endothelial cell
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functions in EBOV infection can induce a wide range of vascular
effects that can cause changes in vascular permeability and hem-
orrhage (Dvorak et al.,, 1995; Kevil et al., 1998). Some studies sug-
gest that EBOV-GP is the main determinant of vascular cell injury
(Yang et al., 1998, 2000). As we demonstrated in Fig. 1E, HUVECs
were extremely sensitive to EBOV. Therefore, we choose primary
HUVECs as target cells to evaluate if CHPV could also protect
HUVECs from EBOV-GP infection. Briefly, various concentrations of
CHPV were mixed with EBOV-GP-V and added immediately onto
HUVECs. At 2 h post-infection, the cells were washed and cultured
in medium without the herb. As expected, upon an increase in the
concentration of CHPV, the Gluc activities of EBOV-GP-V-infected
HUVECs decreased in a dose-dependent manner (Fig. 4A), indi-
cating that the EBOV-GP-V infection in HUVECs was specifically
blocked by CHPV. When 10 pug/mL of CHPV was used, less than 20%
of Gluc activity could be detected. Meanwhile, Fig. 4B shows the cell
viability after treatment with different concentrations of CHPV for
2 h or 48 h, as measured by the WST-1 cell proliferation assay. For
the 2 h CHPV treatment group, we detected no cytotoxicity at a
concentration of 320 pg/ml. For the 48 h continuous CHPV treat-
ment group, the HUVECs grew normally at concentrations up to
40 pg/ml.

It is well known that macrophages are a major initial target cell
for Ebola virus. Infected macrophages can attract more target cells,
induce and increase vasodilatation, vascular permeability and
disseminated intravascular coagulation by producing proin-
flammatory cytokines and chemokines (Bray and Geisbert, 2005).
Therefore, it is necessary to evaluate the inhibitory effect of CHPV
on EBOV-GP-V infection in macrophages. We first tested the effect
of CHPV by incubating human primary macrophages with CHPV
and EBOV-GP-V for 4 h. As shown in Fig. 4C (the 4 bars on the right
side), the Gluc activity of supernatant from infected macrophages
significantly decreased at 24 and 48 h in the presence of CHPV
(20 ug/ml). We also infected macrophages in the presence of CHPV
and maintained the macrophages in the medium containing EBOV-
GP-Vs and CHPV for 48 h without washing. In this case, the EBOV-
GP-Vs infection was inhibited by CHPV and the inhibition rate was
as high as 95% compared with the positive control (Fig. 4C, left
4 bars), suggesting that the optimum inhibitory effect of CHPV
could be obtained when there was a continuous presence of CHPV
in the culture medium. Additionally, we observed no cytotoxic ef-
fect when 20 pg/ml of CHPV was present in the macrophages cul-
ture for 48 h (data not shown).

3.5. Analysis the EBOV entry inhibitory effect of MAb 2G4 and CHPV

As described above, both EBOV-GP-specific monoclonal anti-
bodies 2G4 (Fig. 1D) and CHPV (Figs. 2—3) could efficiently block
the viral entry step. We next asked whether a stronger inhibitory
effect could be achieved by combining CHPV and MAb 2G4 in
relatively lower concentrations. In Fig. 5A, 2G4 was serially diluted
from 16 pg/ml to 0.32 pg/ml, and each concentration was combined
with the indicated concentrations of CHPV (10 and 0.625 pg/mL).
The results show that the viral infection was reduced approxi-
mately 80% when the concentration of CHPV was 10 pg/ml. Inter-
estingly, a greater than 90% inhibitory effect was achieved when
CHPV (10 pg/ml) was combined with 2G4 at concentrations above
1.6 pg/ml. The additive effect was more evident when a lower
concentration (0.625 pg/ml) of CHPV was combined with different
doses of 2G4. For example, when 1.6 pg/ml 2G4 and 0.625 pug/mL
CHPV were added alone, 56% and 26% inhibition were obtained,
respectively. When these two drugs were added together at the
same concentration, 81% inhibition was observed. This clearly in-
dicates that a much stronger inhibition could be achieved through
the combined use of 2G4 and CHPV, as opposed to using each
treatment alone. It is obvious that to achieve the same level of in-
hibition, the MAb dosage could be reduced in the presence of CHPV.
A similar phenomenon was observed in macrophages: at 4 h post-
infection with pseudovirions in the presence of CHPV, in the
presence or absence of 2G4 in macrophages (Fig. 5B), the combi-
nation of CHPV (20 pg/ml) with 2G4 (1.6 pg/ml) could further
decrease the infectivity of EBOV-GP-V compared with that of CHPV
(20 pg/ml) or 2G4 (16 ug/ml) alone. Remarkably, when CHPV and
2G4 were added 1 h before infection, with the same amount of
CHPV and 2G4 maintained during the course of infection, the
infection of EBOV-GP-V was completely inhibited (Fig. 5C).

3.6. Inhibition of CHPV against an eGFP-ZEBOV infection

Given that CHPV is able to block the EBOV-GP-mediated pseu-
dovirion entry, the next question we asked was whether CHPV
could block the ZEBOV infection. To address this question, we
performed an eGFP-ZEBOV infection in the presence of CHPV or
2G4 antibody in VeroE6 cells. Briefly, different concentrations of
CHPV or 2G4 antibody were added to VeroE6 cell cultures for
10 min, then the cells were infected by 100 PFU of eGFP-ZEBOV in
the presence of same concentrations of CHPV or 2G4. After 12 h of
infection, the cells were washed and cultured with fresh medium
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incubated with DMEM. PC: EBOV-GP-V not treated with drug. (D) The same amount of CHPV was ultracentrifuged. The resulting supernatant and the pellet were incubated with
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without any drug. At 48 h post-infection, we did not observe any a very strong blocking effect against Ebola virus infection (Audet

CPHV-induced toxic effect on the cells, and the cells were fixed with
10% phosphate-buffered formalin and fluorescent plaques were
counted using an AID fluorescent plate reader. Remarkably, results
revealed that the presence of 6.25 ug/ml of CHPV reduced more
than 50% of eGFP-ZEBOV infection, while in the presence of 25 ug/
ml of CHPV, eGFP-ZEBOV infection was inhibited by approximately
80% (Fig. 6A). In agreement with previous reports, 2G4 also showed

et al., 2014; Qiu et al., 2011). At 0.6 pg/ml concentration of 2G4
antibody, approximately 80% of virus infection was blocked
(Fig. 6A). These results provide strong evidence that CHPV is able to
inhibit EBOV infection.

To further test whether the combined use of CHPV and 2G4
could enhance the anti-EBOV infection activity, we treated VeroE6
cells with 2G4 alone or 2G4 plus CHPV in VeroE6 cells during eGFP-
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ZEBOV infection, as described above. After 48 h of infection, the
cells were fixed with 10% phosphate-buffered formalin and
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fluorescent plaques were counted using an AID fluorescent plate
reader. Interestingly, the combined treatment of 2G4/CHPV
potentiated inhibition against eGFP-ZEBOV infection (Fig. 6B), as
results revealed that while treatment with 0.31 or 1.2 ug/ml of 2G4
alone reduced eGFP-ZEBOV infection to approximately 25% or 17%,
respectively, the presence of 2G4/CHPV (0.31 ug/6.25 pg or 1.2 pg/
25 ug/ml) reduced eGFP-ZEBOV infection to approximately 17% or
6%, respectively, compared with eGFP-ZEBOV infection in the
absence of antibody and CHPV (Fig. 6B). This indicates that com-
bined treatment with 2G4 and CHPV during EBOV infection could
achieve a better inhibitory effect against viral infection.

4. Discussion

Due to the fact EBOV is classified as a biosafety level 4 pathogen,
the study of its replication, as well as the testing of anti-EBOV drugs,
requires biosafety level 4 containment (BSL-4) and procedures,
significantly limiting the EBOV-related research activities of many
microbiology laboratories. To overcome these limitations, several
previous studies have examined the use of EBOV-GP pseudotyped
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Fig. 6. The inhibitory effect of CHPV on the eGFP-ZEBOV infection. The final treatment
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cells were fixed with 10% phosphate-buffered formalin and fluorescent plaques were
counted using an AID fluorescent plate reader. Error bars represent variation between
triplicate samples, and the data of (A) and (B) are representative of results obtained in
two independent experiments.

viral vectors in a BSL-2 environment, including replication-
defective MLV and HIV, replication-competent vesicular stomati-
tis virus and Newcastle disease virus, for investigation of EBOV-GP-
mediated virus entry mechanism and for the screening of new
therapeutic agent(s) (Basu et al., 2011; DiNapoli et al., 2010; Takada
et al.,, 1997; Wen et al., 2013; Wong et al., 2010; Wool-Lewis and
Bates, 1998; Yang et al., 1998; Yonezawa et al., 2005). In these
studies, the entry of pseudotyped virus-like particles were moni-
tored by using enzymes or biological markers expressed when the
pseudovirions gained entry into the cells. In this study, we used a
sensitive Ebola-GP-mediated HIV-based vector system, which
contains a Gaussia luciferase (Gluc) gene as a reporter (Fig. 1A).
Because Gluc can be secreted into the supernatant after being
expressed, this assay makes it more practical to evaluate and
quantify the level of EBOV-GP-mediated virus entry and can be
used for anti-Ebola-GP drug screening in a BSL-2 environment. Our
results demonstrate that the infection of EBOV-GP-V required a
functional EBOV-GP-mediated cell entry, which was neutralized by
MAD 2G4, which is specific for EBOV-GP (Fig. 1D).

By using this EBOV-GP-mediated virus entry system, we have
tested several Chinese herb extracts and shown that the aqueous
extract of P. vulgaris (CHPV) exhibited the most potent inhibitory
activity against EBOV-GP virus entry out of all of the extracts tested
(Fig. 2). Remarkably, CHPV could efficiently inhibit the infection of
EBOV-GP pseudovirions in its primary target cell, the human
macrophage. The inhibition rate reached as high as 99.5% when
CHPV (20 ug/ml) was continually present in the culture medium
(Fig. 5C). The same concentration of CHPV could inhibit approxi-
mately 80% of viral infectivity in HUVECs, even after cells were
treated for only 2 h with CHPV and virus added soon after (Fig. 4).
Moreover, our study has clearly shown that 1.25 ug/ml of CHPV
reduced the wild type EBOV infection by 50%, while in the presence
of 12.5 pg of CHPV, EBOV virus infection was inhibited by more than
80% (Fig. 6A). These observations provide convincing evidence for
CHPV as a potential agent against EBOV that deserves further
investigation in animal studies.

To investigate the CHPV anti-EBOV mechanism of action, a
“time-of-addition” study was performed. Here, CHPV was identi-
fied as having blocked EBOV-GP-V infection, possibly by sup-
pressing virus attachment through targeting the viral GP protein
(Fig. 3). Previous studies demonstrated that aqueous extracts of PV
can decrease the replication of herpes simplex virus (HSV) by
preventing virus binding to cells (Chiu et al., 2004; Zhang et al.,
2007) and inhibit HIV-1 infection through prevention of viral
attachment to the CD4" T cell receptor (Oh et al., 2011; Tabba et al.,
1989; Yao et al., 1992), suggesting that CHPV targets an invariant
component among these viruses. In fact, it was suggested that the
antiviral activity of CHPV might be related to an anionic poly-
saccharide. Polysaccharide can form complexes with virus proteins,
which is likely to occur mainly through the formation of salt link-
ages or ion pairs between oppositely charged groups on the poly-
mers and the virus proteins, ultimately blocking virus entry (Izumi
et al.,, 1994). For example, it is well established that sulfated poly-
saccharide can selectively interact with the polycationic V3 loop,
which is a highly basic region on gp120 (Huang et al., 2005), to
interfere with the attachment of HIV to cell-surface receptors
(Harrop and Rider, 1998; Moulard et al., 2000; Vives et al., 2005).
Whether a polyanionic property is responsible for the viral entry
inhibition mechanism of CHPV remains to be determined. However,
at this point, we also could not rule out the possibility that the
presence of CHPV might also result in conformational changes in
EBOV-GP and render it unable to interact with its receptor, which
requires further investigation. The questions of the specificity of the
antiviral activity of CHPV and whether CHPV can act against all
viruses or only for enveloped viruses still remain unanswered. A
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previous report has shown that a polysaccharide from P. vulgaris (at
100 ug/ml) was active against the HIV-1 and herpes simplex virus
types 1 and 2 (HSV-1 and HSV-2), but was unable to inhibit cyto-
megalovirus (CMV), human influenza virus types A and B, polio-
virus type 1 or vesicular stomatitis virus (VSV) (Xu et al., 1999).
Consistently, our data also indicated that CHPV could not inhibit
VSV-G pseudovirion infection (data not shown). Thus, CHPV action
appears to be specific to certain virus species. In addition, our data
also revealed that CHPV does not act on the cell surface or change
its susceptibility to HIV (Yao et al., 1992) or EBOV (Fig. 3A). Thus, all
of these observations suggest that there is a specificity of the
antiviral effect of CHPV. However, the underlying molecular
mechanism(s) requires further investigation.

Another interesting observation in this study is that the com-
bination of the anti-EBOV antibody (2G4) with CHPV could enhance
their anti-EBOV activity. The 2G4 antibody was first reported by Qiu
et al. (Qiu et al,, 2011), and it is a crucial component of the two
antibody cocktails, ZMAb and ZMapp. Mab 2G4 shows great po-
tential in blocking EBOV infection in vitro and in animal studies
(Audet et al., 2014; Qiu et al., 2012a, 2014, 2013). Recently, ZMapp
was approved in February 2015 for a clinical trial in Liberia and the
United States (Al-Bayati et al., 2015). One disadvantage of using
MAD as an anti-EBOV agent is its source limitation, especially for
the resource-constrained geographic regions where the outbreaks
of filovirus infection frequently occur. Therefore, the discovery of
other agents capable of preventing EBOV virus infection or
contributing to the enhancement of Mab-mediated anti-EBOV ef-
fects is needed. We investigated whether the presence of CHPV and
2G4 together would demonstrate a stronger anti-EBOV effect. The
results showed that the combined use of lower concentrations of
both 2G4 and CHPV could achieve the same anti-EBOV-GP effi-
ciency as a high concentration of 2G4 alone (Figs. 5 and 6B). The
reason for this might be due to a combined effect through their
different binding mechanisms. The 2G4 monoclonal antibody has
been known to bind to the GP2 fusion loop, which is important for
viral entry (Audet et al., 2014; Qiu et al.,, 2011). In contrast, the
action of CHPV is speculated to target the GP1, due to the mucin-
like domain in GP1 that is responsible for viral attachment (Lin
et al,, 2003; Simmons et al., 2003, 2002; Takada et al., 2004) and
the fact that CHPV exerts its effect during the attachment of virus to
the cells. Additionally, we could not exclude the possibility that
CHPV may also bind to the GP2 fusion region, which requires
further investigation. This combined effect is significant, as (i)
similar efficiencies would be achieved by using reduced amounts of
antibody and CHPV, (ii) the combination of 2G4 and CHPV will
reduce the likelihood of viral resistance and (iii) the therapeutic
window could be extended by continuous use of CHPV in an
infected individual. In addition, many studies have demonstrated
that the aqueous extract contains many components having
immunomodulatory effects (Ahn et al., 2003; Fang et al., 2005a,
2005b; Psotova et al., 2003; Ryu et al., 2000; Shin et al., 2001;
Sun et al.,, 2005; Won et al., 2003). It is also possible that CHPV
could be a combination of several active ingredients, which re-
quires further investigation. Thus, aside from directly having an
anti-EBOV effect, CHPV might also have great potential as an
immunomodulator to suppress the severe upset and disorder of the
immune cell proliferation and contraction caused by EBOV infec-
tion, further extending the antibody therapeutic window.

Overall, we demonstrated that CHPV acted as an EBOV entry
inhibitor and could enhance the inhibitory activity of EBOV MADb.
This natural plant extract merits further investigation as a prom-
ising antiviral due to its rich source, low costs, low cytotoxicity,
wide acceptability and strong antiviral properties. Additionally,
further detailed chemical research to identify and purify the active
ingredient(s) will facilitate its mechanistic analyses and

applications.
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