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Emerging viruses such as Ebola virus (EBOV),
Lassa virus (LASV), and avian influenza virus
H5N1 (AlV) are global health concerns. Since
there is very limited options (either vaccine or
specific therapy) approved for humans against
these viruses, there is an urgent need to develop
prophylactic and therapeutic treatments. Previ-
ously we reported a high-throughput screening
(HTS) protocol to identify entry inhibitors for
three highly pathogenic viruses (EBOV, LASV,
and AlV) using a human immunodeficiency
virus—-based pseudotyping platform which allows
us to perform the screening in a BSL-2 facility. In
this report, we have adopted this screening
protocol to evaluate traditional Chinese Medi-
cines (TCMs) in an effort to discover entry
inhibitors against these viruses. Here we show
that extracts of the following Chinese medicinal
herbs exhibit potent anti-Ebola viral activities:
Gardenia jasminoides Ellis, Citrus aurantium L.,
Viola yedoensis Makino, Prunella vulgaris L., Coix
lacryma-jobi L. var. mayuen (Roman.) Stapf, Pine-
llia ternata (Thunb.) Breit., and Morus alba L. This
study represents a proof-of-principle investigation
supporting the suitability of this assay for rapid
screening TCMs and identifying putative entry
inhibitors for these viruses. J. Med. Virol.
89:908-916, 2017. © 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Emerging and reemerging viruses pose severe global
health concerns. The four influenza pandemics in last
100 years are the examples of how these viruses impact
humans. Avian influenza viruses pose significant
threats to animal and human health. They are a source
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of genetic diversity that permits the emergence of
pandemic influenza by means of genetic reassortment
with prevailing human influenza viruses. A highly
pathogenic avian influenza virus, H5N1, caused disease
outbreaks in poultry in China and seven other east
Asian countries after 2003 [Guan et al.,, 2004]. The
recent Ebola virus (EBOV) outbreak in West Africa
underscores the unpreparedness of humans dealing
with such deadly virus. EBOV and Marburg virus
(MARV) belong to the filovirus family Filoviradae and
can cause a rapidly lethal hemorrhagic fever in hu-
mans. Since 1967, both outbreaks of EBOV and MARV
occurred repeatedly and unpredictedly, with new
strains showing high mortality rates [Towner et al.,
2006]. Lassa virus, a member of the arenaviridae
family, represent two important etiological agents of
viral hemorrhagic fevers [Nichol et al., 2000]. Since
clinically approved antiviral therapeutics or vaccines
against these viruses are limited, there is an urgent
need to discover and develop antivirals, either targeting
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one particular virus or broadly targeting multiple
viruses. Traditional Chinese medicine has been playing
an important role in human healthcare in China and
Asia for thousands of years, and now it is also a
valuable source for new drug discovery in modern
medicine. As our knowledge on the therapeutic benefits
of these Chinese medicines increases, research efforts
on the previously serendipitous treatments to discover
new medicines are greatly intensified. Natural products
including Chinese medicines have been and continue to
be a rich source for new drug discover [Newman and
Cragg, 2007] since they have a large structural diversity
and complexity that remains unmatched by other drug
formats [Rosen et al., 2009]. Artemisinin, also known as
Qing Hao Su in Chinese which was originally isolated
from the plant Artemisia annua L, and its semi-
synthetic derivatives are a group of drugs that possess
the most rapid action of all current drugs against
Plasmodium falciparum malaria [White, 1997], are an
illustrious example of how new antimicrobial drugs can
be discovered from Chinese Medicine herbs. Tetran-
drine, which was isolated and identified as an active
ingredient in a Chinese medicinal herb, Stephaniae
Tetrandrae Radix, was reported to inhibit EBOV infec-
tion both in vitro and in vivo [Sakurai et al., 2015]. Also
anti-influenza drug discovery efforts on natural prod-
ucts have seen a rapid increase in the recent years
[Wang et al., 2006].

In this study, we adopted a previously developed
high-throughput screening (HTS) assay to identify
entry inhibitors of three highly pathogenic viruses
from Chinese Medicine extracts. We demonstrate
that this protocol allows one to identify specific and
“shared” entry inhibitors for different viruses with a
greatly reduced number of false positives, alleviating
a major problem in HTS. This HTS format should be
amenable for quickly screening for antiviral inhib-
itors from natural products including Chinese medic-
inal herbs.

MATERIALS AND METHODS
Cell Culture and Plasmids

Human 293T embryonic kidney cells and A549
human lung epithelial cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Cellgro,
Manassas, VA) supplemented with 10% fetal bovine
serum (SIGMA, Louis, MO), 100 pg/ml streptomycin,
and 100 U penicillin (GIBCO, Grand Island, NY). The
pseudovirions for HT'S were created by the following
plasmids: hemagglutinin (HA), isolated from a highly
pathogenic avian influenza virus, A/Goose/Qinghai/
59/05 (H5N1) strain [Guo et al., 2009a], Ebola virus
Zaire envelope glycoprotein (GP) [Manicassamy and
Rong, 2009], LASV envelope GP [Radoshitzky et al.,
2007], and the HIV-1 proviral vector pNL4-3.Luc.
R—E-— [He et al., 1995] which was obtained through
the National Institutes of Health (NIH) AIDS

909

Research and Reference Reagent program. Pseudovi-
rion of these three viruses were amplified in 293T
cells.

Plant Material Extraction and Control

Traditional Chinese herbs were purchased from the
Zhonglu Hospital of Shandong University of Tradi-
tional Chinese Medicine (Jinan, China). The extracts
from these medicinal plants were obtained according
to the Chinese Pharmacopoeia (Pharmacopoeia of the
People’s Republic of China 2010). Four hundreds and
twenty-seven extracts with different polarity were
obtained from different herb plants. They were dried
in vacuum at 50°C and redissolved with DMSO or PBS
by different polar solvents. One milliliter of this
solution was equal to 0.1-1 g dried herb material. Two
hundred and ten unique extracts were arrayed in a
384-well plate at a 10-50 mg/ml stock concentration in
solvent, leaving columns 1, 2, 23, and 24 with DMSO
or PBS. The positive control for this assay was
azidothymidine (AZT; Sigma, St. Louis, MO), which
was solubilized at 10 mM in DMSO.

Production of Pseudovirions

All three types of pseudovirions: Avian influenza
virus (AIV)/HIV, EBOV/HIV, and LASV/HIV were
produced by transient cotransfection of human 293T
cells using a polyethylenimine—based transfection
protocol. Plasmids encoding HA/neuraminidase (NA)
and replication-defective HIV vector (pNL4-3.Luc.
R—E—-) were used for transient cotransfection into
293T-producing cells. Five hours after transfection,
cells were washed with phosphate-buffered saline,
and 20ml of fresh medium was added to each plate
(150 mm). Forty-eight hours after transfection, the
supernatants were collected and filtered through a
0.45-pm pore size filter (Nalgene, Rochester, NY).
The pseudovirion stocks were stored at 4°C prior
to use.

High-Throughput Screen

Target A549 cells were seeded into white, flat-bottom,
384-well plates (CulturPlate; PerkinElmer, Waltham,
MA) at a density of ~1,000 cells/well in a 30 pl assay
medium using JANUS liquid handler MDT (Modular
Dispense Technology; PerkinElmer) and incubated at
37°C, 5% CO,, with high humidity. Twenty-four hours
later, 40 ul pseudovirions per well and 0.2 ul of each
extract were added to 384-well plate through a pin tool
(V&P Scientific, San Diego, CA). This resulted in a final
concentration of 10-60 pg/ml for the extracts. Plates
were incubated at 37°C, 5% COs for 48hr. After
incubation, 20 pl of neolite (PerkinElmer) was added to
each well using the JANUS liquid handler MDT, and
plates were incubated at room temperature for
5-10min. Luciferase activity was measured by an
EnVision plate reader (PerkinElmer).
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IC5¢ and CC;(¢ Determination

Tissue culture plates (96-well) were seeded with
5 x 10%cells/well (A549 cells) and incubated for 24 hr
at 37°C under 5% COg with high humidity. DMSO or
PBS were used as a negative control. For the ICj;,
cells were infected with influenza pseudovirus along
with serial dilutions of each extract. Forty-eight
hours post infection, luciferase was read using 50 pl
of NeoLite substrate. For the CCs, cells were treated
with fresh media plus the same serial dilutions of
each extract. Forty-eight hours later, cell viability
was measured using 50ul CellTiter-Glo Substrate
(Promega, Madison, WI). IC5o and CCsy, were deter-
mined by fitting the dose-response curves against
pseudovirus or control wells with four-parameter
logistic regression in GraphPad prism. Selectivity
index (SI) was calculated from the following equation
(CC50/IC50) and extracts with SI >10 was considered
a hit.

Time of Addition Assay

Ab549 cells were seeded in a 96 well plate (5,000
cells/well) 24 hr prior to the experiment. After that,
cells were incubated with pseudovirions at 4°C for
1 hr to allow virus attachment to the cells. Then,
virus was removed and cells were washed with cold
PBS two times before fresh media was added.
Temperature was shifted to 37°C to trigger virus
entry. At different time points of virus entry,
Extract of TCMs or AZT (5uM) was introduced to
assess their impact on virus entry. Triplicate wells

Yang et al.

were used for each time point. Control infected cell
cultures were treated with drug vehicle (DMSO or
PBS) only. Virus infection was measured 48 hr post-
infection as described above, luciferase levels were
determined.

Data Analysis

The luminescence signal in each well was measured
using the EnVision plate reader. The data were
exported as excel style files, and the median of
luminescence signals of all samples in each plate was
calculated, and the signal in each well was normalized
by the plate sample median. Percentage of inhibition
(% inhibition) was calculated as 100 x (1 — normalized
signal). Hit extract lists were generated separately
from screens of three viruses by applying various %
inhibition cutoffs, and shared hits and virus-specific
hits were picked by comparing these lists.

RESULTS

Summary of Cell-Based High-Throughput
Screen for Herbal Extracts

Avian influenza virus H5N1, Ebola virus, and
Lassa virus are classified as highly pathogenic
viruses, thus studies on these viruses require bio-
safety level 3 or 4 containment (BSL-3 or BSL-4). To
overcome this obstacle in our effort to identify
antiviral entry inhibitors of these viruses, we
adopted a surrogate system which allows us to
perform the initial screening in a BSL-2 facility

Summary of drug high-throughput screen using pseudotyping
platform

Primary screen

427 herbal extracts

4

Hit confirmation

10 hits + 8 share

4

1Cso, CCso confirmation

Infection and Cytotoxicity

analysis

Confirmed Extracts

4

7 confirmed with

SI>10

Fig. 1. Flow chart of the Chinese medicinal herb extract screening in a 384-well plate format.
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[Wang et al., 2014]. This human immunodeficiency
virus-1 (HIV-1)-based surrogate assay has been
widely used by us and others to investigate the
entry mechanisms of highly pathogenic enveloped
viruses such as filoviruses [Manicassamy et al.,
2005; Manicassamy and Rong, 2009], avian influenza
virus H5N1 [Guo et al., 2009a], and severe acute
respiratory syndrome coronavirus (SARS-CoV) [Guo
et al.,, 2009b]. This system has also been used to
identify and develop entry inhibitors as antivirals
[Guo et al., 2009b; Basu et al., 2014].

In this study, as described in the Materials and
Methods, the following three types of pseudovirions,
EBOV (HIV with Ebola glycoprotein GP incorporated
on the surface), AIV (HIV with avian influenza virus
H5N1 HA), and LASV (HIV with Lassa arenavirus GP),
were produced and used to evaluate Chinese medicinal
herbal extracts. The effect of each extract on three types
of pseudovirions could be directly compared, thus
putatively virus-specific and “shared” hit extracts could
be easily identified with one round screen.

911

Technically, as depicted in Figure 1, approxi-
mately 1,000 A549 cells were seeded for each well.
Twenty-four hours later, each set of the 384-well
plates with A549 cells was replaced with one type
of the HIV pseudovirions (EBOV, AIV, or LASV)
with the predetermined amounts individually,
each of the 427 herbal extracts was robotically
dispensed into the 384-well plates. After 48hr
incubation, the luciferase substrate was directly
added to the wells and the luciferase activity of
each well measured.

Quality Control of the Screen

Figure 2 shows that the luciferase reporter gave a
high level of signals compared to the basal/back-
ground signal with signal-to-noise ratio (S/B) of
three pseudoviruses from 3,900-fold to 25,000-fold,
respectively. Coefficient of variation (CV) was calcu-
lated from duplicate wells and used as an indicator of
assay reproducibility. The median CVs in three
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Fig. 2. Scatter plot of the results from signal to basal level. The vertical axis indicates the
relative luciferase units (RLU) of samples with basal level or signal in scale. Red circles are
AIV/HIV signals, green circles are EBOV/HIV signals, blue circles are LASV/HIV signals, black
squares are basal signals. The signal-to-basal ratio (S/B), CV and Z' factor are all showed in

scatter plot.
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screens ranged from 12% to 14%, indicating that
screen reproducibility was excellent. Since Z’ factor is
the most commonly used statistical parameter to
assess screen quality [Zhang et al., 1999], it was used
here to assess the quality of overall screen. The Z’
factor was calculated from the normalized signals
from DMSO and AZT control wells on each plate
with the following equation: 1-3 (Stdpmso + Stdazr)/
(Meanpyso — Meanayzr). As shown in Figure 2, the Z/
factor values of three parallel screens were all above
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0.5, indicating that the overall quality of screen was
excellent.

Normalized Luciferase Signal

The signals in DMSO, PBS, or AZT control wells
were normalized by plate median, AZT was used as a
positive control because it is an HIV reverse tran-
scriptase inhibitor, so it can inhibit the infection of
HIV-based pseudotype viruses. DMSO and PBS were

EBOV

140

120

Normalized luciferase signal

LASV
—_
I T
S >
& &
K ¢
® W

Fig. 3. Quality control of solvent (DMSO or PBS) and AZT. The signals in DMSO, PBS or
azidothymidine (AZT) control wells were normalized by plate median and are shown in black
columns (DMSO), gray columns (PBS) and white columns (AZT). Results are the means+

standard deviation.
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used as negative controls. As shown in Figure 3,
DMSO or PBS has no significant difference as nega-
tive controls, and the positive control AZT has a more
than 150-fold lower signals compared with DMSO or
PBS controls.

Frequency Distribution of Three Pseudovirions

Figure 4 represents Gaussian distribution of the
normalized signals for each screen. The normalized
signal was obtained by dividing the measured signal
in each well by the median luciferase signal of all
sample wells in a plate. The AIV screen shows a
broad bell-shaped normal signal distribution. In
contrast the LASV screen shows a slightly positively
skewed distribution, while the EBOV screen shows a
greatly positively skewed distribution. The great
positively skewed distribution suggests that some
samples of the EBOV screen have greatly reduced
the luciferase activity, implicating inhibition by these
samples on EBOV.

Hit Selection to Identify Active Herbal Extracts

Analysis of the three parallel screens allowed us
to rapidly identify and classify putative entry inhib-
itors for EBOV, AIV, and LASV. As shown in
Table I, we used 80% inhibition as the cutoff, 19, 9,
and 9 hit herbal extracts were identified for EBOV,

AIV, and LASV based on the three individual
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screens respectively. However, three-way compari-
sons revealed that only 10 herbal extracts could be
classified as putative EBOV-specific entry inhibitors.
Table I also shows that 8 herbal extracts belonged to
“shared” hits (with >80% inhibition in three pseudo-
virus screens). It suggests that these herbal extrac-
tseither block entry of these three viruses, or block
HIV replication, or they are toxic at the tested
concentration (10—60 wg/ml). This class of extracts
will be evaluated further in the future.

Time of Addition Experiments Give Insight Into
the Mechanism of Action

To determine the step(s) during viral entry, a time-
of-addition experiment was performed. For this ex-
periment, we selected Prunella vulgaris L. with the
highest SI (more than 124), which was tested at
various time points along with azidothymidine (AZT),
and PBS as controls. Briefly, cells were incubated
with Ebola pseudovirus for one hour at 4°C to allow
viral attachment to cells. Virus was washed from
cells and the temperature was shifted 37°C to trigger
virus entry. Extracts and controls were added to the
wells at various time points (-1, 0, 1, 2, 3, 4, 5, 6, 7,
and 8hr). As shown in Figure 5, AZT works post-
fusion on the reverse transcriptase of HIV, it still has
inhibitory effects at the later time points (>4hr).
Extract of Prunella vulgaris L., showed inhibition
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Fig. 4. Gaussian Distribution of signals for each screen. The x-axis shows bin center of the
number of values, y-axis shows the number of values of each bin in a frequency distribution.
Red color bin is AIV, blue color bin is LASV, green color bin is EBOV.
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TABLE I. Summary of Putative Entry Inhibitors for Three
Viruses From the Herbal Extracts

Inhibition, % EBOV AIV LASV “Shared™ “Hit™
>80 19 9 9 8 10

%“Shared” means: the number of herbal extracts showing >80%
inhibition of EBOV, AIV, and LASV.

b“Hit” means: the number of herbal extracts showing >80% inhibi-
tion of EBOV, but both AIV, and LASV inhibitions <50%.

during early time points (-1, 0, and 1hr). This
suggests that this extract is working at the early
attachment step of filoviral entry. The remainder of
the extract exhibited their inhibitory effects at a
earlier than AZT. This suggests that this extract is
working at a post-attachment step, but prior to the
membrane fusion step.

We identified 10 putative EBOV hits using the
criteria of maximal inhibition of >80% in the EBOV
and inhibition of <50% in AIV, and LASV. These
primary hits were then picked with confirmation, to
eliminate the effect of cytotoxicity using an ATP
content assay. The SI for each active herbal extract
is reported as a ratio of the CCs5¢/ICs9. The seven
confirmed hits with SI >10 are listed in Table II,
and they can be divided into seven actions and
indications based on Chinese Medicine: herbs that
drain fire, to regulate the Qi, to clear heat and
eliminate toxins, to drain fire, to transform phlegm-
cold, and to relieve coughing and wheezing
(Table II). Further evaluation of these herbal ex-
tracts will be discussed below.

DISCUSSION

In this report, we adopted a previous HTS assay
protocol to screen herbal extracts for entry inhibitors
against several highly pathogenic viruses. We have

1001

404

infection(%)

204

Yang et al.

identified eight herbal extracts that can block EBOV
entry. Although the active components in these
extracts need to be isolated, identified, and validated
in the future work, our results represent a proof-
of-principle investigation to demonstrate that this
HTS assay can be used for rapid screening of EBOV,
ATV, and LASV (and other viruses) for antiviral
inhibitors from Chinese medicinal herbs and other
natural products. This strategy is particularly useful
for highly pathogenic viruses such as Ebola virus,
avian influenza virus H5N1, and Lassa virus, since
the HIV vector-based surrogate system allows us to
perform high throughput screens in the biosafety
level 2 (BSL-2) containment instead of the BSL-3 or
BSL-4 for the infectious viruses with alleviated
safety concerns. Using several viruses screen simul-
taneously or sequentially, it can easily identify
putative entry inhibitors for different viruses and
reduce the number of the false-positive hits (see
Table D).

Traditional Chinese medicine holds a unique
position among all traditional medicines because of
its long history in China. Many extracts of tradi-
tional Chinese medicinal herbs have been proven to
have antiviral activities [Jassim and Naji, 2003].
Most of these are generally of low toxicity, cheap,
and readily accessible. By using this pseudovirions
entry system, we have tested more than four
hundreds Chinese herb extracts and show that
extracts of Gardenia jasminoides Ellis, Citrus
aurantium L., Viola yedoensis Makino, Prunella
vulgaris L., Coix lacryma-jobi L. var. mayuen
(Roman.) Stapf, Pinellia ternata (Thunb.) Breit.,
and Morus alba L. all exhibited potent inhibitory
activity against EBOV glycoprotein entry out of all
the extracts tested (Table II). Some previous re-
ports have showed that Citrus aurantium L. dis-
plays anti-HCV activity [Ho et al., 2003], the

-~ AZT
=+~ Prunella vulgaris L.

6 8 10

Time of Drug Addition for EBOV/HIV (Hour)

Fig. 5. Time of addition experiments give insight into extract mechanism. Ebola pseudovirus
was incubated with A549 cells at 4°C for 1hr. After 1hr of incubation, virus was removed and
the temperature was shifted to 37°C to trigger internalization. Prunella vulgaris L. (15.6 pg/ml),
AZT (5pM), or extract vehicle (PBS) was introduced at different time points during infection
and the extract effects were assessed as described in Materials and Methods. Data were
normalized to vehicle (PBS). Error bars represent standard deviations.
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TABLE II. Summary of CCsq and IC5q With Ebola Pseudovirus

Extract CCso(pg/ml)  ICs0(pg/ml) SI Actions and indications
Gardenia jasminoides Ellis >300 11.04+£1.66 >27.2 Herbs that drain fire

Citrus aurantium L. >810 38.35+3.25 >21.1 Herbs that regulate the Qi

Viola yedoensis Makino >670 17.54+5.93 >38.2 Herbs that clear heat and eliminate toxins
Prunella vulgaris L. >62.5 0.50+£0.01 >124  Herbs that drain fire

Coix lacryma-jobi L. var. mayuen (Roman.) Stapf >116 546+1.37 >21.2 Herbs that regulate water and drain dampnes
Pinellia ternata (Thunb.) Breit. >117 547+0.19 >21.4 Warm herbs that transform phlegm-cold
Morus alba L. >121 4.38+1.10 >27.6 Herbs that relieve coughing and wheezing

extract of Viola yedoensis Makino has high inhibi-
tory activity toward HIV-1 [Ngan et al., 1988] and
RSV [Ma et al.,, 2002] in vitro, the extract of
Prunella vulgaris L. has specific activity against
Herpes simplex virus (HSV) [Xu et al., 1999] and
HIV-1 [Yao et al., 1992], Morus alba L. showed
some activity against Herpes simplex virus types 1
(HSV-1) [Du et al., 2003], HIV, influenza virus and
HBYV [Geng et al., 2012]. Here we demonstrate that
extracts of Pinellia ternata (Thunb.) Breit. display
potential inhibitory activity against EBOV-GP en-
try. These Chinese medicinal herbs merit further
investigation as a promising antiviral due to its
rich source, low costs, low cytotoxicity, wide accept-
ability, and strong antiviral properties. The possi-
ble mechanism of action of these drugs in
inhibiting EBOV entry remains unknown, and
further detailed chemical research to identify and
purify the active ingredient(s) will facilitate its
mechanistic analyses and applications.

Overall, although more experiments will be needed
to fully understand the possible use of any of these
herbal extracts against these viruses infection, here
we describe a surrogate pseudovirus entry assay that
can be used for HTS in a BSL-2 facility for the rapid
screening of extensive herbal collections. The identifi-
cation of one extract of Prunella vulgaris L. [Zhang
et al., 2016] previously known to inhibit Ebola virus
entry in our repurposing screen further supports the
usefulness of our approach. We also detected that
Prunella vulgaris L. could block the early attachment
step of Ebola entry with time of addition experiment.
We hope that our screening efforts will result in the
identification of novel herbal extracts for the develop-
ment of drugs to treat Ebola virus infections or other
highly pathogenic viruses. These Chinese medicinal
herbs may be used for further drug discovery and
development of anti-EBOV.
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