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A B S T R A C T

Alphaviruses, which contain a variety of mosquito-borne pathogens, are important pathogens of emerging/re-
emerging infectious diseases and potential biological weapons. Currently, no specific antiviral drugs are avail-
able for the treatment of alphaviruses infection. For most highly pathogenic alphaviruses are classified as risk
group-3 agents, the requirement of biosafety level 3 (BSL-3) facilities limits the live virus-based antiviral study. To
facilitate the antiviral development of alphaviruses, we developed a high throughput screening (HTS) platform
based on a recombinant Semliki Forest virus (SFV) which can be manipulated in BSL-2 laboratory. Using the
reverse genetics approach, the recombinant SFV and SFV reporter virus expressing eGFP (SFV-eGFP) were suc-
cessfully rescued. The SFV-eGFP reporter virus exhibited robust eGFP expression and remained relatively stable
after four passages in BHK-21 cells. Using a broad-spectrum alphavirus inhibitor ribavirin, we demonstrated that
the SFV-eGFP can be used as an effective tool for antiviral study. The SFV-eGFP reporter virus-based HTS assay in
a 96-well format was then established and optimized with a robust Z0 score. A section of reference compounds that
inhibit highly pathogenic alphaviruses were used to validate that the SFV-eGFP reporter virus-based HTS assay
enables rapid screening of potent broad-spectrum inhibitors of alphaviruses. This assay provides a safe and
convenient platform for antiviral study of alphaviruses.
1. Introduction

Alphaviruses which belong to the family Togaviridae, comprise a
group of mosquito-borne viruses that cause severe disease to humans and
animals. Based on the originated geography and disease progression,
alphaviruses are divided into the New World and Old World groups. The
NewWorld viruses include Venezuelan equine encephalitis virus (VEEV),
eastern equine encephalitis virus (EEEV) and western equine encephalitis
virus (WEEV) which cause fatal encephalitis to humans, while the Old
World viruses such as Chikungunya virus (CHIKV), Mayaro virus
(MAYV), Ross River virus (RRV), Sindbis virus (SINV) and Semliki Forest
virus (SFV) are often associated with arthritogenic diseases. Due to the
wide distribution of the mosquito vectors, alphaviruses have become the
important cause of emerging and re-emerging infectious diseases. The
recent examples are the continuing CHIKV epidemics in India since 2005
and the outbreaks of MAYV in tropical regions of South American
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countries (Azar et al., 2020). The VEEV, EEEV and WEEV cause incapa-
citating or fatal infections in humans and horses, Although their out-
breaks were often sporadic, there is possibility that these viruses could be
transmitted by aerosols, making them potential bioterror agents (Roy
et al., 2010). Currently, there are no specific antivirals for the treatment
of human alphavirus infection. A significant challenge for antiviral
research on alphaviruses is that most pathogenic alphaviruses are clas-
sified into risk group-3 pathogens (CHIKV, MAYV, VEEV, EEEV, WEEV,
etc.), and the containment requirements of BSL-3 laboratory for live virus
manipulation hinders the antiviral development of these viruses.

The genome of alphaviruses is a positive single stranded RNA con-
taining two open reading frames (ORFs) flanked by untranslated regions
(UTR) with a 50 cap and a 30 poly(A) tail. The 50 ORF encodes the
nonstructural proteins (nsP1–nsP4) which form viral replication complex
(RC) that is responsible for viral genome replication and transcription of
the subgenomic RNA (sgRNA). The 30 ORF is translated from the sgRNA
i Communications Co. Ltd. This is an open access article under the CC BY-NC-ND
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and encodes viral structural proteins (capsid, E3, E2, 6K and E1). The
viral nonstructural proteins of different alphaviruses have similar func-
tions and enzymatic activities (Reichert et al., 2009). For example, the
structure of nsP2, which possesses helicase, RNA triphosphatase and
protease activities that are essential for viral replication, is conserved
among the New and Old World alphaviruses (Shin et al., 2012). Crystal
structure study also identified that RNA-dependent RNA polymerase
(RdRp) domain of nsP4 of RRV and SINV have similar structure. Recent
studies have demonstrated that the replication complex of alphaviruses
of SFV groups can cross-utilize RNA templates of heterologous alphavi-
ruses (Lello et al., 2020), and SFV tolerates substitution of nsP2 and nsP3
domains with those of CHIKV (Teppor et al., 2021). These findings
indicate that the replicase proteins of alphaviruses have common
mechanisms in modulating viral replication. Furthermore, a recent study
demonstrated that multiple alphaviruses including SFV, EEEV, and SINV
share the same receptors in vertebrate cells (Clark et al., 2022). These
common features of the viral proteins of different alphaviruses make
them potential targets for screening pan-alphavirus antivirals that inhibit
viral replication and infection. Therefore, for highly pathogenic alpha-
viruses, the antiviral screening could be performed using the less path-
ogenic alphaviruses which can be manipulated under BSL-2 condition as
an alternative.

SFV infection causes self-limited febrile diseases in humans including
fever, headache, and arthralgia, and most infections are asymptomatic or
very mild. However, in mice, SFV is able to enter the central nervous
system (CNS) and infect neurons and oligodendrocytes, leading fatal
diseases to the animals (Fazakerley, 2002). The features of relatively low
level of virulence in humans, high neuroinvasion in mice, and ability to
be handled in BSL-2 laboratory, make SFV a good model to investigate
the mechanisms of viral replication and pathogenesis, and to conduct
antiviral screening for alphaviruses. In fact, several compounds showing
inhibitory effect to CHIKV or VEEV such as ribavirin (Rothan et al.,
2015), IFN-α/β (Briolant et al., 2004), 30-fluoro-30-deoxyadenosine
(Smee et al., 1992) and chloroquine (Khan et al., 2010) were first found
to have antiviral effect to SFV (Huffman et al., 1973; Maheshwari et al.,
1983; Van Aerschot et al., 1989; Perez et al., 1993), confirming the
application of SFV as a surrogate in antiviral screening for inhibitors
against the highly pathogenic alphaviruses in BSL-2 facilities.

The development of reverse genetics system allows the insertion of a
reporter gene into viral genome to generate reporter virus, whose repli-
cation can be easily monitored by the expression of reporter genes. The
reporter virus provides an efficient platform for high-throughput anti-
viral screening (HTS) of antivirals targeting to the entire viral life cycle.
Currently, the reverse genetics system and reporter virus had been
established in many viruses including several flaviviruses (Zou et al.,
2011; ZR Zhang et al., 2020a; Zhang et al., 2021), coronaviruses (Xie
et al., 2020; Amarilla et al., 2021), influenza viruses (Weisshaar et al.,
2016; Creanga et al., 2021) and alphaviruses (Liljestrom et al., 1991;
Tarbatt et al., 1997; Tamberg et al., 2007; Pohjala et al., 2008; Deng
et al., 2016; Li et al., 2019). In these systems, the fluorescent and lumi-
nescent protein genes are the most commonly used genes for reporter
virus construction. The luciferase readouts are quantitative with low
background both in vitro and in vivo, but require addition of the corre-
sponding chemical substrates, such as Renilla luciferase, which requires
the lysis of cells prior to detection. Fluorescent proteins are preferred in
cell-based antiviral screening due to their direct visualization in living
cells without substrates or cell lysis, and thus are amenable to provide
dynamic monitoring during the experiments. The results of fluorescent
proteins are qualitative when examined under traditional fluorescence
microscopy. However, with the development of high content screening
(HCS) system which combines the cellular imaging and high-throughput
techniques, parameters such as number, intensity and distribution of the
fluorescent proteins can be quantitatively acquired. Therefore, using the
HCS instrument, the fluorescent proteins exploit the advantages of both
direct visualization and quantification, making them ideal choice as the
reporters of viruses in cell-based HTS for antiviral study.
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In this study, to circumvent the requirement for BSL-3 facilities when
working with the live highly pathogenic alphaviruses in drug discovery,
we developed a high-throughput antiviral assay based on an eGFP-tagged
SFV reporter virus (SFV-eGFP) as a useful alternative. SFV-eGFP was
generated using reverse genetic approach. It showed comparable repli-
cation to the wild type SFV, and the expression of eGFP could represent
the virus propagation. Based on the live cell imaging by HCS system,
SFV-eGFP was applied to establish an HTS antiviral platform in 96-well
format. Using the known alphavirus inhibitors, we demonstrated that
SFV-eGFP can serve as a surrogate that can be performed in BSL-2 lab-
oratories to facilitate the antiviral development of pathogenic
alphaviruses.

2. Materials and methods

2.1. Cells, viruses and antibodies

Baby hamster kidney-21 (BHK-21) (ATCC CCL-10), Vero (ATCC CCL-
81), Hela (ATCC CCL-2), and Huh-7 (CVCL_0336) cells were cultured in
Dulbecco's modified Eagle's medium (DMEM) (11965092, Gibco, US)
supplemented with 10% fetal bovine serum (FBS) (16140071, Gibco,
US), 100 units/mL of penicillin and 100 μg/mL of streptomycin, and
maintained in 5% CO2 at 37 �C. The parental SFV4 virus stock (GenBank:
KP699763.1) was kindly provided by Professor Xi Zhou from Wuhan
Institute of Virology, CAS, and the virus stocks were propagated in BHK-
21 cells. The recombinant SFV and SFV-eGFP were rescued by trans-
fection of BHK-21 cells with in vitro transcribed RNAs from the SFV and
SFV-eGFP infectious clones (described below) respectively. The CHIKV
E2 polyclonal antibody which was generated by immunization of BALB/c
mice with SDS-PAGE purified CHIKV E2 protein, had cross-reactivity
with SFV virus, and was used to detect the expression of SFV E2 pro-
tein. FITC-conjugated goat anti-mouse IgG, and Alexa Fluor 568 conju-
gated goat anti-mouse IgG which were used as secondary antibodies were
purchased from Protein Tech Group Inc. (Cat No. SA00003-1, US) and
Thermo Fisher Scientific (A-11031, US).

2.2. Plasmid construction

For the construction of SFV (GenBank: KP699763.1) infectious clone,
the SFV viral RNA was extracted from 140 μL parental virus stock using
QIAamp Viral RNAMini Kit (Qiagen, Germany) according to the standard
procedures. RT-PCR assay was performed using the SFV viral RNA as
template to amplify three fragments covering the full-length genome of
SFV4which contained the nucleotides from 1 to 3058 (fragment A), 3035
to 7384 (fragment B), and 7419 to 11474 (fragment C), respectively. The
sequences of the primers used for amplifying the fragments were listed in
Supplementary Table S1. Fragment A had an AfeI restriction site and a
SP6 promoter upstream the 50UTR of SFV, and fragment B contained an
AscI and a NotI restriction site at the 30 terminal. Fragment A and B were
fused through overlap PCR, and cloned into a modified pACYC vector at
the AfeI and NotI restriction sites, generating the plasmid pACYC-SFV-A
þ B. Fragment C were amplified and inserted into pACYC-SFV-A þ B at
AscI and NotI sites. The resulting plasmid containing the full-length
genome of SFV4 was named as pACYC-SFV (Fig. 1A).

To generate the SFV-eGFP infectious clone, the fragment containing
the 6601–7401 nt sequence, the eGFP gene and an additional subgenomic
promoter sequence (50-GTTATACACCTCTACGGCGGTCCTAGATTGGTG
CGTTAA-30) was generated by two rounds of overlap PCR. Briefly, the
fragments “6601–7401 nt” and “2ndsg promoter-AscI-Capsid” were
amplified using pACYC-SFV as template, and the eGFP gene was ampli-
fied using pEGFPN1 plasmid as template. The eGFP gene and “2ndsg
promoter-AscI-Capsid” were first fused together by first round of overlap
PCR, and the resulting product “eGFP-2ndsg promoter-AscI-Capsid” were
then fused with “6601–7401 nt” sequence by the second step overlap
PCR. The final fragment “6601–7401 nt-eGFP-2ndsg promoter-AscI-
Capsid”was inserted into pACYC-SFVwith XbaI and AscI restriction sites.



Fig. 1. Construction and characterization of a recombinant SFV. A Schematic representation of the strategy to construct the infectious clone of SFV4 strain. The
detailed information of the construction and assembly of sub-genomic clones was described in Materials and methods. B The E2 protein expression in the parental and
recombinant SFV infected cells. The recombinant SFV was rescued by transfection of the RNA transcribed from the pACYC-SFV infectious clone into BHK-21 cells, and
the supernatant was harvested at 48 h post transfection. BHK-21 cells were infected with the parental SFV or recombinant SFV (rSFV) at an MOI of 0.1, and the cells
were fixed and subjected to IFA assay using the polyclonal antibody against CHIKV E2 which is cross-reactive to SFV E2 protein as the primary antibody and
FITC-conjugated goat anti-mouse IgG as secondary antibody at the indicated time points. The nuclei were stained with DAPI. Scale bars represent 300 μm. C The
plaque morphology of the parental SFV and rSFV determined by single-layer plaque assay. D Comparison of the growth kinetics of parental SFV and rSFV. BHK-21 cells
were infected with parental SFV or rSFV at an MOI of 0.1, and the supernatants were harvested at the indicated time points and subjected to plaque assay to determine
the viral titers. Error bars indicate the standard deviations from three independent experiments.
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The infectious clone of SFV-eGFP reporter virus was designated as
pACYC-SFV-eGFP. The sequences of the primers used for amplifying the
fragments were listed in Supplementary Table S1. All constructs were
confirmed by sequencing before use.

2.3. RNA transcription and transfection

The infectious clones were linearized by SpeI and purified by phenol/
chloroform extraction. The SFV and SFV-eGFP RNAs were transcribed
from the corresponding linearized plasmids using SP6 mMEGAscript®
Kit (Invitrogen, US) according to the manufacturer's protocols. Approx-
imately 1 μg RNA was transfected into BHK-21 cells with DMRIE-C
(Invitrogen, US) reagent. Supernatants of the transfected cells were
collected at different time points after transfection, and the virus was
aliquoted and stored at �80 �C for use in all experiments.

2.4. Immunofluorescence assay (IFA) and plaque assay

The RNA transfected cells were seeded on a Chamber Slide (Ther-
moFisher). At different time points after transfection, the cells were fixed
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with cold (�20 �C) 5% acetic acid in methanol for 10 min at room
temperature, washed three times with PBS and then incubated with
mouse polyclonal antibody against CHIKV E2 (1:300 dilution with PBS)
for 1 h. After washing with PBS three times, the cells were incubated with
goat anti-mouse IgG conjugated with Alexa Fluor 568 (A-11031, Ther-
moFisher, US) (1:1000 dilution with PBS) at room temperature for 1 h.
Following three times of PBS washing, the slides were mounted with 95%
glycerol and analyzed under a fluorescence microscope (Nikon Eclipse
TE2000, NIKON, Japan) at 400� magnification. Virus titer and
morphology were determined by single layer plaque assay with standard
procedure as described previously (Deng et al., 2016).

2.5. Reverse transcription PCR assay

To test the stability of the SFV-eGFP, the reporter virus was serially
passaged in BHK-21 cells for six rounds. For each passage, the superna-
tants were collected and total RNAs of the infected cells were extracted
using Trizol reagent (TAKARA, Japan). Viral RNAs of each passage were
amplified by one-step RT-PCR using a PrimeScript RT-PCR kit (TAKARA,
Japan) with primers spanning nsP4 to capsid gene (forward primer: 50-
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GACCGCCTGCCGTGTTTC-30 and reverse primer: 50-GACTTCGAAGA-
TACAGTC-30). The amplified products were analyzed by electrophoresis
on 1% agarose gel.

2.6. Viral growth kinetics

Growth kinetics of SFV and SFV-eGFP viruses on BHK-21 were
examined. Approximately 2.5 � 105 BHK-21 cells were seeded in a 35
mm dish. After incubation overnight, the cells were infected with 400 μL
SFV or SFV-eGFP virus at MOIs of 0.1. After incubation for 2 h, the su-
pernatants were collected and the cells were washed with PBS for three
times and replaced with fresh medium with 2% FBS. At different time
points after infection, the culture medium was collected and stored at
�80 �C, and subsequently subjected to plaque assay to determine the
viral titer. For SFV-eGFP infection, the expression of eGFP gene was
observed under the fluorescence microscope (Nikon Eclipse TE2000,
NIKON) at 100� magnification.

2.7. Antiviral assay of SFV-eGFP

BHK-21 cells were seeded into 24-well plates at a density of 8 � 104

cells per well. Twenty-four hours later, the cells were infected with SFV
or SFV-eGFP at an MOI of 0.1 and incubated with various concentrations
of ribavirin (0 μmol/L–82 μmol/L). For each drug concentration, two
wells were performed in parallel. After incubation at 37 �C for 24 h, the
supernatants were collected and viral titers were quantified by plaque
assay. For SFV-eGFP infection, the expression of eGFP gene was observed
under the fluorescence microscope (Nikon Eclipse TE2000, NIKON) at
100� magnification.

2.8. Optimization and verification of the SFV-eGFP based HTS assay

The SFV-eGFP based HTP screening assay was developed in a 96-well
plate format using ribavirin as the positive drug. BHK-21 cells were
seeded into 96-well plates at a density of 0.5, 1 and 2� 104 cells per well
respectively, and cultured for 24 h at 37 �C. The cells were infected with
SFV-eGFP at varying MOIs of 0.01, 0.1 or 1, and incubated with various
concentrations of ribavirin (0 μmol/L–82 μmol/L). For each condition,
six wells were performed in parallel. At 24 h post-infection (hpi) and 36
hpi, the number of eGFP positive cells and fluorescence intensity were
detected by a PerkinElmer HCS system (ZR Zhang et al., 2020b). To
evaluate the performance of the HTS assay, the signal-to-noise ratio
(S/N) and Z0 factor values were calculated. S/N was calculated as S/N ¼
(mean of negative control � mean of positive control)/standard devia-
tion (SD) of positive control. The Z0 value was calculated as Z0 ¼ 1� (3�
SD of positive control þ 3 � SD of negative control)/|mean of positive
control � mean of negative control|. The Z0 factor between 0.5 and 1
indicates an excellent assay with good separation between controls
(Zhang et al., 1999).

The known inhibitors of pathogenic alphaviruses including oxy-
sophoridine, gemcitabine, sorafenib, dasatinib and chlorhexidine HCl
(CHL) were used to verify whether the SFV-eGFP based HTS assay can be
used to screen broad-spectrum antivirals against alphaviruses. Rapamy-
cin which had no inhibitory effect on alphavirus was used as negative
drug. BHK-21 cells were seeded into 96-well plates at a density of 1 �
104 cells per well and cultured for 24 h at 37 �C. Twenty-four hours later,
the cells were infected with SFV-eGFP at an MOI of 1, and incubated with
the above compounds at a reference concentration. At 24 hpi, the number
of eGFP positive cells and fluorescence intensity were detected by the
HCT screening system. For each kind of drug, six wells were performed in
parallel.

The concentration for 50% of maximal effect (EC50) of each com-
pound were determined by the eGFP signal detected by HTS assay and
viral titers detected by plaque assay, respectively. BHK-21 cells were
seeded into 96-well plates at a density of 1 � 104 cells per well. Twenty-
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four hours later, the cells were infected with SFV-eGFP at anMOI of 1 and
incubated with various concentrations of gemcitabin, CHL, dasatinib,
oxysophoridine, and sorafenib, respectively. For each drug concentra-
tion, three wells were performed in parallel. After incubation at 37 �C for
24 h, the number of eGFP positive cells was detected by the HCS system,
and the supernatants were collected and viral titers were quantified by
plaque assay.

2.9. Cytotoxicity assay

BHK-21 cells were seeded into 96-well plates at a density of 1 � 104

cells per well and cultured for 24 h at 37 �C. Then, serial 2-fold dilutions
of gemcitabin, CHL, dasatinib, oxysophoridine and sorafenib were added
to the cells, respectively. After 48 h, the cells were incubated with 10 μL
CCK-8 reagent (cell counting kit-8, Bimake, US) for 1 h at 37 �C. The
absorbance at 450 nmwas read by a Microplate Reader (Varioskan Flash,
Thermo Fisher). Cell viability was expressed as a percentage of the
treated cells to the DMSO treated control cells. For each compound
concentration, six wells were performed in parallel, and the mean values
of the cell viability were calculated.

2.10. Statistical analysis

GraphPad Prism software was used to analyze the data. All the values
were exhibited as mean � standard deviation (SD). The EC50 values were
calculated by nonlinear regression to determine the drug concentration
required to achieve 50% of viral titer reduction or fluorescence value
reduction. The 50% cytotoxic concentration (CC50) values were calcu-
lated by nonlinear regression analysis to measure the cytotoxic concen-
tration required to achieve 50% of the cell viability. The differences
between the compound treated groups and control group were analyzed
using one-way ANOVA.

3. Results

3.1. Development of an infectious clone of SFV4 strain

In order to establish the reverse genetics system of SFV, we first
constructed an infectious clone of the SFV4 strain, which has been
engineered to a mature viral vector for gene therapy and vaccine design
(Lundstrom, 2014, 2020). As depicted in Fig. 1A, using the SFV viral RNA
as template for RT-PCR assay, three fragments covering the full-length
genome sequence were obtained. The fragment A contained a bacterio-
phage SP6 promoter and 1–3058 nt sequence of SFV genome, fragment B
included the 3035–7384 nt sequence, and fragment C covered the
7419–11474 nt sequence and a poly(A) tail with 26 adenosines. The
fragments A and B were fused by overlap PCR and cloned into a
low-copy-number vector pACYC177, and then fragment C was inserted
into this intermediate subclone. The resulting infectious clone covering
the full-length genome of SFV4 was named as pACYC-SFV. The RNA
transcribed from pACYC-SFV was transfected into BHK-21 cells. The
cytopathic effect of the transfected cells appeared at 24 h
post-transfection (hpt), and massive cell death was observed at 36 hpt,
suggesting that the recombinant SFV (rSFV) was successfully rescued by
the infectious clone. To compare the replication of the rSFV and the
parental SFV virus, BHK-21 cells were infected with rSFV or parental SFV
with an MOI of 0.01, and the viral protein expression, the growth curve
and plaque morphology were determined by IFA and plaque assays,
respectively. As shown in Fig. 1B, in both rSFV and parental SFV infected
cells, clustered IFA-positive cells were observed at 12 hpi, and the cells
were 100% positive at 24 hpi. The rSFV and parental SFV showed similar
plaque morphology and growth kinetics with the peak viral titer of 1.6 �
108 PFU/mL and 2� 108 PFU/mL respectively (Fig. 1C and D), indicating
that the rescued rSFV had comparable replication level with the parental
SFV virus.
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3.2. Production of the SFV-eGFP reporter virus

Using a double-subgenomic strategy employed by several alphavirus
reporter viruses (Deng et al., 2016; Li et al., 2019), we generated the
infectious SFV that includes eGFP reporter gene. As shown in Fig. 2A, the
pACYC-SFV infectious clone was used as backbone, the eGFP gene with
an additional subgenomic promoter was inserted downstream the orig-
inal subgenomic promoter of SFV genome, generating the infectious
clone of pACYC-SFV-eGFP. The in vitro transcribed SFV-eGFP RNAs were
transfected into BHK-21 cells to rescue the reporter virus. As seen in
Fig. 2B, the number of eGFP-positive cells dramatically increased from 12
hpt to 96 hpt, suggesting the successful rescue of the reporter virus. The
expression of SFV E2 protein was simultaneously detected by IFA. It was
found that the cells expressing SFV E2 were also eGFP positive, indicating
that the eGFP expression can represent viral replication of SFV-eGFP.
Then, we compared the replication of SFV-eGFP and the wild type SFV.
BHK-21 cells were infected with SFV-eGFP and SFV at an MOI of 0.1
respectively, and viral titers at different time points after infection were
determined by plaque assay. During infection, SFV produced faster
cytopathic effect CPE than SFV-eGFP (Fig. 2C). Progressive CPE were
observed in the SFV and SFV-eGFP infected cells since 24 hpi and 36 hpi,
respectively. We found that SFV-eGFP exhibited a smaller plaque
morphology (Fig. 2D) and slower kinetics than that of wild type SFV
(Fig. 2E). However, the peak SFV-eGFP titer reached 107 PFU/mL at 48
hpi, indicating the ability to produce this virus with high titer.

3.3. The genetic stability of SFV-eGFP in vitro

We next tested the genetic stability of eGFP gene in SFV-eGFP
infected cells. Different cell types including BHK-21, Vero, Huh7,
Fig. 2. Characterization of the SFV-eGFP reporter virus. A Sketch of the SFV-eGFP re
subgenomic promoter was inserted between the two ORFs of the SFV genome. B The
About 1 μg SFV-eGFP RNA which was in vitro transcribed from the SFV-eGFP infect
transfection, the cells were fixed with 4% paraformaldehyde, and the eGFP signal was d
analyzed by IFA using the polyclonal antibody against CHIKV E2 as the primary antib
The nuclei were stained with DAPI. Scale bars represent 300 μm. C The bright filed
indicated time points after infection. Scale bars represent 300 μm. D The plaque morph
growth kinetics of the SFV and SFV-eGFP viruses on BHK-21 cells at an MOI of 0.1.
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and Hela cells were infected with SFV-eGFP P0 viruses at MOIs of
0.01, 0.1 and 1, respectively, and the eGFP expression was observed at
different time points after infection. We found that in BHK-21, the
numbers of eGFP positive cells correlated well with the dose of viral
infection and increased over time that almost 100% of the infected
cells were eGFP positive at 36 hpi. However, in Vero and Huh7 cells,
there was no significant increase of the eGFP expression from 24 hpi to
36 hpi, but obvious CPE was observed at 48 hpi (data not shown),
suggesting that the eGFP gene was removed from the SFV-eGFP
genome in these cells. In Hela cells, only sporadic eGFP positive
cells were detected during the infection, indicating that the virus
cannot propagate in Hela cells (Fig. 3). Therefore, BHK-21 cells were
used for serially blind passage of SFV-eGFP for six rounds to further
examine the eGFP gene stability (Fig. 4A). At each passage, the viruses
were harvested when robust CPE was observed. The eGFP expression
was analyzed, and the total cellular RNAs were extracted from the
infected cells. As shown in Fig. 4B, at P1 to P4, nearly 100% of the
infected cells expressed high levels of eGFP, while reduced eGFP
expression was observed in P5 and P6 infected cells, suggesting the
significant loss of eGFP beginning from passage 4. The P1 to P6 RNAs
were subjected to RT-PCR assay to amplify the fragment spanning
from nsP4 to capsid genes. The expected products for SFV-eGFP and
wild type SFV are about 1.5 kb and 0.7 kb respectively. The result
showed that although weaker bands of different smaller lengths were
exhibited from P2 to P4 RNAs, the 1.5 kb band was still predominant
in P1–P4 templates, whereas the smaller bands were increasingly
apparent in P5 and P6 RNAs, confirming that SFV-eGFP is relatively
stable within four rounds of passages, but was significantly lost since
P5 (Fig. 4C). However, it is able to prepare the virus stocks that
retained high levels of eGFP expression within three passages.
porter virus genome. The eGFP gene (shown in the green box) with an additional
expression of viral E2 protein and eGFP in the SFV-eGFP RNA transfected cells.
ious clone was transfected into BHK-21 cells. At the indicated time points after
etected under the fluorescence microscope, the expression of viral E2 protein was
ody and Alexa Fluor 568 conjugated goat anti-mouse IgG as secondary antibody.
and fluorescence images of the SFV-eGFP and SFV infected BHK-21 cells at the
ology of SFV and SFV-eGFP viruses determined by single-layer plaque assay. E The
Error bars indicate the standard deviations from three independent experiments.



Fig. 3. Growth of SFV-eGFP reporter virus in different cell types. BHK-21, Vero, Huh 7, and Hela cells were infected with SFV-eGFP P0 virus which was harvested from
the SFV-eGFP RNA transfected BHK-21 cells at MOIs of 0.01, 0.1 and 1, respectively. The eGFP expression was detected at the indicated time points after infection
under the fluorescence microscope. Scale bars represent 300 μm.

Fig. 4. The genetic stability of SFV-eGFP reporter virus on BHK-21 cells. A The flow chart of the serial passage of SFV-eGFP in BHK-21 cells. B The expression of eGFP
in the BHK-21 cells infected with each passage virus. Scale bars represent 300 μm. C RT-PCR analysis of the RNAs extracted from cells infected with each passage virus
using primers spanning from nsP4 to capsid gene. The in vitro transcribed wild type SFV and SFV-eGFP RNAs were used as controls to distinguish the bands. The total
RNAs extracted from uninfected BHK-21 cells (mock) were used as negative control. The RT-PCR products were visualized by 1% agarose gel electrophoresis.
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3.4. The SFV-eGFP virus-based antiviral assay

We generated SFV-eGFP P0 virus stocks to assess the utility of the
reporter virus for antiviral analysis. The inhibitory effects of the known
inhibitor ribavirin on SFV-eGFP and wild type SFV were tested in vitro.
BHK-21 cells were infected with SFV-eGFP or SFV with MOI of 0.1, and
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treated with a range of concentrations of ribavirin respectively. At 24 hpi,
the eGFP expression was detected, and the viral titers of the supernatants
of the cells were determined by plaque assay. As shown in Fig. 5A and B,
ribavirin efficiently inhibited the growth of SFV-eGFP in a dose-
dependent manner that both the number of eGFP-positive cells and
viral titer reduced with the increase of the drug concentration. The EC50



Fig. 5. The SFV-eGFP can be used as a tool for antiviral testing. A The effect of
different concentrations of ribavirin on the expression of eGFP in SFV-eGFP
infected cells. BHK-21 cells were infected with SFV-eGFP (MOI ¼ 0.1), and
incubated with medium containing the indicated concentrations of ribavirin.
The eGFP expression was detected at 24 hpi. Scale bars represent 300 μm. The
inhibitory effect of ribavirin on viral titer of SFV-eGFP (B) and wild type SFV
(C). BHK-21 cells were infected with SFV-eGFP or SFV at an MOI of 0.1,
respectively, and treated with the indicated concentrations of ribavirin. The
supernatants of the cells were collected at 24 hpi and subjected to plaque assay
to determine the viral titers. Error bars indicate the standard deviations from
three independent experiments.
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values measured by virus titers for SFV-eGFP and wild type SFV were
6.04 μmol/L and 5.93 μmol/L (Fig. 5C), respectively. These results
confirmed that SFV-eGFP can be applied for antiviral screening, and that
the antiviral activity can be rapidly evaluated by the eGFP expression
reduction in the infected cells.

3.5. Optimization for HCS using SFV-eGFP virus

To develop a suitable condition for the SFV-eGFP virus-based HTS
assay, the parameters including virus MOI, cell density, and incubation
time were optimized. Different numbers of BHK-21 cells (5000, 10,000
and 20,000 cells per well) were seeded in a 96-well format. After 24 h,
the cells were infected with SFV-eGFP P0 virus with MOIs of 0.01, 0.1
and 1, respectively. To validate the effectiveness of each condition, the
infected cells were treated with 41 μmol/L ribavirin or PBS control. The
numbers of eGFP-positive cells were determined by a HCS system at 24
and 36 hpi, respectively. The Z0 factor which represents the quality of
HTS assay (Zhang et al., 1999) was calculated according to the differ-
entiation of the eGFP signal of the ribavirin and PBS treated cells. In a
reliable HTS assay, Z0 factor is preferred to be between 1 and 0.5 (Zhang
et al., 1999). We found that the cell density and the MOI of virus had
significant effects on Z0 factor. As shown in Fig. 6, although ribavirin
exhibited >90% inhibitory efficiency under all conditions, fewer cell
numbers and amount of virus couldn't achieve robust eGFP signals and
resulted in low Z0 values. When the cell density was more than 10,000
cells per well, and the virus MOI was 1, the Z0 values were higher than
0.6 at both 24 hpi and 36 hpi. Considering that the virus infection
induced strong CPE at 36 hpi which may interfere with the quantifiable
target cell numbers, the optimal conditions amenable to HTS assay were
determined to be 10,000 cells/well, MOI of 1, and 24 h of incubation. A
Z0 factor of 0.78, and a high signal-to-noise ratio (S/N) of 173.97 were
calculated under this condition.
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3.6. Validation of the availability of SFV-eGFP virus-based HCS assay for
identifying antiviral agents against alphaviruses using reference compounds

To confirm that the established SFV-eGFP reporter virus-based HTS
assay can be used to identify antiviral drugs against highly pathogenic
alphaviruses, we evaluated the effects of a panel of reference compounds
which have been demonstrated to inhibit different alphaviruses on SFV-
eGFP under the optimized HTS conditions. Oxysophoridine and gemci-
tabine are broad-spectrum antiviral compounds whose antiviral activity
against SARS-CoV-2 and CHIKV has been identified in our previous
studies (YN Zhang et al., 2020) and unpublished work. Sorafenib has
been published as an inhibitor of several alphaviruses including VEEV,
EEEV, CHIKV and SINV (Lundberg et al., 2018). Dasatinib, known as a
tyrosine kinase inhibitor for the treatment of certain types of leukemia
(Steinberg, 2007), and Chlorhexidine HCl (CHL) which is used as a
disinfectant and has potential antiviral effect (Huang and Huang, 2021),
have been proved to have antiviral activity against CHIKV in our work
(unpublished data). Rapamycin, that alphaviruses were insensitive
(Mohankumar et al., 2011; Joubert et al., 2015), was used as a negative
control, and ribavirin was set as positive control. As shown in Fig. 7, the
eGFP signals were significantly inhibited by oxysophoridine, gemcita-
bine, sorafenib, dasatinib, CHL and ribavirin, whereas rapamycin treat-
ment exhibited comparable eGFP-positive cells with the DMSO control.
The Z0 factor of this assay was 0.55.

To further demonstrate the effectiveness of the SFV-eGFP based HTS
assay, we evaluated the EC50 of gemcitabine, sorafenib, oxysophoridine,
dasatinib and CHL using the plaque reduction assay and the HTS assay.
The SFV-eGFP infected cells in 96-well plates were treated with various
concentration of each compound, and the eGFP expression levels and
viral titers were determined by HTS assay and plaque assay, respectively.
As shown in Fig. 8, all of the compounds inhibited the eGFP signals and
viral titers in a dose-dependent manner, and the results showed that there
is good correlation between the HTS assay and plaque assay (Supple-
mentary Figs. S1A–S1E). For each compound, the EC50 value calculated
by reduction of viral titers was lower than that calculated by reduction of
eGFP signals, but linear regression analysis showed strong correlation
between the two calculations (Supplementary Fig. S1F), suggesting that
the HTS assay had similar sensitivity as plaque assay. Furthermore, we
had tested the cytotoxicity of these compounds on BHK-21 cells using
CCK-8 assay (Supplementary Fig. S2). The CC50 values of the five com-
pounds were 3–88 times higher than the EC50 values calculated by viral
titers, suggesting that these compounds exhibit true antiviral effect but
no cytotoxic effect to the cells under the EC50 concentrations. These data
demonstrated that the compounds that inhibit highly pathogenic alpha-
viruses are also effective in suppressing the replication of SFV-eGFP.

Overall, these results suggest that SFV-eGFP is a useful surrogate for
antiviral screening for agents against highly pathogenic alphaviruses,
and the SFV-eGFP reporter virus-based HCS assay provides an efficient
platform for rapid antiviral drug discovery.

4. Discussion

Alphaviruses contain many zoonotic pathogens threatening the
health of human and livestock worldwide. At present, there is no
approved antiviral drug for the treatment of alphaviruses infection. Since
most of the pathogenic alphaviruses such as VEEV, EEEV and CHIKV are
classified as BSL-3 restricted viruses, the requirement for high biosafety
greatly limits their antiviral development. In this study, using reverse
genetics method, we constructed a SFV reporter virus expressing eGFP
(SFV-eGFP) as a safe surrogate for highly pathogenic alphaviruses in
antiviral study without the requirement for BSL-3 facility. After corrob-
orating the ability to yield high titers and the relative genetic stability of
the SFV-eGFP reporter virus, the virus was adapted to a robust image-
based HTS antiviral assay that enabled rapid identification of potent
broad-spectrum inhibitors of alphaviruses.



Fig. 6. The optimization of SFV-eGFP based high throughput screening assay parameter. Different numbers of BHK-21 cells were seeded in 96-well plates, and were
infected with various MOIs (0.01, 0.1, and 1) after 24 h. The infected cells were treated or untreated with 41 μmol/L ribavirin. The eGFP signal of each well was
analyzed by a high content screening system at 24 hpi (A) and 36 hpi (B), respectively. For each condition, six wells were performed in parallel. The error bars
represent the standard deviations. C The Z0 value of each condition calculated from the SFV-eGFP infected cells treated and untreated with ribavirin.
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Assays amenable to HTS of antiviral compounds from large drug li-
braries can facilitate the drug discovery process. For highly pathogenic
viruses, several HTS-based antiviral assays that can overcome the limi-
tation of the need for high-level biosafety containment have been
developed. Viral proteins that have enzymatic activities usually play
essential roles in viral replication, and are attractive targets for antiviral
agents. By designing in vitro biochemical reactions with purified enzymes
and proper substrates, the enzymatic activities can be measured in a high-
throughput manner. The enzyme target-based HTS antiviral assays have
been established in several viruses such as influenza viruses (Su et al.,
2010), flaviviruses (Johnston et al., 2007; Manzano et al., 2014) and
SARS-CoV-2 (Rothan and Teoh, 2021; Bai et al., 2022). For alphaviruses,
Fig. 7. Validation of the availability of SFV-eGFP HTS assay for screening broad
spectrum antiviral against alphaviruses using reference inhibitors. BHK-21 cells
were seeded in 96-well plates and infected with SFV-eGFP at an MOI of 1, and
then treated with 5 μmol/L oxysophoridine, 5 μmol/L gemcitabine, 5 μmol/L
sorafenib, 10 μmol/L dasatinib, 5 μmol/L CHL, and 41 μmol/L ribavirin,
respectively. The rapamycin (1 μmol/L) and 1% DMSO (NC) were used as
negative controls. At 24 hpi, the fluorescence value of the cells was read by a
high content screening system. For each drug, six wells were performed in
parallel. Error bars indicate the standard deviations. The differences between
each compound and DMSO were analyzed using one-way ANOVA. ****P <

0.0001; ns, not significant.
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the nsP1 capping enzyme, nsP2 protease and capsid protease-targeted
HTS assay have been developed to screen CHIKV inhibitors (Aggarwal
et al., 2015; Bullard-Feibelman et al., 2016; Saha et al., 2018). Using
reverse genetics system of RNA viruses, the replicons which lack viral
structural genes, and the propagation-defective pseudovirus particles
coating heterologous or homologous viral envelop proteins can be
generated, and provide safe tools to screen inhibitors targeting viral
replication and entry process respectively. The replicon-based or
pseudovirus-based HTS antiviral assays have been established for a
number of viral species, including coronaviruses, flaviviruses and en-
teroviruses (Fernandes et al., 2020; Xiang et al., 2022). These target-,
replicon-, and pseudovirus-based HTS assays enable safe handling under
BSL-2 conditions. However, these methods screen on specific stages
during viral life cycle, lowering the number of total potential hits as
compared to the authentic virus-based HTS assay which screen inhibitors
targeting to the entire viral life cycle. Viruses that are classified in the
same genus have similar genome structure and exhibit high conservation
of the viral protein function, which represent potential broad-spectrum
targets of the viral genus. Therefore, the viruses that have lower
biosafety risks are capable to serve as safe substitutes for BSL-3/4 path-
ogens belonging to the same genus to develop the live virus-based HTS
assay. For instances, the nonpathogenic Henipavirus, Cedar virus-based
HTS assay was developed for antiviral discovery of the highly patho-
genic Nipah virus and Hendra virus (Amaya et al., 2021), and recombi-
nant human coronavirus OC43 (HCoV-OC43) reporter virus was adapted
to a HTS platform to search for effective inhibitors to the highly patho-
genic SARS-CoV andMERS-CoV (Shen et al., 2019). Here, using a panel of
known inhibitors against CHIKV and VEEV in reference and our unpub-
lished work, we validated that the compounds, showing antiviral effects
on these highly pathogenic alphaviruses, also efficiently inhibited
SFV-eGFP virus. Therefore, the SFV-eGFP virus-based HTS assay which
combines the advantages of broader target base and lower biosafety
limitation, provides a safe platform to screen potential broad-spectrum
inhibitors of highly pathogenic alphaviruses in BSL-2 facilities.

Generally, the authentic virus-based HTS assays were developed
using recombinant reporter viruses. For the choice of reporter genes, with



Fig. 8. Detection of EC50 of the reference inhibitors by SFV-eGFP based HTS assay and plaque assay. BHK-21 cells were seeded in 96-well plates and infected with SFV-
eGFP at an MOI of 1, and then treated with 0, 0.625, 1.25, 2.5, 5, and 10 μmol/L gemcitabin (A), CHL (B), oxysophoridine (D), and sorafenib (E) and 0, 1.25, 2.5, 5,
10, and 20 μmol/L dasatinib (C), respectively. At 24 hpi, the fluorescence value of the cells was read by a high content screening system. Meanwhile, the supernatants
of the cells were collected at 24 hpi and subjected to plaque assay to determine the viral titers. Error bars indicate the standard deviations from three independent
experiments. The EC50 value of each compound was calculated by viral titers and eGFP signals, respectively, using GraphPad Prism software.
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the development of image-based HCS technology, the fluorescent pro-
teins can be visually and quantitatively detected, providing ideal choice
for the reporter virus-based HTS antiviral assay. However, since the
inserted reporter gene is not required for viral replication, it will inevi-
tably be excluded after extensive virus passage, leading to diminished
expression of the reporter protein in the reporter virus infected cells.
Therefore, the instability of the reporter gene poses a common challenge
for the utilization of reporter viruses. The genetic stability of reporter
gene is influenced by the gene type and size, the culture cell type, as well
as the strategy to insert into viral genome. We had previously constructed
the eGFP labeled CHIKV (CHIKV-eGFP) and MAYV (MAYV-eGFP)
respectively by introducing an additional subgenomic promoter to ex-
press the eGFP gene between the 50ORF and 30ORF in the genome. Both
CHIKV-eGFP and MAYV-eGFP exhibited similar replication kinetics with
their wild type viruses and can be stably maintained for at least five
rounds of passage in BHK-21 cells (Deng et al., 2016; Li et al., 2019).
However, the replication of SFV-eGFP generated using the same strategy
was delayed compared with the wild type SFV, and the eGFP started to
loss significantly from passage 4 (Fig. 4). We supposed that the acceler-
ated eGFP loss of SFV-eGFP may be due to its lower replication than that
of wild type SFV, placing it at a competitive disadvantage during passage.
Furthermore, we found that SFV-eGFP exhibited preferable stability in
BHK-21 cells than that in Vero and Huh7 cells (Fig. 3), possibly due to
different replication kinetics of SFV-eGFP in different cell types. There-
fore, for the use of SFV-eGFP, it is better to prepare virus stocks in
BHK-21 cells within three or less passages to insure the maintenance of
reporter gene.

5. Conclusions

A recombinant SFV-eGFP virus with high-titer production and
favorable genetic stability was generated for use in image-based HTS
antiviral assays using HCS system. This SFV-eGFP based HTS assay pro-
vides a safe and convenient platform for screening broad-spectrum drugs
against alphaviruses, which will contribute to the control of highly
pathogenic alphaviruses.
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