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Mayaro virus (MAYV) is a neglected mosquito-borne alphavirus that causes illness similar to Chikungunya
(CHIKV), Dengue (DENV) and Zika virus (ZIKV). Currently, there is no specific treatment or vaccine against
MAYV infection. To develop an efficient antiviral screening assay for MAYV, we constructed the infectious clones
of MAYV strain BeAr 20290 and its eGFP reporter virus. The reporter virus exhibited high replication capacity
indistinguishable with the wild type MAYV, and was genetically stable within at least five rounds of passages in

BHK-21 cell. The expression of eGFP correlated well with the viral replication. Using the known inhibitor ri-
bavirin, we confirmed that the MAYV-eGFP reporter virus could be used for antiviral screening to identify the
specific inhibitors against MAYV. Using the MAYV-eGFP based antiviral assay, we found that the compound 6-
Azauridine which had antiviral activity against CHIKV and SFV, showed a significant inhibitory effect on MAYV

replication.

1. Introduction

Mayaro virus belongs to the Alphavirus genus of the Togaviridae
which consists of many important human pathogenic viruses such as
Chikungunya virus (CHIKV), Ross River virus (RRV), Sindbis virus
(SINV) and Venezuelan equine encephalitis virus (VEEV) (Strauss and
Strauss, 1994). The MAYV genome is a single-stranded positive sense
RNA and composed of two open reading frames (ORF) flanked by un-
translated regions (UTR) with a 5’ cap and a 3’ ploy-A tail. The 5" ORF
encodes a polyprotein from which four nonstructural proteins (nsP1-4)
that are required for virus replication and pathogenesis, are formed by
proteolytic cleavage. The 3’ ORF is translated from a subgenomic
messenger RNA which is transcribed from the 3’ one-third of the
genome, and encodes a polyprotein which is processed into five struc-
tural proteins (Capsid, E3, E2, 6K and E1) that are involved in viral
particle formation (Firth et al., 2008).

Since its first isolation from the blood of five febrile patients in
Mayaro country, Trinidad in 1954 (Anderson et al., 1957), MAYV has
been reported as causing sporadic outbreaks in tropical regions of South
American countries including Brazil, Bolivia, Peru, French Guiana and
Venezuela (Acosta-Ampudia et al., 2018). Recently, several imported
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cases have been reported in North America (Taylor et al., 2005) and
European regions (Friedrich-Janicke et al., 2014; Neumayr et al., 2012).
MAYV is an arthropod-borne virus that is mainly transmitted by Hae-
magogus mosquitoes, the same vector responsible for YFV transmission
living in forests, with a sylvatic cycle involving non-human primates
and mosquitoes (Mourao et al., 2012). Occasionally, the virus can be
transmitted from non-human primates to human when they are in close
proximity to the forest (LeDuc et al., 1981). Besides, MAYV has been
detected in several other vertebrate hosts such as rodents and birds
which presumably increase the likelihood that the virus will spread to
other areas (de Thoisy et al., 2003). In addition, the Aedes aegypti
mosquito which is responsible for the transmission of CHIKV and Zika
virus, has been shown to transmit MAYV in the experimental test (Long
et al., 2011). In 2015, an 8-year-old child from Haiti was diagnosed
with co-infection for MAYV and dengue virus, further suggesting that
Aedes aegypti might be involved in viral transmission (Lednicky et al.,
2016). Due to the similar vectors, MAYV becomes a potential emerging
arbovirus with rapid expansion in urban areas as observed for CHIKV
and ZIKV previously.

The symptoms caused by MAYV infection include acute fever, rash,
headache, myalgia and arthralgia/arthritis, and > 50% of the infection
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cases suffer the severe and prolonged arthralgia which may last for
months or years (Acosta-Ampudia et al., 2018). Most of the symptoms
are in common with those of CHIKV, DENV and ZIKV infections,
leading to a high chance of misdiagnosis of MAYV infection cases
(Brunini et al., 2017). Together with the insufficient surveillance and
lack of the diagnostic capacity in the endemic area, MAYV infections
are likely underreported and widely neglected. Until now, there are no
specific treatments and licensed vaccines against MAYV infection;
therefore, it is necessary to develop antiviral agents and vaccines to
control the virus infection and expansion.

Currently, the cell-based antiviral assay relying on viral infection of
susceptible cells has been employed in MAYV drug discovery (Amorim
et al., 2017; Caldas et al., 2018; Camini et al., 2018; Carvalho et al.,
2014). The antiviral activity is evaluated through viral titer determi-
nation and viral RNA quantification. So far, a few compounds derived
from natural products have been identified to have antiviral activity
against MAYV through these approaches (Amorim et al., 2017; Caldas
et al., 2018; Camini et al., 2018). However, these methods involve of
multiple steps which are time-consuming, preventing them being used
in high-throughput screening of large compound libraries. Thus, de-
velopment of a sensitive and efficient assay system for HTS is crucial for
screening potent candidates against MAYV.

Reporter virus, which is generated by inserting specific reporter
gene into the viral genome, is able to real-time monitor viral replication
and spread in the infected cells and animals. It has been a powerful tool
for HTS for antiviral studies of many viruses such as flaviviruses (Zou
et al., 2011), enteroviruses (Shang et al., 2013; Zhang et al., 2017) and
influenza viruses (Weisshaar et al., 2016). For alphaviruses, reporter
viruses have been reported for CHIKV (Henrik Gad et al, 2012;
Kummerer et al, 2012; Vanlandingham et al.,, 2005), RRV
(Ralambondrainy et al., 2018), SINV (Pierro et al., 2003; Sun et al.,
2014), VEEV (Phillips et al., 2016) and Semliki Forest virus (SFV)
(Tamberg et al., 2007) by three strategies basically. One of them is that
the reporter genes insert into nsP3 gene to form nsP3-fusion proteins.
However, nsP3-eGFP fused SFV is genetically unstable after two rounds
of passages (Tamberg et al., 2007). Another strategy is that reporter
genes insert into the genome between nsP3 and nsP4 flanked by du-
plications of nsP3/4 nsP2 protease-recognition site. Using this strategy,
the eGFP reporter SFV showed good stability after five rounds of pas-
sages, but the viral replication was delayed compared to parental virus
(Tamberg et al., 2007). In addition, several reporter alphaviruses had
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been established by introducing an additional subgenomic promoter to
express the reporter genes. In our previous study, we had constructed a
CHIKV-eGFP reporter virus with dual sg promoter and identified that
the reporter gene could be stably maintained after five rounds of pas-
sages (Deng et al., 2016).

Here, we developed and characterized a stable eGFP reporter virus
for the strain BeAr 20290 of MAYV which is isolated from Haemagogus
mosquitoes in Brazil and widely used as a prototype for MAYV infection
(Esposito and da Fonseca, 2015). The MAYV-eGFP replicated efficiently
with similar properties to the parental MAYV and was genetically stable
after at least five rounds of passages. The eGFP expression level could
reflect viral replication well. Using the known inhibitors of alphavirus,
we showed that MAYV-eGFP could be a powerful tool for antiviral
screening.

2. Materials and methods
2.1. Cells, viruses and antibodies

Baby hamster kidney cell (BHK-21) was propagated in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 units/mL of penicillin and 100 ug/mL of strepto-
mycin. The mosquito cell C6/36 was grown in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS), 100 units/mL of
penicillin and 100 pg/mL of streptomycin. The BHK-21 and C6/36 cells
were maintained in 5% CO, at 37 °C and 28 °C respectively. The par-
ental MAYV and MAYV-eGFP were produced by transfection of BHK-
21 cells with in vitro transcribed RNAs from the MAYV and MAYV-eGFP
infectious clones (described below) respectively. The mouse polyclonal
antibody against MAYV E2 was generated by immunization of BALB/C
mice with SDS-PAGE purified MAYV E2 protein. FITC-conjugated goat
anti-mouse IgG used as secondary antibody was purchased from Protein
Tech Group Inc.

2.2. Plasmid construction

The overall scheme of the cloning strategy for construction of the
full-length infectious clone of MAYV strain BeAr 20290 (GenBank ac-
cession no. KT754168) was shown in Fig. 1. Briefly, six cDNA fragments
(designated as fragment A-F respectively) covering the full-length
genome of MAYV were artificially synthesized by the DNA synthesis
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Fig. 2. Characterization of the recombinant virus. (A) IFA of viral protein
expression in BHK-21 cells transfected with the MAYV RNA transcribed from
the linearized pACYC-MAYV. IFA was performed at the indicated time points
post transfection using the antibody against the E2 protein. (B) Plaque mor-
phology of the recombinant MAYV. (C) Viral yield of recombinant MAYV after
transfection. The supernatants from the transfected cells were collected at the
indicated time points after transfection and viral titers were determined by
plaque assay in BHK-21 cells. Error bars indicate the standard deviations from
three independent experiments.

company TSINGKE (China). Fragment A contained a T7 promoter
proceeding the sequence from the 5'UTR to 2965 nt of the genome;
fragment B, C, D and E contained the sequences from nucleotide posi-
tion 2857 to 5477 nt, 5335 to 7871 nt, 7809 to 9581 nt and 9520 to
10695nt of the genome respectively. Fragment F included the se-
quences from 10621 nt to 3'UTR of the genome with a poly-A tail.
Fragment A, D, E and F were cloned into low-copy-number vector
PACYC177 at the BamH I and Hind III sites respectively, whereas
fragment B and C were inserted into pUC19 at the sites of BamH I and
Hind 111. Next, fragment B + C was generated by engineering fragment
C into fragment B at the Cla I and Hind III sites; meanwhile, fragment
E + F was constructed by Rsr II and Hind III digestion, and then frag-
ment D was inserted into fragment E + F at BamH I and Pci I sites
generating fragment D-F. After that, fragment B-F was constructed by
pasting fragment B + C into fragment D-F at the Mlu I and Hind III sites.
At last, the infectious clone pACYC-MAYV which contained a T7 pro-
moter and complete genome of MAYV BeAr 20290 strain was obtained
by assembly fragment A into fragment B-F at BamH I and Mlu I sites.

Reporter virus MAYV-eGFP infectious clone (pACYC-MAYV-eGFP)
was constructed by inserting an additional subgenomic promoter se-
quence (5-GTCATACACTTGTACGGCGGTCCTAAATAGGTGCTCTACAC
GACACCTATACCACC-3’) and eGFP gene into pACYC-MAYV through
two rounds of overlap PCR. First, fragments covering “Blp I-nsP4-1%sg
promoter” and “2ndsg promoter-Capsid-E2-E1-Rsr 1I” were amplified
using pACYC-MAYV as template, and the “eGFP” fragment was ampli-
fied using pEGFPN1 as template. The sequences of the primers used for
amplifying the specific fragments were listed in table 1 in supplemental
material. The two fragments “Blp I-nsP4-1%'sg promoter” and “eGFP”
were fused together by the first step overlap PCR, generating the
fragment of “Blp I-nsP4-1%'sg promoter-eGFP”. The purified product was
then fused with “2"dsg promoter-Capsid-E2-E1-Rsr II” by the second
step overlap PCR, resulting in the cassette containing “Blp I-nsP4-1%sg
promoter-eGFP-2"dsg promoter-Capsid-E2-E1-Rsr I1”. Finally, the frag-
ment from Blp I and Rsr Il was engineered at the corresponding site into
PACYC-MAYV to produce the MAYV-eGFP infectious clone. All con-
structs were confirmed by sequencing.
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2.3. RNA transcription and transfection

The infectious clones were linearized by Hind III and purified by
phenol/chloroform extraction. The MAYV and MAYV-eGFP RNAs were
transcribed from the corresponding linearized plasmids using T7
mMEGAscript” Kit (Ambion) according to the manufacturer's protocols.
Approximately 1pg RNA was transfected into BHK-21 cells with
DMRIE-C (Invitrogen). Supernatants of the transfected cells were col-
lected 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 (Nalge
Nunc). At different time points after transfection, the cells were fixed in
cold (—20°C) 5% acetic acid in methanol for 10 min at room tem-
perature, washed three times with PBS and then incubated with mouse
polyclonal antibody against MAYV E2 (1:200 dilution with PBS) for 1 h.
After washing with PBS three times, the cells were incubated with goat
anti-mouse IgG conjugated with FITC (1:125 dilution with PBS) at room
temperature for 1h. Following three times of PBS washing, the slides
were mounted with 95% glycerol and analyzed under a NIKON fluor-
escence microscope at 400 X magnification. Virus titer and mor-
phology were determined by single layer plaque assay with standard
procedure as described previously (Deng et al., 2016).

2.5. Reverse transcription

To test the stability of the MAYV-eGFP, the reporter virus was se-
rially passaged in BHK-21 cells for five rounds and in C6/36 cells for
three rounds. For each passage, the supernatants were collected and
total RNAs of the infected cells were extracted using Trizol reagent
(TAKARA). Viral RNAs of each passage were amplified by one-step RT-
PCR using a PrimeScript RT-PCR kit (TAKARA) with primers spanning
nsP4 to Capsid gene (forward primer: 5-ACGGAGTCGTCTCCGATAAA
CTG-3’ and reverse primer: 5-GGTTTCTTTCTACGTGGTTGCT-3’). The
amplified products were analyzed by electrophoresis on 1% agarose gel.

2.6. Viral growth kinetics

Growth kinetics of MAYV and MAYV-eGFP viruses on BHK-21 and
C6/36 were examined respectively. Approximately 2 X 10° BHK-
21 cells and 6 x 10° C6/36 cells were seeded in a 35mm dish. After
incubation overnight, the cells were infected with 400 uL. MAYV or
MAYV-eGFP virus at different MOIs of 0.01, 0.05 and 0.5. After in-
cubation for two hours, the supernatants were collected and the cells
were washed with PBS for three times and replaced with fresh medium
with 2% FBS. At different time points post infection, the culture
medium was collected and stored at —80 °C, and subsequently sub-
jected to plaque assay to determine the viral titer. For MAYV-eGFP
infection, the expression of eGFP gene was observed under the fluor-
escence microscope at 100 X magnification.

2.7. Antiviral assay of MAYV-eGFP

BHK-21 cells were seeded into 96-well plates at a density of
1 x 10*cells per well. Twenty four hours later, the cells were infected
with MAYV or MAYV-eGFP at an MOI of 0.05 and incubated with
various concentrations of Ribavirin (0 uM-82 uM). For each drug con-
centration, six wells were performed in parallel. After incubation at
37 °C for 36h, the supernatants were collected and viral titers were
quantified by plaque assay. For MAYV-eGFP infection, the expression of
eGFP gene was observed under the fluorescence microscope at
100 x magnification, and the fluorescence value was read by Operetta
imaging system (PerkinElmer). To test the antiviral activity of 6-
Azauridine, 1 x 10* Vero cells were plated into 96-well plates, infected
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Fig. 3. Construction and characterization of MAYV-eGFP reporter virus. (A) Schematic of the recombinant MAYV-eGFP reporter virus infectious clone. An
additional sg promoter and eGFP gene (shown in the green box) were inserted downstream of the 5’ORF of the pACYC-MAYV. (B) Analysis of eGFP expression in the
BHK-21 cells transfected with MAYV-eGFP RNA. The BHK-21 cells were transfected with 1 ug MAYV-eGFP RNA and the expression of eGFP was detected under a
fluorescent microscope at the indicated time points after transfection. (C) IFA analysis of viral protein expression in BHK-21 cells transfected with the MAYV and
MAYV-eGFP RNAs respectively. (D) Plaque morphology of MAYV and MAYV-eGFP in BHK-21 cells. (E) Virus production of the supernatant of the MAYV and MAYV-
eGFP RNAs transfected cells at the indicated time points post transfection. Error bars indicate the standard deviations from three independent experiments.

with MAYV-eGFP at an MOI of 0.05, and treated with different con-
centrations of 6-Azauridine (0 pM-20 uM). At 36 hpi, the fluorescence
value was read by Operetta imaging system (PerkinElmer). The ECsq
was calculated by nonlinear regression using Prism software
(GraphPad) to determine the drug concentration required to achieve
50% of viral titer reduction or fluorescence value reduction.

3. Results

3.1. Construction and characterization of a full-length infectious clone of
MAYYV strain BeAr 20290

We constructed an infectious cDNA clone of the MAYV strain BeAr
20290 which was isolated from Haemagogus mosquitoes in 1960 in
Brazil (Esposito and da Fonseca, 2015). As depicted in Fig. 1, six
fragments covering the complete genome sequence of MAYV were
chemically synthesized by the DNA synthesis company. In fragment A, a
T7 promoter sequence was introduced upstream of the 5’'UTR for fur-
ther in vitro transcription. A poly-A tail with 34 adenosines was added
downstream of the 3’'UTR sequence in fragment F. The six fragments
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were cloned into pACYC177 or pUC19 to generate the intermediate
subclones. The individual subclones were assembled step-by-step by the
restriction site within the genome and vectors, resulting the infectious
full-length clone pACYC-MAYV in the low-copy-number vector
PACYC177 as described in materials and methods.

The MAYV RNA derived from the linearized pACYC-MAYV plasmid
by in vitro transcription was transfected into BHK-21 cells to test the
viral rescue function of the infectious clone. At different time post
transfection, the cells were fixed and subjected to IFA using specific
antibody against MAYV E2 protein to detect viral protein synthesis, and
the supernatants were collected and subjected to plaque assay to de-
termine the plaque morphology and virus production. As shown in
Fig. 2A, IFA-positive cells were detectable at 12 hpt, and kept in-
creasing from 12 to 48 hpt and were almost 100% among the trans-
fected cells at 48 hpt. The cytopathic effect appeared at 24 hpt and got
obvious at 48 hpt (data not shown). Accordingly, the viral titer of the
supernatants showed a significant increase that reached 5 x 10”7 PFU/
mL at 48 hpt (Fig. 2C). The viral plaque morphology measured at dif-
ferent time points were homogeneously large in BHK-21 cells (Fig. 2B).
These results demonstrated that the virus recovered by the infectious
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Fig. 4. Genetic stability of MAYV-eGFP in BHK-21 cells. (A) The eGFP expression of the different passages of MAYV-eGFP in BHK-21 cell. The MAYV-eGFP was
serially passaged in BHK-21 cells for five rounds. Viruses from each passage (P1-P5) were used to infect 2 X 10° BHK-21 cells at an MOI of 0.1, the expression of eGFP
was detected under a fluorescent microscope at 36—48h after infection. (B) Detection of the eGFP gene during virus passage in BHK-21 cell. Total RNAs from the
infected cells were extracted and subjected to RT-PCR detection using the primers spanning nsP4 to Capsid gene that include the complete eGFP gene. The resulting
RT-PCR products were resolved by 1% agarose gel electrophoresis. (C) The eGFP expression of the different passages of MAYV-eGFP in C6/36 cell. The MAYV-eGFP
was serially passaged in C6/36 cells for three rounds. The expression of eGFP was detected under a fluorescent microscope at 96-120h after infection. (D) Detection

of the eGFP gene during virus passage in C6/36 cell.
clone replicated efficiently.

3.2. Construction and characterization of the MAYV-eGFP reporter virus

After confirming the successful rescue of the recombinant MAYV,
we designed the MAYV reporter virus with eGFP gene using the similar
strategy used in the CHIKV-eGFP reporter virus construction previously
(Deng et al., 2016). A second subgenomic promoter sequence was en-
gineered into the pACYC-MAYV at the 5’proximal of the structural
protein genes to initiate the expression of eGFP gene (Fig. 3A). The
resulted clone was designated as pACYC-MAYV-eGFP as described in
materials and methods. To identify whether the reporter virus could be
recovered, the transcribed MAYV-eGFP RNA was transfected into BHK-
21 cells, and the expression of eGFP gene was examined under a
fluorescence microscope. The eGFP positive cells could be observed at
15 hpt, and quickly increased over time that almost 100% cells turned
positive at 48 hpt (Fig. 3B), suggesting the high replication capacity of
the reporter virus. To further compare the replication efficiency be-
tween the reporter virus and wild type (WT) virus, equal amounts of the
MAYV-WT and MAYV-eGFP RNAs were transfected into BHK-21 cells.
Viral protein synthesis, plaque morphology and virus production were
determined by IFA and plaque assay as described above. As shown in
Fig. 3D, the MAYV-eGFP displayed slightly smaller plaque morphology
than that of wild type virus. However, comparable IFA positive cells
and viral titers were detected for MAYV-WT and MAYV-eGFP (Fig. 3C
and E) at different time points after transfection, illustrating that the
insertion of the eGFP reporter gene into MAYV genome does not sub-
stantially affect viral replication in BHK-21 cell.

3.3. Stability of the MAYV-eGFP virus in cell culture

To analyze whether the eGFP reporter gene can be stably main-
tained in cell culture, the MAYV-eGFP virus was serially passaged in
vertebrate-derived BHK-21 and mosquito-derived C6/36 cells for five
and three rounds respectively. Viruses from each passage were used to
infect naive BHK-21 or C6/36 cells at an MOI of 0.1, and the percentage
of cells expressing eGFP was evaluated at 36-48 hpi for BHK-21 and
96-120 hpi for C6/36 after each passage. As shown in Fig. 4A, all of the
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BHK-21 cells infected by P1-P5 reporter viruses showed strong fluor-
escence signals and nearly 100% were eGFP positive when the apparent
CPE appeared, indicating the eGFP gene was stably maintained during
passaging. In addition, for each passage, the RNAs of the infected cells
were extracted and subjected to RT-PCR amplifying the region between
nsP4 and capsid genes. Different sizes of bands were expectedly de-
tected for WT (667 bp) and reporter virus (1460 bp) as the insertion of
the eGFP gene (Fig. 4B). Each of the P1-P5 RNAs extracted from BHK-
21 cells displayed a specific band showing no sequence deletion within
the reporter gene which is confirmed by sequencing, further suggesting
the stability of the reporter virus in BHK-21 cells. In contrast, when
MAYV-eGFP was passaged in C6/36, comparable fluorescence signal
was only maintained in the P1 virus infected cells, while the eGFP
positive cells decreased dramatically from P2 to P3 (Fig. 4C). RT-PCR
and sequencing analysis showed the eGFP gene deletion of P2 and P3
virus (Fig. 4D), confirming that the MAYV-eGFP reporter virus is not
stable during passaging in C6/36 cells.

3.4. Replication kinetics of the MAYV-eGFP virus in cell culture

To develop the reporter virus based antiviral assay, we first con-
firmed whether the MAYV-eGFP had similar growth characteristics
with wild type MAYV. Both BHK-21 and C6/36 cells were infected with
MAYV-eGFP and MAYV-WT at MOIs of 0.01, 0.05 and 0.5, respectively.
Viral growth kinetics were compared between the two viruses in dif-
ferent cells. As shown in Fig. 5A, MAYV-eGFP exhibited indistinguish-
able patterns of replication with wild type virus in BHK-21, whereas its
viral productions were about 100-fold lower than that of wild type virus
in C6/36 cells at different MOIs of infection (Fig. 5B). These results
demonstrated that the MAYV-eGFP could efficiently and stably re-
plicate in BHK-21 cell but not in C6/36 cell. BHK-21 cell was chosen for
the optimization of viral infection for antiviral assay. We further
identified the proper infection MOI value and the time point for de-
tection by monitoring the eGFP positive cells at different time after
infection with MAYV-eGFP at varied MOIs. The eGFP positive cells
increased in a dose- and time-dependent manner (Fig. 5C), illustrating
that the eGFP signal correlated well with the reporter virus replication.
Almost 100% cells displayed strong eGFP signal when the cells were



X. Li, et al.

Antiviral Research 168 (2019) 82-90

(A)
BHK BHK BHK

=84 MOI=0.01 <84 MOI=0.05 T84 MOI=0.5
E E £
2 71 D7 1 271
W w TS
o o o
o 6 1 > 6 1 6
o o o
25 25 25 4
8 - MAYV-WT 3 —a= MAYV-WT g —a= MAYV-WT
S 47 --MAYV-eGFP | = 41 -o- MAYV-eGFP =41 -o- MAYV-eGFP
£ 3 £ 3 1 £ 3
> > >

2 T T T T T 2 T T T T T 2 T T T T T

2 12 24 36 48 2 12 24 36 48 2 12 24 36 48
Time post infection (hr) Time post infection (hr) Time post infection (hr)

(B) C6/36 C6/36 C6/36
53| MOI=0.01 S84 MOI=0.05 T3
E E E
D71 D 7 1 S 7 A
o & &
o 6 o 6 1 o 6 4
) o o
25 <5 25
& o MAYV-WT B -a- MAYV-WT B -a- MAYV-WT
£ 41 ~ MAYV-eGFP | & 41 - MAYV-eGFP £ 4 4 -o- MAYV-eGFP
© © ©
S 37 S 31 S 31

2 : . : . . 2 . . . . ; 2 . . . . :

2 24 48 72 96 2 24 48 72 9 2 24 48 72 96

Time post infection (hr)

(C) Mol

12 hpi

24 hpi

36 hpi

Time post infection (hr)

Time post infection (hr)

0.05

Fig. 5. Optimization of the MAYV-eGFP infection for antiviral assay. (A) Growth kinetics of the wild type MAYV and MAYV-eGFP on BHK cells at MOIs of 0.01,
0.05 and 0.5. (B) Growth kinetics of the wild type MAYV and MAYV-eGFP on C6/36 cells at MOIs of 0.01, 0.05 and 0.5. Error bars indicate the standard deviations
from three independent experiments. (C) The eGFP expression of the BHK-21 cells infected with MAYV-eGFP at MOIs of 0.01, 0.05 and 0.5 respectively. The eGFP
gene expression was detected under a fluorescent microscope at the indicated time points after infection.

infected by MAYV-eGFP at an MOI of 0.05at 36 hpi. Therefore, we
determined the infection MOI of 0.05, eGFP observation at 36 hpi and
BHK-21 cell type as the infection condition for the following antiviral
assay.

3.5. Antiviral activity evaluation based on the MAYV-eGFP reporter virus

Ribavirin was a broad-spectrum antiviral drug and had been re-
ported to have inhibitory effect on alphavirus replication (Coffey et al.,
2011; Markland et al., 2000). In order to validate the utility of MAYV-
eGFP reporter virus for antiviral screening, we compared the antiviral
ability of ribavirin on MAYV-eGFP and MAYV-WT viruses. BHK-21 cells
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were infected with MAYV-eGFP and MAYV-WT respectively at an MOI
of 0.05 and treated with different concentrations of ribavirin (0 pM-82
uM) at the same time. At 36 hpi, the eGFP gene expression was detected
under a fluorescence microscope, the fluorescence value was read by
Operetta imaging system (PerkinElmer) and viral titers were de-
termined by plaque assay. The amount of eGFP positive cells and
fluorescence value in the MAYV-eGFP infected BHK-21 decreased dra-
matically in a dose-dependent manner of ribavirin (Fig. 6A and D). The
ECso of ribavirin calculated by fluorescence value reduction was
2.35 uM. Consistently, viral titers of the supernatants from both MAYV-
eGFP and MAYV-WT infected cells reduced with the increase of riba-
virin concentration (Fig. 6B and C). The ECsq of ribavirin calculated by
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Fig. 6. Antiviral activity of ribavirin on
wild type MAYV and MAYV-eGFP. (A)
Effects of different concentrations of riba-
virin on the eGFP expression of the MAYV-
eGFP infected cells. BHK-21 cells were in-
fected with MAYV-eGFP at an MOI of 0.05
and incubated with the indicated con-
centrations of ribavirin, the eGFP gene ex-
pression was detected under a fluorescent
microscope at 36 hpi. (B) Viral titer reduc-
tion of MAYV-eGFP with the treatment of
different concentrations of ribavirin.
Supernatants of the MAYV-eGFP infected
cells were collected at 36 hpi, and viral ti-
ters were determined by plaque assay. (C)
Viral titer reduction of wild type MAYV
with the treatment of different concentra-
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viral titer reduction efficiency were 2.31 pM for MAYV-eGFP and
2.17 uM for MAYV-WT respectively. These results indicated that the
anti-MAYV activity of compound can be rapidly evaluated by eGFP
signal detection of the MAYV-eGFP infected cells. We further tested the
antiviral activity against MAYV of 6-Azauridine, a compound which
was more effective against CHIKV and SFV compared to ribavirin
(Briolant et al., 2004). Vero cells were infected with MAYV-eGFP at an
MOI of 0.05 and treated with various concentrations of 6-Azauridine
(0 uM-20 pM). The fluorescence value was read at 36 hpi. As depicted
in Fig. 6F and 6-Azauridine showed a significant inhibitory effect on
MAYV-eGFP replication with a ECso of 0.46 uM, which was lower than
the reported inhibitory concentration of CHIKV and SFV (0.82 uM and
1.6 uM, respectively) (Briolant et al., 2004). Overall, these results de-
monstrated that the MAYV-eGFP reporter virus provides a rapid and
precise tool for antiviral inhibitors screening against MAYV.

4. Discussion

In recent years, arboviruses including WNV, DENV, ZIKV and
CHIKV had re-emerged and caused several worldwide outbreaks (Hotez
and Murray, 2017). As a mosquito-borne virus that threatens human
health, MAYV is typically neglected that there are few studies of this
important pathogen in the existing literatures (Hotez and Murray,
2017). In order to develop reliable tools for MAYV study, in this study,
we successfully constructed the infectious clones of MAYV and an eGFP
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reporter virus. By the standard virus rescue procedure, we identified
that the MAYV-eGFP virus showed indistinguishable high replication
efficiency with the wild type MAYV in BHK-21 cells. The eGFP gene
expression level within the MAYV-eGFP infected cells correlated well
with the viral replication, inferring that the growth of reporter virus can
be monitored directly by eGFP observation. After validating the good
stability of the reporter virus in BHK-21, we confirmed the feasibility of
the MAYV-eGFP for rapid antiviral screening assay using the known
inhibitor ribavirin and 6-Azauridine.

Reverse genetic system is powerful molecular tool for the study of
RNA viruses. Infectious cDNA clones have been obtained for several
familiar alphaviruses, such as CHIKV, SINV, SFV, VEEV and RRV. As for
MAYV, only a full-length infectious clone of MAYV strain CH which was
isolated from human patient in Peru in 2001 was reported by William J.
Weise and coworkers (Weise et al., 2014). Here, we generated the in-
fectious clone of the MAYV strain BeAr 20290 which was isolated from
Haemagogus mosquitoes in 1960 in Brazil (Esposito and da Fonseca,
2015). Previous phylogenetic study showed high genetic divergence
between different MAYV genotypes with potential geographical and
temporal range (Auguste et al., 2015), therefore, constructions of the
infectious clones of different viral strains would be helpful for evolu-
tionary and ecological analyses of MAYV.

One of the common strategies used for the reporter alphaviruses
construction is to express the reporter gene by introducing a second
copy of subgenomic promoter into viral genome. Previous studies have
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identified that the sg promoter and the heterologous gene sequences
inserted downstream of the 5’ORF is more stable than being placed
downstream of the 3’ORF within the Sindbis virus genome (Pierro et al.,
2003; Pugachev et al., 1995). Consistent with their results, by en-
gineering the sg promoter and eGFP gene downstream of the 5’ORF,
both the CHIKV-eGFP which we had constructed previously (Deng
et al., 2016) and MAYV-eGFP in this work showed great stability that
can be stably maintained for at least five rounds' passages in BHK-
21 cells. The insertion of reporter genes into viral genome have been
reported to attenuate virus replication to different extends. The SFV-
eGFP reporter virus showed a slower replication kinetic than the par-
ental virus in BHK-21 cells (Tamberg et al., 2007). The viral production
of CHIKV-eGFP reporter virus was also 10-fold lower than that of wild
type CHIKV in BHK-21 (Deng et al., 2016). However, we had identified
that the MAYV-eGFP reporter virus replicated as efficiently as the
MAYV-WT in BHK-21 (Figs. 3E and 5A), but exhibited reduced re-
plication efficacy in comparison with the MAYV-WT in C6/36 cells
(Fig. 5B). Moreover, the eGFP gene can be stably maintained in BHK-
21 cells but not in C6/36 cells (Fig. 4). We supposed the possible ex-
planation for this phenomenon is that the insertion of an additional
ORF into the viral genome may affect RNA replication and the stability
of inserted gene in C6/36 but not in BHK-21 cells. Further work is
needed to test this hypothesis.

Among alphaviruses, a few high throughput-screening systems have
been developed for CHIKV antiviral discovery. A CHIKV 26S sub-
genomic RNA encoding the structural proteins based HTS was estab-
lished to screen the virus fusion inhibitors (Wang et al., 2016). Megha
Aggarwal and coworkers have adopted a fluorescence resonance energy
transfer (FRET) based proteolytic assay for HTS to identify the serine
protease inhibitor of CHIKV capsid protein (Aggarwal et al., 2015).
Besides, a fluorescence polarization based HTS assay was developed for
screening small molecules against the CHIKV nsP1 capping enzyme
(Bullard-Feibelman et al., 2016). These systems only target the specific
steps during viral life cycle that cannot screen for inhibitors aiming to
the complete replication cycle. So far, the antiviral screening ap-
proaches for MAYV still rely on the traditional viral RNA quantification,
the CPE evaluation and plaque reduction assays that are time-con-
suming and labor-intensive. Here, we described the MAYV-eGFP re-
porter virus based antiviral assay capable of evaluating the antiviral
activity by direct eGFP signal detection. Comparing with the traditional
methods, this assay shortens the time needed to conduct the antiviral
screening, and most importantly, it allows for screening of antiviral
compounds targeting the whole viral life cycle. In addition, the fluor-
escent image based high-content screening (HCS) assay had been de-
veloped for several reporter viruses (Cook et al., 2018) or subgenomic
replicons (Hao and Duggal, 2009). The HCS assay completed by auto-
mated high-speed and high-resolution microscopy can analyze the an-
tiviral efficiency with the fluorescent images in a quantitative and high
throughput manner. The MAYV-eGFP also can be established for HCS
assay to identify inhibitors from large compound libraries for primary
screening in the future studies.

In summary, we have established the reverse genetic system for
MAYV. The MAYV-eGFP reporter virus showed good stability and ef-
ficient replication as the wild type virus in BHK-21 cell. The reporter
virus based antiviral assay developed in this study will facilitate the
antiviral screening for novel anti-MAYV agents.
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