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Abstract

Human enterovirus A71 (EV-A71) is a major etiological agent of hand-foot-and-mouth
disease (HFMD) and there is presently no internationally approved antiviral against
EV-A71. In this study, it is disclosed that 14S-(2’-chloro-4’-nitrophenoxy)-8R/S,17-
epoxy andrographolide (2) was discovered to be an effective inhibitor against EV-A71
infection showing significant reduction of viral titre. In addition to EV-A71,
compound 2 exerts broad-spectrum antiviral effects against other enteroviruses. It is
revealed that compound 2 inhibits the post-entry stages of EV-A71 viral replication
cycle and significantly reduces viral protein expression of structural proteins such as
VPO and VP2 via inhibiting EV-A71 RNA replication. Moreover, the inhibitory property
of compound 2 is specific to viral RNA replication. Furthermore, compound 2 is more
likely to target a host factor in EV-A71 RNA replication. As a result, introduction
of epoxide at positions 8 and 17 of andrographolide is effective for anti-EV-A71
infection and is a potential anti-EV-A71 strategy. Further work to discover more potent
andrographolide derivatives and elucidate comprehensive SAR is under way.

Keywords: Human enterovirus A71; Andrographolide; Epoxide; Viral RNA replication;
Targeting host factor; Broad-spectrum anti-enterovirus agent

1. Introduction

Human enterovirus A71 (EV-A71) is a major etiological pathogen of hand-foot-and-
mouth disease (HFMD). It belongs to the virus family Picornaviridae, the
genus Enterovirus and the species Enterovirus A. The virus was first discovered from
a 9-month-old infant diagnosed with encephalitis in California, USA, in 1969 [1]. It then
spread to Europe with outbreaks occurring in Bulgaria in 1975 [2] and Hungary in
1978 [3]. Since then, EV-A71 has mainly been epidemic in the Asia-Pacific region and
causing recurring outbreaks in Australia, Cambodia, China mainland, Japan, Malaysia,
South Korea, Singapore, Thailand, Taiwan and Vietham [4]. Notably, China mainland
recorded 13.7 million cases from 2008 through 2015, which included 123,261 severe
cases and 3,322 deaths [5].

EV-A71 can be transmitted through physical contact, respiratory secretions and
faeces from an infected individual [6, 7]. When exposed to EV-A71, the virus can infect
tissues in the digestive and respiratory tracts namely the tonsillar crypt epithelium and
replicate [8]. Following replication, the virus can then spread from the skeletal muscle
to the central nervous system through the peripheral nerves which can affect the brain
and spinal cord, resulting in serious neurological complications [8]. While EV-A71
infections are largely asymptomatic, the virus can cause HFMD among young
children [4]. HFMD is a self-limiting disease with symptoms manifesting as
fever, mouth ulcers and skin rash on the palms of the hands and soles of the feet [4].
In severe cases, the infection can result in serious neurological conditions like
acute flaccid paralysis, aseptic meningitis and brainstem encephalitis, resulting in
cognitive and neurodevelopmental impairment [9].

Presently, there is no internationally approved antiviral or vaccine against EV-A71.
Although China has developed and approved vaccines against EV-A71 C4a strain,
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the applicability of these vaccines against other strains have yet to be proven for
worldwide use [10]. Also, experimental antiviral agents
like pleconaril and ribavirin have contradicting reports on their in vitro and in
vivo antiviral activity against EV-A71 [11-13]. As such, severe EV-A71 infections are
still primarily managed by supportive treatments to prevent cardiopulmonary failure
and improve clinical outcome [14]. To control EV-A71 outbreaks, existing measures
include public health surveillance and prevention of transmission by handwashing and
avoiding contact with infected individuals [15]. However, with the rise of EV-A71
outbreaks across the world in the last decade and considering the possible
neurological complications involved with the viral infection, there is a pressing need to
devise a safe and effective antiviral treatment to combat future outbreaks.

Andrographolide (1, abbreviated as andro, Scheme 1)[16-21] is a
bicyclic diterpenoid lactone and one of major components isolated from Andrographis
paniculata [Burm. F.] Nees, which is known as a “natural antibiotic’ commonly used in
China, India and Southeast Asia to reduce inflammation and “heat-clearing and
detoxifying” defined in Chinese medicines. Andro can exert as a promising drug
targeting multi-symptoms [22-25] and was demonstrated as NF-kB modulator [26] and
Keapl-Nrf2-HO-1 signal pathway activator [27-30] by covalent binding. Andro and its
concomitant diterpenes from Andrographis paniculata (Burm. F) Nees and their
derivatives have discovered antiviral activity [23, 24, 31, 32]. As andro has poor oral
bioavailability [33] which limits its clinical application, modification of andro has
become an attracting field [34-36]. Importantly, active derivatives of andrographolide
of “Xiyanping”, “Chuanhuning”, “Yanhuning”, and “Lianbizhi” have been used in China
to treat bacterial and viral infections for many years [37-40]. Moreover, “Xiyanping”, as
andro sulfonate complex, is a moderate anti-HFMD agent and has been used to
clinically treat HFMD [41-43]. These results inspired us to explore more potent anti-
HFMD analogs of andro by novel and effective modification to prevent HFMD from
spreading to meet urgent need of anti-HFMD treatment. In this study, 14S-(2’-chloro-
4’-nitrophenoxy)-8R/S,17-epoxy andrographolide (2) was discovered as an effective
anti-EV-A71 agent. Here, we report the discovery and action of mode of
compound 2 against EV-A71 infection.

2. Materials and methods
2.1. Synthesis of 2 and 6

Synthesis of epoxy andrographolide analogs of 2 and 6 is shown in Scheme
1 (upper and right panel). According to previously reported methods [44-47], starting
from andrographolide (Nanjing Chemlin Chemical Industry Co., Ltd., Nanjing, China),
3,19-acetonylidene andrographolide (3) was yielded and then 14B-aryloxy
andrographolide 4 were afforded by Mitsunobu reaction. After deprotection of 3,19-
acetonylidene from 4 by 4-methylbenzenesulfonic acid monohydrate (TsOH-H20)
gave the intermediate 5 in 87.0% yield, epoxidation [48-50] of 8,17-olefin of 5 by 3-
chloroperbenzoic acid (mMCPBA) was conducted in dichloromethane (DCM) to form
8,17-epoxide 2 (total yield of 86.1%) which includes two inseparable isomers of 8R,17-
epoxide 2a (20% a-epoxide, minor) and 8S,17-epoxide 2b (80% [B-epoxide, major) by
thin layer chromatography (TLC) and silica gel column chromatography. Acetylation
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of compound 2 by acetyl chloride (AcCl) and triethylamine (TEA) vyielded 19-
acetylated product 6 containing two inseparable isomers of 19-acetoxy-8R,17-
epoxide 6a (15% a-epoxide, minor) and 19-acetoxy-8S,17-epoxide 6b (85% [-
epoxide, major) in total yield of 73.2%. Compared with the ratio of 2a in compound 2,
slightly lower ratio of 6a in compound 6 may be due to loss in separation process
or/and ignored incomplete reaction of 2a.

Isomer ratios of 8R,17-epoxide 2a/8S,17-epoxide 2b, and 19-acetoxy-8R,17-
epoxide 6a/19-acetoxy-8S,17-epoxide 6b were determined by *H NMR and HPLC
analysis.

2.2.Synthesis of stereo-pure isomers of 2b

In order to identify two isomers of 2a and 2b in compound 2, stereo-pure isomer
of 2b was synthesized as following route (Scheme 1, left bottom panel) based on
known stereo-selective incorporation [48-50] of 8S,17-epoxide. Briefly, direct
epoxidation of andro (1) afforded 8S,17-epoxide 7 [23a], and then protection of 7 by
2,2-dimethoxypropane in DCM and catalysed by pyridinium p-toluenesulfonate (PPTS)
provided 3,19-acetonylidene 8S,17-epoxide 8 [23b]. Both structures of 7 and 8 were
confirmed by single crystal X-ray diffraction analysis (CCDC IDs 631,560 [23a] and
953,258 [23Db], respectively). At last, Mitsunobu reaction by triphenylphosphine (PPhs)
and diisopropyl azodicarboxylate (DIAD) in tetrahydrofuran (THF) of pure B-epoxide
isomer 8 provided key intermediate 9, and formation of pure 8S,17-epoxide
isomer 2b was fulfilled by deprotection of 3,19-acetonylidene from 9 by TsOH-H20 in
methanol.

With stereo-pure 8S-epoxide isomer 2b, assignments
of 2a and 2b in 2 and 6a and 6b in 6 become reliable that 8S,17-epoxide isomers
of 2b and 6b are major isomers in compound 2 and compound 6 as predicted,
respectively. Comparison of compound 2 with  stereo-pure 8S,17-epoxide
isomer 2b was determined by 'H NMR and HPLC.

2.3.Cells, viruses and compounds preparation

Human muscle rhabdomyosarcoma cells (RD) (CCL-136; ATCC, Manassas, USA)
and African green monkey kidney cells (Vero) (CCL-81; ATCC, Manassas, USA) were
exploited in this study. RD and Vero cells were cultivated in Dulbecco's Modified
Eagle's Medium (DMEM; Sigma-Aldrich, St. Louis, USA) complemented with 10%
heat-inactivated fetal calf serum (HI-FCS; Capricorn Scientific, Ebsdorfergrund,
Germany) and supplemented with 2 g of sodium hydrogen carbonate (Sigma-Aldrich,
St. Louis, USA). Both cell lines were cultured at 37 °C, 5% CO2. EV-A71 strain 41
(Accession no. AF316321.2), Enterovirus D68 (EV-D68) (Accession No. KM851231),
Coxsackievirus A6 (CV-A6) (Accession No. KC866983.1) and Coxsackievirus
A16 (CV-A16) (Accession No. U05876) were exploited in this study. All viruses were
expanded in RD cells in DMEM, 2% HI-FCS and incubated at 37 °C, 5% CO2 except
for EV-D68 (33 °C). All synthesised compounds were dissolved in 100% DMSO
(Sigma-Aldrich, St. Louis, USA) to final concentrations of 10 mM.
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2.4.Cell viability assay

Cell viability assay was performed to determine the cytotoxicity profile. RD cells
were seeded on 96-well plates (Corning Inc., Corning, USA) at a seeding density of
2 x 10% cells per well and incubated at 37 °C, 5% CO:2 overnight. The cells were
treated with varying concentrations of compound 2 diluted in DMEM, 2% HI-FCS and
further incubated at 37 °C, 5% COz2 for 12 h. Cells treated with 0.1% DMSO and
DMEM, 2% HI-FCS functioned as vehicle and negative controls respectively.
Following incubation, the compound was discarded and 100 uL of diluted
alamarBlue™ Cell Viability Reagent (Thermo Fisher Scientific, Waltham, USA) (1:10
DMEM, 2% HI-FCS) was pipetted to each well. The plates were incubated at 37 °C,
5% CO: for 3 h. The fluorescence readings at emission and excitation wavelengths of
600 nm and 570 nm were then obtained by the Infinite™ 200 series microplate reader
(Tecan). Fluorescence readings obtained from compound-treated and 0.1% DMSO-
treated cells were normalised against the negative controls to measure the relative
cell viability. All experiments were performed in triplicates.

2.5.Dose-dependent inhibition assay

Dose-dependent inhibition assay was performed to determine the inhibitory profile.
RD cells were seeded on 24-well plates (Greiner Bio-One, Kremsmiinster, Austria) at
a seeding density of 1.5 x 10° cells per well and incubated overnight. The cells were
then infected with 100 pL of EV-A71 at MOI (multiplicity of infection) of 1 for 1 h at
37 °C, 5% COs.. After infection, the cells were washed twice with 1 mL of phosphate
buffered saline (PBS) and treated with 1 mL of compound 2, at varied concentrations
diluted in DMEM, 2% HI-FCS. The treated EV-A71l-infected cells were further
incubated at 37 °C, 5% CO2 for 12 h. Following incubation, the plates were subjected
to 2 cycles of freeze-thawing (-80 °C; 37 °C) before recovering the supernatant for
viral plaque assay to ascertain the viral titre. All experiments were performed in
triplicates.

2.6.Viral plague assays

Viral titres were ascertained by viral plaque assays. For plagque assays involving
EV-A71 and other Enteroviruses (EV-D68, CV-A6, CV-A16), RD cells were seeded on
24-well plates at a seeding density of 2.4 x 10° cells per well and incubated at 37 °C,
5% CO:2 overnight. Supernatants collected from the virus-infected samples were
diluted serially in DMEM, 2% HI-FCS from dilution factors of 10! to 10”". The seeded
cells were infected with 100 pL of various diluted virus suspensions and incubated at
37 °C, 5% COz2 (33 °C for EV-D68) for 1 h. Following viral adsorption, the cells were
washed twice with 1 mL of PBS before the addition of 1 mL overlay medium
comprising DMEM, 2% HI-FCS and 0.5% agarose (Vivantis, Shah Alam, Malaysia).
Plates with EV-A71, EV-D68, CV-A6, CV-Al6 supernatants were incubated for 4 days
for plaque formations. The plates were subsequently fixed and stained with
4% paraformaldehyde and 1% crystal violet (Sigma-Aldrich, St. Louis, USA) overnight.
Viral plagues formed were manually counted to determine the viral titre in PFU/mL.

2.7. Time-of-addition and time-of-removal assays
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For both time-of-addition and time-of-removal assays, RD cells were seeded on
96-well plates at a seeding density of 2 x 10* cells per well and incubated overnight.
The cells were then infected with EV-A71 at MOI of 1 for 1 h and washed twice with
100 pL of PBS. For time-of-addition assay, each well was topped up with 100 pL of
DMEM, 2% HI-FCS and at time-points of 0, 0.5, 1, 2, 4, 6, 8, 10 h post infection (hpi),
the media was discarded and 100 pL of 10 uM of compound 2, diluted in DMEM, 2%
HI-FCS, was added. For time-of-removal assay, each well was treated with 100 pL of
10 uM of compound 2 and at time-points of 0, 0.5, 1, 2, 4, 6, 8, 10 hpi, the compound
was discarded and topped up with 100 uL of DMEM, 2% HI-FCS. At 12 hpi, all plates
were frozen down for viral plaque assay. All experiments were performed in triplicates.

2.8.Pre-treatment assay

RD cells were seeded on a 24-well plate at a seeding density of 1.5 x 10° cells
per well and incubated overnight. The cells were treated with 250 uL of 0.1% DMSO
or varying concentrations of compound 2 and incubated at 37 °C, 5% CO:2 for 2 h.
Following incubation, the cells were washed twice with 100 uL of PBS. Each well was
then infected with 100 pL of EV-A71 at MOI of 1, incubated at 37 °C, 5% CO2zfor 1 h
and washed twice with 100 pL of PBS. Each well was then topped up with 1 mL of
DMEM, 2% HI-FCS and incubated at 37 °C, 5% CO2 for 12 h. At 12 hpi, the plate was
frozen down for viral plague assay. All experiments were performed in triplicates.

2.9. Co-treatment assay

RD cells were seeded on a 24-well plate at a seeding density of 1.5 x 10° cells
per well and incubated overnight. 500 pL of EV-A71 at MOI of 1 was treated with
500 pL of 10 uM of compound 2 or 0.1% DMSO and incubated at 37 °C for 30 min.
After which, the treated viruses were filtered centrifugally with a 100,000-molecular-
weight centrifugal filter unit (Sartorius, Goéttingen, Germany) at 1,500 x g, 4 °C for
5 min to remove unbound compound and DMSO molecules. The treated viruses were
washed with 1 mL of PBS, filtered again at 1,500 x g, 4 °C for 5 min and then re-
suspended in 500 uL of DMEM, 2% HI-FCS. After which, the seeded cells were
infected with 100 pL of the treated viruses, incubated at 37 °C, 5% CO:2 for 1 h and
washed with 100 pL of PBS twice. Each well was then added with 1 mL of DMEM, 2%
HI-FCS and incubated at 37 °C, 5% CO2 for 12 h. At 12 hpi, the plate was frozen down
for viral plaque assay. All experiments were performed in triplicates.

2.10. Entry bypass assay

RD cells were seeded on a 24-well plate at a seeding density of 1.5 x 10° cells
per well and incubated overnight. EV-A71 viral RNA was extracted with QlAamp Viral
RNA Mini Kit (QIAGEN, Hilden, Germany). EV-A71 was first lysed with viral lysis buffer
and then precipitated with 100% ethanol. The nucleic acids were then dispensed into
the spin column, washed thrice with the washing buffers provided and then eluted with
50 uL of elution buffer. 500 ng of EV-A71 RNA and 1pL of DharmaFECT 1
transfection reagent (Thermo Fisher Scientific, Waltham, USA) were mixed into 50 pL
of serum-free DMEM independently and incubated at room temperature for 5 min.
After which, both suspensions were combined and incubated at room temperature for
20 min to form transfection complexes. 100 pL of EV-A71 RNA-DharmaFECT 1
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transfection complexes was then pipetted to the seeded RD cells and incubated at
37 °C, 5% CO:z2 for 1 h for transfection to proceed. Following incubation, each well was
topped up with 400 uL of compound 2 or DMSO to make up the final desired
concentrations and incubated at 37 °C, 5% CO2 for 12 h. At 12 hpi, the plate was
frozen down for viral plaque assay. All experiments were performed in triplicates.

2.11. SDS-PAGE and Western blot

RD cells were seeded on a 24-well plate at a seeding density of 1.5 x 10° cells
per well and incubated overnight. The cells were either infected with 100 pL of EV-
A71 at MOI of 1 or mock-infected with 100 uL of DMEM, 2% HI-FCS for 1 h at 37 °C,
5% CO:.. After infection, the cells were washed twice with 1 mL of PBS before treating
with varying concentrations of compound 2 for 6 h at 37 °C, 5% CO2. Cells treated
with 0.1% DMSO were used as vehicle controls. After 6 h, the compound was
discarded and 100 pL of 1x Laemmli buffer was pipetted to each well to lyse the cells.
The wells were scraped and the cell lysate was recovered and stored at —-80 °C. To
separate the proteins in the cell lysate, the sample was first denatured at 100 °C for
10 min. 20 pL of the sample was loaded onto a 10% acrylamide gel which was ran at
100 V for 2.5 h. 4 pL of the Bio Basic 10-250 kDa Protein Ladder BZ0011G (Bio Basic,
Markham, Canada) was used as a molecular-weight size marker. Separated protein
bands on the gel were then transferred onto an activated polyvinylidene difluoride
(PVDF) membrane by operating the Trans-Blot Turbo system (Bio-Rad) at 1.3A for
10 min.

After which, the PVDF membrane was first blocked with 2% bovine serum
albumin (BSA; Sigma Aldrich, St. Louis, USA) dissolved in Tris-buffered saline-Tween
20 (TBST) for 30 min. After blocking, the membrane was incubated with diluted mouse
anti-EV-A71 VP2 1° antibody, MAB979 (Merck Millipore, Burlington, USA; 1:10000
blocking reagent) at 4 °C overnight. Subsequently, the membrane was washed thrice
with  TBST for 5 min. After which, the membrane was incubated with
diluted horseradish peroxidase (HRP) conjugated goat anti-mouse IgG 2° antibody
(Thermo Fisher Scientific, Waltham, USA; 1:10000 blocking reagent) at room
temperature for 1 h. Following incubation, the membrane was again washed thrice
with TBST for 5 min and exposed to an enhanced chemiluminescent substrate,
Immobilon Western Chemiluminescent HRP substrate (Thermo Fisher Scientific,
Waltham, USA) for 3 min before viewing using the C-DiGit Chemiluminescence
Western Blot Scanner (LI-COR). To re-probe the membrane, Restore PLUS stripping
buffer (Thermo Fisher Scientific) was employed to remove the bound antibodies. A
similar method was used to detect the loading control, B-actin. The membrane was
first blocked and then incubated with mouse anti-B-actin 1° antibody (Merck Millipore,
Burlington, USA) and HRP-conjugated goat anti-mouse IgG 2° antibody (Thermo
Fisher Scientific, Waltham, USA) diluted in blocking reagent in 1:10000, at room
temperature for 45 min. The membrane was later washed and exposed to view the
protein bands. All experiments were performed in triplicates.

2.12. Nano-luciferase reporter assay
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RD cells were seeded on 96-well plates at a seeding density of 2 x 10* cells per
well and incubated overnight. The cells were transfected with either EV-A71
replication-competent replicon or replication-defective replicon. P1 region in both
replicons was substituted with the NanoLuc luciferase gene (Promega). The EV-A71
replication-defective replicon has 159 nucleotides deleted from the 3D region. 100 ng
of the purified RNA transcripts of either replicon, together with 0.2 pL of DharmaFECT
1 transfection reagent, 20 pL of DMEM, serum-free and 80 puL of DMEM, 10% HI-FCS
were added to each well and incubated for 4 h at 37 °C, 5% COz2 for transfection.
Following incubation, the cells were washed once with 100 pL of PBS before treating
with 100 pL of 0.1% DMSO, varying concentrations of compound 2, 1 mM guanidine
hydrochloride (GuHCI, RNA replication inhibitor; Sigma Aldrich, St. Louis, USA) or
10 pg/mL cycloheximide (CHX, general translation inhibitor; Sigma Aldrich, St. Louis,
USA) and incubated for 12 h at 37 °C, 5% CO:2 before luciferase detection using the
Nano-Glo kit (Promega, Madison, USA). All experiments were performed in triplicates.

2.13. Bicistronic luciferase reporter assay

RD cells were seeded on a 96-well white plate at a seeding density of 2 x 10 cells
per well and incubated overnight. The cells were transfected with the bicstronic
luciferase reporter construct containing a human cytomegalovirus promoter (CMV
promoter) and downstream EV-A71 strain 41 IRES flanked by Renilla luciferase (R
Luc) and firefly luciferase (F Luc) genes. 200 ng of the bicistronic construct, 0.4 pL of
JetPRIME transfection reagent (Polypus-transfection, lllkirch-Graffenstaden, France)
and 9.6 pL of jetPRIME buffer (Polypus-transfection, lllkirch-Graffenstaden, France)
were incubated together for 10 min at room temperature to form transfection
complexes before 90 uL of DMEM, 2% HI-FCS was added to obtain a total volume of
100 uL to transfect each well. The cells were incubated for 12 h at 37 °C, 5% CO:2 for
the uptake of the transfection complexes. Following incubation, the transfection
mixture was removed and the transfected cells were treated with 100 uL of 0.1%
DMSO, 5 uM of compound 2 or 25 uM of apigenin (Sigma Aldrich, St. Louis, USA) and
incubated for a further 12 h at 37 °C, 5% CO:2 before luciferase detection using the
Dual-Glo Luciferase Assay System (Promega, Madison, USA). All experiments were
performed in triplicates.

2.14. Generation of resistant mutant

RD cells were first seeded on a 24-well plate at a seeding density of 1.5 x 10° cells
per well and incubated overnight. The seeded cells were infected with 200 pL of EV-
A71 at MOl of 1 for 1 h at 37 °C, 5% CO.. After infection, 800 pL of compound 2 were
pipetted to the infected cells to attain a final concentration of 10 uM and incubated at
37 °C, 5% CO2 for 12 h. Wells treated with 0.1% DMSO and DMEM, 2% HI-FCS were
used as vehicle and negative controls respectively. Subsequently, the supernatant
was recovered and viral titre was ascertained by viral plaque assay. 200 pL of the
supernatant was also used to infect another plate of similarly seeded RD cells and the
process was repeated. Resistant mutants would be obtained when the viral titre for
the compound 2-treated become similar to that of the controls.

2.15. Antiviral activity of compound 2 against other enteroviruses
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The potential antiviral activity of compound 2 on other Enteroviruses (EV-D68,
CV-A6, CV-A16) were also investigated with dose-dependent inhibition assay. All virus
infections were performed at MOI of 1. EV-D68-infected cells were treated for 12 h,
CV-Al6-infected cells were treated for 16 h and CV-A6-infected cells were treated for
4 days. Additional cell viability assay was performed to determine the suitable less-
cytotoxic concentrations for dose-dependent inhibition assay with longer drug
treatment duration (>12 h). All experiments were performed in triplicates.

2.16. Statistical analysis

One-way analysis of variance (ANOVA) was utilised to assess the statistical
significance of the data collected in this study. When compared to the controls,
samples that showed significant statistical differences (p-values < 0.05, 0.01 and
0.001) were then further examined with a Dunnett’s post-test. When comparing
between two different samples, a two-tailed students’ T-test was carried out instead to
assess the significance of data.

3. Results
3.1.Compound 2 acts as an effective anti-EV-A71 agent

The inhibitory activity against EV-A71 infection was conducted by a dose-
dependent inhibition assay using 0.1% DMSO as the solvent control. As shown in Fig.
1 and Table 1, compound 2 exhibits good anti-EV-A71 activity while its cytotoxicity is
low. As shown in Table 1, viral titre reduction of compound 2 is significant at 5 uM (1.6
logio PFU/mL decrease) and 10 pM (2.3 logio PFU/mL decrease), revealing that
compound 2 is an effective anti-EV-A71 agent with 1Cso (50% effective concentration
against EV-A71 infection) value of 0.95 uM while CCso (50% toxic concentration to RD
cells) value of 11.64 uM and selectivity index (Sl) is higher than 12. 8S,17-
Epoxide 2b is the major isomer in compound 2, however, pure 8S,17-epoxide 2b is
less active than compound 2 against EV-A71 infection (Table 1) and no ICso value
for 2b was produced, reasoning that (1) the minor isomer of 8R,17-epoxide 2a is the
more active isomer in compound 2, or/and (2) it is also possible to execute anti-EV-
A71 activity of compound 2 by optimal combination of 2a and 2b. Even though
compound 2 and compound 6 exhibit almost the same value of viral titre reduction at
10 uM, no ICso values for compound 6 could be generated while viral titre reduction of
compound 6 (Table 1) is more sharply varied from 0.63 logio PFU/mL decrease at
5 uM to 2.27 logio PFU/mL decrease at 10 uM than that of compound 2. Therefore, in
this study compound 2 was subjected to downstream analysis to elucidate its mode of
action due to its favourable selectivity index and structural novelty.

3.2.Compound 2 inhibits the post-entry stages of EV-A71 viral replication cycle
Time-of-addition and time-of-removal assays [51] were carried out to identify the
time window in the EV-A71 viral cycle in which compound 2 acts on. RD cells were
first seeded and infected with EV-A71. For time-of-addition assay, compound 2 was
added to the infected cells at pre-determined time points (Fig. 2A) to examine at which
time point, the inhibition effect would be lost and the viral titre would increase. For
time-of-removal assay, compound 2 was removed from the infected cells at similar
pre-determined time points to examine at which time point, the inhibition effect would
not be lost and the viral titre would plateau. At 12 h post infection (hpi), all supernatants
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were recovered and viral titres were ascertained. Using both assays, we can identify
the time window in the EV-A71 viral cycle in which compound 2 acts on. For time-of-
addition assay, the viral titre increased significantly only when the drug was added
from 10 hpi onwards (Fig. 2B), whereas for time-of-removal assay, the viral titre
decreased significantly between 0 and 4 hpi and then plateau from 4 hpi onwards (Fig.
2C). The two graphs intercept at about 8.5 hpi (Fig. 2D). With reference to the growth
kinetics of EV-A71 [52], compound 2 is likely to act on post-entry stages of EV-A71
viral cycle like RNA replication, protein translation, package and viral release. However,
since there was a notable 0.5 logio PFU/mL decrease in viral titre at 0.5 hpi for time-
of-removal assay, antiviral activity against entry stages like internalisation and
uncoating were not ruled out. As such, pre-treatment, co-treatment and entry bypass
assays were conducted to examine the inhibitory effect of compound 2 on the entry
stages.

Pre-treatment assay was executed to investigate if compound 2 is capable of
inhibiting viral entry into host cells by binding with the host cell surface receptors and
blocking viral attachment for receptor-mediated endocytosis. RD cells were first
treated with varying concentrations of 2 for 2 h and then infected with EV-A71 (Fig.
2A). Supernatant was recovered 12 hpi and the viral titre was ascertained with viral
plaque assay. Other than the highest concentration used, treatment with
compound 2 displayed viral titres similar to that of 0.1% DMSO (Fig. 2E). Furthermore,
viral reduction at the highest concentration was not as pronounced as treatment post-
infection. Pre-treatment with compound 2 at 10 uM led to 0.4 logio PFU/mL decrease
while post-treatment of that led to 2.3 logio PFU/mL decrease as mentioned earlier.
This suggests that the antiviral property of compound 2 is unlikely to be acting on the
host surface receptors that would affect EV-A71 entry into the host cells and the minor
reduction in viral titre at 10 uM is probably due to drug toxicity.

Co-treatment assay was conducted to investigate if compound 2 is capable of
inhibiting viral entry into host cells by interacting with the surface proteins of the
viruses and blocking viral attachment for receptor-mediated endocytosis. EV-A71 was
first treated with compound 2 for 30 min before being used to infect RD cells (Fig. 2A).
Supernatant was recovered 12 hpi and the viral titre was ascertained with viral plaque
assay. Co-treatment with compound 2 displayed viral titre similar to that of 0.1%
DMSO (Fig. 2F) suggests that the antiviral property of compound 2 is unlikely to be
acting on the surface proteins of the viruses that would affect EV-A71 entry into the
host cells. Taking the results from both pre-treatment and co-treatment assays
together, it is unlikely that compound 2 inhibits viral attachment and entry into host
cells.

Entry bypass assay was conducted to investigate if compound 2 is able to inhibit
stages of EV-A71 replication cycle occurring after the release of viral RNA into the
host cytoplasm such as RNA replication, protein translation, package and viral release.
RD cells were first transfected with EV-A71 RNA and then treated with varying
concentrations of compound 2 (Fig. 2A). Supernatant was recovered 12 hpi and the
viral titre was ascertained with viral plaque assay. Treatment with compound 2 led to



437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482

significant viral reduction at 10 uM (2.5 logio PFU/mL decrease) (Fig. 2G). This
suggests that compound 2 is likely to be acting on the aforementioned post-entry
stages of EV-A71 replication cycle since transfection eliminated the early stages (entry,
uncoating and release of RNA genome into host cytosol) from the viral replication
cycle and treatment with compound 2 displayed significant inhibition.

3.3.Compound 2 reduces viral protein expression by inhibiting EV-A71 RNA

replication only

Western blot analysis was conducted to evaluate the effect of compound 2 on EV-
A71 viral protein expression. RD cells were seeded, infected with EV-A71 and then
treated with varied concentrations of compound 2 as well as 0.1% DMSO serving as
vehicle control. At 6 hpi, the supernatant containing compound 2 was discarded and
the cells were lysed. Cell lysate samples were subjected to SDS-PAGE and Western
blot. Treatment with compound 2 led to significant dose-dependent reduction in the
band intensities of VP2 (28 kDa), an EV-A71 structural protein as well as VPO (36 kDa),
an incomplete processed viral polypeptide made up of VP2 and VP4 (8 kDa), another
EV-A71 structural protein [53]. VP2 band was detected for 0.1% DMSO but not for any
treatment by compound 2 (Fig. 3A). In contrast, VPO band was detected after
treatment with compound 2 at 1 uM with a 2-folds reduction in band intensity when
compared with 0.1% DMSO when compared with 0.1% DMSO (Fig. 3A-B). No VPO
band was detected at higher concentrations of compound 2. 3-Actin was probed as a
loading control. These results suggest that compound 2 can affect viral protein
synthesis in host cells. Considering previous results from pre-treatment, co-treatment
and entry bypass assays, it is likely that compound 2 targets RNA replication, protein
translation or both, which led to decreased viral protein expression in compound-
treated host cells.

To investigate if compound 2 inhibits RNA replication, protein translation or both,
the cells were first transfected with either EV-A71 replication-competent replicons or
replication-defective replicons before treated with varied concentrations of
compound 2. At 12 hpi, the level of luminescence was measured to detect the amount
of luciferase present. Since the replication-defective replicon has
159 nucleotides deleted from the 3D region and 3D protein functions as viral RNA-
dependent RNA polymerase [6b], the deletion would disable RNA replication (Fig. 3C).
As such, luciferase production in cells transfected with the replication-defective
replicon is only due to IRES-mediated translation of the transfected replicon. In
contrast, the replication-competent replicon can be replicated to form more copies for
translation. As such, luciferase production in cells transfected with the replication-
competent replicon is due to IRES-mediated translation of both the transfected
replicon and the replicated copies. With this understanding, a RNA replication-specific
inhibitor like GuHCI will reduce luciferase production in cells transfected with the
replication-competent replicon while a translation-specific inhibitor like CHX will
reduce luciferase production in cells transfected with either replicon. In this study,
GuHCI and CHX were used as functional positive controls. Treatment with
compound 2 displayed similar inhibitory profile as GuHCI, with significant dose-
dependent reduction in the amount of luciferase present in the cells transfected with
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the replication-competent replicon but not with the replication-defective replicon (Fig.
3D-E). This suggests that the inhibitory property of compound 2 is likely to be specific
to viral RNA replication only.

To confirm that treatment with compound 2 does not affect IRES-mediated
translation, a bicistronic reporter assay was carried out as described previously [54].
The cells were first transfected with a bicistronic reporter construct consisting of
a human cytomegalovirus promoter (CMV promoter) and downstream EV-A71 strain
41 IRES flanked by Renilla luciferase (R Luc) and firefly luciferase (F Luc) genes (Fig.
3F). The expression of R Luc is driven by the cap-dependent CMV promoter while the
expression of F Luc is driven by the cap-independent EV-A71 strain 41 IRES. The
transfected cells were subsequently treated with compound 2 and respective
luciferase activities were measured. The efficiency of IRES-mediated translation was
represented by the ratio of F Luc to R Luc (F Luc/R Luc). Apigenin, a known EV-A71
IRES inhibitor [55], was used as the positive control. Treatment with compound 2 at
5 uM show no significant difference in IRES activity when compared with 0.1% DMSO
(Fig. 3G) further reiterates that the inhibitory property of compound 2 is specific to viral
RNA replication only.

3.4.Compound 2 is likely to target a host factor in EV-A71 RNA replication

Attempts were made to generate resistant mutants against compound 2. This was
done by repeatedly passaging EV-A71, together with increasing concentrations of
compound 2, in RD cells (Fig. 4A). From Passage 1 to Passage 20, when treated with
5 UM of compound 2, the viral titre fluctuated before slowly increasing from Passage
15 onwards. At Passage 21, we increased concentration of compound 2 to 7.5 pM and
the viral titre starts to gradually decrease again. We subjected the supernatant
recovered from Passage 30 to dose-dependent inhibition assay and found that
compound 2 remains effective in inhibiting the treated virus in a dose-dependent
manner (Fig. 4B). As such, we believe that compound 2 is likely to be targeting a host
factor which increases the difficulty of generating resistant mutants.

3.5.Compound 2 exhibits broad-spectrum antiviral effects against other enteroviruses

Dose-dependent inhibition assay was performed on other enteroviruses and one
flavivirus to determine if compound 2 possesses broad-spectrum antiviral activity. The
enteroviruses being investigated were CV-A16, CV-A6 and EV-D68. Compound 2, at
5 UM, was able to inhibit all the enteroviruses mentioned with significant reduction in
viral titre (Fig. 5). As shown in Table 2, compound 2 was more potent towards CV-A16
(ICs0 = 0.46 pM) compared to CV-A6 (ICso = 1.12 uM), EV-D68 (ICso = 1.59 pM) and
even EV-A71 (ICso = 0.95 puM).

4. Discussion

While EV-A71 infections are generally asymptomatic or mild, there are cases of
severe neurological complications such as acute flaccid paralysis, aseptic meningitis
and brainstem encephalitis associated with the infections. Coupled with the surge of
EV-A71 outbreaks across the world in the last decade as well as the lack of
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internationally approved antivirals to combat these infections, there is a pressing need
to develop safe and effective antivirals against EV-A71.

Traditionally, andro has been used in Chinese medicine to treat HFMD. “Xiyanping”,
an andro sulfonate analogs complex, is employed widely in China to treat HFMD with
clinical efficacy [42, 56]. Andro was also reportedly able to inhibit EV-D68 by inhibiting
acidification of virus-containing endosomes after receptor-mediated endocytosis
hence trapping the virus in endosomes which would eventually be phagocytosed and
killed [57]. To further improve the anti-HFMD efficacy of andro, more potent analogs
of andro have to be derived by novel chemical modification. In this study, we found
that among the series of 14-aryloxy andrographolide modified with the introduction of
8,17-epoxide, 14S-(2’-chloro-4’-nitrophenoxy)-8R/S,17-epoxy andrographolide 2 was
discovered as an effective anti-EV-A71 agent.

Compound 2 is made up of two inseparable isomers of 8R,17-epoxide 2a as a
minor (~20%) and 8S,17- epoxide 2b as a major (~80%). It was well tolerated by the
cells below 10 uM and was able to significantly reduce the viral titre of EV-A71 infected
RD cells at 5uyM and 10 yM. The CCso and ICso values of compound 2 were
determined to be 11.64 uM and 0.95 uM respectively, which yield a selectivity index
of > 12, showcasing strong anti-EV-A71 activity with low cytotoxicity. We also tested
the pure 8S,17-epoxide isomer 2b in hand against EV-A71 and found that it is less
effective in reducing the EV-A71 infection despite being the major isomer in
compound 2. This suggests that either the minor isomer of compound 2, 8R,17-
epoxide 2a, is the more active anti-EV-A71 agent by 2a’s more favourable orientation
in interaction with its target/s or the anti-EV-A71 activity of compound 2 stems from
the optimal combination of 2aand 2b. Furthermore, it is found that 19-
acetylated 6 (with the close but lower a-epoxide/B-epoxide ratio to compound 2)
decreases inhibitory activity to EV-A71, reasoning that the lower ratio of minor 8R,17-
isomer in compound 6 than in compound 2 perhaps affords less anti-EV-A71 activity;
or else 19-hydroxy of compound 2 is the key or 19-acetylation is not an suitable
modification for inhibitory activity to EV-A71. These inspire us in future study to work
on the synthesis of stereo-pure compound 2a in that 2a can elucidate more valuable
pharmacological information.

Since compound 2 is a novel derivative of andro with no previously reported
antiviral activity, it was subjected to mechanistic studies to elucidate its antiviral
mechanism. Time-of-addition and time-of-removal assays were first carried out to
identify the time window in the EV-A71 viral cycle in which compound 2 acts on [51].
Compound 2 was either added to or removed from the infected cells at predetermined
time points. For time-of-addition assay, we wanted to identify the time point in which
when the compound was added, had missed its time window for inhibition, resulting in
loss of antiviral effect and increase in viral titre. For time-of-removal assay, we wanted
to identify the time point in which sufficient amount of the compound was internalised
and retained in the infected cells such that even when the compound was removed,
antiviral effect was not lost and viral titre started to plateau. We found that the viral titre
started to plateau at 4 hpi for time-of-removal assay and increase at 8 hpi for time-of-
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addition assay, suggesting that compound 2 is likely to act on the post-entry stages of
EV-A71 viral cycle with antiviral activity acting between 4 hpi to 8 hpi. These
observations were supported by the results of subsequent entry bypass assay, with
compound 2 being effective in reducing EV-A71 infection even after direct transfection
of EV-A71 viral RNA into RD cells. In contrast, pre-treatment and co-treatment with
compound 2 were not able to significantly reduce EV-A71 infection. These results
confirm that compound 2 does not exert its antiviral activity on EV-A71 viral
attachment and entry into host cells. According to previous characterisation studies on
the viral kinetics of EV-A71, viral RNA replication begins at 3 hpi and peaks between
6 hpi and 9 hpi while viral protein synthesis begins at 6 hpi and peaks at 9 hpi [52].
Hence, we speculate that compound 2 is targeting viral RNA replication, protein
translation or both. However, we do not rule out the potential antiviral activity of
compound 2 against the intermediary steps between viral entry and RNA release such
as endosome acidification and uncoating especially since andro was reportedly able
to inhibit EV-D68, another species of enterovirus, through this mode of action [57].

Through Western blot, we found that treatment with compound 2 led to dose-
dependent reduction in viral proteins levels (VPO and VP2) in host cells at 6 hpi. This
result corroborates the findings from time-of-addition and time-of-removal assays that
compound 2 is plausibly targeting viral RNA replication, protein translation or both,
which led to decreased viral protein expression. To understand the effects of
compound 2 on these two intrinsically-linked processes, nano-luciferase reporter
assay utilising EV-A71 replicons was performed. The cells were transfected with either
EV-A71 replication-competent replicon or EV-A71 replication-defective replicon before
treatment with compound 2. The replication-defection replicon contains a 159-
nucleotides deletion in the 3D region (encodes for viral RNA-dependent RNA
polymerase) that disables RNA replication. As such, luciferase production in cells
transfected with the replication defective replicon is due to IRES-mediated translation
of the transfected replicon only. In contrast, the replication-competent replicon can be
replicated to form more copies for translation. Hence, luciferase production in cells
transfected with the replication-competent replicon is due to IRES-mediated
translation of both the transfected replicon and the replicated copies. The functionality
of this assay was validated with two positive controls, guanidine hydrochloride (GuHCI),
a RNA-replication inhibitor [58], and cycloheximide (CHX), a general translation
inhibitor [59]. Treatment with compound 2, like GuHCI, lowered luciferase production
in cells transfected with the replication-competent replicon, in a dose-dependent
manner but not in cells transfected with the replication-defective replicon. This
suggests that compound 2 reduces viral protein expression by inhibiting EV-A71 RNA
replication specifically. To confirm that compound 2 has no effect on IRES activity, we
transfected the cells with a bicistronic reporter construct consisting of a CMV promoter
and downstream EV-A71 strain 41 IRES flanked by R Luc and F Luc genes. R Luc
expression and F Luc expression are driven by cap-dependent CMV promoter and
cap-independent EV-A71 IRES respectively. As such, we can measure the efficiency
of IRES-mediated translation using the ratio F Luc to R Luc. Upon treatment of the
transfected cells with compound 2, we found no significant difference when compared
with 0.1% DMSO. In contrast, cells treated with apigenin, a known EV-A71 IRES
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inhibitor [55], showed a significant drop in IRES activity. This supports the finding that
compound 2 targets EV-A71 RNA replication specifically to reduce EV-A71 infection.

Attempts to generate resistant mutants against compound 2 were unsuccessful.
We serially passage the EV-A71 in RD cells with increasing concentrations of
compound 2 for 30 passages. However, even at Passage 30, the viral titre of
compound 2-treated cells remained lower than that of 0.1% DMSO-treated cells and
non-treated cells. We subjected the supernatant recovered from Passage 30 to dose-
dependent inhibition assay and unsurprisingly, compound 2 remains effective in
inhibiting the treated virus. As such, we believe that compound 2 is likely to be
targeting a host factor that prevents the virus from developing resistance.

We also investigated the potential for broad spectrum antiviral activity of
compound 2 against other enteroviruses. The viruses being investigated were CV-A16,
CV-A6 and EV-D68. We found that compound 2 was able to inhibit all three viruses
with ICso of 0.46 puM, 1.12 uM and 1.59 uM respectively. This was not a surprise as
earlier we speculate that compound 2 could be inhibiting a host factor involved in EV-
A71 RNA replication and the same host factor could be inhibited in the RNA replication
of these three viruses as the same cell line (RD) was used for infection. Nonetheless,
we do not rule out the possibility that compound 2 can act on multiple targets. Since
CV-A16 and CV-AG6 are also responsible for causing HFMD among young children [60],
the discovery of compound 2 as a broad-spectrum antiviral agent can be further
explored to be use clinically as potential antiviral treatment against HFMD.

To date, the cellular targets of andro and its derivatives remained unclear. Hence,
while we speculate that compound 2 could be inhibiting a host factor involved in EV-
A71 RNA replication, more research is needed to identify the precise target. While
andro has been reported to target the p38 MAPK/Nrf2 and retinoic acid-inducible
gene-l (RIG-1)-like receptors (RLRSs) signalling pathways for anti-HCV and anti-H1N1
activity respectively [16a,16b], targeting the NF-kB signalling pathway is a more
relevant antiviral approach with regard to EV-A71 infection since EV-A71 infection
activates NF-kB signalling which is crucial for viral replication and virus-induced
inflammatory responses [61] and andro is found to be a NF-kB inhibitor [26, 62].
However, our previous result [23c] shown that there NF-kB may not be taken as the
primary target of 8,17-epoxide andro analogs which suggests other existing targets of
inhibition triggered by the introduction of 8,17-epoxide. Andro is also reportedly
capable of inducing heme oxygenase 1 (HO-1) expression [63]. In relation to EV-A71
infection, it is shown that overexpression of HO-1 can inhibit EV-A71 replication and
EV-A71-induced NAPH oxidase activation and ROS generation which are responsible
for causing oxidative stress and the development of pathological conditions including
encephalitis [64]. However, it is unlikely that compound 2 exerts anti-EV-A71 activity
through HO-1 as it would have significantly inhibited EV-A71 infection in the pre-
treatment assay which was not the case. Nrf2 activation by covalently binding Keapl
of andro scaffold via Michael reaction is correlated with activation of HO-1 [27-30]. No
EV-A71 inhibition in the pre-treatment assay also likely to indicate no obvious HO-1
activation which suggests that at least compound 2 does not primarily behave as
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Michael acceptor. Hence, we speculate that introduction of 8,17-epoxide makes
compound 2 more likely to bind other target/s or/and a hindrance to approach double
bond by Michael donor/s from NF-kB, Keap1 and etc. Further study for elucidation of
action of mode is expected.

In summary, we discovered compound 2 of 14S-(2’-chloro-4’-nitrophenoxy)-
8R/S,17-epoxy andrographolide as anti-EV-A71 infection agent by inhibiting the post-
entry stages of EV-A71 viral replication cycle. Compound 2 significantly reduces viral
titre and viral protein expression via inhibiting EV-A71 RNA replication. Meanwhile,
compound 2 is likely to target a host factor in EV-A71 RNA replication and exert broad-
spectrum antiviral effects against other enteroviruses. As a result, andrographolide
scaffold mounted with 14-aryloxy and 8,17-epoxide moieties is a potential anti-EV-A71
strategy. Future work to discover more potent andrographolide derivatives, elucidate
comprehensive SAR and understand the mechanism of drug action is under way.
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Fig. 1. Cytotoxicity, anti-EV-A71 activity and viral titre of compound 2. EV-A71-
infected RD cells were treated with compound 2 at various concentrations and
significant viral reductions were observed (shown in Table 1). The left y-axis measures
the viral titre while the right y-axis measures the relative cell viability. Each data
point/bar indicates the mean of triplicates and error bars signify their standard
deviation. Statistical analyses were accomplished using one-way ANOVA and
Dunnett’s post-test. *** indicates p < 0.001.
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Fig. 2. Compound 2 inhibits the post-entry stages of EV-A71 viral replication
cycle. (A) Schematic illustration of the process of time point dependent
assays. (B) Time-of-addition assay comparing 10uM of compound 2 with
0.1% DMSO. (C) Time-of-removal assay comparing 10 uM of compound 2 with 0.1%
DMSO. (D) Combined results of both time-of-addition and time-of-removal assays for
10 uM of compound 2. (E) Pre-treatment with compound 2 showed significant viral
reduction at the highest concentration used although the reduction was not as
pronounced as treatment post-infection. Viral titres at other concentrations remained
similar to 0.1% DMSO suggest that compound 2 is unlikely to inhibit EV-A71 entry into
host cells. (F) Co-treatment with compound 2 showed no significant difference in viral
titres suggests that compound 2 is unlikely to interact with viral surface proteins to
inhibit viral entry. (G) Entry bypass assay showed significant viral reduction for EV-
A71 RNA transfected cells treated with compound 2 at 10 uM, suggesting that
compound 2 is likely to inhibit the late stages of EV-A71 replication. Each data
point/bar indicates the mean of triplicates and error bars signify their standard
deviation. Statistical analyses were accomplished using one-way ANOVA and
Dunnett’s post-test. ** indicates p < 0.01 and *** indicates p < 0.001.
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Fig. 3. Compound 2 reduces viral protein expression by inhibiting EV-A71 RNA
replication. (A) Western blot detection showed significant dose-dependent
reductions in VP2 and VPO band intensities at 6 hpi upon treatment with
compound 2 suggests that compound 2 can affect viral protein synthesis in host
cells. (B) Relative band intensity of VPO was obtained by comparing samples treated
with  compound 2 with  0.1% DMSO. (C) EV-A71 replication-competent and
replication-defective replicons used in nano-luciferase reporter assay. (D) Nano-
luciferase reporter assay on RD cells transfected with replication-competent replicon.
Treatment with compound 2 led to significant dose-dependent reduction in
luminescence. (E) Nano-luciferase reporter assay on RD cells transfected with
replication-defective replicon. No significant dose-dependent reduction in
luminescence was observed. This suggests that compound 2 inhibits EV-A71 RNA
replication but not IRES-mediated protein translation. GUHCl and CHX serve as
positive controls. (F) Bicistronic reporter construct used in
bicistronic luciferase reporter assay. (G) Bicistronic reporter assay on RD cells
transfected with bicistronic reporter construct. IRES-mediated translation activity was
represented by FLuc/RLuc. Treatment with compound 2 did not affect IRES
activity. Apigenin serves as positive control. Each bar indicates the mean of triplicates
and error bars signify their standard deviation. Statistical analyses were accomplished
using one-way ANOVA and Dunnett’s post-test. * indicates p < 0.05, ** indicates
p < 0.01 and *** indicates p < 0.001.
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Fig. 4. Attempts to generate EV-A71 resistant mutants against compound 2.
(A) Viral titres at every passage correspond to treatment with compound 2 (red), 0.1%
DMSO (blue) and DMEM, 2% HI-FCS (black). At 12 hpi, the supernatant was
recovered and used to infect a subsequent passage. From Passage 1 to 20, 5 uM of
compound 2 was used. From Passage 21-30, 7.5uM of compound 2 was
used. (B) Dose-dependent inhibition assay performed on supernatant harvested from
Passage 30. Significant reductions in viral titre were observed after treatment with
compound 2 in a dose-dependent manner suggests that no resistance has been
developed yet. Each data point/bar indicates the mean of triplicates and error bars
signify their standard deviation. Statistical analyses were accomplished using one-way
ANOVA and Dunnett’s post-test. * indicates p < 0.05, ** indicates p < 0.01 and ***
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the reader is referred to the web version of this article.)



934

935
936
937
938
939
940
941
942
943

944

945

(A) CV-Alé6 (B) CV-A6

-o- Relative Cell Viability (%) -o- Relative Cell Viability (%)
Viral Titre (Log, o PFU/mL) Viral Titre (Log, o PFU/mL)
g 104 r 120 g E 104 r 140 ‘?
S F100 & = r120 o
& P & F100 §
80
> 6 o 2 Leo &
g Leo = & =
] < - Leo <
5 4 g s g
£ (40 2 £ Lao Z
= 2 g F g
= 20, = = F20 —
— = = =
> o Lo ~ > Lo: =
Ny
Drug Concentration (uM) Drug Concentration (uM)

-8~ Relative Cell Viability (%)
Viral Titre (Log, o PFU/mL)

- 120
100

-

©® o

1 1 }

y )
3

Viral Titre (Log;o PFU/mML)
(%) Angern 1190 aanejey

Drug Concentration (uM)

Fig. 5. Antiviral effects of compound 2 on other enteroviruses. (A) CV-
Al6, (B) CV-A6 and (C) EV-D68 -infected RD cells were treated with compound 2 at
various concentrations and viral titre was ascertained with viral plaque assay.
Significant reduction in viral titres were observed for all enteroviruses upon treatment
with compound 2. The left y-axis measures the viral titre while the right y-axis
measures the relative cell viability. Each data point/bar indicates the mean of triplicates
and error bars signify their standard deviation. Statistical analyses were accomplished
using one-way ANOVA and Dunnett’s post-test. ** indicates p < 0.01 and *** indicates
p < 0.001.
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Scheme 1. Reagents and conditions: (a) TsOH-H20, MeOH, room temperature,
30 min. (b) mCPBA, NaHCOs3, DCM, room temperature, 12 h. (c) AcCl, TEA, DCM,
0°C, 5h. (d) 2,2-dimethoxypropane, PPTS, DCM, 45°C, 3h. (e) 2-Chloro-4-
nitrophenol, PPhs, DIAD, THF, 0 °C, 2 h.
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Table 1. Values of viral titre reduction, CCso, ICso and Sl of compounds 2, 2b and 6.

Compound Logio PFU/mL viral titre  CCso (UM) ICs0 (UM)  Selectivity

reduction at Index (SI)
5 uM 10 uM
2 1.60 2.30 11.64 0.95 12.28
2b 0.61 141 14.42 /2 2
6 0.63 2.27 10.50 /2 2

aNot available.

Table 2. ICso0 values of 2 against other Enteroviruses.

Enterovirus Species Drug treatment duration (h) ICs0 (UM)
CV-Al6 Enterovirus A 16 0.46
CV-Ab6 Enterovirus A 96 1.12
EV-D68 Enterovirus D 12 1.59




