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Abstract
Chikungunya virus (CHIKV) is a mosquito-borne alphavirus. As an emerging virus, CHIKV imposes a threat to public

health. Currently, there are no vaccines or antivirals available for the prevention of CHIKV infection. Lycorine, an alkaloid

from Amaryllidaceae plants, has antiviral activity against a number of viruses such as coronavirus, flavivirus and enter-

ovirus. In this study, we found that lycorine could inhibit CHIKV in cell culture at a concentration of 10 lmol/L without

apparent cytotoxicity. In addition, it exhibited broad-spectrum anti-alphavirus activity, including Sindbis virus (SINV),

Semliki Forest virus (SFV), and Venezuelan equine encephalomyelitis virus (VEEV). The time of addition studies indi-

cated that lycorine functions at an early post-entry stage of CHIKV life cycle. The results based on two different CHIKV

replicons provided further evidence that lycorine exerts its antiviral activity mainly by inhibiting CHIKV translation.

Overall, our study extends the antiviral spectrum of lycorine.
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Introduction

Chikungunya virus (CHIKV) is an important re-emerging

mosquito-transmitted pathogen within the Alphavirus

genus of the Togaviridae family. It generally causes high

fever, headache, rashes, myalgia, arthralgia, and occa-

sionally crippling arthritis that may persist for months or

even years (Schwartz and Albert 2010). More severe

symptoms, including encephalitis, hemorrhagic disease and

mortality have also been reported during recent epidemics

(Das et al. 2010). Additionally, perinatal CHIKV infection

with severe outcomes has been reported recently (Gerardin

et al. 2014; Bandeira et al. 2016; Contopoulos-Ioannidis

et al. 2018; van Enter et al. 2018). To date, neither licensed

vaccines nor specific antiviral drugs are available to pre-

vent CHIKV infection.

CHIKV is a positive, single-stranded RNA virus, and the

complete genome is around 12 kilobases (kb) with a 50 cap
and a 30 poly (A) tail that contains two ORFs. The first

ORF locating at the 50 two-thirds of the CHIKV genome

encodes four nonstructural proteins (nsP1–nsP4) responsi-

ble for viral replication and transcription. The second ORF,

found at the 30-end of the genome, encodes the structural

proteins (capsid (C), E3, E2, 6 K/TF and E1) that function

in the assembly of new virus particles and the attachment

and entry to new cells. After entry into host cells, the viral

genome is directly used as mRNA for the translation of

nonstructural proteins (nsP1–nsP4) that form viral repli-

cation complex to initiate the synthesis of the negative-

strand RNA using viral genome as the template (Kaur et al.

2013). The resulting negative-strand RNA then serves as a

template for the synthesis of viral genomic and 26S

subgenomic (sg) RNAs. Among which, the sgRNA is

transcribed from the remaining 30 one-third of the genome

with a sg promoter that is presented on the full-length

negative-stranded RNA. The sgRNA is subsequently

translated into structural proteins. Efforts have been made
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to develop compounds against CHIKV infection that target

different steps of viral life cycle, for example harring-

tonine, a cephalotaxine ester derived from the Japanese

plum yew, inhibited CHIKV infection by interfering with

the process of viral protein synthesis (Kaur et al. 2013);

ribavirin and 6-azauridine that are nucleotide analogs target

the steps of viral RNA synthesis (Briolant et al. 2004;

Abdelnabi et al. 2015).

Lycorine is an alkaloid extracted from Amaryllidaceae

plants (Zou et al. 2009). It has been reported to exhibit

different biological activities such as anti-inflammatory,

anti-malarial, anti-leukemia as well as antiviral activities.

Numerous viruses have been reported to be sensitive to

lycorine treatment including severe acute respiratory syn-

drome-associated coronavirus (SARS-CoV) (Shen et al.

2019), SARS-CoV-2 (Zhang et al. 2020), human immun-

odeficiency virus (HIV-1) (Yang et al. 2019), hepatitis C

virus (HCV) (Chen et al. 2015), influenza virus (He et al.

2013), flavivirus (Zou et al. 2009) and enteroviruses (Liu

et al. 2011; Wang et al. 2019).

In this paper, we report that lycorine inhibits multiple

alphaviruses propagation in cell culture without

detectable cytotoxicity. Mode-of-action analysis indicates

that lycorine inhibits CHIKV infection at the post-entry

step of CHIKV life cycle, mainly viral translation.

Materials and Methods

Cell Lines, Viruses and Compounds

BHK-21, Vero, Huh7 and A549 cells were grown in Dul-

becco’s modified Eagle’s medium (DMEM) (Gibco) con-

taining 10% heat-inactivated fetal bovine serum (FBS)

(Gibco), 100 units/mL of penicillin, 100 lg/mL of strep-

tomycin in 5% CO2 at 37 �C.
The wild type (WT) CHIKV (GenBank accession No.

KC488650) and eGFP-CHIKV stocks were produced from

the infectious cDNA clones (Deng et al. 2016) and stored

in aliquots at -80 �C. The WT Sindbis virus (SINV, strain

AR339) and Semliki Forest virus (SFV, strain SFV4) were

kindly provided by Prof. Qing-Zhen Liu from Wuhan

University and Prof. Xi Zhou from Wuhan Institute of

Virology, respectively. The Venezuelan equine encephali-

tis virus (VEEV, strain TC-83) was generated by lipofec-

tion (DMRIE-C Reagent, Invitrogen) of Vero cells with the

transcribed viral genomic RNA from the linearized infec-

tious cDNA clone of the TC-83 vaccine strain.

The lycorine was purchased from Sichuan Victory

Biological Technology Co., Ltd., China.

Plasmid Construction

We have constructed two kinds of replicons to compare the

replication efficiency: the CHIKV-sg-Rluc and CHIKV-

nsP3-Rluc-replicon. The former was constructed by

replacing the structural protein genes of the WT CHIKV

with a Renilla luciferase gene that was initiated by a sg

promoter, the latter was constructed by inserting the

Renilla luciferase gene after codon 490 of the nsP3 gene

(Kummerer et al. 2012). An inactivating GDD to GAA

mutation in the catalytic site of nsP4 was introduced to

obtain the CHIKV-nsP3-Rluc-nsP4mut-replicon (Utt et al.

2016). For the purpose of comparison of translation effi-

ciency, two constructs were designed. One is the T7 pro-

moter-based construct expressing firefly luciferase that

contains the 50 and 30 UTR of CHIKV, the 77 N-terminal

amino acid residues of nsP1, a firefly luciferase reporter,

and a polyadenylation region followed by a T7 transcrip-

tion terminator (Utt et al. 2016). The other is a T7 pro-

moter-based sgRNA expressing Renilla luciferase. The

sgRNA includes the sg-50UTR and 30UTR of CHIKV, a

Renilla luciferase reporter and a polyadenylation region.

Electroporation

Approximately 5 lg of RNA was electroporated into

8 9 106 BHK-21 cells in 0.8 mL of cold phosphate buf-

fered saline (PBS, pH 7.5) in a 0.4-cm cuvette with the

GenePulser apparatus (Bio-Rad) using settings of 0.85 kV

and 25 lF, pulsing three times with 3 s intervals. After a

10 min recovery at room temperature, the transfected cells

were diluted in 20 mL of DMEM containing 10% FBS

with or without 10 lmol/L of lycorine and transferred into

12-well plates. The cell lysates collected at the indicated

time points were subjected to the luciferase assay as

described previously (Li et al. 2019).

Antiviral Assay of Lycorine

eGFP-CHIKV reporter virus was used for rapid detection

of inhibitory effects of lycorine and its derivatives. Vero

cells seeded in 12-well plates (2 9 105 cells per well) were

infected with eGFP-CHIKV at an MOI of 0.01. At 36 hours

post infection (hpi), the eGFP expression was detected

under a fluorescent microscope (Nikon Eclipse TE2000) in

the presence of different concentrations of lycorine or

10 lmol/L of derivatives. For dose-dependent inhibition of

lycorine on CHIKV in different cell lines or other alpha-

viruses, Vero, BHK-21, Huh7, A549 cells infected with

WT CHIKV or Vero cells infected with WT SINV, SFV

and VEEV at an MOI of 0.01 were treated with increasing

concentrations of lycorine. The culture media were
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collected at 12 hpi for SINV and at 24 hpi for SFV and

VEEV. Viral titers were quantified by plaque assay in

BHK-21 cells as described previously (Zhang et al.

2016, 2019). The antiviral activity of lycorine was

expressed as 50% effective concentration (EC50) which

indicated the compound concentration required to achieve

50% of viral titer reduction and was calculated by non-

linear regression using GraphPad Prism software 5.0.

Cytotoxicity Assays

The cytotoxicity of lycorine or its derivatives on cells was

examined with CCK-8 assay kit. In brief, different cells

were seeded in 96-well plates (1 9 104 cells per well) and

allowed to grow for 24 h before treatment. Afterwards, the

twofold serial dilutions of lycorine were added to the cells.

At 48 h, the cells were incubated with 10 lL of CCK8

reagent (cell counting kit-8, Bimake) for 1 h at 37 �C. The
absorbance at 450 nm was recorded by a multimode

microplate reader (Varioskan Flash; Thermo Fisher, Fin-

land). Cell viability was expressed as a percentage of the

treated cells to the control (untreated) cells. For each

lycorine concentration, six wells were performed in parallel

and the mean values of the cell viability were calculated.

The 50% cytotoxic concentration (CC50) was calculated by

nonlinear regression using GraphPad Prism software 5.0 to

determine the cytotoxic concentration at which 50% of the

cells are viable.

Disinfection Test

To exclude the possibility of degermation of lycorine, a

disinfectant test was designed. Briefly, equal volumes of

eGFP-CHIKV (2 9 104 PFU in 100 lL) and 10 lmol/L of

lycorine were mixed and incubated at 37 �C for 1 h. The

MicroSpin S-400 HR columns (GE Healthcare) were used

to trap the lycorine before inoculation into Vero cells. At

24 hpi, the eGFP expression was captured under a fluo-

rescence microscope.

Time-of-Addition Assay

To determine the step inhibited by lycorine during viral life

cycle, a time-of-addition assay was performed. Vero cells

infected with WT CHIKV at an MOI of 10 for 1 h at 37 �C
were treated with 10 lmol/L of lycorine at the following

time points: pre-infection (-2–0 h), during infection

(0–1 h), and postinfection (2, 4, 6, 8, 10 h). Meanwhile,

0.1% DMSO was added at the same time as a control. The

supernatants collected at 12 hpi were subjected to viral titer

quantification by plaque assay in BHK-21 cells as descri-

bed above.

Statistical Analysis

The two-way ANOVA was used to determine whether

there were significant differences (P\ 0.05) in all exper-

iments. The statistical analyses were performed using the

nonparametric test in GraphPad Prism 5.0.

Results

Identification of Lycorine as an Inhibitor
of CHIKV

To rapidly evaluate the antiviral activity of lycorine

(Fig. 1A) against CHIKV, we used a previously con-

structed CHIKV reporter virus (eGFP-CHIKV) harboring

an additional subgenomic promoter to express the reporter

gene, an enhanced green fluorescent protein (eGFP) (Deng

et al. 2016). As shown in Fig. 1B, treatment with lycorine

led to a dose-dependent inhibition of eGFP expression in

eGFP-CHIKV infected Vero cells, indicating that lycorine

could efficiently inhibit CHIKV replication. We then per-

formed a viral titer reduction assay using WT CHIKV to

further confirm the results from reporter virus. Consis-

tently, the dose-dependent reductions in viral titers were

observed in different lycorine-treated cells including Vero,

BHK-21, Huh7 and A549 cells with the EC50 values (the

compound concentration required to inhibit 50% of viral

titer) of 0.38, 0.75, 0.41 and 0.4 lmol/L, respectively

(Fig. 1C). To exclude the possibility that the inhibition of

viral replication was due to cytotoxicity caused by the

compound, we performed a cell proliferation-based cyto-

toxicity assay. Lycorine is less cytotoxic to these cells at

least at a concentration of 10 lmol/L when the viral titers

of CHIKV were decreased by 103–105-fold (Fig. 1C).

Taken together, our data confirm that lycorine could effi-

ciently inhibit CHIKV replication in cell culture, which are

not cell type dependent.

Broad Antiviral Spectrum of Lycorine Against
Alphavirus

Several other alphaviruses, including SINV, SFV, and

VEEV were then chosen to examine whether lycorine has

broad antiviral spectrum against alphavirus. As shown in

Fig. 2, lycorine also displayed dose-dependent inhibitory

effects on the replications of SINV, SFV, and VEEV with

EC50 values of 1.05, 0.83 and 0.31 lmol/L, respectively

(Fig. 2A–2C). These results demonstrate that lycorine

broadly inhibits the replication of alphavirus in cell culture.
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Lycorine Acts at the Early Step of Viral Life Cycle

To further define the mode of action of lycorine, we first

examined whether lycorine acts as a viricidal agent through

direct inactivation of CHIKV virion particles. After pre-

treating eGFP-CHIKV with 10 lmol/L of lycorine for 1 h,

the mixture went through MicroSpin S-400 HR columns

(GE Healthcare) to get rid of lycorine and was used to

infect Vero cells (Fig. 3A). No significant loss of eGFP

expression was observed within the eGFP-CHIKV infected

cells with or without lycorine treatment (Fig. 3B), which

clearly demonstrate that preincubation of CHIKV with

lycorine did not impair the infectivity of CHIKV in Vero

cells. It indicates that lycorine is not a viricidal agent

against CHIKV infection.

Then, a time-of-addition assay was performed to iden-

tify which step of viral life cycle is blocked by lycorine.

Vero cells were infected with CHIKV at an MOI of 10, and

the compound (10 lmol/L) was added before and after

infection as indicated in Fig. 4A. The culture supernatants

were reclaimed for plaque assays at 12 hpi. As shown in

Fig. 4B, pretreatment with lycorine for 2 h prior to CHIKV

infection (Fig. 4B, panel 2) or co-incubation with virus for

1 h (Fig. 4B, panel 3) showed little inhibitory effects on

viral infection, indicating that lycorine did not inhibit

CHIKV entry. A maximal reduction in viral titers was

observed when lycorine was added at the 0- and 2-hpi time
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Fig. 1 Inhibitory effects of lycorine on CHIKV infection. A Chemical

structure of lycorine. B Detection of eGFP expression in Vero cells

infected with eGFP-CHIKV when treated with different concentra-

tions of lycorine. The eGFP expression was detected under a

fluorescent microscope at 36 hpi. The length of the scale bar

(displayed in a red line segment) represents 100 lm. C Dose-

dependent inhibition of lycorine on CHIKV infection in different cell

lines. Vero, BHK-21, Huh7, A549 cells were infected with WT

CHIKV at an MOI of 0.01 and treated with the increasing

concentrations of lycorine. The viral titers in culture media at 24

hpi were quantified by plaque assay. The cytotoxicity of lycorine on

cells was examined with CCK-8 assay kit. The concentration–

response curves for antiviral and cytotoxic activities of lycorine are

shown in pink and blue lines, respectively. The dashed lines in panel

C represent the limit of detection. Two independent experiments were

performed in triplicate. Data represent the mean ± standard deviation

(SD) of the triplicate measurements in a representative experiment.
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points, and thereafter, the inhibitory effects were gradually

decreased (Fig. 4B). These results indicate that lycorine

may exert its effect at early stages of post-entry, such as

genome translation and replication.
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Fig. 2 The antiviral activities of lycorine against other alphaviruses.

A–C Dose-dependent inhibition of SINV, SFV and VEEV infection

by lycorine. Vero cells infected with different alphaviruses at an MOI

of 0.01 were treated with increasing concentrations of lycorine. The

supernatants were harvested at 12 hpi for SINV and at 24 hpi for SFV

and VEEV. Viral titers were determined by plaque assay. The EC50

are displayed at the lower left for each virus. The dashed lines in

panels A–C represent the limit of detection. Two independent

experiments were performed in triplicate. Data represent the

mean ± standard deviation (SD) of the triplicate measurements in a

representative experiment.
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The eGFP expression was detected under a fluorescent microscope at

24 hpi (B). The eGFP-CHIKV only was used as a control. The length

of the scale bar (displayed in a red line segment) represents 100 lm.

At least three independent experiments were performed, and one

representative experiment was presented.
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Fig. 4 Time-of-addition experiment of lycorine. A Schematic illus-

tration of the time-of-addition experiment. Vero cells were infected

with WT CHIKV at an MOI of 10, and treated with 10 lmol/L of

lycorine pre (-2–0 h), during (0–1 h) and post (2, 4, 6, 8, 10 h)

infection. 0.1% DMSO was added at the same time as a control.

B Viral titer determination. At 12 hpi, the supernatants were harvested

and viral titers were determined by plaque assay. At least three

independent experiments were performed, and one representative

experiment was presented. The data were represented as mean ± s-

tandard deviation (SD) of the duplicate measurements.
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Lycorine Inhibits Viral Replication Through
Blocking Viral Translation

Furthermore, we analyzed the inhibitory effect of lycorine

on viral RNA synthesis using a CHIKV-sg-Rluc replicon in

which the structural proteins are replaced with Renilla

luciferase (Rluc) reporter gene (Fig. 5A). As shown in

Fig. 5B, CHIKV-sg-Rluc replicon RNA generated a sharp

increase in luciferase signals at 6 hours post transfection

(hpt) followed by steadily climbing till the end time-point

of the experiment (12 hpt), while lycorine treatment dra-

matically inhibited luciferase activities from 6 to 12 hpt.

Because it was difficult to differentiate between replicon

RNA translation and RNA synthesis using the CHIKV-sg-

Rluc system, we then used a CHIKV-nsP3-Rluc replicon in

which the structural proteins were deleted and a Rluc

reporter gene was fused in frame within nsP3 (Fig. 5C) to

examine the alterations of Rluc signals when treated with

lycorine. Similarly, treatment with lycorine resulted in a

significant reduction in luciferase signals in Vero cells

transfected with CHIKV-nsP3-Rluc RNA, occurring earlier

at 2 hpt. In order to determine the time point when viral

translation switches to viral RNA replication, an RNA-

dependent RNA polymerase (RdRP)-inactivated replicon

in the context of CHIKV-nsP3-Rluc replicon, CHIKV-

nsP3-Rluc-nsP4mut containing GDD-to-GAA amino acid

mutations in the conserved catalytic motif of nsP4 RdRP

domain was constructed. CHIKV-nsP3-Rluc and CHIKV-

nsP3-Rluc-nsP4mut replicon RNAs generated similar

extents of Rluc signal increase at 2 and 4 hpt, whereas Rluc

activities in CHIKV-nsP3-Rluc-nsP4mut-transfected cells

remained at a low level at 6 hpt (about 105) and decreased

thereafter due to its disability to synthesize viral RNA in

contrast to peaking to as high as about 107 at 24 hpt in
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Fig. 5 Inhibition of CHIKV RNA replication by lycorine.

A Schematic representation of a sg promoter-initiating luciferase-

reporter replicon of CHIKV. The CHIKV-sg-Rluc-replicon was

constructed by replacing the structural protein genes with a Renilla

luciferase reporter gene that was initiated by a sg promoter.

B Comparison of the replication efficiencies of the CHIKV-sg-

Rluc-replicon in the presence of lycorine or not. Equal amounts of the

replicon RNAs (5 lg) were electroporated into BHK-21 cells with or

without 10 lmol/L of lycorine and assayed for luciferase activities at

the indicated time points post transfection. C Schematic representa-

tion of the CHIKV-nsP3-Rluc-replicon. The construct was obtained

by inserting the Renilla luciferase reporter gene into the non-

structural protein gene nsP3. The arrow below the diagram denotes

the position of the GDD to GAA mutation in the catalytic site of nsP4.

D Comparison of the replication efficiencies of the CHIKV-nsP3-

Rluc replicon and CHIKV-nsP3-Rluc-nsP4mut replicon constructs in

the presence of lycorine or not. Equal amounts of the construct RNAs

(5 lg) were electroporated into BHK-21 cells with or without

10 lmol/L of lycorine and assayed for luciferase activities at the

indicated time points post transfection. At least three independent

experiments were performed, and one representative experiment was

presented. The data were represented as mean ± standard deviation

(SD) of the duplicate measurements. Statistical analysis was

performed with two-way ANOVA, and the asterisks denote statistical

differences between the indicated groups. *P\ 0.05; ****,

P\ 0.0001; n.s., no statistical difference.
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CHIKV-nsP3-Rluc-transfected cells. Such discrepancies of

time-dependent signal changes between these two repli-

cons indicate that for the first four hours, translation of

input replicon RNA takes place; and after 4 h Rluc signals

reflect replicon RNA replication. It should be noted that, in

the case of CHIKV-nsP3-Rluc-nsP4mut transfection, an

early inhibitory effect of lycorine on Rluc activities was

also observed at 2 hpt. It thus indicates that lycorine might

exert its antiviral activity through direct inhibition of

translation.

To further confirm the inhibition of viral RNA transla-

tion by lycorine, we prepared two sets of CHIKV mini-

genome systems: the 50UTR-Fluc-30UTR CHIKV mini-

genome in which firefly luciferase (Fluc) reporter gene was

inserted in frame between 50 and 30 UTRs of CHIKV

(Fig. 6A) and the 50sub-UTR-Rluc-30UTR CHIKV mini-

genome in which 50UTR of subgenomic RNA was used to

replace 50UTRs of viral genome (Fig. 6C). The activities of

Fluc and Rluc could be used to surrogate viral RNA

translation directed by 50-UTR and the sg promoter of

CHIKV, respectively. As shown in Fig. 6B and 6D, both

luciferase activities were greatly inhibited by lycorine.

Altogether, these data suggest that lycorine inhibits viral

propagation by targeting the translation of both genomic

and subgenomic RNAs.

Antiviral Activity of Lycorine Derivatives Against
CHIKV Infection

It has been reported previously that the antiviral activity of

lycorine could be improved by modifying its two hydroxyl

groups at C1 and/or C2 positions (Zou et al. 2009). We

then tested the antiviral profiles of three lycorine deriva-

tives with these two hydroxyl group modifications using a

eGFP-CHIKV reporter virus (Deng et al. 2016) (Fig. 7A).

Those derivatives of lycorine were identified to inhibit viral

replication efficiently, as listed in Fig. 7B and 7C. Their

antiviral activities highlight modified spots for improving

antiviral efficiency although the tested derivatives dis-

played less efficacy to inhibit CHIKV replication than
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Fig. 6 Inhibition of CHIKV translation by lycorine. A Schematic

representation of the T7 promoter-based construct expressing firefly

luciferase. The T7-50UTR-Fluc-30UTR construct contains the 50 and
30UTR of CHIKV, the 77 N-terminal amino acid residues of nsP1, a

firefly luciferase reporter gene, and a polyadenylation region followed

by a T7 transcription terminator. B Comparison of the translation

efficiencies of the T7-50UTR-Fluc-30UTR construct in the presence of

lycorine or not. Equal amounts of the construct RNAs (5 lg) were
electroporated into BHK-21 cells with or without 10 lmol/L of

lycorine and assayed for luciferase activities at the indicated time

points posttransfection. C Schematic representation of the T7

promoter-based sgRNA expressing Renilla luciferase. The sgRNA

contains the sg-50UTR and 30UTR of CHIKV, a Renilla luciferase

reporter gene and a polyadenylation region. D Comparison of the

translation efficiencies of the sgRNA in the presence of lycorine or

not. Equal amounts of the sgRNAs (5 lg) were electroporated into

BHK-21 cells with or without 10 lmol/L of lycorine and assayed for

luciferase activities at the indicated time points post transfection. At

least three independent experiments were performed, and one

representative experiment was presented. The data were represented

as mean ± standard deviation (SD) of the duplicate measurements.

Statistical analysis was performed with two-way ANOVA, and the

asterisks denote statistical differences between the indicated groups.

***, P\ 0.001; ****, P\ 0.0001; n.s., no statistical difference.
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lycorine. Our results clearly indicate that the modification

of lycorine is one of possible ways to improve antiviral

profile of lycorine which is worth to explore in our future

study.

Discussion

Being an extracted alkaloid, lycorine has various biological

functions for cancer and infectious diseases treatment (Liu

et al. 2011). In the present study, we have demonstrated

that lycorine could inhibit multiple alphaviruses replication

in cell culture without cytotoxicity, which further broad-

ened its antiviral spectrum combined with previous

antiviral studies of different viral species (Zou et al. 2009;

Liu et al. 2011; He et al. 2013; Shen et al. 2019; Wang

et al. 2019; Zhang et al. 2020).

Different antiviral mechanisms of lycorine have been

proposed by different groups. For influenza virus, the

results of intracellular localization of nucleoprotein (NP)

indicated that lycorine could inhibit nuclear-to-cytoplasm

export of the RNP complex of virus replication at an early
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Fig. 7 Inhibitory effects of lycorine derivatives on CHIKV. A Chem-

ical structures of lycorine derivatives. B Detection of eGFP expres-

sion by fluorescent microscope in the presence of different lycorine

derivatives. Vero cells infected with eGFP-CHIKV at an MOI of 0.01

were treated with 10 lmol/L of lycorine derivatives. The eGFP

expression was detected under a fluorescent microscope at 36 hpi. The

length of the scale bar (displayed in a red line segment) represents

100 lm. C Dose-dependent inhibition of lycorine derivatives on

CHIKV infection. Vero cells were infected with WT CHIKV at an

MOI of 0.01 and treated with the increasing concentrations of

lycorine derivatives. The viral titers in culture media at 24 hpi were

quantified by plaque assay. The cytotoxicity of lycorine derivatives on

cells was examined with CCK-8 assay kit. The concentration–

response curves for antiviral and cytotoxic activities of lycorine

derivatives are shown in pink and blue lines, respectively. The dashed

lines in panel C represent the limit of detection. Two independent

experiments were performed in triplicate. Data represent the

mean ± standard deviation (SD) of the triplicate measurements in a

representative experiment.
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stage of a single-round and multi-round of replication (He

et al. 2013). For enteroviruses, it has been reported that

lycorine inhibits EV71 and CVA16 infection through

downregulating autophagy that is important for virus

replication (Wang et al. 2019). Alternately, blocking the

elongation of the viral polyprotein during translation is

another possible mechanism of lycorine against EV71

infection in cell culture (Liu et al. 2011). However, drug

resistant selection indicated that viral protease may be the

target of lycorine to inhibit viral replication of both EV71

and HCV (Guo et al. 2016). F76L mutation in EV71 2A

protease and R118L mutation in HCV NS3 protease confer

the resistance to lycorine in both viruses, respectively (Guo

et al. 2016). Additionally, a single-amino acid substitution

in WNV 2 K peptide was identified to confer resistance to

lycorine, partially through enhancement of viral RNA

synthesis or through modulation of host immune response.

In the present study, the mode-of-action analyses indi-

cated that lycorine inhibits CHIKV replication through the

suppression of viral translation. The translation of alpha-

virus includes both nonstructural and structural proteins

synthesis which are directed by genomic RNA (gRNA) and

sgRNA, respectively. The early translation of nonstructural

proteins (nsP1–4) is essential for the formation of repli-

cation complex which is responsible for viral RNA repli-

cation and transcription. The translation of structural

proteins derived from sgRNA happens in the late phase of

the virus life cycle and plays a key role in viral assembly.

Lycorine may act on the translation of both gRNA and

sgRNA, and thus inhibit both viral RNA synthesis and viral

assembly which result in a cumulative and strong inhibi-

tory effect on the production of infectious viruses in cell

culture.

Similar to cellular mRNAs, the alphavirus genomes

contain a cap structure at their 50 end and a poly(A) tail,

and are translated through the canonical mechanism with

cap structure recognition. Such RNA viruses as alpha-

viruses can manipulate the cellular translation machinery

for their own benefit (Jaafar and Kieft 2019). Thus, it is

very possible, plus consideration of its broad-spectrum

antiviral activities, that lycorine modulates alphavirus

replication through targeting host factors instead of directly

targeting viral factors. It is worth to explore it in our future

studies regarding the underlying mechanism by which

lycorine interferes with translation machinery as well as

about whether it has an inhibitory effect on host protein

translation. Furthermore, it is also important to assess the

possible side effect of lycorine during preclinical studies

although a drug containing lycorine as an effective com-

ponent has been clinically used in Russia as an expectorant

to remedy chronic and acute inflammatory processes in

lungs and bronchial diseases (Nair et al. 2013; Shen et al.

2018).
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