Biochemical and Biophysical Research Communications xxx (2017) 1e8

Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications
journal homepage: www.elsevier.com/locate/ybbrc

Synergistic effects of combination treatment using EGCG and suramin
against the chikungunya virus
Jeng-Wei Lu a, Po-Shiuan Hsieh b, c, d, Chang-Chi Lin b, e, Ming-Kuan Hu f,
Shih-Ming Huang g, Yu-Ming Wang b, Chun-Yu Liang h, Zhiyuan Gong a, Yi-Jung Ho b, f, *
a

Department of Biological Sciences, National University of Singapore, Singapore
Institute of Preventive Medicine, National Defense Medical Center, Taipei, Taiwan, ROC
Department of Medical Research, National Defense Medical Center, Taipei, Taiwan, ROC
d
Department of Physiology and Biophysics, National Defense Medical Center, Taipei, Taiwan, ROC
e
Department and Graduate Institute of Microbiology and Immunology, National Defense Medical Center, Taipei, Taiwan, ROC
f
School of Pharmacy, National Defense Medical Center, Taipei, Taiwan, ROC
g
Department of Biochemistry, National Defense Medical Center, Taipei, Taiwan, ROC
h
School of Nursing, National Defense Medical Center, Taipei, Taiwan, ROC
b
c

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 12 July 2017
Accepted 28 July 2017
Available online xxx

Chikungunya is a severe disease that results from infection with the chikungunya virus (CHIKV), an
arbovirus. Thus, we (1) explored a new approach to combining previously researched drugs that have
shown the potential to inhibit CHIKV infection; and (2) demonstrated the antiviral effects of ()-Epigallocatechin-3-gallate (EGCG) and the underlying mechanisms. Speciﬁcally, we used U2OS cells infected
with CHIVK to assess the synergistic antiviral activities of EGCG and suramin. EGCG presented the ability
to inhibit the viral RNA, progeny yield, and cytopathic effect (CPE) of CHIKV and also demonstrated the
ability to protect against virus entry, replication, and release. Moreover, the results conﬁrmed that EGCG
and suramin can have synergistic effects against CHIKV strain S27 infection and two other clinical isolates of CHIKV. Our ﬁndings suggest that treatment with a combination of EGCG and suramin could
provide a basis for the development of novel stretages against CHIKV infection.
© 2017 Published by Elsevier Inc.
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1. Introduction
The Chikungunya virus (CHIKV) is an enveloped, positivestranded alphavirus that replicates within mosquito and human
hosts and can cause severe disease. Speciﬁcally, CHIKV is transmitted to humans via mosquitoes of the Aedes genus. The ﬁrst case
of CHIKV was reported in Tanzania in 1952 [1], and the term “chikungunya” comes from the Makonde language. The English translation of this word means that the pain associated with the disease
causes patients to become contorted. CHIKV can lead to fever,
headache, joint pain, muscle pain, joint swelling, and rash [2].
Unfortunately, there is currently a lack of FDA approved antiviral
drugs capable of treating CHIKV, and the development of new
antiviral drugs requires signiﬁcant investment for the design and
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validation of compounds. Nonetheless, the persistent threat of viruses such as CHIKV necessitates the implementation of measures
capable of addressing future outbreaks. As an alternative to
developing new antiviral drugs, natural compounds can also be
used or previously approved drugs can be repurposed [3].
Green tea is believed to confer multiple physiological and
pharmacological beneﬁts. ()-Epigallocatechin-3-gallate (EGCG) is
the main ingredient in extracts of dry Camellia sinensis (tea plant)
leaves [4] and, in green tea it is the most abundant bioactive
catechin. EGCG has been shown to have formidable preventive effects against viral infection, many cancers, cardiovascular diseases,
and neurodegenerative diseases [5,6]. EGCG also has been shown to
possess anti-inﬂammatory as well as anti-atherosclerotic effects,
which make this compound a potent antioxidant [7e9]. Furthermore, EGCG can be safely administered to healthy individuals [10],
and a previous study reported that EGCG has health beneﬁts for
human skin and does not lead to negative side effects when
consumed orally or applied topically [11].
EGCG has shown effective antiviral activity against multiple
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virus families, including CHIKV (Weber et al., 2015), coxsackievirus
B3 (CVB3) [12], ebola virus (EBOV) [13], hepatitis B virus (HBV) [14],
hepatitis C virus (HCV) [15], enterovirus 71 (EV71) [16], human
immunodeﬁciency virus (HIV) [6], herpes simplex virus (HSV) [17],
inﬂuenza virus (FLU) [18], and zika virus (ZIKV) [19]. In hepatoma
cell lines or primary human hepatocytes, green tea extract and
EGCG can both reduce the infectivity of HBV [20] and has also been
found to inhibit the mechanism of HBV virion entry [21] by directly
binding to the virion, thereby causing a bulge to form on the viral
envelope. EGCG inhibit HCV entry by interrupting viral attachment
to host cells at concentrations as low as 1e10 mg/ml [22]. Furthermore, EGCG is able to reduce EBOV infectivity in human cells by
inhibiting host proteins in a dose-dependent manner [13].
In the treatment of human HIV, studies have shown that EGCG
has strong binding afﬁnity to the CD4 protein [23], which reduces
the ability of HIV vgp120 to bind to human CD4þ cells [24]. EGCG
can also inhibit the infectivity of HIV-1 in human CD4þ cells, and
the inhibitory effects of EGCG are similar among multiple subtypes
of HIV strains (The half-maximal inhibitory concentration (IC50):
4.5 mMe12 mM). Moreover, the effectiveness of EGCG in treating
HIV is comparable to that of the anti-HIV drugs ritonavir (1.4 mM)
and zidovudine (10 mM) [6]. EGCG has also been shown to inhibit
HIV infectivity through its galloyl moiety, which binds to viral
integrase [25], and the mechanisms underlying the inhibition of
HIV infectivity could involve multiple interactions between EGCG
and cell surface molecules of host CD4 and viral integrase [4].
Another study found that higher concentrations of EGCG (>100 mM)
were capable of inhibiting ZIKV entry by at least 1-log (>90%);
however, pre-treating cells with EGCG did not have any effects on
virus attachment at Vero E6 cells [19]. Taken together, the results
from previous studies suggest that a variety of mechanisms underlie the ability of EGCG to inhibit different viral infections,
including viral entry, viral replication, viral transmission, or interactions with host proteins.
Weber et al. (2015) demonstrated that EGCG is able to inhibit
CHIKV infection via the CHIKV-mCherry-490 pseudovirus. Those
researchers also showed that EGCG can (1) inhibit CHIKV entry by
blocking the entry of CHIKV Env-pseudotyped lentiviral vectors and
(2) inhibit CHIKV attachment to target cells [26]. However, their
results would have been strengthened if the experiments had been
conducted on CHIKV S27 strains and clinical isolates of CHIKV.
Our own previous studies revealed that, suramin is able to
inhibit CHIKV entry and transmission [27] and as well as reduce
CHIKV pathogenesis [28]. Therefore, in the current study, we
sought to determine whether synergistic effects exist between
EGCG and suramin. Speciﬁcally, we used human U2OS cells infected
with CHIKV S27 to investigate the anti-CHIKV activities of EGCG as
well as the underlying mechanisms. We also assessed the synergistic antiviral activities of EGCG and suramin against CHIKV.
Finally, we found that a combination treatment of EGCG with suramin enhanced the inhibition of CHIKV infection.
2. Materials and methods
2.1. Cell and virus cultures
U2OS cells (ATCC: HTB-96) and BHK-21 cells (ATCC: CCL-10)
were cultured in DMEM (Biological Industries, catalog# 01-052-1)
with 12.5 mM HEPES (Biological Industries, catalog# 03-025-1B), LAlanyl-L-Glutamine (Biological Industries, catalog# 03-022-1B),
antibiotics (Biological Industries, catalog# 03-033-1B), and 5% fetal
bovine serum (Biological Industries, catalog# 04-001-1) at a temperature of 37  C under 5% CO2. CHIKV strain S27 (ATCC-VR-64,
African prototype) as well as two clinical strains of CHIKV (0611aTw
[Singapore/0611aTw/2006/FJ807896] and 0810bTw [Malaysia/

0810bTw/2008/FJ807899, with a E1-226V mutant]) provided by
Centers for Disease Control, R.O.C. (Taiwan) were propagated and
titrated in BHK cells.
2.2. Compounds
EGCG (Sigma-Aldrich, catalog# E4143) and suramin (SigmaAldrich, catalog# S2671) were dissolved in water to prepare a stock
solution (i.e. of 5 mg/ml EGCG and 50 mg/ml suramin), which was
then stored at 20  C until use.
2.3. Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR)
The treated U2OS cells were lysed, and RNA was extracted via
Trizol reagent (Invitrogen, catalog# 15596018). The extracted RNA
was subjected to RT-qPCR using the QuantiTech SYBR Green RTqPCR kit (Qiagen, catalog# 204243). The sample mixtures (10 ml)
were incubated at 50  C for 30min (RT step), 95  C for 15min (polymerase activation step), and subjected to 45 cycles for ampliﬁcation (95  C for 15 s, 57  C for 25 s and 72  C for 10 s) using the
Roche LightCycler 480 System (Roche Applied Science, Indianapolis, IN, USA). Results were calculated using the DDCt method,
and each experiment was performed in triplicate. See the previous
[27].
2.4. TCID50 assay
The supernatant collected from the infected U2OS cells
following indicated treatment was ten-fold serial diluted using
DMEM with 2%FBS. The diluted supernatants were added into a 96
well plate containing BHK-21 cells for 4e5 days incubation and
then observing by an inverted microscope. Furthermore, the cells
were then ﬁxed and stained using 0.1% crystal violet. The TCID50
was calculated, which was determined by CHIKV-induced cytopathic effect (CPE).
2.5. Microneutralization assay
U2OS cells were infected with CHIKV strain S27 at an MOI of
0.001 in the presence of determined compounds at indicated dosages. After 3 days of incubation, the treated cells were ﬁxed and
stained using 0.1% crystal violet. The stained cells were then
washed twice, and the optical density was detected using a Tecan
Inﬁnite 200 Pro multiplate reader at 570 nm. IC50 and CC50 values
were calculated using GraphPad Prism Version 5, and all experiments were performed a minimum of three times.
2.6. Immunoﬂuorescence assay (IFA)
Treated U2OS cells were ﬁxed using a mixture of methanol and
acetone before being incubated with human anti-CHIKV antibodies
[29,30] (Dendritics, DDX9100P-50, 1:200) for 1 h. The U2OS cells
were then washed with PBS three times and incubated with Alexa
Fluor 594-conjugated goat anti-human IgG (Invitrogen, A-21445,
1:500) for 1 h. At the end of the incubation period, cells were again
washed with PBS three times and images were captured using an
inverted ﬂuorescence microscope (Olympus, IX71).
2.7. In-vivo zebraﬁsh toxicity assays
The zebraﬁsh toxicity assays were according to previously
established protocols [27,31]. We stored 4e5 h post fertilization
(hpf) embryos in 48-well plates at a concentration of two embryos/
well, and each well contained 1 ml of test solution (i.e. EGCG at
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20 mg/ml, suramin at 50 mg/ml and EGCG at 20 mg/ml þ suramin at
50 mg/ml). We also recorded hatch and survival rates, which are
expressed as the number of that have hatched or dead embryos as
compared with the control group. Furthermore, morphological
anomalies in zebraﬁsh, including chorion with attached debris,
delayed development, lack of spontaneous movement, pericardial
edema, yolk sac edema, bent trunk, tail malformation, and uninﬂated swim bladder. Study protocol was approved by the Institutional Animal Care and Use Committee (IACUC) and conformed to
criteria outlined in the “Guide for the Care and Use of Laboratory
Animals” by the National Institutes of Health.
2.8. Statistical analysis
Experiment results were analyzed using the Student's t-test and
the Kaplan-Meier test, which was performed in GraphPad prism
software. All results were obtained from at least three independent
experiments and a p value of <0.05 was considered statistically
signiﬁcant.
3. Results
3.1. Anti-CHIKV activities of EGCG
RT-qPCR, TCID50, and microneutralization assays were used to
determine the inhibitory effects of EGCG on CHIKV infection. U2OS
cells, commonly been used to investigate anti-CHIKV infection
[27,31,32], were infected with CHIKV strain S27 at an MOI of 0.01 for
1 h in the presence of indicated concentrations of EGCG. Cells were
then provided with fresh medium that contained the same
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concentration of EGCG and were incubated at 37  C for 16 h.
Following this, the cell lysate and culture supernatant were harvested. Results of RT-qPCR (Fig. S1A) and TCID50 (Fig. S1B) showed
that the treatment with 10 mg/ml to 20 mg/ml EGCG signiﬁcantly
suppressed CHIKV. Furthermore, results of microneutralization
assays (Fig. 1A) further validated the anti-CHIKV effects and cell
viability of EGCG. U2OS cells were infected with CHIKV strain S27 at
an MOI of 0.001 in the presence of indicated concentrations of
EGCG for 3 days incubation. Speciﬁcally, these ﬁndings demonstrate that treatment with 2.5 mg to 40 mg/ml EGCG was able to
suppress CHIKV-induced CPE. Therefore, we found that EGCG had
an IC50 value of 1.989 ± 1.097 mg/ml, a CC50 value of >40 mg/ml
(Fig. 1B), and a selective index (SI) value > 20. These results suggest
that viral RNA, progeny yield, and CPE were signiﬁcantly reduced by
EGCG in a dose-dependent manner.
3.2. Anti-CHIKV mechanisms of EGCG
Time of addition assays were performed to identify the stage of
CHIKV infection that was affected by EGCG and to elucidate
mechanisms of EGCG against CHIKV. For this assay, U2OS cells were
infected with CHIKV at an MOI of 1 and pre only, full, co and posttreated with EGCG (20 mg/ml) at 37  C for a 6 h incubation period
(Fig. 1C). Assay results showed that EGCG signiﬁcantly inhibited
both the intracellular RNA and the extracellular virus production
via TCID50 during the full, co, and post-treatment stages of CHIKV
infection (Fig. 1D and E). These results further reveal that EGCG
affected viral entry and even retained some inhibitory abilities after
viruses had entered the cell. EGCG did not show signiﬁcant inhibition of CHIKV RNA in the pre-treatment group (pre only), which

Fig. 1. Microneutralization assay and Time of addition assay. (A) Microneutralization assay. (MOCK: cells without infected CHIKV were used as a negative control). (B) Dosedependent curves from a microneutralization assay showing the anti-CHIKV activities of EGCG (blue) and associated effects on the viability of U2OS cells (red). Each data point
is the mean ± SD of at least three independent experiments; ***, p < 0.001; **, p < 0.01; *, p < 0.05. (C) Time points of EGCG administration. (D) The intracellular CHIKV RNA level. (E)
The extracellular CHIKV progeny yield. Each data point is the mean ± SD of at least three independent experiments; ***, p < 0.001; **, p < 0.01; *, p < 0.05. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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suggests that EGCG may not interact with membrane receptors
(Fig. 1D). However, the CHIKV production revealed a little decrease,
that mean EGCG might possess some effect to inﬂuence virus
production even though EGCG only treated during the pretreatment step (Fig. 1E). That is why the full-treatment group
showed more effective to reduce virus yield than the co-treatment
group.
To further elucidate the effects of EGCG during CHIKV entry or
after CHIKV entry, we investigated how varying the duration of
drug administration during viral entry and after viral entry would
affect CHIKV inhibition (Fig. 2A). EGCG was administered during
CHIKV absorption (MOI ¼ 10) for 1 h, then washed once, and the
medium was replaced into fresh for 6 h incubation for determine
the effects of EGCG during viral entry. Cells were infected with
CHIKV (MOI ¼ 1) for 1 h and then removed virus and treated with
EGCG during a 6 h incubation period for determine the effects of
EGCG after viral entry. The RNA level of intracellular was detected.
For this, all data was normalized with respective actin and CHIKV
controls (VC). Concentrations of between 5 and 20 mg/ml EGCG
were found to inhibit CHIKV RNA during viral entry and EGCG also
signiﬁcantly reduced the level of CHIKV RNA after viral entry at
concentrations between 10 and 20 mg/ml (Fig. 2B). Nonetheless,
EGCG was more effective at inhibiting CHIKV during viral entry
than after viral entry. Otherwise, the viral progeny yield of EGCG
treated after virus entry was detected via TCID50 assay to determine
the level of virion release (Fig. 2C). EGCG also have inhibition of
viral release at concentrations between 20 mg/ml. We therefore
assessed whether the reduction in viral release was due to EGCG
affecting viral stability. Viral stability was assessed by CHIKV

treated with various concentrations of EGCG at 37  C throughout a
6 h incubation period and then re-quantifying the resultant viral
titers via another TCID50 assay. However, we did not ﬁnd evidence
to suggest that this was the case (Fig. 2D). In summary, results
presented in this section reveal that the entry, replication, and
release of CHIKV were signiﬁcantly reduced by corresponding
concentrations of EGCG, which conﬁrms that EGCG has dosedependent anti-CHIKV effects.
3.3. Anti-CHIKV activity of EGCG, suramin, and of combination
treatment with EGCG and suramin
We performed an IFA assay to evaluate the anti-CHIKV effects of
(1) EGCG, (2) suramin, and (3) a combinational treatment
comprising EGCG and suramin (EGCG þ suramin). For this, U2OS
cells were infected with CHIKV at an MOI of 1 in the presence of 5,
10, or 20 mg/ml EGCG; 12.5, 25, or 50 mg/ml suramin; or 5/12.5, 10/
25, 20/50 mg/ml EGCG þ suramin. Following infection, cells were
incubated for 24 h. The data shows that EGCG þ suramin treatment
was more effective at inhibiting CHIKV than was treatment with
EGCG or suramin alone (Fig. 3A). These ﬁndings demonstrate that
the combination of EGCG with suramin enhances its anti-CHIKV
effects. Quantiﬁcation of CHIKV-infected cells was illustrated in
Fig. 3B. The EGCG þ suramin treatment was signiﬁcant decrease
compared to EGCG or suramin alone.
3.4. Efﬁcacy of the combination of EGCG with suramin treatment
Additional microneutralization assays were performed to assess

Fig. 2. Anti-CHIKV effects of EGCG during viral entry, after viral entry, and on virus stability. (A) Diagram showing the setup of the time of during entry or after entry assay. (B)
The RNA level of EGCG treatment during viral entry and after viral entry. (C) The viral progeny yield of EGCG treatment after viral entry. (D) Viral stability of EGCG treatment. Each
data point is the mean ± SD of at least three independent experiments; ***, p < 0.001; **, p < 0.01; *, p < 0.05.
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Fig. 3. The combination EGCG þ suramin treatment. (A) Anti-CHIKV effects of EGCG, suramin, and EGCG þ suramin treatment. U2OS cells were infected with CHIKV (MOI ¼ 1) in
the presence of EGCG, suramin, and EGCG þ suramin at 37  C for a 24 h incubation period. The infected cells were then ﬁxed, and the severity of CHIKV infection was determined by
IFA. (B) Quantiﬁcation of CHIKV-infected cells. * was compared with CHIKV. # was compared with EGCG treatment. þ was compared with suramin treatment. ***, ###, þþþ,
p < 0.001; **, ##, þþ, p < 0.01; *, #, þ, p < 0.05. (C) The square frame represents the protective effects of EGCG þ suramin against CHIKV-induced CPE. (VC was used as the CHIKV
infection control and CC was used as the negative control.) (D) Isobologram at 50% (IC50) showing viral inhibition for EGCG þ suramin treatment. The black line represents the
addition isobole derived from EGCG þ suramin treatment that provided 50% (±2%) inhibition. Combination data points that fall on blue symbols represent the 50% actual isobole. CI
was calculated using the CI isobologram method; CI ¼ 1, additive effect; CI < 1, synergistic effect; CI > 1, antagonistic effect. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

and characterize the anti-CHIKV effects of EGCG þ suramin treatment. For these, U2OS cells were infected with CHIKV at an MOI of
0.001 in the presence of varying concentrations of EGCG and suramin before being incubated for 3 days. The EGCG þ suramin
treatment exhibited an increased ability to inhibit CHIKV-induced
CPE compared to EGCG alone (Suramin ¼ 0 mg/ml) or suramin
alone (EGCG ¼ 0 mg/ml) (Fig. 3C). For this, the relative OD570 values
[¼(ODtreatment-ODCC)/(ODCHIKV-ODCC)] were determined via microneutralization assay in order to analyze the IC50 of suramin when
combined with different concentrations of EGCG treatment. We
exposed Isobologram analysis at IC50 also suggested that treatment
with EGCG þ suramin has synergistic effects (Fig. 3D). Indeed, the
combination index (CI) value of these two compounds was 0.7.
3.5. Anti-CHIKV activity of the combination of EGCG with suramin
against various strains of CHIKV

0810bTw (E1-226V mutant) strain is closely related to the strain
involved in the epidemic on Le Reunion. Results of this assay suggest that EGCG and suramin both possess signiﬁcant anti-CHIKV
abilities against S27, 0611aTw, and 0810bTw strains. Nonetheless,
the synergistic activities of EGCG þ suramin treatment against S27,
0611aTw, and 0810bTw led to superior inhibition compared to
EGCG or suramin alone (Fig. 4A). These results suggest that
EGCG þ suramin treatment could also have signiﬁcant inhibitory
effects against other clinical CHIKV isolates, including the strain
involved in the Le Reunion epidemic. Final, to clarify the in-vivo
toxicity of these compounds which is also analyzed in-vivo using
zebraﬁsh embryos, and neither compound was found to negatively
affect survival, body length, development, or hatch rate (Fig. 4B).
These ﬁndings indicated that the dosages of EGCG, suramin and
EGCG þ suramin were applied were safe.
4. Discussion

A TCID50 assay was performed to further investigate the antiviral
effects of (1) EGCG alone, (2) suramin alone, and (3)
EGCG þ suramin treatment on CHIKV strain S27 strain as well as on
two clinically isolated strains of CHIKV: 0611aTw and 0810bTw. The

CHIKV was identiﬁed in 1952 [1] due to its possible association
with cases of severe disease [2]. Scientists are currently trying to
reduce the harmful risks of this virus through the development of
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Fig. 4. Antiviral activities of EGCG þ suramin treatment against different CHIKV strains and the in-vivo toxicity assay. (A) U2OS cells were infected with CHIKV (MOI ¼ 0.01) in
the presence of EGCG, suramin, or EGCG þ suramin for 1 h and then placed into fresh medium, where they received the same treatment at 37  C for a period of 16 h. The supernatant was collected and determined by TCID50. Each data point is the mean ± SD of at least three independent experiments; ***; ###; þþþ, p < 0.001; **; ##; þþ, p < 0.01; *; #; þ,
p < 0.05. (B) In-vivo toxicity assay was used zebraﬁsh model and the Kaplan-Meier test were used to analyze zebraﬁsh survival rates.

vaccines or effective drugs. Results of previous investigations have
suggested that EGCG exerts antiviral effects through a diverse array
of mechanisms [13,22,33].
In this study, we evaluated the inhibitory activities of EGCG
against CHIKV, in particular its ability to interfere with the entry,
replication, and release of viruses. A previous study by Weber et al.
(2015) reported that 10 mg/ml EGCG inhibited 40% of CHIKVmCherry-490 infection at an MOI of 1 after incubation for 6 h
[26]. Here, we determined that the IC50 value of EGCG was
1.989 ± 1.079 mg/ml; the CC50 value of EGCG was >40 mg/ml; and
the SI value was >20 (Fig. 1B). Even though a little cell damage
revealed during the dose of 20 mg/ml of EGCG, the survival rate was
still higher than 90%. The IC50 of EGCG has been reported to be
6.54 mg/ml when inhibiting the transduction of CHIKV Envpseudotyped vectors [26]. Conversely, a study by Ciesek et al.
(2011) reported that, in naïve Huh-7.5 cells infected with HCV, the

IC50 of EGCG was approximately 2.5 mg/ml. Nonetheless, in all of the
experiments performed in the current study, the range of IC50 results that describe the antiviral effects of EGCG was found to be
comparable to previously reported values [34]. Our results also
demonstrate that EGCG can be safety used in the treatment of
CHIKV. The difference in IC50 values between our study and that of
Weber et al. can likely be explained by different treatment durations and MOI. We investigated the efﬁcacy of EGCG throughout the
entire course of CHIKV infection whereas Weber et al. only focused
on viral entry. EGCG has previously been shown to inhibit CHIKV
[26], HBV [35], HCV [15,22,36,37] and ZIKV [19] by blocking viral
entry.
We also used a time of addition assay to investigate the mechanisms underlying EGCG inhibition of CHIKV entry. Results of this
assay revealed that EGCG treatment signiﬁcantly inhibited both
intracellular and extracellular CHIKV production not only during
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the full, co, but also post stages of viral infection (Fig. 1D and E). We
further found that EGCG may affect the replication of viral RNA and
may also have minor effects on viral release. These results contradict the ﬁndings [26]. However, we only observed these inhibitory
effects when cells were treated with the highest concentration
(20 mg/ml) of EGCG, which is consistent with other previous studies
that investigated the effects of EGCG on CVB3 [12], HBV [38,39],
HCV [15,40], EBOV [13], EV71 [16], and FLU [18]. Taken together, our
experiments help to conﬁrm that EGCG is able to inhibit CHIKV
infection by limiting viral entry, replication, and release.
Currently, in clinical practice, treating CHIKV infection remains
very difﬁcult. However, administering patients a combination of
drugs is a new treatment trend. Previous studies have already
demonstrated that the combination of ribavirin with mefenamic
acid or doxycycline can have outstanding outcomes in treating
patients with CHIKV [41,42]. Previous studies have also shown that
suramin possesses signiﬁcant antiviral activities against CHIKV
both in-vitro [27,43] and in-vivo [28]. However, the main effect of
suramin resulted from it bound with CHIKV structure protein to
stop virus entry and transmission. In the current study, we investigated the ability of the combination of EGCG and suramin to
inhibit various CHIKV strains. Taken together, results from our
study provide evidence that EGCG might enhance the antiviral
activities with suramin to against CHIKV infection in vitro. The
above data showed that might be due to the activity of EGCG not
only in virus entry and release, but also replication. Therefore,
EGCG and suramin possessed the synergistic effect to against
CHIKV infection.
In conclusion, we determined that EGCG is able to inhibit the
entry, replication, and release of CHIKV in vitro and that treatment
with a combination of EGCG and suramin can enhance anti-CHIKV
effects. The combination EGCG and suramin may provide a basis for
the future development of novel therapeutic strategy to treat patients infected with CHIKV.
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