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Chikungunya virus (CHIKV) has re-emerged as a significant public health threat since the 2005

chikungunya fever epidemic in La Réunion. Driven by the medical importance of this virus, as well as the

lack of approved antivirals, research into the field of CHIKV antivirals has recently intensified. Potential

therapeutics that have been reported to show anti-CHIKV activity in vitro range from known broad-

spectrum antivirals like chloroquine to novel strategies involving RNA silencing technology. Although

most of the earlier efforts focused on compounds that target host components, some recent studies have

reported viral targets such as nonstructural proteins. This article examines the reported in vitro and in

vivo efficacies, as well as the therapeutic potential of these antiviral compounds.
Introduction
Chikungunya virus (CHIKV) is a mosquito-transmitted alphavirus

belonging to the family Togaviridae [1]. CHIKV is the causative

agent of chikungunya fever, a disease characterized by myalgia,

polyarthralgia, fever, nausea, headaches and maculopapular rash

[1,2]. Owing to mechanisms that are poorly understood, recurrent

and persistent myalgia and arthralgia have been reported to last for

years after the infection clears in some patients. A recent study

with a macaque model suggested that the chronic phase could be

caused by inflammatory responses toward persistent CHIKV in

certain tissues, rather than an autoimmune-mediated response, as

was initially believed [3,4].

CHIKV was first isolated in the Makondé plateau in Tanzania

during the earliest recorded epidemic in 1953 [5]. In 2005, the re-

emergence of CHIKV in several Indian Ocean islands caused out-

breaks of unprecedented magnitude. In the French island of La

Réunion alone, one-third its 785,000 inhabitants were infected

with CHIKV, resulting in more than 250 fatalities [1,6]. Apart from

the newfound pathogenicity, chikungunya fever cases reported

during the La Réunion epidemic were also associated with com-

plications including lymphopenia, lethal hepatitis, dermatologic

lesions and encephalitis [7,8]. Cases of fetal transmission were also

recorded, leading to miscarriages and neonatal encephalopathy
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[9]. Apart from the classical transmission vector, Aedes aegypti, an

additional mosquito vector, Aedes albopictus, was noted during this

epidemic. This was accompanied by a mutation of alanine to

valine in the CHIKV E1 glycoprotein (A226V), which mediates

viral fusion [1,6]. A. albopictus, although native to Southeast Asia,

is today established in almost all southern temperate regions [10].

To date, CHIKV has infected millions of people in more than 40

countries, including India, Malaysia, Indonesia, Thailand, Singa-

pore, USA, Italy, Cambodia and Yemen [11–14].

Despite the medical threat posed by CHIKV, there is currently

no approved antiviral treatment or vaccine for CHIKV infection.

Treatments are usually symptomatic, with administration of non-

steroidal anti-inflammatory drugs or corticosteroids to control

arthralgia and myalgia [15,16]. Given the efficiency of the mos-

quito vectors in establishing CHIKV infection in many geogra-

phical regions, there is an urgent need for the development of safe

and effective antivirals against CHIKV to control symptoms and

minimize complications in future epidemics. With the re-emer-

gence of CHIKV in recent years, numerous efforts have been made

toward the development of effective antivirals targeting CHIKV.

This review highlights recent developments in the field of anti-

viral therapy for CHIKV infections. A summary of compounds

that have exhibited anti-CHIKV activities is listed in Table 1. The

concentrations of compounds that produced 50% of the total

anti-CHIKV effect (EC50), as well as the concentrations that
2013.05.002 www.drugdiscoverytoday.com 969
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TABLE 1

Compounds with inhibitory activities against CHIKV

Compound Structure EC50 (mM;
unless
stated
otherwise)

CC50

(mM; unless
stated
otherwise)

Refs

Inhibitors of viral entry
Chloroquine 7.0a

10.0b

17.2c

�260d [31]

Arbidol 12.2 376 [36]

Chlorpromazine 39.4 67.3 [39]

Perphenazine 48.1 155 [39]

Ethopropazine 61.5 166.9 [39]
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TABLE 1 (Continued )

Compound Structure EC50 (mM;
unless
stated
otherwise)

CC50

(mM; unless
stated
otherwise)

Refs

Thiethylperazine 63.8 83.1 [39]

Thioridazine 71.5 179.4 [39]

Methdilazine 84.5 63.8 [39]

Inhibitors of viral protein translation
siRNA (against CHIKV

nsP3 and E1)

N/A N/R N/R [40]

shRNA (against CHIKV

nsP1 and E1)

N/A N/R N/R [41]

Harringtonine 0.24 >10 [43]

www.drugdiscoverytoday.com 971

R
ev
ie
w
s
�
P
O
S
T
S
C
R
E
E
N



REVIEWS Drug Discovery Today � Volume 18, Numbers 19/20 �October 2013

TABLE 1 (Continued )

Compound Structure EC50 (mM;
unless
stated
otherwise)

CC50

(mM; unless
stated
otherwise)

Refs

Homoharringtonine N/R >10 [43]

Inhibitors of viral replicase
Apigenin 70.8 >200 [39]

Chrysin 126.6 >200 [39]

Naringenin 118.4 94.1 [39]

Silybin 92.3 >200 [39]
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TABLE 1 (Continued )

Compound Structure EC50 (mM;
unless
stated
otherwise)

CC50

(mM; unless
stated
otherwise)

Refs

Prothipendyl 97.3 >200 [39]

Trigocherrin A 1.5 35 [47]

Trigocherrin B 2.6 93 [47]

Trigocherrin F 3.0 23.1 [47]
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TABLE 1 (Continued )

Compound Structure EC50 (mM;
unless
stated
otherwise)

CC50

(mM; unless
stated
otherwise)

Refs

Trigocherriolide A 1.9 4.6 [47]

Trigocherriolide B 2.5 5.3 [47]

Trigocherriolide C 3.9 10.5 [47]

ID1452-2
SiEt

3

Et
3
Si 31 >31 [51]
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TABLE 1 (Continued )

Compound Structure EC50 (mM;
unless
stated
otherwise)

CC50

(mM; unless
stated
otherwise)

Refs

Compound 1 5 72 [52]

Inhibitors of viral genome replication
Ribavirin 341.1 30.7 mM [57]

6-Azauridine 0.82 208 [57]

Mycophenolic acid 0.1 (MOI 0.01)

0.21 (MOI 0.1)
1.8 (MOI 1.0)

3.21 (MOI 10)

7.81 (MOI 100)

30 [59]

Modulators of host immune response
IFN-a2a N/A 11.1 IU/ml >10,000 IU/ml [57]

IFN-a2b N/A 9.7 IU/ml >10,000 IU/ml [57]

Polyinosinic acid:
polycytidylic acid

N/A N/R N/R [73]

Inhibitor of viral glycoprotein maturation
Decanoyl-RVKR-

chloromethyl ketone

�50d N/R [24]
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TABLE 1 (Continued )

Compound Structure EC50 (mM;
unless
stated
otherwise)

CC50

(mM; unless
stated
otherwise)

Refs

Inhibitors with unknown targets
Trigowiin A 43.5 >100 [76]

Prostratin 2.6 79 [76]

12-O-Tetradecanoylphorbol

13-acetate (TPA)

0.0029 5.7 [76]

4a-12-O-Tetradecanoylphorbol

13-acetate (4a-TPA)

2.8 5.3 [76]

CHIKV, Chikungunya virus; EC50, 50% effective concentration; CC50, 50% cytotoxic concentration; N/A, not applicable; N/R, not reported.
a Values for pre-treatment with compound.
b Values for co-treatment with compound.
c Values for post-treatment with compound.
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caused cytotoxicity of 50% of the cells (CC50), are also displayed in

Table 1.

General virology
The CHIKV replication cycle (Fig. 1) offers a good starting point for

the identification of potential targets during the development of
976 www.drugdiscoverytoday.com
antiviral compounds. Although knowledge of CHIKV biology is

lacking in many areas, mechanisms of viral attachment, fusion

and entry can be supposed from studies done with related alpha-

viruses, including Sindbis virus (SINV) and Semliki Forest virus

(SFV). CHIKV is an enveloped virus with a single-stranded, RNA

genome of positive polarity. The CHIKV genome is approximately
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FIGURE 1

CHIKV replication cycle. Upon receptor binding, the virus particle is endocytosed. Within the endosome, the pH lowers, triggering the fusion of the viral envelope
and endosomal membrane. This releases the nucleocapsid into the cytoplasm which disassembles, liberating the viral genome. Once the genome is in the

cytoplasm, viral nonstructural proteins (nsP1–4) are translated (using the host’s translation machinery) and complex to form the viral replicase. The viral replicase

then synthesizes a negative-sense RNA strand from the positive-sense genome template. The negative-sense RNA serves as a template for the generation of two

things: the full-length positive-sense genome (which becomes packaged into the new viral particles) and the subgenomic (26S) RNA, which enables the
expression of the structural polyprotein (C-E3-E2-6K-E1). Further processing cleaves the structural polyprotein into the individual structural proteins, including the

capsid, which assembles together with the genome to form the nucleocapsid. As the nucleocapsid buds out through the plasma membrane it acquires a portion

of the host plasma membrane with embedded viral glycoproteins that will form the envelope of the viral particle. Abbreviations: nsP, non-structural protein; ER,
endoplasmic reticulum; pE2, precursor of E2.
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11 kb long and consists of two open reading frames: a 7 kb frame

that encodes the viral nonstructural proteins (nsP1, nsP2, nsP3

and nsP4) and a 4 kb frame that encodes the viral structural

proteins, including the capsid (C) and envelope (E1, E2, E3 and

6k) proteins [17]. The envelope proteins E1 and E2 form glyco-

protein spikes on the viral particle surface.

Initial binding to host-cell receptors is facilitated by the E2

glycoprotein. Upon receptor binding, the virus particle is endocy-

tosed. Although studies in an A. albopictus cell line have suggested

that endocytosis of CHIKV is clathrin-mediated [18], studies in

mammalian cells have indicated otherwise [19]. Apart from being

clathrin-independent, endocytosis into mammalian cells has been

found to be dependent on Eps15 and Rab5 proteins [19]. Acidifica-

tion of the endosome results in the E1-mediated fusion of the viral

envelope and endomosal membrane, followed by uncoating of

the viral genome [20]. Translation of viral RNA by the host cell
translational machinery produces the viral nonstructural proteins,

which complex to form the CHIKV replicase [21]. The viral replicase

generates more copies of the viral genome, as well as the subgenomic

(26S) RNA [22]. The subgenomic RNA encodes the structural poly-

protein, which is processed into C, pE2, 6k and E1 [23]. During

export to the plasma membrane, the pE2 precursor is cleaved by

furin to yield the mature E2 and E3 proteins [24]. Finally, viral

components are assembled into nucleocapsids that bud out of

infected cells, acquiring a lipid envelope with embedded E1 and

E2 glycoproteins [25].

Inhibitors of viral entry
Inhibition of CHIKV entry presents an attractive therapeutic strat-

egy because the damage caused by virulence factors during intra-

cellular viral replication can be minimized. In addition, inhibitors

of entry might target extracellular components, for instance
www.drugdiscoverytoday.com 977
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host-cell receptors, which are more accessible, thereby reducing

the required dosages and limiting cytotoxicity [26].

The search for specific entry inhibitors, however, has been

impeded by the poor understanding of CHIKV-specific receptors

on human cellular targets. In fact, only a single putative CHIKV

receptor, prohibitin, has been identified to date [27]. The identi-

fication of more CHIKV-specific receptors, especially those impli-

cated in the in vivo pathogenesis of CHIKV infection, is crucial to

drive future research into CHIKV entry inhibitors.

Chloroquine
Chloroquine, an antimalarial drug, has shown antiviral activity

against several viruses, including HIV [28], severe acute respiratory

syndrome coronavirus [29] and alphaviruses [30]. A dose-dependent

inhibition of CHIKV replication in Vero cells was observed upon

treatment with chloroquine before, during and after infection [31].

Further investigation into the mechanism of chloroquine action

suggested that chloroquine disrupted endosome-mediated CHIKV

internalization, possibly through the prevention of endosomal

acidification. The authors also noted that the EC50 values of the

different treatment groups (7 mM for pre-treatment, 10 mM for co-

treatment and 17 mM for post-treatment) were similar to the plasma

concentrations of chloroquine during treatment of acute malaria,

indicating potential for use against CHIKV infection in vivo.

Despite this, a double-blind clinical trial conducted with 54

CHIKV patients during the La Réunion epidemic failed to show

significant improvement of symptoms or decrease in the duration

of viremia upon administration of chloroquine over 5 days (day 1:

600 mg; days 2 and 3: 300 mg twice daily; days 4 and 5: 300 mg)

[32]. Conversely, at day 200, patients in the chloroquine treatment

group complained more frequently of chronic arthralgia (P < 0.01)

than those from the placebo group. By contrast, Brighton [33]

reported a significant improvement in chronic arthritis symptoms

upon chloroquine phosphate treatment (250 mg/day for 20 weeks)

of ten patients who had been suffering from chronic arthralgia for

at least 5 years following CHIKV infection.

It must be noted that in vitro studies [31] were performed at a

multiplicity of infection (MOI) of 0.1, which might not reflect the

true viremia during the acute phase of CHIKV infection. Indeed,

viral load has been observed to reach 1010 copies of viral genome

per ml of serum during acute infection [32]. Both clinical trials

were conducted with a patient cohort that was too small for

conclusive data on the effectiveness of chloroquine to be obtained.

In addition, the difference in treatment lengths in both chloro-

quine trials could have had an effect on patient outcomes. The

discrepancy in data from chloroquine treatment has also been

observed with HIV-1-infected patients. Savarino et al. [34]

observed that the decrease in viral load of HIV-1 patients was

not as significant in a study where a lower dose of chloroquine was

used. The authors noted that it was important to use the appro-

priate dosage during treatment regimens. Therefore, before dis-

missing chloroquine as a potential antiviral, more studies need to

be performed to determine whether changes in treatment regi-

mens would have an impact on viral load and symptoms.

Arbidol
Arbidol is a broad-spectrum antiviral that has been approved in

Russia and China for the treatment and prophylaxis of influenza and
978 www.drugdiscoverytoday.com
other respiratory infections [35,36]. Arbidol was shown to exhibit

potent inhibitory effects against CHIKV infection in MRC-5 cells

(EC50 = 12.2 mM, CC50 = 376 mM) [36]. An arbidol-resistant mutant

strain isolated in the same study displayed a mutation of glycine to

arginine (G407R) in domain A of the CHIKV E2 glycoprotein,

postulated to be involved in binding to host receptors [37]. Taken

together with data from hemagglutination assays, the study sug-

gested that, as observed with influenza viruses, arbidol inhibits viral

entry by preventing adsorption of CHIKV to target cells.

Having been in clinical use for more than 15 years in Russia,

arbidol has been shown to be well-tolerated with minimal side

effects. In addition, no arbidol-resistant viruses have been isolated

to date [38], suggesting that it might be an attractive option as an

antiviral.

10H-phenothiazines
An antiviral screen conducted with a temperature-sensitive SFV

mutant identified entry inhibitors that were also reported to be

effective against a recombinant strain of CHIKV carrying a lucifer-

ase gene [39]. These comprised six compounds containing a 10H-

phenothiazine core (Table 1), including chlorpromazine, perphe-

nazine, ethopropazine, thiethylperazine, thioridazine and meth-

dilazine (EC50 = 39.4–84.5 mM). Phenothiazines are clinically

approved antipsychotics, and their ability to transverse the

blood–brain barrier could be useful in CHIKV cases with neuro-

logic complications, similar to those documented during the La

Réunion outbreak [39]. The selected phenothiazines are expected

to inhibit CHIKV entry, as they do with SFV, but studies identify-

ing their molecular targets remain to be conducted.

Inhibitors of viral protein translation
RNA interference
Like most RNA viruses, translation of the CHIKV genome is carried

out by the host cell translation machinery. RNA interference

(RNAi) offers a promising approach toward inhibiting viral protein

expression by selectively targeting the viral genome template.

Small interfering RNA (siRNA) sequences targeting CHIKV nsP3

and E1 genes were reported to reduce CHIKV titers and genome

copy numbers significantly (P < 0.05) by about 1 log10 unit at 24

hours post-infection (hpi) [40]. The inhibition was however found

to be transient and diminished by 72 hpi, possibly owing to the

rapidly replicating nature of alphaviruses [40] and susceptibility of

siRNAs to intracellular degradation [41].

More recently, plasmid-based small hairpin RNA (shRNA) was

evaluated as a potential CHIKV antiviral [41]. Stable cell clones

expressing shRNA against CHIKV E1 and nsP1 displayed signifi-

cant (P < 0.05) and sustained inhibition of CHIKV infection and

E2 protein production for at least 3 days post-infection. Infectious

titers decreased progressively from day 1 post-infection to day 3

post-infection, where CHIKV replication was completely abol-

ished. Inoculation of 60 mg of E1 shRNA into a suckling mouse

model 24 hours before infection with 106 plaque-forming units

(PFU) of CHIKV resulted in complete survival of treated groups for

15 days post-infection [41]. By contrast, control groups inoculated

with scrambled E1 shRNA displayed complete mortality within 10

days post-infection. Target specificity was confirmed when stable

E1 shRNA clones did not show decrease in viral titers upon infec-

tion with SINV and dengue virus.
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The approval of Vitravene1 (fomivirsen) by the FDA in 1998 for

treatment of retinitis following cytomegalovirus infection sug-

gests that RNAi technology has the potential to be developed

for therapeutic applications [42]. The efficacy of siRNA in vitro,

and shRNA in vivo, suggests that RNAi could be useful in combat-

ing CHIKV infection as well. Despite its transient action, siRNA

treatment could be useful in lowering viral titers to aid the host

immune response in clearing infection [40]. shRNA efficacy in vivo

shows promising efficacy as a prophylaxis, but the potential for use

post-infection must also be explored.

Harringtonine and homoharringtonine
Harringtonine, a cephalotaxine alkaloid derived from Cephalotaxus

harringtonia, displayed potent inhibition of CHIKV infection

(EC50 = 0.24 mM) with minimal cytotoxicity [43]. Further investiga-

tions revealed that harringtonine inhibited production of nsP3 and

E2 proteins, positive- and negative-sense CHIKV RNA, and caused a

reduction in infectious CHIKV titers. Harringtonine has been found

to inhibit the elongation phase of eukaryotic translation by compet-

ing with incoming aminoacyl tRNAs for binding to the A site in the

60S ribosome subunit [44]. The authors therefore postulated that the

antiviral action of harringtonine could also depend on its inhibition

of the eukaryotic translation machinery, directly interrupting non-

structural and structural viral protein synthesis and indirectly affect-

ing all downstream products. Homoharringtonine, an analog of

harringtonine with an additional methyl group, was also observed

to possess anti-CHIKV activity. Interestingly, harringtonine and

homoharringtonine displayed greater potency with a CHIKV strain

carrying the E1 A226V mutation as compared with a strain carrying

the wild type E1. However, a causal link between the A226V muta-

tion and difference in drug potency was not established, because

both isolates used in the study contained other genetic differences.

Homoharringtonine (omacetaxine mepesuccinate) was recently

approved by the FDA for the treatment of chronic myeloid leu-

kemia. Although harringtonine and homoharringtonine have

been reported to possess antileukemia properties, homoharring-

tonine has been observed to be more potent owing to its ability to

persist at its target sites for a longer duration [45]. As such,

extensive in vivo studies in a suitable murine model are required

to determine whether harringtonine or homoharringtonine is

more suitable as a CHIKV therapeutic.

Inhibitors of viral replicase
5,7-Dihydroxyflavones and prothipendyl
Although the initial steps of the CHIKV replication cycle employ

host factors, the replication of the viral genome represents a step

that is driven mainly by viral factors. Pohjala et al. [39] developed a

screening assay using BHK-CHIKV-NCT, a stable cell line expres-

sing a CHIKV replicon containing only nonstructural proteins

with enhanced green fluorescent protein and Renilla luciferase

as reporters. Four natural compounds containing a 5,7-dihydrox-

yflavone structure were identified as CHIKV inhibitors. These were

compounds with known anticancer properties [46] like apigenin,

chrysin, naringenin and silybin (EC50 = 70.8–126.6 mM). Prothi-

pendyl, a pharmaceutical phenothiazine, was also identified with

an EC50 of 97.3 mM.

Given that alphavirus replicases have been found to complex

with host proteins as well [21], it is necessary to verify the targets of
the selected hit compounds in downstream studies. The impor-

tance of the 5,7-dihydroxyflavone structure can also be evaluated

further in studies of mechanism and SAR analysis.

Daphnane diterpenoids
Efforts to identify novel antivirals have also been driven by the

isolation of new compounds from natural sources. Allard et al. [47]

performed a bioassay-guided purification on extracts of the bark of

Trigonostemon cherrieri to screen for inhibitors of the RNA-depen-

dent RNA polymerase portion of the dengue virus NS5 protein.

From this screen, the authors isolated a new series of highly

oxygenated daphnane diterpenoid orthoesters carrying an

uncommon chlorinated moiety. Trigocherrins A, B and F and

trigocherriolides A, B and C suppressed CHIKV-induced cytopathic

effect (CPE) (EC50 = 1.5–3.9 mM, CC50 = 4.6–93 mM). Among these,

the selectivity indices (SI: CC50/EC50) of trigocherrins (SI = 8–36)

were significantly higher than those of trigocherriolides (SI = 2–3),

suggesting that trigocherrins are more potent inhibitors of CHIKV

infection. Given the targeted approach used in the screening assay,

there is a possibility that these compounds inhibit the CHIKV

replicase. However, the precise targets and mechanism of action of

these diterpenoids have yet to be investigated in a CHIKV model.

Inhibitors of CHIKV nsP2
CHIKV nsP2 carries a protease domain involved in processing viral

polyproteins, an RNA triphosphatase involved in viral RNA cap-

ping and a nucleotide triphosphatase, which supports the RNA

helicase function of nsP2 [48]. CHIKV nsP2 has also been found to

inhibit host antiviral response by suppressing transcription and

type I/II interferon-stimulated JAK/STAT signaling [49,50]. A

mutation (P718G) in the nsP2 region has been found to inhibit

CHIKV replication, affirming nsP2 as an attractive target for

CHIKV antivirals [51].

Lucas-Hourani  et al. [51] designed a trans-reporter assay to

screen for inhibitors of CHIKV nsP2. From the screen, a natural

compound derivative, ID1452-2 (EC50 = 31 mM), was validated

as an inhibitor of CHIKV infection in vitro using a recombinant

CHIKV strain carrying a luciferase insert. Several compounds

with a similar taxoid oxetan ring structure were found to be

only minimally active in the trans-reporter assay, suggesting

that more work needs to be done to determine the SAR of

ID1452-2.

Bassetto et al. [52] developed a homology model of CHIKV nsP2

based on the crystal structure of the nsP2 of Venezuelan equine

encephalitis virus (VEEV), a related alphavirus. From their virtual

screen of about five million compounds, the authors identified a

lead compound (Compound 1) that suppressed CHIKV-induced

CPE (EC50 = 5 mM, CC50 = 72 mM). Compound 1 was predicted to

bind to the central portion of the nsP2 protease active site. SAR

analysis conducted with structural analogs suggested that the

cyclopropylic moiety and hydrazone group of Compound 1 are

important for its anti-CHIKV activity.

Inhibitors of viral genome replication
Ribavirin
Ribavirin is a synthetic purine nucleoside analog with broad-

spectrum antiviral activities [53]. Ribavirin has been licensed by

the FDA for the treatment of respiratory syncytial virus [54], and in
www.drugdiscoverytoday.com 979
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combination with pegylated interferon (IFN)-a for treatment of

acute and relapsing hepatitis C virus (HCV) [55,56].

Ribavirin displayed potent inhibition of CHIKV-induced CPE

(EC50 = 341.1 mM, CC50 = 30.7 mM) as well as a significant

(P < 0.05) dose-dependent reduction of CHIKV titer [57]. In con-

cordance with previous data, ribavirin also displayed a synergistic

antiviral effect with IFN-a. A study conducted with patients experi-

encing arthritis and lower limb pains for at least 2 weeks after CHIKV

infection found that administration of ribavirin (200 mg, twice a

day for 7 days) reduced soft tissue swelling and joint pains [58]. Six

out of the ten patients treated were able to walk freely upon ribavirin

treatment and seven patients did not require analgesics after 4

weeks. Despite the promising data, the patient cohort used was

too small for conclusive observations on the efficacy of ribavirin.

However, the observed in vitro and in vivo anti-CHIKV activity of

ribavirin does warrant further study into its potential antiviral use.

Despite its well-documented antiviral effects, the mechanism of

action of ribavirin remains controversial and is likely to vary for

different viruses [53]. A structural analog of guanosine, ribavirin is

known to be a competitive inhibitor of inosine monophosphate

dehydrogenase (IMPDH), an enzyme involved in the de novo

synthesis of guanine nucleotides [53,59]. Studies with SINV have

shown that ribavirin treatment depletes intracellular guanosine

triphosphate (GTP) pools, and that resistance to ribavirin maps to

nsP1, a guanylyltransferase that is involved in capping the viral

RNA [60]. It is therefore possible that ribavirin results in an

increase in degradation of intracellular viral RNA, and halts cap-

dependent viral protein translation. However, mechanistic studies

are still required to confirm and elucidate the mode of action for

ribavirin against CHIKV.

6-Azauridine
6-Azauridine inhibited CHIKV replication and CPE at noncyto-

toxic concentrations (EC50 = 0.82 mM, CC50 = 208 mM) [57]. Like

ribavirin, 6-azauridine is a nucleoside analog that has demon-

strated broad-spectrum antiviral activity [61]. However, antiviral

activity has been difficult to replicate in vivo [62]. A uridine analog,

6-azauridine is an inhibitor of orotidine monophosphate decar-

boxylase, which is involved in de novo synthesis of pyrimidines

[63]. Clinically, 6-azauridine triacetate has been used for treatment

of severe psoriasis without severe adverse effects. 6-Azauridine can

be administered at high doses (200 mg/kg), reaching plasma con-

centrations that are higher than levels required for alphavirus

inhibition, suggesting possible therapeutic use [57]. Apart from

mechanistic studies, the efficacy of 6-azauridine requires careful

evaluation in suitable in vivo models of CHIKV infection.

Mycophenolic acid
Mycophenolic acid (MPA) is a noncompetitive inhibitor of

IMPDH, and has been used clinically as an immunosuppressant

to prevent the rejection of transplant organs [64]. MPA appears to

inhibit CHIKV replication in a mechanism similar to that of

ribavirin. In vitro, MPA inhibited CHIKV-induced CPE across dif-

ferent MOIs in a dose-dependent manner (EC50 = 0.1 mM at MOI

0.01, and 7.81 mM at MOI 100, CC50 = 30 mM) [59]. A dose-depen-

dent reduction in CHIKV genome copy number and infectious

titer was also noted. The mode of action of MPA was traced

to depletion of GTP pools and subsequent inhibition of
980 www.drugdiscoverytoday.com
CHIKV-induced apoptosis, resulting in decreased CPE. Addition

of exogenous guanosine monophosphate (GMP) abolished MPA-

induced inhibition of CHIKV infection. MPA-resistant SINV

strains have displayed mutations in nsP1, resulting in a guanylyl

methyltransferase with increased affinity for GTP, and it is possible

that a similar mechanism could apply for CHIKV [60]. In addition,

the authors noted that MPA treatment caused a reduction in

infectivity of CHIKV from 3.33% to 0.148%, suggesting that an

additional mechanism of MPA action could rely on the increase in

mutation rates during viral genome replication owing to the lack

of intracellular GTP [59].

Modulators of host immune response
CHIKV infection clears rapidly within 4–7 days, suggesting a

crucial role for the innate immune system in the acute phase of

the infection [65]. As with most viruses, type I IFNs play a central

role in CHIKV infection clearance. The production of type I IFNs is

believed to be triggered by detection of viral RNA by Toll-like

receptors (TLRs) 3, 7 and 8, as well as Rig-like receptors during

CHIKV infection [65]. Type I IFNs activate the transcription of

interferon-stimulated genes (ISGs), which encode proteins

involved in the host antiviral defense [66,67]. Therefore, activa-

tion of the innate immune response may contribute to a quicker

and more efficient resolution of viral infection.

IFN-a
IFN-a treatment has been reported to protect mice against infections

with VEEV [68], SFV [69] and nerurovirulent SINV [70]. IFN-a2a

(EC50 = 11.1 IU/ml, CC50 > 10,000 IU/ml) and IFN-a2b (EC50 =

9.7 IU/ml, CC50 > 10,000 IU/ml) caused dose-dependent inhibi-

tion of CPE and CHIKV titers [57]. As was observed in the harring-

tonine study [43], Bordi et al. [71] noted that a CHIKV strain carrying

the E1 A226V mutation was more sensitive to IFN-a treatment than

a strain carrying the wild-type genotype. Protection against CHIKV-

induced CPE vanished upon treatment of 0.5–1.5 IU/ml of IFN-a for

isolates with the E1 A226V mutation, as opposed to 14 IU/ml for the

wild-type isolate. However, the authors clarified that the genetic

backgrounds of both isolates were unknown, and that additional

genetic differences could have contributed to the observations.

Nevertheless, it is worthwhile to ascertain the effect of the A226V

mutation on antivirals, given that isolates carrying this mutation

became more prevalent as the epidemic progressed in La Réunion.

Evidence for the in vitro antiviral effects of IFN-a, as well as the

synergistic effects of IFN-a and ribavirin, warrants further explora-

tion in suitable in vivo models.

Polyinosinic acid:polycytidylic acid
Polyinosinic acid:polycytidylic acid [poly(I:C)] is a synthetic ana-

log of double-stranded RNA (dsRNA) that interacts with TLR3,

causing potent induction of IFN [72]. Treatment with 4 mg/ml of

poly(I:C) before CHIKV infection at various MOI (0.01, 1 or 5)

suppressed CPE for up to 72 hpi [73]. Under the same treatment

conditions, CHIKV infectious titers were reduced by about 2–

3 log10 units at 24 and 48 hpi and 1–2 log10 units at 72 hpi for

all MOIs tested. Downstream studies indicated that poly(I:C)

treatment induced secretion of IFN-b, which peaked at 4 hours

post-treatment, as opposed to CHIKV-induced secretion of IFN-b,

which peaked at 24 hpi. TLR3 expression was also upregulated
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during poly(I:C) treatment as well as CHIKV infection. A signifi-

cant upregulation at the mRNA level was observed for IFN-a, IFN-b

and interferon-inducible antiviral factors including 20,50-oligoade-

nylate synthetase (OAS) and myxovirus resistance protein (MxA)

upon poly(I:C) treatment in uninfected cells. It is probable that the

antiviral effects of poly(I:C) are dependent on its immunomodu-

latory effects. Poly(I:C) has also been used as an adjuvant in

vaccine research, and this is another possible application for this

TLR3 analog [74,75].

Inhibitor of viral glycoprotein maturation
Decanoyl-RVKR-chloromethyl ketone
In the final stages of the CHIKV replication cycle, the viral pre-

cursor protein E3E2 is cleaved by furin into mature E3 and E2 [24].

Treatment of CHIKV-infected cells with decanoyl-RVKR-chloro-

methyl ketone (dec-RVKR-cmk), a furin inhibitor, was found to

suppress the level of CHIKV infection as determined by immuno-

fluorescence detection of alphavirus nucleocapsid. In particular,

the authors observed that inhibition correlated with a decrease in

the number of antigen-positive cells per CHIKV-induced focus,

instead of a depletion in the number of foci. This implied that dec-

RVKR-cmk impairs the spread of CHIKV to neighboring cells.

Treatment of dec-RVKR-cmk before, during and after CHIKV infec-

tion also revealed significant inhibition of viral titer, indicating

that dec-RVKR-cmk could inhibit early steps of the viral replication

cycle as well. However, mechanistic studies investigating this have

not been performed.

Inhibitors with unknown targets
Tigliane diterpenoids
Bourjout et al. isolated a novel tigliane diterpenoid, trigowiin A,

during a chemical study of Trigonostemon howii. Although trigo-

wiin A (EC50 = 43.5 mM, CC50 > 100 mM) displayed only moderate

anti-CHIKV activities, several well-known tigliane diterpenoids

with a similar structure displayed potent inhibition of CHIKV-

induced CPE [76]. These included prostratin (EC50 = 2.6 mM,

CC50 = 79 mM), 12-O-tetradecanoylphorbol 13-acetate (TPA)

(EC50 = 0.0029 mM, CC50 = 5.7 mM) and 4a-TPA (EC50 = 2.8 mM,

CC50 = 5.3 mM). In particular, TPA was the most potent compound

of the set, with an SI of 1965. Based on preliminary SAR data, the

authors proposed that antiviral activity against CHIKV requires a

basic phorbol carbon skeleton esterified at position 13, with a free

hydroxyl group at position 12.

Despite its attractive selectivity index, the tumor-promoting

properties of TPA could make it unsuitable as an antiviral agent
[76,77]. In addition, TPA has been reported to inhibit HIV-induced

syncytia formation via a protein kinase C (PKC)-dependent path-

way while enhancing HIV replication [77,78]. This indicates that

the antiviral activities of compounds displaying CPE reduction

should always be confirmed with assays determining infectious

viral titers. This is especially so for TPA and its structural analogs,

given the data from HIV studies.

Concluding remarks and future directions
The magnitude of the chikungunya fever epidemic in La Réunion

in 2005 emphasized the importance of the search for appropriate

CHIKV antivirals. Most of the antivirals discussed in this review

are only in the preliminary stages of research and this can be

attributed partly to the gaps in current understanding of the

biology of alphaviruses. Among the potential therapeutics dis-

cussed are well-known broad-spectrum antivirals like chloro-

quine, ribavirin and IFN-a, which have displayed some efficacy

in vivo. Having been clinically approved for other conditions,

existing information on pharmacologic parameters of these com-

pounds might aid more-extensive in vivo studies on their anti-

CHIKV properties, expediting the drug development process. The

recent discovery of novel antivirals targeting CHIKV components

like nsP2 (ID1452-2 and Compound 1), replicase complex (5,7-

dihydroxyflavones) and viral genome translation (siRNA and

shRNA) have shown promise in vitro, and further studies on their

in vivo efficacies are warranted, especially because compounds

with viral targets are expected to display lower toxicity owing to

their selectivity. Nevertheless, compounds with host targets like

harringtonine (ribosome inhibitor) and dec-RVKR-cmk (furin

inhibitor) remain relevant to the antiviral discovery process, as

shown by the FDA approval of host-targeting compounds like

ribavirin.

There is a lot that remains unknown with regards to CHIKV

biology and pathogenesis in vivo. To date, the processes contribut-

ing to CHIKV-induced encephalitis and chronic arthritis are

poorly understood, posing a hindrance to antiviral drug discovery.

Even at the molecular level, there are gaps in the understanding of

CHIKV replication, including host-cell receptors as well as the

events prior to viral budding. Indeed, research into basic biology

and in vivo pathogenesis of CHIKV are crucial for the identification

of novel viral targets as well as antivirals.
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