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ABSTRACT 

Introduction: Chikungunya virus (CHIKV) is the etiological agent of a (re)emerging arbovirus 

infection, chikungunya fever (CHIKF), that represents a serious health problem worldwide for which 

no antivirals are available. 

Areas covered: This review covers the efforts performed so far to identify and optimize small 

molecules that could be useful as antivirals for CHIKV infection, including drug repositioning, 

phenotypic screening, target-based screening and structure-based design. This is accompanied by a 

brief presentation of the replicative cycle of the virus and the role of the viral proteins in CHIKV 

replication.  

Expert opinion: In the last decade, and particularly since CHIKV reached the Americas, significant 

efforts have been made to identify compounds that effectively inhibit CHIKV replication. 

Unfortunately, these efforts have not led to a clinical candidate. For the years to come, more basic 

research is required to allow a better understanding of the interplay of the viral proteins among them 

and with cellular components. Structural information is missing for most of the targets so that 

structure-based drug design, a strategy that has provided good results in other antiviral fields, has been 

scarcely applied to this alphavirus.  

 

KEYWORDS: Chikungunya virus, drug repurposing, phenotypic screening, structure-based drug 

design, target-based assays 

 

  



 
 

 

 

ARTICLE HIGHLIGHTS 

 

 CHIKV, a (re)emerging alphavirus transmitted by the bites of infected Aedes mosquitos, has 

expanded worldwide in tropical and subtropical areas with high morbidity that implies 

important social and economic consequences. 

 Drug discovery strategies against CHIKV have been based on reposition of existing drugs as 

antivirals or addressing host factors, phenotypic screenings, and to a lesser extent, target-based 

screenings and structure-based design.  

 Despite the efforts performed in the last decade to identify and optimize new inhibitors or to 

reposition existing drugs, no compound has progressed towards clinical trials. 

 Structural studies on CHIKV proteins and their interaction with ligands are required since they 

constitute a key issue in the identification and optimization of hits.  

 Basic research on the interaction among viral proteins and/or with cellular components is 

mandatory to better establish the functional replicative complex in order to design rational 

approaches to interfere with these complexes, crucial for viral replication.  

 

 

  



 
 

 

1. INTRODUCTION 

Chikungunya virus (CHIKV) was first isolated in 1953 in Tanzania and its name refers to a Makonde 

or Swahili word that means “that which bends up”[1], describing the posture of patients suffering from 

chikungunya fever, a debilitating arthritic disease. CHIKV belongs to the alphavirus genus of the 

Togaviridae family. Other alphaviruses in this family are Sindbis virus (SINV), Semliki Forest virus 

(SFV), O’nyong nyong virus (ONNV), Ross River virus (RRV) and Venezuelan Equine Encephalitis 

virus (VEEV) [2]. 

CHIKV is mainly transmitted by the bites of mosquitoes of the Aedes species, particularly Ae aegypti 

and Ae albopictus. Up to 2004, several CHIKV outbreaks were reported in Central Africa and 

Southeast Asia that were considered as endemic areas. Since 2004, outbreaks have been more 

extensive both in numbers of people infected and the geographical areas involved [3]. In 2013, in Saint 

Martin island in Central America, a first CHIKV infected patient was reported and since then the 

number of people infected goes beyond 2 million in the Caribbean countries and Central and South 

America [4].  

There are a number of reasons that may help to explain the spread of CHIKV infection. In the outbreak 

of 2005-2006 in the Indian Ocean islands, it was reported that a mutation in the E1 surface glycoprotein 

gene (A226V)  had facilitated the adaptation of the virus to Ae albopictus [5]. Not only this has allowed 

the spread of the virus towards tropical and temperate areas where Ae albopictus is more present, but 

also this adaptive mutation has been reported to enhance the transmission and infectivity of the virus 

[5]. Thus, the adaptation of the virus to other vectors and the changes associated to a globalized world 

made of CHIKV a re-emerging pathogen. Although mortality is low, in neonates, elderly people or 

patients suffering from diabetes or heart disease, CHIKV infection can lead to severe complications 

including death [6, 7]. On the other hand, morbidity is high, with important social and economic 

consequences. Moreover, coinfections with dengue virus, transmitted by the same vector, raises 

serious concerns [3].  



 
 

 

There is no licensed vaccine or antiviral treatment available for CHIKV infected patients. Current 

treatment involves antipyretics and NSAIDs to alleviate the symptoms. The development for CHIKV 

vaccines has been recently reviewed [8]. In the next sections, we will illustrate the state of the art of 

CHIKV antiviral drug discovery with a brief description of the replicative cycle of the virus, the 

approaches and assays followed so far to identify small molecules that target either a viral or a host 

factor, to end with our view of the lessons learned and the challenges to be faced for CHIKV antiviral 

drug discovery. 

 2.- CHIKV REPLICATIVE CYCLE AND ROLE OF THE VIRAL PROTEINS 

A schematic representation of the replication cycle of CHIKV is shown in Figure 1A [9]. CHIKV is a 

spherical enveloped virus with a positive sense ribonucleic acid (RNA) genome of approximately 11.8 

kilobases that consists of 2 open reading frames encoding for 4 non-structural proteins (nsPs) and 5 

structural proteins (Figure 1B) [10]. Together, the nsPs make up the replication complex of the virus. 

Upon virus entry, translation of the nsPs into polyprotein (nsP1-2-3-4) is carried out by the host 

ribosomes [10, 11]. After translation, the polyprotein undergoes autocatalysis to yield nsP4 and P123 

[10]. nsP4 is the RNA polymerase involved in synthesizing the full complementary negative strand of 

the virus genome [10]. Further cleavage of P123 into nsP1, nsP2 and nsP3 yields the full replication 

complex required to synthesize the new positive sense strands [10].  

The viral nsP1 has both guanine-7-methyltransferase and guanylyl transferase activities responsible 

for adding the 5’-methyl cap to the RNA genome [12]. In addition, palmitoylation of nsP1 helps 

anchoring the protein to the lipid bilayer [13, 14]. This interaction with the membrane phospholipids 

activates the enzymatic activity of nsP1 [15]. nsP2 is a nuclear localization protein with multiple 

functions [16]. It contains the helicase domain at the N terminus [17], and the protease domain at the 

C terminus [18]. In addition, it also functions as an NTPDase and 5’-RNA triphosphatase [19]. CHIKV 

nsP2 has also been found to inhibit phosphorylation of signal transducer and activator of transcription 

(STAT) 1 induced by interferon (IFN) signaling to subvert the host immune response [20]. For a long 



 
 

 

time, the functions of nsP3 remained ill defined. Recent studies however reveal that nsP3 exerts a 

crucial function in mediating multiple virus-host protein-protein interactions. [21] 

The structural proteins of CHIKV include E1 glycoprotein (E1), E2 glycoprotein (E2), E3 glycoprotein 

(E3), 6k and capsid protein (CP). The latest associates to enclose the genetic material of the virion. A 

typical alphavirus mature virion spans 70 nm in diameter consisting of heterotrimeric spikes made up 

of E1 and E2 on its surface [22]. The spikes on the surface of the virion are crucial in mediating 

membrane fusion during infection. E2 mediates virus entry through receptor-mediated endocytosis 

[23]. Acidic condition arising from the fusion of the lysosome with the phagosome causes a 

conformational change in the glycoproteins, thereby destabilizing the interaction of E1/E2 heterodimer 

[23]. This allows exposure of the E1 fusion loop to facilitate insertion into the host membrane in a pH 

and cholesterol dependent manner [23]. The role of CHIKV E3 is less well understood although studies 

performed with other alphaviruses suggest it has a crucial role in virus maturation. E3 is a small 

glycoprotein translated together with E2 as a polyprotein (p62). The cleavage of E3 from E2 by 

endogenous furin is essential for the assembly of infectious virions [24]. Lastly, 6k protein is a 

vipoporin which forms cation-selective channels in the plasma membrane of infected cells [25]. 

Deletion of the 6k protein in SINV and SFV mutants were found to inhibit virus replication [26]. 

3.- SMALL MOLECULES INHIBITING CHIKV REPLICATION 

In this article it is not intended to cover all compounds described that inhibit CHIKV replication. The 

readers are referred to very recent review articles covering a detailed description of such compounds 

[27, 28, 29]. Instead, the intention here is to center the attention on the approaches followed in the 

search of CHIKV replication inhibitors and the available assays. The description of the current scenario 

and the analysis of the strategies used so far constitute, in our opinion, the basement for what might be 

done in the next future for CHIKV drug discovery.  



 
 

 

The identification of CHIKV inhibitors has been performed following these approaches: (i) 

repositioning/repurposing of approved/existing drugs, (ii) phenotypic cell-based screening, (iii) target-

based screening, and (iv) structure-based design.  

3.1.-Drug repositioning for CHIKV 

An approach that has become very popular is the repositioning or repurposing of existing drugs. This 

approach consists of giving approved drugs a new indication. As recently reviewed on drug 

repurposing for viral infectious diseases by Mercorelli et al [30], besides repositioning known 

antivirals, this approach may lead to a new indication for an approved drug (i.e. an anticancer drug) 

and/or to explore new molecular targets or pathways. A clear advantage of the repositioning approach 

is the significant reduction in time and costs for the development of the molecule as an anti-CHIKV 

drug compared to a “de novo” compound. Since the drug has already been approved for other 

therapeutic indications or has already been tested in clinical trials, this would (in principle) allow that 

preclinical and phase 1 safety/tolerability clinical trials are skipped and that the drug directly enters 

phase 2 clinical trials for testing efficacy. Moreover, a repurposed drug could potentially be employed 

for compassionate use, especially when there is a lack of specific treatment for the viral infection. The 

main obstacle may be that the effective concentrations required for antiviral activity are often higher 

than those achievable with the approved treatment regimen.  

3.1.1.-  Broad-spectrum antiviral agents 

A logical approach to rapidly identify molecules inhibiting CHIKV replication has been to evaluate 

compounds that have already proven to be broad-spectrum antivirals. 

Ribavirin (1, Figure 2) is a synthetic triazole nucleoside derivative, similar to guanosine, orally 

available and approved for the treatment of respiratory syncytial virus (RSV) infection in infants, and 

has also been used for the treatment of human hepatitis C (HCV) infections with promising results 

[31]. The efficacy of ribavirin in inhibiting CHIKV is very much cell-dependent and although the 



 
 

 

production of infectious CHIKV particles is delayed in cell culture, complete suppression is not 

observed.  

6-azauridine (2, Figure 2) is a broad-spectrum nucleoside analogue that inhibits DNA and RNA virus 

replication and shows significant activity against CHIKV [32]. It has been proposed that the compound 

depletes UTP pools and thus has an effect on rapid replicating viruses such as CHIKV. It may also 

induce “error catastrophe” [33].  

4-hydroxycytidine (β-D-N4-hydroxycytidine, NHC, 3) (Figure 2) is a nucleoside analogue reported to 

inhibit HCV replication and that has recently been identified also as a potent CHIKV replication 

inhibitor, whose activity can be abrogated by the addition of external pyrimidines (cytidine or uridine) 

[34]. Measurements of the intracellular metabolites of NHC showed a significant amount of the NHC-

triphosphate (NHC-TP, 4) while time of addition experiments indicated acting as an early-stage 

inhibitor, but not at entry. So, it is suggested that the anti-CHIKV activity goes through NHC-TP that 

may target the viral polymerase and behave as a chain terminator, or/and that NHC-TP is incorporated 

into viral RNA and results in an increased rate of mutagenesis [34]. Very recent studies on NHC and 

VEEV inhibition support that the mechanism of action is strongly related to accumulation of mutated 

viral genomes, while development of resistance against NHC is quite inefficient [35]. 

Favipiravir (T-705) (5, Figure 2) is a broad-spectrum antiviral compound that has been approved in 

Japan for the treatment of pandemic influenza virus infections. The compound is activated 

intracellularly by cellular enzymes to its ribofuranosyl 5´-triphosphate (6, T-705-RTP). T-705 has 

shown activity against different CHIKV strains and selection of favipiravir-resistant variants indicated 

the RNA-dependent RNA polymerase as the target [36]. As recently reviewed, current information of 

favipiravir treated patients highlights the benefits and risks of this broad-spectrum antiviral drug [37].  

Sofosbuvir (7, Figure 2) is a uridine monophosphate prodrug approved for the treatment of HCV 

through inhibition of the viral polymerase. The evaluation of sofosbuvir against CHIKV has provided 



 
 

 

interesting results both in cell culture and in vivo. The drug prevented CHIKV induced paw edema in 

mice at a dose of 20 mg/kg/day and also prevented mortality in a neonate mouse model [38].  

Thus, approved nucleoside analogues and nucleoside prodrugs represent an interesting group of drugs 

for the treatment of CHIKV infections. 

Arbidol (8, Figure 2) is a broad-spectrum antiviral approved in China and Russia for treatment of 

influenza infections. This virus entry inhibitor showed anti-CHIKV activity and selection of resistant 

strains resulted in a single amino acid mutation (G407R) in the E2 envelope glycoprotein [39], that 

might be involved in binding to host receptors. Structure-activity relationship studies have been 

performed with new synthetic derivatives of arbidol against CHIKV but their activities are still modest, 

similar to that of the parent arbidol [40].  

Chloroquine (9, Figure 2), being approved as an antimalarial drug, has shown activity against different 

viruses. Chloroquine inhibits CHIKV replication [41] probably by interfering with endosome-

mediated internalization increasing the pH and preventing E1 fusion [42]. The results of small-scale 

clinical trials performed with chloroquine do not support effectiveness [43], although probably a more 

systematic evaluation is required, since the previous limited assessments provided contradictory results 

[8]. 

3.1.2.- Host-targeting antivirals  

Addressing host factors as a therapeutic antiviral option is an attractive approach since it could render 

broad-spectrum antivirals that are less prone to resistance development. Still caution should be kept to 

assure the right therapeutic window since host targets (including isoforms) might be critical for 

physiological functions. Several recent reviews address this issue particularly applied to CHIKV and 

alphaviruses [28, 44].  

Obatoclax (10, Figure 3), that has reached clinical trials for anticancer therapy as an antagonist of the 

Bcl-2 family, has shown antiviral activity against influenza virus, flaviviruses and alphaviruses, 

including CHIKV [45]. Further studies on the mechanism of action and the characterization of escape 



 
 

 

resistant strains of SFV have led to propose that obatoclax is an inhibitor of endosomal acidification, 

preventing viral fusion [45].  

Using a CHIKV replicon cell line, Varghese et al. screened approximately 3000 bioactive molecules 

including FDA approved drugs and identified the isoquinoline alkaloid berberine (11, Figure 3) as a 

potent inhibitor of CHIKV replication [46]. Additional studies on the mechanism of action of this 

alkaloid, for which clinical trials for diabetes and dyslipidemia have been performed, indicated that 

the compound affected the mitogen-activated protein kinase (MAPK) signaling pathway in the context 

of CHIKV infection. Moreover, the efficacy of berberine was tested in a CHIKV-induced arthritis 

mouse model that evidenced the alleviation of the inflammatory symptoms [47]. Thus, MAPK 

signaling could constitute an alternative target to alleviate CHIKV inflammation.  

Among the host factors that have been identified as crucial for the replication of different viruses, the 

host-stress pathway chaperone HSP-90 represents an attractive target [48]. It should be highlighted 

that HSP-90 inhibitors have been extensively studied for anticancer therapy and several of them 

reached clinical trials [49]. For CHIKV, it has been reported that HSP-90 interacts with nsP3 and nsP4 

to facilitate CHIKV replication [50]. Moreover, CHIKV infection activates the Akt pathway via 

interaction with HSP-90 that phosphorylates mTOR to regulate viral mRNA translation [51]. Drugs 

targeting HSP-90 such as geldanamycin (12) or HS-10 (13) (Figure 3) reduced viral titers and 

inflammation in a mouse model of CHIKV infection [50]. However, since several clinical trials for 

anticancer applications of HPS-90 inhibitors have been terminated due to in vivo toxicity, it remains 

to be explored if existing or newly developed HSP-90 inhibitors might be useful for CHIKV infection.  

Very recently a new approach has been described to identify effective antiviral drugs against CHIKV 

based on a human genome-wide loss-of-function screen [52]. Following this approach, host factors 

and pathways that are important for viral replication (proviral) or that limit CHIKV replication 

(antiviral) were identified. The pathways or target proteins identified include fatty acid synthesis, 

vacuolar-type H+ ATPase, CDC-like kinase 1 (CLK1), the lysine-acetyltransferase (KAT5), 



 
 

 

calmodulin signaling and fms-related tyrosine kinase 4 (FLT4). The combination of two existing drugs, 

5-(tetradecyloxy)-2-furoic acid (TOFA, 14) and pimozide (15) (Figure 3), targeting fatty acid synthesis 

and calmodulin signaling respectively, provided increased anti-CHIKV activity in vitro and in vivo 

[52].  

3.2.-Phenotypic screening of compounds of natural or synthetic origin.   

A second approach to identify hit compounds interfering with CHIKV replication has been the 

phenotypic cell-based screening of large compound collections with unknown activity, including 

natural products or synthetic compounds. To be able to screen such large compound sets, antiviral 

evaluation need to be adapted to a high-throughput setting. The readout of the antiviral assay is often 

based on the inhibition of the virus-induced cytopathogenic effect (CPE) which can be measured by 

colorimetric methods (such as MTS, MTT) or by luminescence (ATPlite) [53, 54]. Cells stably 

expressing a CHIKV replicon with a luciferase reporter have also been used in a high-throughput set-

up [46]. The advantage of the phenotypic screening approach is that it enables the discovery of novel 

antiviral targets. On the other hand, identifying the target of the antiviral effect is not always 

straightforward. Therefore, the screening needs to be combined with several additional assays in order 

to elucidate the antiviral mechanism of action (time of addition experiments, selection of escape 

resistant strains, etc…). Once the mechanism has been established, this can be of use to design more 

potent analogues and/or to improve the understanding of critical issues for CHIKV replication.  

Natural products have been extensively screened for CHIKV inhibition and anti-CHIKV activity has 

been reported for a number of them such as baicalein, fisetin, and quercetagetin [55], epigallocatechin 

gallate [56] or flavonoids like silymarin [57]. Still the reported activity is moderate and the 

optimization of these hits to become a drug is not trivial.   

Among synthetic compounds, Gigante et al [53] have identified a family of [1,2,3]-triazolo[4,5-

d]pyrimidin-7(6H)ones as selective and potent inhibitors of CHIKV replication. Extensive SAR 

studies have evidenced the structural requirements for anti-CHIKV activity while other modifications 



 
 

 

have been performed to improve their pharmacokinetic properties [58, 59]. Representative compounds 

of these series are MADTP314 (16), MADTP372 (17), MADTP411 (18) or MADTP441 (19) (Figure 

4A). Under the pressure of compound MADTP314, drug-resistant strains were selected that carried a 

single mutation in nsP1 (P34S) [60]. Reverse genetics confirmed the importance of this mutation at 

nsP1 for the anti-CHIKV activity of MADTPs, while additional studies on the mechanism of action 

corroborated the capping process where nsP1 is involved as the target for these compounds [60]. 

Moreover, using the VEEV nsP1 as an enzymatic model, it was shown that these triazolopyrimidines 

inhibited the guanylyl transferase activity of nsP1 [59, 60]. Thus, these results and those from other 

groups [61, 62, 63] support the potential of nsP1 as a target for CHIKV inhibition.  

Chai et al identified thieno[3,2-b]pyrroles as effective inhibitors of CHIKV and other alphaviruses, 

based on the reported activity of similar carboxamides against Western Equine encephalitis virus 

(WEEV) [64]. Compound 20 (Figure 4A) inhibits protein synthesis and viral RNA synthesis, and 

showed antiviral activities against other alphaviruses (ONNV and SINV) [65]. Optimization studies in 

this series has led to compound 21 with improved pharmacokinetic properties and metabolic stability 

[66]. Time of addition experiments suggest that this series targets the replication stage and/or late 

stages of the CHIKV life cycle. 

Wada et al have screened a compound collection against the CHIKV-SL10571 strain to identify a 

benzimidazole compound (22, Figure 4A) as a subµM inhibitor, showing activity against other 

alphaviruses although the SI was quite low (SI =6.9) [67]. Characterization of resistant strains 

indicated a M2295I substitution in the conserved motif B of nsP4.   

3.3.- Target-based screens 

In target-based screens, the experimental set-up is specifically designed to identify compounds that 

interfere with a particular process that has been shown to be necessary for virus replication. To this 

end, cell-free in vitro assays with purified viral proteins can be used, as well as in cellulo assays with 

recombinant viruses, virus replicons and/or engineered cell lines. One of the great advantages of target-



 
 

 

based screens is the well-defined mechanism of action of the identified hits. Additionally, these 

assays often do not require BSL3 or even BSL2 containment, so they can be more easily and widely 

implemented. On drawbacks side, molecules with a different mechanism of action will be missed by 

restricting the antiviral activity to a single process. Furthermore, biochemical approaches frequently 

suffer from a lack of confirmation of on-target inhibition in cell-based assays. To the best of our 

knowledge, target-based screens for CHIKV have only been developed for nsP1, nsP2, the capsid 

and viral fusion.  

3.3.1. nsP1. The capping of CHIKV RNA has recently been identified as a potential antiviral target 

for CHIKV [60]. To identify compounds specifically targeting the nsP1 capping activity, a nsP1-GTP 

competition assay was developed using fluorescence polarization [63]. In this assay, the displacement 

of a fluorescently labeled GTP analogue is monitored in real time. A HTS screen of 3051 compounds 

resulted in the identification of several small molecules able to compete with GTP for the CHIKV 

nsP1 GTP binding site [62]. Of these, the naturally derived lobaric acid was the only molecule with 

antiviral efficacy in cell-based assays. Kaur et al. reported a colorimetric enzyme linked 

immunosorbent assay (ELISA) assay to identify inhibitors of CHIKV nsP1 by measuring the formation 

of the m7GMP-nsP1 complex by utilizing an anti-m7G cap monoclonal antibody [61]. The assay was 

validated with sinefungin, a S-adenosyl methionine analogue that was previously shown to be a potent 

inhibitor of viral cap methyltransferases [68]. No new inhibitors were identified yet using this assay. 

A similar assay was developed by Xi et al using VEEV nsP1 [69]. A small molecule library of 1220 

compounds was screened, resulting in 18 hits with more than 80% inhibition of the guanylyltransferase 

activity. Two series of molecules were selected for a limited SAR study. Interestingly, these newly 

identified capping inhibitors were not cross-resistant with the previously reported MADTP series.  

3.3.2. nsP2. CHIKV nsP2 induces a transcriptional shutoff allowing the virus to disrupt the cellular 

antiviral response. To target the host shutoff mediated by CHIKV nsP2, a trans-reporter assay was 

developed in which luciferase gene expression is induced by the artificial transcription factor Gal4-



 
 

 

DB-Fos [70]. In the presence of CHIKV nsP2 expression, the luciferase signal is reduced, but when a 

molecule alleviates nsP2-mediated shutoff on gene transcription, the luciferase signal should be 

restored. A library of 3040 molecules was evaluated, resulting in the identification of a silylated 

derivative, synthetic intermediate of the taxoid oxetane ring (ID1452-2), that partially blocked nsP2 

activity. However, this compound only weakly inhibited CHIKV replication in HEK-293T cells.  

To identify molecules that inhibit nsP2 proteolytic activity, a high-throughput FRET-based assay was 

developed using a purified nsP2 protease domain and a fluorogenic peptide substrate [71]. The effect 

of several universal protease inhibitors was evaluated, showing that the enzyme was completely 

resistant to inhibitors of serine proteases (PMSF, trypsin protease inhibitor I), aspartic proteases 

(pepstatin) and metalloproteases (EDTA). On the other hand, it was modestly inhibited by 

leupeptin, a cysteine protease inhibitor. In addition, zinc acetate, an FDA approved drug for the 

treatment of Wilson’s disease, was found active in the nsP2 protease assay and antiviral efficacy 

was confirmed in antiviral assays using Vero cells (3 log inhibition in viral titer).   

3.3.3. Capsid. The C-terminal domain of the CHIKV capsid possesses serine protease activity, which 

is responsible for cis-proteolytic cleavage of the structural proteins. A FRET-based high-throughput 

assay for capsid protease activity has been developed [72]. Standard serine protease inhibitors were 

evaluated, but none of them significantly inhibited the proteolytic activity of the capsid.  

3.3.4. Fusion. In order to target CHIKV fusion upon entering the host cell, a method was developed 

based on CHIKV-mediated insect cell fusion inhibition in Sf21 insect cells. To this end, a bicistronic 

baculovirus expression system was used that co-expressed CHIKV structural proteins C (capsid), E2 

and E1 and EGFP [73]. An FDA-approved drug library containing 788 compounds was assayed, 

resulting in the identification of niclosamide (23) and nitazoxanide (24) (Figure 4B) as inhibitors of 

E1 mediated fusion [74]. Interestingly, niclosamide, an antihelmintic drug had previously shown to 

have antiviral effects by targeting the acidic endosomes [75], while nitazoxanide, commercialized as 

an antiprotozoal drug, has been described as a broad-spectrum antiviral agent [76].  



 
 

 

3.4. Structure-based drug design. 

Structure-based design studies of CHIKV inhibitors have relied on virtual screening campaigns of 

different chemical databases to identify new potential agents against some of the CHIKV proteins, 

either using homology models or the available X-ray structures [77, 78, 79, 80].  

As indicated in section 2, the nsP2 protein is a multifunctional enzyme that plays a crucial role in virus 

replication. Its N-terminal domain functions as a nucleoside triphosphatase, helicase and RNA-

dependent 5´-phosphatase while the C-terminal region acts as a cysteine protease responsible for the 

cleavage of the viral non-structural polyprotein [18, 19, 81]. Encouraged by the therapeutic success of 

inhibiting other viral proteases (i.e. HCV or HIV proteases) [82], the nsP2 C-terminal domain has been 

selected for computer-aided drug design campaigns. The crystal structure of the CHIKV nsP2 was not 

available until 2011, and therefore, earlier studies relied on homology models. Bassetto et al. [83] 

constructed a homology model of CHIKV nsP2 based on the VEEV nsP2 protease as the best template, 

showing a 40% sequence identity [84]. The structure of the C-terminal domain nsP2 (Figure 5A) 

consists of six helices flanked by two regions of short β-hairpins and a single turn 310, and is organized 

in two subdomains: the C-terminal subdomain that resembles a SAM-dependent MTase domain, and 

the N-terminal subdomain where the cysteine protease catalytic residues are located. Using the 

constructed homology model, and through a virtual screening campaign, compound 25 (Figure 5B) 

was identified as a potential inhibitor. The compound showed antiviral effect against CHIKV 

replication in the low µM range. The synthesis of new analogues in this series led to compound 26 

(Figure 5B) with an improved selectivity index. However, the ability of these compounds to inhibit 

the protease activity of CHIKV nsP2 was not demonstrated. In a recent follow-up work [85], additional 

modifications on the benzyliden-acrylohydrazide scaffold have been rationally designed in an attempt 

to improve not only the antiviral activity but also the drug-like and water-stability properties. The 

insertion of a hydrazine-carbothioamide as central scaffold in compound 27 led to antiviral activity in 

the low µM range and suitable poses in the docking study at the nsP2 active site, but it remains to be 



 
 

 

proven whether the antiviral activity is due, at least partially, to the inhibition of the protease activity 

of nsP2. 

Compound 26 was used by Das et al [86] to construct a pharmacophoric model to filter the MolPort 

and ZINC databases in order to identify new nsP2 inhibitors. The resulting hits were docked in the 

active site of the crystal structure of CHIKV nsP2. A set of 12 compounds were selected and tested in 

a cell-free protease inhibition assay and in a viral replication assay. From these combined assays 

compound 28 (Figure 5B) showed a moderate inhibition of the protease activity of nsP2 in the FRET-

based assay, with an IC50 around 50 µM, while inhibition of virus replication was also observed in the 

very low µM range.  

More recently, the CHIKV capsid protein (CP) has triggered interest as a potential target for antiviral 

development since the molecular interaction of glycoprotein E2 with CP plays an important role in the 

life cycle of alphaviruses [72]. The capsid protein can be divided in three regions with different 

functions. Regions I (residue 1-80) and II (residue 81-103) are located in the N-terminal domain of CP 

and are involved in the encapsulation of the genomic RNA, while region III (residue 114-264) at the 

C-terminal domain is a serine protease, responsible of the cis-proteolytic activity that self-cleaves form 

the nascent structural polyprotein [87, 88]. This protease domain comprises two β-barrel subdomains 

folded into a Greek key motif (Figure 5C) characteristic of chymotrypsin-like serine proteases. The 

substrate-binding pocket is located in the cleft between the subdomains and contains the conserved 

catalytic triad (His136, Asp161 and Ser213). X-ray crystallography, cryo-EM and molecular 

modelling structural studies on VEEV, SFV and Aura virus CP-E2 complexes have revealed the 

existence of a conserved hydrophobic pocket in CP that could be important for E2 interaction via a 

proline residue (Pro405) [89, 90, 91]. Moreover, it was postulated that a dioxane molecule that 

occupied this hydrophobic pocket in the crystal structure of Aura-CP, could mimic the E2-proline 

residue [90]. Based on this hypothesis, together with the reported antiviral activity for picolinic acid 

(29, Figure 5D) [92], a homology model of CHIKV CP was built by Sharma et al. to perform a docking 



 
 

 

study of PCA in this hydrophobic pocket [93]. The predicted docking affinity was corroborated 

experimentally by ITC, SPR and fluorescence spectroscopy. Additionally, the antiviral activity of PCA 

was evidenced by the inhibition of CHIKV replication. Last year, the same authors reported on the X-

Ray structure of the CHIKV CP and carried out a virtual screening campaign with small heterocycle 

molecules retrieved from the PubChem database.[79] From this “in silico” study, (S)-(+)-mandelic 

acid (30, Figure 5D) and ethyl-3-aminobenzoate (31, Figure 5D) were identified as the best hits by 

molecular docking. SPR and fluorescence spectroscopy experiments confirmed their binding to CP.  

However, their antiviral activity against CHIKV was not determined. 

It should be added that other authors have reported on “in silico” hits directed against nsP2 [94, 95, 

96], nsP3 [97] or the envelope glycoprotein complex [98, 99], but the experimental validation of these 

hits in a target-based assay or in phenotypic assays is still lacking.  

4. EXPERT OPINION 

Since the outbreak in La Reunion in 2005-2006, and particularly since the introduction of CHIKV in 

the Americas in 2013, the search for compounds that effectively inhibit CHIKV replication has been 

identified as a priority. However, progress in small molecule drug discovery to treat CHIKV infection 

is probably slower than expected. Drug repositioning and drug repurposing, a logical approach to reach 

clinical trials in a minimum time, has not led to the expected success either with wide-spectrum 

antivirals or with other FDA-approved drugs. At this moment, no clinical trials are thus being 

performed for an antiviral against CHIKV. So, what is missing in CHIKV drug discovery? Obviously, 

there is no simple answer to this question. Still, there are some issues that may help to explain the 

current situation and that may be useful to address future approaches.  

Certainly, the lack of structural information on most of the viral proteins that are considered suitable 

targets has halted the employment of structure-based drug design approaches. Structural studies are 

determinant to progress in the identification and optimization of hits. As described in previous sections, 

the only proteins for which structural information is available are nsP2, nsP3, E2-E1-E3 and the capsid 



 
 

 

protease domain, but even in these cases no ligand has been co-crystallized. For other proteins, there 

is no structure solved. For a few proteins, homology models have been constructed (i.e.  nsP4 [100] or 

the protease domain of nsP2 [83]) but computational screening campaigns performed on such models 

have not provided interesting hits. This reality is accompanied by the lack of information on how the 

viral proteins are interacting with each other and with cellular components, complexes that are crucial 

for the functional replicative complex (RC). It has recently been reported that CHIKV proteins are 

characterized by the presence of disordered-based protein-protein interactions (MoRFs) that may help 

to clarify how protein-protein interactions occur in CHIKV replicative cycle [101]. Probably the lack 

of information of this interplay also helps to understand why the development of target-based assays 

has been so difficult, and the only ones reported have been summarized in section 3.3.  

Ideally, a pan-alphavirus inhibitor should be developed in order to be useful not only to treat CHIKV 

infection but also those caused by other alphaviruses (i.e. VEEV) whose impact on human health can 

become important in the future. In theory, the replicative cycle of alphaviruses is pretty similar among 

them. However, with the exception of compounds acting at the level of polymerase (i.e favipiravir), 

most of the identified CHIKV inhibitors have variable efficacy against other alphaviruses. The 

opposite is also true, that is, compounds with good activity against VEEV, SINV or SFV are 

significantly less active against CHIKV. More basic information is required to establish the similarities 

and differences among these viruses.  

Drug discovery of anti-CHIKV compounds is also hampered by the requirement of BSL3 facilities to 

work with the virus. Certainly not all departments or laboratories at public or private institutions have 

access to such facilities. Alternative testing systems for BSL2 labs are the attenuated CHIKV vaccine 

strain 181/25, CHIKV replicon cells and CHIKV pseudoparticles, meant for studying viral entry. 

Adaptation of the testing systems to a BSL2 lab may increase the number of researchers involved and 

therefore the progress of, at least, the initial steps in the screening campaigns.  

 



 
 

 

CHIKV is a (re)emerging arbovirus that has infected a large number of people in wide areas around 

the world in the last decade. After an acute phase with fever and joint arthralgia, CHIKV infection can 

lead to chronic debilitating arthritis, which has important social and economic consequences. It has 

been proposed that if potent antivirals are administered during the acute infection, shortly after getting 

infected, the viral load may be reduced and the severity of symptoms in the chronic phase should also 

be mitigated [29]. How CHIKV infection induces arthritis is still under debate, but certainly a better 

understanding of the interplay between CHIKV infection and the immune system is required. Also, 

more basic research on the virus replication complex including structural information is necessary to 

rationally design approaches that might lead to a higher rate of success than the efforts performed so 

far that have majorly focused on drug repositioning and phenotypic screening. Thus, it is clear that 

only with the involvement of researchers from different disciplines including structural biology, 

biochemistry and molecular biology, virology, computational and medicinal chemistry, and veterinary 

to develop a suitable in vivo model, a qualitative step forward in the search for efficient antiviral drug 

discovery against CHIKV infection can be accomplished.    
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Figure 1. (A) Schematic representation of the replication cycle of chikungunya virus [9] (reproduced 
with permission from Abdelnabi et al, Antiviral Research 2015, 121:59-68. Copyright Elsevier). 
CHIKV enters the cell by endocytosis following the binding of the E2 protein to specific receptor(s) 
on the cell surface. Within the endosome, the low pH triggers the fusion of the viral envelope with 
the endosomal membrane, leading to the release of the nucleocapsid into the cytoplasm. The 
nucleocapsid disassembles to liberate the viral genome, which is translated to produce the viral 
nonstructural proteins (nsP1–4). After processing, the nonstructural proteins complex to form the 
viral replicase, which catalyzes the synthesis of a negative-sense RNA strand to serve as a template 
for synthesis of both the full-length positive-sense genome and the subgenomic (26S) RNA. The 
subgenomic (26S) RNA is translated to produce the structural polyprotein (C-E3-E2-6K-E1), which 
is then cleaved to produce the individual structural proteins, followed by assembly of the viral 
components. The assembled virus particle is released by budding through the plasma membrane, 
where it acquires the envelope with embedded viral glycoproteins. (B) Schematic organization of the 
CHIKV genome. The open reading frames (ORFs) are presented as open boxes and the non-coding 
regions as solid black lines. The coding sequences for the proteins processed from the translation 
product of the ORF are delineated within each ORF. UTR= untranslated region. 

  



 
 

 

 

 

 

Figure 2. Chemical structures of broad-spectrum antiviral agents. 

  



 
 

 

 

 

 

 

Figure 3. Chemical structures of host-targeting antivirals. 

 

  



 
 

 

 

 

 

Figure 4. A: Chemical structures of CHIKV replication inhibitors identified through phenotypic 
screening; B: Chemical structures of drugs identified through target-based screens. 

 

  



 
 

 

 

 

Figure 5. (A) Cartoon representation of the CHIKV nsP2 protease structure (pdb id: 3trk) with the 
catalytic residues shown in sticks. (B) Selected nsP2 ligands discovered by structure-based studies. 
(C) Cartoon and surface representation of the CHIKV capsid protein (pdb id: 5h23). The catalytic 
triad is shown in magenta sticks. (D) Reported capsid protein inhibitors. 


