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Abstract Chikungunya virus (CHIKV), an alphavirus transmitted by Aedes mosquitoes, has frequently

caused outbreaks in tropical and subtropical regions worldwide, posing a significant public health threat.

CHIKV infection leads to chikungunya fever, characterized by fever, rash, and persistent joint pain, with

approximately 30%—40% of patients developing chronic arthritis that severely impacts quality of life.

Currently, no specific antiviral drugs or vaccines against CHIKV have been approved for clinical use,

highlighting the urgency of drug development. This review systematically summarizes recent progress

in antiviral research on CHIKV, focusing on key target proteins in the viral life cycle, such as non-

structural proteins nsP1, nsP2, nsP3, nsP4, and structural protein E1—E2 complexes, as well as the mech-

anisms of action of their inhibitors. We analyze the current research status of various anti-CHIKV com-

pounds, including suramin, baicalin, halofuginone, betulinic acid, andrographolide, and itraconazole.

Additionally, we summarize host-directed antiviral strategies targeting pathways such as host cell oxida-

tive folding, Na+/K+-ATPase, and MAPK signaling. This review aims to establish a theoretical founda-

tion and outline potential research directions for the development of CHIKV-related therapeutics, thereby

facilitating the discovery of effective treatment strategies against this pathogen.

*Corresponding authors.

E-mail addresses: sypugaohy@163.com (Huiyuan Gao), LKQPHU@163.com (Keqiang Li), hylu@cmu.edu.cn (Hongyuan Lu).
†These authors made equal contributions to this work.

Peer review under the responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2026.03.044

2211-3835 ª 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese

Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsev ie r.com/ loca te /apsb
www.sc iencedirec t . com

Acta Pharmaceutica Sinica B 2026;16(6):3257—3291



ª 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Chikungunya virus (CHIKV), classified within the genus Alpha-

virus of the family Togaviridae, is a single-stranded, positive-

sense RNA virus1. CHIKV is primarily transmitted by Aedes

aegypti and Aedes albopictus mosquitoes. Since its initial identi-

fication in Tanzania in 1952, the virus has caused widespread

epidemics across Africa, Asia, Europe, and the Americas2. Ac-

cording to the WHO, millions of CHIKV infections occur globally

each year, with the 2013—2014 outbreak in the Caribbean region

resulting in over one million infections3,4. China reported its first

imported CHIKV case in 2008. According to the data of the

Chinese Center for Disease Control and Prevention, since the

CHIKV outbreak in July 2025, a total of 10,000 cases have been

reported in China5. The cases are mainly in Guangdong Province,

and there are no reports of severe cases or deaths.

CHIKV infection primarily presents as an acute febrile illness

characterized by rash and severe joint pain. It is estimated that

approximately 30%—40% of infected individuals develop chronic

arthritis, with symptoms lasting for several months or even extending

to years6,7. Although the disease is associated with low mortality,

prolonged joint dysfunction results in considerable socioeconomic

burdens. Importantly, the transmission range of CHIKV is expanding

due to global climate change and increased international travel,

thereby emerging as a significant global public health threat8,9.

Despite its significant socioeconomic impact, there are

currently no clinically approved specific antiviral therapies for

CHIKV. Management primarily relies on supportive care, such as

the administration of non-steroidal anti-inflammatory drugs

(NSAIDs) and analgesics, which are unable to eradicate the virus

and demonstrate limited efficacy in treating chronic arthritis10,11.

Vaccination initiatives have led to the approval of two vaccine

candidates: IXCHIQ, a live-attenuated vaccine, and VIMKUNYA,

a virus-like particle vaccine. IXCHIQ, the first CHIKV vaccine to

receive global approval, was granted FDA authorization in

November 2023 but faced partial suspension for individuals over

65 years of age in May 2025 due to reported adverse events12.

VIMKUNYA, which was approved in February 2025, is currently

awaiting further safety evaluation13,14. Therefore, the development

of safe and effective antiviral drugs against CHIKV remains a

critical priority.

Recent advances in the understanding of CHIKV molecular

biology and pathogenesis have facilitated significant progress in

drug development. This review provides a systematic overview of

current research, analyzes the mechanisms of both viral and host

targets, and outlines potential strategies for drug discovery. The

objective is to offer comprehensive insights that may contribute to

the accelerated development of anti-CHIKV therapeutics.

2. CHIKV molecular biology and life cycle

2.1. Viral genome structure and encoded proteins

The CHIKV genome is approximately 11.8 kb in length and en-

codes two polyprotein precursors: the 5′ non-structural

polyprotein (P1234) and the 3′ structural polyprotein

(C—E3—E2—6K—E1)15. As a single-stranded positive-sense RNA

virus, CHIKV contains two open reading frames (ORFs). The

5′ORF encodes the non-structural proteins (nsP1, nsP2, nsP3, and

nsP4), which constitute the viral replication complex responsible

for genome replication and the synthesis of subgenomic RNA. The

3′ORF encodes the structural proteins, including the capsid

(C) and envelope glycoproteins (E3, E2, 6K, and E1), which are

involved in virion assembly and release16.

Non-structural proteins play crucial roles in viral replication

and host interaction. nsP1 possesses guanylyltransferase (GTase)

and methyltransferase (MTase) activities, which are essential for

5′-cap formation. nsP2 is a multifunctional protein that contains

an N-terminal helicase/NTPase domain and a C-terminal cysteine

protease domain; it is responsible for polyprotein processing and

suppression of host transcription. nsP3 consists of an N-terminal

macrodomain, a zinc-binding domain, and a C-terminal hyper-

variable region, all of which contribute to the assembly of the

replication complex and the recruitment of host factors. nsP4

functions as the RNA-dependent RNA polymerase (RdRp)

involved in viral RNA synthesis17,18.

Structural proteins include the E1—E2 heterodimer, which

forms trimeric spikes responsible for cell attachment and mem-

brane fusion. Domain A of E2 (E2DA) serves as the primary

neutralizing epitope and binds to the host receptor matrix

remodeling-associated protein 8 (Mxra8)19. The capsid protein C

is associated with the viral genomic RNA to form nucleocapsids,

whereas the 6K protein plays a facilitating role in viral budding20.

2.2. Viral life cycle

The CHIKV replication cycle encompasses five primary stages:

(1) attachment and entry; (2) genome release and translation; (3)

replication complex formation and RNA synthesis; (4) structural

protein synthesis; (5) virion assembly, and release (Fig. 1). The

detailed process is outlined below.

2.2.1. Viral attachment and entry

Following introduction into the human host via an infected mos-

quito bite, CHIKV initiates infection by attaching to host cells.

This attachment is mediated by the viral envelope glycoproteins

E1 and E2, which recognize and bind to cell surface molecules

including glycosaminoglycans (e.g., heparan sulfate) and specific

receptors such as MXRA8, DC-SIGN, and TIM-121. Receptor

binding triggers clathrin-mediated endocytosis, internalizing the

virion into an endosome21. Subsequent acidification of the endo-

some induces a conformational change in the E1 glycoprotein,

facilitating fusion between the viral envelope and the endosomal

membrane. This fusion event releases the viral nucleocapsid into

the host cell cytoplasm.

2.2.2. Genome release and translation

Upon release into the cytoplasm, the nucleocapsid dissociates and

the positive-sense, single-stranded RNA (+ssRNA) viral genome

functions directly as mRNA. It is translated by host ribosomes to
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produce a large non-structural polyprotein precursor (P1234)22.

This precursor undergoes sequential proteolytic cleavage by the

viral protease activity residing within nsP2, resulting in the for-

mation of the mature individual non-structural proteins (nsP1,

nsP2, nsP3, nsP4)22. nsP1 localizes to specialized plasma mem-

brane microdomains, often lipid rafts, where it possesses guany-

lyltransferase and methyltransferase activities essential for

capping viral RNAs23.

2.2.3. Replication complex formation and RNA synthesis

The mature nsPs assemble into the viral replication complex (RC)

on the cytoplasmic surfaces of modified host membranes, pri-

marily derived from endosomes and lysosomes. These RCs are

often organized within membrane invaginations termed "spher-

ules", which provide a protected environment for RNA synthesis

and shield double-stranded RNA (dsRNA) replication in-

termediates from host innate immune sensors24. Within the RC,

Figure 1 Chikungunya virus life cycle. (Step 1) Viral envelope glycoprotein E (E1/E2): CHIKV surface spikes composed of E1 and E2

glycoproteins. E2 Domain A (E2—DA) mediates attachment to host cell receptors (e.g., MXRA8). (Step 2) CHIKV enters cells through clathrin-

mediated endocytosis. (Step 3) Acidification of the vacuolar lumen leads to the exposure of the E1 fusion peptide, facilitating the fusion of viral

and endosomal membranes. (Step 4) The viral capsid is released into the cytoplasm, where it undergoes rapid uncoating. (Step 5) The genomic

RNA serves as mRNA for translation of the nsP1—nsP4 polyprotein. (Step 6) Viral protease nsP2 cleaves this polyprotein into individual non-

structural proteins (nsP1, nsP2, nsP3, nsP4). nsP4 undergoes maturation and subsequently forms a complex with P123 and an RNA template,

which is then transported to the plasma membrane. This complex induces structural remodeling of the cell membrane to facilitate the formation of

replication organelles, also known as spherules, where a negative-stranded full-length RNA [(− )RNA] is synthesized (Step 6). (Step 7) The

coordinated activity of these proteins leads to the formation of the viral replication complex, which facilitates the synthesis of the (− )RNA

intermediate―a critical precursor for the generation of both subgenomic (26S) and genomic (49S) RNAs. Once synthesized, the 26S mRNA is

translated into C—pE2—6K—E1 polyprotein precursors (Step 8), which are subsequently cleaved by a serine protease to generate the capsid

(C) protein (Step9), as well as the pE2 and E1 glycoproteins. (Step 10) Structural proteins are translated from subgenomic RNA as a polyprotein,

which is subsequently translocated to the endoplasmic reticulum (ER). (Step 11) C protein is released through autocatalytic processing. The E

glycoproteins and the 6K protein are matured by host proteases (Step 11) and subsequently transported to the plasma membrane via the secretory

pathway (Step 12). (Step 13) The C protein encapsulates the RNA genome to form an icosahedral nucleocapsid structure. (Step 14) The C/E2

interaction facilitates CHIKV particle budding and release.
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the full-length genomic RNA serves as a template for the synthesis

of a complementary negative-sense RNA strand. This negative-

sense strand then acts as the template to produce new positive-

sense genomic RNA molecules and a subgenomic positive-sense

26S RNA molecule. The subgenomic RNA is transcribed from

an internal promoter on the negative-sense template24.

2.2.4. Structural protein synthesis and virion assembly

The subgenomic 26S RNA is translated into a structural poly-

protein precursor (C—pE2—6K—TF—E1) in the cytoplasm. This

polyprotein is co-translationally inserted into the endoplasmic re-

ticulum (ER) lumen25. Within the ER, host signal peptidases cleave

the capsid protein (C) from the N-terminus. The remaining poly-

protein (pE2—6K—TF—E1) undergoes further processing: host

proteases cleave pE2 into the mature E3 and E2 glycoproteins. E2

and E1 subsequently form heterodimers (pE2—E1, where pE2 is

the E3—E2 precursor)25,26. This complex traffics through the Golgi

apparatus. In the trans-Golgi network (TGN) or post-Golgi com-

partments, the E3 glycoprotein (which shields the fusion domain of

E1 during transit) is cleaved from pE2 by host furin or furin-like

proteases26. This cleavage event releases E3 and results in the

formation of mature, metastable E2—E1 heterodimers, which

assemble into trimeric spikes on the membrane. Concurrently, the

cytoplasmic capsid (C) protein packages newly synthesized

genomic + ssRNA to form nucleocapsids in the cytoplasm.

2.2.5. Virion assembly, budding, and release

Mature nucleocapsids are transported to sites on the plasma

membrane enriched with viral E1/E2 glycoprotein spikes. As-

sembly involves interactions between the cytoplasmic domain of

E2 and the nucleocapsid27. Progeny virions bud through these

modified plasma membrane regions, acquiring their lipid envelope

studded with E1/E2 spikes, and are released from the host cell27.

Additionally, CHIKV can spread directly to neighboring cells via

virus-induced intercellular long extensions (ILEs), a mechanism

that may facilitate cell-to-cell transmission and potentially evade

humoral immunity28. Released virions can either infect new cells

within the host or be acquired by a feeding mosquito vector,

thereby completing the transmission cycle28.

3. Anti-CHIKV strategies targeting viral proteins

3.1. Inhibitors targeting viral non-structural proteins (nsPs)

Non-structural proteins (nsPs) play essential roles in the formation

and function of the viral replication complex, thereby serving as

key targets for antiviral drug development29. These proteins,

which include enzymes and interaction interfaces, are critical for

viral RNA synthesis, processing, and protection. Therefore,

inhibiting their functions can effectively suppress viral replication

within host cells30 (Fig. 2).

3.1.1. nsP1 methyltransferase/guanylyltransferase: key to viral

RNA stability

3.1.1.1. nsP1 protein inhibitors. nsP1 is the only CHIKV non-

structural protein associated with the cell membrane and exhibits

N7-methyltransferase (MTase) and guanylyltransferase (GTase)

activities, which are responsible for the formation of the 5′ cap

structure (Cap-0, m7GpppN) on viral RNA31. This cap structure

plays a critical role in protecting viral RNA from degradation by

host exonucleases, facilitating efficient translation initiation, and

enabling the virus to evade detection by the host’s innate immune

system. Consequently, inhibition of the capping function of nsP1

represents a promising strategy for blocking viral replication.

3.1.1.1.1. Enzymatic characteristics and inhibition strategies of

nsP1. The capping process mediated by nsP1 involves a two-

step reaction: First, the GTase domain catalyzes the transfer of the

GMP moiety from GTP to His37 on nsP1, forming a covalent

intermediate, nsP1-GMP. Subsequently, the MTase domain facil-

itates the transfer of a methyl group from S-adenosylmethionine

(SAM) to the N7 position of the GMP, ultimately resulting in the

transfer of m7GMP to the 5′ end of the viral RNA32. Inhibitors

targeting this capping mechanism can be classified into three

major categories: (1) compounds that compete for binding at the

GTP binding site; (2) analogs of SAM; and (3) molecules that

interfere with nsP1—RNA interactions.

3.1.1.1.2. Strategies for the discovery of nsP1 inhibitors. Based

on secondary structure prediction and cross-linking studies of re-

combinant SFV nsP1, the catalytic sites of CHIKV nsP1 are most

likely H37 and D63 (Fig. 3). In the existing cryo-EM structure of

apo-CHIKV nsP1, the D63 residue-considered the anchor for SAM-

is buried too deeply within the protein structure to be accessible to

endogenous ligands in docking simulations33. Structural analysis

indicates that multiple conserved amino acid residues play a crucial

role in this state. Among them, the side chain of D138 moves into

the hydrogen-bonding interaction distance after binding to SAH,

forming a stable contact with the amine group of the SAH base and

thereby optimizing the SAH binding mode. Additionally, R92 acts

as a bridge between the two substrates: one end interacts with the

methionine sulfur atom of SAH, while the other end interacts with

the methyl group of m7GTP, thus stabilizing the methylated product

in the active center. In the structural basis of nsP1 oligomerization-

dependent activation, residues such as R41 and R70 collectively

form an arginine network. This network directly coordinates the

phosphate groups of m7GTP, enabling it to function as a potential

allosteric regulatory checkpoint34.

3.1.1.1.3. Representative nsP1 inhibitors. Lobaric acid: Identi-

fied via high-throughput screening, lobaric acid competitively binds

to the GTP-binding site of nsP1 with an IC50 value of 1.3 μmol/L,

thereby inhibiting the guanylylation activity of nsP131. In cellular

assays, lobaric acid exhibited antiviral activity against both CHIKV

and SINV, with EC50 values ranging from 5 to 10 μmol/L, and

showed low cytotoxicity (CC50 > 100 μmol/L)31. Molecular

docking studies revealed that lobaric acid acts as a ligand to

recognize and bind to the active pocket of the GTase domain,

forming a stable binding mode. Amino acids such as MET-73, LYS-

99, and ALA-69 form hydrogen bond interactions with the carboxyl

and hydroxyl groups of lobaric acid (Fig. 4). The aromatic structure

of lobaric acid forms π—sulfur or π—alkyl interactions with resi-

dues such as MET-72. Lobaric acid was enclosed by a hydrophobic

pocket formed by amino acids such as MET-73, ALA-69, and

ARG-70, occupying the cavity of the GTase active center, indi-

cating that its polyphenol structure and carboxylic acid group play

important roles in the binding35.

5-Iodotubercidin (5-IT): 5-IT is an adenosine analog origi-

nally identified as a protein kinase inhibitor. Research has

demonstrated that 5-IT inhibits the methyltransferase (MTase)

activity of CHIKV nsP1 with an IC50 of 0.8 μmol/L and sup-

presses CHIKV replication at the cellular level with an EC50 of

0.5 μmol/L32. Mechanistic studies suggest that 5-IT functions as

a SAM-competitive inhibitor, interfering with the methyl trans-

fer reaction. Notably, 5-IT also exhibits inhibitory effects against

Venezuelan equine encephalitis virus (VEEV), indicating its
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potential as a broad-spectrum antiviral agent against

alphaviruses32.

6′-ß-Fluoro-isosorubicin: A carbon-ring nucleoside analogue

that can directly inhibit the replication of CHIKV by targeting

the MTase activity of nsP136. This compound inhibits the

replication of the chikungunya virus at the cellular level

(EC50 � 0.12 μmol/L) and has resistance against SFV virus

(EC50 � 4.0 μmol/L)36. Unlike traditional nucleoside ana-

logues,6′-ß-fluoro-isosorubicin undergoes structural changes,

thereby preventing 5′-phosphorylation, and minimizes cytotox-

icity (CC50 > 100 μmol/L)37.

FHNA and FHA: 6′-ß-Fluoro-homoaristeromycin (FHA) and

6′-fluoro-homoneplanocin A (FHNA) are carbocyclic nucleoside

analogs that inhibit the replication of CHIKV and SFV by directly

targeting the MTase activity of nsP136. At the cellular level, FHA

and FHNA inhibit CHIKV replication with EC50 �

0.12 ± 0.04 μmol/L and 0.18 ± 0.11 μmol/L, respectively. Unlike

traditional nucleoside analogs, FHA has undergone structural

modifications to avoid 5′-phosphorylation, thereby reducing cyto-

toxicity (CC50 > 250 μmol/L) and resulting in a SI > 1000.

Additionally, both compounds exhibit potent inhibitory effects on

SFV replication, with EC50 values of 3.9 ± 3.5 μmol/L (for FHA)

and 5.2 ± 3.2 μmol/L (for FHNA), respectively.

3.1.1.1.4. Challenges and outlook. Despite progress in nsP1

inhibitor research, challenges remain: (1) The substrate binding

pocket of nsP1 is shallow, making it difficult to design high-affinity

small molecules; (2) Membrane-associated nsP1 is not easily

accessible to drug molecules; (3) Balancing inhibitory activity with

Figure 2 Representative inhibitors targeting CHIKV nondomain nsPs.

Figure 3 Active site structure of CHIKV nsP1 binding to SAH and m7GTP in the post-methylated state. Detailed view of the nsP1 active site,

showing details of SAH and m7GTP in different colors for different regions, CHIKV nsP1 in pink, the active cavity in yellow, and the active

region on the cavity surface in cyan (PDB#8AOW).
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cellular permeability is required. Future research directions may

include: (1) Structure-based rational drug design to optimize

existing lead compounds; (2) Developing allosteric inhibitors; (3)

Exploring interfaces of nsP1 interaction with other nsPs as targets.

3.1.2. nsP2 protein inhibitors: the important drug target of

CKIKV

nsP2 is the largest CHIKV non-structural protein (∼90 kDa),

featuring an N-terminal helicase/nucleoside triphosphatase

domain and a C-terminal cysteine protease domain, playing a

central role in polyprotein processing and host defense evasion38.

The nsP2 protease (nsP2pro) cleaves the P1234 polyprotein pre-

cursor, generating functional nsP1, nsP2, nsP3, and nsP4 proteins,

which is essential for the correct assembly and function of the

replication complex8,39. Additionally, nsP2 translocates to the

nucleus to shut down host transcription and translation, thereby

suppressing the host antiviral response40. Its core position in the

viral lifecycle and unique enzymatic activity make it one of the

most attractive antiviral drug targets41.

3.1.2.1. Mechanism of action. CHIKV nsP2 is a multifunc-

tional protein. It comprises an N-terminal helicase domain (nsP2h)

and a C-terminal cysteine protease domain (nsP2p), which are

connected by a 14-residue linker, thereby forming a multi-domain

protein with structural flexibility39. This structural property allows

it to play multiple roles in viral replication.

In terms of enzyme activity inhibition mechanisms, covalent

inhibitors block protease activity by targeting catalytic cysteine

residues to form covalent bonds. Studies have shown that such

inhibitors can specifically modify the cysteine in the catalytic

center, leading to conformational changes and functional inacti-

vation of the protease22. In contrast, non-covalent inhibitors

inhibit enzyme activity by competitively binding to the substrate

pocket or regulatory sites. Covalent fragment inhibitors such as

RA-0002034 exhibit nanomolar-level inhibitory activity; their

inhibition kinetic studies indicate that the kinact/KI value reaches

6.4 × 103 M− 1·s− 1, demonstrating high-efficiency covalent

inhibitory capacity42.

The inhibition of nsP2 helicase activity is primarily achieved by

interfering with its nucleoside triphosphatase (NTPase) and RNA

triphosphatase (RTPase) activities43. Nucleoside analogs can

competitively bind to the NTPase site, blocking the ATP-dependent

RNA unwinding process44; in contrast, decoy RNA oligonucleo-

tides and peptide nucleic acids (PNAs) competitively block the

interaction between nsP2 and viral RNA by mimicking viral RNA

sequences45. These strategies can effectively inhibit viral RNA

replication and may indirectly activate the host antiviral response.

In terms of host protein interactions, the interaction between

nsP2 and heat shock protein 90ß (Hsp90ß) is crucial for viral

replication38. Inhibitors of Hsp90ß can block the interaction be-

tween nsP2 and Hsp90ß, thereby inhibiting the assembly of the

viral replication complex. This intervention strategy based on host

protein interactions provides a new approach for antiviral therapy.

3.1.2.2. Structure and function of nsP2 protease. nsP2pro is a

member of the cysteine protease family and contains a catalytic

triad composed of Cys478, His548, and Asn56246. Distinct from

other viral proteases, nsP2pro exhibits a unique folding pattern,

with its active site situated in a cleft between two structural do-

mains. This structural feature offers a specific opportunity for

targeted drug design22,47. In addition to its proteolytic activity,

nsP2 contributes to the host transcriptional shutdown through a

nuclear localization signal (NLS), thereby suppressing cellular

mRNA synthesis48.

Inhibitors targeting nsP2pro can be broadly categorized into

covalent and non-covalent types. Acrylamide derivatives, as co-

valent inhibitors, form irreversible covalent bonds with the cata-

lytic cysteine residue in the active site, thereby achieving potent

inhibition22. Other covalent inhibitors have also been developed,

demonstrating strong in vitro activity and effective antiviral effects

at the cellular level23.

Among non-covalent inhibitors, compound J13 has been identi-

fied as a potent inhibitor of nsP2pro, significantly inhibiting viral

replication49. Another compound, RA-0002034, also exhibits strong

anti-CHIKV activity by targeting nsP2pro42,50,51. Moreover, ribos-

tamycin, an aminoglycoside antibiotic, was found to competitively

inhibit nsP2pro activity, suggesting potential for drug repurposing52.

Natural products represent another valuable source of nsP2pro in-

hibitors. Researchers have isolated and identified several inhibitory

compounds from plant extracts, including baicalin6.

Figure 4 Predicted mode of action of lobaric acid with nsP1. (A) Chemical structure of lobaric acid. (B) The binding mode of lobaric acid to

the active center of the GTase domain of nsP1 protein, nsP1 is shown in cyan, key amino acids are shown in a gray ball-and-stick model, lobaric

acid is shown in a pink ball-and-stick model, lobaric acid is bound to a hydrophobic pocket formed by residues such as MET-73, ALA-69 and

ARG-70, occupying the active cavity of GTase, mimicking the molecular interaction between lobaric acid and substrate. (C) Position of lobaric

acid with active cavity, nsP1 is shown in gray (PDB#7DOP).
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RNA helicases are a diverse class of ATP-dependent motor

proteins that play essential roles in nearly every aspect of RNA

metabolism, including transcription, splicing, translation, RNA

transport, and decay. The N-terminal helicase domain of nsP2 is

responsible for unwinding the double-stranded RNA (dsRNA)

intermediates formed during viral RNA replication, thereby

providing single-stranded templates for the movement of RNA

polymerase. Alphaviruses encode an SF1B RNA helicase within

the N-terminal domain of nonstructural protein 2 (nsP2hel) that is

required for the synthesis of viral RNA. In addition to the helicase

domain, nsP2 also contains a cysteine protease domain, which is

connected to a C-terminal methyltransferase-like (MTL) domain.

The alphavirus nsP2hel is a dynamic nonprocessive motor enzyme

that detaches and rebinds as it unwinds the RNA. Recent studies

suggest that the C-terminal MTL domain may stabilize the

RNA—nsP2 interaction and is therefore required for efficient

helicase unwinding activity. Although research on inhibitors tar-

geting the helicase domain is relatively limited compared to that

on the protease domain, its potential cannot be overlooked. Recent

studies have begun to develop specific molecular probes for

investigating and targeting the function of the nsP2 helicase,

which lays a foundation for the screening and design of inhibitors

against this domain53. The oxaspiropiperidine 1 was recently re-

ported as a first-in-class nsP2hel inhibitor with broad-spectrum

antialphaviral activity54. However, despite the increasing struc-

tural insights gained from X-ray crystallography and cryo-electron

microscopy (cryoEM) studies, the development of selective small-

molecule inhibitors for this dynamic and conformationally flexible

enzyme has proven challenging. Furthermore, there are few

chemical tools available to probe the function of nsP2hel or enable

mechanistic studies of its activity.

3.1.2.3. Strategies for the discovery of nsP2 inhibitor. In the

crystal structure of CHIKV, the active center of nsP2pro consists

of a classical catalytic triad, comprising Cys478, Asn562, and

His548 (Fig. 5). The key residue His548 is located on a flexible

loop of the N-terminal protease subdomain, which lies between

the ß1 and ß2 ß-sheets. Notably, the loop connecting the catalytic

residues, the ß7 strand of the MTase-like domain, and the α9 helix

functions to close the channel leading to the active site-thus acting

like a "gate" for substrate entry. This loop also contains two

conserved residues that are critical for substrate recognition:

Trp549 and Asn547. Specifically, Trp549 has been identified as

part of the glycine-specific motif, responsible for recognizing the

glycine residue at the P2 position of the substrate. In contrast,

Asn547 directly participates in substrate binding by forming a

hydrogen bond network with the substrate peptide segment via its

sidechain and main-chain atoms. Therefore, based on the

conformational variability of the loop containing this residue in

the CHIKV nsP2pro structure, Asn547 likely plays a central role

in regulating the entry of substrates into the active site47.

3.1.2.4. Representative nsP2 inhibitors. Radicicol: Radicicol

is a macrolide antibiotic that exerts anti-CHIKV activity by tar-

geting the nsP2 protein, with an EC50 of 0.6 μmol/L38. Mecha-

nistic studies have shown that Radicicol binds to the helicase

domain of nsP2, thereby inhibiting its ATPase activity and sub-

sequently blocking viral RNA unwinding and replication. Impor-

tantly, Radicicol does not directly affect the protease activity of

nsP2, suggesting that it specifically targets the helicase function38.

Radicicol, functioning as an nsP2 inhibitor, recognizes and binds

to the active pocket of nsP2-with CYS-478 and HIS-548 as the key

residues-forming a stable binding conformation. ASN-547, CYS-

478, and ASN-667 form hydrogen-bonding interactions with the

ketone and hydroxyl groups of Radicicol (Fig. 6). The benzene

ring of Radicicol establishes π—π interactions with residues such

as TRP-479. Additionally, the structure of radicicol is enclosed by

a hydrophobic pocket formed by amino acids like CYS-478, ASN-

547, and ASN-667, occupying the cavity of the active site. These

observations indicate that the macrocyclic lactone structure and

electrophilic ketone group of Radicicol play critical roles in the

binding process47.

J12 and J13: Identified through structure-based design, these

compounds are potent nsP2pro inhibitors capable of suppressing

CHIKV replication (EC50 � 1—5 μmol/L)49. Pharmacokinetic

studies indicate that J13 possesses excellent oral bioavailability

Figure 5 Schematic representation of the structure of the nsP2 protease active center and the substrate binding region. Detailed view of nsP2

subsites, with different regions indicated in different colors. The nsP2 protein is shown in pink, and the overall spatial structure of nsP2 protease is

shown on the left. The S1, S1′, and S2 regions indicated by arrows in cyan are key subsites for protease interaction with substrate peptides. The

Variable loop of protease domain located by N547 and L670 in the N-terminal protease domain was clearly observed. And the active cavity of the

classical catalytic body consisting of Cys478, and His548, the cavity containing regions are shown in yellow47 (PDB#4ZTB).
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(>80%) and significantly alleviates symptoms of CHIKV infec-

tion in mouse models. Safety assessments demonstrated that J13

exhibited favorable results in in vitro safety pharmacology and off-

target screening, suggesting its strong potential as a promising

drug candidate49.

Acc-CHIK15-dns: Based on the 15-peptide structure of nsP3/4

site, a novel class of fluorescent substrates, designated as acc-

CHIK15-dns, was synthesized. Subsequent high-throughput

screening using this substrate led to the identification of multi-

ple active small-molecule inhibitors. Mechanistically, these in-

hibitors exert their antiviral effects by blocking the enzymatic

activity of CHIK protease(nsP2), which in turn inhibits the

cleavage of viral polyproteins. In vitro enzyme-substrate mimicry

assays demonstrated that the IC50 of these inhibitors ranged from

1.2 to 10.6 μmol/L55.

Oxasipiperidine derivative: Compound 2O is an oxasipiper-

idine compound. Its mechanism of exerting antiviral effects is

binding to the allosteric site of the nsP2hel, thereby interfering

with the coupling process between ATP hydrolysis and RNA un-

winding, and ultimately blocking the replication of viral RNA. Its

cell experiments, the compound 2O with EC50 � 130 nmol/L,

while the EC50 for reducing the viral titer is 1—3 μmol/L; It is

notable that it can reduce the viral titter by 103—108 times.

Moreover, compound 2O also shows inhibitory activity against

MAYV and VEEV. In conclusion, these findings indicate that

compound 2O has broad-spectrum antiviral activity41. In another

study, the (R)-enantiomer of oxaspiropiperidine1 (R-1) and (S)-

enantiomer of oxaspiropiperidine1 (S-1) were isolated from

Compount 2O and performed pharmacological activity studies54.

And FRET assay showed that (R)-1 exhibited an IC50 value of

130 nm for RNA helicase inhibition and was 200-fold more potent

than (S)-1 (IC50 � 26 μmol/L). Against the Venezuelan equine

encephalitis virus (VEEV, an alphavirus), (R)-1 demonstrated

potent activity, whereas the (S)-1 enantiomer was inactive.

Notably, (R)-1 showed no inhibitory effect on DENV or WNV.

RA-0002034: RA-0002034 is a covalent inhibitor that exerts its

antiviral activity by specifically targeting and inactivating the

catalytic cysteine residue of nsP2pro via its internal vinyl sulfone

group. In CHIKV replication assays, RA-0002034 effectively

inhibited viral replication, with EC50 � 160 nmol/L. Following

oral administration, the compound significantly reduced CHIKV

viral load in multiple tissue56. As a ligand, RA-0002034 recog-

nizes and binds to the active pocket where the catalytic residues

CYS-478 and HIS-548 are located, forming a specific binding

mode (Fig. 7). MET-703, TYR-512, and TRP-479 form hydrogen-

bonding interactions with the polar groups of RA-0002034. The

aromatic structure of RA-0002034 establishes π—π stacking in-

teractions with TYR-544 and TRP-549. In addition, the structure

of RA-0002034 is enclosed by a hydrophobic pocket formed by

amino acids including MET-703, TYR-512, and TRP-479, occu-

pying the core position of the binding cavity. These findings

indicate that the polycyclic structure and polar side chains of RA-

0002034 play important roles in the recognition and binding

process47.

3.1.2.5. Existing challenges. The development of nsP2 in-

hibitors faces multiple challenges. Target complexity is one of the

most significant obstacles: as a multifunctional protein, nsP2

contains intrinsically disordered regions (IDRs) that lack a well-

defined tertiary structure, rendering structure-based drug design

extremely difficult57. Additionally, the synergistic interactions

between different domains and dynamic conformational changes

further increase the difficulty of achieving selective inhibition.

Selectivity represents another major challenge. nsP2 shares

structural similarities with other host cysteine proteases; insuffi-

cient selectivity can lead to off-target effects and adverse re-

actions. The experimental methods themselves may also introduce

biases-for instance, fluorescent labeling can significantly impair

the accuracy of measurements for binding affinity and selectivity.

A recent study identified a novel chemical probe, SGC-NSP2PRO-

1, which exhibits over 30-fold higher selectivity for CHIKV

nsP2pro compared to other cysteine proteases57.

Drug resistance is a particularly prominent issue. Viruses

develop resistance through gene mutations, which may occur in

key regions of nsP2 and impair inhibitor binding. Studies have

shown that drug-resistant mutations are often not isolated; instead,

they involve the synergistic effects of multiple genes. For

example, in CHIKV-resistant variants, combined mutations in

nsP1, nsP2, and nsP3 collectively result in an approximately 18-

fold increase in drug resistance58. Furthermore, the phenomenon

of cross-resistance also limits the application prospects of single

inhibitors.

3.1.2.6. Clinical translation potential. Preclinical studies have

laid a crucial foundation for the development of nsP2 inhibitors.

In vitro models, these inhibitors typically exhibit antiviral activity

in the nanomolar to micromolar range, with a high selectivity

index. In vivo studies have demonstrated that, in animal models

Figure 6 Predicted mode of action of radicicol with nsP2. (A) Chemical structure of Radicicol. (B) The binding mode of radicicol to the active

pocket of nsP2 protein, nsP2 is shown in cyan, key amino acids are shown in a gray ball-and-stick model, radicicol is shown in a pink ball-and-

stick model, radicicol binds to the active pocket formed by residues CYS-478 and HIS-548 to mimic the molecular interaction between radicicol

and its substrate. (C) The location of radicicol with the active cavity, nsP2 is indicated in gray (PDB#4ZTB).
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such as mice and hamsters, nsP2 inhibitors can significantly

reduce viral load and alleviate joint inflammation as well as his-

topathological damage59.

Innovations in drug delivery strategies have provided new

perspectives for clinical translation. Nanoparticle delivery systems

enable the precise release of drugs in specific tissues, extend

circulation time, and improve bioavailability. Programmable

multi-stage drug delivery systems are particularly suitable for

antiviral drugs that require targeting of lymphoid tissues60. Pro-

drug design, on the other hand, can enhance drug solubility, sta-

bility, and membrane permeability, thereby significantly

improving oral bioavailability.

The combination therapy strategy is critical for addressing

drug resistance and improving therapeutic efficacy. Multi-target

combination therapy can act synergistically through multiple

mechanisms, significantly reducing the risk of drug resistance

development. When combined with other inhibitors that target

different viral proteins, it can simultaneously inhibit multiple

stages of the viral replication cycle61.

In summary, although CHIKV nsP2 inhibitors face multiple

challenges, they still hold broad prospects for clinical translation

through in-depth understanding of their mechanisms of action,

optimization of drug design, innovation in delivery strategies, and

adoption of combination therapy models. These advances are

expected to provide an effective therapeutic option for CHIKV

infections.

3.1.3. nsP3 protein inhibitors

nsP3 functions as a scaffold protein for the CHIKV replication

complex and is composed of three primary domains: the

N-terminal macrodomain (nsP3MD), a zinc-binding domain, and

a C-terminal proline-rich hypervariable region62. nsP3MD ex-

hibits ADP-ribosylhydrolase activity and plays a role in viral

replication as well as in the evasion of the host’s innate immune

response, making it a promising new target for the development of

anti-CHIKV therapeutics.

3.1.3.1. Function and inhibition strategies targeting

nsP3. Strategies targeting nsP3 primarily aim to interfere with

its essential protein-protein interactions or inhibit the enzymatic

activity of its macrodomain. The nsP3 macrodomain (nsP3MD)

can remove ADP-ribosylation modifications, thereby counter-

acting the antiviral effects mediated by host PARP proteins62.

Research has demonstrated that CHIKV mutants lacking nsP3MD

exhibit significantly diminished replication capacity, highlighting

the critical role of this domain in viral pathogenesis63. Current

approaches in inhibitor development for nsP3MD mainly focus

on: (1) competing for the ADP-ribose binding pocket, and (2)

disrupting interactions between nsP3 and other viral or host

proteins.

Several small-molecule inhibitors targeting the nsP3 macro-

domain have been reported37. Notably, strategies aimed at dis-

rupting the nsP3—G3BP interaction have garnered increasing

attention. Through high-throughput screening, a G3BP1-binding

small molecule was identified, which effectively inhibits the

interaction between nsP3 and G3BP. This disruption leads to

suppressed replication of CHIKV and other viruses reliant on this

interaction, demonstrating broad-spectrum antiviral potential64.

3.1.3.2. Strategies for the discovery of nsP3 inhibitor. The

ADP-ribose binding pocket of the CHIKV nsP3MD can be

divided into three functional sub-sites: the adenine-binding site

(Ad-site), the phosphate-binding site (Ph-site), and the distal

ribose-binding site (Rib-site) (Fig. 8). This macrodomain is a

highly conserved functional region with ADP-ribose binding and

hydrolysis activities, which are crucial for viral replication and

virulence. Asp-10, Gly-32, Val-33, and Arg-144 are directly

involved in the specific recognition of the adenine base. The main-

chain amino groups of Ser-110, Gly-112, and Tyr-114 form

hydrogen bonds with the phosphate groups of ADP-ribose. The

phenol ring of Tyr-114 undergoes π—π stacking with the aromatic

ring in the ligand, enhancing binding affinity. Additionally, Asn-

24 and Asp-31 form hydrogen bonds with the hydroxyl groups

of the distal ribose, further stabilizing the ligand orientation64.

3.1.3.3. Representative nsP3 inhibitors. Pyrimidone-4-

carboxylic acid derivatives: Identified through fragment-based

screening, these compounds bind to the ADP-ribose binding

site64. Among them, 2-oxo-5,6-benzoquinazoline-4-carboxylic

acid displays the strongest anti-CHIKV activity

Figure 7 Predicted mode of action of RA-0002034 with nsP2. (A) Chemical structure of RA-0002034. (B) The binding mode of RA-0002034

to the active pocket of nsP2 protein, nsP2 is shown in cyan, key amino acids are shown in a gray ball-and-stick model, and RA-0002034 is shown

in a pink ball-and-stick model. Radicicol binds to the active pocket formed by residues such as CYS-478 and HIS-548 and forms a specific

binding mode to mimic the molecular interaction of RA-0002034 with its substrate by Pymol. (C) The position of RA-0002034 with the active

cavity, nsP2 is shown in gray (PDB#4ZTB).
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(IC50 � 23 μmol/L). Crystal structure analysis reveals that pyr-

imidone acts as an inhibitor to recognize and bind to the active

pocket where the catalytic residues CYS-478 and HIS-548 are

located and forms covalent or noncovalent binding modes (Fig. 9).

Amino acids such as HIS-548, CYS-478, and LYS-481 form

hydrogen-bonding interactions with the heterocyclic ring and

polar groups of pyrimidone. The aromatic system of pyrimidone

establishes π—π stacking or π—alkyl interactions with residues

like TRP-479. Additionally, the structure of pyrimidone is

enclosed by a hydrophobic pocket formed by amino acids

including CYS-478, HIS-548, and LYS-481, occupying the cavity

of the catalytic center. These observations indicate that the het-

erocyclic structure and hydrogen bond donors/acceptors of pyr-

imidone play a central role in its inhibitory mechanism64.

Interestingly, these compounds may also inhibit the

macrodomains of other alphaviruses and coronaviruses, suggest-

ing potential for broad-spectrum antiviral applications.

Baicalin: Baicalin is a flavonoid compound extracted from

Scutellaria baicalensis, AutoDock Vina predicted a binding af-

finity of − 9.8 kcal/mol for nsP3, suggesting that it is expected to

be a potentially efficient candidate against chikungunya virus65. In

cellular assays, Baicalin demonstrated significant anti-CHIKV

activity (EC50 ≈ 7 μmol/L) and effectively inhibited various

CHIKV isolates6. Time-of-addition experiments suggest that

Baicalin primarily interferes with the viral replication phase rather

than the entry phase. Notably, baicalin also exhibits inhibitory

effects against Dengue virus (DENV) and Zika virus (ZIKV),

indicating its potential as a broad-spectrum antiviral agent, and

nsP3 docking binding affinity � − 9.8 kcal/mol65. As a substrate,

baicalin recognizes and binds to the intrinsic substrate-binding

Figure 8 Subsites and key amino acids of CHIKV nsP3MD. A detailed view of the nsP3 subsite, with different regions in different colors, the

adenine-binding site, phosphate-binding site, and distal ribose-binding site are shown in cyan. CHIKV nsP3 is shown in pink and the active cavity

in yellow (PDB#4ZTB).

Figure 9 Predicted mode of action of pyrimidone-4-carboxylic acid with nsP3. Chemical structure of (A) pyrimidone-4-carboxylic acid. (B)

The binding mode of pyrimidone-4-carboxylic acid to the active pocket in nsP2 protein, nsP2 is shown in cyan, the key amino acid is shown in a

gray ball-and-stick model, and pyrimidone-4-carboxylic acid is shown in a pink ball-and-stick model, pyrimidone-4-carboxylic acid is bound to

the active cavity formed by residues such as CYS-478 and HIS-548, and the molecular interaction of pyrimidone-4-carboxylic acid with the

substrate is simulated by Pymol. Position of (C) pyrimidone-4-carboxylic acid with the active cavity, nsP2 is shown in off-white (PDB#4ZTB).
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pocket of the nsP3 macrodomain, forming a stable binding

conformation (Fig. 10). Amino acids such as LYS-13, LYS-35,

LYS-39, and GLY-37 form relatively stable hydrogen-bonding

interactions with the hydroxyl and carboxyl groups of baicalin.

The benzene rings on baicalin establish π—alkyl interactions with

the hydrophobic side chains of residues like LYS-35. Additionally,

the structure of baicalin is enclosed by a hydrophobic pocket

formed by amino acids including LYS-13, LYS-35, and GLY-37,

occupying the central cavity of the binding pocket. These find-

ings indicate that the phenolic hydroxyl groups and glucuronic

acid moiety of baicalin make important contributions to substrate

recognition and binding64.

EGCG (Epigallocatechin gallate): The primary polyphenolic

constituent of green tea, recently reported to inhibit CHIKV

nsP2. Molecular docking suggests that as a polyphenolic

ligand, EGCG recognizes and binds to the active pocket where

the catalytic residues CYS-478 and HIS-548 are located, forming

an extensive hydrogen bond network (Fig. 11). Amino acids

including ALA-475, HIS-548, CYS-479, and LYS-481 form

multiple hydrogen-bonding interactions with the phenolic hy-

droxyl groups and ester bonds of EGCG. The benzene rings of

EGCG establish π—alkyl or π—π interactions with residues such

as ASN-521. Additionally, the structure of EGCG is enclosed by

a hydrophobic pocket formed by amino acids like HIS-548,

CYS-479, and LYS-481, occupying the cavity of the active

center. These observations indicate that the galloyl group and

catechol structure of EGCG play a dominant role in the binding

process 66.

3.1.3.4. Challenges and outlook. The challenges in nsP3 in-

hibitor development lie in: (1) The substrate binding pocket of

nsP3MD is shallow, making affinity optimization difficult; (2)

nsP3 interacts with multiple host proteins, making its function

complex; (3) Lack of highly sensitive enzymatic activity detection

methods. Future research directions may include: (1) Developing

allosteric inhibitors; (2) Designing compounds targeting other

functional domains of nsP3 (e.g., zinc-binding domain); (3)

Exploring the role of nsP3 in virion assembly and developing

corresponding inhibitors.

3.1.4. nsP4 RNA-dependent RNA polymerase (RdRp): the core

engine of RNA synthesis

nsP4 of CHIKV is a critical member of the viral non-structural

protein family. As an RNA-dependent RNA polymerase (RdRp), it

plays a central role in the viral replication process. First, it is

responsible for the replication of the 49S genomic positive-strand

Figure 10 Predicted mode of action of Baicalin with nsP3. (A) Structure of baicalin (B) Binding mode of baicalin to the active pocket in nsP3

protein, nsP3 is shown in cyan, key amino acids are shown in a gray ball-and-stick model, baicalin is shown in a pink ball-and-stick model,

baicalin is bound to a hydrophobic pocket formed by amino acids such as LYS-13, LYS-35 and GLY-37, and the molecular interaction of baicalin

with the substrate was simulated by Pymol. (C) The position of Baicalin with the active cavity, nsP3 is indicated in gray (PDB#6W0T).

Figure 11 Predicted mode of action of EGCG with nsP3. (A) Chemical structure of EGCG. (B) The binding mode of EGCG to the active

pocket of nsP2 protein, nsP2 is shown in cyan, the key amino acids are shown in a gray ball-and-stick model, and EGCG is shown in a pink ball-

and-stick model. EGCG binds to the hydrophobic pocket formed by amino acids CYS-478 and HIS-548. Pymol was used to simulate the mo-

lecular interaction of EGCG with the substrate. (C) Location of EGCG with active cavity, nsP2 is indicated in off-white (PDB#4ZTB).
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RNA (+ssRNA) and the transcription of the 26S subgenomic

RNA (sgRNA)67. During the early stage of viral replication, nsP4

assembles into the early replication complex (RC) together with

the incompletely processed precursor protein P123, which syn-

thesizes the full-length negative-strand RNA intermediate. This

negative-strand RNA then serves as a template for the synthesis of

new positive-strand genomic RNA and subgenomic RNA68.

Following the completion of polyprotein processing, the late

RC―composed of fully cleaved nsP1 to nsP4―takes charge of

synthesizing genomic RNA and 26S sgRNA67. Additionally, nsP4

possesses terminal adenylyl transferase (TATase) activity, which

catalyzes the addition of a polyadenylate (polyA) tail to the 3′ end

of the viral genomic RNA; this process is vital for maintaining the

stability of viral RNA and ensuring efficient translation.

3.1.4.1. Structural characteristics of CHIKV nsP4. As a key

enzyme in the CHIKV replication cycle, non-structural protein 4

(nsP4) exerts a core function in viral genome replication and

transcription by acting as an RNA-dependent RNA polymerase

(RdRp)68,69. As the most conserved protein in the Alphavirus

genus, nsP4 consists of approximately 611 amino acids, which

includes a C-terminal RdRp domain-this domain is critical for the

replication and transcription of genomic RNA. Notably, nsP4

contains a unique GDD motif, a signature sequence of the RdRp

catalytic core, and the functional integrity of this motif is indis-

pensable for viral RNA synthesis70.

nsP4 possesses a typical "right-hand" RNA-dependent RNA

polymerase (RdRp) structure, consisting of finger, palm, and

thumb domains, and contains the conserved GDD motif that plays

a key role in the catalytic process17. Unlike RdRps of many other

positive-sense RNA viruses, alphavirus nsP4 is inherently unstable

and requires the assembly of a replication complex with other

non-structural proteins (nsP1—nsP3) to maintain its RNA syn-

thesis activity23.

3.1.4.2. Mechanism of action of nsP4 inhibitors. Unlike other

positive-strand RNA viruses, the alphavirus nsP4 is inherently

unstable on its own. It requires association with other non-

structural proteins (nsP1—3) to form a replication complex (RC)

and thereby gain sustained RNA synthesis capability71. This

unique structural characteristic provides multiple strategies for

developing different types of inhibitors.

Competitive inhibitors primarily block the RNA synthesis

process by mimicking natural substrates and binding to the active

site of nsP4. Nucleoside analogs are typical representatives of

such inhibitors; for instance, favipiravir (T-705) has been shown to

exhibit inhibitory activity against CHIKV72. Structurally like

natural nucleotides, these inhibitors can be recognized by nsP4

and incorporated into the nascent RNA chain, but they lack the

ability for further extension, thereby terminating RNA synthesis.

4′-FlU is another potent nucleoside analog that can inhibit the

RNA replication stage of multiple alphaviruses, including

CHIKV73,74. Notably, drug resistance studies have revealed that

the Q192L and C483Y mutations in nsP4 can reduce sensitivity to

4′-FlU. However, these variants can still be inhibited by higher

concentrations of the drug, and the Q192L variant shows signifi-

cant attenuation in mouse models-findings that support the clinical

development value of this class of inhibitors73.

Allosteric inhibitors bind to the allosteric sites of nsP4 and

induce conformational changes in the enzyme, thereby inhibiting

its activity. A key advantage of these inhibitors lies in their

potential for higher specificity, as allosteric sites are generally

more structurally diverse than active sites. Currently, research on

allosteric inhibitors targeting CHIKV nsP4 is still ongoing; how-

ever, structural biology studies have revealed that the RdRp of

CHIKV shares a certain degree of structural similarity with the

RdRps of other arthropod-borne RNA viruses (e.g., dengue virus

and Zika virus). This finding provides a theoretical basis for the

development of broad-spectrum RdRp inhibitors capable of

combating multiple viruses simultaneously75.

3.1.4.3. Representative nsP4 inhibitors. Cobalt(III)-thio-

semicarbazone complex ([Co(III) (L1)2]Cl): A metal-organic

compound that specifically targets nsP4, MST assays demon-

strated a strong interaction between [CoIII(L1)2]Cl and CHIKV

nsP4, and this binding affinity was further validated using mo-

lecular docking simulations62. Importantly, [CoIII(L1)2]Cl

exhibited potent antiviral activity in cellular models, achieving an

80% inhibition rate against CHIKV replication62. Notably, the

compound exhibits low cytotoxicity to host cells

(CC50 > 200 μmol/L) and has good selectivity62.

LabMol-309: The compound LabMol-309 has been identified as

a potent ligand for CHIKV nsP4 and was found to bind to the active

site of this protein. In BHK-21 cells infected with CHIKV-nanoluc,

LabMol-309 exhibited EC50 � 5.2 μmol/L. In naive BHK-21 cells,

it showed CC50 � 52 μmol/L. Over a 48-h incubation period, these

values resulted in a selectivity index (SI) of 1069.

4′-Fluorouridine (4′-FlU): 4′-FlU is a nucleoside analog

recently reported to possess broad-spectrum antiviral activity

against multiple RNA viruses, including SARS-CoV-2, respiratory

syncytial virus, and influenza virus76. In CHIKV infection models,

4′-FlU primarily targets the nsP4 polymerase to exert its antiviral

effect. However, recent studies have also shown that it inhibits the

cap formation activity of nsP177. 4′-FlU demonstrates high oral

bioavailability and significantly reduces viral load and arthritis

symptoms in mouse models, highlighting its promising thera-

peutic potential.

3.1.4.4. Challenges and outlook. The development of nsP4

inhibitors is confronted with three major challenges: (1) The

intrinsic instability of nsP4 itself makes it difficult to obtain

enough of the protein for biochemical analyses; (2) The lack of

structural information on the replication complex (RC) hinders the

design of specific inhibitors; (3) Nucleoside analogs may interfere

with host RNA metabolism. Potential future research directions

could include: (1) Developing methods to stabilize nsP4 for

application in drug screening; (2) Resolving the high-resolution

structure of the replication complex; (3) Exploring the interaction

interfaces between nsP4 and other non-structural proteins as po-

tential drug targets. As these challenges are gradually addressed,

nsP4 inhibitors are expected to become an effective strategy for

treating CHIKV infections.

3.2. Structural protein inhibitors

CHIKV structural proteins comprise the capsid protein (C) and

envelope proteins (E3, E2, 6K, and E1), with the E1—E2 hetero-

dimer playing a critical role in viral attachment and membrane

fusion78. Targeting these structural proteins, particularly E2, with

specific inhibitors can effectively block viral entry into host cells,

thereby representing a significant strategy in the development of

anti-CHIKV therapeutics.
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3.2.1. Envelope glycoproteins (E1/E2): key to viral invasion and

fusion

CHIKV’s envelope is covered with spikes composed of hetero-

dimeric glycoproteins E1 and E2. The E2 protein is responsible for

recognizing and binding to receptors on the surface of host cells,

thereby initiating the process of viral endocytosis. Once the viral

particles enter the endosomes, the acidic environment induces an

irreversible conformational change in the E2/E1 dimer, leading to

the exposure of the E1 fusion peptide. This peptide then mediates

the fusion of the viral envelope with the endosomal membrane,

resulting in the release of the nucleocapsid into the cytoplasm67.

The E1—E2 complex plays a central role in both receptor

binding and membrane fusion during CHIKV infection: the A

domain of E2 (E2DA) interacts with the host receptor Mxra8,

which triggers viral internalization; under acidic conditions, E1

undergoes a structural rearrangement that exposes the fusion

peptide, facilitating the fusion of the viral membrane with the

endosomal membrane79. This entry mechanism offers multiple

potential targets for therapeutic intervention: (1) molecules that

inhibit the interaction between E2 and its receptor; (2) compounds

that block the fusion activity of E1; and (3) agents that interfere

with the assembly of the E1—E2 heterodimer. Importantly, many

CHIKV vaccines currently in development, including mRNA-

based vaccines, primarily utilize E1/E2 glycoproteins as anti-

genic components to elicit neutralizing antibodies capable of

preventing viral entry80.

3.2.1.1. Strategies for the discovery of E1—E2 inhibitor and

vaccine. The E2 protein serves as the core component, within

which Glu-166 and Asn-263-located in its domain B-are critical

residues (Fig. 12A). As charged polar residues, they contribute to

forming part of the receptor-binding interface: their side chains

directly influence the affinity of the interaction between the virus

and host cell receptors. Notably, Asn-263 is an experimentally

validated N-linked glycosylation site. The "glycan shield" formed

by the glycans attached to this site is one of the key mechanisms

enabling the virus to achieve immune evasion. Residues Lys-47,

Gln-49, and Val-50 collectively form a critical antigenic epitope

region in this domain. They directly participate in the formation of

salt bridges or hydrogen bonds with the CDRs of antibodies;

meanwhile, they define the unique shape of this epitope by

forming a specific spatial conformation, thereby allowing specific

recognition by high-affinity antibodies. The synergistic effects of

these residues make domain B a focal point for vaccine design and

antibody drug development81.

The E protein of CHIKV is composed of three E1—E2—E3

protomers. Three hMXRA8 receptor molecules bind to the E

protein trimer respectively, forming a 3:3 complex. Each

hMXRA8 molecule spans two adjacent E protein protomers and

binds to the "canyon" region at the tip of the E protein spike

(Fig. 12B). Structural analysis reveals that both the two

immunoglobulin-like domains (D1 and D2) and the hinge region

of hMXRA8 are involved in the binding process. Specifically, D2

and the hinge region mainly interact with domains A and B of E2,

while D1 and the first hinge loop bind to the fusion loop and

domain H of E1. These interactions highlight the critical role of

MXRA8 in viral attachment and entry into host cells79.

3.2.1.2. Representative structural protein inhibitors. Suramin:

Suramin, a polysulfonated naphthylurea compound, was originally

developed for the treatment of trypanosomiasis. It exerts its antiviral

effect by competitively binding to domain A of the CHIKV E2DA,

thereby inhibiting the interaction between the virus and cellular

receptors82. At a concentration of 30 μmol/L, suramin can reduce

viral binding by more than 50%, and it completely inhibits low-pH-

induced virus-liposome fusion at a concentration as low as 0.3 μmol/

L82. Its broad-spectrum antiviral activity has been confirmed in

clinical isolates, including those harboring the E1-A226V mutation,

with an EC50 ranging from 8.8 to 62.1 μmol/L83. However, suramin

exhibits notable cytotoxicity at high concentrations (>100 μmol/L)

in BHK-21 cells, and studies using a zebrafish model have further

demonstrated that doses of ≥70 μmol/L may lead to developmental

abnormalities83. Importantly, suramin also shows inhibitory effects

against the Ebola virus, highlighting its broad antiviral potential.

Despite these promising properties, its clinical use is limited by

significant side effects, such as adrenal insufficiency and neuro-

toxicity, which necessitate further structural modifications to

improve its safety profile20.

As a polyvalent anionic ligand, suramin recognizes and binds

to Domain A of the E2 protein, forming extensive electrostatic and

hydrophobic interactions (Fig. 13). Its multiple sulfonate groups

form strong hydrogen-bonding and salt-bridge interactions with

basic or polar amino acids such as ARG-80 and THR-94. The

naphthalene rings of suramin establish π—alkyl or hydrophobic

stacking interactions with residues including THR-160 and GLN-

138. Additionally, the structure of suramin is enclosed by multiple

hydrophobic residues of Domain A and occupies the extended

cavity of the binding pocket. These observations indicate that the

polysulfonate groups and aromatic scaffold of suramin make

prominent contributions to molecular recognition and binding81.

2,4-Diaminoquinazoline derivatives (DCR 137): Discovered

through cellular phenotypic screening, this inhibitor effectively

suppresses CHIKV replication, with an EC50 � 37 μmol/L84. The

compound also exhibits inhibitory activity against the Ross River

virus, indicating broad-spectrum anti-alphavirus potential84.

Recent studies have demonstrated that treatment of Vero cells with

DCR137 leads to a significant reduction in the expression level of

CHIKV envelope glycoprotein E2 compared to that in the virus

control group84. As a ligand, DCR137 recognizes and binds to

Domain A of the E2 protein, forming a specific binding pocket

(Fig. 14). Amino acids such as THR-160, GLN-138, and THR-94

form stable hydrogen-bonding interactions with the polar groups

of DCR137. The aromatic rings of DCR137 establish π—cation or

π—alkyl interactions with residues like ARG-80. Additionally, the

structure of DCR137 is enclosed by a hydrophobic environment

formed by amino acids including THR-94, ARG-80, and GLN-

138, occupying the key binding cavity of Domain A. These

findings indicate that the aromatic rings and polar side chains of

DCR137 play critical roles in the binding process81.

CID 13680145: CID 13680145 was identified through

computer-aided drug design as an inhibitor of the E1—E2 complex,

exhibiting a docking score of − 10.227 kcal/mol and a binding free

energy of − 51.53 kcal/mol85. Molecular dynamics simulations

indicate that this compound stably interacts with the E1—E2

interface, particularly targeting the fusion loop region of E2.

Histamine: Histamine was identified via virtual screening as an

inhibitor of Mxra8, capable of blocking the binding of CHIKV to

its receptor19. Molecular docking studies demonstrate that hista-

mine forms critical hydrogen bonds with Arg58 and Glu200 on

Mxra8, thereby interfering with viral attachment.

Gambogic acid: Gambogic acid, a naturally occurring prenylated

xanthone, has been shown through molecular docking to bind to the

E2 protein with high affinity (binding energy � − 10.9 kcal/mol)86.

It may inhibit CHIKV binding to Mxra8 by interacting with the
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receptor-binding domain of E2. Although experimental validation

remains limited, gambogic acid, as a natural product, holds promise

for further development as a potential anti-CHIKV therapeutic agent.

3.2.1.3. Challenges and outlook. The challenges in developing

structural protein inhibitors include: (1) The E1—E2 complex

undergoes significant conformational dynamics, making it difficult

to design stably binding molecules; (2) Viruses can escape

neutralization by monoclonal antibodies through mutation; (3)

Balancing inhibitory activity with effects on host cells is neces-

sary. Future research directions may include: (1) Developing small

molecules targeting the E1—E2 interface or fusion peptide; (2)

Designing multi-target inhibitors to simultaneously block attach-

ment and fusion; (3) Exploring the capsid protein C as a potential

target.

3.2.2. Capsid protein (C protein, CP): regulator of genome

packaging and early replication

The capsid protein (C protein) primarily functions by binding to

the viral genomic RNA, subsequently self-assembling into an

icosahedral nucleocapsid structure to protect the RNA from

enzymatic degradation. Following the translation of the structural

polyprotein, the C protein undergoes auto-proteolytic cleavage

from the polyprotein through its intrinsic serine protease activ-

ity87. Interfering with either the assembly of the C protein or its

interaction with viral RNA has been shown to effectively inhibit

the formation of infectious viral particles.

Research on inhibitors targeting the capsid protein has yielded

promising results. Through high-throughput screening, benz-

imidazole derivatives, such as MBZM-N-IBT, have been identified

to inhibit CHIKV replication, potentially by interfering with

nucleocapsid formation59,88. Recent studies have further demon-

strated that small molecules targeting the capsid protein can

effectively suppress viral replication, suggesting that these in-

hibitors may exert their effects by disrupting capsid protein olig-

omerization or RNA-binding capabilities89.

3.2.2.1. Representative capsid inhibitors. Thienopyrrole de-

rivatives (Compound 15c): Compound 15c inhibit viral RNA

synthesis or the expression of viral proteins (nsP1, capsid, nsP3,

Figure 12 (A) Schematic representation of the spatial distribution of key domains and functional residues of E2 protein. The overall spatial

structure of the E2 protein is shown on the left, where Domain A and Domain B, marked in cyan, are the core functional regions that mediate

virus-host cell interaction and immune recognition. E166, K47, Q49 and V50 as key positioning amino acids are shown in cyan, which together

form the key epitope region in Domain A is shown in yellow. In Domain B, N263 is also involved in the composition of the receptor binding

interface is shown in cyan. The localized active cavity region connected to DomainA is indicated by yellow. (B) Global representation of the

crystal structure of hMXRA8-E protein. The E1, E1′ and E1′′ domains are shown in lavender, cyan, and white, respectively. The E2, E2′ and E2′′

domains are shown in light pink, green, and light blue. Only one E3 domain was observed in the structure, indicated in lemon green. hMXRA8 is

represented by ribbon and shown in magensia, yellow-orange, and dark purple, respectively. A 90-degree rotation on the right panel shows a top

view of the complex (PDB ID #3N41).

3270 Xiaowen Jiang et al.



E3), thereby significantly suppressing viral replication at a con-

centration of 2.5 μmol/L90.

Picolinic acid (PCA): PCA binds to the hydrophobic pocket

(HP pocket) of the capsid protein, which leads to the inhibition of

viral RNA and protein synthesis. Quantitative real-time PCR

(qRT-PCR) and plaque reduction assays demonstrated that PCA

significantly reduces viral load91.

(S)-(+)-Mandelic acid (MDA) and ethyl 3-aminobenzoate

(EAB): MDA and EAB were analyzed using in vitro assays,

including fluorescence spectroscopy and surface plasmon reso-

nance (SPR). These experiments confirmed the interaction of both

compounds with CP. The binding constants (Kd) determined by

SPR were 1.2 × 10− 3 mol/L for MDA and 0.2 × 10− 9 mol/L for

EAB92.

3.2.3. 6K protein and ion channel activity

The 6K protein is a small, hydrophobic transmembrane protein

that is believed to function as a viroporin by forming ion channels

in the cell membrane. This ion channel activity is thought to

modify membrane permeability, thereby facilitating the efficient

budding and release of viral particles from the host cell mem-

brane93,94. Consequently, inhibiting the ion channel function of

the 6K protein represents a viable strategy for blocking the final

stage of the viral life cycle.

Research on inhibitors targeting the CHIKV 6K protein re-

mains limited. To date, the only well-documented inhibitor is

amantadine. amantadine suppresses the ion channel activity of the

CHIKV 6K protein, thereby preventing viral envelope membrane

fusion. This inhibition results in the production of morphologi-

cally abnormal and heterogeneous viral particles, ultimately

reducing viral release and demonstrating a moderate antiviral ef-

fect (EC50 � 29.51 μmol/L)94 (see Table 1).

4. Host-targeting anti-CHIKV strategies

In addition to directly targeting viral proteins, modulating host cell

pathways to create an environment that is unfavorable for viral

Figure 13 The predicted mode of action of surami and E2. (A) Chemical structure of suramin. (B) The binding mode of Suramin to the active

pocket of E2 protein, E2 is shown in cyan, the key amino acids are shown in a gray ball-and-stick model, suramin is shown in a pink ball-and-stick

model, E2 is bound to the active pocket formed by amino acids such as Arg80 and THR-94, etc. Pymol was used to model the molecular

interaction of E2 with the substrate. (C) Suramin with the active cavity, E2 is shown in gray (PDB#3N41).

Figure 14 Predicted mode of action of DCR137 with E2. (A) Chemical structure of DCR137. (B) The binding mode of DCR137 to the active

pocket of E2 protein, E2 is shown in cyan, key amino acids are shown in a gray ball-and-stick model, and DCR137 is shown in a pink ball-and-

stick model. E2 binds to the hydrophobic pocket formed by amino acids such as Arg80 and THR-94. Pymol was used to model the molecular

interaction of E2 with the substrate. (C) The position of DCR137 with the active cavity, E2 is shown in gray (PDB#3N41).
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replication represents another effective strategy for combating

CHIKV71 (Table 2). The advantages of this approach include: (1)

Conservation of host targets reduces the likelihood of drug

resistance development; (2) Potential for broad-spectrum antiviral

efficacy; (3) Opportunity to develop drugs targeting host proteins

that are exploited by the virus. This section provides an overview

of the major research advancements in host-targeted anti-CHIKV

strategies.

4.1. Host oxidative folding pathway inhibitors

The proper folding and formation of disulfide bonds in viral

proteins, particularly envelope proteins, are essential for CHIKV

replication and depend on the host cell’s endoplasmic reticulum

(ER) redox system, which includes members of the protein di-

sulfide isomerase (PDI) family71. Targeting these enzymes may

interfere with the maturation and functional integrity of viral

proteins (Fig. 15).

4.1.1. Key targets and mechanisms

PDI family proteins catalyze both the formation and isomerization

of disulfide bonds. The CHIKV E1 and E2 proteins contain

multiple conserved cysteine residues, the correct pairing of which

depends on PDI activity95. ER oxidoreductin 1 (ERO1) supplies

oxidizing equivalents to PDI, thereby jointly maintaining the

oxidative environment of the endoplasmic reticulum (ER)96.

Furthermore, thioredoxin reductase (TrxR) also plays a role in

regulating cellular redox homeostasis, thereby influencing the

proper folding of viral proteins71.

4.1.2. Representative inhibitors

3-Methyltoxoflavin: A PDI inhibitor that significantly inhibits

CHIKV replication (EC50 � 1.2 μmol/L). Mechanistic studies

have demonstrated that this compound interferes with the forma-

tion of the E1—E2 dimer, thereby reducing the production of in-

fectious viral particles. Notably, treatment with 3-

methyltoxoflavin results in an increased ratio of viral genome to

infectious particles, suggesting that it may affect the correct

folding of viral proteins95.

Auranofin: A clinically approved TrxR inhibitor that was

initially developed for the treatment of rheumatoid arthritis.

Auranofin has been shown to inhibit CHIKV replication, with a

therapeutic index (TI) of up to 104.5 (at 12 h) and can alleviate

arthritis symptoms in mouse models. In contrast to PDI inhibitors,

Auranofin primarily exerts its antiviral effects indirectly by

depleting cellular reducing equivalents and altering the cellular

redox environment71.

16F16: 16F16 is a selective PDI inhibitor that effectively in-

hibits CHIKV infection at the cellular level and suppresses E1-

mediated cell fusion without affecting intracellular viral RNA

levels, although it reduces viral infectivity. However, this com-

pound typically exhibits a TI < 2, which is significantly lower

than that of auranofin, potentially limiting its utility in therapeutic

settings71.

4.1.3. Challenges and outlook

The challenges of targeting the oxidative folding pathway include:

(1) Functional redundancy among PDI family members requires

multi-target inhibition; (2) Altering redox status may affect host

cell functions; (3) Balancing antiviral activity with cytotoxicity is

necessary. Future directions may include: (1) Developing in-

hibitors with higher specificity for PDI subtypes; (2) Exploring

virus-specific disulfide bonds as targets; (3) Combining oxidative

folding modulators with different mechanisms.

4.2. Sodium-potassium ATPase inhibitors

Sodium-potassium ATPase (Na+/K+-ATPase) is a membrane-

bound ion transporter responsible for maintaining the electro-

chemical gradients of sodium and potassium ions across the cell

membrane. CHIKV infection is dependent on the functional ac-

tivity of Na+/K+-ATPase, and pharmacological inhibition of this

enzyme has been shown to effectively suppress viral replication97.

4.2.1. Mechanism of action

Na+/K+-ATPase may influence the CHIKV lifecycle through

multiple mechanisms: (1) regulating endosomal acidification and

thereby affecting viral fusion; (2) maintaining an optimal ionic

environment that supports the assembly of viral replication com-

plexes; and (3) functioning as a signaling scaffold involved in host

antiviral responses. Importantly, different cell types exhibit vary-

ing degrees of sensitivity to Na+/K+-ATPase inhibition, suggest-

ing the presence of cell-specific regulatory mechanisms97.

4.2.2. Representative inhibitors

Digoxin: Digoxin is a cardiac glycoside and a Na+/K+-ATPase

inhibitor. It demonstrates significant antiviral activity against

CHIKV infection with an EC50 � 48.8 nmol/L in human cell lines

such as U-2 OS cells and similarly reduced CHIKV infection in

primary human synovial fibroblasts (HSFs) and Vero African

green monkey kidney cells (Vero cells), with EC50 � 43.9 and

67.3 nmol/L, respectively97. Resistance studies have shown that

mutations in nsP2 and nsP4 reduce viral susceptibility to digoxin,

thereby confirming its antiviral mechanism through targeting the

viral replication complex. Notably, digoxin also exhibits inhibi-

tory effects against other alphaviruses, such as Ross River virus, as

well as rhabdoviruses, including Vesicular Stomatitis Virus, indi-

cating broad-spectrum antiviral potential.

Ouabain: Ouabain is another cardiac glycoside that acts as a

Na+/K+-ATPase inhibitor, and its anti-CHIKV activity is com-

parable to that of digoxin. In human cells (e.g., U-2 OS cells,

primary human synovial fibroblasts), ouabain significantly reduces

CHIKV infection, with an EC50 � 43.9—67.3 nmol/L97. Time-

course experiments have demonstrated that ouabain primarily af-

fects the post-entry replication steps of the virus, rather than the

initial attachment or internalization processes. However, cardiac

glycosides have a narrow therapeutic window, and their clinical

application requires careful evaluation of cardiotoxicity risks97.

4.2.3. Challenges and outlook

The primary challenge in targeting Na+/K+-ATPase lies in its

essential physiological role as an ion pump, whereby its inhibition

may result in significant adverse effects. Potential future research

directions could involve: (1) developing molecules that selectively

target virus-dependent subtypes or localized forms of Na+/K+-

ATPase; (2) investigating low-dose combination therapy strate-

gies; and (3) elucidating the molecular mechanisms underlying

virus-Na+/K+-ATPase interactions to facilitate the design of

specific interfering compounds.

4.3. Signaling pathway modulators

The mitogen-activated protein kinase (MAPK) signaling pathway

regulates a variety of cellular processes, such as inflammation and
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Table 1 Inhibitors targeting CHIKV.

Non-structural protein (nsPs)

Compd. Target Effect Experimental

model

Ref.

Lobaric acid nsP1 (GTP binding

site)

Competitively binds to the GTP site

(IC50 � 1.3 μmol/L) and inhibits the guanylation

activity of nsP1; in vitro antiviral activity, EC50 � 5

—10 μmol/L).

In vitro 31

5-IT nsP1 (SAM

competitive inhibitor)

Inhibit the replication of CHIKV

EC50 � 0.5 μmol/L; broad-spectrum anti-

alphavirus activity.

In vitro 32

6′-ß-Fluoro-homoaristeromycin nsP1 Inhibit the replication of CHIKV

EC50 ≈ 0.12 μmol/L.

In vitro 36

FHA and FHNA nsP1 In vitro antiviral activity,

EC50 � 0.12 ± 0.04 μmol/L and

0.18 ± 0.11 μmol/L.

In vitro 36

Radicicol nsP2 protease Targeting nsP2 exerts an anti-CHIKV effect;

EC50 � 0.6 μmol/L.

In vitro 38

Compound 2O nsP2hel In vitro antiviral activity, EC50 � 130 nmol/L;

In the virus titer experiment, EC50 � 1—3 μmol/L.

In vitro 41

J13 nsP2 protease Effectively inhibits CHIKV replication, EC50 � 1

—5 mmol/L; with an oral bioavailability of >80%,

and alleviates arthritis symptoms in mice.

In vitro

Mouse

model

49

R-1 nsP2hel In vitro antiviral activity, EC50 � 0.13 μmol/L. In vitro 54

Acc-CHIK15-dns CHIKVP (nsP2) IC50 � 1.2—10.6 μmol/L. In vitro 55

RA-0002034 nsP2pro In vitro antiviral activity, EC90 � 160 nmol/L. In vitro 56

Pyrimidone-4-carboxylic acid

derivatives

nsP3 (ADP-ribose

binding site)

In vitro antiviral activity, IC50 � 23 μmol/L. In vitro 64

EGCG nsP2 protease EGCG showed strong binding affinity (�41.50 and

�33.29 in AutoDock Vina and AutoDock4 MM/

GBSA, respectively).

Docking 66

Baicalin nsP3 Baicalin and nsP3 showed a strong binding affinity

(�9.8 kcal/mol); in vitro: EC50 � 7 μmol/L; has

inhibitory activity against DENV and Zika.

Docking 214

Cobalt(III)-thiosemicarbazone nsP4 Replication with 80% inhibition of CHIKV,

CC50 > 200 μmol/L.

In vitro 62

LabMol-309 nsP4 In vitro antiviral activity, EC50 � 5.2 μmol/L;

CC50 � 52 μmol/L.

In vitro 69

4′-FlU nsP4 Effective against a variety of RNA viruses; reduce

the viral load and arthritis symptoms in the mouse

model.

In vitro

Mouse model

76,77

Structural protein inhibitorrowhead

DCR 137 E2 protein Effectively inhibits CHIKV replication,

EC50 � 37 μmol/L; broad-spectrum activity against

a variety of alphaviruses.

In vitro 84

CID 136801451 E1—E2 complex

interface

Binding energy � − 51.53 kcal/mol In silicon 85

Gambogic acid E2 prorein Binding energy � − 10.9 kcal/mol In silicon 86

Suramin E2DA receptor

binding domain

In vitro antiviral activity, EC50 � 8.8—62.1 μmol/L;

broad-spectrum activity against a variety of

alphaviruses; zebrafish models show that it can

cause malformations.

In vitro

Zebrafish

model

15,82,83

PCA C Protein (HP pocket) Significantly reduce the viral load. In vitro 91

MDA & EAB C Protein Kd: 1.2 × 10− 3 mol/L for MDA; 0.2 × 10− 9 mol/L

for EAB.

SPR 92

Compound 15c C Protein Effectively inhibits CHIKV replication,

EC50 � 2.5 μmol/L.

In vitro 215

Amantadine 6K In vitro antiviral activity, EC50 � 29.51 μmol/L. In vitro 94

Histamine Mxra8 The antiviral activity is relatively weak

(EC50 ≈ 100 μmol/L).

In silicon 19

4′-FlU, 4′-Fluorouridine; 5-IT, 5-iodotubercidin; EAB, ethyl 3-aminobenzoate; EGCG, epigallocatechin gallate; DCR 137, 2,4-diaminoquinazoline

derivatives; MDA, (S)-(+)-mandelic acid; PCA, picolinic acid.
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Table 2 Inhibitors targeting host factors.

Compd. Target Effect Experimental

model

Ref.

16F16 PDI Inhibits CHIKV replication, TI < 2, limit its therapeutic

application.

In vitro 71

3-Methyltoxoflavin PDI Effectively inhibits CHIKV replication,

EC50 � 1.2 μmol/L.

In vitro 95

Auranofin TrxR Effectively inhibits CHIKV replication, TI � 104.5;

alleviate the symptoms of arthritis in mouse models.

In vitro

Mouse model

71

Digoxin Na+/K+-ATPase Effectively inhibits CHIKV replication in different

cells, EC50 � 43.9—67.3 nmol/L; broad-spectrum

activity against a variety of alphaviruses.

In vitro 97

CMPD1 MK2 The viral titer decreased by approximately 80% at

10 μmol/L.

In vitro 98

SB203580 p38 MAPK The number of new virus offspring released decreased

by approximately 2.5 times (1.5 μmol/L).

In vitro 99

MG132 Proteasome Promote the degradation of viral proteins. In vitro 100

PR619, WP1130 Deubiquitinating-proteasomal

enzymes

In Vero cells, treated with, viral yield decreased by 1.4

log units (WP1130, 250 nmol/L); viral yield decreased

by 2.5 log units (PR619, 5 μmol/L).

In vitro 102

NCAO Polyamine synthesis In Vero and C6/36 cells, the virus titer decreased by at

least 4 log units.

In vitro 103

Ivermectin Nuclear transport proteins Inhibits CHIKV replication: In BHK-21 cell,

EC50 � 0.6 μmol/L;

In Huh-7.5 cell, EC50 � 0.6 μmol/L;

In vitro 73

MCC950 NLRP3 inflammasome No significant effect on the viral titer and viral RNA

load. Reduce CHIKV-induced inflammation and bone

loss.

Mouse model 75

PDI, protein disulfide isomerase; TrxR, thioredoxin reductase; TI, therapeutic index (CC50/EClog50).

Figure 15 Host-targeting anti-CHIKV strategies.
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viral replication. Research has demonstrated that CHIKV infection

activates the p38 and JNK MAPK pathways, thereby enhancing

the production of inflammatory cytokines and facilitating viral

replication98.

4.3.1. Key targets and mechanisms

MK2/3 (MAPK-activated protein kinase 2/3) are downstream ef-

fectors of p38 MAPK and play a role in regulating cytoskeletal

reorganization and inflammatory responses. CHIKV infection has

been shown to upregulate MK2/3 expression, thereby enhancing

viral release; conversely, inhibition of MK2/3 can decrease viral

production and mitigate inflammatory damage98. Furthermore,

CHIKV infection in macrophages activates p38 and JNK phos-

phorylation, which contributes to TNF production. Both p38 and

JNK are also directly involved in the inflammatory responses

mediated by CHIKV nsP2, making them potential therapeutic

targets99.

4.3.2. Representative modulators

CMPD1: CMPD1 is an inhibitor of MK2 activation that sup-

presses CHIKV replication in vitro (68% inhibition) and alleviates

arthritis symptoms in mouse models98. Mechanistic studies have

demonstrated that CMPD1 interferes with viral release by inhib-

iting MK2-mediated lamellipodia formation. Moreover, CMPD1

treatment reduces the expression of key inflammatory cytokines,

including CXCL13, RAGE, FGF, and MMP9, while increasing the

levels of the recovery marker HGF.

SB203580 and SP600125: SB203580 and SP600125 are spe-

cific inhibitors of p38 and JNK, respectively, which can attenuate

TNF production induced by CHIKV. Research has shown that

CHIKV nsP2 directly interacts with phosphorylated p38 and

phosphorylated JNK, thereby activating the c-jun transcription

factor and promoting inflammatory responses. Inhibition of p38 or

JNK can block this pathway, leading to a reduction in viral

pathogenicity99.

4.3.3. Challenges and outlook

The challenge of targeting the MAPK pathway is its involvement

in multiple physiological processes; inhibition may cause wide-

spread side effects. Future research directions may include: (1)

Developing virus-specific MAPK modulators (2) Targeting

downstream effectors (e.g., MK2/3); rather than upstream kinases;

(3) Exploring crosstalk between MAPK and other signaling

pathways to design combination intervention strategies.

4.4. Protein degradation system

In addition to the main pathways mentioned above, researchers

have explored various other host targets for anti-CHIKV therapy.

4.4.1. Proteasome inhibitors

Proteasome inhibitors such as MG132 enhance the ubiquitination

and subsequent degradation of viral proteins, including nsP4,

thereby inhibiting CHIKV replication100. Additionally, Bortezo-

mib, an anti-tumor drug approved by the FDA, can interfere with

CHIKV replication through multiple pathways101.

4.4.2. Deubiquitinating enzyme (DUB) inhibitors

Deubiquitinating enzyme (DUB) inhibitors, such as PR619 and

WP1130, impair the stability of viral proteins and suppress

CHIKV replication102. PR619 and WP1130 inhibit CHIKV

replication by compromising the stability of viral proteins. In

Vero cells treated with 250 nmol/L WP1130, viral yield decreased

by 1.4 log units, corresponding to an approximate 25-fold

reduction. Similarly, treatment with 5 μmol/L PR619 resulted in

a significant reduction in viral titter by 2.5 log units, representing a

decrease of over 300-fold. These findings indicate that both

compounds effectively suppress viral replication. Furthermore,

administration of PR619 and WP1130 was associated with marked

dysregulation of viral RNA and protein synthesis, suggesting that

DUB enzyme activity plays a critical role in the CHIKV life cycle.

4.4.3. Synthesis inhibitor

N-ω-Chloroacetyl-L-ornithine (NCAO) can inhibit the replication

of CHIKV in both Vero and C6/36 cells in a dose-dependent

manner, reducing the viral titer per milliliter by a minimum of 4

log units in these cell lines. This inhibitory effect is mediated

through the suppression of ornithine decarboxylase activity and

the subsequent depletion of intracellular polyamines, which are

essential for CHIKV replication. Furthermore, the antiviral effect

of NCAO can be counteracted by the addition of exogenous

polyamines, thereby confirming its mechanism of action103. In

another study, a derivative of serpentine alkaloid called harring-

tonine exhibited potent inhibitory activity against CHIKV infec-

tion (EC50 � 0.24 μmol/L), while showing extremely low

cytotoxicity. Mechanistically, this compound exerts its antiviral

effect by interfering with the RNA replication and the expression

of viral proteins104.

4.4.4. Nuclear transport inhibitor

Ivermectin inhibits CHIKV replication by blocking the IMPα/ß1-

mediated nuclear import of viral proteins103. In BHK-21 cells, the

EC50 of ivermectin for inhibiting CHIKV replication is 0.6 μmol/

L. In human hepatocellular carcinoma cells (Huh-7.5), the

EC50 � 1.2 μmol/L73. It is also effective against other alphavi-

ruses (such as Sindbis virus SINV, Semliki Forest virus SFV, and

Yellow Fever virus YFV), reducing the virus titer by 2—4 log

levels.

4.4.5. LRP3 inflammasome inhibitor

CHIKV infection activates the NLRP3 inflammasome, thereby

promoting the production of IL-1ß and IL-18105. MCC950 treat-

ment did not significantly affect the viral titer or viral RNA load in

CHIKV-infected samples, suggesting that its mechanism of action

is primarily through immunomodulation rather than direct anti-

viral activity75. Nevertheless, a marked reduction in foot swelling

was observed in mice treated with MCC950, particularly during

the early phase of infection (Days 2—3), where the therapeutic

effect was most pronounced. MCC950 effectively mitigates

CHIKV-induced inflammation and bone degradation without

interfering with viral replication. This anti-inflammatory approach

also demonstrates efficacy against Ross River virus (RRV), but not

against West Nile virus (WNV), indicating a certain level of

specificity in its mode of action.

These diverse host-targeting strategies offer a wide range of

possibilities for the development of anti-CHIKV therapeutics.

When used in combination with direct-acting antiviral agents,

these approaches may exert synergistic effects and potentially

lower the likelihood of drug resistance emergence.
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5. Natural products derived anti-CHIKV compounds

Natural products serve as a crucial reservoir for antiviral drug

discovery, owing to their structural diversity and biocompati-

bility106. In recent years, a number of naturally derived com-

pounds exhibiting anti-CHIKV activity have been isolated from

plant, microbial, and marine sources, some of which have pro-

gressed to preclinical evaluation68.

5.1. Flavonoids

5.1.1. Baicalin

Extracted from Scutellaria baicalensis, baicalin directly virucidal

activity (EC50 � 7 μmol/L)6. It demonstrates significant anti-

CHIKV activity (EC50 � 77—350 μmol/L) in Vero, BHK-21,

and HEK293T cells with low cytotoxicity (CC50 > 600 μmol/

L)107. Time-of-addition experiments indicate it primarily affects

the replication stage, with activity being cell-type-independent.

5.1.2. Silymarin

Silymarin, an active small-molecule compound extracted from

Silybum marianum, significantly inhibited CHIKV replication in

Vero cell models. Further experiments demonstrated that sily-

marin exerts its antiviral effect by reducing the replication effi-

ciency of CHIKV and downregulating the production of relevant

viral proteins108.

5.1.3. Naringin

Naringin, identified as an antiviral active constituent of Chiococca

alba (L.) Hitchc., demonstrates a plaque formation inhibition rate

exceeding 70% against CHIKV at a concentration of 60 μg/mL.

Molecular docking analysis reveals that naringin exhibits strong

binding affinity to the nsP2 of both CHIKV and Mayaro virus

(MAYV), with a binding affinity energy of − 7.9 kcal/mol. This

interaction involves van der Waals forces with amino acid residues

such as SER44, PRO204, and LEU203, π—cation interactions

with TRP80, and carbon-hydrogen bonds with LEU201 and

ASP229 in CHIKV-nsP2 109. In addition, naringin exhibits an

IC50 � 168 μg/mL against Dengue virus type 2 (DENV-2),

exerting its antiviral effect through the inhibition of viral

adsorption and RNA polymerase activity110.

5.2. Triterpenoids

5.2.1. Betulinic acid

This pentacyclic triterpenoid inhibits the post-CHIKV infection

stage3. Time-course studies indicate that it effectively blocks viral

RNA synthesis and protein production and demonstrates efficacy

against other mosquito-borne RNA viruses, such as DENV and

ZIKV, suggesting its potential as a broad-spectrum antiviral agent.

5.2.2. Andrographolide derivatives

Andrographolide exhibits strong inhibitory effects against CHIKV

infection, reducing virus production by approximately 3 log10 with

an EC50 of 77 μmol/L, and shows no cytotoxicity2,111. Structural

modifications of andrographolide have led to the development of

the oxindole-rhodanine hybrid 7-chloro-oxindole (E)-42, which

demonstrates potent antiviral activity against clinical CHIKV

isolates (EC50 � 0.6—1.2 μmol/L)112. With a selectivity index

(SI) greater than 100, and the capacity to inhibit viral RNA syn-

thesis and protein expression, this compound represents one of the

most promising plant-derived candidates for anti-CHIKV therapy.

5.3. Alkaloids

5.3.1. Lycorine

Identified through screening of 109 natural compounds, lycorine

effectively inhibits CHIKV and DENV at low micromolar con-

centrations23. Time-of-addition experiments indicate that it does

not interfere with viral entry but rather suppresses the synthesis of

negative-strand viral RNA. Molecular docking studies suggest that

lycorine binds to the palm and finger domains of the CHIKV and

DENV RdRp, located in proximity to the catalytic site.

5.3.2. 8-Bromobaicalein

Originally identified as a flavivirus polymerase inhibitor, 8-

bromobaicalein also demonstrates anti-CHIKV activity

(EC50 � 3.5 μmol/L)113. In adult mouse models, it mitigates

musculoskeletal inflammation and decreases viral load. By tar-

geting nsP4, it reduces the likelihood of resistance development.

5.4. Other active plant components

5.4.1. Magnolol triazole-chloroquine derivatives

Derivatives of magnolol, obtained through click chemistry modi-

fication (e.g., compound 7), demonstrate significant anti-CHIKV

activity (EC50 � 9.05 μmol/L, SI > 16.8)114. These derivatives

exhibit more than 46-fold higher potency compared to the positive

control and effectively inhibit CHIKV replication, without exert-

ing a direct effect on viral particles.

6. Drug repurposing strategies and the PAINS challenge

Drug repurposing presents notable advantages compared to con-

ventional drug development approaches: 1) established safety

profiles, based on comprehensive pharmacokinetic and toxicity

data from previously approved drugs, which significantly reduce

development risks; 2) abbreviated development timelines, with an

estimated reduction of 5—7 years; 3) reduced costs, projected to

be only 30%—50% of those associated with de novo drug devel-

opment; and 4) the potential for direct entry into Phase II clinical

trials, thereby accelerating clinical translation115,116. By

leveraging existing safety data, drug repurposing facilitates the

expedited development of anti-CHIKV therapies. Several

approved drugs have demonstrated anti-CHIKV activity.

Although high-throughput screening (HTS) of approved drugs

and fragment-based drug design for multi-target-directed ligands

(MTDLs) have become routine strategies to achieve optimal

multi-target combinations, the unexpected occurrence of pan-

assay interference compounds (PAINS) concerns during MTDL

development often leads to non-specific interactions or other

adverse effects, thereby resulting in artifacts or false-positive data

in biological assays117. The chemical structure of PAINS typically

contains specific reactive groups that are capable of interacting

non-specifically with a variety of target proteins118.

6.1. Antifungal drugs

6.1.1. Itraconazole (ITZ)

Identified through replicon-based screening, the antifungal drug

ITZ is a highly selective inhibitor of CHIKV, exhibiting a SI

greater than 312 in replicon assays and greater than 294 in virus

infection assays40. ITZ may interfere with the formation of viral

replication organelles by modulating cholesterol metabolism;
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however, its exact mechanism of action remains to be fully

elucidated. Due to its favorable oral bioavailability, established

safety profile, and low cost, ITZ represents a promising candidate

for rapid clinical translation. It should be noted that the high hy-

drophobicity of ITZ (LogP > 5) makes it prone to form colloidal

aggregates. Since detergents may affect their solubility and ac-

tivity, verification through detergent sensitivity experiments (e.g.,

treatment with 0.01% Triton X-100) is required, or dynamic light

scattering (DLS) can be used to detect the particle size distribu-

tion. In addition, ITZ has OSBP inhibitory activity, which may

interfere with cholesterol transport, so attention should be paid

in vivo experiments. Oxysterol-binding protein (OSBP) is a human

lipid transport protein that is essential for the cellular replication

of many types of viruses119. It is particularly noteworthy that ITZ

can inhibit viral replication through interaction with the OSBP

protein. Therefore, the confirmation of ITZ’s anti-CHIKV target

requires caution and can be verified by X-ray crystallography or

chemical proteomics (such as CITe-Id) to confirm covalent

binding120.

6.1.2. Micafungin

This echinocandin-class antifungal agent inhibits CHIKV repli-

cation, viral release, and cell-to-cell transmission121. It also

demonstrates efficacy against SINV and SFV, with high doses

exerting only minimal effects on viral stability. Given its FDA-

approved status, micafungin offers a novel therapeutic option for

the treatment of CHIKV.

6.2. Antiretroviral drugs

6.2.1. Etravirine

Screening of an FDA-approved reverse transcriptase inhibitor li-

brary identified etravirine as an inhibitor of WNV and CHIKV

infection122. The drug primarily exerts its effect during the viral

replication phase. Molecular docking studies suggest that etra-

virine has strong binding potential with the RdRp of WNV and

alphaviruses. In mouse models, etravirine significantly alleviated

weight loss and neurological symptoms induced by WNV infec-

tion and showed efficacy in CHIKV-induced arthritis and lethal

infection models.

6.2.2. Efavirenz

The HIV antiretroviral drug efavirenz exhibits anti-CHIKV ac-

tivity (EC50 � 8.33 μmol/L, SI � 9.1)123. Mechanistic studies

indicate that it acts through dual inhibition of both viral entry and

replication, while also reducing the production of pro-

inflammatory cytokines, thereby offering a multi-target thera-

peutic advantage. Efavirenz exhibits fluorescent properties (λex

290 nm), so false positives need to be excluded in the HTS

fluorescence polarization assay.

6.3. Antiparasitic drugs

The anthelmintic compound oxibendazole, identified through virtual

screening, demonstrates inhibitory activity against the CHIKV nsP2

protease and exhibits efficacy against both the Asian and ECSA

genotypes, with EC50 values ranging from 1.2 to 2.3 μmol/L124.

Similarly, the antimalarial agent chloroquine inhibits membrane

fusion by increasing the pH of endosomes; however, its clinical

effectiveness remains limited125. Ivermectin exerts its antiviral effect

by targeting nuclear transport proteins, thereby inhibiting the nuclear

import of nsP2 and reducing viral replication61,115.

6.4. Anti-inflammatory and immunomodulatory agents

Corticosteroids such as dexamethasone may help alleviate clinical

symptoms but carry the potential to prolong viremia126,127. The

Janus kinase (JAK) inhibitor baricitinib attenuates inflammatory

responses by suppressing IFN-γ signaling pathways and is

currently undergoing clinical evaluation127,128. Furthermore, the

IL-2/JES6-1 antibody complex has been shown to mitigate joint

inflammation through the expansion of regulatory T cells; how-

ever, the potential risk of immune activation necessitates cautious

application129-131.

6.5. Antihypertensive drugs

Angiotensin-converting enzyme (ACE) inhibitors, such as ramipril

and enalaprilat, exhibit anti-CHIKV activity, potentially through

interference with viral attachment or internalization115. Notably,

enalaprilat in combination with 2-fluoroadenine demonstrates an

additive effect, resulting in a 3-log reduction in viral titers 132.

Molecular docking studies suggest that these compounds may

bind to the E2 protein, thereby inhibiting its interaction with host

cell receptors133. Computational screening has also identified the

antihypertensive agent telmisartan and the antibiotic neomycin as

inhibitors of nsP2 protease activity, with an IC50 of approximately

100 μmol/L134. Small-angle X-ray scattering (SAXS) analyses

indicate that these compounds induce structural compression of

nsP2 while preserving its monomeric state, serving as an example

of drug repurposing. The corticotropin-releasing factor receptor

type 1 (CRF-R1) antagonist CP-154526 was identified as a

CHIKV inhibitor through the use of a replicon system135. Time-of-

addition and virus entry assays suggest that this compound acts on

intracellular targets during the viral replication phase. Additional

CRF-R1 antagonists, including R121919 and NGD 98-2, have also

shown antiviral potential.

It is noteworthy that EGCG, baicalin, and suramin are high-risk

PAINS. Both EGCG and baicalin have polyphenolic structures and

belong to redox-cycling PAINS; their activity may stem from ROS

generation rather than genuine inhibition. Therefore, after obtain-

ing positive results in the primary screening, catalase (CAT) should

be added to verify ROS dependence. In addition, these two com-

pounds exhibit intrinsic fluorescent properties, which may interfere

with fluorescence-based detection, so the detection conditions need

to be controlled. Suramin contains naphthylamine and polysulfonic

acid groups; its multiple benzene rings and conjugated structure

may lead to aggregation, and its strong negative charge may

interfere with biochemical assays. Thus, detergent sensitivity ex-

periments are required for further verification.

Therefore, after online filtering, many offline experiments should

be conducted to distinguish undesirable PAINS, to avoid mis-

assessment of promising scaffolds. The adoption of a fair trial

strategy to identify interesting molecules among PAINS can provide

certain structure-function insights for MTDL development136.

7. Structure-based rational drug design

In the medicinal chemistry research targeting CHIKV, various

innovative strategies have been employed to address its specific

challenges137,138. Structure-based design strategies have focused

on key targets involved in the viral replication process139. Through

virtual screening of FDA-approved drug libraries, researchers

have identified several potential CHIKV inhibitors. Among them,
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cephalosporin drugs such as cefmenoxime and ceforanide can

bind to the E1—E2 interface, disrupting the function of envelope

glycoproteins133. Molecular docking results showed that cefme-

noxime forms multiple conventional hydrogen bonds with the

conserved residue Ser238 on the E1 protein and also exhibits in-

teractions such as C—H bonds with residues including Glu50

(Fig. 16). Meanwhile, it forms strong electrostatic interactions-

including hydrogen bonds and even salt bridges-with the key

residue Arg36 on the E2 protein140. Similarly, antihistamines like

chlorpromazine inhibit protease activity by binding to the allo-

steric site of nsP2141. A pharmacophore model built based on the

active site of nsP2 protease has further guided the design of a

series of peptidomimetic inhibitors142. These compounds contain

α/ß-unsaturated ketones, which can form covalent bonds with

catalytic cysteines, with IC50 reaching nanomolar levels22.

Molecular design has been performed targeting the catalytic

triad Cys478/His548/Asn562 of the nsP2 protease42,143. Through

molecular docking and molecular dynamics simulation studies,

researchers have been able to precisely identify compounds that

interact with the catalytic active site and design peptidomimetic

inhibitors with high affinity42. The advantage of this approach lies

in its ability to directly target the active site of a key enzyme

involved in the viral replication mechanism, thereby effectively

inhibiting the function of viral RNA polymerase while reducing the

risk of drug resistance caused by viral mutations. Using long-time

scale molecular dynamics simulations, researchers optimized the

binding mode of nsP2 inhibitors with their targets66,144. Key

findings include significant conformational dynamics of nsP2; in-

hibitor binding affects the collective motion patterns of the protein;

and non-polar interactions are the main driving force for binding.

These insights provide a theoretical basis for optimizing inhibitors,

enabling fragment-based screening strategies to demonstrate

unique advantages and value in CHIKV drug development.

Fragment-based screening strategies have provided a new

avenue for CHIKV drug discovery, particularly demonstrating

significant efficacy in studies targeting the nsP3 macrodomain64.

Through virtual screening of fragment libraries combined with

X-ray crystallographic analysis, researchers identified compounds

sharing a 2-pyrimidinone-4-carboxylic acid scaffold, which can

specifically bind to the ADP-ribose binding site of the nsP3

macrodomain64. Among them, 2-oxo-5,6-benzopyrimidine-4-

carboxylic acid exhibited anti-CHIKV activity with an IC50

value of 23 μmol/L, laying the foundation for the development of

specific and potent nsP3 inhibitors (Fig. 17). Additionally, frag-

ment design based on the MXRA8 structure has also identified

several promising hit compounds145. The advantage of this strat-

egy lies in its ability to efficiently explore chemical space and

discover lead compounds with novel mechanisms of action64.

Natural product optimization strategies have provided abun-

dant research resources for CHIKV drug development, particu-

larly the studies on andrographolide and its derivatives146. As a

diterpenoid compound extracted from Andrographis paniculata,

andrographolide and its derivatives have shown inhibitory activity

against a variety of viruses, including CHIKV146. A pivotal

scaffold hopping was performed on the andrographolide scaffold.

Specifically, the ent-labdane core of compound (E)-2-derived

from natural andrographolide-was converted to its stereoisomer,

the normal-labdane core. This modification aimed to enhance

interactions with the target through a more favorable stereo-

conformation. Subsequently, based on the optimized core, further

substituent modification was conducted on the key oxindole

pharmacophore. A chlorine atom was introduced at the 7-position

of the benzene ring in the oxindole moiety, forming a

7-chlorooxindole structure. Through the synergistic effect of these

two-step structural optimizations, the finally obtained compound

(E)-42 achieved a comprehensive leap in key pharmaceutical in-

dicators compared with the initial compound (E)-2: antiviral ac-

tivity was increased by approximately 3.5-fold; cytotoxicity was

significantly reduced; selectivity index was improved by nearly

6-fold (Fig. 18).

The advantage of natural product strategies lies in their ability

to provide diverse chemical scaffolds and relatively low cytotox-

icity, offering important resources for the development of safe and

effective antiviral drugs.

The integrated application of medicinal chemistry strategies

can effectively address the specific challenges posed by CHIKV. A

research approach involving enhance allel implementation of

multiple strategies not only enhances the efficiency of drug

Figure 16 Predicted mode of action of cefmenoxime with E1—E2. The E1 protein chains are shown as pink surfaces and the E2 protein chains

as cyan surfaces, clearly outlining the topology of the binding pocket located at the E1—E2 interface. The cefoxime molecule is shown as an

orange sticks ball-and-stick model embedded in a binding cavity formed by both E1 and E2 proteins. Key interactions are indicated by yellow

dashed lines (PDB: 3N41).
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discovery but also opens more possibilities for the development of

broad-spectrum antiviral drugs. This provides a crucial scientific

foundation for combating the threats posed by CHIKV and its

related alphaviruses.

8. Monoclonal antibodies

In the development of CHIKV mAbs, research has focused most

extensively on antibodies targeting the viral envelope glycopro-

teins E1 and E2. DC2.112 is an mAb that targets the E1 protein; it

binds to the fusion loop of E1 domain II and inhibits viral

release147. The E2 glycoprotein serves as the primary antigenic

determinant of CHIKV and is also the main target for antibody

recognition. Kim et al.148 developed two monoclonal antibodies,

19-1 and 21-1, against the CHIKV-E2 protein. Among these, the

19-1 mAb exhibits the strongest binding affinity to inactivated

CHIKV and extremely low cross-reactivity with other mosquito-

borne viruses such as ZIKV, JEV, and DENV. Other mAbs tar-

geting the E2 protein include C9, CHK-124, CHK-152, and CHK-

265149-151. Additionally, there are several highly potent mAbs

targeting the E1—E2 complex: CHK-263 locks the conformation

of the E1/E2 complex and inhibits virus—cell fusion

(PRNT50 � 3.8 ng/mL); 8B10/5F10 inhibits extracellular viral

spread, with IC50 � 46—72 ng/mL152,153.

The evaluation of antibody binding affinity and specificity is a

critical step in the characterization of mAbs. Binding affinity is

typically quantified using techniques such as SPR or BLI, which

can provide kinetic parameters for antibody-antigen in-

teractions148. Specificity assessment is conducted via cross-

reactivity testing to ensure that the antibody binds exclusively to

the target antigen without cross-reacting with other related vi-

ruses. For example, the 19-1 mAb exhibits extremely low cross-

reactivity with mosquito-borne viruses like Zika virus (ZIKV),

Japanese encephalitis virus (JEV), and dengue virus (DENV),

making it an ideal candidate for CHIKV diagnosis148.

Antibody epitope mapping is crucial for understanding the

mechanism of antibody action and guiding antibody optimization.

Epitope mapping can be achieved through a variety of methods,

including X-ray crystallography, HDX-MS, peptide scanning, and

viral escape mutation analysis154. In a study by Quiroz et al.154,

viral escape mutation analysis was used to identify that the

binding epitopes of two E1-specific mAbs are in domain I or the

linker region between domains I and III; in contrast, the binding

epitopes of two E2-specific mAbs are situated between the

ß-linker region and domain B. Such precise epitope mapping fa-

cilitates understanding of how antibodies interact with the virus

and provides guidance for the design of more effective therapeutic

antibodies.

Viral escape mutation analysis is a key method for evaluating

the therapeutic potential of mAbs. By culturing viruses in the

presence of antibodies and screening for mutant strains that can

escape antibody neutralization, the mechanism of antibody action

Figure 17 (A) The binding patterns of pyrimidinones and key residues (e.g., A23, G29, D31, G70, S110, L108, L199, T111, G112, Y114, etc.)

of nsP3 target proteins, showing intermolecular hydrogen bonds (blue dashed line) and other interactions. (B) 3D structure of the target protein

(yellow helix and fold structure), reflecting the binding conformation of the pyrimidinone compound in the active pocket of the protein. (C) The

general chemical formula of the core structure of pyrimidinone, marked R1, R2, and R3 as the structural modification sites, in which

2-pyrimidinone-4-carboxylic acid is the “core pharmacophore”. (D) Schematic representation of hydrogen bonds (blue dashed lines) and other

interactions between pyrimidinones and target protein residues such as G112b, G70b, A23b, D31, G32, C34, etc. (PDB #3GPO).
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and potential emergence of drug resistance can be determined154.

In CHIKV research, Quiroz et al.154 used this method to identify

the precise epitope locations bound by antibodies. They further

found that two E2-specific mAbs provided in vivo protection in a

stringent lethal CHIKV infection mouse model, whereas E1 mAbs

did not. These findings not only shed light on the characteristics of

the human antibody response to CHIKV but also identified

candidate mAbs with therapeutic potential.

Mechanistically, the Fc effector function of CHIKV mAbs

plays a pivotal role in viral clearance, primarily by activating

FcγRs to mediate interactions with immune cells. Studies have

demonstrated that the therapeutic efficacy of CHIKV mAbs is

significantly dependent on their Fc effector function. Using anti-

body engineering techniques and mouse strains deficient in C1q or

FcγRs, Fox et al.155 showed that the therapeutic effect of CHIKV-

targeting monoclonal IgG antibodies relies on the expression of

FcγRs. Further research revealed that when these antibodies were

used as post-exposure therapy in mice, those with intact Fc

effector function significantly enhanced viral clearance from

infected cells and effectively reduced joint swelling. The Fc

effector function of CHIKV mAbs, by activating FcγRs-particu-

larly through interactions with monocytes-markedly promotes

viral clearance and alleviates clinical symptoms. This finding not

only deepens our understanding of the immune defense mecha-

nisms against CHIKV but also provides critical guidance for

developing more effective CHIKV therapeutic strategies. Future

studies could further explore the optimization of the antibody Fc

region to enhance specific effector functions, thereby developing

therapeutic antibodies against CHIKV and other related

viruses155,156.

9. mRNA vaccine nanodelivery technology

Drawing on the groundbreaking advancements in mRNA vaccines

and nanodelivery technologies during the COVID-19 pandemic,

we can gain valuable experience and define technical pathways for

CHIKV vaccine development. The success of COVID-19 mRNA

vaccines is largely attributed to the mature application of LNP

technology. These nanocarriers can effectively protect mRNA

from ribonuclease degradation while enhancing cellular penetra-

tion and stability157,158. Compared with traditional liposomes,

LNPs possess unique rigid morphology and improved cargo sta-

bility, which provide unprecedented delivery efficiency for mRNA

vaccines158,159. The rapid development and success of COVID-19

mRNA vaccines (with an efficacy of approximately 95%) have

demonstrated the pivotal role of nanotechnology in vaccine

development, offering a critical template for addressing future

pandemics158,160.

However, the development of CHIKV vaccines still faces

numerous unmet needs. Although CHIKV has caused millions of

infections worldwide, only two vaccines, IXCHIQ and

VIMKUNYA, have been approved for marketing by the FDA so

far-and IXCHIQ is associated with severe adverse reactions in the

elderly population78,161,162. This "unmet medical need" is also

confirmed by patent analysis, which points out that the develop-

ment of CHIKV vaccines is relatively lagging161. While the

mortality rate of CHIKV infection is relatively low (approximately

0.1%), it causes severe joint pain that can last for months or even

years, imposing long-term health burdens and economic losses on

patients. Currently available treatment options are limited to

supportive care, with a lack of specific antiviral drugs161-163.

The successful experience of COVID-19 vaccines offers

crucial insights for the development of CHIKV vaccines. First, the

nanodelivery technologies can significantly enhance vaccine sta-

bility and delivery efficiency159,164. Second, the mRNA platform

boasts advantages in rapid development and production, enabling

rapid responses to emerging outbreaks164,165. Furthermore, the

manufacturing processes and quality control experience accumu-

lated during the COVID-19 pandemic can be directly applied to

the large-scale production of CHIKV vaccines159,165. Most

importantly, the development of COVID-19 vaccines has estab-

lished a comprehensive regulatory pathway and clinical trial

framework, providing a reference for the accelerated approval of

CHIKV vaccines158,165.

9.1. RNA interference technology

RNAi mediates the degradation of viral mRNA through siRNA,

thereby achieving specific gene silencing166,167. siRNAs targeting

the nsP1, nsP2, and E1 genes of CHIKV can effectively inhibit

viral replication (>90%). However, this approach is hindered by

challenges such as inefficient delivery and off-target effects168.

Recent advances include: 1) chemical modification to improve

siRNA stability; 2) Nanocarrier improves delivery efficiency; 3)

Multiplex siRNA cocktails reduce the risk of resistance166. In

addition, viral replicon-based reporter gene systems provide a

convenient tool for screening efficient sirnas135,169.

Figure 18 Derivative optimization strategy based on andrographolide stent.
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9.2. Aptamer-based therapeutics

RNA aptamer Apt#1, selected via SELEX technology, can spe-

cifically bind to the domain A of the E2 protein and neutralize

CHIKV infection (with an IC50 � 2.59 nmol/L)83. Bivalent

aptamers (BiNb-2E8 and BiNb-3C5) have further enhanced

binding affinity and neutralizing activity, providing new options

for diagnosis and treatment170.

9.3. Antisense oligonucleotides

Locked nucleic acid (LNA)-modified antisense oligonucleotides

target the conserved regions of the CHIKV genome and can

inhibit viral replication, with EC50 � 50 nmol/L168,171. Compared

with siRNAs, antisense oligonucleotides exhibit superior tissue

distribution properties; however, they also face challenges related

to delivery.

9.4. Nanoparticle delivery systems

AuNPs and AgNPs possess inherent antiviral activity and can also

serve as drug carriers172,173. Studies have shown that AuNPs

inhibit CHIKV infection by interfering with viral attachment

and membrane fusion, with EC50 � 5 μg/mL174,175. In contrast,

poly (lactic-co-glycolic acid) (PLGA) nanoparticles enhance the

intracellular delivery efficiency of siRNAs176.

9.5. Nanodiagnostic technologies

Nanomaterial-based biosensors enable the ultra-sensitive detection

of CHIKV. For instance, GFET biosensors achieve a LOD of

1 pfu/mL, which is 1000 times more sensitive than ELISA174,177.

Additionally, SERS nanotags are also applied for the rapid gen-

otyping detection of CHIKV178.

9.6. Nano-vaccines

VLP-based nanovaccines can effectively induce neutralizing an-

tibodies. A novel CHIKV VLP platform can display 480 antigen

copies on its surface, resulting in significantly enhanced immu-

nogenicity. Additionally, nanoadjuvants such as monophosphoryl

lipid A (MPLA)-modified liposomes can also potentiate vaccine-

induced immune responses78,161-163.

Several aspects require prioritization in the development of

CHIKV vaccines: optimizing nanodelivery systems to enhance

immunogenicity, establishing appropriate surrogate endpoints for

immune protection, and developing broad-spectrum vaccines tar-

geting different CHIKV genotypes78,162,179. Drawing on the

experience from COVID-19 vaccine development, the mRNA-

LNP platform can be adopted for CHIKV vaccines, combined

with VLP technology, to achieve improved immune protection.

Meanwhile, it is essential to strengthen international collabora-

tion, establish unified clinical trial standards and regulatory

frameworks, accelerate the marketing process of CHIKV vaccines,

and ultimately achieve effective prevention and control of this

significant infectious disease165.

10. Viral protein mutations and drug resistance

The association between CHIKV protein mutations and drug

resistance represents a critical focus in antiviral therapy research.

CHIKV evades the inhibitory effects of antiviral drugs primarily

through mutations in key viral proteins, a mechanism that is

particularly prominent in the non-structural proteins nsP1 and

nsP2.

nsP1 is a critical protein in the replication process of CHIKV,

possessing both MTase and GTase activities. It is responsible for

the capping of viral RNA and serves as a vital target for antiviral

drugs180. Studies have shown that inhibitors targeting nsP1 can be

categorized into several classes with distinct functions. These

inhibitors bind to different structural domains of nsP1, leading to

varied drug resistance mechanisms (Fig. 19). Specifically, in-

hibitors of the MADTP and CHVB series bind to the SAM

binding site within the capping domain of nsP1, acting as

competitive or non-competitive inhibitors. In contrast, inhibitors

of the FHNA series bind to a secondary binding pocket in the

cyclic structure of the nsP1 dodecamer. This pocket is in the

Membrane-Associated Oligomerization (RAMBO) domain and

may interfere with the membrane binding and oligomerization of

nsP1180. These distinct binding sites enable the virus to evade

different types of inhibitors through corresponding point muta-

tions, resulting in the development of drug resistance180.

nsP2 is a multifunctional core non-structural protein in

CHIKV, consisting of an nsP2h and a nsP2p, which are connected

by a 14-residue linker181. The interaction between the helicase

domain of nsP2 and viral RNA is essential for viral replication.

Studies have identified that three hydrophobic residues (Y161,

F164, and F287) in nsP2h form stacking interactions with RNA

bases, thereby bending the RNA backbone182. The F287A muta-

tion disrupts these stacking interactions: it increases basal ATPase

activity but reduces RNA-binding affinity, which in turn impairs

subgenomic RNA synthesis and decreases viral infectivity182.

Notably, this replication defect can be rescued by either a pseu-

dorevertant mutation (A287V) or adaptive mutations in the heli-

case domain (T358S or V410I)182. Furthermore, the flexible link

between the nsP2 domains plays a critical role in the assembly

efficiency of the viral replication complex. Shortening the linker

(by deleting 3 or 5 amino acids) results in moderate defects in

viral RNA replication and transcription, while completely abol-

ishing viral infectivity. In contrast, increasing the flexibility of the

linker enhances both genomic RNA replication and viral infec-

tivity181. These findings indicate that the domain conformation

and flexibility of nsP2 are key determinants of viral replication

and infectivity, making it a vital target for antiviral drug design

and drug resistance research.

Currently, research on the direct association between mutations

in nsP3 and nsP4 of CHIKV and drug resistance remains relatively

limited. However, mutations in the structural domains of these

proteins may alter viral susceptibility to nucleotide analogs or other

drugs targeting viral RNA polymerase. Specifically, studies have

shown that the Q192L and C483Y mutations in nsP4 reduce

CHIKV susceptibility to 4′-FlU. CHIKV structural proteins,

including capsid protein (C), E3, E2, 6K, and E1, play pivotal roles

in viral assembly and entry164. Mutations in these proteins may

affect viral sensitivity to drugs that target the viral assembly or

entry processes. For instance, mutations in the E1 protein could

impact viral susceptibility to membrane fusion inhibitors, while

mutations in the capsid protein may influence sensitivity to as-

sembly inhibitors. Nevertheless, current research on the relation-

ship between CHIKV structural protein mutations and drug

resistance is still relatively scarce, warranting further investigation.

To tackle the issue of CHIKV drug resistance, researchers have

adopted multiple strategies: 1) Developing multi-target inhibitors
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to reduce resistance caused by mutations in a single target; 2)

Designing next-generation inhibitors capable of overcoming

known resistance mutations. 3) Implementing combination ther-

apy strategies that simultaneously target multiple stages of the

viral life cycle. Additionally, studies on resistance to kinase in-

hibitors have shown that resistance mutations typically occur at

drug-binding sites. By optimizing the structure of inhibitors to

enhance their binding ability to mutated sites, drug resistance can

be effectively overcome.

In summary, small-molecule inhibitors represent a critical di-

rection in anti-CHIKV drug development. By targeting different

stages of viral replication, they can effectively inhibit CHIKV

replication. Future research should continue to focus on the dis-

covery of novel inhibitors, the elucidation of resistance mecha-

nisms, and the optimization of combination therapy strategies,

thereby providing more options for the treatment of CHIKV

infection.

11. Drug combination strategies and synergistic effects

11.1. Principles and advantages of combination therapy

Combination therapy acts on multiple stages of the viral life cycle

simultaneously, thereby enhancing therapeutic efficacy, mini-

mizing the risk of drug resistance, and allowing for reduced

dosages of individual agents72,183. For CHIKV, effective combi-

nation strategies should be based on the following key consider-

ations: (1) complementary mechanisms of action; (2) compatible

pharmacokinetic profiles; and (3) non-overlapping toxicity

profiles184.

11.2. Synergistic drug combinations

11.2.1. 2-Fluoroadenine with metabolic modulators

The combination of 2-fluoroadenine with either metyrapone or

enalaprilat results in significantly enhanced anti-CHIKV activity,

exhibiting additive effects (combination index � 0.8—1.2)132.

Mechanistically, 2-fluoroadenine interferes with viral RNA syn-

thesis, whereas metyrapone inhibits viral replication by modu-

lating host metabolic pathways132,185.

11.2.2. EGCG with suramin

EGCG with Suramin: Epigallocatechin gallate (EGCG) and sur-

amin target different stages of the CHIKV life cycle-viral entry

and replication, respectively. Their combined application produces

a synergistic antiviral effect (combination index � 0.62)184.

Specifically, EGCG prevents viral attachment by binding to the E2

envelope protein, while suramin competitively inhibits the activity

of the nsP2 protease.

11.2.3. Zinc and magnesium salts

Zinc salts (e.g., zinc sulfate and zinc acetate) and magnesium salts

(e.g., magnesium sulfate) exhibit antiviral activity through distinct

mechanisms. Zinc salts inhibit viral entry and capsid uncoating,

whereas magnesium salts suppress RNA polymerase activity186.

Preclinical studies in animal models indicate that oral adminis-

tration of these salts significantly reduces viral load and mitigates

arthritis-related symptoms.

11.2.4. Favipiravir + MCC95

Favipiravir (FAV), an RNA polymerase inhibitor, directly inhibits

CHIKV replication by inducing lethal mutagenesis. It exhibits

inhibitory effects on CHIKV replication in vitro

(EC50 � 143 μmol/L) and alleviates joint swelling in mice187,188.

In contrast, MCC950 specifically blocks the NLRP3 inflamma-

some, which significantly reduces joint inflammation and bone

destruction, while also markedly improving bone mineral density

and myositis75. The combination therapy of FAV and MCC950 is

expected to achieve a dual effect of "antiviral + anti-inflamma-

tory", making it particularly suitable for patients with high viral

loads. Efficacy may be optimized through sequential administra-

tion (FAV first, followed by MCC950), which avoids the

Figure 19 Resistance sites based on the CHIKV nsP1 structure. Residues in different functional regions are color-coded in the figure. Catalytic

residues H37 and D63 are shown in green. Residues P34 and T246 associated with resistance to MADTP series inhibitors are marked in blue.

Residues G230 and K299 associated with resistance in the FHNA series are shown in orange, residues F450 to S458 (purple) are in the region

where residues S454 and W456 are located, and the orange and green dashed volumes represent the proposed binding pockets of GTP and SAM,

respectively (PDB# 6Z0V).
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limitations of single-drug treatment and provides a new strategy

for preventing CHIKV-induced chronic arthritis.

11.2.5. Challenges and optimization of combination therapy

Despite its therapeutic potential, combination therapy encounters

several critical challenges: 1) the risk of drug—drug interactions;

2) complex pharmacokinetic and pharmacodynamic relationships;

and 3) difficulties in achieving optimal dosing regimens132. Sys-

tems pharmacology and quantitative systems pharmacology (QSP)

models offer promising approaches to address these challenges

and enhance the development of effective combination

therapies189.

12. Preclinical and clinical research progress

12.1. Mouse models

Wild-type C57BL/6 mice infected with CHIKV develop acute

arthritis and chronic joint lesions, recapitulating key features of

the human disease190. Transcriptomic analysis demonstrates a

high degree of similarity between gene expression profiles in

infected mice and humans (50% gene overlap), thereby validating

the translational relevance of this model191. Prophylactic admin-

istration of an IFN-α adenovirus vector (mDEF201) completely

protected mice from a lethal CHIKV challenge, reducing viral

load by more than 3 log192. Similarly, andrographolide (50 mg/kg/

day) significantly alleviated joint inflammation and inhibited viral

replication.

12.2. Non-human primate models

Rhesus macaques infected with CHIKV exhibit symptoms

including fever, rash, and viremia that typically persist for

approximately 5—7 days193. This model is primarily utilized for

evaluating vaccine immunogenicity, with limited application in

antiviral drug testing. Notably, chronic arthritis is less pronounced

in non-human primates compared to humans.

12.3. Clinical research status

During the development of drugs for CHIKV infection, the com-

bination therapy of methotrexate and dexamethasone was once

regarded as a potential treatment regimen. This regimen was

designed based on the anti-inflammatory and immunomodulatory

effects of the two drugs, which could theoretically alleviate

joint inflammation and pain caused by CHIKV infection. How-

ever, clinical trial results have shown that methotrexate

(10—15 mg/week) in combination with dexamethasone (4 mg/day)

was evaluated in randomized, double-blind clinical trials for the

treatment of chronic CHIKV arthritis but failed to demonstrate

significant improvement (NCT03058471)126. This lack of efficacy

may be attributed to the potent anti-inflammatory effects of

dexamethasone potentially masking the therapeutic impact of

methotrexate. Chloroquine, another therapeutic agent previously

explored for CHIKV treatment, has shown antiviral activity

in vitro. However, chloroquine (250 mg/day) did not significantly

reduce viremia or symptom duration in early clinical trials125.

Immunomodulatory agents such as tocilizumab and baricitinib are

currently under investigation for the treatment of chronic

arthritis194. In addition, some other drugs, such as ribavirin and

interferon, have also been evaluated in small clinical trials for

their efficacy against CHIKV infection. Most of these trials were

limited by small sample sizes and short follow-up periods, which

failed to provide sufficient evidence of efficacy.

12.4. Challenges in clinical trial design for CHIKV drugs

Clinical trials for CHIKV drugs face numerous design challenges,

which directly impact the efficiency and success rate of drug

development. First, disease heterogeneity is one of the major

obstacles in CHIKV drug development. CHIKV infection exhibits

significant interindividual variability-different patients may pre-

sent with distinct clinical symptoms and disease progression tra-

jectories, making it difficult to establish unified efficacy

assessment criteria195. Like other rare diseases, the CHIKV patient

population is small and highly heterogeneous, which further in-

creases the complexity and difficulty of clinical trials196.

Second, patient recruitment difficulties constitute another

major challenge in CHIKV drug clinical trials. Due to the regional

and seasonal nature of CHIKV epidemics, patients are unevenly

distributed, making it difficult to recruit enough eligible partici-

pants within a short timeframe197. Additionally, patients’ aware-

ness of clinical trials and their willingness to participate also affect

the recruitment progress. As noted in the literature, Despite leg-

islative requirements or incentive programs, advancing trials for

pediatric treatments has proven challenging for drug developers,

and this dilemma is equally applicable to CHIKV drug

development198.

The lack of reliable biomarkers represents a critical bottleneck

in clinical trials for CHIKV drugs. Biomarkers are essential for

disease diagnosis, staging, and efficacy assessment; however,

CHIKV infection currently lacks specific biomarkers to predict

disease progression or treatment response199. The absence of

standardized metrics for measuring treatment response directly

undermines the scientific rigor of clinical trial design and the

credibility of trial results.

Resolving these challenges necessitates multidimensional ef-

forts, including refining clinical trial designs, optimizing patient

recruitment strategies, enhancing research on disease biology,

developing specific biomarkers, and establishing closer collabo-

rative relationships with regulatory authorities. Only by over-

coming these challenges can the development process of effective

CHIKV drugs be accelerated.

13. Challenges and future perspectives

The prevention and control of CHIKV and the development of new

therapies face multiple scientific challenges, but at the same time,

it also benefits from the vigorous development of emerging

technologies, which brings hope for the future.

13.1. Key scientific challenges

13.1.1. Viral genetic diversity and resistance potential

CHIKV circulates as three major genotypes: Asian, West African,

and East/Central/South African (ECSA)200. The genetic variation

of CHIKV enables it to adapt to new mosquito vector species-most

notably, expanding from its traditional vector, Aedes aegypti, to

Aedes albopictus. This adaptation has significantly expanded its

transmission range to non-tropical and non-endemic regions. Such

adaptive variation not only increases the risk of viral transmission

but also limits the effectiveness of vector-specific prevention and
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control strategies. Meanwhile, viral variation may reduce or even

completely abolish the efficacy of existing drugs. This is because

drug targets (e.g., key viral proteins) may undergo mutations that

alter their structure, thereby decreasing the binding affinity be-

tween the drug and its target183. Notably, as an RNA virus,

CHIKV possesses an inherently high mutation rate, which con-

stitutes a fundamental challenge for antiviral development by

facilitating the rapid emergence of drug resistance200. This

concern is supported by recent studies showing that a single

M2295T mutation in the viral nsP4 protein confers resistance to

benzimidazole-based compounds, a promising class of antiviral

candidates201. The high mutation rate and mutation characteristics

of CHIKV pose a serious challenge for drug development201. To

address this challenge, it is essential to develop therapeutics or

vaccines that exhibit broad-spectrum activity or target highly

conserved regions of the viral genome.

13.1.2. Complexity of host-pathogen interactions

CHIKV pathogenesis involves a dual mechanism: direct cyto-

pathic effects caused by viral infection and the induction of a

strong, often dysregulated, host inflammatory response. This dual

nature of pathogenesis makes purely antiviral or immunomodu-

latory strategies frequently insufficient202. Moreover, a significant

proportion of patients develop persistent chronic arthritis. The

underlying mechanisms of this condition remain poorly under-

stood but may involve persistent viral infection, retention of viral

antigens, or the induction of autoimmune responses-actors that

significantly complicate long-term therapeutic strategies199,203.

13.1.3. Therapeutic needs in special populations

CHIKV infection exerts a particularly severe impact on special

populations, including neonates, the elderly, immunocompromised

patients, as well as pregnant and lactating women. Due to the

uniqueness of their physiological status and immune systems,

these groups often face a higher risk of severe disease and more

adverse clinical outcomes204. Neonates and the elderly are two

populations with the highest susceptibility to infectious diseases,

necessitating age-specific therapeutic regimens tailored to their

distinct immune characteristics204. In the context of CHIKV

infection, these special populations may experience prolonged

periods of joint pain, higher rates of complications, and extended

recovery times-posing unique challenges for drug development.

Notably, pregnant women are frequently excluded from clinical

trials due to concerns about potential adverse maternal-fetal out-

comes and the risk of drug-induced harm to the fetus205. However,

CHIKV infection in pregnant women can lead to more severe

symptoms, such as high fever, severe arthralgia, and may even

increase the risk of adverse pregnancy outcomes. Similarly,

lactating women face limitations in medication options, as the

potential transfer of drugs to infants via breast milk must be

considered. The lack of safety data for these populations leaves

clinicians in a dilemma when formulating therapeutic strategies

for CHIKV-infected individuals in these groups, as they must

balance the need to treat infection against the risk of unintended

harm to vulnerable individuals.

13.2. Emerging technologies and integrated strategies

13.2.1. AI-based target discovery and drug design

Traditional drug development typically requires substantial time

and financial investment, but the introduction of AI technology is

significantly transforming this landscape75. The combination of

computational biology, CADD, and AI can accelerate the identi-

fication and validation of CHIKV drug targets by analyzing large

volumes of biological data. For instance, Chemistry42-an AI-

driven molecular design platform-integrates AI technology with

computational and medicinal chemistry methodologies to effi-

ciently generate novel molecular structures with optimized prop-

erties206. Such platforms can conduct virtual screening against key

proteins in the CHIKV viral life cycle, predict the activity and

selectivity of potential inhibitors, and thereby drastically reduce

the workload of experimental screening.

The application of AI technology in CHIKV drug development

extends beyond target identification, encompassing lead com-

pound discovery and optimization as well75. By leveraging deep

learning algorithms to analyze the SARs of known antiviral

compounds, AI systems can predict the chemical structures of

novel CHIKV inhibitors and guide their structural optimization.

This approach not only shortens the research and development

cycle but also reduces costs, enabling more promising candidate

compounds to advance to the preclinical evaluation stage.

13.2.2. Organ-chip-based high-throughput screening

Progress in microfluidic technology has provided a revolutionary

tool for CHIKV drug screening207. Microfluidic chips can inte-

grate complex drug testing and pharmacology experiments into a

single chip system, realizing the concept of a "lab-on-a-chip". This

technology is particularly well-suited for high-throughput

screening of CHIKV drugs, as it enables the simultaneous

testing of many compounds within a tiny spatial volume, signifi-

cantly improving screening efficiency. Advanced synthesis

methods for microfluidic biochips are also continuously being

optimized. Synthesis approaches based on relative scheduling can

optimize bioassay scheduling and the use of on-chip devices,

substantially reducing the total execution time of biological

measurements without violating biological constraints208. This

enhancement of efficiency is particularly critical for CHIKV drug

development, which requires the rapid screening of a large pool of

candidate compounds to accelerate the identification of potential

antiviral agents.

The use of joint organoids derived from induced pluripotent

stem cells (iPSCs) has made it possible to investigate the long-

term mechanisms of chronic CHIKV arthritis in vitro, paving the

way for identifying targets to intervene in disease chronicity.

Sonal et al. used laboratory-cultured organs (recellularized scaf-

folds of sheep kidneys) for CHIKV cultivation and to study the

virus’s interaction with the extracellular matrix (ECM) of host

tissues. Prior to the use of animal models, this model serves as a

pharmacodynamic evaluation platform for assessing the effects of

vaccines or antiviral drugs on the recombinant organ matrix209.

13.2.3. Formulation optimization based on novel delivery

systems

Smart responsive drug delivery systems-novel technologies

capable of achieving site-specific drug release in response to

microenvironmental changes at the infection site-exhibit great

potential in CHIKV treatment. By sensing changes in biological

signals such as pH, temperature, and enzymes, these systems

precisely control the release of drugs at the infection site, thereby

increasing local drug concentration and reducing toxicity to

normal tissues210-212. Exosomes or small extracellular vesicles

have attracted attention as natural nanoparticles for the treatment

of CNS diseases due to their natural blood—brain barrier crossing

potential and extensive surface engineering capabilities. Rmt-
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mediated exosome transport of expressed ligands, such as target-

ing LDLR apolipoprotein B, has shown promising results. Thus,

CHIKV-induced brain diseases can be treated with the help of

neurotropic exosome delivery system213. Through precise design

and optimization via microfluidic technology, these delivery sys-

tems can protect drugs from degradation, enhance their accumu-

lation at the infection site, and potentially enable targeted delivery

to specific cell types. This not only improves therapeutic efficacy

but also minimizes side effects, addressing key limitations of

conventional antiviral formulations in CHIKV treatment.

CHIKV drug development pipeline requires the integration of a

variety of innovative technologies to address challenges in tradi-

tional drug development, such as high costs, long cycles, and low

efficiency. Emerging technologies-including AI-based target dis-

covery, organ-on-a-chip-enabled high-throughput screening, and

formulation optimization based on novel delivery systems-are

reshaping the paradigm of interdisciplinary CHIKV drug devel-

opment strategies (Fig. 20).

14. Conclusions

Significant progress has been achieved over the past decade in the

development of antiviral drugs targeting CHIKV. The integration

of structural biology, computational drug design, and translational

research has facilitated the identification of multiple promising

therapeutic candidates. These include viral entry inhibitors (e.g.,

molecules targeting MXRA8), protease inhibitors (e.g., covalent

inhibitors directed against nsP2), and replicase inhibitors (e.g.,

compounds targeting nsP4). Drug repurposing strategies have

successfully identified several approved pharmaceutical agents,

such as oxfendazole and posaconazole, which exhibit anti-CHIKV

activity, thereby expediting their potential transition to clinical

application. Natural products and their derivatives (e.g., α-man-

gostin, andrographolide) offer a source of structurally diverse lead

compounds. Moreover, combination therapies that target multiple

stages of the viral life cycle demonstrate synergistic effects and

represent a promising strategy to address the emergence of drug

resistance.

Nonetheless, the development of CHIKV-specific therapeutics

continues to face considerable challenges, including viral genetic

variability, limitations associated with current animal models, and

complexities in clinical trial design. Future research should pri-

oritize the following areas: 1) AI-assisted design of multi-target

agents; 2) elucidation of the molecular mechanisms underlying

chronic arthritis and the development of targeted therapeutic in-

terventions; 3) implementation of innovative clinical trial

Figure 20 CHIKV drug development strategy.
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frameworks; and 4) strengthening international collaboration and

resource-sharing initiatives. Through sustained interdisciplinary

efforts and strategic investment, the clinical translation of specific

antiviral therapies for CHIKV is anticipated soon, offering the

potential to reduce the global burden of this important emerging

infectious disease.
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