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Everything will be okay in the end. If it’s not okay, it’s not the end.
-statement attributed to John Lennon (1940 – 1980)-
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Alphaviruses as human pathogens
The vast majority of (re)emerging viral infectious diseases are caused by viruses 
with an RNA genome. Among these, arthropod-borne (arbo)viruses are especially 
important, since they can result in high morbidity and mortality of people and 
livestock. They alternate between vertebrate and invertebrate hosts which makes 
their replication cycles unique and fundamentally different from those of single-
host RNA viruses. Mosquito-borne alphaviruses are divided into arthritogenic and 
encephalitic alphaviruses. The arthritogenic alphaviruses include chikungunya virus 
(CHIKV), Semliki Forest virus (SFV), Sindbis-like viruses (SINV), Mayaro virus (MAYV), 
o’nyong-nyong virus (ONNV), Barmah Forest virus (BFV) and Ross River virus (RRV), 
among others, and are a major cause of infectious arthritis-like disease worldwide. 
They are typically endemic in Africa, South and Southeast Asia, parts of Central and 
South America as well as southern and northern Europe. The encephalitic alphaviruses 
include Venezuelan equine encephalitis virus (VEEV), Eastern equine encephalitis 
virus (EEEV) and Western equine encephalitis virus (WEEV). These viruses circulate in 
Central, South and North America. While relatively rare in humans, they can cause one 
of the most severe acute viral infections with neurological symptoms. These viruses 
can also be spread by aerosols, and therefore their potential misuse for biological 
warfare is of great concern, which is why they are currently placed on the US Select 
Agents and Toxins list. 

The first symptom of an infection with arthritogenic alphaviruses is a febrile 
illness, which can progress to rheumatic disease, described as polyarthralgia and/
or polyarthritis and can be chronic and debilitating. CHIKV was originally isolated in 
1952/1953 from the serum of a febrile patient in the present-day Tanzania (1). It is 
likely that CHIKV epidemics occurred before this period but were misdocumented 
as dengue fever outbreaks (2). CHIKV is genetically closely related to ONNV, which 
has so far been geographically restricted to the African continent. CHIKV and ONNV 
infections cause similar symptoms, which is reflected in the native African names for 
CHIKV and ONNV that mean “that which bends up” and “weakening of the joints”, 
respectively. 

CHIKV persists in sylvatic or enzootic cycles in sub-Saharan Africa, where the 
transmission occurs between multiple forest-dwelling Aedes spp. mosquitoes and non-
human primates (NHPs). In sylvatic cycles, humans are considered incidental hosts 
and are sporadically infected by a spillover from sylvatic vectors. Initially, phylogenetic 
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studies identified two enzootic CHIKV lineages: West African and East/Central/South 
African (ECSA) (3). An Asian lineage, likely to have originated from the ECSA lineage, 
was first isolated in 1958 and implicated in outbreaks in India and Southeast Asia 
during the 1960s (4). In both Africa and Asia, CHIKV epidemics occurred with intervals 
of 7 to 20 years between the 1950s and 2000s. The Indian Ocean lineage (IOL), a 
descendant of the ECSA lineage, was responsible for the explosive CHIKV outbreak 
in coastal Kenya in 2004, from where it spread over several Indian Ocean islands and 
subsequently to large parts of South and South East Asia. Since then, it has caused 
recurrent and sometimes large epidemics, especially in the Indian subcontinent and 
in Southeast Asia (5, 6). 

Like for other arboviruses such as ONNV, Zika virus (ZIKV) and dengue virus 
(DENV), humans are not considered dead-end hosts and the human-mosquito-human 
transmission cycle is responsible for sustaining high CHIKV transmission rates in the 
human population (7). Prior to 2005, Ae. aegypti was recognized as the only vector 
for CHIKV transmission in urban areas. The amino acid substitution A226V in the E1 
glycoprotein (E1-A226V), which was first detected during the La Reunion epidemic 
in 2005-2006, led to a resurgence of the outbreak on this island and facilitated virus 
transmission by Ae. albopictus (8). After 2006, CHIKV has expanded into the temperate 
regions of the world via infected air travellers and in part due to its enhanced ability 
to infect Ae. albopictus mosquitoes, which – for example - resulted in recent European 
outbreaks in Italy in 2007 and 2017 (9, 10) and in France in 2010, 2014 and 2017 (11-
13) (Fig. 1). In late 2013, on the Island of St. Martin in the Caribbean, autochthonous 
CHIKV transmission was reported for the first time in the Americas (14). The outbreak 
was caused by a CHIKV strain belonging to the Asian lineage that had been circulating 
in the urban cycle at least since the 1950s (15). Interestingly, Brazil has experienced 
two independent introductions of CHIKV strains. Since 2014, strains belonging to 
the Asian lineage and to the ECSA genotype have been co-circulating in the Brazilian 
territory (16). 
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Figure 1: Emergence and spread of the 2004-2020 CHIKV epidemic. In 2004, CHIKV re-emerged 
on Lamu Island, in Kenya (red star). The epidemic expanded in Africa and spread eastwards 
across Indian Ocean islands and in Asia. CHIKV reached the Americas in late 2013, when the 
first autochthonous transmission was reported on the St. Martin Island in the Caribbean (red 
diamond). From there, CHIKV spread into Central and South America. Throughout the CHIKV 
epidemic, small regional outbreaks have also occurred in Italy and France and southern USA. 
Reused with permission from (17). 

Disease manifestations, clinical outcome and economic 
impact of CHIKV infection
CHIKV typically causes a self-limiting febrile illness known as chikungunya fever (CHIKF) 
associated with potentially chronic debilitating joint and muscle pain. CHIKV outbreaks 
are characterized by high attack rates, with up to 30 – 75% population being affected 
with CHIKV at a time (18). Most CHIKV infections are symptomatic and the number 
of people who develop symptoms is on average higher than for those infected with 
flaviviruses, for example. The incubation period for CHIKV infection ranges from 2 to 
7 days. The onset of fever is often very abrupt and the fever typically lasts up to 7 
days. In some cases, the clinical symptoms can resemble those of diseases caused by 
other arthropod-borne agents, such as DENV. Polyarthralgia usually develops around 
the same time and primarily affects the peripheral joints such as fingers, toes, wrists, 
elbows and knees. Some individuals also develop an itchy maculopapular skin rash, 
affecting mainly the torso and the extremities (19). The disease is associated with 
high morbidity, but is rarely fatal. In general, patients with chronic CHIKV recover 
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within 3 – 24 months (20). However, the La Reunion epidemic brought to light atypical 
manifestations such as severe neurological complications, including encephalitis and 
Guillain-Barre syndrome (21). Such forms of CHIKF are less frequent and limited to 
subgroups of patients like the elderly, the very young and people with underlying 
comorbidities (22, 23). Infections acquired via mother-to-child transmission, first 
reported during the La Reunion outbreak, can be fatal or involve severe neurological 
sequelae in foetuses and young infants (24). The economic impact of CHIKV is high, 
especially given the burden of disease and related consequences for work and school 
absenteeism. There is an immediate cost to the patient due to lost productivity and 
associated treatment costs.

CHIKV genome structure and replication cycle
CHIKV is a small, enveloped (+) strand RNA virus that belongs to the Old Word (Semliki 
Forest virus-like) group of arthritogenic alphaviruses within the Togaviridae family. The 
CHIKV genome comprises a single-stranded RNA genome of 11,800 nucleotides, with a 
5’ 7-methylguanosine cap and a 3’ poly-A-tail. The genome contains two open reading 
frames (ORFs) that are flanked by 5’ and 3’ untranslated regions (UTRs) (25). The 5’ 
UTR comprises 76 nucleotides while the 3’ UTR contains as many as 526 nucleotides. 
In addition, a third UTR of 68 nucleotides is found between the two ORFs and carries 
a promoter sequence to direct the transcription of the 26S subgenomic RNA (26). 
The first ORF, constituting approximately the 5’ two-thirds of the genome, encodes 
for nonstructural proteins 1-4 (nsPs) that are part of the viral replicase complex. The 
second ORF, which is expressed from the 26S mRNA, covers the 3’ one-third of the 
genome and encodes for six proteins: capsid (C), E1, E2, E3, 6K and transframe (TF) 
protein (27), the latter being a product of -1 ribosomal frameshifting in the sequence 
encoding the 6K protein (Table 1). The CHIKV virion is formed by a glycoprotein shell 
enclosing a host-derived lipid bilayer and an icosahedral nucleocapsid composed of 
240 units of C proteins. The CHIKV envelope carries 80 sets of spikes, each made up of 
three E1-E2 heterodimers (28). 
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Table 1: CHIKV proteins and their functions

Protein Function Reference
nsP1 guanine-N7-methyltransferase

guanylyltransferase
membrane association

(42)
(43)
(44)

nsP2 nucleoside triphosphatase
RNA 5’ triphosphatase

helicase
protease

innate immune evasion/host shut-off

(45)
(46)
(47)
(48)

(49, 50)
nsP3 ADP-ribosylhydrolase

replication
(51, 52)

(53)
nsP4 RNA-dependent RNA polymerase

terminal adenylyltransferase
(54, 55)

(56)
C nucleocapsid formation (37)

E1 membrane fusion (57, 58)
E2 receptor binding (59)
E3 particle assembly (60)
6K ion channel (61, 62)
TF (particle assembly) (39)

CHIKV enters cells via E2-mediated attachment to a host cell receptor (Fig. 2). 
The matrix remodelling-associated protein 8 (Mxra8) has been identified as a receptor 
for multiple arthritogenic alphaviruses (29). Glycosaminoglycans (GAGs), which are 
expressed on many susceptible cell types, also serve as an attachment factor and 
aid CHIKV entry into the cells. Following viral attachment to the cells, viral particles 
are internalized mainly by clathrin-mediated endocytosis. Endosomal acidification 
triggers conformational changes in the viral glycoproteins which lead to the insertion 
of the E1 fusion loop into the host membrane (30). The membrane fusion process 
occurs rapidly and is highly dependent on the presence of cholesterol (31). Following 
release into the cytoplasm, the incoming viral RNA (vRNA) gets directly translated to 
produce the P1234 replicase polyprotein precursor. Nevertheless, only about 10% of 
the translation events produce the full P1234 polyprotein precursor, whereas the rest 
yields a P123 polyprotein (25). To produce P1234, translational readthrough has to 
occur due to the presence of an opal (UGA) stop codon between the nsP3- and nsP4-
coding sequences, which is thought to regulate the levels of nsP4 (32). The P1234 
polyprotein precursor is cleaved in cis into P123 and nsP4 by a protease domain in 
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nsP2. P123 together with nsP4 forms an ‘early replication complex’, which is short-
lived, synthesizes a full-length (-) strand vRNA (33) and induces the formation of virus 
replication compartments termed spherules. Spherules serve as the sites for vRNA 
replication and are initially targeted to the plasma membrane by the nsP1 portion 
of P123, while later during infection they form endosome-like compartments in the 
cytosol (34), also called virus-induced type 1 cytophathic vacuoles (CPV-1) (35, 36). 
Later in the replication cycle, P123 gets further cleaved in trans into the individual 
nsPs, which can assemble into a nsP1-4 ‘late replication complex’. The nsPs can be 

Figure 2: CHIKV replication cycle. In short, CHIKV enters cells mainly via clathrin-mediated 
endocytosis upon which the nucleocapsid is released into the cytosol. The incoming vRNA 
is translated to produce P1234 polyprotein precursor, which is first cleaved into P123 and 
nsP4 and forms an early RC, and then fully processed nsP1-4 form a late RC. The early RC is 
responsible for the synthesis of (-) strand vRNA and spherule formation while the late RC carries 
out the synthesis of genomic (+) strand vRNA and 26S subgenomic (+) strand vRNA. Following 
translation of the structural polyprotein derived from the 26S subgenomic (+) strand vRNA, the 
C protein is autocatalytically cleaved and forms a nucleocapsid upon interaction with newly 
synthesized genomic (+) strand vRNA. The E1 and E2 glycoproteins undergo a series of post-
translational modifications in the Golgi secretory pathway, following which they assemble at 
the host plasma membrane. Finally, the CHIKV nucleocapsid acquires a host-derived lipid bilayer 
with E1 and E2 glycoproteins upon release from the host cell. Adapted from (63).
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found at the neck of spherules, which harness dsRNA intermediates in order to 
protect them from detection by the cytoplasmic innate immune sensors. The late 
replication complex is responsible for the synthesis of genomic (+) strand vRNA and 
26S subgenomic (+) strand vRNA. The 26S subgenomic (+) strand vRNA encodes the 
structural polyprotein C-E3-E2-6K(TF)-E1. Following autocatalytic cleavage of the C 
protein from the structural polyprotein (37), the C protein in the cytosol interacts with 
newly synthesized genomic (+) strand vRNA to initiate the formation of nucleocapsids 
(38). Subsequent synthesis of the structural polyprotein generates a majority product 
E3-E2-6K-E1 and a minority product E3-E2-TF due to ribosomal frameshifting (27, 39). 
A signal sequence in the N-terminal region of E3 directs the major and minor structural 
polyproteins to host secretory pathways where they get modified. Cleavage by host 
proteases results in pE2 (E3-E2); 6K or TF; and E1 (40). During the transit through the 
Golgi secretory pathway, E1 and E3-E2 undergo conformational changes and post-
translational modifications including palmitoylation, N-linked glycosylation and E3 
release due to host furin cleavage. At the late phase of infection, type 2 cytophathic 
vacuoles (CPV-2) transport E1 and E2 glycoproteins from the trans-Golgi network to 
the plasma membrane (41). Finally, fully formed nucleocapsids carrying full-length 
(+) strand genomic RNA assemble at the plasma membrane with mature E1 and E2 
glycoproteins to form a mature virion, which is released from the host cell (33). 

Immunopathology of CHIKV infection during the acute 
phase
Upon a bite of an infected mosquito, CHIKV primarily replicates in dermal fibroblasts. 
From the skin, the virus migrates to other parts of the body via the lymphatic 
system until it reaches the bloodstream. Through the bloodstream, CHIKV reaches 
joint, muscle and bone tissue, which represent the main sites linked to the most 
commonly observed clinical manifestations (Fig. 3). While the clinical course of CHIKV 
infection is rather well-documented, molecular details on how precisely CHIKV causes 
disease are not well understood. Many of the antiviral responses that are involved 
in immunopathology are also essential for the clearance of viral infection, which has 
important implications for the development of therapeutics.

During acute chikungunya fever, patients experience peak viremia at day 2 
after the initiation of symptoms. The viremia declines sharply during days 3 and 4, and 
becomes undetectable by day 5 (64). CHIKV reaches a high viral load during the acute 
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phase of infection (> 106 to 1010 viral particles per millilitre of blood), with particularly 
high titres in the elderly. The strong decline in viremia before the generation of potent 
neutralizing antibodies is consistent with an important role for the early interferon 
(IFN) response. The recapitulation of CHIKV infection in a mouse model with 
abrogated IFNα/β signalling resulted in severe CHIKV infection (65). Type I IFNs, such 
as IFNα or IFNβ, are highly efficient in limiting CHIKV replication. To counteract the 
host IFN response, alphaviruses have evolved suppression and evasion mechanisms, 
for example by eliciting a nsP2-mediated host transcriptional shutoff in infected cells 
(66, 67). Interestingly, the anti-alphaviral activity of type I IFNs is less effective at 
lower temperatures. The peripheral disease of limbs and extremities appears to be 
a consequence of enhanced CHIKV replication in these sites, owing to their slightly 
lower body temperature (68). 

Experimental evidence suggests that fibroblasts could be the principal source 
of type I IFNs during CHIKV infection (69). Skeletal muscle, joint and dermal fibroblasts 
are the primary sites of CHIKV replication early in infection (70). The presence of Mxra8 
on a vast array of different cell types (71) indicates that monocytes, macrophages, 
endothelial cells or nerve cells can also serve as a potential reservoir. The acute 
phase of CHKV infection in humans results in increased pro-inflammatory cytokines 
including interleukin 6 (IL-6), monocyte chemotactic protein 1 (MCP-1), IFNα, IFNγ, 
IFNγ-induced protein 10 (IP-10) and monokine induced by IFNγ (MIG) (72, 73). Some 
of these molecules serve as chemokines and are responsible for recruiting leukocytes 
to the sites of infection and triggering cellular responses. 

High plasma levels of IFNγ, IL-4, IL-7 and IL-12p40 are associated with 
the onset of adaptive immunity. The primary response to acute CHIKV infection is 
also characterized by a strong up-regulation of CD8+ cytotoxic T cells (74) and the 
development of neutralizing antibodies (Abs). Neutralizing anti-CHIKV IgM Abs develop 
as early as 4 days after the onset of symptoms and play the predominant neutralizing 
role in the first phase of infection (75). Neutralizing anti-CHIKV IgG Abs, consisting 
primarily of the IgG3 isotype, are usually detected when the virus is cleared (7-10 days 
after the onset of symptoms) and persist for many years. A robust IgG3 response is 
linked to a more severe acute phase but reduces the likelihood of developing persistent 
arthralgia (76). These observations indicate that the adaptive immune response plays 
an important role in controlling CHIKV-induced arthritis, further suggesting a direct 
link between viral infection and joint inflammation (77) (Fig. 3). The acute symptoms 
usually resolve within 2 weeks, but incapacitating arthralgia may linger for weeks to 
months and in some cases even years. 
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Mechanisms of CHIKV persistence and tissue inflammation 
during a chronic phase
Chronic chikungunya arthritis (CCA) is often described as a rheumatic syndrome as 
the pathogenesis of CCA and rheumatoid arthritis may involve similar mechanisms. 
Long-lasting arthralgia, in particular, is a clinical sign that distinguishes CHIKV from 
DENV infection. Up to 40% of infected patients ultimately develop CCA. The increased 
probability of developing CCA depends on predisposing factors such as comorbidities 
(e.g. diabetes), older age (>35-45 years for joint pain), and high viremia and severe 
disease during the acute phase (78). 

CHIKV infection is cytopathic and results in direct tissue injury. Alphavirus-
associated arthritides are predominantly caused by mononuclear cells such as 
monocytes and macrophages, with some contribution of B cells, T cells and natural 
killer (NK) cells (17). Studies in a macaque model indicate that macrophages are the 
likely main cellular reservoir of persistent CHIKV. At later stages of infection, CHIKV 
was found to persist in joints, muscles, lymphoid organs and liver for at least 3 months 
after viral inoculation (79). In addition, musculoskeletal cells and fibroblasts have also 
been shown to harbour persistent viral RNA (80). CHIKV persistence in these target 
sites is likely responsible for the long-lasting disease symptoms. There are several 
ways in which pathogenic CHIKV can establish persistence, such as by evasion of 
neutralizing antibodies produced by B cells (81) or by evasion of antiviral CD8+ T cell 
immunity (82). CHIKV-apoptotic blebs, among others, have also been implicated in 
virus persistence by allowing the virus to escape the host immune response and infect 
neighbouring cells (83). CHIKV-induced arthropathies likely emerge from innate and 
adaptive immune responses stimulated by the virus and/or viral material (RNA or 
protein) in joint tissues (84). Strikingly, researchers have struggled to isolate infectious 
virus from patients with chronic disease. One study reported the isolation of CHIKV 
RNA and protein from synovial macrophages of 1 patient 18 months after infection 
(85), illustrating the difficulty to obtain infectious virus from chronic patients. 

CCA has been associated with increased circulating levels of pro-inflammatory 
cytokines including IL-6, granulocyte macrophage colony-stimulating factor (GM-CSF), 
IFNα and IL-17 (86). In CCA, plasma levels of IL-6 and GM-CSF have been found to 
be significantly higher in patients with persistent arthralgia compared to those who 
recovered (87). CHIKV-infected monocytes in the later stage of infection are the major 
source of pro-inflammatory mediators IFNα, IL-12, CC-chemokine ligand 2 (CCL2) 
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and CXC-chemokine ligand 10 (CXCL10) (88), while macrophages produce mostly 
IL-6 and tumour necrosis factor (TNF) (89). A major challenge for the field has been 
the identification of proinflammatory immune mediators that could be targeted with 
therapeutics without compromising their antiviral functions.

Figure 3: The clinical course of CHIKV infection. Following a bite of an infected mosquito, CHIKV 
primarily replicates in dermal fibroblasts from where it spreads to the rest of the body via the 
lymphatic system and the bloodstream. CHIKV mostly affects large synovial joints such as the 
knee and the elbow and the main clinical symptoms include fever, maculopapular rash and joint 
and muscle pain. The high viral load is initially controlled by the host innate immune response, 
while later during the infection it correlates with the development of neutralizing IgM and IgG 
antibodies. Despite the robust host immune response, viral particles can persist in the synovial 
fluid of the joints, which can result in severe pathology lasting months to years. Reused with 
permission from (90).

Current treatment and a historical perspective on CHIKV 
antiviral development
Treatment for CHIKF relies on supportive care, short-term opioid analgesics, 
paracetamol or acetaminophen, and non-steroidal anti-inflammatory drugs 
(NSAIDs). However, NSAIDs need to be prescribed with caution in patients with a 
suspected DENV infection, given the possible haemorrhagic complications (91). As 
the pathogenesis of CCA is not well understood, treatment of patients has remained 
empirical. In the absence of evidence-based treatment, clinicians often prescribe 
a variety of anti-inflammatory drugs, in addition to symptomatic treatment with 
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NSAIDs. Such inflammation suppressing agents include corticosteroids, chloroquine, 
hydroxychloroquine, sulfasalazine, methotrexate and immune-modulating therapies 
targeting proinflammatory mediators or T cell responses (reviewed in (92, 93)). So far 
only three trials examined a therapeutic approach to treat CHIKF in humans. In the 
early 1980s, a first pilot study to evaluate the efficacy of a potential CHIKV treatment 
using chloroquine phosphate was conducted. The 20-week treatment program of a 
small cohort of 10 patients with a daily dose of 250 mg improved the condition in 7 
out of the 10 patients (94). In 2007, however, a study on La Reunion Island disproved 
the benefits of chloroquine treatment on relieving CHIKV symptoms (95). Chloroquine 
was also tested in an exploratory intervention trial against a commonly used NSAID 
meloxicam, but failed to prove efficacy in treating musculoskeletal pain and arthritis in 
patients with acute CHIKV infection (96). The current stages of CHIKV small-molecule 
antiviral drug development will be discussed in Chapter 2. 

Non-small molecule-based inhibitors: treatment with 
monoclonal (m) Abs and nucleic acids
Besides small-molecule inhibitors, treatment with mAbs has been used as a powerful 
strategy for the short-term treatment of emerging viral diseases. Neutralizing CHIKV 
mAbs can block CHIKV entry, fusion and release. The advantage of passive immunization 
is that mAbs can be administered to any age, high-risk or immunocompromised 
population due to their safety. However, the high cost associated with the manufacturing 
of recombinant mAbs represents the biggest obstacle for their development. Several 
potent human and mouse anti-CHIKV mAbs were shown to be protective against CHIKV 
in vivo (reviewed in (97)). They can be given prophylactically or administered post-
exposure to limit CHIKV spread and reduce symptoms in infected individuals. More 
research is needed to investigate the ability of mAbs to prevent CHIKV persistence 
in joint tissues. Given the high mutation rate of alphaviruses, escape mutants can 
develop following treatment with mAbs during acute phase, a problem that can also 
be encountered during treatment with small-molecule inhibitors. This problem may 
be overcome by administration of a combination of mAbs targeting different epitopes. 
One study showed that escape mutants from combination antibody therapy are 
clinically attenuated (98), arguing for the use of combination therapy in preventing 
the emergence of drug resistance. Modern approaches rely on the injection of nucleic 
acids (DNA or RNA) encoding Ab sequences for in vivo production of recombinant Abs. 
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These approaches obviate the need for complex manufacturing and save costs. For 
instance, a study describing the use of CHKV24 mRNA-encoded mAb formulated in a 
lipid nanoparticle for treatment of CHIKV-infected mice and NHPs reported protection 
against arthritis and musculoskeletal disease (99). 

CHIKV vaccine development
CHIKV vaccines have been in development for over 50 years, but the efforts intensified 
only in the past decade with a total of eight promising candidates in Phase I, Phase II 
and one vaccine candidate currently entering Phase III clinical trials. Considering that 
CHIKV antigenic diversity is limited and infection may lead to long-lasting immunity, 
developing a CHIKV vaccine seems to be particularly attractive. Importantly, reciprocal 
cross-protection after infection with other alphaviruses such as MAYV (100) or ONNV 
(101) has been reported in animal models, potentially increasing the success of such a 
vaccine in low-income countries with a high disease burden. Nevertheless, a licensed 
vaccine against CHIKV is not available thus far. The global market for a CHIKV vaccine 
has been estimated to be approximately €500 million annually (17). For comparison, 
the global influenza vaccine market today has on average still a ten-fold higher market 
value. 

Researchers have used various platforms to develop a CHIKV vaccine, including 
inactivated viral vaccines, live-attenuated virus (LAV) vaccines, recombinant viral-
vectored vaccines, virus-like particle (VLP) vaccines, subunit vaccines and nucleic acid-
based vaccines. Several CHIKV LAV vaccine candidates have been produced with either 
mutations, deletions or modifications in CHIKV nonstructural or structural proteins 
(102-108). In general, LAV vaccines can stimulate stronger and longer-lasting immune 
response at the cost of lower safety due to the risk of reversion to virulence. 

The first CHIKV vaccine tested in volunteers, an isolate from a patient in Thailand 
named CHIKV strain AF15561, was formalin-inactivated and developed by scientists at 
the Walter Reed Army Institute of Research, USA (109). An attenuated CHIKV clone 
selected by passaging strain AF15561 18-times in MRC-5 cells, called CHIKV 181/
clone 25 (110), was then tested for safety and immunogenicity in a Phase I trial and 
entered Phase II clinical trials in 2000 (111). The development of this LAV vaccine was 
discontinued due to virus-specific side effects, including arthralgia, in approximately 
8% of the vaccinees and due to the low incidence of the disease at the time. Studies 
in mice indicated that the attenuation of CHIKV vaccine strain 181/25 relies on two 
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mutations in the E2 glycoprotein T12I and G82R (112). Mechanistically, the mutation 
G82R likely promotes the interaction of the positively charged amino acids within E2 
with the negatively charged GAGs (113). 

In CHIKV recombinant virus-vectored vaccine development, measles vector 
has been widely used as a replicating vector owing to its remarkable safety and 
efficacy. A live-attenuated recombinant viral vectored vaccine comprising the Schwarz 
vaccine strain of measles virus (MV) engineered to express CHIKV structural proteins 
has recently been announced to progress into Phase III clinical trials. The CHIKV RNA 
sequence in this vaccine is derived from strain 06-49 belonging to the ECSA lineage, 
which was isolated from a patient during the La Reunion outbreak. This vaccine, MV-
CHIK, is highly immunogenic and protects mice (114) and NHPs (115) from lethal 
challenge with CHIKV. In a randomised, double-blind, placebo-controlled Phase I 
trial the MV-CHIK induced highly neutralizing anti-CHIKV Abs in healthy adults, even 
in the presence of pre-existing vector immunity (116). After two immunisations, the 
patients reached a 100 % seroconversion rate. The MV-CHIK vaccine also elicits cross-
neutralizing immune response to the CHIKV vaccine strain 181/25, which is based 
on an Asian lineage isolate. In a randomised, double-blind, placebo-controlled and 
active-controlled Phase II trial conducted in Europe, healthy volunteers aged 18-55 
years were subjected to a dose of control vaccine, MV-CHIK or measles prime and 
MV-CHIK via the intramuscular route (ClinicalTrials.gov Identifier: NCT02861586). MV-
CHIK demonstrated an excellent safety and tolerability in this trial (117) and became 
the first CHIKV vaccine to enter a Phase III clinical trial. 

Another candidate vaccine that entered Phase II clinical trials consists of non-
replicating chikungunya VLPs developed at the National Institutes of Health, USA. The 
VLP vaccine (VRC-CHKVLP059-00-VP) elicited high titre of neutralizing anti-CHIKV Abs 
in a NHP model of CHIKV infection and protected from disease (118). In a Phase I 
study with healthy volunteers, the vaccine was well-tolerated and immunogenic, with 
a second booster vaccination reaching a 100 % seroconversion rate, similar to the MV-
CHIK vaccine (119). In a Phase II clinical trial conducted among healthy adults aged 18-
60 years in Central America, the study volunteers were subjected to two intramuscular 
injections given 28 days apart and followed for 72 days (ClinicalTrails.gov Identifier: 
NCT02562482). The VLP vaccine was well tolerated and demonstrated good safety 
(120). There is good evidence that a vaccine made against one genotype elicits cross-
protective immune response against all CHIKV genotypes, as demonstrated by a study 
in which recipients of the VLP vaccine developed cross-reactive neutralizing anti-
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CHIKV Abs to 9 CHIKV strains belonging to all 3 genotypes (121). On the basis of the 
promising Phase II results, both MV-CHIKV and CHIKV VLP vaccines have been granted 
the priority medicines status by the European Medicines Agency. 

Vector control strategies
The global population at risk of mosquito-borne infections such as CHIKV, DENV 
or ZIKV is expanding due to changes in distribution of two key vectors: Ae. aegypti 
and Ae. albopictus. Their worldwide distribution is largely driven by the presence of 
suitable climate and human movement. Until a vaccine or therapeutic treatment for 
CHIKF becomes available, people living in the world’s most affected areas have to 
rely on vector control to limit the contact with virus-carrying mosquitoes. Traditional 
methods in controlling vector-borne diseases use larvicides and insecticides, but their 
use has become less effective due to the emergence of insecticide resistance and the 
inability of insecticides to penetrate house walls, where many adult female mosquitos 
rest and feed (6). Modern strategies of mosquito control include the Sterile Insect 
Technique to generate transgenic sterile male Ae. aegypti mosquitoes. This lethality-
based approach essentially reduces the mosquito population and, as such, possibilities 
for viral transmission (122). More elegant strategies have used a maternally-inherited 
bacterial endosymbiont called Wolbachia, which has a strain-specific effect. For 
example, Ae. aegypti mosquitoes transinfected with the wMel and wMelPop strains 
resulted in reduced CHIKV transmission (123, 124). On the other hand, Ae. albopictus 
is a natural carrier of two strains of Wolbachia, wAlbA and wAlbB, which have no effect 
on CHIKV infection (125). Interestingly, when the wMel strain was introduced into the 
Ae. albopictus mosquitoes in the presence of the natural strains, reduction of CHIKV 
transmission was observed (126). Together with other mitigation strategies such as 
behavioural and protective measures, including wearing long-sleeved clothing, vector 
control has become crucial in diminishing the impact of CHIKV infection on human 
lives in affected areas. However, mosquito control programs are not highly efficient 
in outbreak containment. Antiviral treatment represents the most effective control 
measure during outbreak situations as will be discussed in Chapter 2. 
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Thesis outline 
This thesis describes the identification and characterization of several new classes 
of CHIKV nsP1-targeting inhibitors. It begins by describing the selection of antiviral 
compounds through rational drug design and antiviral drug screening, proceeds with 
detailed molecular in vitro studies to identify the viral target of selected compounds 
and concludes with molecular docking studies on the CHIKV nsP1 cryo-EM structure.

Chapter 2 contains a comprehensive literature review on CHIKV small-molecule 
inhibitors. It further discusses relevant topics in modern CHIKV antiviral drug discovery 
including the choice of cell lines and animal models for CHIKV antiviral research. 

Chapter 3 describes the identification of 6’-fluorinated-aristeromycin and 6’- flu-
orinated-homoaristeromycin analogues as novel CHIKV inhibitors. The ability of these 
compounds to inhibit CHIKV cytopathic effect, reduce viral load and their cytotoxicity 
in mammalian cells are reported. 

Chapter 4 represents a mode of action study of 6′-β-fluoro-homoaristeromycin and 
6-fluoro-homoneplanocin A in CHIKV-infected cells. It describes the identification of 
CHIKV nsP1 as the target of these antiviral compounds in cell-based assays and in vitro 
enzymatic assays with purified SFV nsP1. 

Chapter 5 is a mode of action study of a novel class of CHIKV small-molecule inhibitors 
called CHVB. It characterizes the antiviral effect of these compounds on several CHIKV 
clinical isolates and identifies CHIKV nsP1 as the antiviral target of the CHVB series. 
Antiviral activity is confirmed using in vitro enzymatic assays with VEEV and SFV nsP1. 

Chapter 6 explores the relationships between CHIKV nsP1 mutants that are resistant 
to different classes of nsP1-targeting compounds. It describes molecular docking of 
selected CHIKV nsP1 inhibitors on a recently solved CHIKV nsP1 cryo-EM structure and 
provides interpretations with regard to their mode of action.

Chapter 7 discusses the key findings of this thesis in a broader context and emphasises 
their implications for future CHIKV antiviral research. 
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Abstract
Chikungunya virus (CHIKV) is a mosquito-transmitted alphavirus that has spread to 
more than 60 countries worldwide. CHIKV infection leads to a febrile illness known as 
Chikungunya fever (CHIKF), which is characterized by long-lasting and debilitating joint 
and muscle pain. CHIKV can cause large-scale epidemics with high attack rates, which 
substantiates the need for development of effective therapeutics suitable for outbreak 
containment. In this review, we highlight the different strategies used for developing 
CHIKV small-molecule inhibitors, ranging from high-throughput cell-based screening, 
in silico screens and enzymatic assays with purified viral proteins. We further discuss 
the current status for the most promising molecules including in vitro and in vivo 
findings. In particular, we focus on describing host and/or viral targets, mode of action 
and mechanisms of antiviral drug resistance and associated mutations. Knowledge 
of the key molecular determinants of drug resistance will aid selection of the most 
promising antiviral agent(s) for clinical use. For these reasons, we also summarize the 
available information about drug-resistant phenotypes in Aedes mosquito vectors. 
From this review, it is evident that more of the active molecules need to be evaluated 
in pre-clinical and clinical models to address the current lack of antiviral treatment for 
CHIKF.
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Introduction
Chikungunya virus (CHIKV) is a mosquito-borne alphavirus belonging to the Togaviridae 
family that can cause explosive epidemics of acute and chronic arthritis in humans. The 
main vectors responsible for its transmission are the day-biting Aedes aegypti and Aedes 
albopictus mosquitoes. CHIKV was first isolated from a febrile patient in 1952/1953 in 
what is currently Tanzania (1). In the following years it caused periodic local outbreaks 
in Africa and Asia. In 2004, CHIKV re-emerged in coastal Kenya (2), from where it spread 
to immunologically naïve populations in La Reunion island, surrounding Indian Ocean 
islands and South Asia during 2005-2006. During this outbreak, a new CHIKV variant 
harbouring the A226V amino acid substitution in the E1 glycoprotein was isolated (3), 
which -unlike earlier isolates - was more efficiently transmitted by the Aedes albopictus 
mosquitoes that are abundant in the temperate regions of the Americas, Europe 
and Africa. In late 2013, CHIKV caused the first locally-transmitted outbreak on the 
Caribbean island of St Martin (4), resulting in more than 2.5 million cases across Central 
and South America in the period between 2014-2017 (https://www.paho.org/hq/
index.php?option=com_topics&view=rdmore&cid=5927&Itemid=40931&lang=en). 
In Europe, the first autochthonous outbreak was described in Italy in 2007 (5) and 
since then renewed CHIKV transmission has occurred in Italy in 2017 (6) and southern 
France in 2010, 2014 and 2017 (7-9). 

Chikungunya fever (CHIKF) typically begins with a sudden onset of fever 3 to 
7 days after a bite of an infected mosquito, followed by symptoms like rash, myalgia 
and polyarthralgia. Polyarthralgia is mainly symmetrical and peripheral, affecting the 
small joints of wrists, ankles and phalanges, as well as the larger joints such as the 
knee and the elbow (10). The patients usually report incapacitating pain that can last 
for weeks to months. CHIKF treatment has been focused entirely on relieving patients’ 
symptoms with analgesics, antipyretics and anti-inflammatory agents. Nevertheless, 
some of these drugs can have serious side effects upon prolonged use. The current 
lack of clinically approved therapeutics and adequate control measures for CHIKF 
warrants the development of safe and effective antiviral therapy. 

In this review, a comprehensive overview of small-molecule inhibitors of CHIKV 
is presented in Tables 1-4 grouped by the approach by which they were identified. 
Table 1 and 2 contain inhibitors that were identified by cell-based screening, Table 3 
contains compounds identified by in silico approaches and Table 4 lists compounds that 
were identified in enzymatic assays. It is important to note that the values presented 
in Tables 1-4 are not directly comparable as the experimental parameters/setup vary 
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between studies: e.g. the use of different virus isolates, multiplicity of infection (MOI), 
readouts [virus-induced cytopathic effect (CPE) vs titers vs qRT-PCR], time of harvest, 
type mouse models. Since this review focuses on small-molecule inhibitors, we have 
not included siRNA-mediated gene silencing approaches. 

Strategies for anti-CHIKV drug discovery and design
Considering the global distribution of CHIKV and its mosquito vectors, the potential 
for additional spread and its impact on human health, the development of preventive 
measures is imperative. Several approaches have been used for identification of 
potential CHIKV inhibitors, including cell-based high-throughput screening (HTS) 
campaigns, rational and structure-based drug design using crystal structures or 
homology modelling of viral proteins. One of the conventional approaches for CHIKV 
drug discovery uses cell-based screening with readouts that measure CPE. The CPE 
reduction assay screens can provide information on antiviral activity of compounds 
and their cytotoxicity can be assessed in parallel on uninfected cells in the same 
plate. Such screens are often deployed to test known clinically approved drugs, in a 
process referred to as drug repurposing. The advantages of this route are decreased 
costs related to drug approval and an accelerated process to potential licensing of 
the compound. Due to increased computational power, HTS has emerged recently 
as an efficient process for screening thousands of compounds from large compound 
libraries including FDA-approved and novel molecules. The emergence of computer-
aided drug design has also greatly contributed to the development of CHIKV inhibitors. 
These approaches are based on the structure of a viral protein to perform in silico 
virtual screens. Compounds identified by in silico computer-based screening can be 
further optimized by acquiring an understanding of the compound’s structure-activity 
relationship (SAR) and improved derivatives can be synthesized for validation in 
enzymatic and cell-based assays. However, the computer-aided design for compounds 
targeting the CHIKV replicase is limited because, thus far, only the structures of the 
N-terminal and C-terminal region of nonstructural protein 2 (nsP2), representing the 
RNA helicase and protease domains, respectively, and the N-terminal macrodomain 
of nsP3 have been resolved (11-13). More opportunities for molecular docking studies 
arise from CHIKV structural proteins, as the structures for the envelope (E) proteins 
and the capsid (C) protein have been determined. Although the crystal structures for 
complete CHIKV nsPs are not yet available, researchers have used various purification 
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methods to obtain enzymatically active recombinant nsPs for use in cell-free assays. 
Validation of compounds originating from in silico virtual screens in enzymatic assays 
with purified proteins is especially important for confirmation of target specificity. In 
cell-based assays, resistance selection in the presence of (suboptimal concentrations 
of) compound has been widely used to identify the viral target of compounds. Tables 
1 and 2 provide a comprehensive overview of all resistance mutations that have been 
identified so far, information which -together with cross-resistance studies- can aid 
in the elucidation of the mode of action of compounds that might be identified in 
future screening efforts. Besides the compound’s mode of action, an understanding of 
molecular determinants of resistance can provide useful information about the virus 
replication cycle and pathogenesis.

Compounds targeting CHIKV entry and egress
The alphavirus virion is composed of a nucleocapsid core with T=4 icosahedral 
symmetry surrounded by a host-derived lipid bilayer which is decorated with 80 
trimeric spikes of E1-E2 heterodimers (14-16). The E2 protein mediates viral entry 
by attachment to the receptors on the cell surface (17). This process is followed by 
clathrin-mediated endocytosis which delivers the viral particle to the early endosomes 
(18). The low pH in the endosomal compartment triggers conformational changes 
in the E1-E2 heterodimer and results in the insertion of the E1 fusion protein into 
the endosomal membrane. More specifically, the E1 glycoprotein is converted from 
a nonfusogenic form to a highly stable fusogenic E1 homotrimer (19, 20). This event 
will ultimately create a fusion pore and release the nucleocapsid into the cytosol. 
Compounds that exhibit antiviral activity against entry, fusion and egress of CHIKV are 
listed in Table 1. 

Envelope protein E1

Obatoclax, an anti-cancer compound, was found to inhibit CHIKV infection early in 
the replication cycle by neutralizing the acidic endosomal environment required for 
fusion. The L369I mutation in domain III of the E1 fusion glycoprotein conferred at 
least partial resistance to obatoclax and generated resistant viruses with enhanced 
fusogenic potential (21). 
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Envelope protein E2

Arbidol/umifenovir has been licensed as an anti-influenza agent in both Russia and 
China and inhibits a wide-range of viruses. Arbidol inhibits early stages of the CHIKV 
replication cycle, which was confirmed by selection of an arbidol-resistant variant 
carrying a G407R mutation in the structural polyprotein (22), which corresponds 
to a G82R mutation in the E2 glycoprotein. This mutation also causes attenuation 
of the CHIKV vaccine strain 181/25, presumably by increasing interactions with 
glycosaminoglycans on the host cell surface (23). Arbidol derivatives with increased 
potency and selective inhibition of CHIKV have been developed, but the precise 
mechanism of action of these compounds remains unresolved (24). 

Suramin is an approved drug for treatment of parasitic infections in humans and 
was shown to inhibit CHIKV entry in three independent studies (25-27). The compound 
likely influences CHIKV attachment to cells and may prevent conformational changes 
of the E1/E2 heterodimer that are required for viral fusion. Selection of suramin-
resistant variants revealed that the mutations N5R and H18Q in the E2 glycoprotein 
cause some resistance to the compound. Molecular docking with the mature CHIKV 
spike suggested that suramin interacts with the N-terminal loop and domain A in the E2 
glycoprotein, an interaction that would negatively affect virion binding to the receptor 
(28). Suramin treatment of C57BL/6 mice infected with different clinical isolates of 
CHIKV ameliorated CHIKV-induced foot swelling, inflammation and cartilage damage 
(29). 

Capsid protein 

Picolinic acid was found to bind to the hydrophobic pocket of the C protein, which might 
inhibit the C protein’s interaction with the cytoplasmic domain of the E2 glycoprotein. 
The antiviral activity of picolinic acid was also confirmed in CHIKV-infected cells, 
although the inhibitory concentration was rather high for clinical applications (30). 

6K

The 6K protein belongs to the family of viroporins or ion channel-forming proteins. It 
is a highly hydrophobic protein with membrane fusogenic properties. Viroporins allow 
for movement of small molecules and ions across membranes, which can be important 
during viral entry, replication and egress. The potential of 6K to serve as a therapeutic 
target is illustrated by the drug amantadine, a well-known influenza inhibitor that 
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targets the ion-channel forming M2 protein of influenza viruses (31). Amantadine 
inhibited ion channel activity and altered particle morphology in biophysical systems. 
Mechanistically, 6K likely needs to interact with E2 for its delivery to the plasma 
membrane where it forms an ion channel. The antiviral effect of amantadine on CHIKV 
was also confirmed in infected cells (32).

Drugs targeting CHIKV entry with an uncharacterized mode of action

Chloroquine (CHL) is an old anti-malarial drug with a broad range of antiviral activities 
against a variety of viruses. CHL had been deployed in clinical trials long before its anti-
CHIKV activity was established in cell culture. The rationale for this unusual strategy 
was that CHL had conferred benefits in lessening joint inflammation in patients with 
rheumatoid arthritis during trials in the late 1950s (33). The efficacy of CHL phosphate 
was first investigated in a small patient cohort, which led to an alleviation of patient 
symptoms and justified its further use for the treatment of CHIKV-associated arthritis 
(34). However, the benefits of CHL for the treatment of acute CHIKV infection were 
disproved in the “CuraChik” trial conducted during the 2005-2006 La Reunion epidemic 
(https://clinicaltrials.gov/ct2/show/NCT00391313). Moreover, CHL-treated patients 
had more frequent complaints of arthralgia compared to placebo recipients (35). In 
an Indian trial during the 2006 CHIKV epidemic, CHL also did not yield benefits in 
relieving symptoms of musculoskeletal pain and arthritis compared to the commonly 
used non-steroidal anti-inflammatory drug meloxicam (36). These and other studies 
supported the hypothesis that CHL might enhance viral replication, which was later 
demonstrated in vivo in CHL-treated BALB/c mice infected with another arthritogenic 
alphavirus, Semliki Forest virus (37). In CHIKV-infected cells, CHL seems to block or 
delay virus internalization depending on the time of treatment. It is effective at early 
stages of viral infection, likely by impairing cell-virus surface interactions and blocking 
endosomal acidification (38). 

Doxycycline is a tetracycline antibiotic used for treatment of bacterial infections 
that has also shown promising anti-CHIKV activity. It was postulated that the anti-
CHIKV activity of doxycycline is directed towards viral entry rather than viral replication. 
Docking studies with the CHIKV nsP2 cysteine protease and E2 glycoprotein indicated 
that the compound could bind to both these viral targets. However, cell-based assays 
confirmed that doxycycline inhibits viral entry, likely by impairing conformational 
changes in the E2 glycoprotein. Treatment of adult ICR mice with doxycycline alone 
did not result in an improved outcome in comparison with combination treatment 
with ribavirin (39). 
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Curcumin is a turmeric plant extract that has been used for treatment of 
gastrointestinal disorders in Asia. The antiviral effect of curcumin on CHIKV has been 
demonstrated using pseudotyped viral particles (40) and subsequently a study using 
wild-type CHIKV showed that curcumin reduces the infectivity of CHIKV particles and 
their binding at the cell surface (41). A CHIKV insect cell fusion inhibition assay was 
used to screen for fusion inhibitors and identified two compounds, niclosamide and 
nitazoxanide, as prospective CHIKV inhibitors. In other assays both compounds were 
confirmed to inhibit CHIKV entry and suppress cell-to-cell transmission (42).

Apigenin, a natural compound with a 5,7-dihydroxyflavone structure, has shown 
moderate anti-CHIKV activity. Flavonoids have been previously reported to suppress 
the entry pathway of members of other virus families. However, the flavonoids tested 
against CHIKV, among which apigenin was the most potent, strongly inhibited CHIKV 
replicon levels and had no effect in an SFV entry assay (43), suggesting they do not 
target entry. Synthetic flavaglines such as FL3 were based on a class of naturally 
occurring plant compounds with activity in the low nanomolar range. FL3 inhibited 
CHIKV infection at the entry step by serving as a prohibitin ligand and disrupting the 
interaction between CHIKV and the prohibitin receptor (44). 

Compounds targeting CHIKV replication
The incoming alphavirus genomic RNA is translated into two polyproteins: P123 and 
P1234. P123 is the more abundant of the two and P1234 arises as a result of the 
translational read-through of an opal stop codon (with about 10 % efficiency) at the 
end of nsP3 coding sequence (45). These polyproteins are processed by the protease 
domain of nsp2. Cleavage intermediates as well as fully cleaved individual viral nsPs 
play specific roles in CHIKV (-) and (+) strand RNA synthesis. The functions of nsPs have 
been largely characterized by using recombinant viruses with mutations in nsPs, in 
biochemical assays and by in silico identification of enzymatic sequence motifs. CHIKV 
inhibitors targeting individual nsPs are described in Tables 2, 3 and 4. 

Nonstructural protein 1 (nsP1)

Alphavirus nsP1 (535 amino acids) is a viral mRNA capping enzyme with guanine-
N7-methyltransferase (MTase) and guanylyltransferase (GTase) activities responsible 
for capping of the 5’ ends of the newly synthesized genomic 42S mRNA and 26S 
subgenomic (sg) mRNA. The MTase catalyses the transfer of the methyl group from 
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S-adenosylmethionine (SAM) to the N7 position of a GTP molecule, forming m7GTP 
and releasing S-adenosylhomocysteine (SAH) as by-product (46). The GTase binds 
the m7GTP and forms a covalent intermediate, m7GMP-nsP1, while releasing a 
pyrophosphate (PPi) (47). The m7GMP is then transferred to the 5’-diphosphate RNA, 
which is generated through the RNA 5’ triphosphatase activity of nsP2 (48), to create a 
methylated cap structure at the 5’ terminus. This cap structure is essential for viral mRNA 
translation and prevents mRNA degradation by host 5’-exonucleases. The middle part 
of nsP1, spanning the amino acid residues 245 to 264, contains an amphipathic helix 
responsible for association of the alphavirus replication complex with membranes 
(49). Specifically, the presence of the amphipathic helix and palmitoylated cysteines 
417-419 (50) allows nsP1 and nsP1-containing replication complexes to anchor 
to cholesterol-enriched membrane microdomains (51). Importantly, site-directed 
mutagenesis of conserved residues in alphavirus nsP1 indicated that abrogation of 
nsP1 enzymatic activities is detrimental for virus replication (52). 

In recent years, the number of reports describing an inhibitory effect of 
molecules specifically targeting nsP1 functions has substantially increased (Table 2 and 
4). Owing to its uniquely viral enzymatic activities, nsP1 represents an excellent target 
for antiviral compounds, while not affecting host cell mRNA capping that proceeds 
through a fundamentally different mechanism. The 3-aryl-[1,2,3]triazolo[4,5-d]
pyrimidin-7(6H)-ones were first reported as a class of potent and selective inhibitors of 
CHIKV replication that target nsP1, with MADTP-314 as the prototype compound (53, 
54). A resistance selection procedure with MADTP-314 and subsequent reverse genetics 
indicated that the single amino acid substitution P34S in the N-terminal part of nsP1 
was responsible for resistance to MADTP-314 and several analogues of this compound 
(55). Recently, the 2-(4-(phenylsulfonyl)piperazine-1-yl)pyrimidine analogues known 
as the CHVB series, with CHVB-032 as the prototypical compound, were identified as 
potent and selective CHIKV inhibitors (56). Reverse genetics identified two mutations 
in the C-terminal region of nsP1, namely S454G and W456R, to be responsible for 
resistance to CHVB-032 and its analogues. Interestingly, the two families of compounds 
seem to target the same nsP1 functions, as the MADTP-resistant nsP1-P34S mutant 
is cross-resistant to CHVB-032 and its analogue CHVB-066 and, vice versa, the CHVB-
resistant nsp1-S454G+W456R mutant is cross-resistant to a MADTP-314 analogue, 
MADTP-372 (57). Yet another phenotypic compound screen identified 6′-β-fluoro-
homoaristeromycin (FHA) and 6′-fluoro-homoneplanocin A (FHNA) as potent CHIKV 
inhibitors with a very high therapeutic index (58, 59). The mutations G230R and K299E 
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in nsP1 were identified by resistance selection and reverse genetics to confer resistance 
to both FHA and FHNA (59). Difluoromethylornithine (DFMO), an inhibitor of ornithine 
decarboxylase 1, was shown to have a broad-spectrum antiviral effect on a variety 
of RNA viruses, including CHIKV (60). Interestingly, CHIKV can overcome polyamine 
depletion by acquiring mutations in nsP1. The combination of the G230R and V326M 
mutations in CHIKV nsP1 and * ->opal524R in nsP3 was essential to confer resistance 
to DFMO (61). Despite its promising in vitro effects, there was little protection against 
CHIKV-induced disease in C57BL/6 mice that were fed DFMO in their drinking water 
prior to infection (60). 

Mycophenolic acid (MPA) is a well-known immunosuppressive agent and 
ribavirin is a broad-spectrum guanosine analogue with immunomodulatory properties. 
Both compounds target the host enzyme inosine monophosphate dehydrogenase 
(IMPDH), which is important for the de novo synthesis of guanosine monophosphate 
(GMP) and the regulation of intracellular GTP levels. GTP is critical for at least two 
processes in alphavirus replication: it serves as a methyl acceptor molecule during 
mRNA capping and as a building block in nsP4-mediated RNA synthesis, as will be 
described below. The anti-CHIKV activity of MPA was shown to be associated with the 
depletion of the guanosine pool in cell culture (62). Similar to FHNA, treatment with 
MPA resulted in a release of virions with reduced specific infectivity (PFU per genome 
copy numbers). Earlier studies with SINV mapped the mutations responsible for the 
MPA-resistant phenotype to the region encoding nsP1. Viruses with the MPA-resistant 
phenotype were also resistant to ribavirin (63, 64). Later on, in-depth reverse genetics 
studies with a SINV cDNA clone demonstrated that only the mutations S23N and V302M 
in nsP1 were essential for MPA resistance (65). To date, CHIKV nsP1 crystal structure 
is not yet available, which makes it hard to appreciate the structural context of the 
various compound-resistant mutations and understand the molecular mechanisms 
underlying drug resistance. Taken together, the majority of CHIKV nsP1 inhibitors for 
which the molecular determinants of resistance were studied require a combination 
of two nsP1 mutations for compound-specific resistance. Since singular mutations did 
not cause resistance in most cases, the chance of the emergence of drug-resistant 
CHIKV variants during treatment appears to be low for these compounds. 

Other CHIKV nsP1 inhibitors have been identified by using purified CHIKV nsP1 
in enzymatic assays (Table 4). 5-iodotubercidin, an adenosine analogue, was recently 
discovered by screening with a novel capillary electrophoresis-based assay for MTase 
activity of CHIKV nsP1. The activity of the compound in this enzymatic assay was 
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validated in cell culture (66). This enzymatic assay uncouples the MTase and GTase 
activities and thus can be used to identify specific alphavirus nsP1 MTase inhibitors. 
An fluorescence polarization-based assay measuring competition for the GTP-binding 
site was used in a large HTS screen that identified lobaric acid as a potent CHIKV nsP1 
inhibitor, which was also validated using live virus in cell-based assays (67). Since GTP 
binding is essential to perform the MTase step in mRNA capping, the assay identifies 
competitive MTase inhibitors. 

Nonstructural protein 2 (nsP2)

Alphavirus nsP2 (798 aa) is a multifunctional protein which possesses several 
enzymatic activities, including nucleoside triphosphatase (NTPase) (68, 69), helicase 
(70) and RNA 5’ triphosphatase (RTPase) activity (48) in the N-terminal part of the 
protein and protease activity (71, 72) and a SAM-dependent RNA methyltransferase-
like (SAM MTase-like) domain in the C-terminal part of nsP2. The NTPase and helicase 
functions are important for unwinding double-stranded RNA during CHIKV replication 
and the RTPase activity removes the γ-phosphate from the 5′ end of the RNA before 
the transfer of the cap-0 structure. The nsP2 protease activity is responsible for nsp123 
and nsp1234 polyprotein processing (72). In the case of Old World alphaviruses, nsP2 
can also induce host transcriptional shut-off and cytophathic effects (73). During host 
shut-off, nsP2 translocates to the nuclei of vertebrate cells to induce polyubiquitination 
of the catalytic subunit of the DNA-dependent RNA polymerase II, RPB1, and in this 
way subverts the cellular antiviral response (74, 75). The C-terminal SAM MTase-like 
domain plays a critical role in the nuclear function of alphavirus nsP2 (76) and inhibits 
the interferon response (77). 

The crystal structure of the nsP2 protease domain has been solved and the 
protein is now used as an important target for antiviral development using computer-
aided drug design (Table 3). A virtual screening campaign of a library of commercially 
available compounds using a homology model of CHIKV nsP2 protease identified 
compound 1 as an initial hit. The compound displayed anti-CHIKV activity in cell-
based assays and SAR studies on 25 structural analogues yielded compound 25 which 
showed improved efficacy and lower cytotoxicity compared to lead compound 1 (78). 
Another study reported on five arylalkylidene derivates of 1,3-thiazolidin-4-one with 
anti-CHIKV activity in the low micromolar range, with compound 7 being the most 
potent. Using molecular docking, the compounds were shown to partially interact 
with the crystal structure of the nsP2 protease (79). Although the above-mentioned 
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studies identified novel nsP2-targeting molecules, they did not provide experimental 
evidence, e.g. using enzymatic assays, to demonstrate that nsP2 was de facto the 
target of these compounds. Computer-aided drug design was combined with cell-free 
assays for target validation of a set of 12 compounds designed against the CHIKV nsP2 
protease using target-based modelling. The most promising compound 8 potently 
inhibited CHIKV replication in cell culture and was moderately active in the protease 
assay with recombinant CHIKV nsP2 (80). This illustrates the importance of confirming 
in silico predictions in enzymatic assays with purified protein as virtual binding does 
not always correlate with inhibition of enzymatic activity in vitro. Other inhibitors 
targeting nsP2 include small peptidomimetics discovered using a unique approach 
of quantum mechanical-based ligand descriptors. Compounds with lower molecular 
weight displayed greater inhibitory activity, likely due to superior access to the target 
pocket (81). 

Nonstructural protein 3 (nsP3)

The functional role of alphavirus nsP3 (530 aa) is the least defined of all CHIKV nsPs. 
Three domains can be distinguished in nsP3: an N-terminal macrodomain (13), a Zn-
binding alphavirus unique domain (AUD) (82) and a C-terminal hypervariable domain 
(HVD) (83). While the N-terminal part of nsP3 is well-conserved, the C-terminal 
HVD has very low sequence similarity even between closely related alphaviruses. 
Alphaviruses use their HVDs to recruit RNA-binding proteins typically found in stress 
granules, such as the G3BP proteins used by CHIKV, for the formation of pre-RCs that 
promote viral replication (84). Other cellular proteins from different families, specific 
for virus species and cell types, have been found to interact with nsP3 HVD (85). 
They function as the major determinants of cell specificity during viral replication. 
The nsP3 macrodomain affects various critical processes in the alphavirus replication 
cycle including nsP3 phosphorylation, (-) strand RNA synthesis, host translational 
shut-off and virulence (86). Importantly, ADP ribosylation of cellular proteins, a post-
translational modification involved in a variety of cellular processes, is regulated by 
nsP3 macrodomain. The nsP3 macrodomain possesses both ADP-ribosyl-binding 
and ADP-ribosylhydrolase activities, by which it binds ADP-ribose and hydrolyses 
ADP-ribosylated residues on cellular proteins. The nsP3 macrodomain-mediated 
ADP-ribosyl-binding is necessary for initiating nsP synthesis and establishing RCs, 
while the ADP-ribosylhydrolase activity is important for amplification of RCs. Thus, 
the interaction of nsP3 macrodomain with ADP-ribosylated proteins is required for 
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efficient alphavirus replication (86). Besides that, the ADP-ribosylhydrolase activity is a 
determinant of neurovirulence in mice (87). nsP3 AUD appears to be a multifunctional 
domain that plays a role in virus genome replication (88). 

To date, only a handful of small-molecule inhibitors targeting CHIKV nsP3 
have been reported, perhaps due to the enigmatic role of nsP3 in viral replication. 
However, in-depth characterization of the nsP3 functional domains in recent years 
has contributed to the exploitation of nsP3 as a potential drug target. Given its highly 
conserved nature and the available crystal structure, the macrodomain represents 
an ideal site for development of specific anti-CHIKV antivirals. Baicalin is one of the 
very few compounds shown to interact with nsP3 using computational approach 
(89) with a confirmed anti-CHIKV activity in cell culture (90) (Table 3). However, the 
latter study revealed that baicalin inhibited early stages of CHIKV replication and has 
strong virucidal activity. Moreover, baicalin was shown to interact with the CHIKV E 
glycoprotein using molecular docking, which led to discrepancy with the previous 
study suggesting that nsP3 is the viral target of this compound. This again illustrates 
that it should become the norm that antiviral activity and mode of action of small-
molecule inhibitors discovered using computer-aided drug design are validated in cell-
based assays. 

Nonstructural protein 4 (nsP4) 

The nsP4 (611 aa) is the most conserved protein in the alphavirus family that functions 
as an RNA-dependent RNA polymerase (RdRp) responsible for replication of 49S 
genomic (+) strand RNA and transcription of the 26S sgRNA. In the early phase of 
the replication cycle, nsP4 together with P123 is part of an early replication complex 
(RC) that is responsible for the synthesis of full-length (-) strand RNA that will serve as 
template for synthesis of genomic and sgRNA. Following polyprotein processing, the 
late RC consisting of fully cleaved nsP1-4, mediates the synthesis of genomic RNA and 
26S sgRNA (91). NsP4 also possesses a terminal adenylyltransferase (TATase) activity 
that catalyses the addition of a poly-A tail to the 3’ end of the genome (92). In addition, 
nsP4 contains the signature GDD motif of the RdRp’s catalytic core and mutation of 
both aspartate residues to alanine results in a complete loss of TATase activity (92). 

Many RdRp inhibitors are nucleoside analogues. Because RdRp activity is 
absent from host cells, it represents a suitable target for development of antiviral 
agents (Table 2). Sofosbuvir is a uridine analogue that is clinically approved for the 
treatment of hepatitis C virus infection. It is administered as a uridine monophosphate 
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(UMP) prodrug that needs to be metabolized to yield the pharmacologically active 
compound sofosbuvir triphosphate (93). nsP4 is the predicted target of sofosbuvir in 
CHIKV-infected cells, based on molecular docking of the compound on the putative 
CHIKV nsP4 model. Treatment of hepatoma cells with sofosbuvir decreased CHIKV 
replication in vitro and its administration to infected adult Swiss mice resulted in 
reduced arthralgia-related paw inflammation (94). 

β-D-N4-hydroxycytidine (NHC) is a nucleoside analogue that inhibits CHIKV 
replication after it is converted to its active form NHC triphosphate. However, a 
direct relationship between NHC and its mode of action in CHIKV-infected cells 
has not yet been established. It was proposed that NHC may interfere with CHIKV 
replication through chain termination or mutagenesis (95). Studies with Venezuelan 
equine encephalitis virus, a New World alphavirus, demonstrated that resistance to 
NHC develops very inefficiently and is determined by a synergistic effect of multiple 
mutations in nsP4. Especially three nsP4-specific mutations, namely P187S, A189V 
and I190T, located in the index finger domain of the predicted nsP4 structure, are 
thought to be responsible for resistance to NHC. Interestingly, the NHC-resistant 
phenotype can revert back to wild-type after incorporation of the A201V mutation in 
nsP4, which has a negative effect on viral resistance to NHC (96). 

Initially developed as an anti-influenza inhibitor, favipiravir (T-705) is a broad-
spectrum nucleoside analogue that has also shown inhibitory activity against CHIKV 
(97). All of the favipiravir-resistant variants acquired the unique K291R mutation in 
nsP4, which is a highly conserved residue in the F1 motif of the RdRps of (+) strand 
RNA viruses (97). In addition, treatment with favipiravir reduced viral loads in the 
brain of infected AG129 mice and protected them from severe neurological disease. 
Favipiravir was also tested in immunocompetent C57BL/6J mice during the acute and 
chronic phase of CHIKV infection. Treatment with favipiravir during the acute phase 
rendered viral RNA, viral antigens and infectious particles undetectable. However, 
such a reduction was not observed upon favipiravir treatment during the chronic 
phase (98). Given that full-length CHIKV RNA could not be recovered from chronically-
infected mice, it suggests that the viral RNA can be defective and unable to form 
infectious particles, corroborating earlier findings from studies with patient material. 

As discussed above, ribavirin can block CHIKV replication by at least two 
different mechanisms, one of which is through RdRp inhibition. CHIKV passaging in the 
presence of ribavirin yielded a high-fidelity mutant containing a C483Y mutation in nsP4 
(99). Interestingly, this CHIKV mutant generated populations with restricted genetic 
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diversity, which appears to result from a novel mechanism that differs from those 
typical for nucleoside analogues, such as chain termination or lethal mutagenesis. The 
impact of resistance mutations on the 3-D structure of nsP4 was based on homology 
modelling, since a crystal structure of the CHIKV RdRp is not yet available. 

Despite the majority of nsP4-targeting compounds belonging to well-known 
classes of nucleoside analogues, compound screens have identified other potential 
drug candidates. For example, an HTS of advanced clinical candidates identified digoxin, 
a cardiac glycoside that antagonizes the sodium-potassium ATPase, as a potent CHIKV 
inhibitor. The V209I mutation in nsP4, situated in a well-conserved region of nsP4, 
was found to play a pivotal role in the development of digoxin-mediated resistance 
(100). Cytoplasmic proteins involved in CHIKV replication could also be targeted due 
to their direct interaction with CHIKV proteins. Hsp90 proteins are host proteins 
that serve as molecular chaperones with a wide array of functions. The cytoplasmic 
subunit HsP90α was shown to be the predominant interacting partner of nsP4 in co-
immunoprecipitation experiments. Hsp90 proteins seem to play a role in stabilizing 
RCs during alphaviral infections. Hsp90 inhibitors HS-10 and SNX-2112 inhibited CHIKV 
replication in cell culture and they reduced CHIKV-induced joint swelling and viral load 
in infected mice (101). Direct evidence leading to nsP4 being the viral target of these 
compounds is however still lacking.

Inhibitors of CHIKV replication with an undefined target 

6-azauridine is a broad-spectrum nucleoside analogue that has been widely used 
in patients for other indications. Its metabolite 6-azauridine 5’monophosphate was 
reported to inhibit the replication of several DNA and RNA viruses via targeting of the 
host orotidylic acid decarboxylase (102). Others have proposed a different mechanism 
of action, based on the interference with cellular UTP metabolism, leading to the so-
called ‘error’ catastrophe (103). Multiple studies have demonstrated that 6-azauridine 
potently inhibits CHIKV replication, but its viral target has not been determined (104). 
A chemical library has identified a novel potent broad-spectrum small-molecule 
inhibitor RYL-634 with antiviral activity against many pathogenic viruses, including 
CHIKV. Dihydroorotate dehydrogenase (DHODH) was validated as the target enzyme 
of RYL-634 using activity-based protein profiling (105). 

Atovaquone is a ubiquinone analogue and a well-known antimalarial and 
antiparasitic drug. Previous studies indicated that it can function through the inhibition 
of mitochondrial function or DHODH, the latter being required for the de novo 
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pyrimidine synthesis. Recently, atovaquone was found to inhibit CHIKV replication, 
but the mechanism underlying its precise mode of action remains unstudied. For Zika 
virus it was shown that atovaquone blocks DHODH and thereby leads to the depletion 
of intracellular nucleotide pools (106). 

Another HTS campaign identified berberine, ivermectin and abamectin as 
strong inhibitors of CHIKV replication. Ivermectin and abamectin are broad-spectrum 
anti-parasitic drugs used for the treatment of humans and agricultural crops, 
respectively. Berberine possess antimicrobial properties and it has been tested for 
antiviral activity against a range of viruses, including herpes simplex virus, influenza 
virus and cytomegalovirus (107). Further elucidation of its anti-CHIKV effect showed 
that berberine impairs mitogen-activated protein kinase signalling pathways, although 
the specific molecular target of berberine remains unknown. Another study found that 
berberine affects post-replications steps in the CHIKV replication cycle by targeting 
interactions between genomic RNA and C protein that are required for correct 
nucleocapsid assembly (108). Moreover, treatment of CHIKV-infected C57BL6/J mice 
with berberine alleviated the symptoms of CHIKV-induced inflammatory disease (109). 

Harringtonine, a cephalotaxine alkaloid, was discovered by screening a natural 
product compound library and found to also potently inhibit CHIKV replication. This 
compound acts on the post-entry stage of the CHIKV replication cycle and strongly 
interferes with CHIKV protein synthesis. It was postulated that harringtonine inhibits 
the host cell translation machinery and thereby leads to the suppression of translation 
of CHIKV nsPs and structural proteins (110). Silymarin is a flavonoid with anti-CHIKV 
activity that was also found to exert its antiviral activity at the post-entry stage 
(111). Imipramine is an FDA-approved antidepressant that exerts its antiviral effects 
at two distinct stages in CHIKV replication, the fusion/entry step and a post-fusion 
replication step. Because optimal fusion reactions and intracellular replication are 
both dependent on cholesterol, these processes are highly susceptible to imipramine, 
a class II cationic amphiphilic drug targeting cholesterol trafficking pathway (112). 
Tomatidine is a natural steroidal alkaloid that interferes with post-entry steps in the 
CHIKV replication cycle (113). Silvestrol is a natural compound that belongs to the 
flavaglines and is a specific inhibitor of the host RNA helicase eIF4A, which is part of 
the translation initiation complex. Silvestrol treatment of CHIKV-infected cells delayed 
the translation of viral proteins and prevented the host transcriptional shut-off (114). 
Andrographolide, a bicyclic diterpenoid lactone (115), micafungin, an antifungal agent 
(116), and MBZM-N-IBT (117) all inhibit CHIKV replication but their mechanism of 
action remains unknown.



Review: small-molecule inhibitors of Chikungunya virus

51   

2

Are drug-resistant mutants attenuated in mosquitoes?
Compared to single-host RNA viruses, the alternating use of insect and mammalian 
hosts restricts arbovirus adaptation to environmental pressures like treatment with 
antiviral compounds. Selection and fitness of new variants is influenced by replication 
competence in both vertebrate and invertebrate hosts. To date, only a few studies 
have specifically assessed the fitness of drug-resistant mutants in mosquitoes. Such 
information would be valuable for selecting an antiviral agent with minimal risk of 
inducing and spreading drug resistance in the environment. For example, a high-fidelity 
ribavirin-resistant variant containing the C483Y mutation in nsP4 had lower fitness 
in Ae. aegypti mosquitoes (99). Likewise, the favipiravir-resistant mutant carrying 
the K291R mutation in nsP4 also disseminated poorly in the bodies of Ae. aegypti 
mosquitoes and showed decreased transmission potential, while the MATDP-resistant 
mutant with the P34S mutation in nsP1 showed the same transmission efficiency 
as wild-type virus (118). Furthermore, a DFMO-resistant triple mutant carrying the 
G230R and V326M mutations in nsP1 and the nsP3-opal524R mutation replicated to 
higher titers in Ae. albopictus mosquitoes compared to wild-type virus (61). These 
studies indicate that drug-resistant mutants can have quite different phenotypes in 
mosquitoes and emphasize the need to determine their transmission potential for 
those antiviral drugs intended for clinical use. 

How choice of cell line in CHIKV antiviral drug discovery can 
affect outcome 
Vertebrate cells such as BHK-21 (baby hamster kidney) cells or Vero E6 (African green 
monkey kidney) cells are the most widely used cell lines for CHIKV antiviral drug 
screening. Fibroblast cell lines, such as MRC-5 (human lung fibroblast) or HFF-1 (human 
foreskin fibroblast) have also been used in multiple studies. Less frequently used cell 
lines include immortalized cells such as HeLa (human cervical carcinoma), Huh-7 or 
HepG2 (human hepatocellular carcinoma) and U2OS (human osteosarcoma). Cell 
lines usually vary with respect to drug uptake and intracellular metabolism. Therefore, 
it is anticipated that compounds that first need to be metabolized into their active 
form, such as nucleoside analogues, might show cell line-dependent differences in 
their antiviral activity profile. A study evaluating the anti-CHIKV efficacy of ribavirin 
and favipiravir, which need to be converted to their active triphosphate forms by host 
cell kinases, revealed differences in antiviral efficacy depending on the cell line used 
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for evaluation (119). Similarly, for immunomodulatory agents (not discussed in this 
review) the correct choice of cell line is especially relevant. 

Concluding remarks
The lack of effective control measures, spread of new vectors, increased human 
travel and urbanization have largely contributed to CHIKV re-emergence between 
2004-2020. The origin and the scale of a future chikungunya outbreak is hard to 
predict, which underscores the importance of developing effective countermeasures. 
Identifying and developing direct-acting and host-targeting antiviral drug options 
against CHIKV infection offers a promising approach for limiting viral replication and 
spread.

The major complaint of patients suffering from CHIKF is debilitating joint and 
muscle pain, which results in lost productivity and reduced quality of life. Antiviral 
treatment would represent a suitable measure to prevent and treat CHIKV infections 
and significantly lower the burden of disease in affected areas. A combination therapy 
for CHIKF may prove useful to reduce the likelihood of developing drug resistance, 
given that compounds with different viral/host targets can produce synergistic effects. 
In addition, chronic CHIKF patients with exacerbated response of their immune system 
can also be treated with immunomodulatory agents to alleviate joint arthralgia and 
inflammation. 

Validation of CHIKV small-molecule inhibitors is currently performed in a 
variety of in vitro and in vivo models. Ideally, in vivo antiviral testing is performed in 
animal models that replicate the clinical course of CHIKV infection in humans. While 
the use of an immunocompromised acute model, such as AG129 mice, may provide 
more stringent conditions for antiviral evaluation, the use of an immunocompetent 
arthralgia model is more clinically relevant. The maximum benefit of an antiviral 
compound for treatment of CHIKF patients would be achieved by early administration 
during the acute phase of infection, in order to reduce the viral load and decrease the 
likelihood of developing chronic manifestations. Clinical studies with patient material 
have already indicated that residual viral material (RNA/protein) in joint tissue, rather 
than replicating virus, likely contributes to the immunopathology that is associated 
with CHIKV infection (120). Consequently, late antiviral treatment, i.e. during the 
chronic phase of CHIKV infection, targeting specific CHIKV functions and host 
pathways involved in viral replication would be less effective given the absence or low 
quantities of full-length viral RNA. This stresses the importance of fully understanding 



Review: small-molecule inhibitors of Chikungunya virus

53   

2

the fundamental aspects of CHIKV-host interactions in patients with both acute and 
chronic disease.

In summary, the development of CHIKV small-molecule inhibitors is justified 
for both prophylactic and therapeutic use. Given the current absence of a vaccine, a 
clinically approved CHIKV small-molecule inhibitor would be especially advantageous 
in outbreak containment. Alternatively, it could be prescribed as a form of prophylaxis 
to local citizens in affected areas or to travellers at-risk.

Acknowledgements
We would like to thank Prof Eric Snijder for carefully reading the manuscript and 
providing valuable feedback. K.K. was supported by the Marie Sklodowska-Curie ETN 
European Training Network “ANTIVIRALS” (EU grant agreement 642434).



 Chapter 2

54

Ta
bl

e 
1:

 C
om

po
un

ds
 ta

rg
eti

ng
 C

H
IK

V 
en

tr
y 

an
d 

eg
re

ss
a 	

Co
m

po
un

db
Vi

ra
l 

ta
rg

et
Re

si
st

an
ce

m
ut

ati
on

(s
)

In
 v

itr
o 

effi
ca

cy
In

 v
iv

o 
effi

ca
cy

Re
fe

re
nc

e
CH

IK
V 

st
ra

in
(g

en
ot

yp
e)

c
EC

50
 (µ

M
) o

r 
ot

he
r r

ea
do

ut
d

CC
50

 (µ
M

)
Ce

ll 
lin

e

CH
IK

V 
st

ra
in

(g
en

ot
yp

e)
Effi

ca
cy

M
ou

se
 

m
od

el
ob

at
oc

la
x(

R)
E1

L3
69

I
(S

FV
)

LR
20

06
 

O
PY

1
(E

CS
A)

0.
03

 ±
 0

.0
1

20
.1

 ±
 4

.8
BH

K-
21

-
-

-
(2

1)

ar
bi

do
l

E2
G

82
R

LR
20

06
 

O
PY

1
(E

CS
A)

12
.2

 ±
 2

.2
37

6
M

RC
5

-
-

-
(2

2)

su
ra

m
in

(R
)

E2
N

5R
, H

18
Q

CH
IK

V-
LS

3
79

 ±
 1

1.
6

> 
1,

00
0

Ve
ro

E6
06

11
aT

w,
08

10
bT

w,
07

06
aT

w
(A

sia
n)

re
du

ce
d 

vi
ra

l l
oa

d,
 fo

ot
 

sw
el

lin
g 

an
d 

hi
st

op
at

ho
lo

gi
c 

le
sio

ns

C5
7B

L/
6

(2
5,

 2
8,

 2
9)

pi
co

lin
ic

 a
ci

d
C

-
DR

DE
-0

7
(E

CS
A)

 6
0%

 in
hi

bi
tio

n 
w

ith
 2

 m
M

 d
os

e
n.

s.
Ve

ro
-

-
-

(3
0)

am
an

ta
di

ne
6k

-
S2

7
(E

CS
A)

29
.5

>2
00

Ve
ro

-
-

-
(3

2)

ch
lo

ro
qu

in
e(

R)
-

-
DR

DE
-0

6
(E

CS
A)

7.
0 

± 
1.

5
> 

26
0

Ve
ro

-
-

-
(3

8)

do
xy

cy
cl

in
e(

R)
-

-
n.

s.
(E

CS
A)

10
.9

5 
± 

2.
12

>1
00

Ve
ro

06
15

73
(E

CS
A)

no
 s

ig
ni

fic
an

t 
re

du
cti

on
 in

 
vi

ra
l ti

tr
e 

or
 

pa
th

ol
og

y

IC
R

(3
9)



Review: small-molecule inhibitors of Chikungunya virus

55   

2

Co
m

po
un

db
Vi

ra
l 

ta
rg

et
Re

si
st

an
ce

m
ut

ati
on

(s
)

In
 v

itr
o 

effi
ca

cy
In

 v
iv

o 
effi

ca
cy

Re
fe

re
nc

e
CH

IK
V 

st
ra

in
(g

en
ot

yp
e)

c
EC

50
 (µ

M
) o

r 
ot

he
r r

ea
do

ut
d

CC
50

 (µ
M

)
Ce

ll 
lin

e

CH
IK

V 
st

ra
in

(g
en

ot
yp

e)
Effi

ca
cy

M
ou

se
 

m
od

el
cu

rc
um

in
-

-
LR

06
-0

49
(E

CS
A)

3.
89

11
.6

H
eL

a
-

-
-

(4
1)

ni
cl

os
am

id
e

-
-

S2
7

(E
CS

A)
0.

95
 ±

 0
.2

2
> 

20
BH

K-
21

-
-

-
(4

2)

ni
ta

zo
xa

ni
de

-
-

S2
7

(E
CS

A)
2.

96
 ±

 0
.1

8
> 

25
BH

K-
21

-
-

-
(4

2)

ap
ig

en
in

-
-

LR
20

06
 

O
PY

1
(E

CS
A)

70
.8

> 
20

0
BH

K-
21

-
-

-
(4

3)

FL
3

-
-

cl
in

ic
al

 
iso

la
te

(E
CS

A)

0.
02

24
0.

11
9

H
EK

-2
93

T
-

-
-

(4
4)

a CC
50

, 5
0%

 cy
to

to
xi

c c
on

ce
nt

ra
tio

n;
 E

C 50
, 5

0%
 e

ffe
cti

ve
 co

nc
en

tr
ati

on
; n

.s
. –

 n
ot

 sp
ec

ifi
ed

; - 
no

t d
et

er
m

in
ed

/n
ot

 d
on

e 
(in

 vi
vo

 st
ud

ie
s)

; R
 –

 re
pu

rp
os

ed
 

co
m

po
un

d.
 T

he
 n

um
be

rin
g 

of
 m

ut
ati

on
s t

ha
t p

ro
vi

de
 re

sis
ta

nc
e 

is 
ba

se
d 

on
 th

e 
CH

IK
V 

ge
no

m
e 

se
qu

en
ce

 o
f t

he
 st

ra
in

 in
di

ca
te

d 
in

 th
e 

ta
bl

e,
 u

nl
es

s 
in

di
ca

te
d 

ot
he

rw
ise

.												

















 
b If 

th
e 

st
ud

y d
es

cr
ib

ed
 a

 fa
m

ily
/c

la
ss

 o
f c

om
po

un
ds

 w
ith

 a
nti

vi
ra

l a
cti

vi
ty

, o
nl

y t
he

 a
nti

vi
ra

l a
cti

vi
ty

 o
f t

he
 m

os
t p

ot
en

t a
nd

/o
r t

he
 m

os
t r

ep
re

se
nt

ati
ve

 
co

m
po

un
d 

is 
re

po
rt

ed
.												

















 

c O
nl

y 
co

m
po

un
ds

 fo
r w

hi
ch

 th
e 

an
tiv

ira
l a

cti
vi

ty
 w

as
 te

st
ed

 u
sin

g 
in

fe
cti

ou
s C

H
IK

V 
ar

e 
in

cl
ud

ed
; c

om
po

un
ds

 id
en

tifi
ed

 u
sin

g 
on

ly
 re

pl
ic

on
/s

ur
ro

ga
te

 
sy

st
em

s 
fo

r w
hi

ch
 c

on
fir

m
at

or
y 

ex
pe

rim
en

ts
 w

ith
 in

fe
cti

ou
s 

CH
IK

V 
w

er
e 

la
ck

in
g 

ar
e 

ex
cl

ud
ed

. 					






 

d W
he

re
 a

 c
om

po
un

d 
sh

ow
ed

 a
cti

vi
ty

 in
 m

ul
tip

le
 c

el
l l

in
es

 a
nd

 a
ga

in
st

 m
ul

tip
le

 C
H

IK
V 

st
ra

in
s,

 t
he

 b
es

t 
va

lu
e 

(w
ith

 c
or

re
sp

on
di

ng
 c

el
l l

in
e)

 is
 

re
po

rt
ed

.



 Chapter 2

56

Ta
bl

e 
2:

 C
om

po
un

ds
 ta

rg
eti

ng
 C

H
IK

V 
re

pl
ic

ati
on

a

Co
m

po
un

db
Vi

ra
l 

ta
rg

et
Re

si
st

an
ce

m
ut

ati
on

(s
)

In
 v

itr
o 

effi
ca

cy
In

 v
iv

o 
effi

ca
cy

Re
fe

re
nc

e
CH

IK
Vs

tr
ai

n
(g

en
ot

yp
e)

c

EC
50

 (µ
M

)
or

ot
he

r 
re

ad
ou

td
CC

50
 (µ

M
)

Ce
ll 

lin
e

CH
IK

V
st

ra
in

(g
en

ot
yp

e)
Effi

ca
cy

M
ou

se
 

m
od

el
M

AD
TP

-3
14

(N
) (

DA
)

ns
P1

P3
4S

IO
 8

99
 

(E
CS

A)
26

 ±
 1

1
> 

74
3

Ve
ro

-
-

-
(5

3-
55

)

CH
VB

-0
32

(N
) (

DA
)

ns
P1

S4
54

G
, 

W
45

6R
IO

 8
99

 
(E

CS
A)

2.
7

> 
75

Ve
ro

-
-

-
(5

6,
 5

7)

6′
-β

-fl
uo

ro
-h

om
oa

ris
te

ro
m

yc
in

(N
, N

A)
 (D

A)
ns

P1
G

23
0R

, 
K2

99
E

CH
IK

V-
LS

3
0.

12
 ±

 0
.0

4
> 

25
0

Ve
ro

E6
-

-
-

(5
8,

 5
9)

6′
-fl

uo
ro

-h
om

on
ep

la
no

ci
n 

A
(N

, N
A)

 (D
A)

ns
P1

G
23

0R
, 

K2
99

E
CH

IK
V-

LS
3

0.
18

 ±
 0

.1
1

> 
25

0
Ve

ro
E6

-
-

-
(5

9)

di
flu

or
om

et
hy

lo
rn

ith
in

e
(R

) (
H

T)
ns

P1
G

23
0R

, 
V3

26
M

(n
sP

1)
 &

 
*5

24
R 

(n
sP

3)

LR
06

-0
49

(E
CS

A)
3 

lo
g 10

re
du

cti
on

 in
 

tit
re

 w
ith

50
0 

µM
 

do
se

> 
50

0
BH

K-
21

LR
06

-0
49

(E
CS

A)
m

od
es

t 
re

du
cti

on
 in

 
CH

IK
V 

tit
re

s

C5
7B

L/
6

(6
0,

 6
1,

 
12

1)

m
yc

op
he

no
lic

 a
ci

d
(R

) (
H

T)
ns

P1
S2

3N
,

V3
02

M
(S

IN
V)

DR
DE

-0
6

(E
CS

A)
0.

21
 ±

0.
06

30
 ±

 3
.1

Ve
ro

-
-

-
(6

2,
 6

3,
 6

5)



Review: small-molecule inhibitors of Chikungunya virus

57   

2

Co
m

po
un

db
Vi

ra
l 

ta
rg

et
Re

si
st

an
ce

m
ut

ati
on

(s
)

In
 v

itr
o 

effi
ca

cy
In

 v
iv

o 
effi

ca
cy

Re
fe

re
nc

e
CH

IK
Vs

tr
ai

n
(g

en
ot

yp
e)

c

EC
50

 (µ
M

)
or

ot
he

r 
re

ad
ou

td
CC

50
 (µ

M
)

Ce
ll 

lin
e

CH
IK

V
st

ra
in

(g
en

ot
yp

e)
Effi

ca
cy

M
ou

se
 

m
od

el
rib

av
iri

(N
A)

 (H
T/

DA
)

ns
P1

/ 
ns

P4
(Q

21
K)

, 
S2

3N
,

V3
02

M
(S

IN
V)

/
C4

83
Y

(C
H

IK
V)

Ro
ss

 C
34

7
(E

CS
A)

34
1.

1
> 

30
,0

00
Ve

ro
-

-
-

(6
3,

 9
9,

 
10

4)

so
fo

sb
uv

ir
(N

A)
 (D

A)
ns

P4
-

n.
s.

(A
sia

n)
2.

7 
± 

0.
5

40
2 

± 
32

H
uh

-7
n.

s.
re

du
ce

d 
CH

IK
V-

i
nd

uc
ed

 
oe

de
m

a 
an

d 
vi

ra
l 

re
pl

ic
ati

on

Sw
iss

 
W

eb
st

er
 

m
ic

e
ar

th
ra

lg
ia

m
od

el

(9
4)

β-
D-

N
4 -h

yd
ro

xy
cy

tid
in

e
(N

A)
 (D

A)
ns

P4
P1

87
S,

A1
89

V,
I1

90
T

(V
EE

V)

LR
20

06
 O

PY
1

(E
CS

A)
0.

2 
± 

0.
1

7.
7

Ve
ro

-
-

-
(9

5,
 9

6)

fa
vi

pi
ra

vi
r

(N
A)

 (D
A)

ns
P4

K2
91

R
IO

 8
99

 
(E

CS
A)

25
 ±

 3
> 

63
6

Ve
ro

-A
S2

7
(E

CS
A)

re
du

ce
d 

m
or

ta
lit

y
by

 >
50

%
 

an
d 

im
pr

ov
ed

 
di

se
as

e 
ou

tc
om

e

AG
12

9 
le

th
al

 
m

od
el

(9
7)



 Chapter 2

58

Co
m

po
un

db
Vi

ra
l 

ta
rg

et
Re

si
st

an
ce

m
ut

ati
on

(s
)

In
 v

itr
o 

effi
ca

cy
In

 v
iv

o 
effi

ca
cy

Re
fe

re
nc

e
CH

IK
Vs

tr
ai

n
(g

en
ot

yp
e)

c

EC
50

 (µ
M

)
or

ot
he

r 
re

ad
ou

td
CC

50
 (µ

M
)

Ce
ll 

lin
e

CH
IK

V
st

ra
in

(g
en

ot
yp

e)
Effi

ca
cy

M
ou

se
 

m
od

el
IO

 8
99

 
(E

CS
A)

re
du

ce
d 

vi
ra

l
re

pl
ic

ati
on

in
 jo

in
ts

C5
7B

L/
6J

(9
8)

an
d

ex
tr

em
iti

es
 

du
rin

g 
ac

ut
e 

ph
as

e
di

go
xi

n
(R

) (
H

T)
ns

P4
V2

09
I

SL
15

64
9 

(E
CS

A)
0.

04
8

> 
10

U
2O

S
-

-
-

(1
00

)

H
S-

10
 

(H
T)

ns
P4

-
Ro

ss
(E

CS
A)

> 
2 

lo
g 10

 
re

du
cti

on
 in

 
tit

re
 w

ith
6.

25
 µ

M
 

do
se

> 
10

0
H

EK
-

29
3T

DM
ER

I0
9/

08
(E

CS
A)

re
du

ce
d 

in
-

fla
m

m
ati

on
 

an
d 

vi
re

m
ia

Sv
A1

29
(1

01
)

SN
X-

21
12

 
(H

T)
ns

P4
-

Ro
ss

(E
CS

A)
> 

2 
lo

g 10
 

re
du

cti
on

 
in

 ti
tr

e 
w

ith
 

6.
25

 µ
M

do
se

> 
10

0
H

EK
-

29
3T

DM
ER

I0
9/

08
(E

CS
A)

re
du

ce
d 

in
-

fla
m

m
ati

on
 

an
d 

vi
re

m
ia

Sv
A1

29
(1

01
)



Review: small-molecule inhibitors of Chikungunya virus

59   

2

Co
m

po
un

db
Vi

ra
l 

ta
rg

et
Re

si
st

an
ce

m
ut

ati
on

(s
)

In
 v

itr
o 

effi
ca

cy
In

 v
iv

o 
effi

ca
cy

Re
fe

re
nc

e
CH

IK
Vs

tr
ai

n
(g

en
ot

yp
e)

c

EC
50

 (µ
M

)
or

ot
he

r 
re

ad
ou

td
CC

50
 (µ

M
)

Ce
ll 

lin
e

CH
IK

V
st

ra
in

(g
en

ot
yp

e)
Effi

ca
cy

M
ou

se
 

m
od

el
6-

az
au

rid
in

e
(R

)(N
A)

 (H
T/

DA
)

-
-

Ro
ss

 C
34

7
(E

CS
A)

0.
8

20
8

Ve
ro

-
-

-
(1

04
)

RY
L-

63
4

-
-

n.
s.

0.
26

> 
2.

5
Ve

ro
-

-
-

(1
05

)
at

ov
aq

uo
ne

 
(R

)
-

-
LR

06
-0

49
(E

CS
A)

< 
0.

75
> 

11
.2

5
Ve

ro
-

-
-

(1
06

)

be
rb

er
in

e
-

-
LR

20
06

 O
PY

1
(E

CS
A)

> 
5 

lo
g 10

 
re

du
cti

on
 in

 
tit

re
 w

ith
3 

µM
 d

os
e

> 
10

0
BH

K-
21

LR
20

06
 

O
PY

1
(E

CS
A)

re
du

ce
d 

in
-

fla
m

m
ati

on
 

an
d 

jo
in

t 
sw

el
lin

g

C5
7B

L/
6J

(1
07

, 1
09

)

iv
er

m
ec

tin
(R

)
-

-
LR

20
06

 O
PY

1
(E

CS
A)

> 
4 

lo
g 10

 
re

du
cti

on
 in

 
tit

re
 w

ith
3 

µM
 d

os
e

37
.9

 ±
 7

.6
BH

K-
21

-
-

-
(1

07
)

ab
am

ec
tin

(R
)

-
-

LR
20

06
 O

PY
1

(E
CS

A)
> 

4 
lo

g 10
 

re
du

cti
on

 in
 

tit
re

 w
ith

3 
µM

 d
os

e

28
.2

 ±
 1

.1
BH

K-
21

-
-

-
(1

07
)

ha
rr

in
gt

on
in

e
-

-
07

08
(E

CS
A)

0.
24

> 
10

0
BH

K-
21

-
-

-
(1

10
)

sil
ym

ar
in

-
-

M
Y/

06
5/

08
/

FN
29

54
85

(E
CS

A)

35
88

1
Ve

ro
-

-
-

(1
11

)



 Chapter 2

60

Co
m

po
un

db
Vi

ra
l 

ta
rg

et
Re

si
st

an
ce

m
ut

ati
on

(s
)

In
 v

itr
o 

effi
ca

cy
In

 v
iv

o 
effi

ca
cy

Re
fe

re
nc

e
CH

IK
Vs

tr
ai

n
(g

en
ot

yp
e)

c

EC
50

 (µ
M

)
or

ot
he

r 
re

ad
ou

td
CC

50
 (µ

M
)

Ce
ll 

lin
e

CH
IK

V
st

ra
in

(g
en

ot
yp

e)
Effi

ca
cy

M
ou

se
 

m
od

el
an

dr
og

ra
ph

ol
id

e
-

-
07

08
(E

CS
A)

77
.3

9
1,

09
8

H
ep

G
2

-
-

-
(1

15
)

m
ic

af
un

gi
n

(R
)

-
-

S2
7

(E
CS

A)
20

.6
 ±

 1
.7

> 
10

0
U

2O
S

-
-

-
(1

16
)

M
BZ

M
-N

-IB
T

-
-

S2
7

(E
CS

A)
38

.7
> 

80
0

Ve
ro

-
-

-
(1

17
)

im
ip

ra
m

in
e

(R
)

-
-

LR
20

06
 O

PY
1

 (E
CS

A)
3 

lo
g 10

re
du

cti
on

 in
 

tit
re

 w
ith

 7
5 

µM
 d

os
e

> 
10

0
H

FF
1

-
-

-
(1

12
)

to
m

ati
di

ne
-

-
LR

20
06

 O
PY

1
 (E

CS
A)

1.
3

15
6

H
uh

-7
-

-
-

(1
13

)

sil
ve

st
ro

l
(H

T)
-

-
IO

 8
99

 
(E

CS
A)

0.
00

18
9

> 
0.

03
H

EK
-

29
3T

-
-

-
(1

14
)

 a n.
s.

 –
 n

ot
 s

pe
ci

fie
d;

 - 
no

t d
et

er
m

in
ed

/n
ot

 d
on

e 
(in

 v
iv

o 
st

ud
ie

s)
; N

, n
ov

el
; N

A,
 n

uc
le

os
id

e 
an

al
og

ue
; R

, r
ep

ur
po

se
d 

co
m

po
un

d;
 V

EE
V,

 V
en

ez
ue

la
n 

eq
ui

ne
 e

nc
ep

ha
liti

s 
vi

ru
s.

 T
he

 n
um

be
rin

g 
of

 m
ut

ati
on

s 
th

at
 p

ro
vi

de
 r

es
ist

an
ce

 is
 b

as
ed

 o
n 

th
e 

CH
IK

V 
ge

no
m

e 
of

 t
he

 s
tr

ai
n 

in
di

ca
te

d 
in

 t
he

 
ta

bl
e,

 u
nl

es
s 

in
di

ca
te

d 
ot

he
rw

ise
. 

DA
, 

di
re

ct
-a

cti
ng

 c
om

po
un

ds
; 

H
T,

 h
os

t-t
ar

ge
tin

g 
co

m
po

un
ds

; 
H

T/
DA

, 
bo

th
 h

os
t-t

ar
ge

tin
g 

an
d 

di
re

ct
-a

cti
ng

 
co

m
po

un
ds

.														




















 
b If 

th
e 

st
ud

y 
de

sc
rib

ed
 a

 f
am

ily
/c

la
ss

 o
f 

co
m

po
un

ds
 w

ith
 a

nti
vi

ra
l 

ac
tiv

ity
, 

on
ly

 t
he

 a
nti

vi
ra

l 
ac

tiv
ity

 o
f 

th
e 

m
os

t 
po

te
nt

 a
nd

 o
r 

th
e 

m
os

t  
re

pr
es

en
ta

tiv
e 

co
m

po
un

d 
is 

re
po

rt
ed

.									












 

c O
nl

y 
  c

om
po

un
ds

  f
or

  w
hi

ch
  t

he
  a

nti
vi

ra
l  

ac
tiv

ity
  w

as
 te

st
ed

  u
sin

g 
 in

fe
cti

ou
s  

CH
IK

V 
 a

re
   

in
cl

ud
ed

;  
co

m
po

un
ds

  i
de

nti
fie

d 
us

in
g 

on
ly

 re
pl

ic
on

/ 
su

rr
og

at
e 

sy
st

em
s 

fo
r w

hi
ch

 c
on

fir
m

at
or

y 
ex

pe
rim

en
ts

 w
ith

 in
fe

cti
ou

s 
CH

IK
V 

w
er

e 
la

ck
in

g 
w

er
e 

ex
cl

ud
ed

. 						






 

d W
he

re
 a

 c
om

po
un

d 
sh

ow
ed

 a
cti

vi
ty

 in
 m

ul
tip

le
 c

el
l l

in
es

 a
nd

 a
ga

in
st

 m
ul

tip
le

 C
H

IK
V 

st
ra

in
s,

 t
he

 b
es

t 
va

lu
e 

(w
ith

 c
or

re
sp

on
di

ng
 c

el
l l

in
e)

 is
 

re
po

rt
ed

.



Review: small-molecule inhibitors of Chikungunya virus

61   

2

Ta
bl

e 
3:

 C
H

IK
V 

in
hi

bi
to

rs
 id

en
tifi

ed
 b

y 
in

 s
ili

co
 a

pp
ro

ac
he

s 
(m

ol
ec

ul
ar

 d
oc

ki
ng

, h
om

ol
og

y 
m

od
el

lin
g,

 p
ha

rm
ac

op
ho

re
 m

od
el

lin
g)

Co
m

po
un

d
Vi

ra
l 

ta
rg

et
Re

si
st

an
ce

m
ut

ati
on

(s
) 

Co
nfi

rm
ed

 
in

 
en

zy
m

ati
c 

as
sa

ys
?

Co
nfi

rm
ed

 
in

 
in

fe
ct

ed
 

ce
lls

?

In
 v

itr
o 

effi
ca

cy
In

 v
iv

o 
effi

ca
cy

Re
fe

re
nc

e

CH
IK

V
st

ra
in

(g
en

ot
yp

e)

EC
50

 (µ
M

)
or

 o
th

er
 

re
ad

ou
tb

CC
50

 
(µ

M
)

Ce
ll 

lin
e

CH
IK

V 
st

ra
in

(g
en

ot
yp

e)
Effi

ca
cy

M
ou

se
 

m
od

el
25

ns
P2

-a
no

ye
s

IO
 8

99
 

(E
CS

A)
3.

2 
± 

1.
8

10
1 

± 
50

Ve
ro

-
-

-
(7

8)

7
ns

P2
-

no
ye

s
LR

20
06

 O
PY

1
(E

CS
A)

0.
42

> 
10

0
Ve

ro
-

-
-

(7
9)

8
ns

P2
-

ye
s

ye
s

LR
20

06
 O

PY
1

(E
CS

A)
~1

.5
> 

20
0

BH
K-

21
-

-
-

(8
0)

3a
ns

P2
-

no
ye

s
n.

s.
8.

76
 µ

g/
m

l
n.

s.
Ve

ro
-

-
-

(8
1)

4b
ns

P2
-

no
ye

s
n.

s.
8.

94
µg

/m
l

n.
s.

Ve
ro

-
-

-
(8

1)

ba
ic

al
in

ns
P3

-
no

ye
s

M
Y/

06
5/

08
/

FN
29

54
85

(E
CS

A)

5
> 

60
0

Ve
ro

-
-

-
(9

0)

a -, 
no

t d
et

er
m

in
ed

/n
ot

 d
on

e 
(in

 v
iv

o 
st

ud
ie

s)
	

 
b Da

ta
 re

pr
es

en
t µ

M
 u

nl
es

s 
ot

he
rw

ise
 in

di
ca

te
d.

 



 Chapter 2

62

Ta
bl

e 
4:

 C
H

IK
V 

in
hi

bi
to

rs
 id

en
tifi

ed
 in

 in
 v

itr
o 

bi
oc

he
m

ic
al

 a
ss

ay
/ a

ss
ay

s 
w

ith
 p

ur
ifi

ed
 p

ro
te

in
a

Co
m

po
un

d
Vi

ra
l 

ta
rg

et
Re

si
st

an
ce

m
ut

ati
on

(s
)

Co
nfi

rm
ed

 
in

 in
fe

ct
ed

 
ce

lls
?

In
 v

itr
o 

effi
ca

cy
In

 v
iv

o 
effi

ca
cy

Re
fe

re
nc

e

CH
IK

V 
st

ra
in

(g
en

ot
yp

e)
EC

50
 (µ

M
)

CC
50

 (µ
M

)
Ce

ll 
lin

e

CH
IK

V 
st

ra
in

(g
en

ot
yp

e)
Effi

ca
cy

M
ou

se
 

m
od

el
5-

io
do

tu
be

rc
id

in
(N

A)
ns

P1
-

Ye
s

cl
in

ic
al

 
iso

la
te

11
90

67

0.
40

9
> 

50
Ve

ro
-

-
-

(6
6)

lo
ba

ric
 a

ci
d

ns
P1

-
Ye

s
LR

20
06

 
O

PY
1

(E
CS

A)

9.
9 

± 
2.

6
76

.3
 ±

 2
.1

BH
K

-
-

-
(6

7)

sin
ef

un
gi

n
ns

P1
-

Ye
s

CH
IK

V 
LS

3
18

4.
9 

± 
38

.4
> 

1,
00

0
Ve

ro
E6

-
-

-
(6

6,
 1

22
)

Ko
va

ci
ko

va
 

et
 a

l.,
un

pu
bl

ish
ed

a Fo
r c

om
po

un
ds

 id
en

tifi
ed

 u
sin

g 
in

 s
ili

co
 a

pp
ro

ac
he

s,
 o

nl
y 

th
os

e 
co

m
po

un
ds

 fo
r w

hi
ch

 th
e 

an
tiv

ira
l a

cti
vi

ty
 w

as
 d

em
on

st
ra

te
d 

in
 c

el
l c

ul
tu

re
 u

sin
g 

in
fe

cti
ou

s C
H

IK
V 

ar
e 

re
po

rt
ed

; a
ll 

ot
he

r c
om

po
un

ds
 fo

r w
hi

ch
 a

cti
vi

ty
 w

as
 c

la
im

ed
 a

ga
in

st
 C

H
IK

V 
fr

om
 in

 si
lic

o 
sc

re
en

s,
 b

ut
 fo

r w
hi

ch
 n

o 
ac

tiv
ity

 in
 

ce
ll-

ba
se

d 
as

sa
ys

 w
as

 re
po

rt
ed

, a
re

 e
xc

lu
de

d 
fr

om
 th

is 
ta

bl
e.

 -, 
no

t d
et

er
m

in
ed

/n
ot

 d
on

e 
(in

 v
iv

o 
st

ud
ie

s)



Review: small-molecule inhibitors of Chikungunya virus

63   

2

References
1.	 Robinson MC. 1955. An epidemic of virus disease in Southern Province, Tanganyika 

Territory, in 1952-53. I. Clinical features. Trans R Soc Trop Med Hyg 49:28-32.

2.	 Chretien JP, Anyamba A, Bedno SA, Breiman RF, Sang R, Sergon K, Powers AM, Onyango 
CO, Small J, Tucker CJ, Linthicum KJ. 2007. Drought-associated chikungunya emergence 
along coastal East Africa. Am J Trop Med Hyg 76:405-7.

3.	 Vazeille M, Moutailler S, Coudrier D, Rousseaux C, Khun H, Huerre M, Thiria J, Dehecq 
JS, Fontenille D, Schuffenecker I, Despres P, Failloux AB. 2007. Two Chikungunya isolates 
from the outbreak of La Reunion (Indian Ocean) exhibit different patterns of infection in 
the mosquito, Aedes albopictus. PLoS One 2:e1168.

4.	 Cassadou S, Boucau S, Petit-Sinturel M, Huc P, Leparc-Goffart I, Ledrans M. 2014. 
Emergence of chikungunya fever on the French side of Saint Martin island, October to 
December 2013. Euro Surveill 19.

5.	 Rezza G, Nicoletti L, Angelini R, Romi R, Finarelli AC, Panning M, Cordioli P, Fortuna C, 
Boros S, Magurano F, Silvi G, Angelini P, Dottori M, Ciufolini MG, Majori GC, Cassone A. 
2007. Infection with chikungunya virus in Italy: an outbreak in a temperate region. Lancet 
370:1840-6.

6.	 Venturi G, Di Luca M, Fortuna C, Remoli ME, Riccardo F, Severini F, Toma L, Del Manso M, 
Benedetti E, Caporali MG, Amendola A, Fiorentini C, De Liberato C, Giammattei R, Romi 
R, Pezzotti P, Rezza G, Rizzo C. 2017. Detection of a chikungunya outbreak in Central Italy, 
August to September 2017. Euro Surveill 22.

7.	 Grandadam M, Caro V, Plumet S, Thiberge JM, Souares Y, Failloux AB, Tolou HJ, Budelot 
M, Cosserat D, Leparc-Goffart I, Despres P. 2011. Chikungunya virus, southeastern France. 
Emerg Infect Dis 17:910-3.

8.	 Delisle E, Rousseau C, Broche B, Leparc-Goffart I, L’Ambert G, Cochet A, Prat C, Foulongne 
V, Ferre JB, Catelinois O, Flusin O, Tchernonog E, Moussion IE, Wiegandt A, Septfons A, 
Mendy A, Moyano MB, Laporte L, Maurel J, Jourdain F, Reynes J, Paty MC, Golliot F. 2015. 
Chikungunya outbreak in Montpellier, France, September to October 2014. Euro Surveill 
20.

9.	 Calba C, Guerbois-Galla M, Franke F, Jeannin C, Auzet-Caillaud M, Grard G, Pigaglio L, 
Decoppet A, Weicherding J, Savaill MC, Munoz-Riviero M, Chaud P, Cadiou B, Ramalli L, 
Fournier P, Noel H, De Lamballerie X, Paty MC, Leparc-Goffart I. 2017. Preliminary report 
of an autochthonous chikungunya outbreak in France, July to September 2017. Euro 
Surveill 22.

10.	 Suhrbier A. 2019. Rheumatic manifestations of chikungunya: emerging concepts and 
interventions. Nat Rev Rheumatol doi:10.1038/s41584-019-0276-9.

11.	 Law YS, Utt A, Tan YB, Zheng J, Wang S, Chen MW, Griffin PR, Merits A, Luo D. 2019. 
Structural insights into RNA recognition by the Chikungunya virus nsP2 helicase. Proc Natl 
Acad Sci U S A 116:9558-9567.

12.	 Narwal M, Singh H, Pratap S, Malik A, Kuhn RJ, Kumar P, Tomar S. 2018. Crystal structure 
of chikungunya virus nsP2 cysteine protease reveals a putative flexible loop blocking its 
active site. Int J Biol Macromol 116:451-462.



 Chapter 2

64

13.	 Malet H, Coutard B, Jamal S, Dutartre H, Papageorgiou N, Neuvonen M, Ahola T, Forrester 
N, Gould EA, Lafitte D, Ferron F, Lescar J, Gorbalenya AE, de Lamballerie X, Canard B. 
2009. The crystal structures of Chikungunya and Venezuelan equine encephalitis virus 
nsP3 macro domains define a conserved adenosine binding pocket. J Virol 83:6534-45.

14.	 Vogel RH, Provencher SW, von Bonsdorff CH, Adrian M, Dubochet J. 1986. Envelope 
structure of Semliki Forest virus reconstructed from cryo-electron micrographs. Nature 
320:533-5.

15.	 Paredes AM, Brown DT, Rothnagel R, Chiu W, Schoepp RJ, Johnston RE, Prasad BV. 1993. 
Three-dimensional structure of a membrane-containing virus. Proc Natl Acad Sci U S A 
90:9095-9.

16.	 von Bonsdorff CH, Harrison SC. 1975. Sindbis virus glycoproteins form a regular 
icosahedral surface lattice. J Virol 16:141-5.

17.	 Smith TJ, Cheng RH, Olson NH, Peterson P, Chase E, Kuhn RJ, Baker TS. 1995. Putative 
receptor binding sites on alphaviruses as visualized by cryoelectron microscopy. Proc Natl 
Acad Sci U S A 92:10648-52.

18.	 Helenius A, Kartenbeck J, Simons K, Fries E. 1980. On the entry of Semliki forest virus into 
BHK-21 cells. J Cell Biol 84:404-20.

19.	 Wahlberg JM, Bron R, Wilschut J, Garoff H. 1992. Membrane fusion of Semliki Forest virus 
involves homotrimers of the fusion protein. J Virol 66:7309-18.

20.	 Gibbons DL, Ahn A, Chatterjee PK, Kielian M. 2000. Formation and characterization of the 
trimeric form of the fusion protein of Semliki Forest Virus. J Virol 74:7772-80.

21.	 Varghese FS, Rausalu K, Hakanen M, Saul S, Kummerer BM, Susi P, Merits A, Ahola 
T. 2017. Obatoclax Inhibits Alphavirus Membrane Fusion by Neutralizing the Acidic 
Environment of Endocytic Compartments. Antimicrob Agents Chemother 61.

22.	 Delogu I, Pastorino B, Baronti C, Nougairede A, Bonnet E, de Lamballerie X. 2011. In vitro 
antiviral activity of arbidol against Chikungunya virus and characteristics of a selected 
resistant mutant. Antiviral Res 90:99-107.

23.	 Silva LA, Khomandiak S, Ashbrook AW, Weller R, Heise MT, Morrison TE, Dermody TS. 
2014. A single-amino-Acid polymorphism in chikungunya virus e2 glycoprotein influences 
glycosaminoglycan utilization. J Virol 88:2385-97.

24.	 Di Mola A, Peduto A, La Gatta A, Delang L, Pastorino B, Neyts J, Leyssen P, de Rosa M, 
Filosa R. 2014. Structure-activity relationship study of arbidol derivatives as inhibitors of 
chikungunya virus replication. Bioorg Med Chem 22:6014-25.

25.	 Albulescu IC, van Hoolwerff M, Wolters LA, Bottaro E, Nastruzzi C, Yang SC, Tsay SC, 
Hwu JR, Snijder EJ, van Hemert MJ. 2015. Suramin inhibits chikungunya virus replication 
through multiple mechanisms. Antiviral Res 121:39-46.

26.	 Ho YJ, Wang YM, Lu JW, Wu TY, Lin LI, Kuo SC, Lin CC. 2015. Suramin Inhibits Chikungunya 
Virus Entry and Transmission. PLoS One 10:e0133511.

27.	 Henss L, Beck S, Weidner T, Biedenkopf N, Sliva K, Weber C, Becker S, Schnierle BS. 2016. 
Suramin is a potent inhibitor of Chikungunya and Ebola virus cell entry. Virol J 13:149.

28.	 Albulescu IC, White-Scholten L, Tas A, Hoornweg TE, Ferla S, Kovacikova K, Smit JM, 
Brancale A, Snijder EJ, van Hemert MJ. 2020. Suramin Inhibits Chikungunya Virus 
Replication by Interacting with Virions and Blocking the Early Steps of Infection. Viruses 
12.



Review: small-molecule inhibitors of Chikungunya virus

65   

2

29.	 Kuo SC, Wang YM, Ho YJ, Chang TY, Lai ZZ, Tsui PY, Wu TY, Lin CC. 2016. Suramin treatment 
reduces chikungunya pathogenesis in mice. Antiviral Res 134:89-96.

30.	 Sharma R, Fatma B, Saha A, Bajpai S, Sistla S, Dash PK, Parida M, Kumar P, Tomar S. 2016. 
Inhibition of chikungunya virus by picolinate that targets viral capsid protein. Virology 
498:265-276.

31.	 Jing X, Ma C, Ohigashi Y, Oliveira FA, Jardetzky TS, Pinto LH, Lamb RA. 2008. Functional 
studies indicate amantadine binds to the pore of the influenza A virus M2 proton-
selective ion channel. Proc Natl Acad Sci U S A 105:10967-72.

32.	 Dey D, Siddiqui SI, Mamidi P, Ghosh S, Kumar CS, Chattopadhyay S, Ghosh S, Banerjee M. 
2019. The effect of amantadine on an ion channel protein from Chikungunya virus. PLoS 
Negl Trop Dis 13:e0007548.

33.	 Freedman A, Steinberg VL. 1960. Chloroquine in rheumatoid arthritis; a double blindfold 
trial of treatment for one year. Ann Rheum Dis 19:243-50.

34.	 Brighton SW. 1984. Chloroquine phosphate treatment of chronic Chikungunya arthritis. 
An open pilot study. S Afr Med J 66:217-8.

35.	 De Lamballerie X, Boisson V, Reynier JC, Enault S, Charrel RN, Flahault A, Roques P, Le 
Grand R. 2008. On chikungunya acute infection and chloroquine treatment. Vector Borne 
Zoonotic Dis 8:837-9.

36.	 Chopra A, Saluja M, Venugopalan A. 2014. Effectiveness of chloroquine and inflammatory 
cytokine response in patients with early persistent musculoskeletal pain and arthritis 
following chikungunya virus infection. Arthritis Rheumatol 66:319-26.

37.	 Maheshwari RK, Srikantan V, Bhartiya D. 1991. Chloroquine enhances replication of 
Semliki Forest virus and encephalomyocarditis virus in mice. J Virol 65:992-5.

38.	 Khan M, Santhosh SR, Tiwari M, Lakshmana Rao PV, Parida M. 2010. Assessment of in 
vitro prophylactic and therapeutic efficacy of chloroquine against Chikungunya virus in 
vero cells. J Med Virol 82:817-24.

39.	 Rothan HA, Bahrani H, Mohamed Z, Teoh TC, Shankar EM, Rahman NA, Yusof R. 2015. 
A combination of doxycycline and ribavirin alleviated chikungunya infection. PLoS One 
10:e0126360.

40.	 von Rhein C, Weidner T, Henß L, Martin J, Weber C, Sliva K, Schnierle BS. 2016. Curcumin 
and Boswellia serrata gum resin extract inhibit chikungunya and vesicular stomatitis virus 
infections in vitro. Antiviral Res 125:51-7.

41.	 Mounce BC, Cesaro T, Carrau L, Vallet T, Vignuzzi M. 2017. Curcumin inhibits Zika and 
chikungunya virus infection by inhibiting cell binding. Antiviral Res 142:148-157.

42.	 Wang YM, Lu JW, Lin CC, Chin YF, Wu TY, Lin LI, Lai ZZ, Kuo SC, Ho YJ. 2016. Antiviral 
activities of niclosamide and nitazoxanide against chikungunya virus entry and 
transmission. Antiviral Res 135:81-90.

43.	 Pohjala L, Utt A, Varjak M, Lulla A, Merits A, Ahola T, Tammela P. 2011. Inhibitors of 
alphavirus entry and replication identified with a stable Chikungunya replicon cell line 
and virus-based assays. PLoS One 6:e28923.

44.	 Wintachai P, Thuaud F, Basmadjian C, Roytrakul S, Ubol S, Desaubry L, Smith DR. 2015. 
Assessment of flavaglines as potential chikungunya virus entry inhibitors. Microbiol 
Immunol doi:10.1111/1348-0421.12230.



 Chapter 2

66

45.	 Khan AH, Morita K, Parquet Md Mdel C, Hasebe F, Mathenge EG, Igarashi A. 2002. 
Complete nucleotide sequence of chikungunya virus and evidence for an internal 
polyadenylation site. J Gen Virol 83:3075-84.

46.	 Cross RK. 1983. Identification of a unique guanine-7-methyltransferase in Semliki Forest 
virus (SFV) infected cell extracts. Virology 130:452-63.

47.	 Ahola T, Kaariainen L. 1995. Reaction in alphavirus mRNA capping: formation of a 
covalent complex of nonstructural protein nsP1 with 7-methyl-GMP. Proc Natl Acad Sci U 
S A 92:507-11.

48.	 Vasiljeva L, Merits A, Auvinen P, Kaariainen L. 2000. Identification of a novel function of 
the alphavirus capping apparatus. RNA 5’-triphosphatase activity of Nsp2. J Biol Chem 
275:17281-7.

49.	 Spuul P, Salonen A, Merits A, Jokitalo E, Kaariainen L, Ahola T. 2007. Role of the 
amphipathic peptide of Semliki forest virus replicase protein nsP1 in membrane 
association and virus replication. J Virol 81:872-83.

50.	 Laakkonen P, Ahola T, Kaariainen L. 1996. The effects of palmitoylation on membrane 
association of Semliki forest virus RNA capping enzyme. J Biol Chem 271:28567-71.

51.	 Bakhache W, Neyret A, Bernard E, Merits A, Briant L. 2020. Palmitoylated cysteines in 
Chikungunya virus nsP1 are critical for targeting to cholesterol-rich plasma membrane 
microdomains with functional consequences for viral genome replication. J Virol 
doi:10.1128/jvi.02183-19.

52.	 Wang HL, O’Rear J, Stollar V. 1996. Mutagenesis of the Sindbis virus nsP1 protein: effects 
on methyltransferase activity and viral infectivity. Virology 217:527-31.

53.	 Gigante A, Canela MD, Delang L, Priego EM, Camarasa MJ, Querat G, Neyts J, Leyssen 
P, Perez-Perez MJ. 2014. Identification of [1,2,3]Triazolo[4,5-d]pyrimidin-7(6H)-ones as 
Novel Inhibitors of Chikungunya Virus Replication. J Med Chem 57:4000-8.

54.	 Gigante A, Gomez-SanJuan A, Delang L, Li C, Bueno O, Gamo AM, Priego EM, Camarasa 
MJ, Jochmans D, Leyssen P, Decroly E, Coutard B, Querat G, Neyts J, Perez-Perez MJ. 
2017. Antiviral activity of [1,2,3]triazolo[4,5-d]pyrimidin-7(6H)-ones against chikungunya 
virus targeting the viral capping nsP1. Antiviral Res 144:216-222.

55.	 Delang L, Li C, Tas A, Querat G, Albulescu IC, De Burghgraeve T, Guerrero NA, Gigante A, 
Piorkowski G, Decroly E, Jochmans D, Canard B, Snijder EJ, Perez-Perez MJ, van Hemert 
MJ, Coutard B, Leyssen P, Neyts J. 2016. The viral capping enzyme nsP1: a novel target for 
the inhibition of chikungunya virus infection. Sci Rep 6:31819.

56.	 Moesslacher J, Battisti V, Delang L, Neyts J, Abdelnabi R, Pürstinger G, Urban E, Langer 
T. 2020. Identification of 2-(4-(Phenylsulfonyl)piperazine-1-yl)pyrimidine Analogues as 
Novel Inhibitors of Chikungunya Virus. ACS Med Chem Lett 11:906-912.

57.	 Abdelnabi R, Kovacikova K, Moesslacher J, Donckers K, Battisti V, Leyssen P, Langer T, 
Puerstinger G, Quérat G, Li C, Decroly E, Tas A, Marchand A, Chaltin P, Coutard B, van 
Hemert M, Neyts J, Delang L. 2020. Novel Class of Chikungunya Virus Small Molecule 
Inhibitors That Targets the Viral Capping Machinery. Antimicrob Agents Chemother 64.

58.	 Shin YS, Jarhad DB, Jang MH, Kovacikova K, Kim G, Yoon JS, Kim HR, Hyun YE, Tipnis 
AS, Chang TS, van Hemert MJ, Jeong LS. 2020. Identification of 6’-beta-fluoro-
homoaristeromycin as a potent inhibitor of chikungunya virus replication. Eur J Med 
Chem 187:111956.



Review: small-molecule inhibitors of Chikungunya virus

67   

2

59.	 Kovacikova K, Morren BM, Tas A, Albulescu IC, van Rijswijk R, Jarhad DB, Shin YS, 
Jang MH, Kim G, Lee HW, Jeong LS, Snijder EJ, van Hemert MJ. 2020. 6’-beta-Fluoro-
Homoaristeromycin and 6’-Fluoro-Homoneplanocin A Are Potent Inhibitors of 
Chikungunya Virus Replication through Their Direct Effect on Viral Nonstructural Protein 
1. Antimicrob Agents Chemother 64.

60.	 Mounce BC, Cesaro T, Moratorio G, Hooikaas PJ, Yakovleva A, Werneke SW, Smith EC, 
Poirier EZ, Simon-Loriere E, Prot M, Tamietti C, Vitry S, Volle R, Khou C, Frenkiel MP, 
Sakuntabhai A, Delpeyroux F, Pardigon N, Flamand M, Barba-Spaeth G, Lafon M, Denison 
MR, Albert ML, Vignuzzi M. 2016. Inhibition of Polyamine Biosynthesis Is a Broad-
Spectrum Strategy against RNA Viruses. J Virol 90:9683-9692.

61.	 Mounce BC, Cesaro T, Vlajnić L, Vidiņa A, Vallet T, Weger-Lucarelli J, Passoni G, Stapleford 
KA, Levraud JP, Vignuzzi M. 2017. Chikungunya Virus Overcomes Polyamine Depletion by 
Mutation of nsP1 and the Opal Stop Codon To Confer Enhanced Replication and Fitness. J 
Virol 91.

62.	 Khan M, Dhanwani R, Patro IK, Rao PV, Parida MM. 2011. Cellular IMPDH enzyme activity 
is a potential target for the inhibition of Chikungunya virus replication and virus induced 
apoptosis in cultured mammalian cells. Antiviral Res 89:1-8.

63.	 Scheidel LM, Stollar V. 1991. Mutations that confer resistance to mycophenolic acid and 
ribavirin on Sindbis virus map to the nonstructural protein nsP1. Virology 181:490-9.

64.	 Scheidel LM, Durbin RK, Stollar V. 1987. Sindbis virus mutants resistant to mycophenolic 
acid and ribavirin. Virology 158:1-7.

65.	 Rosenblum CI, Scheidel LM, Stollar V. 1994. Mutations in the nsP1 coding sequence 
of Sindbis virus which restrict viral replication in secondary cultures of chick embryo 
fibroblasts prepared from aged primary cultures. Virology 198:100-8.

66.	 Mudgal R, Mahajan S, Tomar S. 2020. Inhibition of Chikungunya virus by an adenosine 
analog targeting the SAM-dependent nsP1 methyltransferase. FEBS Lett 594:678-694.

67.	 Feibelman KM, Fuller BP, Li L, LaBarbera DV, Geiss BJ. 2018. Identification of small 
molecule inhibitors of the Chikungunya virus nsP1 RNA capping enzyme. Antiviral Res 
154:124-131.

68.	 Karpe YA, Aher PP, Lole KS. 2011. NTPase and 5’-RNA Triphosphatase Activities of 
Chikungunya Virus nsP2 Protein. PLoS One 6:e22336.

69.	 Rikkonen M, Peranen J, Kaariainen L. 1994. ATPase and GTPase activities associated with 
Semliki Forest virus nonstructural protein nsP2. J Virol 68:5804-10.

70.	 Gomez de Cedron M, Ehsani N, Mikkola ML, Garcia JA, Kaariainen L. 1999. RNA helicase 
activity of Semliki Forest virus replicase protein NSP2. FEBS Lett 448:19-22.

71.	 Hardy WR, Strauss JH. 1989. Processing the nonstructural polyproteins of sindbis virus: 
nonstructural proteinase is in the C-terminal half of nsP2 and functions both in cis and in 
trans. J Virol 63:4653-64.

72.	 Vasiljeva L, Valmu L, Kääriäinen L, Merits A. 2001. Site-specific protease activity of the 
carboxyl-terminal domain of Semliki Forest virus replicase protein nsP2. J Biol Chem 
276:30786-93.

73.	 Utt A, Das PK, Varjak M, Lulla V, Lulla A, Merits A. 2015. Mutations conferring a 
noncytotoxic phenotype on chikungunya virus replicons compromise enzymatic 
properties of nonstructural protein 2. J Virol 89:3145-62.



 Chapter 2

68

74.	 Akhrymuk I, Kulemzin SV, Frolova EI. 2012. Evasion of the Innate Immune Response: 
the Old World Alphavirus nsP2 Protein Induces Rapid Degradation of Rpb1, a Catalytic 
Subunit of RNA Polymerase II. J Virol 86:7180-91.

75.	 Treffers EE, Tas A, Scholte FE, Van MN, Heemskerk MT, de Ru AH, Snijder EJ, van Hemert 
MJ, van Veelen PA. 2015. Temporal SILAC-based quantitative proteomics identifies 
host factors involved in chikungunya virus replication. Proteomics doi:10.1002/
pmic.201400581.

76.	 Akhrymuk I, Lukash T, Frolov I, Frolova EI. 2019. Novel Mutations in nsP2 Abolish 
Chikungunya Virus-Induced Transcriptional Shutoff and Make the Virus Less Cytopathic 
without Affecting Its Replication Rates. J Virol 93.

77.	 Göertz GP, McNally KL, Robertson SJ, Best SM, Pijlman GP, Fros JJ. 2018. The 
Methyltransferase-Like Domain of Chikungunya Virus nsP2 Inhibits the Interferon 
Response by Promoting the Nuclear Export of STAT1. J Virol 92.

78.	 Bassetto M, De Burghgraeve T, Delang L, Massarotti A, Coluccia A, Zonta N, Gatti V, 
Colombano G, Sorba G, Silvestri R, Tron GC, Neyts J, Leyssen P, Brancale A. 2013. 
Computer-aided identification, design and synthesis of a novel series of compounds with 
selective antiviral activity against chikungunya virus. Antiviral Res 98:12-8.

79.	 Jadav SS, Sinha BN, Hilgenfeld R, Pastorino B, de Lamballerie X, Jayaprakash V. 2015. 
Thiazolidone derivatives as inhibitors of chikungunya virus. Eur J Med Chem 89:172-8.

80.	 Das PK, Puusepp L, Varghese FS, Utt A, Ahola T, Kananovich DG, Lopp M, Merits A, 
Karelson M. 2016. Design and validation of novel chikungunya virus protease inhibitors. 
Antimicrob Agents Chemother doi:10.1128/aac.01421-16.

81.	 El-Labbad EM, Ismail MA, Abou Ei Ella DA, Ahmed M, Wang F, Barakat KH, Abouzid KA. 
2015. Discovery of Novel Peptidomimetics as Irreversible CHIKV NsP2 Protease Inhibitors 
Using Quantum Mechanical-Based Ligand Descriptors. Chem Biol Drug Des doi:10.1111/
cbdd.12621.

82.	 Shin G, Yost SA, Miller MT, Elrod EJ, Grakoui A, Marcotrigiano J. 2012. Structural and 
functional insights into alphavirus polyprotein processing and pathogenesis. Proc Natl 
Acad Sci U S A 109:16534-9.

83.	 Foy NJ, Akhrymuk M, Akhrymuk I, Atasheva S, Bopda-Waffo A, Frolov I, Frolova EI. 2013. 
Hypervariable domains of nsP3 proteins of New World and Old World alphaviruses 
mediate formation of distinct, virus-specific protein complexes. J Virol 87:1997-2010.

84.	 Kim DY, Reynaud JM, Rasalouskaya A, Akhrymuk I, Mobley JA, Frolov I, Frolova EI. 2016. 
New World and Old World Alphaviruses Have Evolved to Exploit Different Components 
of Stress Granules, FXR and G3BP Proteins, for Assembly of Viral Replication Complexes. 
PLoS Pathog 12:e1005810.

85.	 Meshram CD, Agback P, Shiliaev N, Urakova N, Mobley JA, Agback T, Frolova EI, Frolov I. 
2018. Multiple Host Factors Interact with the Hypervariable Domain of Chikungunya Virus 
nsP3 and Determine Viral Replication in Cell-Specific Mode. J Virol 92.

86.	 Abraham R, Hauer D, McPherson RL, Utt A, Kirby IT, Cohen MS, Merits A, Leung AKL, 
Griffin DE. 2018. ADP-ribosyl-binding and hydrolase activities of the alphavirus nsP3 
macrodomain are critical for initiation of virus replication. Proc Natl Acad Sci U S A 
115:E10457-e10466.



Review: small-molecule inhibitors of Chikungunya virus

69   

2

87.	 McPherson RL, Abraham R, Sreekumar E, Ong SE, Cheng SJ, Baxter VK, Kistemaker HA, 
Filippov DV, Griffin DE, Leung AK. 2017. ADP-ribosylhydrolase activity of Chikungunya 
virus macrodomain is critical for virus replication and virulence. Proc Natl Acad Sci U S A 
114:1666-1671.

88.	 Gao Y, Goonawardane N, Ward J, Tuplin A, Harris M. 2019. Multiple roles of the non-
structural protein 3 (nsP3) alphavirus unique domain (AUD) during Chikungunya virus 
genome replication and transcription. PLoS Pathog 15:e1007239.

89.	 Seyedi SS, Shukri M, Hassandarvish P, Oo A, Muthu SE, Abubakar S, Zandi K. 2016. 
Computational Approach Towards Exploring Potential Anti-Chikungunya Activity of 
Selected Flavonoids. Sci Rep 6:24027.

90.	 Oo A, Rausalu K, Merits A, Higgs S, Vanlandingham D, Bakar SA, Zandi K. 2018. 
Deciphering the potential of baicalin as an antiviral agent for Chikungunya virus infection. 
Antiviral Res 150:101-111.

91.	 Pietila MK, Hellstrom K, Ahola T. 2017. Alphavirus polymerase and RNA replication. Virus 
Res doi:10.1016/j.virusres.2017.01.007.

92.	 Tomar S, Hardy RW, Smith JL, Kuhn RJ. 2006. Catalytic core of alphavirus nonstructural 
protein nsP4 possesses terminal adenylyltransferase activity. J Virol 80:9962-9.

93.	 Bhatia HK, Singh H, Grewal N, Natt NK. 2014. Sofosbuvir: A novel treatment option for 
chronic hepatitis C infection. J Pharmacol Pharmacother 5:278-84.

94.	 Ferreira AC, Reis PA, de Freitas CS, Sacramento CQ, Villas Boas Hoelz L, Bastos MM, 
Mattos M, Rocha N, Gomes de Azevedo Quintanilha I, da Silva Gouveia Pedrosa C, Rocha 
Quintino Souza L, Correia Loiola E, Trindade P, Rangel Vieira Y, Barbosa-Lima G, de Castro 
Faria Neto HC, Boechat N, Rehen SK, Bruning K, Bozza FA, Bozza PT, Souza TML. 2019. 
Beyond Members of the Flaviviridae Family, Sofosbuvir Also Inhibits Chikungunya Virus 
Replication. Antimicrob Agents Chemother 63.

95.	 Ehteshami M, Tao S, Zandi K, Hsiao HM, Jiang Y, Hammond E, Amblard F, Russell OO, 
Merits A, Schinazi RF. 2017. Characterization of beta-D-N4-hydroxycytidine as a Novel 
Inhibitor of Chikungunya Virus. Antimicrob Agents Chemother doi:10.1128/aac.02395-16.

96.	 Urakova N, Kuznetsova V, Crossman DK, Sokratian A, Guthrie DB, Kolykhalov AA, 
Lockwood MA, Natchus MG, Crowley MR, Painter GR, Frolova EI, Frolov I. 2018. β-d-N 
(4)-Hydroxycytidine Is a Potent Anti-alphavirus Compound That Induces a High Level of 
Mutations in the Viral Genome. J Virol 92.

97.	 Delang L, Segura Guerrero N, Tas A, Querat G, Pastorino B, Froeyen M, Dallmeier K, 
Jochmans D, Herdewijn P, Bello F, Snijder EJ, de Lamballerie X, Martina B, Neyts J, 
van Hemert MJ, Leyssen P. 2014. Mutations in the chikungunya virus non-structural 
proteins cause resistance to favipiravir (T-705), a broad-spectrum antiviral. J Antimicrob 
Chemother 69:2770-84.

98.	 Abdelnabi R, Jochmans D, Verbeken E, Neyts J, Delang L. 2017. Antiviral treatment 
efficiently inhibits chikungunya virus infection in the joints of mice during the acute 
but not during the chronic phase of the infection. Antiviral Res doi:10.1016/j.
antiviral.2017.09.016.

99.	 Coffey LL, Beeharry Y, Borderia AV, Blanc H, Vignuzzi M. 2011. Arbovirus high fidelity 
variant loses fitness in mosquitoes and mice. Proc Natl Acad Sci U S A 108:16038-43.



 Chapter 2

70

100.	Ashbrook AW, Lentscher AJ, Zamora PF, Silva LA, May NA, Bauer JA, Morrison TE, 
Dermody TS. 2016. Antagonism of the Sodium-Potassium ATPase Impairs Chikungunya 
Virus Infection. MBio 7.

101.	Rathore AP, Haystead T, Das PK, Merits A, Ng ML, Vasudevan SG. 2014. Chikungunya virus 
nsP3 & nsP4 interacts with HSP-90 to promote virus replication: HSP-90 inhibitors reduce 
CHIKV infection and inflammation in vivo. Antiviral Res 103:7-16.

102.	Rada B, Dragun M. 1977. Antiviral action and selectivity of 6-azauridine. Ann N Y Acad Sci 
284:410-7.

103.	Scholte FE, Tas A, Martina BE, Cordioli P, Narayanan K, Makino S, Snijder EJ, van Hemert 
MJ. 2013. Characterization of synthetic Chikungunya viruses based on the consensus 
sequence of recent E1-226V isolates. PLoS One 8:e71047.

104.	Briolant S, Garin D, Scaramozzino N, Jouan A, Crance JM. 2004. In vitro inhibition of 
Chikungunya and Semliki Forest viruses replication by antiviral compounds: synergistic 
effect of interferon-alpha and ribavirin combination. Antiviral Res 61:111-7.

105.	Yang Y, Cao L, Gao H, Wu Y, Wang Y, Fang F, Lan T, Lou Z, Rao Y. 2019. Discovery, 
Optimization, and Target Identification of Novel Potent Broad-Spectrum Antiviral 
Inhibitors. J Med Chem 62:4056-4073.

106.	Cifuentes Kottkamp A, De Jesus E, Grande R, Brown JA, Jacobs AR, Lim JK, Stapleford KA. 
2019. Atovaquone Inhibits Arbovirus Replication through the Depletion of Intracellular 
Nucleotides. J Virol 93.

107.	Varghese FS, Kaukinen P, Glasker S, Bespalov M, Hanski L, Wennerberg K, Kummerer BM, 
Ahola T. 2016. Discovery of berberine, abamectin and ivermectin as antivirals against 
chikungunya and other alphaviruses. Antiviral Res 126:117-24.

108.	Wan JJ, Brown RS, Kielian M. 2020. Berberine Chloride is an Alphavirus Inhibitor That 
Targets Nucleocapsid Assembly. mBio 11.

109.	Varghese FS, Thaa B, Amrun SN, Simarmata D, Rausalu K, Nyman TA, Merits A, McInerney 
GM, Ng LFP, Ahola T. 2016. The Antiviral Alkaloid Berberine Reduces Chikungunya Virus-
Induced Mitogen-Activated Protein Kinase Signaling. J Virol 90:9743-9757.

110.	Kaur P, Thiruchelvan M, Lee RC, Chen H, Chen KC, Ng ML, Chu JJ. 2013. Inhibition of 
chikungunya virus replication by harringtonine, a novel antiviral that suppresses viral 
protein expression. Antimicrob Agents Chemother 57:155-67.

111.	Lani R, Hassandarvish P, Chiam CW, Moghaddam E, Chu JJ, Rausalu K, Merits A, Higgs 
S, Vanlandingham D, Abu Bakar S, Zandi K. 2015. Antiviral activity of silymarin against 
chikungunya virus. Sci Rep 5:11421.

112.	Wichit S, Hamel R, Bernard E, Talignani L, Diop F, Ferraris P, Liegeois F, Ekchariyawat P, 
Luplertlop N, Surasombatpattana P, Thomas F, Merits A, Choumet V, Roques P, Yssel H, 
Briant L, Missé D. 2017. Imipramine Inhibits Chikungunya Virus Replication in Human Skin 
Fibroblasts through Interference with Intracellular Cholesterol Trafficking. Sci Rep 7:3145.

113.	Troost B, Mulder LM, Diosa-Toro M, van de Pol D, Rodenhuis-Zybert IA, Smit JM. 2020. 
Tomatidine, a natural steroidal alkaloid shows antiviral activity towards chikungunya virus 
in vitro. Sci Rep 10:6364.

114.	Henss L, Scholz T, Grünweller A, Schnierle BS. 2018. Silvestrol Inhibits Chikungunya Virus 
Replication. Viruses 10.



Review: small-molecule inhibitors of Chikungunya virus

71   

2

115.	Wintachai P, Kaur P, Lee RC, Ramphan S, Kuadkitkan A, Wikan N, Ubol S, Roytrakul S, Chu 
JJ, Smith DR. 2015. Activity of andrographolide against chikungunya virus infection. Sci 
Rep 5:14179.

116.	Ho YJ, Liu FC, Yeh CT, Yang CM, Lin CC, Lin TY, Hsieh PS, Hu MK, Gong Z, Lu JW. 2018. 
Micafungin is a novel anti-viral agent of chikungunya virus through multiple mechanisms. 
Antiviral Res 159:134-142.

117.	Mishra P, Kumar A, Mamidi P, Kumar S, Basantray I, Saswat T, Das I, Nayak TK, 
Chattopadhyay S, Subudhi BB, Chattopadhyay S. 2016. Inhibition of Chikungunya Virus 
Replication by 1-[(2-Methylbenzimidazol-1-yl) Methyl]-2-Oxo-Indolin-3-ylidene] Amino] 
Thiourea(MBZM-N-IBT). Sci Rep 6:20122.

118.	Delang L, Yen PS, Vallet T, Vazeille M, Vignuzzi M, Failloux AB. 2018. Differential 
Transmission of Antiviral Drug-Resistant Chikungunya Viruses by Aedes Mosquitoes. 
mSphere 3.

119.	Franco EJ, Rodriquez JL, Pomeroy JJ, Hanrahan KC, Brown AN. 2018. The effectiveness of 
antiviral agents with broad-spectrum activity against chikungunya virus varies between 
host cell lines. Antivir Chem Chemother 26:2040206618807580.

120.	Poo YS, Rudd PA, Gardner J, Wilson JA, Larcher T, Colle MA, Le TT, Nakaya HI, Warrilow D, 
Allcock R, Bielefeldt-Ohmann H, Schroder WA, Khromykh AA, Lopez JA, Suhrbier A. 2014. 
Multiple immune factors are involved in controlling acute and chronic chikungunya virus 
infection. PLoS Negl Trop Dis 8:e3354.

121.	Mounce BC, Poirier EZ, Passoni G, Simon-Loriere E, Cesaro T, Prot M, Stapleford 
KA, Moratorio G, Sakuntabhai A, Levraud JP, Vignuzzi M. 2016. Interferon-Induced 
Spermidine-Spermine Acetyltransferase and Polyamine Depletion Restrict Zika and 
Chikungunya Viruses. Cell Host Microbe 20:167-77.

122.	Kaur R, Mudgal R, Narwal M, Tomar S. 2018. Development of an ELISA assay for screening 
inhibitors against divalent metal ion dependent alphavirus capping enzyme. Virus Res 
256:209-218.





CHAPTER 
Iden� fi ca� on of 6’-fl uorinated-aristeromycin

and 6’-fl uorinated-homoaristeromycin
analogues as Chikungunya virus inhibitors

Kristi na Kovacikovaa, Dnyandev B. Jarhadb, Su Bin Wangb, Yun Jeong Kongb,

Tong-Shin Changb, Eric J Snijdera,Marti jn J van Hemerta and Lak Shin Jeongb

a Department of Medical Microbiology, Leiden University Medical Center, Albinusdreef 2, 2333ZA Leiden, 

The Netherlands
b Research Ins� tute of Pharmaceu� cal Sciences, College of Pharmacy, Seoul Na� onal University, Seoul 

08826, South Korea

The work described in this chapter has been published in: 

Yoon JS, Kim G, Jarhad DB, Kim HR, Shin YS, Qu S, Sahu PK, Kim HO, Lee HW, Wang SB, Kong YJ, Chang TS, 

Ogando NS, Kovacikova K, Snijder EJ, Posthuma CC, van Hemert MJ, Jeong LS. Design, Synthesis and An-

� -RNA Virus Ac� vity of 6’-Fluorinated-Aristeromycin Analogues.

J Med Chem. 2019; 62(13): 6346-6362.

Shin YS, Jarhad DB, Jang MH, Kovacikova K, Kim G, Yoon JS, Kim HR, Hyun YE, Tipnis AS, Chang TS, van Hem-

ert MJ, Jeong LS. Iden� fi ca� on of

6’-β-fl uoro-homoaristeromycin as a potent inhibitor of chikungunya virus replica� on.

Eur J Med Chem. 2020; 187: 111956.

3



 Chapter 3

74

Abstract
6’-fluorinated-aristeromycin analogues were designed as dual-target antiviral 
compounds aimed at inhibiting both Chikungunya virus (CHIKV) RNA-dependent RNA 
polymerase and the host cell S-adenosyl-L-homocysteine (SAH) hydrolase. Our results 
demonstrated that the introduction of a fluorine at the 6’-position of aristeromycin 
to yield 6’-fluorinated-aristeromycin analogues enhanced the inhibition of SAH 
hydrolase as well as the antiviral activity of these compounds. Aristeromycin and the 
N6-mehyltaristeromycin analogues 2a-e showed potent inhibition of SAH hydrolase, 
while only the aristeromycin derivatives 2b-c exhibited antiviral activity against CHIKV. 
6’,6’-Difluoro-aristeromycin (2c) showed the strongest anti-CHIKV effect among the 
6’-fluorinated-aristeromycin analogues, with more than 2 log10 reduction of the 
infectious progeny titer. Due to their substantial cytotoxicity, likely attributable to 
5’-phosphorylation, one-carbon homologated 6’-fluorinated-aristeromycin analogues 
were designed. This approach was intended to prevent 5’-phosphorylation by cellular 
kinases while retaining the inhibitory activity against SAH hydrolase. Four out of 
five synthesized 6’-fluorinated-homoaristeromycin analogues 4a-e exhibited potent 
inhibitory activity towards SAH hydrolase, among which 6’-β-fluoro-homoaristeromycin 
(4a) was the most potent (IC50 = 0.36 μM). 6’-β-Fluoro-homoaristeromycin (4a) also 
potently inhibited CHIKV replication (EC50 = 0.12 μM) in cytopathic effect (CPE)-
reduction assays without inducing noticeable cytotoxicity. Remarkably, only 4a 
displayed anti-CHIKV activity, whereas both 4a and 4b inhibited SAH hydrolase with 
similar IC50 values (0.36 μM and 0.37 μM, respectively), suggesting that 4a’s antiviral 
activity did not merely depend on the inhibition of SAH hydrolase. This was supported 
by the fact that the antiviral effect was specific for CHIKV and the related alphavirus 
Semliki Forest virus, while none of the homologated analogues inhibited other plus-
stranded RNA viruses, such as Severe acute respiratory syndrome coronavirus, Middle 
East respiratory syndrome coronavirus or Zika virus. The chemical synthesis of these 
compounds has been published elsewhere. 
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Introduction
Chikungunya virus (CHIKV) is an alphavirus belonging to the Togaviridae family 
that is transmitted by mosquitoes and causes a painful arthritis that can persist for 
months to years (1-3). CHIKV belongs to the + sense single stranded (ss) RNA virus 
group (Baltimore class IV) (4, 5), which means that their genomic RNA has the same 
polarity as mRNA and can be directly translated by host ribosomes in the infected 
cell. The CHIKV genome is translated into a polyprotein that is subsequently cleaved 
into individual nonstructural proteins 1-4 (nsPs) by a protease domain in nsP2. The 
nsPs 1-4 harbour a variety of enzymatic activities that are required for the replication 
of the viral RNA and invariably include an RNA-dependent RNA polymerase (RdRp) 
encoded by CHIKV nsP4 (6), an enzyme which is not present in uninfected cells. The 
alphavirus nsP4 transcribes the genomic RNA into a complementary - strand RNA that 
subsequently serves as the template for the synthesis of new + strand genomic and 
subgenomic RNA (7). 

Many + strand RNA viruses, including CHIKV, encode methyltransferases 
(MTases) that are required for methylation of viral RNA to produce a cap structure at 
the 5’ terminus. Because this capping process is crucial for the stability and translation 
of the viral RNA and evasion of the host innate immune response, viral MTases 
are considered promising targets for the development of antiviral therapy (8-10). 
Inhibition of MTases, such as the CHIKV MTase encoded by nsP1, can also be achieved 
indirectly, by the inhibition of S-adenosyl-L-homocysteine (SAH) hydrolase (11, 12). 
Under normal physiological conditions, this cellular enzyme catalyses the conversion 
of SAH into adenosine and L-homocysteine. Inhibition of SAH hydrolase leads to the 
accumulation of SAH in cells, which in turn inhibits S-adenosyl-L-methionine (SAM)-
dependent transmethylase reactions by feedback inhibition (13, 14). The CHIKV 
nsP1-catalysed methylation of viral RNA is dependent on SAM. More specifically, 
CHIKV nsP1 uses SAM as a methyl donor to transfer a methyl group onto an acceptor 
molecule of guanosine-5’-triphosphate (GTP) to produce methylated GTP (m7GTP). 
In the alphavirus RNA capping process, the GTP molecule is methylated before it is 
transferred onto the 5’ end of viral RNA, which differs from the mechanism used by 
the host cell (8). 

Compounds targeting cellular proteins might exhibit a broader spectrum of 
antiviral activity and less likelihood of developing drug resistance, although they are 
more likely to be toxic to the host cell. Thus, the approach of targeting cellular proteins 
such as SAH hydrolase can be considered as a promising strategy for the development 
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of broad-spectrum antiviral agents (13, 14). A number of compounds have been 
reported to act as SAH hydrolase inhibitors. Type I inhibitors act through inactivation 
of the NAD+ cofactor of the enzyme, and their inhibitory effect on its catalytic activity 
can be reversed by the addition of an excess of NAD+. Type II inhibitors are irreversible 
inhibitors of the SAH hydrolase that form covalent bonds with amino acid residues in 
the active site of the enzyme, a process which cannot be reversed by the addition of 
NAD+ or adenosine, or by dialysis (13). 

Because both CHIKV nsP1 and nsP4 are critical for virus replication, broad-
spectrum nucleoside analogue inhibitors that could directly target nsP4 activity and/
or indirectly inhibit the methylation of viral RNA through their effect on the host SAH 
hydrolase were designed (15). Modified nucleosides are usually taken up by cells 
via nucleoside transporters and can be successively converted into mono-, di-, and 
triphosphates by cellular kinases. Then, these modified nucleoside triphosphates 
(NTPs) can compete with natural NTPs during RNA synthesis or can be incorporated 
into the nascent viral RNA, leading to chain termination or detrimental mutations (16). 

(-)-Aristeromycin (1) is a naturally occurring carbocyclic nucleoside that was 
originally identified as a metabolite of Streptomyces citricolor in 1967 (17). It is a type 
I SAH hydrolase inhibitor and exhibits potent antiviral activity against many viruses 
(13). However, it could not be further advanced into clinical development because of 
its cytotoxicity, which is likely linked to its conversion into a triphosphate form (18, 19). 
Therefore, 1 was used as a prototype for the design and synthesis of 6’-fluorinated-
aristeromycin analogues as dual-target compounds (15). 6’,6’-difluoro-aristeromycin, 
designated as compound 2c, exhibited potent antiviral activities against CHIKV 
(EC50 0.13 μM, CC50 >1.25 μM) (Table 1) and also against other emerging + strand 
RNA viruses such as Middle East Respiratory Syndrome coronavirus (MERS-CoV), 
Severe acute respiratory syndrome coronavirus (SARS-CoV) or Zika virus (ZIKV) (15). 
However, because compound 2c still exhibited substantial cytotoxicity, presumably 
due to its 5’-phosphorylation, 6’-fluorinated-homoaristeromycin analogues 4a-e were 
synthesized (20). These compounds were expected to retain their inhibitory activity 
towards SAH hydrolase without being 5’-phosphorylated by cellular kinases. The 
prevention of 5’-phosphorylation would be achieved by a one-carbon homologation 
step at the 5’ position that is expected to displace the susceptible 5’-hydroxyl from 
the phosphate-transfer zone in the kinases (Fig. 1) (20). The chemical synthesis of 
both 6’-fluorinated-aristeromycin and 6’-fluorinated-homoaristeromycin analogues is 
described in (15) and (20). It is based on stereoselective electrophilic fluorination of 
silyl enol ether with Selectfluor as the fluorine source. 
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Lastly, to test the hypothesis whether 6’-fluorinated-aristeromycin analogues 
act as dual-target compounds and inhibit CHIKV RdRp, a phosphoramidate prodrug 
3 of nucleoside 2, was synthesized using the McGuigan ProTides approach (21-28). 
This method is designed to overcome the limitations associated with the parental 
nucleosides such as inefficient conversion to their corresponding 5′-monophosphate 
form and poor cellular uptake. In this chapter, the ability of all nucleosides to inhibit 
recombinant human SAH hydrolase is reported. Furthermore, the antiviral effect of 
6’-fluorinated-aristeromycin and 6’-fluorinated-homoaristeromycin analogues on 
CHIKV is reported from cytophathic effect (CPE)-based assays and viral load reduction 
assays. These data were essential for providing more insight into the structure-activity 
relationships (SAR) of these CHIKV inhibitors. 

Materials and Methods

SAH hydrolase assay

SAH hydrolase assays were performed as described previously in (29-32). The gene 
encoding human placental SAH hydrolase was cloned into expression plasmid 
pPROKcd20. Recombinant SAH hydrolase proteins was produced in E. coli JM109 in 
50 mM Tris-HCl (pH 7.5) containing 2 mM ethylenediaminetetraacetic acid and was 
purified by DEAE-cellulose column (2.8 cm x 6 cm), ammonium sulphate fractionation 
and precipitation (35 – 60%), Sephacryl S-300HR (1.0 cm x 105 cm), and DEAE cellulose 
(2.8 cm x 24 cm). The protein purity was confirmed by 10 % sodium dodecyl sulphate 
polyacrylamide gel electrophoresis and Coomassie staining. The protein concentration 
was determined by using the Bradford method using a standard curve with different 
concentrations of bovine serum albumin. Enzyme activity was determined in reaction 
mixtures (250 μl) that contained 50 mM sodium phosphate (pH 8.0), 2 μM SAH 
hydrolase (0.5 μM tetrameric form), and varying concentrations of compounds. The 
reaction mixtures were pre-incubated with the compound for 10 min at 37 °C, after 
which the reaction was initiated by adding 100 μM SAH. The reaction was allowed to 
proceed for 20 min, followed by the addition of 5,5’-dithiobis-2-nitrobenzoate (DNTB) 
to a final concentration of 200 μM. The absorbance of the reaction product 5-thio-2-
nitrobenzoic acid (TNB) was measured at 412 nm using a spectrophotometer (Varian, 
Cary 100). The molar extinction coefficient for TNB (ε412 = 13 700 M-1 cm-1) was used in 
calculations to quantify TNB formation. 
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Cells, viruses and compounds

VeroE6 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 8% foetal calf serum (FCS), 2 mM L-glutamine, 100 IU/ml of 
penicillin and 100 μg/ml of streptomycin, and were grown at 37 °C in a humidified 
incubator with 5% CO2. Infections were performed in Eagle’s minimal essential 
medium (EMEM) with 25 mM HEPES supplemented with 2% FCS, L-glutamine and 
antibiotics. Infectious clone-derived CHIKV (CHIKV-LS3) was generated as described 
by Scholte at al. (33). The compounds were dissolved in dimethylsulfoxide (DMSO) to 
obtain 20 mM stock solutions. All work with infectious CHIKV was performed inside 
biosafety cabinets in the BSL-3 facilities of the Leiden University Medical Center.

Antiviral CPE-reduction assay

VeroE6 cells were seeded at a density of 5000 cells/well in a total volume of 100 μl/
well in 96-well plates. The following day, compound dilutions with concentrations of 
150 μM, 50 μM, 16.7 μM and 5.6 μM were prepared in the infection medium by 
3-fold serial dilution of the 150 μM solution. After replacing the culture medium with 
the respective dilutions of the compound, the cells were infected with CHIKV at a 
MOI of 0.005. Viability assays were conducted in parallel. Each compound was tested 
at each concentration in quadruplicate (4 biological replicates per concentration). 
The CellTiter 96 AQueous One Solution Cell Proliferation Assay was conducted at 96 
hours post-infection (hpi) for CHIKV by adding 20 μl/well of the MTS/PMS reagent 
(Promega). The assay was stopped after 2 h by fixing the cells with 37% formaldehyde. 
The absorbance was measured at 495 nm in a Berthold Mithras LB 940 plate reader, 
and the values were expressed relative to uninfected (infection) or untreated (viability) 
controls. The results represent the average of quadruplicate samples expressed as the 
mean ± SD. Compounds that were found to be protective were further evaluated in 
CPE reduction assays by testing 8 different concentrations to determine the EC50 as 
previously described (33). The cytotoxicity (CC50) of the compounds was determined 
in parallel, and all experiments were performed in quadruplicate. GraphPad Prism 
v8.0.1 was used for EC50 and CC50 determination by nonlinear regression. 

Viral load reduction assay

VeroE6 cells were seeded at a density of 7.5 x 104 cells/well in 0.5 ml DMEM/8% FCS in 
24-well cell culture plates and allowed to adhere overnight. The next day, compound 
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dilutions (0 – 1.5 μM) were prepared in EMEM/2% FCS to which CHIKV was added at 
a MOI of 0.1 to yield inoculum for infecting the cells. Cells were incubated at 37 °C 
with 250 μl/well of the inoculum for 1 h. After the infection, the cells were washed 
twice with 1 ml/well of warm phosphate-buffered saline (PBS) and 0.5 ml/well of 
fresh EMEM/2% FCS with different concentration of compound 2c (0 – 1.5 μM) was 
added. The cells were incubated for 30 h at 37 °C, after which supernatants were 
harvested and stored at -80 °C to determine the infectious virus titer by plaque assay. 
Viability assays were conducted in parallel as described in the previous paragraph. 
Plaque assays with CHIKV were performed on VeroE6 cells as described previously 
(33). Compound 2c was tested at each concentration in duplicate in two independent 
experiments (n = 4). GraphPad Prism v8.0.1 was used for statistical analysis with a 
one-way ANOVA multiple comparison test. 

Results and Discussion

Inhibition of SAH hydrolase

The synthesized 6’-fluorinated-aristeromycin and 6’-fluorinated-homoaristeromycin 
analogues were assayed for their inhibitory activity against SAH hydrolase using 
enzymatic assays with recombinant SAH hydrolase (Table 1 and 2). All adenosine 
derivatives 2a-e potently inhibited SAH hydrolase, but none of the pyrimidine analogues 
2f-j showed any inhibitory activity at concentrations up to 100 μM. In addition, none 
of the prodrugs 3a-c exhibited inhibitory activity at concentrations up to 100 μM 
(Table 1). This result was expected because adenosine, and not the prodrug, is the 
substrate for SAH hydrolase. The 6’-fluorinated-homoaristeromycin analogues 4a and 
4b also exhibited potent inhibitory activity against SAH hydrolase while 6,6’-difluoro-
homoaristeromycin analogues 4d and 4e inhibited the SAH hydrolase to a lesser 
extent (Table 2). Among the aristeromycin analogues, 6’-β-fluoroaristeromycin (2a) 
was the most potent inhibitor (IC50 = 0.37 μM), which was 3.6-fold more potent than 
the control 1 (IC50 = 1.32 μM) (Table 1). However, 6’-α-fluoroaristeromycin (2b, IC50 
= 9.70 μM) was 26-fold less potent than the corresponding 6’-β-fluoro analogue 2a 
and 7.4-fold less active than the 6’-unsubstituted compound 1. This indicates that the 
stereochemistry at the 6’-position is important for inhibitory activity. Interestingly, the 
introduction of two fluorines at the 6’-position resulting in 6’,6’-difluoro-aristeromycin 
(2c, IC50 = 1.06 μM), yielded an analogue that was slightly more potent than the 
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control 1. The inhibitory activity of the 6’-fluoroaristeromycin series can be ranked 
in the following order: 6’-β-F > 6’,6’-F, F > 6’ H > 6’-α-F. The introduction of a methyl 
group at the N6-amino group of 2a, resulting in 6’-β-fluoro-N6-methyl-aristeromycin 
2d, decreased the inhibitory activity (IC50 = 4.39 μM) 11.9-fold, while the addition 
of a methyl group to the N6-amino group of 2c, resulting in 6’,6’-difluoro- N6-
methyl-aristeromycin 2e, increased the inhibitory activity (IC50 = 0.76 μM) 1.7-fold. 

Figure 1. Rationale for the design of the target nucleosides 2, 3 and 4. The numbering of 
compounds 4 corresponds to 3 in (20). Adapted from (15) and (20).

These results demonstrate that the N6-methyladenine and adenine 
moieties do not lead to a decrease in inhibitory activity. The inhibitory activity for 
6’-β-fluoro-homoaristeromycin (4a) and 6’-β-fluoro-N6-methyl-homoaristeromycin 
(4b) were comparable to that of 2a (IC50s of 0.36 μM and 0.37 μM, respectively). 
Nevertheless, the SAH hydrolase inhibition by 6,6’-difluoro-homoaristeromycin (4d) 
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and 6,6’-difluoro- N6-methyl-homoaristeromycin (4e) was 5.6-fold and 8.5-fold lower, 
respectively, compared to the most potent compounds. The inosine analogue 4c did 
not inhibit SAH hydrolase, as no inhibitory activity was observed at the highest dose 
tested of 100 μM (Table 2). 

Anti-CHIKV activity 
The novel 6’-fluoro-aristeromycin analogues 2a-j and 3a-c as well as 6’-fluoro-
homoaristeromycin analogues 4a-e were screened for antiviral activity against CHIKV. 
The compounds were tested in CPE-reduction assays at 4 concentrations, that is, 150 
μM, 50 μM, 16.7 μM and 5.6 μM by preparing 3-fold serial dilutions. Compounds that 

Table 1. Inhibition of SAH hydrolase and CHIKV replication by aristeromycin analogues 2a-j and 
3a-c a, b, c. Adapted from (15).  
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2f-2j 3a 3b-3cP = Phosphoramidate

Compound 
no. X Y Z

SAH hydrolase
IC50 (μM)

CHIKV
EC50 (μM)a CC50 (μM)b SI

1 H H NH2 1.32 0.8 6.3 7.9
2a F H NH2 0.37 >100 >100
2b H F NH2 9.70 0.53 1.32 2.49
2c F F NH2 1.06 0.13 >1.25 >9.6
2d F H NHMe 4.39 >100 >100
2e F F NHMe 0.76 >100 >100
2f F H OH >100 >100 >100
2g H F OH >100 >100 >100
2h F F OH >100 >100 >100
2i F H NH2 >100 >100 >100
2j F F NH2 >100 >100 >100
3a F F NH2 >100 1.95 >12.5 >6.4
3b F H OH >100 >100 >100
3c F F OH >100 >100 >100

aEC50: effective concentration to inhibit CHIKV replication in VeroE6 cells by 50%. bCC50: cytotoxic 
concentration that reduces cell viability by 50%. EC50 >100 indicates that no antiviral activity 
was observed at the highest concentration tested because there was no protection. SI = CC50/
EC50.
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demonstrated anti viral acti vity in this primary screen were tested more extensively 
in dose-response experiments at 8 diff erent concentrati ons to determine the half 
maximal eff ecti ve concentrati on (EC50). The half maximal cytotoxic concentrati on 
(CC50) was determined in parallel in uninfected cell cultures (Table 1 and 2). 

As shown in Table 1, aristeromycin derivati ves 2b-c demonstrated potent 
anti -CHIKV acti vity (EC50 = 0.13-0.53 μM), while aristeromycin derivati ve 2a, other 
purine N6-methylaristeromycin derivati ves 2d and 2e and pyrimidine derivati ves 
2f-j did not show signifi cant anti viral acti viti es, not even at a dose of 100 μM. This 
result suggests that the anti viral acti vity might be due to an (indirect) eff ect on the 
CHIKV nsP1 through the inhibiti on of host SAH hydrolase. 6’,6’-difl uoro-aristeromycin 
(2c) was the most acti ve aristeromycin analogue against CHIKV with an EC50 of 0.13 
μM. 6’-α-fl uoroaristeromycin (2b) also showed some inhibitory eff ects on CHIKV 
replicati on, but this was likely due to pleiotropic eff ects, as the selecti vity index (SI) 
was <3. Among the phosphoramidate prodrugs 3a-c, only the prodrug 3a exhibited 
anti -CHIKV acti vity (Table 1). It may inhibit CHIKV nsP4 aft er conversion into the 
triphosphate form, although it remains to be determined in biochemical assays 

Figure 2. Eff ect of compound 2c on the release of infecti ous progeny from CHIKV-infected VeroE6 
cells. Cells were infected with CHIKV in medium with various concentrati ons of compound 2c 
(x-axis). Infecti ous progeny ti ters were determined by plaque assay (n = 4). Signifi cant diff erences 
are indicated by *: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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whether the triphosphate form affects the RdRp activity. Interestingly, the prodrug 3a 
was less potent, but also much less cytotoxic than the parent compound 2c, which is 
unusual as phosphoramidates are typically more potent than their parental drug (21-
28). The phosphoramidate 3a might be slowly hydrolysed to its 5’-monophosphate by 
metabolic enzymes, or to the parent drug 2c by a phosphatase, which could inhibit 
SAH hydrolase, explaining the observed antiviral effect. A viral load reduction assay 
was performed with compound 2c by infecting cells with CHIKV followed by treatment 
with different concentrations of 2c. At 30 hpi, infectious progeny titers in the medium 
were determined by plaque assay. Treatment with concentrations higher than 1 μM 
of 2c reduced infectious CHIKV titers by more than 2 log10 (Fig. 2).

Among the 6’-fluoro-homoaristeromycin analogues tested (Table 2), 
6’-β-fluoro-homoaristeromycin (4a) showed potent anti-CHIKV activity (EC50 = 0.12 
μM) without noticeable cytotoxicity up to 250 μM. This antiviral activity did not   

Table 2. Inhibition of SAH hydrolase and CHIKV replication by 6’-fluorinated-5’-homoaristeromycin 
analogues 4a-e a, b, c. The numbering of compounds 4a-e corresponds to 3a-e in (20). Adapted 
from (20).  

OHHO

YXHO N

N

N

N

Z
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Compound 
no. X Y Z SAH hydrolase 

IC50 (μM)
CHIKV

EC50 (μM)a CC50 (μM)b SI
4a F H NH2 0.36 0.12 >250 >1000
4b F H NHMe 0.37 >100 >100
4c F H OH >100 >100 >100
4d F F NH2 2.03 NDc >25
4e F F NHMe 3.05 >100 >100

aEC50: effective concentration to inhibit CHIKV replication in VeroE6 cells by 50%. bCC50: cytotoxic 
concentration that reduces cell viability by 50%. cND: not determined due to cytotoxicity of 
the compound. EC50 >100 indicates that no antiviral activity was observed at the highest 
concentration tested because there was no protection. SI = CC50/EC50.
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merely seem to depend on the inhibition of SAH hydrolase, as 4a and 4b inhibited 
the enzyme with similar IC50 values (0.36 μM and 0.37 μM, respectively), although 
only 4a displayed anti-CHIKV activity. In addition, although 6’,6’-difluoro-aristeromycin 
(2c) displayed antiviral activity against CHIKV and several other + strand RNA viruses, 
including SARS-CoV, MERS-CoV, and ZIKV (15), the corresponding homologated 
analogue 4d did not exhibit anti-CHIKV activity (Table 2). These results demonstrated 
that besides SAH hydrolase inhibition other effects may be involved in the antiviral 
activity of the homologated 4a-e series. 

Conclusions
6’-fluorinated-aristeromycin analogues 2a-j were designed as dual-target antiviral 
compounds aimed at inhibiting both CHIKV nsP4 and the host SAH hydrolase. 
Phosphoramidate prodrugs 3a-c were synthesized to determine whether these 
would inhibit CHIKV replication through an effect on CHIKV nsP4. The introduction of 
fluorine at the 6’-position was found to increase the inhibition of both SAH hydrolase 
activity and the replication of CHIKV and several other + strand RNA viruses (15). The 
6’-fluorinated aristeromycin analogue 2c inhibited SAH hydrolase activity and CHIKV 
replication more potently compared to the 6’-unsubstituted compound 1 (Table 1). 
Considering the results for all viruses tested, there was a correlation between the 
inhibition of SAH hydrolase and the antiviral activity of the compounds, suggesting 
that the latter was mainly due to the indirect inhibition of viral methylation reactions. 
The SAR studies and the lack of antiviral effects of several purine and pyrimidine 
analogues suggest that the antiviral effect of 1, 2a and 2c is unlikely due to targeting of 
the viral RdRp (15). Compound 2c appears to be interesting for further development 
and evaluation as a broad-spectrum antiviral agent, as it inhibited SARS-CoV, MERS-
CoV and ZIKV in addition to CHIKV. 

To reduce the cytotoxicity of 6’-fluorinated-aristeromycin analogues 2a and 
2c, which is likely due to their 5’-phosphorylation by cellular kinases, 6’-fluorinated-
homoaristeromycin analogues 4a-e were designed. Among the compounds tested, 
6’-β-fluoro-homoaristeromycin (4a) showed potent anti-CHIKV activity (EC50 0.12 
μM) without noticeable cytotoxicity at concentrations up to 250 μM, which resulted 
in a high selectivity index (Table 2). This indicates that one-carbon homologation 
may prevent 5’-phosphorylation and consequently cytotoxicity. This homologation 
had no effect on the inhibitory activity towards SAH hydrolase, as compounds 2a 
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and 4a inhibited this enzyme with very similar IC50 values (0.37 μM and 0.36 μM, 
respectively) (Table 1 and 2). The antiviral activity of 4a was specific for CHIKV and 
to a lesser extent for some other alphaviruses (34), whereas other viruses have been 
shown to be sensitive to the SAH hydrolase inhibitors 2a and 2c (15). As mentioned 
earlier, it suggests that the potent anti-CHIKV activity of 4a is based on more than the 
mere inhibition of SAH hydrolase. A detailed molecular study of the antiviral activity of 
6’-β-fluoro-homoaristeromycin (4a) is discussed in Chapter 4 of this thesis. 
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Abstract
Alphaviruses are arthropod-borne, positive-stranded RNA viruses capable of causing 
severe disease with high morbidity. Chikungunya virus (CHIKV) is an alphavirus 
that causes a febrile illness which can progress into chronic arthralgia. The current 
lack of vaccines and specific treatment for CHIKV infection underscores the need 
to develop new therapeutic interventions. To discover new antiviral agents, we 
performed a compound screen in cell culture-based infection models and identified 
two carbocyclic adenosine analogues, 6’-β-fluoro-homoaristeromycin (FHA) and 
6’-fluoro-homoneplanocin A (FHNA), that displayed potent activity against CHIKV 
and Semliki Forest virus (SFV) with 50% effective concentrations in the nanomolar 
range at nontoxic concentrations. The compounds, designed as inhibitors of the 
host enzyme S-adenosylhomocysteine (SAH) hydrolase, impeded postentry steps in 
CHIKV and SFV replication. Selection of FHNA-resistant mutants and reverse genetics 
studies demonstrated that the combination of mutations G230R and K299E in CHIKV 
nonstructural protein 1 (nsP1) conferred resistance to the compounds. Enzymatic 
assays with purified wild-type (wt) SFV nsP1 suggested that an oxidized (3’-keto) form, 
rather than FHNA itself, directly inhibited the methyltransferase (MTase) activity, 
while a mutant protein with the K231R and K299E substitutions was insensitive to 
the compound. Both wt nsP1 and the resistant mutant were equally sensitive to the 
inhibitory effect of SAH. Our combined data suggest that FHA and FHNA inhibit CHIKV 
and SFV replication by directly targeting the MTase activity of nsP1, rather than through 
an indirect effect on host SAH hydrolase. The high potency and selectivity of these 
novel alphavirus mRNA capping inhibitors warrant further preclinical investigation of 
these compounds.
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Introduction
Alphaviruses comprise a group of enveloped, positive-stranded (+) RNA viruses, which 
includes important human pathogens such as Chikungunya virus (CHIKV) and model 
viruses Semliki Forest virus (SFV) and Sindbis virus (SINV). CHIKV is an arthritogenic 
alphavirus that is primarily transmitted by the Aedes aegypti and Aedes albopictus 
mosquitoes and causes a debilitating illness known as chikungunya fever. Since its 
isolation in the present-day Tanzania in 1952/1953 (1), sporadic CHIKV outbreaks 
were reported throughout the African and Asian continents (2, 3). In 2004, the virus 
reemerged in Kenya and then spread eastward in the form of strains belonging to 
the East/Central/South African lineage that were better adapted to replication in 
Aedes albopictus due to an A226V substitution in the E1 protein. This resulted in large 
outbreaks in the South West Indian ocean islands in early 2005, in India in 2005/2006, 
and in Asia in the following years (4, 5). A small CHIKV outbreak in the Caribbean at the 
end of 2013 marked its arrival in the Americas, from which over 1.5 million infections 
have been reported since 2014. Following its introduction in Italy (2007, 2017) and 
France (2010, 2017) on several occasions via infected travellers, CHIKV has caused 
limited locally transmitted outbreaks in Europe (6-9). The geographical expansion of 
the Aedes albopictus vector and increased human travel pose the risk that CHIKV may 
become endemic in new territories. 

Symptomatic CHIKV infection often manifests itself by short-lived fever and 
recurrent joint pain, which can last for months to years (10). Despite its widespread 
emergence and high morbidity, antiviral medication is not available and the current 
treatment consists of administration of nonsteroidal anti-inflammatory drugs to 
alleviate pain. Over the past years, there have been efforts to develop both direct-
acting and host-targeting small-molecule inhibitors into antiviral drugs to treat CHIKV 
infection (11). Several potent CHIKV inhibitors that interfere with the functions of 
individual viral nonstructural proteins or the polymerase complex have been reported, 
including ribavirin, 6-azauridine, mycophenolic acid, and favipiravir (T-705) (12-14). 
Nevertheless, the current lack of antiviral therapy for human CHIKV infections and 
the generally low success rate of drug development programs underscore the need to 
search for compounds with improved efficacy. 

Alphaviruses replicate in the cytoplasm of infected cells. Following entry, the 
viral genome is translated into a nonstructural polyprotein, which is subsequently 
processed into nonstructural protein 1 (nsP1) to nsP4 (reviewed in reference (15))
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The 5’ end of the viral genomic and subgenomic RNAs is modified by viral enzymes 
to give rise to a cap-0 (m7GpppA) structure. This cap structure is important for the 
alphavirus replication cycle since it protects the viral mRNAs from degradation by host 
5’-to-3’ exonucleases, enables efficient translation of viral mRNAs, and plays a role in 
innate immune evasion. Alphavirus capping proceeds in an unconventional reaction 
sequence that differs from that used by the host cell, which is confined to the nucleus. 
In the case of the cytoplasmic alphavirus capping reaction, a GTP molecule undergoes 
methylation before it is transferred onto the 5’ end of the viral RNA, making the viral 
mRNA capping reaction an attractive target for antiviral drug development (16). 

Like cellular methylation reactions, many viral methylation reactions use 
S-adenosylmethionine (SAM) as a methyl donor to produce the cap structure 
at the 5’ end of viral RNAs. A by-product and feedback inhibitor of this process is 
S-adenosylhomocysteine (SAH), which is subsequently hydrolyzed by the host enzyme 
SAH hydrolase. Inhibition of SAH hydrolase leads to accumulation of SAH, which 
indirectly interferes with mRNA capping (17). SAH hydrolase was first identified as a 
target for antiviral compounds in 1982, and since then several inhibitors of this enzyme 
have been reported (17, 18). These are known to possess antitumor and antimicrobial 
activities and have shown potent antiviral activity against a range of negative-stranded 
RNA viruses, double-stranded RNA viruses, and DNA viruses; examples include pox-
, paramyxo- , rhabdo-, filo-, bunya-, arena-, and reoviruses (reviewed in reference 
(19). Recently, we have also described SAH hydrolase inhibitors that target a broad 
spectrum of (+) RNA viruses, such as some coronaviruses, Zika virus, and CHIKV (20).

Both alphavirus nsP1 and nsP2 contribute to the formation of the cap-0 
structure at the 5’ end of the mRNA: nsP1 harbors the methyltransferase (MTase; GTP 
+ SAM → m7GTP + SAH) and guanylyltransferase (GTase; m7GTP + nsP1 → m7GMP-
nsP1 + pyrophosphate) activities while nsP2 possesses the RNA triphosphatase 
(RTPase) activity that removes the 5’ γ-phosphate from the nascent RNA (21-23). 
So far, 3-aryl-[1,2,3]triazolo[4,5-d]pyrimidin-7(6H)-ones were identified as selective 
inhibitors of CHIKV nsP1 activity, both in cell culture infection models and in in vitro 
assays with purified Venezuelan Equine Encephalitis virus (VEEV) nsP1 (24, 25). 
More recently, the CHVB series of compounds has been described, which displays 
a similar activity profile (26). Enzyme-based screening assays have also identified 
compounds that target nsP1, such as lobaric acid, a natural compound that was a 
hit in a CHIKV nsP1 GTP displacement assay-based screen (27). In addition, an ELISA-
based screening campaign of more than 1,200 compounds using VEEV nsP1 has led to 
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the identification of at least 18 potential nsP1 inhibitors (28). Recently, a similar assay 
with CHIKV nsP1 has been used to screen for CHIKV nsP1 inhibitors (29). Targeting 
the alphavirus capping pathway thus provides a new avenue for developing specific 
inhibitors of this sensitive point in the alphavirus replication cycle. 

Here we report our findings from screening a library of 80 carbocyclic 
adenosine and selenoadenosine analogues designed to inhibit the cellular enzyme 
SAH hydrolase. We identified 6’-β-fluoro-homoaristeromycin (FHA) and 6’-fluoro-
homoneplanocin A (FHNA) as potent CHIKV and SFV inhibitors. By selection of escape 
mutants and reverse engineering we identified CHIKV nsP1 as the viral target for 
these compounds. Biochemical assays monitoring the formation of the 32P-labelled 
m7GMP-nsP1 covalent intermediate indicated that nsP1 was directly inhibited by 
the compounds. More specifically, an oxidized form of FHNA directly inhibited the 
MTase activity (but not the GTase activity) of purified SFV nsP1. Taken together, we 
demonstrated that the mode of action of FHA and FHNA is based on a direct inhibitory 
effect on nsP1 rather than inhibition of host SAH hydrolase. 

Materials and Methods

Cells and virus strains

VeroE6 cells were maintained in Dulbecco modified Eagle medium (DMEM; Lonza) 
supplemented with 8% fetal calf serum (FCS; Bodinco), 100 IU/ml penicillin (Sigma) 
and 100 µg/ml streptomycin (Sigma) at 37˚C in 5% CO2 atmosphere (DMEM-8% FCS). 
Infections were performed in Eagle minimal essential medium (EMEM; Lonza) with 
25 mM HEPES (Lonza) supplemented with 2% FCS, 2 mM L-glutamine (Sigma), and 
antibiotics (EMEM-2% FCS).  Baby hamster kidney (BHK-21) cells were cultured in 
Glasgow modified Eagle medium (Gibco) supplemented with 7.5% FCS, 10 mM HEPES, 
8% tryptose phosphate broth (Gibco), and antibiotics.

CHIKV LS3 (CHIKV; GenBank accession no. KC149888) is an infectious clone-
derived virus, described in Scholte et al. (30). The SFV4 strain and Sindbis virus HR 
small plaque strain were used in cytopathic effect reduction assays to determine the 
antiviral spectrum of compounds. 
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Compounds

FHA, FHNA and their related analogues were synthesized as described elsewhere (31). 
The compounds were dissolved in dimethyl sulfoxide (DMSO) to obtain 20 mM stocks 
and were stored at 4˚C until further use. MADTP-372 was dissolved as 10 mM stock in 
DMSO and used as described previously (24). Mycophenolic acid (MPA), 6-azauridine 
(6-au), S-adenosylhomocysteine (SAH) and guanylyl-imido-diphosphate (GIDP) were 
purchased from Sigma. S-Adenosylmethionine (SAM) and nicotinamide adenine 
dinucleotide (NAD+) were obtained from New England Biolabs. S-Adenosyl-[methyl-
3H] methionine, [γ-32P]ATP and [α-32P]GTP are products of Perkin-Elmer. 

Cytopathic effect (CPE) reduction assay

VeroE6 cells were seeded in 96-well clusters at a density of 5 x 103 cells/well in 100 µl/
well of DMEM-8% FCS and were allowed to adhere overnight. Next day, the medium 
was replaced with serial dilutions of the compounds to be tested, made in EMEM-2% 
FCS. Subsequently, the cells were infected with 50 µl/well of CHIKV inoculum (MOI 
of 0.005), or were left uninfected by adding 50 µl/well EMEM-2% FCS. Alternatively, 
1 x 104 VeroE6 cells/well were seeded in 80 µl/well of DMEM-8% FCS, followed by 
compound treatment and infection with 20 µl/well SINV or SFV inoculum (MOI of 
0.025). The uninfected cells served as a control to assess potential cytotoxic/cytostatic 
effects of compound treatment. Each assay was performed in quadruplicate in the 
same plate. Cell viability was measured using the MTS/PMS [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium/phenazine 
methosulfate] method (Promega, The Netherlands) by adding 20 µl/well of MTS 
reagent. Depending on the virus used, this was done at 40, 76, or 96 hpi for SFV, SINV, 
and CHIKV, respectively. The cells were incubated for 2 h, followed by fixation with 30 
µl/well of 37% formaldehyde. The optical density at 490 nm (OD490) was measured 
using an Envision plate reader (Perkin-Elmer). The 50% effective concentration (EC50), 
defined as the concentration of compound required to inhibit virus-induced cell death 
by 50%, and the 50% cytotoxic concentration (CC50), defined as the concentration of 
compound that reduced the OD490 value of uninfected cells to 50% of that of untreated 
control cells, were both determined using nonlinear regression with GraphPad Prism 
v8.0. 



Inhibition of alphavirus nonstructural protein 1

97   

4

Viral load reduction assay

VeroE6 cells were seeded in 12-well clusters at a density of 1.5 x 105 cells/well in 1 
ml/well of DMEM-8% FCS, and were incubated overnight. The cells were pretreated 
with 0 to 10 µM FHNA for CHIKV and 0 to 50 µM FHNA for SFV for 2 h and infected 
with CHIKV at an MOI of 1 or SFV at an MOI of 5 by adding 250 µl/well of inoculum 
in EMEM-2% FCS with corresponding FHNA dilutions. After incubation for 1 h at 
37˚C on a rocker, the cells were washed three times with warm phosphate-buffered 
saline (PBS) and further incubated with EMEM-2% FCS in the presence of increasing 
concentrations of FHNA. At 8 hpi for SFV and 20 hpi for CHIKV, 500 µl of the culture 
medium was harvested for viral titer determination. The cells were harvested in 500 µl 
of TriPure to isolate RNA for intracellular CHIKV genome copy number determination, 

or in 250 µl 4x Laemmli sample buffer (4x LSB) for Western blot analysis.

Determination of viral titers

VeroE6 cells were seeded in 6-well clusters at a density of 3.5 x 105 cells/well in 2 
ml/well of DMEM-8%FCS, followed by overnight incubation at 37°C. Samples were 
10-fold serially diluted in EMEM-2%FCS and 500 µl/well of each dilution was used to 
infect confluent monolayers of VeroE6 cells for 1 h at 37˚C on a rocker. The inoculum 
was removed and replaced with 2 ml/well of an overlay containing DMEM, 1.2% Avicel 
(FMC BioPolymer), 2% FCS, 50 mM HEPES, and antibiotics. After a 3-day incubation, 
monolayers were fixed with 3.7% formaldehyde in PBS and plaques were visualized 
with crystal violet staining. 

Denaturing agarose gel electrophoresis and in-gel hybridization

TriPure-isolated RNA samples were mixed with 1.33x formaldehyde denaturation mix 
(67% formamide, 23% formaldehyde, 6.7% glycerol, 10 mM morpholinepropanesulfonic 
acid [MOPS; pH 7.2], 6.7 mM NaAc, 2.7 mM EDTA, 0.07% sodium dodecyl sulfate 
[SDS] and 0.03% bromophenol blue). After denaturation for 15 min at 75˚C, RNAs 
were separated in 1.5% denaturing formaldehyde-agarose gels using the MOPS 
buffer system. Genomic, subgenomic, and negative-strand CHIKV RNA were detected 
by direct hybridization of the dried agarose gel with 32P-labelled strand-specific 
oligonucleotide probes as described by Scholte et al (30). The probes were labelled 
with [γ-32P]ATP in a 1h reaction at 37˚C containing 1 µl of T4 polynucleotide kinase 
(Invitrogen) and 2 µl of T4 forward reaction buffer (Invitrogen). The dried gels were 
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first pre-hybridized in 5x SSPE buffer (0.9 M NaCl, 50 mM NaH2PO4, 5 mM EDTA, pH 
7.4), 5 x Denhardt’s solution, 0.05% SDS and 0.1 mg/ml Homomix I at 55˚C for 3 h, after 
which the 32P-labelled strand-specific probes were added to the buffer, followed by 
overnight incubation. Hybridized gels were washed twice for 15 min with 5x SSPE with 
0.05% SDS. Gels were analyzed using Phosphorimager screens and a Typhoon-9410 
scanner (GE Healthcare). An image of one representative experiment is shown. 

Quantitative RT-PCR (qRT-PCR)

Intracellular RNA was isolated from cells using TriPure isolation reagent (Life 
Technologies) according to the manufacturer’s instructions. Extracellular RNA was 
isolated from 150 µl of the medium of infected cells using the QIAamp viral RNA minikit 
(Macherey-Nagel). Both intracellular and extracellular RNA were used to determine the 
copy numbers of CHIKV genomic RNA (probe in nsP1-coding region, CHIKV assay 1) and 
total CHIKV RNA (probe in E1-coding region, CHIKV assay 2b) using internally controlled 
multiplex quantitative TaqMan real-time PCR. During cell lysis, the samples were spiked 
with a fixed amount of equine arteritis virus (EAV) to control for variations in RNA 
isolation or qRT-PCR efficiency. For intracellular RNA samples, PGK1 mRNA expression 
levels were also monitored to correct for variations in isolation or qRT-PCR efficiency. 
A 10-µl reaction mixture was composed of 1.25 µl of template RNA, 2.5 µl of TaqMan 
Fast Virus one-step master mix (Thermo Fisher Scientific), 0.5 µl CHIKV assay 1 (forward 
primer: AAGCTCCGCGTCCTTTACCAAG, reverse primer: CCAAATTGTCCTGGTCTTCCT, 
probe: 5’FAM‑CCAATGTCTTCAGCCTGGACACCTT-3’black hole quencher (BHQ)1), 
0.5 µl CHIKV assay 2b (forward primer: CTAGCTATAAAACTAAUAGAGCAGGAAATTG, 
reverse primer: GACTTTTCCTGCGGCAGATGC, probe: 5’TexasRed‑CGCCAGCAAGGAG 
GATGATGTCGGA‑3’BHQ2),0.5 µl EAV assay (forward primer: CATCTCTTGCTTTGCTC 
CTTAG, reverse primer: AGCCGCACCTTCACATTG, probe: 5’CY5‑CGCTGTCAGAAC 
AACATTATTGCCCAC3’‑BHQ2) or PGK1 assays and 4.75 µl of nuclease-free water 
(Sigma). All reactions were performed in triplicate in a 384-well plate using the CFX384 
Touch real-time PCR detection system and the following program: 5 min at 50˚C, 20 
s at 95˚C, followed by 46 cycles of 5 s at 95˚C and 30 s at 60˚C. Data were analyzed 
with CFX manager 3.1 software (Bio-Rad). For absolute quantification, standard 
curves were generated using 10-fold serial dilutions of known quantities of in vitro-
transcribed RNA. 
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Time-of-drug-addition assay

VeroE6 cells were seeded in 12-well clusters at a density of 1.5 x 105 cells/well in 1 
ml/well of DMEM-8% FCS, and were incubated overnight. The cells were pretreated 
with FHNA for 12 h, before they were infected with 250 µl/well CHIKV inoculum (MOI 
of 1) in EMEM-2% FCS containing 10 µM FHNA or SFV inoculum (MOI of 5) in EMEM-
2% FCS containing 50 µM FHNA. After incubation for 1 h at 37˚C on a rocker, the cells 
were washed three times with warm PBS to remove the unbound virus. The cells were 
then incubated with EMEM-2% FCS and FHNA was added at various time points post 
infection at 2-h intervals. At 16 hpi for CHIKV and 10 hpi for SFV, 500 µl of the medium 
was harvested for virus titration by plaque assay and RNA isolation as described 
above. The intracellular RNA was isolated from the cells with the TriPure method to 
determine CHIKV genome copy numbers by qRT-PCR as described above. 

Selection of compound-resistant virus mutants

A previously described five-step protocol (14) was used to select for FHNA-resistant 
virus variants. In the first step, VeroE6 cells were seeded in 96-well clusters at a 
density of 5 x 103 cells/well in 100 µl/well of DMEM-8% FCS and were allowed to 
adhere overnight. The next day, the lowest concentration of FHNA and the highest 
input of CHIKV which resulted in complete block of virus-induced CPE was determined 
by performing antiviral assays with 500 to 1,000 PFU of CHIKV per well and 0 to 10 
µM FHNA. In the second step, four 96-well clusters containing VeroE6 cells were set 
up per dose (5 and 10 µM) and infected with the previously determined optimal viral 
input (500 PFU/well). At 4 days postinfection, supernatants were collected from the 
five wells with the most pronounced signs of CHIKV-induced CPE. In the third step, 
these supernatants (potentially) containing compound-resistant variants were purified 
by titration in presence of the 10 µM inhibitory dose of the compound. Following a 
4-day incubation, seven supernatants from wells which produced CPE at the highest 
viral dilution were collected from the 96-well clusters (for some original samples, 
2 supernatants were collected). In the fourth step, reference stocks of the seven 
supernatants containing FHNA-resistant variants were grown in T-25 flasks, which were 
harvested after 3 to 4 days, when full CPE was observed. After determination of the 
viral titers by plaque assay, the reference stocks were used for resistance phenotyping 
as described below. At the same time, the resistance genotype was determined by 
full-genome Sanger sequencing as described below. The virus variants obtained after 
the five selection rounds are referred to as ‘P5 variants’. 
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Reverse genetics

Mutations were reverse-engineered into the CHIKV LS3 full-length cDNA clone using 
the QuikChange site-directed mutagenesis kit (Agilent) according to the manufacturer’s 
instructions (primer sequences available upon request). The constructs were verified 
by sequencing using 18 primers covering the whole CHIKV genome sequence (Leiden 
Genome Technology Center). 

Sequencing of virus genomes

Four overlapping PCR amplicons were generated from CHIKV RNA via cDNA synthesis 
using RevertAid H Minus Reverse Transcriptase (Thermo Fisher Scientific), RiboLock 
RNase inhibitor (Thermo Fisher Scientific), 5x reaction buffer, 10 mM deoxynucleoside 
triphosphate mix, and primers (sequences available upon request). In the second step, 
combinations of primers (sequences available upon request) were used to generate 
five PCR products with the following program: 5 min at 95˚C followed by 30 cycles 
of 30 s at 95˚C, 30 s at 55˚C and 3 min at 72˚ and terminated by 10 min at 72˚C. 
Amplicons were gel purified and sequenced using 18 primers (sequences available 
upon request). The nucleotide sequences were assembled in Geneious software 9.1.5 
and the complete genomes of the resistant variants were compared to the CHIKV-LS3 
genome.

Resistance and cross-resistance phenotypic assay

Essentially the same protocol was used as described above for the CPE reduction 
assays, with the modification that 10-fold higher MOIs were used (MOI of 0.05, 
meaning 500 PFU/well). MPA and 6-au were included for cross-resistance evaluation 
of reverse-engineered viruses. 

Growth kinetics determination

VeroE6 cells were seeded in 24-well clusters at a density of 7.5 x 104 cells/well in 
0.5 ml/well of DMEM-8% FCS and incubated overnight. Half of the clusters were 
pretreated with 10 µM FHNA for 12 h, and half were left untreated. The infections 
with recombinant CHIKV were performed with 250 µl/well inoculum (MOI of 1) in 
EMEM-2% FCS in the presence or absence of 10 µM FHNA. After incubation for 1 h 
at 37˚C on a rocker, the cells were washed three times with warm PBS and further 
incubated with 500 µl/well EMEM-2% FCS with or without 10 µM FHNA. At 1, 4, 8, 12, 
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16, 20 and 24 hpi, the supernatants were harvested for determination of the viral titer 
by plaque assay (see above). 

Cloning, expression, and purification of wild-type and mutant SFV 
nsP1

The DNA sequence encoding SFV nsP1 (amino acid 1 to 537 of the SFV replicase 
polyprotein) carrying a C-terminal hexahistidine (6xHis) tag was cloned between 
the NcoI and XmaI restriction sites of the pET34 vector, downstream of the T7 
RNA polymerase promotor. To generate mutants, site-directed mutagenesis was 
performed using a QuikChange site-directed mutagenesis kit (Agilent) according to 
the manufacturer’s instructions (primers available on request). All mutations were 
confirmed by Sanger sequencing. Proteins were expressed in E. coli Rosetta cells 
(Novagen) by induction with 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) 
in yeast extract-tryptone (2xYT) medium (16 g of Bacto tryptone, 10 g of yeast 
extract, and 5 g of NaCl in 1 liter), after the OD600 of the culture grown at 37˚C had 
reached 0.6 to 0.7. After 16 h incubation at 19  ̊C, bacterial cells were harvested by 
centrifugation at 5,000 rpm for 15 min at 4  ̊C. The cell pellets were then resuspended 
in 10 ml of resuspension buffer (20 mM HEPES [pH 7.5], 300 mM NaCl, 5% glycerol) 
supplemented with one tablet EDTA-free protease inhibitor cocktail (Roche), 10 mg 
of freshly dissolved lysozyme (Merck), 300 U of DNAse I, and 3 mM MgCl2. After 
incubation on a rotor for 30 min at 4  ̊C, cells were disrupted by sonication. Soluble 
protein fractions containing wt or mutant SFV nsP1 were obtained by centrifugation 
of the lysate at 10,000 x g for 30 min at 4  ̊C. This soluble fraction was used for batch 
protein purification under native conditions with 500 µl of Talon beads (TaKaRa). Talon 
beads were equilibrated in 10 ml of resuspension buffer. Next, 10 ml of soluble fraction 
was incubated with the beads on a horizontal shaker for 1 h at 4  ̊C. The beads were 
washed three times with 10 ml of wash buffer (20 mM HEPES [pH 7.5], 300 mM NaCl, 
5% glycerol, 30 mM imidazole) by centrifugation for 5 min at 2,000 x g and 4  ̊C. The 
protein was eluted from the beads in 1 ml of elution buffer (20 mM HEPES [pH 7.5], 
300 mM NaCl, 5% glycerol, 300 mM imidazole) by first incubating the beads in elution 
buffer at room temperature for 15 min and then pelleting the beads at 2,000 x g for 5 
min at 4  ̊C. This step was repeated once more to remove any residual protein from the 
beads. The eluted protein was concentrated, and buffer was exchanged using Amicon 
Ultra-15 ultrafiltration units (Merck) and storage buffer containing 25 mM HEPES (pH 
7.5) and 100 mM NaCl. Proteins were stored at -80°C. The concentration of purified 
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proteins was determined by Bradford protein assay (Bio-Rad), and their purity was 
assessed by SDS-PAGE and Coomassie blue staining with GelCode blue stain reagent 
(Thermo Fisher).

nsP1 enzymatic activity assay (monitoring formation of m7GMP-nsP1 
reaction intermediate) 

The covalent m7GMP-nsP1 intermediate formation assay protocol was adapted from 
(22, 32). The activity of SFV nsP1 was measured in 30 µl mixture containing 25 mM 
HEPES (pH 7.5), 5 mM DTT, 10 mM KCl, 2 mM MgCl2, 100 µM SAM, 0.75 mCi of [α32P]
GTP (3000 Ci/mmol), and 500 nM wt or mutant SFV nsP1. The reaction mixture was 
incubated at 30˚C for 30 min, and the reaction was stopped by adding 3 µl of 10% SDS. 
Alternatively, assays were performed under nonreducing conditions by omitting DTT 
from the reaction as described above, and in some samples 1 mM NAD+ was added. 
Next, reactions were mixed with 4xLSB, and then 10 µl samples were resolved on a 
10% SDS-PAGE gel. The gel was stained using the Coomassie method with GelCode 
blue stain reagent to check for equal protein loading. Subsequently, the gel was dried 
and a Phosphorimager screen was placed on top. After overnight or a 7-day (reactions 
without DTT) exposure, the 32P-labelled covalent m7GMP-nsP1 intermediate products 
were visualized with a Typhoon Imager (Amersham). 

Results

FHA and FHNA inhibit alphavirus replication 

We performed a cytophathic effect (CPE) reduction assay-based screen of 80 
adenosine and selenoadenosine analogues for their ability to inhibit CHIKV, SFV, and 
SINV replication. VeroE6 cells were incubated with compound doses in the range of 0 
to 150 µM and then infected with CHIKV, SFV and SINV at a low multiplicity of infection 
(MOI). Following initial hit validation, we identified two compounds, FHA and FHNA, 
that inhibited CHIKV replication in the nanomolar range with an EC50 of 0.12 and 0.18 
µM, respectively, without apparent cytotoxicity (50% cytotoxic concentration (CC50) > 
250 µM). This resulted in selectivity indexes (SI) of > 1,000 for both compounds. FHA 
and FHNA also inhibited SFV replication, although less potently, with 50% effective 
concentration (EC50) values of 3.9 µM and 5.2 µM, respectively. The compounds did 
not confer protection to infection with SINV, a more distantly related alphavirus (Table 
1). 
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Table 1. The antiviral effect of FHA and FHNA on CHIKV, SFV and SINV replication in CPE 
reduction assays

Virus CHIKV SFV SINV
Compound EC50

a (µM) CC50
b (µM) SIc EC50 (µM) CC50 (µM) SI EC50 (µM) CC50 (µM)

FHA 0.12 ± 
0.04

> 250 > 
1,000

3.9 ± 3.5 > 250 > 64 - > 250

FHNA 0.18 ± 
0.11

> 250 > 
1,000

5.2 ± 3.2 > 250 > 48 - > 250

aEC50, concentration of compound that reduces virus-induced CPE by 50%. The EC50 is 
 expressed as the mean ± the standard deviation.	   
bCC50, a concentration of compound that reduces cell viability by 50%. 	  
cSI, selectivity index, calculated as CC50/EC50.

The antiviral activity of FHNA was tested in a single-cycle dose response assay 
by infecting VeroE6 cells with CHIKV and SFV at a high MOI, followed by treatment 
with 2-fold serial dilutions of the compound ranging from 0.1 to 10 µM for CHIKV 
and 3.1 to 50 µM for SFV. Cells were pretreated for 2 h and the compound remained 
present throughout the infection until samples were harvested. At 8 h postinfection 
(hpi), the levels of both genomic and subgenomic, as well as negative-strand, CHIKV 
RNA were reduced in a dose-dependent manner, while the levels of host 18S rRNA 
remained unchanged (Fig. 1A). FHNA also inhibited the release of CHIKV infectious 
progeny in a dose-dependent manner with 5 and 10 µM doses of the compound 
reducing viral titers by 2.5 log10 and 3 to 4 log10, respectively, compared to infected 
untreated cells (Fig. 1B). The inhibition of the production of SFV infectious progeny 
was less pronounced, nevertheless, > 1 log10 reduction was observed already with 
12.5 µM FHNA (Fig. 1C). For practical reasons, further experiments were done with 
FHNA because larger quantities of this compound were available at the time. 
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Figure 1. FHNA inhibits CHIKV replication in a dose-dependent manner. (A) VeroE6 cells were 
infected with CHIKV at an MOI of 1 and treated with 0 to 10 µM FHNA. A 20 µM dose of 
6-azauridine was included as a positive control. At 8 hpi intracellular RNA was isolated with 
TRIzol reagent and subjected to denaturing agarose gel electrophoresis and in-gel hybridization 
with 32P-labelled probes specific for positive- and negative-strand CHIKV RNA. 18S rRNA was 
used as a loading control. (B) VeroE6 cells were pretreated with 0 to 10 µM FHNA for 2 h and 
then infected with CHIKV at an MOI of 1. After 1 h of incubation, the inoculum was replaced 
with medium containing 0 to 10 µM FHNA. At 20 hpi, the supernatants were harvested for 
virus titration by plaque assay. (C) VeroE6 cells were pretreated with 0 to 50 µM FHNA for 
2 h and then infected with SFV at an MOI of 5. After 1 h of incubation, the inoculum was 
replaced with medium containing 0 to 50 µM FHNA. At 8 hpi, the supernatants were harvested 
for virus titration by plaque assay. UTR, untreated. The data for panels B and C represent the 
mean ± the standard deviations (SD) of two independent experiments performed in duplicate. 
Statistical analysis was performed using a one-way ANOVA multiple comparison test. Statistically 
significant differences are indicated by asterisks (*. *, P < 0.05; **, P < 0.01; ***, P < 0.001; 
****, P < 0.0001).
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FHNA inhibits an early step in the CHIKV and SFV replication cycle

To investigate the inhibitory effect of FHNA on CHIKV and SFV replication in more 
detail, time-of-addition experiments were performed to determine the time frame 
during which viral infection could be inhibited. In this assay, VeroE6 cells were either 
pretreated with 10 µM (CHIKV) or 50 µM (SFV) of FHNA for 12 h, treated at the time 
of infection, or with 2-h intervals postinfection with CHIKV and SFV at a high MOI. 
The greatest reduction in the release of CHIKV infectious progeny occurred when the 
cells were pretreated, but inhibition of replication could be observed until 8 hpi (Fig. 
2A). For SFV, treatment with FHNA led to a significant reduction in infectious progeny 
release upon pretreatment and when treatment was started before 1 hpi. When the 
start of treatment was postponed until 2 hpi or later, only negligible effects on SFV 
progeny titers were observed compared to untreated controls (Fig. 2B). In summary, 
maximal impairment of CHIKV and SFV replication by FHNA was observed when it was 
present prior to infection or during the early stages of virus replication, suggesting that 
uptake or metabolic conversion of the compound is slow and/or that FHNA interferes 
with an early step in the CHIKV and SFV replication cycle.

Figure 2. FHNA inhibits early steps in the CHIKV and SFV replication cycle. (A) VeroE6 cells were 
pretreated with 10 µM FHNA for 12 h, treated at the time of infection or with 2-h intervals 
postinfection until the time samples were harvested. The cells were infected with CHIKV at an 
MOI of 1, and the supernatants were harvested at 16 hpi for virus titration by plaque assay. (B) 
VeroE6 cells were pretreated with 50 µM FHNA for 12 h, treated at the time of infection or with 
1 or 2-h intervals postinfection until the samples were harvested. The cells were infected with 
SFV at an MOI of 5, and the supernatants were harvested at 8 hpi for virus titration by plaque 
assay. UTR, untreated. The data for panels A and B represent the mean ± the standard deviations 
(SD) of two independent experiments performed in duplicate. Statistical analysis was performed 
using a one-way ANOVA multiple comparison test. Statistically significant differences are 
indicated by asterisks (*. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).
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Treatment with FHNA decreases CHIKV specific infectivity 

We isolated total intracellular and extracellular RNA from FHNA-treated and untreated 
CHIKV-infected cells at 12 and 16 hpi, respectively. CHIKV genomic and subgenomic 
RNA copy numbers in these samples were determined by internally controlled 
multiplex Taqman quantitative reverse transcription-PCR (qRT-PCR). Treatment with 
10 µM FHNA only had a limited effect on the copy numbers of intracellular genomic 
and subgenomic CHIKV RNA when cells were pretreated, and hardly reduced copy 
numbers when the compound was added at the time of infection or later (Fig. 3A). 
Interestingly, also minimal changes in the extracellular CHIKV RNA copy numbers were 
observed upon FHNA treatment (Fig. 3B). This was in contrast to the clear reduction in 
infectious progeny titers (Fig. 2A), which led us to determine the CHIKV specific 

Figure 3. Treatment with FHNA decreases CHIKV specific infectivity. (A) VeroE6 cells were 
pretreated with 10 µM FHNA for 12 h, treated at the time of infection or with 2-h intervals 
postinfection. The cells were infected with CHIKV at an MOI of 1, the intracellular CHIKV RNA 
was isolated at 12 hpi and the extracellular CHIKV RNA was isolated at 16 hpi. (B) Genome copy 
numbers were determined by an internally controlled multiplex Taqman qRT-PCR with probes 
specific for the nsP1 (gRNA) and E1 (g + sgRNA) coding regions. The data for panels A and B 
represent the mean ± the standard deviations (SD) of two independent experiments performed 
in duplicate. (C) The CHIKV specific infectivity at each treatment interval was determined by 
dividing the number of genome copies by the infectious virus yield (PFU/ml). UTR, untreated.
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infectivity by calculating the ratio between genome copy number and infectious virus 
yield for the different treatment intervals. As evident from Fig. 3C, there was a decrease 
in specific infectivity when infected cells were pretreated or treated early in infection 
(-12 to 4 h). This suggests that FHNA causes a relative increase in noninfectious CHIKV 
particles, perhaps containing genomes unable to start an infection, e.g. because they 
are not capped. When 10 µM FHNA was added later during the infection (> 6 h) the 
specific infectivity of CHIKV particles improved and gradually reached the levels of an 
untreated control (Fig. 3C). 

Mutations in CHIKV nsP1 confer resistance to FHNA

In order to identify the viral target of the compound, we selected escape mutants 
by passaging CHIKV in the presence of FHNA. We used a previously described five-
step resistance selection protocol (14), which can identify compound-resistant 
variants within a heterogeneous virus mixture exhibiting differing degrees of drug 
resistance. Mutations that are overrepresented within the resulting compound-
resistant heterogeneous viral population are subsequently identified by sequencing. 
With this experimental set-up, we selected CHIKV escape mutants using a 10 µM dose 
of the compound, which resulted in the isolation of seven variants (Fig. 4). The seven 
compound-resistant variants were substantially less sensitive to the antiviral effect of 
FHNA to various extents, with EC50 values ranging from 1.3 to 14.1 µM, compared to 

Figure 4. Selection of FHNA-resistant variants.  Dose-response curve of the seven FHNA-
resistant variants in comparison with wt CHIKV. Variants originating from the same biological 
replicate (progenitor) are distinguished by a letter a or b next to numbers 1-5.
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0.14 µM for wild-type (wt) CHIKV (Table 2). Variant 1a showed by far the largest shift 
in the EC50 value (Fig. 4) and a > 100-fold resistance compared to wt CHIKV (Table 2). 
To identify mutations that confer FHNA resistance, we determined the genotype of 
all seven compound-resistant variants by whole genome sequencing, which revealed 
ten nonsilent mutations in the CHIKV open reading frame encoding the nonstructural 
polyprotein. We found four mutations in the nsP1-coding region, two mutations in 
the nsP2-coding region, and four mutations in the nsP3-coding region, some of which 
occurred in multiple of the seven variants, while others were unique to a particular 
variant (Table 3). No mutations were found in the CHIKV nsP4-coding region, the RNA-
dependent RNA polymerase, suggesting that FHNA does not inhibit CHIKV by targeting 
viral RNA synthesis. To determine which mutation or combination of mutations was 
responsible for resistance, we reverse-engineered all mutations into the CHIKV-LS3 
cDNA clone, either singularly or in the combinations detected in the original variants. 
In total, we generated ten single recombinant CHIKV (rCHIKV) mutants, five double 
rCHIKV mutants and three triple rCHIKV mutants (Fig. 5). The relative resistance 
level of these rCHIKV mutants varied between 1 and 122-fold higher compared to wt 
CHIKV (Table 4). All single rCHIKV mutants, except rCHIKV*524R (* denotates the opal 
stop codon UGA at the end of the nsP3-coding region) and the nonviable rCHIKVA137V, 
exhibited a 2- to 9-fold increased resistance (Table 4), indicating that a single mutation

Table 2. Phenotypes of putative FHNA-resistant variants.

Variant EC
50 

(µM)a Fold resistanceb

CHIKV wt 0.14 ± 0.01 1
1a 14.10 ± 0.01 >100
1b 3.4 ± 0.6 24
2a 1.7 ± 0.7 12
2b 3.0 ± 0.6 21
3 1.3 ± 0.8 9
4 3.8 ± 0.3 27
5 1.8 ± 0.8 13

aThe EC50 is expressed as the mean ± the standard deviation.	  
bThe fold resistance = (EC50 variant/EC50 wt).
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Table 3. FHNA resistant variants carry mutations in CHIKV nsP1-3.

Amino acid change Protein Variants

R171Q nsP1 4, 2
a
, 2

b

G230R nsP1 1
a

K299E nsP1 1
a

L455P nsP1 3
A511S nsP2 2

a
, 2

b

T675A nsP2 1
b

G117R nsP3 5
A137V nsP3 4
H342Q nsP3 1

b
, 2

b

*524R nsP3 1
a
, 1

b

Figure 5. Resistance level of reverse-engineered CHIKV containing mutations selected by 
passaging CHIKV in the presence of FHNA in the five-step protocol. The graph shows the fold 
resistance to FHNA (compared to wt CHIKV) of the ten single rCHIKV mutants, five double 
rCHIKV mutants, and three triple rCHIKV mutants that were reverse engineered. The dashed 
line represents the cutoff value of 40 (level of resistance caused by the nonspecific *524R 
mutation) that was used to exclude mutants with a nonspecific resistance to FHNA.
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in the CHIKV genome was not sufficient to reproduce the resistance phenotypes 
observed for the original variants. Mutant rCHIKV*524R was found to be 40-fold more 
resistant compared to wt CHIKV; however, the loss of the opal stop codon (*524R) is 
not specifically related to FHNA treatment, since it was also found in natural isolates 
and has been previously observed when CHIKV was passaged in the presence of the 
unrelated compound suramin (Albulescu et al., unpublished). Therefore, we chose a 
40-fold increase in EC50 as a cutoff value (dashed line in Fig 5), and for further analysis 
only considered mutants with resistance levels exceeding that of the wt virus by > 40-
fold (Fig. 5). Among these, variants with two mutations in nsP1, rCHIKVG230R+K299E and 
rCHIKVG230R+K299E+*524R, were the most resistant, displaying a 87- and 122-fold increases 
in resistance, respectively, compared to wt CHIKV (Table 4, indicated in boldface). 
We conclude that the combination of the G230R and K299E mutations in nsP1 is

Table 4. Phenotypic resistance and characteristics of all rCHIKV mutants generated by reverse 
engineering and compared to wt CHIKV.

Recombinant CHIKV EC
50

 (µM)a Fold resistanceb

wt 0.21 ± 0.07 1
nsP1-R171Q 0.58 ± 0.37 3
nsP1-G230R 0.50 ± 0.33 2
nsP1-K299E 0.50 ± 0.08 2
nsP1-L455P 1.1 ± 1.1 5
nsP2-A511S 1.9 ± 0.6 9
nsP2-T675A 0.80 ± 0.08 4
nsP3-G177R 0.51 ± 0.02 2
nsP3-A137Vc ND

d
-

nsP3-H342Q 0.94 ± 0.01 5
nsP3-*524R 8.5 ± 2.3 40

nsP1-G230R + nsP1-K299E 18.2 ± 4.2 87
nsP1-R171Q + nsP3-A137V 3.9 ± 1.3 18
nsP1-R171Q + nsP2-A511S 6.9 ± 2.6 33
nsP2-T675A + nsP3-H342Qe 7.6 ± 0.2 36
nsP2-A511S + nsP3-H342Q 0.18 ± 0.09 1

nsP1-G230R + nsP1-K299E + nsP3-*524R 25.6 ± 0.1 122
nsP2-T675A + nsP3-H342Q + nsP3-*524R 10.1 ± 6.8 48
nsP1-R171Q + nsP2-A511S + nsP3-H342Q 10.2 ± 2.6 49

aThe EC50 is expressed as the mean ± the standard deviation	. 
bThe fold resistance = (EC50 recombinant mutant/EC50 wt). Explanation for boldfacing  
can be found in text.		    
cNot viable.	  
dND, not determined.	  
eThe mutation H342Q reverted back to wt.
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sufficient and required for phenotypic resistance, while the individual mutations 
hardly provide any resistance (Table 4, indicated in boldface). Importantly, the FHNA-
resistant rCHIKVG230R+K299E was also resistant to FHA, suggesting that both compounds 
have a similar mode of action. We reasoned that the higher level of resistance of 
(rCHIKVG230R+K299E+*524R  compared to rCHIKVG230R+K299E was due to the nonspecific effects 
of the *524R mutation.

The G230R and K299E mutations in nsP1 confer specific resistance to 
FHNA

In order to assess whether the G230R and K299E mutations confer specific resistance 
to FHNA, we tested the sensitivity of rCHIKVG230R+K299E and several other mutants to the 
unrelated CHIKV inhibitors mycophenolic acid (MPA) and 6-azauridine. MPA targets 
inosine monophosphate dehydrogenase and 6-azauridine is an inhibitor of orotidylic 
acid decarboxylase, leading to depletion of intracellular GTP and UTP pools, respectively 
(33). Both rCHIKVG230R+K299E and rCHIKVG230R+K299E+*524R exhibited minimal cross-resistance 
to either MPA or 6-azauridine, with a 1- to 4-fold increase in resistance compared 
to wt CHIKV (Table 5). Mutant rCHIKV*524R displayed a 16- to 30-fold increased 
resistance toward both inhibitors, which are mechanistically unrelated to FHNA, 
once more emphasizing that this mutation causes an increase in cytopathogenicity 
or replication kinetics that is unrelated to specific drug resistance. Another CHIKV 
nsP1 mutant, rCHIKVR171Q, which displayed a 3-fold increased resistance to FHNA, also 
displayed cross-resistance to MPA (Table 5). The R171Q mutation in nsP1 was also 
identified independently during resistance selection for the unrelated compound 
suramin (Albulescu et al., unpublished), and therefore is considered nonspecific. 

Table 5. Cross-resistance of FHNA-resistant and other mutants against mycophenolic acid and 
6-azauridine.

Mycophenolic acid 6-azauridine
Recombinant CHIKV EC

50
 (µM)a Fold resistance

b
EC

50
 (µM) Fold resistance

wt 0.4 ± 0.01 1 0.3 ± 0.01 1
nsP1-R171Q 4.2 ± 2.8 11 0.8 ± 0.1 3
nsP3-*524R 6.3 ± 11.4 16 8.9 ± 3.4 30

nsP1-G230R + nsP1-K299E 1.1 ± 0.5 3 1.1 ± 0.1 4
nsP1-G230R + nsP1-K299E + 

nsP3-*524R 
0.5 ± 0.03 1 0.9 ± 0.1 4

aThe EC50 is expressed as the mean ± the standard deviation.	  
bThe fold resistance = (EC50 recombinant mutant/EC50 wt). 
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To assess whether the observed increased FHNA resistance is due to a 
nonspecific increase in replication kinetics, we performed growth curves with rCHIKV 
wt, rCHIKVG230R+K299E and rCHIKVG230R+K299E+*524R in the presence or absence of 10 µM FHNA. 
Compared to rCHIKV wt, both rCHIKVG230R+K299E and rCHIKVG230R+K299E+*524R replicated only 
slightly faster in the absence of compound (Fig. 6A) and produced larger plaques (Fig. 
6C). In the presence of 10 µM FHNA, both mutant viruses evidently replicated better 
than rCHIKV wt (Fig. 6B). Nevertheless, both mutant viruses were still inhibited by the

Figure 6. Characterization of rCHIKV with mutations in CHIKV nsp1 and opal stop codon. (A) 
Growth curve for selected double or triple rCHIKV mutants was performed in the absence of 
FHNA. VeroE6 cells were infected with CHIKV at an MOI of 1, and supernatants were harvested 
at 4-h intervals until 24 hpi to determine infectious progeny titers by plaque assay. (B) Growth 
curve for selected double or triple rCHIKV mutants was performed in the presence of 10 µM 
FHNA. VeroE6 cells were pretreated with 10 µM FHNA for 12 h prior to infection and infected 
with CHIKV at an MOI of 1. The compound remained present on the cells throughout the course 
of the infection. The supernatants were harvested at 4-h intervals until 24 hpi for titration by 
plaque assay. The data for panels A and B represent the mean ± the standard deviations (SD) of 
two independent experiments performed in duplicate. (C) Plaque phenotype of rCHIKVG230R+K299 
and rCHIKVG230R+K299E+*524R in comparison with recombinant wt CHIKV. 
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compound, as infectious progeny titers were still at least 1.5 log10 lower at 12 hpi 
and 1.2 log10 lower at 24 hpi in comparison to untreated controls. Taken together, 
the cross-resistance analysis indicated that the G230R and K299E mutations cause a 
FHNA-specific resistance. 

Purified SFV nsP1 with the K231R and K300E mutations is enzymatically 
less active in vitro 

In order to study the effect of FHNA on the enzymatic activity of alphavirus nsP1 
and to better understand how the CHIKV nsP1 mutations G230R and K299E may 
contribute to resistance, we performed in vitro enzymatic assays with purified nsP1. 
Since we were unable to obtain enzymatically active CHIKV nsP1, these assays were 
performed using purified wt SFV nsP1, SFV nsP1 containing either the K231R or the 
K300E mutation, and SFV nsP1 containing both mutations. As shown in the sequence 
alignment in Fig. 7A, SFV residues K231 and K300 correspond to G230 and K299 in 
the CHIKV nsP1 sequence. As controls, we included two previously described catalytic 
site mutants: SFV nsP1 H38A, which is deficient in GTase activity but has retained MTase 
activity, and SFV nsP1 D64A, which is devoid of both MTase and GTase activities (32). 
The enzymatic activity of these proteins was evaluated in an in vitro assay monitoring 
the formation of the covalent m7GMP-nsP1 complex, an important intermediate in 
the alphavirus capping reaction. This reaction uses [α32P]GTP and SAM as substrates 
and requires both the MTase and GTase activities of nsP1. In the presence of both 
substrates, a radiolabeled reaction product of ~64 kDa (32P-m7GMP-nsP1) was indeed 
observed upon analysis by SDS-PAGE and autoradiography (Fig. 7B). This product was 
not observed when SAM was not included in the reaction, confirming the specificity of 
the biochemical assay (Fig. 7B). Next, we compared the activities of the various nsP1 
mutants and wt nsP1, by assessing the kinetics of 32P-m7GMP-nsP1 formation (Fig. 7C, 
right panel) in reactions with the same amount of enzyme (Fig. 7C, left panel). The 
formation of 32P-m7GMP-nsP1 was clearly visible when using wt SFV nsP1, as early as 
10 min after the start of the reaction, and it steadily increased over time. The active 
site mutants SFV nsP1H38A and SFV nsP1D64A were hardly active, as only trace amounts 
of the 32P-m7GMP-nsP1 intermediate were detected after a 30- or 60-min reaction.  
Interestingly, the mutant proteins with the single K231R or K300E mutation and the 
double mutant combining these two mutations displayed very little activity compared 
to wt SFV nsP1. In fact, the signal observed for these mutants was comparable to that
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Figure 7. (A) Multiple sequence alignment of nsP1 of selected alphaviruses. Only specific parts 
of the protein near the region of interest are shown. The mutations G230R and K299E are 
highlighted in grey. (B) Formation of the α32P-m7GMP-nsP1 intermediate after incubation of 
the purified recombinant wt SFV nsP1 with [α32P]GTP in the presence or absence of 100 µM 
SAM in a 30-min reaction. Coomassie blue staining with GelCode blue reagent was used to 
demonstrate the loading of equal protein quantities. (C) Kinetics of the α32P-m7GMP-nsP1 
covalent intermediate formation of wt SFV nsP1 and mutants. The reaction mixture containing 
[α32P]GTP and 100 µM SAM was stopped with 10 % SDS either at t = 0 min (negative control) or 
left to proceed for t = 10, 30 or 60 min. (D) A dose-response assay to assess the effect of FHNA 
on the formation of the α32P-m7GMP-nsP1 reaction intermediate by wt SFV nsP1 and mutant 
proteins after treatment with 50 µM to 1 mM FHNA. (E) Effect of 1 mM FHNA and 50 µM control 
compound MADTP-372 on the formation of the α32P-m7GMP-nsP1 covalent intermediate in the 
presence of 5 or 10 µM SAM. The reaction was performed at 30°C for 30 min and stopped 
with 10 % SDS. In all cases, the α32P-m7GMP-nsP1 covalent intermediate was visualized after 
overnight exposure of the Phosphorimager screen.
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of the active site mutants in this assay. The K231R and K300E mutations appear to 
specifically affect the MTase activity, as the GTase activity of the respective proteins 
was unchanged in an assay (22) with m7GTP and SAH (data not shown).

FHNA does not directly inhibit the enzymatic activities of SFV nsP1

First, we investigated whether FHNA directly inhibits wt SFV nsP1 and whether SFV 
nsP1 K231R+K300E displays a differential sensitivity to the compound. To this end, in vitro 
assays were performed with wt SFV nsP1 and mutants in the presence of 50 µM to 1 
mM FHNA. We did not observe any inhibitory effect of FHNA, while control compound 
MADTP-372 clearly inhibited the reaction (Fig. 7D and E), and we observed no 
difference between wt and mutant SFV nsP1 proteins in response to FHNA treatment, 
suggesting that the compound has no direct inhibitory effect on SFV nsP1. Since FHNA 
might act as a competitive inhibitor by binding to the SAM/SAH-binding site of SFV 
nsP1, we performed an assay with 5 or 10 µM of SAM (instead of the standard 100 
µM) and 1 mM compound. Our results indicated that even a 200-fold molar excess of 
the compound had no direct inhibitory effect on the protein’s enzymatic activity (Fig. 
7E).

The K231R and K300E mutations do not increase nsP1’s affinity for 
SAM or resistance to inhibition by SAH 

Given that FHNA did not directly inhibit the formation of the covalent m7GMP-nsP1 
intermediate, we tested whether its inhibitory effect is related to the inhibition of 
SAH hydrolase. Inhibition of this host cell enzyme in cell-based assays would increase 
intracellular SAH concentrations while decreasing SAM levels. In the in vitro assay, SAH 
clearly inhibited the enzymatic activity of wt nsP1, as the formation of the m7GMP-
nsP1 reaction intermediate was inhibited in a dose-dependent manner by the addition 
of SAH (Fig. 8A). In the presence of 1 mM SAH, a 100-fold molar excess over SAM, the 
reaction was fully inhibited. Importantly, normalization of the activity in the presence 
of different concentrations of SAH to the activity of untreated control protein revealed 
that both wt SFV nsP1 and SFV nsP1 K231R+K300E were inhibited by SAH to a similar extent. 
Next, we assessed whether the mutations responsible for FHNA resistance lowered 
the affinity of SFV nsP1 for SAM, allowing the protein to be active in the presence 
of reduced SAM levels. There was a clear dose-dependent increase in the activity of 
wt SFV nsP1 when the SAM concentrations in the reaction were gradually increased 
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from 1 to 10 µM (Fig. 8B). SFV nsP1 K231R+K300E behaved in a similar manner and did not 
appear to be more active at low SAM levels (Fig. 8B). Taken together, these results 
demonstrate that the K231R and K300E mutations do not increase the affinity of SFV 
nsP1 for SAM nor do they affect its sensitivity to inhibition by SAH. 

Figure 8. Sensitivity of wt SFV nsP1 and SFV nsP1 K231R + K300E to inhibition by SAH and 
dependence on SAM. (A) wt SFV nsP1 and the double mutant were incubated with [α32P]GTP 
and 10 µM SAM in the presence of 0 to 1 mM SAH at 30°C for 30 min, and then the reaction 
was stopped with 10 % SDS. (B) wt SFV nsP1 and double mutant were incubated with [α32P]GTP 
and 0 to 10 µM SAM at 30°C for 30 min, and then the reaction was stopped with 10 % SDS. In 
both panels A and B the α32P-m7GMP-nsP1 covalent intermediate was visualized after overnight 
exposure of the Phosphorimager screen. Coomassie blue staining was used to demonstrate 
loading of equal protein quantities. The relative inhibition by SAH (indicated as the percentage 
of untreated control below the lanes in panel A) of both wt SFV nsP1 and SFV nsP1 double 
mutant were calculated using QuantityOne software by dividing the volume of the bands of 
interest by the untreated control. The relative activities at various concentrations of SAM 
expressed as percentages of the activity at 10 µM SAM is indicated below each lane in panel B.

A metabolite of FHNA directly interferes with the enzymatic activities 
of SFV nsP1

Since we also identified FHNA analogues that efficiently inhibit host SAH hydrolase in 
vitro without being active against CHIKV in cell-based assays (31), we re-considered the 
possibility of a direct effect of the compound on nsP1 activity. It has been previously 
shown that inhibition of host SAH hydrolase by halo-neplanocin A analogues is based 
on a mechanism that involves the oxidation of the compound to its 3’-keto form by 
NAD+ (34). Therefore, we investigated whether an oxidized (3’-keto) form of FHNA 
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directly inhibits SFV nsP1 activity by performing enzymatic assays under nonreducing 
conditions and in the presence or absence of NAD+. Omission of dithiothreitol (DTT) 
from the reaction is important to allow oxidation of FHNA. Interestingly, 1 mM FHNA 
inhibited wt SFV nsP1 by > 40% under nonreducing conditions, i.e. in the absence 
of DTT. The level of inhibition increased by > 50% when 1 mM NAD+ was added into 
the reaction mixture containing 1 mM compound (Fig. 9A). In contrast, the SFV nsP1 
mutant protein with K231R and K300E substitutions was much less sensitive to FHNA 
under nonreducing conditions with about 20% reduction in signal. In the presence of 
NAD+, the signal further reduced by only about 6 %, suggesting that the mutant was 
resistant to FHNA (Fig. 9B). Therefore, we concluded that an oxidized (3’-keto) form of 
FHNA that can be formed under nonreducing conditions, enhanced by NAD+, directly 
inhibited SFV nsP1. We also demonstrated that the K231R and K300E mutations 
render the nsP1 protein less sensitive to the inhibitory effect of oxidized FHNA. 

Figure 9. Effect of oxidized FHNA on the activity of wt and mutant SFV nsP1 under nonreducing 
conditions. (A) wt SFV nsP1 was incubated with [α32P]GTP and 10 µM SAM and was left untreated, 
incubated with 1 mM FHNA, with 1 mM NAD+, or a combination of 1 mM FHNA and 1 mM 
NAD+ at 30°C for 30 min. The reaction was performed in the absence of DTT and was stopped 
with 10 % SDS. (B) The reactions as described in panel A were performed with the SFV nsP1 
K231R + K300E mutant. In both panels A and B the α32P-m7GMP-nsP1 covalent intermediate 
was visualized following 7-day exposure of the Phosphorimager screen. The relative activity 
(expressed as the percentage of untreated control) is indicated below the lanes in panels A 
and B. It was calculated using QuantityOne software by dividing the volume of the bands of 
interest by that of the untreated control. Coomassie blue staining was used to demonstrate 
equal protein loading.
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Discussion
The burden of mosquito-transmitted diseases such as chikungunya fever is expected 
to rise in the future due to increased global travel, climate change, and other factors. 
The search for antiviral drugs to treat CHIKV infections in the clinic has so far proven 
unsuccessful. In the present study, we identified two carbocyclic adenosine analogues, 
FHA and FHNA, as inhibitors of CHIKV and SFV replication. These compounds were 
originally designed as substrate analogue inhibitors of the host enzyme SAH hydrolase 
and were shown to inhibit this enzyme in vitro with 50% inhibitory concentration 
values of 0.37 and 0.91 µM, respectively (31). In CPE reduction assays, FHA and 
FHNA strongly inhibited CHIKV with EC50 values of 0.12 and 0.18 µM, respectively. 
They also inhibited SFV, although less potently, with EC50 values of 3.9 and 5.2 µM, 
respectively. Time-of-addition assays indicated that FHNA inhibited CHIKV and SFV 
rather early in their replication cycle, with, in particular, pretreatment of cells resulting 
in a strong reduction of CHIKV and SFV infectious progeny (Fig. 2). Pretreatment 
with SAH hydrolase inhibitors increases intracellular concentrations of SAH, which 
could indirectly interfere with SAM-dependent methylation reactions such as those 
involved in mRNA capping (35, 36). The inhibition of the host enzyme SAH hydrolase 
was shown to be responsible for inhibition of influenza virus replication, which was 
caused by the accumulation of intracellular SAH and reduced viral mRNA capping 
(37). Alternatively, pretreatment with SAH hydrolase inhibitors could be necessary 
to allow sufficient uptake or metabolic conversion of the compounds to their active 
form. We observed a reduction in CHIKV specific infectivity upon FHNA treatment 
(virtually unchanged genome copy numbers, but lower infectious progeny titers in the 
medium), suggesting a relative increase in the production of noninfectious particles. 
These might contain genomes that lack a functional cap structure, since this is known 
to be a major determinant of alphavirus infectivity (38). 

To identify the viral target of FHNA, we have selected compound-resistant CHIKV 
variants by repeated virus passaging in the presence of FHNA (Fig. 4). Subsequent 
genotyping and reverse genetics studies demonstrated that the combination of the 
G230R and K299E mutations in nsP1 was responsible for the specific resistance to 
FHA and FHNA.  An additional mutation of the opal stop codon to an arginine codon 
(*524R) at the end of the nsP3-coding sequence further increased resistance, but 
this appeared to be a nonspecific effect (cell culture adaptation). In an independent 
study with the polyamine inhibitor difluoromethylornithine (DFMO), Mounce et al. 
found that the G230R mutation in CHIKV nsP1 contributes to resistance to polyamine 
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depletion (39). This might reflect the interconnectedness of pathways linked to 
methionine metabolism and polyamine biosynthesis (17, 40). In contrast to our finding 
of the nonspecific effect of the mutation, Mounce et al. reported that the *524R 
mutation in combination with nsP1 mutations was important for DFMO resistance.

Alignment of alphavirus nsP1 sequences (Fig. 7A) revealed that CHIKV and 
O’nyong-nyong virus contain a glycine at position 230, while the corresponding 
position is occupied by a basic lysine residue in several other alphaviruses, including 
SFV. In the FHNA-resistant CHIKV variant, this residue was mutated into an arginine, 
another basic amino acid, which might explain why wt SFV is intrinsically less sensitive 
to the compound than CHIKV. At position 299/300, all aligned alphavirus nsP1 
sequences except SINV contain a lysine, which was mutated to a glutamic acid in the 
resistant CHIKV variant. SINV already contains a glutamic acid at this position, which 
might explain why this virus is not sensitive to FHNA (Fig. 7A). In order to study the 
mode of action of FHNA in more detail and to investigate the mechanism by which 
the G230R and K299E mutations in CHIKV nsP1 confer drug resistance, we performed 
enzymatic assays with purified SFV nsP1. SFV nsP1 MTase activity (41) and GTase 
activity (21) were previously demonstrated using soluble fractions from Escherichia 
coli cells expressing nsP1. The previously described experimental conditions formed 
the basis for purification of enzymatically active SFV nsP1. We found that the SFV nsP1 
K231R, K300E and K231R+K300E mutants were much less active than the wt protein 
in an assay that measures both MTase and GTase activity using the formation of a 
32P-labelled m7GMP-nsP1 as a read-out. The activities of the SFV nsP1 K231R, K300E 
and K231R+K300E mutants were comparable to those of the active site mutants H38A 
and D64A (Fig. 7C). This suggests that FHNA resistance of the K231R+K300E mutant 
is not simply due to higher enzymatic activity of nsP1. Furthermore, FHNA itself did 
not serve as a methyl donor as no reaction products were formed when SAM was 
substituted with FHNA (data not shown). We then explored whether the mode of 
action of FHNA was associated with the inhibition of the host SAH hydrolase, which 
leads to increased intracellular SAH levels. The enzymatic activities of purified wt 
SFV nsP1 and the SFV nsP1 K231R+K300E mutant were inhibited by SAH to the same 
extent (Fig. 8A). Moreover, both proteins exhibited a similar affinity for SAM (Fig. 8B). 
This is relevant for the mode of action of FHNA, since increased SAH levels in the 
host cell would lead to a decrease in SAM levels and interfere with SAM-dependent 
methylation reactions, including alphavirus nsP1-mediated mRNA capping. Our results 
demonstrate that FHNA resistance was not associated with increased resistance to 
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the inhibitory effect of SAH or due to increased activity at low SAM concentrations. 
We then set out to investigate whether FHNA had a direct inhibitory effect on SFV 
nsP1, since we have also identified an FHNA analogue with a similar inhibitory activity 
against the host SAH hydrolase in vitro that is completely devoid of anti-CHIKV activity 
in cell-based assays (31). Previously it was shown that halo-neplanocin A analogues 
inhibit SAH hydrolase via a mechanism that requires the NAD+ and the oxidation of 
the compound to a 3’-keto form (34). Therefore, we investigated the effect of FHNA 
on the enzymatic activity of nsP1 under nonreducing conditions and in the presence 
of NAD+. Under these conditions, wt SFV nsP1 was clearly inhibited in the presence 
of 1 mM FHNA and 1 mM NAD+ by > 50% (Fig. 9A), suggesting that an oxidized form 
of the compound, likely the 3’-keto form, directly inhibits the MTase activity of nsP1. 
In contrast, the mutant protein containing the K231R and K300E mutations was much 
less affected by the same treatment, resulting in 25% reduction of the signal (Fig. 
9B). Our results show that these mutations render the protein less sensitive to the 
inhibitory effect of the oxidized compound and suggest this is the basis for FHNA 
resistance. Of note, the overall activity of nsP1 appeared to be lower when DTT was 
omitted from the reaction, since the amount of 32P-labelled m7GMP-nsP1 reaction 
intermediate was lower compared to the standard assay that includes 5 mM DTT. 

Taken together, our enzymatic assays provided important insight into the 
molecular mechanism of FHNA-mediated inhibition of CHIKV and SFV in infected cells. 
Based on our findings, we argue that FHNA is predominantly a direct-acting inhibitor 
of alphavirus mRNA capping due to the direct effect of an oxidized form of FHNA 
on the SFV nsP1 MTase activity, rather than an indirect effect via the inhibition of 
host SAH hydrolase. We are aware that we cannot directly extrapolate the findings 
of the in vitro studies with purified SFV nsP1 to the situation in CHIKV-infected cells. 
Unfortunately, obtaining enzymatically active CHIKV nsP1 was not technically possible. 

Alphavirus nsP1 harbors the enzymatic activities required for viral RNA capping 
in an N-terminal MTase-GTase domain, whereas the enzyme is also palmitoylated and 
associates with membranes (42, 43). In addition, it contains a membrane-binding 
amphipathic helix that is essential for the assembly of viral replication organelles 
(44). The region around position 231 of the SFV nsP1 sequence is rich in lysines and 
arginines, which are important for membrane binding (45). Therefore, it would also 
be interesting to investigate whether the FHNA-resistant nsP1 proteins, which have 
an additional positive charge in this region, would exhibit increased affinity for the 
negatively charged phospholipids found in membranes. Since it has been proposed 
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that the membrane association of alphavirus nsP1 is required for its enzymatic 
activities (45, 46), the amino acid residues involved in membrane binding, such as 
the K231 residue in SFV, might also be important for the MTase and GTase activities. 
Earlier studies indicated that mutation of these basic residues (in a triple mutant of 
SFV nsP1 with R230A, K231A, K232A mutations) reduced MTase activity (45). However, 
there are currently no alphavirus nsP1 structures available and therefore it is not yet 
possible to understand how our mutations map to the protein’s three-dimensional 
structure, how they are positioned with respect to the SAM binding pocket and 
how an oxidized form of FHNA could bind to nsP1. Whether SAM and SAH use the 
same binding pocket or bind to different sites in the proximity of the GTP binding 
site also remains to be elucidated. The structures of CHIKV and SFV nsP1 might show 
differences which could influence their sensitivity to the compound and the effect 
of the mutations. The elucidation of the CHIKV nsP1 crystal structure is essential to 
perform compound docking studies that could explain the direct inhibitory activity of 
FHNA.

In summary, FHA and FHNA have been identified as potent inhibitors of 
CHIKV and SFV replication in cell culture. The barrier to resistance is expected to be 
high as two point mutations in nsP1 are required to confer resistance. Their potent 
antiviral activity, coupled with the fact that they target unique virus-specific enzymatic 
activities, warrants the further evaluation of FHA and FHNA as potential antiviral drugs 
to prevent or treat CHIKV infections.     
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Abstract
Despite the worldwide reemergence of the chikungunya virus (CHIKV) and the high 
morbidity associated with CHIKV infections, there is no approved vaccine or antiviral 
treatment available. Here, we aimed to identify the target of a novel class of CHIKV 
inhibitors i.e. CHVB series. CHVB compounds inhibit the in vitro replication of CHIKV 
isolates with 50% effective concentrations in the low-micromolar range. A CHVB-
resistant variant (CHVBres) was selected that carried two mutations in the gene 
encoding nonstructural protein 1 (nsP1) (responsible for viral RNA capping), one 
mutation in nsP2 and one mutation in nsP3. Reverse genetics studies demonstrated 
that both nsP1 mutations were necessary and sufficient to achieve ~18-fold resistance, 
suggesting that CHVB targets viral mRNA capping. Interestingly, CHVBres was cross-
resistant to the previously described CHIKV capping inhibitors from the MADTP series, 
suggesting they share a similar mechanism of action. In enzymatic assays, CHVB 
inhibited the methyltransferase and guanylyltransferase activities of alphavirus nsP1 
proteins. To conclude, we identified a class of CHIKV inhibitors that targets the viral 
capping machinery. The potent anti-CHIKV activity makes this chemical scaffold a 
potential candidate for CHIKV drug development.
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Introduction
Chikungunya virus (CHIKV) is an arthropod-borne virus that belongs to the genus 
Alphavirus of the Togaviridae family (1, 2). After two decades of sporadic outbreaks 
in Africa and Asia, CHIKV reemerged in Kenya in 2004, after which large epidemics of 
CHIKV infections were reported in several Indian Ocean islands and Southeast Asian 
countries (3). At the end of 2013, the first local transmission of CHIKV occurred in the 
Americas. Since then, millions of CHIKV cases have been reported in the Caribbean 
region as well as in several countries of Central and South America (4). Most recently, in 
2018, CHIKV caused outbreaks in Brazil, India, Sudan and Thailand (5). Due to the high 
socioeconomic impact of CHIKV infections, the virus is now considered an imminent 
health threat to tropical and temperate areas colonized by Aedes mosquitoes. 

Acute CHIKV infections are characterized by fever, arthralgia, and, in many 
cases, maculopapular rash (6). Although a CHIKV infection is rarely fatal, 15 to 60% 
of patients suffer from chronic debilitating polyarthritis that can last for weeks up to 
years after the acute infection (1, 6). Recently, severe neurological complications such 
as Guillain-Barré syndrome and meningoencephalitis, have also been reported during 
CHIKV infections (1, 7). Other complications associated with CHIKV infections include 
myocarditis, pancreatitis, and kidney failure (8). 

Despite the worldwide spread and the high morbidity rate of CHIKV infections, 
there is no licensed vaccine or antiviral treatment available. The current treatment 
is only symptomatic (2). A number of classes of antiviral compounds targeting either 
a viral or a host factor have been reported to inhibit CHIKV replication in cell-based 
assays (9, 10), but none have progressed to clinical trials. We previously reported on 
the first class of inhibitors ([1,2,3]triazolo[4,5-d]pyrimidin-7(6H)-ones, the MADTP 
series, that block the capping of CHIKV RNA genomes. The MADTP compounds mainly 
target the guanylyltransferase (GTase) activity of Venezuelan Equine Encephalitis virus 
(VEEV) nsP1 (11). This class of compounds has a low barrier to resistance, since only 
a single mutation in CHIKV nsP1 (proline-34-serine) resulted in high resistance to the 
compounds (11). Ideally, antiviral drugs should have a high barrier to resistance to 
avoid rapid emergence of drug-resistant variants.

In a large-scale cytopathic effect (CPE)-based anti-CHIKV screening campaign 
(33,000 molecules), we identified CHVB-00 (N-ethyl-2-(4-((4-fluorophenyl) sulfonyl) 
piperazin-1-yl)-6-methylpyrimidin-4-amine) as a molecule that was able to completely 
inhibit CHIKV replication at nontoxic concentrations (50% effective concentration [EC50] 
value of 8.7 ± 0.5 µM, 50% cytotoxic concentration [CC50] of 122 ± 24 µM) (Fig. 1). 
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Initial hit optimization resulted in the synthesis and biological evaluation of 67 analogs. 
Of these analogs, 24 molecules were more potent than the original hit compound. 
The synthesis of this class of molecules and the structure-activity relationship will be 
published elsewhere (12). Here, we report on the particular characteristics of the anti-
CHIKV activity of this class of compounds and the molecular mechanism underlying 
the antiviral activity.  

Figure 1. Chemical structures of the initial hit and selected analogs of the CHVB series.

Materials and Methods

Cells, viruses and compounds 

African green monkey kidney cells (Vero cells [ATCC CCL-81], VeroE6 cells [ATCC CRL-
1586]), Baby hamster kidney [BHK-21] cells were maintained as described before (11). 
CHIKV and other alphaviruses strains are as mentioned before (11). CHIKV LS3 
(GenBank accession no. KC149888), which was used for reverse genetics studies, 
is derived from a full-length cDNA clone belonging to the collection of the Leiden 
University Medical Center, The Netherlands (13). 

CHVB-032 and CHVB-066 (Fig. 1) were synthesized in the laboratory of G. 
Pürstinger (University of Innsbruck, Austria) and T. Langer (University of Vienna, 
Austria). MADTP-0372 was synthesized by M.J. Pérez-Pérez (Spanish National Research 
Council, CSIC) (11). T-705 (favipiravir) was purchased as a custom synthesis product 
from BOC Sciences. Chloroquine was purchased from Sigma. 
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CPE reduction assay

Vero cells were seeded at a density of 2.5×104 in 96-well plates (BD Falcon) and were 
allowed to adhere overnight. The next day, cells were treated with a dilution series of 
the compounds, after which the cultures were infected with CHIKV-899 (multiplicity of 
infection [MOI] of 0.01). On day 5 postinfection, the inhibition of CPE was quantified 
using MTS/PMS as described by the manufacturer (Promega). The cells were checked 
by microscope for minor signs of virus-induced CPE or compound-induced adverse 
effects on the cell monolayer morphology. The 50% effective concentration (EC50), 
which is defined as the concentration of compound that is required to inhibit virus-
induced cell death by 50%, was determined using logarithmic interpolation. 

Virus yield assay

Vero cells were seeded in 96-well plates at a density of 5×104 cells/well. The next 
day, cells were treated with serial dilutions of the compound and then infected 
with CHIKV-899 (MOI of 0.01). Two hours postinfection, the cells were washed to 
remove nonadsorbed virus, followed by incubation with the same serial dilutions of 
compounds. After 48 h of incubation, supernatants were collected and viral RNA was 
quantified by real-time quantitative RT-PCR (qRT-PCR), while the amount of infectious 
progeny virus was determined by titration assay (50% cell culture infectious dose 
[CCID50]/ml) as described before (14). 

Delay of treatment assay

Vero cells were seeded in 96-well plates at a density of 5×104 cells/well. The following 
day, cells were infected with CHIKV 899 (MOI of 1) for 1 h at 37°C, after which the viral 
inoculum was removed, and cells were washed 3 times with the assay medium. The 
selected compounds (20 µM CHVB-032, 5 µM CHVB-066, 50 µM MADTP-0372, 200 
µM T-705 or 50 µM of chloroquine) were added to cells at 0, 2, 4, 6, 8 and 10 h after 
infection. At 12 h postincubation (i.e. one viral replication cycle), culture supernatants 
were collected for quantification of extracellular viral RNA load (by qRT-PCR) and 
infectious virus progeny (by endpoint titration).



 Chapter 5

132

Selection of compound-resistant virus isolates

A 5-step clonal resistance selection protocol was used to isolate CHVB-resistant virus 
variants as previously described (15). In the first step, Vero cells were seeded in 96-
well plates at a density of 2.5 × 104 cells/well and were allowed to adhere overnight. 
Subsequently, antiviral assays were performed in a checkerboard format using serial 
dilutions of CHVB-032 and different amounts of CHIKV-899 (ranging from 10 to 1,000 
CCID50). After 5 days of incubation, all assay wells were checked microscopically. Based 
on these data, the lowest concentration of compound and the highest virus input 
at which complete and reproducible inhibition of virus-induced CPE was observed 
were selected. In the second step, three 96-well plates containing adherent Vero cells 
were treated with the selected CHVB-032 concentration of 29 μM and then were 
infected with the optimal amount of virus (50 CCID50). After 5 days, 7 assay wells (out 
of 162) showed signs of virus-induced CPE, with only 4 of them showing full CPE. The 
supernatants of these 4 wells were collected and semipurified 6-fold by titration (1:5 
dilution series) in the presence of 29 μM of CHVB-032. Four virus isolates (one from 
each original sample) were selected that produced the most pronounced signs of CPE 
in the presence of CHVB-032 at the lowest virus input possible. Subsequently, the 
resistant phenotype of the selected virus isolates was determined in comparison with 
the wild-type virus in CPE reduction assays. In parallel, the genotype was determined 
by full genome sequencing.

Assays for alphavirus nsP1 enzymatic activity

The DNA sequence encoding SFV nsP1 (amino acid 1 to 537) with C-terminal 
hexahistidine (6xHis) tag was cloned into the pET34 vector. Recombinant wild-type 
and active site mutant D64A were expressed in E. coli Rosetta cells (Novagen) following 
overnight induction with 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at 
19˚C. The recombinant proteins were batch purified by immobilized metal affinity 
chromatography (IMAC) using Talon (Cobalt) beads (TaKaRa), and the eluted protein 
was concentrated and used in the covalent m7GMP-nsP1 complex formation assay 
(16). This assay was performed in a 30-µl mixture containing 25 mM HEPES pH 7.5, 
5 mM dithiothreitol, 10 mM KCl, 2 mM MgCl2, 10 µM S-adenosylmethionine (SAM), 
0.75 mCi of [α32P] GTP (3,000 Ci/mmol) and 0.5 µM SFV nsP1 wt or D64A mutant. The 
reaction mixture was incubated at 30˚C for 30 min and stopped by adding 3 µl of 10% 
SDS. The inactivated reaction mixture was mixed with 4xLSB (Laemmli Sample Buffer) 
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and 10 µl samples were resolved on a 10% SDS-PAGE gel. The gel was dried, and a 
PhosphorImager screen was placed on top. After overnight exposure, the 32P-labelled 
covalent m7GMP-nsP1 intermediate products were visualized with a Typhoon Imager 
(Amersham). The protocols for VEEV nsP1 enzymatic activity assays were previously 
described (11).

Statistical analysis

Graphing and statistical analysis were performed using Prism8 software (GraphPad).

Results

Molecules of the CHVB series inhibit the replication of various CHIKV 
isolates in cell culture

The antiviral efficacy of CHVB-032 and CHVB-066 against the CHIKV-899 strain was 
assessed in a CPE reduction assay on Vero cells. Both molecules exerted potent 
inhibition of virus-induced CPE, with EC50 values of 2.7 µM and 0.45 µM, respectively 
(Fig. 2A). When assessing the potential adverse effects of the compounds on Vero 
cells (by colorimetric readout using MTS/PMS), CHVB-032 was less cytotoxic than 
CHVB-066 (CC50 values of >75 µM and 15 µM, respectively) (Fig. 2A). The anti-CHIKV

Figure 2. CHVB compounds are selective inhibitors of CHIKV replication. (A) Dose-response 
effect of CHVB-032 and CHVB-066 on CHIKV899-induced cytopathic effect (CPE) [filled squares 
and filled triangles, respectively] (MOI 0.01) and cell viability (open squares and open triangles, 
respectively) as quantified in Vero cells by the MTS/PMS method. Data are mean values ± the 
standard deviations (SD) from at least three independent experiments. The effect of different 
concentrations of CHVB-032 (B) and CHVB-066 (C) on the release of CHIKV particles by CHIV899-
infected Vero cells (MOI 0.01) was quantified by real-time qRT-PCR (for viral RNA; black columns) 
and endpoint titration assay (for infectious progeny virus particles; grey columns) at 48h p.i. Data 
shown are mean values ± SD from at least two independent experiments. Significant differences 
from untreated virus control were analyzed by two-tailed Student’s t test (*, P < 0.05; ***, P < 
0.005). TCID, tissue culture infectious dose; VC, virus control (untreated). 
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activity was further confirmed in a virus yield assay in which treatment with both 
CHVB compounds resulted in a marked dose-dependent reduction of viral RNA 
replication and production of infectious virus progeny, with a pronounced > 4 log10 
reduction at the highest tested concentrations (Fig. 2B and C). The antiviral activity of 
CHVB-032 was further evaluated against various CHIKV isolates (Venturini [Italy 2008], 
St Martin 20235 P2, St Martin 20236 P3, EFS-1 P3 Martinique and Congo 95 [2011]). 
CHVB-032 reduced the viral RNA yield of all the tested CHIKV isolates, with EC50 
values in the range of 1.2 to 7.3 µM (Table 1). However, the compound was devoid 
of antiviral activity against other alphaviruses, i.e. O’Nyong Nyong virus, Mayaro virus 
strain TC625, Barmah Forest virus strain BH2193 and Ross River virus 5281v (data not 
shown). 

Table 1. Antiviral activity of CHVB-032 compound against different chikungunya virus isolates. 

CHIKV strain

CHVB-032
EC

50 
(µM) EC

90 
(µM)

899 (lab) 2.7 ± 0.4a 5.5 ± 0.2a

OPY1 (La Reunion) 1.24 ± 0.3b 6.7 ± 0.5b

Venturi (Italy) 2.1 ± 0.4b 2.6 ± 0.4b

Congo (Congo) 1 ± 0.15b 1.2 ± 0.1b

St Martin 20235 P2 1.7 ± 0.4b 5 ± 0.3b

St Martin 20236 P3 4.1 ± 0.6b 17 ± 8b

EFS-1 P3 Martinique 7.3 ± 2.3b 13 ± 3b

a CPE reduction	  
b Viral RNA reduction

CHVB compounds inhibit a postentry step in the CHIKV replication 
cycle

A delay-of-treatment assay was performed to estimate the stage of CHIKV replication 
cycle inhibited by the CHVB series. Chloroquine was used in this assay as a reference 
compound for early-stage inhibition, as this molecule is known to interfere with 
virus entry (17). MADTP-0372 (inhibits viral RNA capping) and T-705 (inhibits viral 
RNA synthesis) were used as reference molecules for replication stage inhibition 
(11, 15). Similar to the inhibition profile of the MADTP-0372 compound, CHVB-032 
and CHVB-066 reduced viral RNA (Fig. 3A) and infectious virus loads (Fig. 3B) when 
added to the infected cells up to 4h postinfection (p.i.), suggesting that compounds 



Novel inhibitors of Chikungunya virus RNA capping

135   

5

in the CHVB series target a postentry step in the CHIKV replication cycle. To confirm 
the absence of an effect on virus entry, a CHIKV entry assay was performed using 
CHIKV pseudoparticles (CHIKVpp) as described before (18). In contrast to chloroquine, 
the CHVB compounds did not inhibit the entry of CHIKVpp in BGM cells (Fig. 3C), 
demonstrating that CHVB compounds act at a postentry stage of the CHIKV replication 
cycle.	

Figure 3. CHVB compounds inhibit a postentry step in the CHIKV replication cycle. The delay of 
treatment effect of CHVB-032 (20 µM; light grey columns) and CHVB-066 (5 µM; white columns) 
on viral replication in CHIKV899-infected Vero cells (MOI of 1) was determined at 12h p.i. by 
real-time qRT-PCR (A) and end-point titration assay (B). Chloroquine (50 µM; dashed columns) 
served as a reference compound for early-stage inhibition, whereas MADTP-0372 (50 µM; dark 
grey columns) and T-705 (200 µM; black columns) served as references for postentry-stage 
inhibition. Data are mean values ± SD from at least two independent experiments. Significant 
differences from untreated virus control were analyzed by two-tailed Student’s t test (*, P < 
0.05; **, P < 0.01). (C) The effect of CHVB-032 (filled squares) and CHVB-066 (filled triangles) 
on CHIKV entry using CHIKV pseudoparticles (CHIKVpp). Chloroquine (filled circles) served as a 
reference compound for early-stage inhibition. BGM cells were treated with serial dilutions of 
each compound and then were infected with CHIKVpp. On day 3 p.i., cells were washed and 
then lysed to determine the luciferase activity. Data presented as percentage relative light units 
(RLU) of the untreated control, and the values plotted are mean values ± SD from at least three 
independent experiments. TCID, tissue culture infectious dose; VC, virus control (untreated). 

CHVB-resistant variants carry mutations in CHIKV nsP1, nsP2 and 
nsP3 proteins 

To identify the viral target of the CHVB series, a resistance selection procedure (11) 
was performed using CHVB-032 to generate compound-resistant virus variants. In 
total, four independent, putative CHVB-resistant virus variants were obtained. CPE 
reduction assays showed that only resistant virus strain 4 was markedly less susceptible 
to CHVB compounds, displaying a 19-fold resistance to CHVB-066 (Table 2). Resistant 
virus 4 was also resistant to other CHVB analogs (Table 3). Whole-genome sequencing 
of the resistant viruses revealed that all the variants carried an S454G mutation in 
nsP1 and an M703T mutation in the methyltransferase-like (MTase-like) domain of 
nsP2 (Table 4). Resistant virus 4 acquired two additional mutations, W456R in nsP1 
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and L494P in the highly variable domain of nsP3, whereas resistant virus 3 had an 
additional mutation, H280Q, in the alphavirus unique domain (AUD) of nsP3 (Table 
4). Deep sequencing of the original virus stock used for resistance selection revealed 
that only the nsP3-L494P mutation was preexisting in the virus population with a 
frequency of 23.5%.

Table 2. Phenotype of putative CHVB-resistant clones

CHIKV strain

CHVB-066
EC

50 
(µM) Fold resistancea

Wt 0.55 ± 0.01 1
Resistant virus 1 1.6 ± 0.3 2.9
Resistant virus 2 0.94 ± 0.05 1.7
Resistant virus 3 0.63 ± 0.4 1.1
Resistant virus 4 13 ± 0.4 19

a Fold resistance is EC50 variant/EC50 wt.

Table 3. Phenotype of resistant virus 4 against different CHVB analogs

EC
50 

(µM)

Compound wt Resistant virus 4 Fold resistancea

CHVB-023 1.2 7.5 6.5
CHVB-057 0.86 17.3 20
CHVB-032 2.7 > 100 > 37

a Fold resistance is EC50 variant/EC50 wt.

Table 4. CHVB-resistant variants carry mutations in CHIKV nsP1 to nsP3 genes

Protein wt
Resistant 

virus 1
Resistant 

virus 2
Resistant 

virus 3
Resistant

virus 4
Conserved
in CHIKV

nsP1 S454 S454G S454G S454G S454G 82%
W456 W456R 97.9%

nsP2 M703 M703T M703T M703T M703T 99.3%
nsP3 H280 H280Q 99.8%

L494 L494P 99.3%

To determine which of the identified mutations contributed to phenotypic 
resistance against the compound, these mutations were introduced into the CHIKV 
LS3 cDNA clone using site-directed mutagenesis as described before (11). The 
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susceptibility of the recombinant CHIKV variants to the antiviral activity of the CHVB 
compounds was determined in a CPE reduction assay (Fig 4). Despite the presence of 
S454G and M703T mutations in all resistant clones, the single mutants rCHIKV+S454G 
and rCHIKV+M703T were not resistant to CHVB-032 or CHVB-066 (Fig. 4).With EC50 
values of 0.38 µM and 0.31 µM, respectively, these variants were even more sensitive 
to the antiviral effect of CHVB-066 than wt virus (Table 5). A more sensitive phenotype 
was also found for CHVB-032. The combination of the S454G and M703T mutations in 
rCHIKV+S454G+M703T also did not yield a compound-resistant phenotype but rather 
one with increased susceptibility, as an EC50 value of 0.32 µM was determined (Table 
5). The other mutations present in resistant virus 4 were then introduced into the 
CHIKV infectious clone in various combinations. Recombinant rCHIKV+W456R was as 

Figure 4. Phenotypic resistance of reverse-engineered CHVB-resistant mutants compared to 
resistant virus 4 and rCHIKV wt. Wild-type (filled circles) and recombinant CHIKV strains with 
individual or combined mutations that were identified in the CHVB-resistant isolate 4 (open 
down triangles) were assessed in a CPE reduction assay with increasing doses of CHVB-066 (A) 
and CHVB-032 (B). VeroE6 cells were treated with 0 to 12.5 µM CHVB-066 or 0 to 100 µM CHVB-
032 and infected with rCHIKV LS3 wt or the recombinant CHIKV mutants at an MOI of 0.05. Four 
days postinfection, the cell viability was determined by the MTS/PMS method. Data represent 
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the means ± SD from at least two independent experiments performed in quadruplicate (n=8). 
CPE, cytopathic effect; wt, wild-type.

susceptible to CHVB-066 (EC50 of 0.76 µM) as wt virus, and it was even more susceptible 
to CHVB-032 (EC50 of 1.76 µM) compared to wt virus. Interestingly, it was specifically 
the combination of the two nsP1 mutations S454G and W456R that increased the 
resistance to CHVB-066 8-fold (EC50 of 5.4 µM) and to CHVB-032 more than 18-fold 
(EC50 of > 100 µM) (Table 5). The S454G and W456R mutations in nsP1 provided the 
virus the same level of resistance against CHVB-032 as the originally isolated resistant 
variant 4, and, thus, were sufficient to result in the CHVB-032-resistant phenotype. 
Introduction of the nsP2-M703T mutation in the variant with the nsP1-S454G and 
-W456R mutations (rCHIKV+S454G+W456R+M703T) did not further increase the 
resistance to both compounds (EC50 of 2.6 µM for CHVB-066 and EC50 of 81 µM for 
CHVB-032) (Table 5). This amino acid at position 703 is located in the MTase-like 
domain of nsP2, suggesting an interaction of this domain with nsP1 during the viral 
RNA capping.  Importantly, the presence of all four mutations that were identified 
in resistant virus 4 in the reverse-engineered virus resulted in a CHVB-066-resistant 
phenotype comparable to that of the originally isolated virus 4 (EC50 of 12 µM) (Fig. 
4). This reverse-engineered virus, rCHIKV+S454G+W456+M703T+L494P, was also

Table 5. Phenotypic resistance of CHVB-resistant mutants compared to those of original 
resistant virus 4 and rCHIKV wt

CHVB-066 CHVB-032
CHIKV strain EC

50 
(µM) Fold resistancea EC

50 
(µM) Fold resistance

wt 0.65 ± 0.002 1 5.45 ± 1.64 1
nsP1-S454G 0.38 ± 0.09 < 1 4.10 ± 0.16 < 1
nsP1-W456R 0.76 ± 0.1 1.2 1.76 ± 0.27 < 1
nsP2-M703T 0.31 ± 0.01 < 1 4.53 ± 0.02 < 1

nsP1-S454G + nsP2-
M703T

0.32 ± 0.01 < 1 NDb ND

nsP1-S454G + nsP1-
W456R

5.4 ± 0.2 8.3 > 100 > 18

nsP1-S454G + nsP1-
W456R + nsP2-M703T

2.6 ± 0.3 4.1 81 ± 10 15

nsP1-S454G + nsP1-
W456R + nsP2-M703T 

+ nsP3-L494P

12 ± 3.7 18.5 > 100 > 18

Resistant virus 4 13 ± 04 20 > 100 > 18

a Fold resistance is EC50 variant/EC50 wt.	  
b ND, not determined.
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Figure 5. Growth kinetics of CHVB-066-resistant mutants in comparison with rCHIKV wt. VeroE6 
cells were infected with CHIKV LS3 wt (filled circles) and the reverse-engineered double (filled 
squares), triple (filled up triangles) and quadruple (filled down triangles) mutants at an MOI 
of 0.1 for 1h at 37 °C. Following infection, the cells were washed twice with warm phosphate-
buffered saline (PBS) and the medium was replaced with Eagle’s minimal essential medium-2% 
fetal calf serum. At 6-h intervals, samples from the medium were harvested and stored at -80 
°C. At 1 h postinfection, a sample was taken to determine how much virus of the inoculum 
remained after washing. The virus titers in the samples were determined by plaque assay. The 
experiment represents means ± SD from two independent infections titrated in duplicate (n=4). 
PFU, plaque-forming units; wt, wild-type; rCHIKV, recombinant CHIKV.

fully resistant to CHVB-032 (EC50 of > 100 µM). In summary, the S454G and W456R 
mutations in CHIKV nsP1 are sufficient and required for CHVB-032 resistance and a 
high level of resistance to CHVB-066. Maximum resistance to CHVB-066 required two 
additional mutations in nsP2 and nsP3, suggesting CHVB-066 has a higher barrier to 
resistance than CHVB-032. To exclude that the observed resistance is due to increased 
replication, the growth kinetics of the three variants with the highest fold resistance 
values were investigated. All the recombinant variants replicated with kinetics very 
similar to those of rCHIKV wt. Noticeably, at 6h postinfection, the reverse-engineered 
viruses with the M703T substitution in nsP2 produced higher titers than the other 
viruses, but at later time points there were no differences (Fig. 5).  	

The CHVB-resistant variants are cross-resistant to other CHIKV nsP1 
inhibitors

Cross-resistance studies were performed with favipiravir and MADTP-0372. Favipiravir 
was able to protect cells against CHIKV-induced CPE for all the recombinant viruses 
tested, with EC50 values in the range of 90 to 142 µM, comparable to the wt (Table 6) 
Interestingly, the CHVB-resistant mutant with two mutations in nsP1 and the CHVB-
resistant mutant with four mutations proved fully cross-resistant to MADTP-0372 (EC50 
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of > 25 µM). Likewise, the MADTP-resistant mutant (carrying the nsP1-P34S mutation) 
was fully cross-resistant to CHVB-066 (EC50 of > 12.5 µM), suggesting that the modes 
of action of the CHVB and MADTP series are similar (Table 6).  

Table 6. Cross-resistance of CHVB-resistant mutants against favipiravir and MADTP-0372

Favipiravir MADTP-0372
CHIKV strain EC

50 
(µM) Fold resistancea EC

50 
(µM) Fold resistance

wt 115 ± 5.4 1 1.2 ± 0.06 1
nsP1-S454G + nsP1-

W456R
136 ± 7.5 1.2 > 25 20

nsP1-S454G + nsP1-
W456R + nsP2-M703T

90 ± 8.6 < 1 ND ND

nsP1-S454G + nsP1-
W456R + nsP2-M703T 

+ nsP3-L494P

142 ± 25 1.2 > 25 20

a Fold resistance is EC50 variant/EC50 wt.

CHVB compounds inhibit the enzymatic functions of VEEV and SFV 
nsP1

The alphavirus nsP1 possesses both MTase and GTase activities, which are required 
for the capping of viral RNA (19). Because CHVB-resistant mutants displayed clear 
cross-resistance to the MADTP series, we assessed the effect of CHVB-032 and CHVB-
066 on the enzymatic activities of purified recombinant nsP1. Since attempts to purify 
recombinant CHIKV nsP1 from Escherichia coli failed to obtain enzymatically active 
protein, in vitro assays with purified nsP1 of VEEV (19) and Semliki Forest virus (SFV) 
(16) were used. The in vitro GTase activity of VEEV nsP1 was quantified by measuring 
the formation of the m7GMP-nsP1 complex by Western blotting, using m7GTP as a 
substrate and an anti-m3G/m7Gp antibody for detection. The MTase activity of VEEV 
nsP1 was quantified by a filter-based assay using 3H-S-adenosylmethionine (SAM). 
CHVB-066 inhibited the GTase activity of VEEV nsP1 in a concentration-dependent 
manner with a 50% inhibitory concentration ( IC50) of < 0.5 µM, more potently than 
the known inhibitor sinefungin (Fig. 6A). The MTase activity of VEEV nsP1 was also 
inhibited, but the effect was less pronounced (IC50 of 1.9 µM) (Fig. 6B). Since VEEV 
belongs to a different serocomplex than CHIKV, we wanted to confirm the inhibition of 
the m7GMP-nsP1 complex formation using the nsP1 protein of SFV, which is 
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Figure 6. Effect of CHVB-066 on the enzymatic activities of VEEV nsP1. (A) Dose-response effect 
of CHVB-066 (filled squares) on the in vitro guanylylation of VEEV nsP1. Sinefungin (filled circles) 
was included in the assay as a reference compound. The formation of m7GMP-nsP1 complex 
was detected by Western blotting using an anti-methyl3/7Gp antibody. (B) Dose-response effect 
of CHVB-066 (filled squares) on the MTase activity of VEEV nsP1. The nsP1-MTase product 
(3H-methyl) GIDP was measured by a scintillation counter. Data presented are the average 
values ± SD from two independent experiments.

Figure 7. The effect of CHVB-032 and CHVB-066 on the enzymatic activities of SFV nsP1. Purified 
wt SFV nsP1 was incubated for 30 min at 30°C with increasing doses (50 µM to 1 mM) of CHVB-
032 or CHVB-066, the concentration of solvent present at the highest dose of compound, i.e. 
5% of dimethyl sulfoxide (DMSO) (VC) or left untreated (0). The D64A mutant was used as a 
negative control (left lane). The samples were resolved on a 10% SDS-PAGE gel, and the covalent 
32P-labelled m7GMP-nsP1 reaction product was detected by autoradiography after overnight 
exposure. VC, virus control (untreated).
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genetically more closely related to CHIKV (20). The readout of the SFV nsP1 assay is 
the formation of the covalent 32P-labelled m7GMP-nsP1 complex by using [α32P]GTP 
and SAM as reaction substrates, thereby measuring the combined activities of the 
MTase and GTase. An active-site mutant with the D64A substitution was included as a 
negative control, since this mutant lacks MTase and GTase activity (21). CHVB-066 and 
CHVB-032 completely inhibited the activity of the wt SFV nsP1 protein at all tested 
doses (50 µM to 1 mM) (Fig. 7). These data demonstrate that the CHVB compounds 
directly inhibit the enzymatic activity of nsP1, particularly the MTase activity.

Discussion
Capping of viral mRNA is an essential posttranscriptional modification that influences 
subsequent downstream processing, translation, nuclear export, and stability of 
mRNA. Viruses have developed different strategies to cap their genomes and thereby 
mimic the cap structure of the host cell. Viral RNA caps can be acquired by a cap-
snatching mechanism (orthomyxoviruses), or viruses can covalently attach a peptide 
(picornaviruses) or a cap moiety to their 5’ ends (such as alphaviruses) (22, 23). The 
alphavirus nsP1 and nsP2 proteins contain the MTase, GTase and RNA triphosphatase 
(RTPase) functions that are needed for the viral RNA capping pathway. This alphavirus 
capping mechanism is unique and proceeds in a sequence that differs from the 
capping mechanism in the host cell. First, a GTP molecule is methylated using SAM 
as a methyl donor and producing SAH as a by-product of the reaction. In the second 
step, the methylated GTP (m7GTP) is transferred onto nsP1, releasing pyrophosphate 
and forming the m7GMP-nsP1 covalent intermediate (24). In the third step, the 
m7GMP is attached to the first nucleotide of the viral RNA, which had been modified 
by the RTPase activity of nsP2 to remove the γ-phosphate (25). Inhibitors targeting 
this unique capping pathway may have a limited effect on cellular capping and host 
MTases (26). 

We previously demonstrated, for the first time, that small molecule inhibitors 
of the alphavirus capping machinery could efficiently and completely inhibit CHIKV 
replication in cell culture (11). This compound series with a triazolopyrimidinone 
scaffold, known as the MADTP series, inhibits the GTase activity of VEEV nsP1 in an in 
vitro assay. Recently, 6’-β-fluoro-homoaristeromycin and 6’-fluoro-homoneplanocin 
A  also have been shown to potently inhibit CHIKV replication by targeting nsP1 
(16). These compounds affected the MTase activity of SFV nsP1 in enzymatic assays. 
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Other reports on CHIKV nsP1 as an antiviral target have followed, using target-based 
screening methods. A nsP1-GTP competition screen resulted in the identification of 
several small molecules able to compete with GTP for the CHIKV nsP1-GTP binding 
site (27). In contrast, an enzyme-linked immunosorbent assay to identify inhibitors of 
CHIKV nsP1 by measuring the formation of the m7GMP-nsP1 complex did not result 
in the identification of new inhibitors (28). A similar assay using VEEV nsP1, on the 
other hand, resulted in the identification of a number of molecules that inhibited the 
GTase activity (by >80%), and cross-resistance studies indicated that their mechanism 
differed from that of the MADTP series (26). We now describe a third series of CHIKV 
nsP1-targeting compounds with yet another chemical scaffold, but the same target as 
the MADTP series, since CHVB-resistant viruses were cross-resistant to MADTP-0372 
and vice versa. The described MADTP-resistant virus carried the P34S mutation 
in nsP1, whereas the CHVB-resistant viruses described here require at least two 
mutations, S454G and W456R, in nsP1 to confer resistance. Interestingly, during our 
initial attempts to produce virus stocks of recombinant CHIKV mutants, we noticed 
the emergence of the P34S mutation in viruses with the W456R mutation. Because 
several mutants, in particular the ones containing the W456R mutation, exhibited the 
tendency to revert back to wt, we started culturing our virus stocks in the presence 
of compound to retain mutations. Under this selection pressure, the P34S mutation 
was no longer identified by Sanger sequencing. This might explain why the mutation 
did not appear during the resistance selection procedure for the CHVB compounds, 
as these conditions might have favored the presence of the W456R mutation over the 
P34S mutation. Although a crystal structure of CHIKV nsP1 is currently not available 
to support our hypothesis, we suggest that the P34 residue in the N-terminal region 
of the protein might be in close proximity to the W456 in the C-terminal region of the 
protein. 

Similar to the MADTP series, the CHVB series is also CHIKV specific, with no or 
modest antiviral activity against other alphaviruses in cell-based assays. Because the 
enzymatically active region of the alphavirus nsP1 is well conserved, it is puzzling that 
neither series is inactive against other alphaviruses. It was recently shown that the 
Sindbis virus generates a high amount of noncapped viral genomes, more specifically 
during the early stage of the replication cycle (29). It is not known whether the 
same holds true for CHIKV. A possible explanation for the differential susceptibility 
of alphaviruses to the two series of compounds is that CHIKV is very susceptible 
to capping inhibitors because it generates more capped viral genomes than other 
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alphaviruses. The crystal structures of nsP1 proteins of CHIKV and other alphaviruses 
could provide answers, but such structures have not yet been resolved. 

In contrast to the MADTP series, which required only one amino acid 
substitution at position 34 (P34S) in nsP1 to develop full resistance, resistance to 
CHVB-032 required the presence of two mutations in nsP1, and full resistance to 
CHVB-066 even required two additional mutations in nsP2 and nsP3. Moreover, in 
the second step of the resistance selection protocol, 17% of culture wells showed 
full CHIKV-induced CPE for the MADTP series (24 wells out of 144) versus only 2.5% 
(4 wells out of 162) in case of the CHVB series. These data suggest that the barrier 
to resistance is higher for the CHVB series and that the development of resistance in 
the clinical settings is less likely to occur, as two mutations are needed. Furthermore, 
in the reverse-engineered variants mutations causing resistance to CHVB compounds 
tended to revert back to wt in the absence of selective pressure.

In conclusion, we report on a novel class of small molecule inhibitors of the 
CHIKV capping machinery. Several other CHIKV inhibitors that target the capping have 
been reported, indicating that the capping machinery of the virus is an interesting 
target for antiviral drug development. 
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Abstract
Chikungunya virus (CHIKV) nonstructural protein 1 (nsP1) harbours the 
methyltransferase (MTase) and guanylyltransferase (GTase) activities needed for 
viral RNA capping and represents a promising antiviral drug target. We compared 
the antiviral efficacy of nsP1 inhibitors belonging to the MADTP, CHVB and FHNA 
series [6’-fluoro-homoneplanocin A (FHNA), its 3’-keto form and 6’-β-Fluoro-
homoaristeromycin]. Cell-based phenotypic cross-resistance assays revealed that 
the CHVB and MADTP series shared a similar mode of action  that differed from that 
of the FHNA series. In biochemical assays with purified Semliki Forest virus nsP1, 
CHVB compounds strongly inhibited MTase and GTase activities, while MADTP-372 
and the 3’-keto form of FHNA had only a moderate inhibitory effect. The first of its 
kind molecular docking studies with the cryo-EM structure of CHIKV nsP1, which is 
assembled into a dodecameric ring, revealed that the MADTP and CHVB series bind 
at the SAM-binding site in the capping domain, where they would function as (non)
competitive inhibitors. The FHNA series was predicted to bind at the secondary 
binding pocket in the Ring-Aperture Membrane-Binding and Oligomerization domain, 
potentially interfering with membrane binding and oligomerization of nsP1. Our cell-
based and enzymatic assays, in combination with molecular docking and mapping 
of compound-resistance mutations to the nsP1 structure allowed us to group nsP1 
inhibitors into functionally distinct classes. This study identified druggable pockets in 
the nsP1 dodecameric structure and provides a basis for rational design, optimization 
and combination of inhibitors of this unique antiviral drug target. 
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Introduction
Chikungunya virus (CHIKV) and Semliki Forest virus (SFV) are Old World alphaviruses 
belonging to the Togaviridae family. This group includes mosquito-borne enveloped 
viruses with single-stranded, positive-sense RNA genomes of approximately 12 kb. 
CHIKV is an arthritogenic alphavirus transmitted by the Aedes aegypti and Aedes 
albopictus mosquitoes. Infections with Old World alphaviruses such as CHIKV typically 
result in symptoms like fever, rash and polyarthritis/polyarthralgia. In roughly two 
thirds of the cases, a CHIKV infection progresses into a severe form of persistent 
debilitating joint paint with long-term sequelae (1). Since its re-emergence in Kenya in 
2004, CHIKV has infected millions of people worldwide following its introduction into 
new territories in Asia, the Caribbean, the Americas and southern Europe (2). Despite 
recent advances in CHIKV vaccine development (3), prophylactic and/or therapeutic 
treatment for CHIKV infection is still lacking. 

Alphavirus nonstructural proteins (nsPs) are released from a polyprotein 
precursor by proteolytic cleavage and are indispensable in the alphaviral life cycle 
(4). The viral replication complex, formed by nsP1-4, assembles in intracellular 
compartments, termed spherules, which are derived from the host plasma membrane 
(5, 6). NsP1 is responsible for membrane association of the replication complex 
(7, 8). In addition, nsP1 catalyses the viral RNA capping, whereby the 5’ end of the 
nascent RNA is modified by attachment of a cap-0 (m7GpppA) structure. Capping 
of alphavirus RNA is an essential step in the replication cycle as the cap structure 
protects viral mRNA from cellular exonucleases, enables its efficient translation 
and prevents recognition by the host innate immune system. Alphaviruses use a 
mechanism of mRNA capping that is distinct from that of the host cell. While cellular 
capping enzymes methylate GTP after it has been transferred to the 5’ end of the 
RNA, alphavirus nsP1 first methylates GTP, after which the methylated GTP (m7GTP) 
is covalently attached onto nsP1 and subsequently transferred to RNA (9). In the 
first step of the alphaviral capping reaction sequence, S-adenosylmethionine (SAM)-
dependent N7-methyltransferase (MTase) methylates a GTP molecule while releasing 
S-adenosylhomocysteine (SAH) as a by-product (10, 11). In the second step, the 
guanylyltransferase (GTase) activity of nsP1 mediates the attachment of m7GTP to 
nsP1 to form the covalent intermediate m7GMP-nsP1 with release of pyrophosphate 
(PPi) (12). In the final reaction step, m7GMP is transferred onto the modified 5’ end 
of the viral mRNAs. Preceding this event, the RNA 5’ triphosphatase activity of nsP2 
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removes the 5’-terminal γ-phosphate from triphosphorylated viral RNAs to yield 5’ 
diphosphate RNAs that can serve as substrate for the m7GMP transfer from m7GMP-
nsP1, resulting in the formation of a cap-0 structure (13). Early sequence analyses 
predicted that the N-terminal domain of alphavirus nsP1 [approximately 200 amino 
acids (aa)] contains a Rossmann fold with conserved sequence motifs, referred to as 
the ‘Core’ region, and harbours the MTase activity (14). Later predictions suggested 
that the putative alphavirus MTase-GTase domain corresponds to the ‘Core’ region 
and a C-terminal extension from aa 250 to approximately aa 406, termed the ‘Iceberg’ 
region (15). Enzymatic assays with truncated SFV nsP1 indicated that the first 500 
aa are required for full enzymatic activity (16). Despite knowledge obtained from 
mutagenesis studies with recombinant SFV nsP1, the binding sites for the endogenous 
ligands SAM and GTP are currently not known. A SINV nsP1 mutant resistant to low 
intracellular GTP levels harbours three mutations in nsP1, namely glutamine-21-
lysine (Q21K), serine-23-asparagine (S23N) and valine-302-methionine (V302M) (17), 
indicating that a potential GTP-binding site might include residues from both the 
N-terminal and the ‘Iceberg’ regions of the protein. Furthermore, it is known that 
specific mutations and deletions within the MTase-GTase domain of alphavirus nsP1 
abolish enzymatic activity and yield non-viable viruses (16, 18). For example, the SFV 
nsP1 aspartic acid-64-alanine (D64A) mutant was unable to bind SAM in a UV cross-
linking assay and this mutation interfered with its MTase activity. Furthermore, the SFV 
nsP1 histidine-38-alanine (H38A) mutation selectively destroyed the GTase activity, 
presumably by abolishing the covalent attachment of m7GMP to nsP1 (16). Besides 
mutational analysis, little progress has been made with regard to understanding and 
characterizing alphavirus nsP1 functional domains due to the  lack of a crystal structure 
that could provide insight into the spatial organization of various functional residues. 

Several CHIKV nsP1 inhibitors have been discovered in recent years (reviewed 
in (19)), which indicates that alphavirus nsP1 is a promising antiviral drug target. 
MADTP-372 is a compound belonging to the 3-aryl-[1,2,3]triazolo[4,5-d]pyrimidin-
7(6H)-ones or MADTP series (20). Resistance selection and genotyping showed 
that a proline-34-serine (P34S) substitution in the N-terminal part of CHIKV nsP1 
results in resistance to MADTP compounds (21). A threonine-246-alanine (T246A) 
substitution was also identified as a MADTP resistance mutation (unpublished). 
6’-β-Fluoro-homoaristeromycin (FHA) and 6’-fluoro-homoneplanocin A (FHNA) are 
carbocyclic adenosine analogues with potent anti-CHIKV activity, originally designed 
as S-adenosylhomocysteine (SAH) hydrolase inhibitors (22). CHIKV mutants carrying 
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the glycine-230-arginine (G230R) and lysine-299-glutamic acid (K299E) substitutions 
in nsP1 are resistant to these compounds (22). CHVB-032 and CHVB-066 belong to 
2-(4(phenylsulfonyl)piperazine-1-yl)pyrimidine analogues, also known as the CHVB 
series (23). Selection of resistant variants and reverse genetics studies indicated that 
(primarily) the combined serine-454-glycine (S454G) and tryptophan-456-arginine 
(W456R) substitutions in the C-terminal part of CHIKV nsP1 are responsible for 
CHVB resistance (24). Sinefungin is a SAM analogue that inhibits Venezuelan Equine 
Encephalitis virus (VEEV) and CHIKV nsP1 in enzymatic assays measuring either MTase 
or GTase activity (25-27). Besides sinefungin, MADTP-372 and CHVB-066 have also 
been shown to inhibit the GTase activity of VEEV nsP1 in enzymatic assays (21, 24). 
We have previously shown that CHVB compounds completely block in vitro activity of 
SFV nsP1 in a covalent m7GMP-nsP1 complex formation assay (24) and we now report 
a similar, although less potent, effect for the MADTP series. 

Here, we set out to explore the cross-functional relationships between 
the various CHIKV nsP1 inhibitors (Fig. 1). We aimed to investigate whether these 
compounds share a similar mechanism of action, by, for example, sharing a binding 
pocket, and whether this could be linked to a function, e.g. interfering with SAM- 
or GTP-binding site. To this end, we compared the inhibitors in cell-based cross-
resistance assays, enzymatic assays and performed molecular docking on the recently 
solved CHIKV nsP1 cryo-EM structure (28).

Figure 1: Chemical structures of the CHIKV nsP1-targeting compounds used in this study.
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Materials and Methods

Cells and virus strains

VeroE6 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented 
with 8% fetal calf serum (FCS) and penicillin/streptomycin. Infection assays were 
performed in Eagle’s Minimum Essential Medium (EMEM) supplemented with 2% 
FCS, 2 mM L-glutamine and penicillin/streptomycin. CHIKV LS3 (CHIKV, GenBank 
KC149888) is an infectious clone-derived virus (29). CHIKV nsP1-P34S is a reverse-
engineered LS3-derived mutant that is resistant to MADTP compounds (21). CHIKV 
nsP1-G230R+K299E is a reverse-engineered LS3-derived mutant resistant to FHA and 
FHNA (22). CHIKV nsP1-S454G+W456R is a reverse-engineered LS3-derived mutant 
resistant to CHVB-032 and CHVB-066 (24). Semliki Forest virus (SFV) strain SFV4 was 
used in cytopathic effect (CPE) reduction assays to assess the antiviral spectrum of 
nsP1 inhibitors.

Compounds

FHA, FHNA and 6’-β-fluoro-N6-methyladenosine (FMA) were synthesized as described 
elsewhere (30). The compounds were maintained as 20 mM stock in DMSO at 4°C and 
used as described before (22). MADTP-372 was synthesized as described elsewhere 
(20) and 10 mM stock solutions in DMSO were prepared and used as described before 
(21). Sinefungin (Sanbio) was dissolved to 50 mM in MiliQ. Favipiravir (BOC Sciences) 
was dissolved to 100 mM in DMSO. CHVB-032 and CHVB-066 were synthesized as 
described elsewhere (23). CHVB-066 (25.4 mM) and CHVB-032 (29.1 mM) stock 
solutions in DMSO  were prepared and used as described (24). All compounds except 
FHA, FHNA and FMA were stored at -20°C.

CPE reduction assay

CPE reduction assays were performed as described previously (22). In short, VeroE6 
cells were seeded in 96-well clusters at a density of 5 x 103 cells/well in DMEM 
supplemented with 8% FCS. The next day, the cells were incubated with serial dilutions 
of compounds prepared in EMEM supplemented with 2% FCS and infected with 50 
µl/well of CHIKV (MOI 0.005) or SFV (MOI 0.025) or left uninfected. For phenotypic 
cross-resistance assays, a 10 times higher MOI was used (0.05; 500 PFU/well). The 
SFV- and CHIKV-infected plates were incubated for 32 h and 96 h, respectively. Cell 
viability was measured using the MTS/PMS method (Promega, The Netherlands) by 
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adding 20 µl/well of MTS reagent. The cells were incubated for 2 h followed by fixation 
with 30 µl/well of 37% formaldehyde. Absorption was measured at 490 nm using an 
Envision Plate Reader (Perkin Elmer, US). The 50% effective concentration (EC50), 
defined as the concentration of compound required to inhibit virus-induced cell death 
by 50%, and the 50% cytotoxic concentration (CC50), defined as the concentration of 
compound that reduced the cell viability to 50% of that of untreated control cells, 
were determined using non-linear regression with GraphPad Prism v8.0. 

m7GMP-nsP1 covalent complex formation assay

The covalent m7GMP-nsP1 complex formation assay was performed as described 
previously (22). Briefly, the activity of SFV nsP1 was measured in a standard 30 µl 
reaction containing 25 mM HEPES pH 7.5, 5 mM DTT, 10 mM KCl, 2 mM MgCl2, 100 µM 
SAM, 0.75 mCi of [α32P] GTP (3000 Ci/mmol) and 0.5 µM wild-type (wt) SFV nsP1 or 
active site mutant D64A. The reaction was incubated at 30˚C for 30 min and stopped 
by adding 3 µl of 10% SDS. The reaction mixtures were mixed with 4x Laemmli Sample 
Buffer (LSB) and then 10 µl samples were separated in a 10% SDS-PAGE gel. The dried 
gels were placed in a cassette with a PhosphoImager screen. After overnight exposure, 
the 32P-labelled covalent m7GMP-nsP1 intermediate products were visualized with a 
Typhoon Imager (Amersham). 

System preparation and CHIKV nsP1 molecular docking

Docking was performed using ICM Pro software, version 3.9-1b (Molsoft LLC, San Diego) 
(31, 32). The apo CHIKV nsP1 cryo-EM structure representing a dodecameric ring (PDB 
6Z0V) was prepared by adding and optimizing the position of hydrogen atoms, as well 
as the orientation and protonation states of histidine and cysteine residues, and the 
orientation of glutamine and asparagine residues. ‘Chain A’ in the cryo-EM structure 
was used as the main nsP1 monomeric structure (referred to as n), and chains n+1 and 
n-1, flanking chain n, were considered to acknowledge the complexed nature of active 
nsP1. The binding pockets of endogenous ligands, GTP and SAM, were defined using 
their corresponding binding pocket residues as proposed by Jones et al (28). Both 
ligands were docked separately using default settings without constraints. Potential 
small-molecule binding pockets were identified using the ICM Pocket Finder method 
(33, 34), using chains n and n-1 as a starting point. Two predicted pockets, surrounded 
by 33 and 18 residues, respectively, were selected based on mutagenesis data. The 
proposed inhibitors CHVB-066, CHVB-032, MADTP-372, sinefungin, FHNA, 3’-keto 
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form of FHNA, and FMA were docked into the defined binding pockets with default 
settings and 10 poses stored for each of them. All ligands were routinely prepared 
by adding hydrogen atoms and assigning atomic charges. The docking results were 
analysed in light of the available experimental data, and docking poses were selected 
accordingly between the top two poses based on docking score and interaction 
networks.

Results

Cross-resistance analysis of CHIKV nsP1 mutants resistant to different 
nsP1-targeting compounds

The anti-CHIKV activity of a variety of nsP1-targeting compounds, i.e. CHVB-032, 
CHVB-066, MADTP-372, FHA, FHNA and sinefungin, was compared in a multi-cycle 
CPE-reduction assay on VeroE6 cells (Table 1). FHA and CHVB-066 were the most 
potent compounds with EC50 values below 1 µM. FHNA, CHVB-032 and MADTP-372 
inhibited CHIKV with EC50 in the low micromolar range (1.2 - 3.4 µM). Sinefungin was 
not a potent inhibitor of CHIKV replication in cell culture, as its EC50 was 184.9 µM. 
None of the compounds was cytotoxic at the effective concentrations. Furthermore, 
the same compounds were tested against SFV in the same type of multi-cycle infection 
assay. Interestingly, only FHA and FHNA inhibited SFV replication with EC50 values in 
the low micromolar range (3.9 - 5.2 µM), while the rest of the compounds did not 
exhibit any antiviral effect against SFV. 

Table 1: The antiviral activity of nsP1 inhibitors on CHIKV and SFV replication in CPE reduction 
assays. 

Virus CHIKV SFV
Compound EC50 (µM)a CC50 (µM)b EC50 (µM) CC50 (µM)

FHA 0.7 ± 0.08 > 250 3.9 ± 3.5 > 250
FHNA 1.2 ± 0.03 > 250 5.2 ± 3.2 > 250

CHVB-066 0.6 ± 0.1 25 NAc 25
CHVB-032 3.4 ± 0.3 > 100 NA > 100

MADTP-372 2.7 ± 0.2 > 100 NA > 100
sinefungin 184.9 ± 38.4 > 1,000 NA > 1,000

aEC50, concentration of compound that reduces virus-induced CPE by 50%	  
bCC50, concentration of compound that reduces cell viability by 50%	  
cNot active
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Figure 2: Cross-resistance analysis of compound-resistant CHIKV strains with mutations in nsP1. 
The sensitivity of wt CHIKV and mutants nsP1-G230R+K299E, nsP1-S454G+W456R and nsP1-
P34S towards various nsP1-targeting inhibitors was assessed in CPE reduction assays in VeroE6 
cells. The mechanistically unrelated compound favipiravir, which targets nsP4, was included as 
a control.
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Table 2: Resistance and cross-resistance of CHIKV nsP1 compound-resistant mutants nsP1-
G230R+K299E, nsP1-S454G+W456R and nsP1-P34S against CHIKV nsP1 inhibitors and against a 
mechanistically unrelated compound favipiravir. 

Compound wt

rCHIKV P34S
rCHIKV G230R + 

K299E
rCHIKV S454G + 

W456R

EC50 (µM)
Fold

resistancea EC50 (µM)
Fold

resistance EC50 (µM)
Fold

resistance
FHA 0.7 ± 

0.08
1.6 ± 0.2 2.3 > 10 14.3 0.7 ± 

0.08
1

FHNA 1.2 ± 
0.03

2.8 ± 0.3 2.4 > 10 8.6 1.2 ± 0.1 1

CHVB-066 0.6 ± 0.1 > 12.5 20.8 0.3 ± 0.04 < 1 > 12.5 20.8
CHVB-032 3.4 ± 0.3 52.4 ± 

0.8
14.4 3.4 ± 0.2 1 > 100 29.4

MADTP-372 2.7 ± 0.2 > 25 9.3 1.2 ± 0.2 < 1 > 25 9.3
sinefungin 184.9 ± 

38.4
150.8 ± 

2.5
< 1 274.5 ± 

0.2
1.5 109.8 ± 

3.9
< 1

favipiravir 79.8 
±1.4

95.9 ± 
12.8

1.2 135 ± 5 1.7 89.5 ± 
0.2

1.1

aFold resistance = EC50 variant/EC50 wt

Next, the CHIKV nsP1 mutant carrying the P34S substitution (resistant to 
MADTP-372) (21), the CHIKV nsP1 mutant carrying the G230R and K299E substitutions 
(resistant to FHA and FHNA) (22) and, the CHIKV nsP1 mutant carrying the S454G 
and W456R substitutions (resistant to CHVB-032 and CHVB-066) (24), were tested 
in cross-resistance phenotypic assays in all possible compound-virus combinations 
and against the unrelated compound favipiravir (Fig. 2). All resistant mutants were 
sensitive to favipiravir, a nucleoside analogue that inhibits the CHIKV nsP4 RNA-
dependent RNA polymerase (35), and sinefungin, a SAM analogue. CHIKV nsP1-P34S, 
which was originally selected as a MADTP-resistant virus, was completely resistant to 
MADTP-372 and to CHVB-066 at the tested concentrations, and it was > 14-fold more 
resistant to CHVB-032 than wt virus (Fig. 2). Furthermore, CHIKV nsP1-S454G+W456R, 
originally identified as CHVB-resistant virus, was completely resistant to CHVB-032 
and also cross-resistant to MADTP-372 at the tested doses, and to a lesser extent 
to CHVB-066 (Fig. 2). This suggested that the compounds of the CHVB and MADTP 
series share a similar mechanism of action. CHIKV nsP1-G230R+K299E was resistant to 
FHA and FHNA but was sensitive to the CHVB and MADTP series (Fig. 2), suggesting a 
different mechanism of action that is unrelated to that of the CHVB and MADTP series. 
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The comparison of fold resistance values, determined as the ratio of the EC50 values 
of the resistant and wt CHIKV, for each resistant mutant-compound combination is 
included in Table 2.

Inhibition of SFV nsP1 enzymatic activity by nsP1-targeting compounds

We next determined the inhibitory effect of sinefungin, MADTP-372, CHVB-032 and 
CHVB-066 in an enzymatic assay with purified wt SFV nsP1 that monitors the formation 
of the covalent m7GMP-nsP1 complex. This assay measures both MTase and GTase 
activities and uses the formation of a radioactive 32P-m7GMP-nsP1 as a readout (22). 
The active site mutant D64A was used as a negative control as it is devoid of MTase 
activity (16). CHVB-032 and its analogue CHVB-066 completely blocked the formation 
of the 32P-m7GMP-nsP1 covalent complex, as published previously (24). MADTP-372 
also inhibited the formation of the 32P-m7GMP-nsP1 covalent intermediate, but less 
effectively, as some radioactive signal was still detected even at a 1 mM dose of 
compound. Sinefungin, on the other hand, was a very inefficient inhibitor, given a 
slight and steady reduction of signal across the tested concentration range (50 µM to 
1 mM) (Fig. 3A). Sinefungin appeared to stimulate GTase activity, as some product was 
formed in reactions lacking SAM, but containing 50 µM sinefungin (Fig. 3B). This might 
explain why sinefungin was inactive in a CPE-reduction assay with SFV and exhibited 
a high EC50 value in an assay with CHIKV (Table 1). FHNA (not shown) inhibited the 
formation of the 32P-m7GMP-nsP1 covalent intermediate to a lesser extent in a modified 
assay lacking DTT (22). The 3’-keto form of FHNA, which is suspected to be the active 
form of the molecule (22), could unfortunately not be tested because we were unable 
to synthesize this molecule. The combined data from the cell-based cross-resistance 
analysis and enzymatic assays with purified wt SFV nsP1 suggested that the various 
compounds can be divided into distinct classes based on their mode of actions. 
Therefore, we set out to perform molecular docking studies with the individual nsP1 
inhibitors and the CHIKV nsP1 cryo-EM structure, in order to understand the structural 
basis of nsP1 inhibition and to obtain more insights into the potential mechanisms of 
action of these compounds at the molecular level.
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Figure 3: Inhibitory effect of selected compounds on the enzymatic activity of purified wt SFV 
nsP1 in a biochemical assay that measures the formation of the covalent 32P-m7GMP-nsP1 
reaction intermediate. (A) wt SFV nsP1 was incubated with α 32P-GTP and 100 µM SAM and 
treated with increasing doses (50 µM to 1 mM) of inhibitors. SFV nsP1 D64A was used as a 
negative control. VC – DMSO-treated control. (B) wt SFV nsP1 was incubated with α 32P-GTP 
with or without 50 µM sinefungin (SIN) and in the presence or absence of 100 µM SAM. SFV 
nsP1 D64A was used as a negative control. VC - DMSO-treated control.
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Predicted CHIKV nsP1 binding pockets and poses of endogenous 
ligands

Using the ICM Pocket Finder method (33, 34) and the available CHIKV nsP1 cryo-EM 
structure representing a dodecameric ring (Fig. 4A and 4B), we identified an elongated 
ligand binding site, referred to as pocket 1 or the main binding pocket, which is 
depicted in Fig. 4. 

Figure 4: The predicted binding pockets in the CHIKV nsP1 oligomeric structure. (A) Top view of 
the nsP1 dodecameric ring. Predicted main binding pocket (pocket 1, in orange) and secondary 
binding pocket (pocket 2, in blue) by the ICM Pocket Finder method. (B) Front view of the nsP1 
dodecameric ring. (C) The predicted main binding pocket is elongated and contains two binding 
sites virtually divided by the catalytic residues H37 and D63, that correspond to the SAM- and 
GTP-binding sites. Three consecutive nsP1 protomers with subscripts n, n+1 and n-1 were used 
to define these pockets within the nsP1 complex (PDB 6Z0V).



 Chapter 6

162

This pocket is part of the capping domain of nsP1 carrying out the MTase and GTase 
functions. We further recognized two binding sites in this predicted main binding 
pocket, which are virtually separated by H37 and D63, and correspond to the GTP- and 
SAM-binding sites, as defined previously (28). A secondary binding pocket, referred 
to as pocket 2 in Fig. 4, was identified in the Ring-Aperture Membrane-Binding 
and Oligomerization (RAMBO) domain of nsP1 involved in membrane binding and 
oligomerization of nsP1 protomers (28). Based on secondary structure predictions 
and cross-linking studies with recombinant SFV nsP1 (16), the catalytic site of CHIKV 
nsP1 is most likely flanked by H37 and D63. The endogenous ligands, GTP and SAM, 
are expected to bind in the proximity of these residues, as depicted in Fig. 5. However, 
in the available apo CHIKV nsP1 cryo-EM structure, the D63 residue, which is thought 
to be the anchor point for SAM (16), is too deeply buried in the protein structure to 
be accessible to endogenous ligands in docking simulations. Residue H37 is part of the 
catalytic loop in the active site, defined as a four aa region between residues P34 and 
H37. We hypothesize that a conformational change takes place during the capping 
reactions, which increases the solvent exposure of H37 and D63. The proposed GTP-
SAM binding mode, depicted in Fig. 5, serves as a reference point in the docking 
analysis of the various inhibitors in the main binding pocket. 

Figure 5: Suggested binding mode of the endogenous ligands, GTP (orange) and SAM (green), 
in the catalytic pocket of CHIKV nsP1 (grey) generated by molecular docking. Known catalytic 
residues H37 and D63 are not directly involved in binding, most likely due to the available 
conformation of the CHIKV nsP1 cryo-EM structure (PDB 6Z0V), where D63 is deeply buried in 
the protein structure.
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Mapping of resistance mutations on the nsP1 structure

Our cross-resistance studies with CHIKV nsP1 mutants revealed a pattern for drug 
resistance to various CHIKV nsP1-targeting compounds. Namely, the MADTP and CHVB 
series appear to share a similar mode of action while FHNA and its 3’-keto form (further 
referred to as the FHNA series) appear to interfere with the CHIKV nsP1 function via 
a different mechanism. Fig. 6 shows the positions of the aa changes responsible for 
resistance to these inhibitors on a graphical representation of three consecutive nsP1 
protomers as part of nsP1 dodecameric ring (28). The subscripts n+1, n and n-1 refer 
to the nsP1 protomer to which each aa residue belongs. Residue P34n, the mutation 
of which causes resistance to the MADTP series, is part of the catalytic loop in the 
active site and delimits the GTP-binding site. Residues G230n and K299n, which are 
mutated in FHNA-resistant virus, are found in different functional regions of nsP1. 
Residue G230n is located in the membrane binding and oligomerization (MBO) loop 
1 that folds over the n-1 protomer. Residue K299n lines the entrance to the SAM-
binding site of the n+1 protomer. Residues G230n and K299n-1 flank a smaller predicted 
binding pocket (pocket 2 in Fig. 4) that could explain the mode of action of the FHNA 

Figure 6: Key amino acid residues linked to drug resistance to CHIKV nsP1 inhibitors mapped 
to the CHIKV nsP1 cryo-EM structure (PDB 6Z0V) represented as three consecutive nsP1 
protomers n, n+1 and n-1. In green, the catalytic residues H37 and D63. In blue, residues P34 
and T246, involved in drug resistance to the MADTP series. In orange, residues G230 and K299, 
conferring drug resistance to the FHNA series. In purple, residues F450 to S458 flank the area 
where residues S454 and W456, involved in drug resistance to the CHVB series, would be 
located. Orange and green dotted volumes represent the proposed binding pockets of GTP and 
SAM, respectively, for reference. 
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series and the mechanism of drug resistance. Unfortunately, the CHIKV nsP1 cryo-
EM structure includes a density gap between residues 450-458 and, therefore, the 
position of residues S454 and W456, which are mutated in the CHVB-resistant virus, 
could not be mapped. Presumably, both S454n and W456n are located in the proximity 
of the entrance to the SAM-binding site, based on the position of aa flanking this 
region. 

Predicted binding mode of CHIKV nsP1-targeting compounds
Docking studies with the CHIKV nsP1 cryo-EM structure predicted that compounds of 
the CHVB and MADTP series bind at the SAM-binding site of `the main binding pocket 
(Fig. 7A and 7B). In this model, hydrogen bonds with the backbone of Y154 and A155 
seem crucial for ligand binding of both series of compounds. Compounds of the CHVB 
series (CHVB-032 and CHVB-066) are predicted to bind more strongly compared to 
MADTP-372 (i.e. with lower docking scores) (Table 3). In mutagenesis experiments, 
it was observed that the mutations P34S and, to a lesser extent, T246A are involved 
in drug resistance to MADTP-372. Both residues form part of the catalytic site of 
nsP1 while only P34 is located in the catalytic loop (Fig. 6). Considering the predicted 
binding poses of MADTP-372 and CHVB compounds, they are unlikely to make direct 
interactions with P34 or T246, since the distance to these residues is too large. However, 
residues P34 and, to a lesser extent, T246 appear to be crucial for maintaining the 
conformation of the catalytic loop in the active site, and their mutations are likely 
to affect the activity of any small molecule binding at the main binding pocket. The 
S454G and W456R substitutions, which confer drug resistance to the compounds of 
the CHVB series, could not be directly mapped in the available cryo-EM structure, but 
they are likely positioned at the entrance of the SAM-binding site (Fig. 6). Mutations 
in this region of nsP1 could arise due to a compensatory effect increasing SAM binding 
or SAM access  to the SAM-binding site. Consequently, compensatory mutations 
would counteract the inhibition by CHVB compounds. The SAM analogue sinefungin 
was also docked at the predicted main binding pocket, but its pose is not considered 
here, since it was expected to bind in a similar way as SAM. Based on the docking 
results presented in Table 3, it could be that sinefungin preferentially drifts to the 
GTP-binding site because it is more solvent-exposed compared to the SAM-binding 
site in the current CHIKV nsP1 conformation. The docking results for the FHNA series  
support the hypothesis that they target a different region and function of nsP1, as  
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Figure 7: Predicted binding mode of the CHVB and MADTP series in the CHIKV nsP1 SAM-
binding site of the main binding pocket (PDB 6Z0V). (A) CHVB-066 (purple) and CHVB-032 
(pink) in complex with CHIKV nsP1, occupying the SAM-binding site (green dots). Both CHVB 
compounds form hydrogen bonds with Y154 and A155 (in yellow) and share a common binding 
mode. The strength of hydrogen bonds is represented by the diameter of the sphere. (B) 
MADTP-372 (blue) in complex with CHIKV nsP1, occupying the SAM-binding site (green dots). 
This compound forms hydrogen bonds with Y154 and A155 (in yellow). P34 (in blue) is the main 
residue responsible for MADTP compound resistance. T246 (in blue) is an additional residue 
that upon mutation causes some level of resistance to MADTP.
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Table 3: Docking results for selected poses from the ICM small molecule docking method in 
the main binding pocket (pocket 1) for the endogenous ligands, GTP and SAM, and inhibitors 
belonging to the CHVB, MADTP, and FHNA series.

Compound Pocket a Pose Score b Hbond c Hphob c VwInt c

GTP GTP 1 -33.68 -19.15 -3.27 -31.4
SAM SAM 1 -2.65 -7.75 -5.30 -21.55

Sinefungin 1 (GTP) 1 -17.35 -11.13 -4.862 -22.55
CHVB-066 1 (SAM) 1 -21.76 -5.051 -7.936 -22.71
CHVB-032 1 (SAM) 1 -21.29 -5.124 -7.414 -21.72

MADTP-372 1 (SAM) 1 -17.54 -5.711 -6.509 -22.21
FHNA 1 (GTP) 2 -14.15 -6.059 -4.099 -21.66

3’-keto form of FHNA 1 (GTP) 1 -13.88 -7.497 -3.73 -18.34
FMA 1 (GTP) 1 -14.97 -6.949 -4.094 -21.27

a SAM and GTP in brackets refer to the SAM- and GTP-binding sites, respectively,  within  
the main binding pocket (pocket 1). 	  
b Not comparable between different binding pockets. 	  
c Hbond, Hphob and VwInt, contribution of the hydrogen bond, hydrophobic, and van der Waals 
interaction networks to the docking score.

Table 4: Docking results for selected poses from the ICM small molecule docking method in the 
secondary binding pocket (pocket 2) for inhibitors belonging to the CHVB, MADTP, and FHNA 
series.

Compound Pocket Pose Score a Hbond b Hphob b VwInt b

Sinefungin 2 1 -8.302 -10.93 -4.45 -23.17
CHVB-066 2 1 -6.819 -0.685 -6.887 -24.27
CHVB-032 2 1 -16.51 -3.084 -5.966 -24.1

MADTP-372 2 1 -9.269 -2.374 -4.28 -22.88
FHNA 2 1 -10.26 -4.138 -3.471 -19.22

3’-keto form of FHNA 2 2 -11.25 -8.237 -3.701 -21.76
FMA 2 1 -10.36 -5.363 -3.548 -15.02

a Not comparable between different binding pockets. 	  
b Hbond, Hphob and VwInt, contribution of the hydrogen bond, hydrophobic, and van der Waals 
interaction networks to the docking score.

they preferably bind to pocket 2 in the RAMBO domain of nsP1 (Fig. 8A). In pocket 
2, the compounds of the FHNA series would form hydrogen bonds with residues 
close to residue G230, which is involved in drug resistance to this series (Fig. 8B). 
The inactive analogue FMA could also be docked in pocket 2, but it portrayed a 
different binding mode, providing a structural basis for the differences in antiviral 
activity between FHNA and the inactive analogue. In general, the CHVB and MADTP
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Figure 8: Binding mode of the FHNA series in the CHIKV nsP1 secondary binding pocket. (A) 
The FHNA series is suggested to bind to a secondary binding pocket (pocket 2) in the RAMBO 
domain of CHIKV nsP1 (PDB 6Z0V) outside of the main binding pocket. (B) The defined binding 
pocket is flanked by residues G230n and K299n-1. FHNA and FHA share a similar binding mode 
that is not shared by the inactive analogue FMA. 

series bind with lower affinity to pocket 2 (Table 4), with the exception of CHVB-032, 
which seems to be stabilized both by hydrogen bonds and hydrophobic interactions in 
this pocket. The difference between the docking scores of CHVB-066 and CHVB-032 
could explain the higher potency of CHVB-066 in anti-CHIKV assays (Table 1), whereby 
CHVB-032 could be more easily sequestered in pocket 2 compared to its analogue 
CHVB-066. 
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Discussion
In this study we have explored the cross-functional relationships of a variety of 
chemically distinct CHIKV nsP1 inhibitors (Fig. 1). Here, we present a model that could 
explain the antiviral mechanisms of the inhibitors belonging to the MADTP, CHVB and 
FHNA series. Cell-based phenotypic cross-resistance assays revealed that the CHVB 
and MADTP series shared a similar mode of action that differs from that of the FHNA 
series. Interestingly, all of the CHIKV nsP1 mutants that were resistant to the different 
nsP1-targeting compounds were sensitive to sinefungin (Fig. 2). In enzymatic assays 
with wt SFV nsP1, CHVB-032 and CHVB-066 completely blocked the formation of the 
32P-m7GMP-nsP1 covalent complex while MADTP-372 also inhibited enzymatic activity, 
although less potently (Fig. 3A). Sinefungin only weakly inhibited the enzymatic activity 
and, curiously, its addition to the assay in the absence of SAM led to the formation 
of a radioactive product, presumably the 32P-m7GMP-nsP1 covalent complex (Fig. 3A 
and 3B). Both the cell-based and enzymatic assays indicated that these CHIKV nsP1 
inhibitors target different functions of the protein. To elucidate the mechanism of 
action of these compounds in more detail, we performed a molecular docking study 
with the recently solved CHIKV nsP1 cryo-EM structure. Importantly, the molecular 
docking experiments described here were performed on an enzymatically active 
form of CHIKV nsP1. Recently, Jones et. al. described that CHIKV nsP1 is active when 
assembled as oligomers into a ring-shaped membrane-associated complex (28). Using 
this structure, we identified two binding pockets within a single nsP1 protomer: the 
main binding pocket (pocket 1) in the capping domain, and the secondary binding 
pocket (pocket 2) in the RAMBO domain (Fig. 4). The main binding pocket, which forms 
the catalytic site of CHIKV nsP1, is further divided into two binding sites occupied by 
the endogenous ligands SAM and GTP (Fig. 5). The mutations responsible for drug 
resistance to the MADTP, CHVB and FHNA series mapped to different functional 
regions of CHIKV nsP1 (Fig. 6), supporting our observations from the cell-based and 
enzymatic assays. The molecular docking experiments predicted that the MADTP and 
CHVB series bind at the SAM-binding site in the main binding pocket (Fig. 7A and 7B). 
Here, the MADTP and CHVB compounds would likely exert their inhibitory effect by 
competing with SAM. The differences in potency of these compounds are supported 
by differences in docking scores. In contrast, the compounds of the FHNA series most 
probably bind to a different region of nsP1, seemingly not directly disrupting the  
catalytic activity (Fig. 8). Instead, the FHNA series appears to interfere with membrane 
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binding and oligomerization of nsP1 by binding to pocket 2 in the RAMBO domain, 
and thus indirectly affecting the nsP1 enzymatic function. Lastly, sinefungin does not 
seem to bind in a similar way to the inhibitors of the MADTP, CHVB and FHNA series. 
Despite the fact that sinefungin structurally resembles SAM, it preferentially docked 
at the GTP-binding site (Table 3). However, the docking results for sinefungin need 
to be interpreted with caution because the SAM’s binding pose in itself is not very 
reliable in the current CHIKV nsP1 conformation. As mentioned in the Materials and 
Methods, SAM and sinefungin were docked differently (i.e. using different docking 
grids or reference residues). In addition, more experimental data would need to be 
obtained to explain why sinefungin stimulates GTase activity and does not serve as a 
competitive SAM inhibitor. In summary, we identified several classes of CHIKV nsP1 
inhibitors with unique modes of action by our cell-based and biochemical assays as 
well as molecular docking studies. 

Furthermore, the molecular docking experiments revealed interesting 
observations regarding the structural impact of the mutated residues in the MADTP-, 
CHVB- and FHNA-resistant viruses. The residues conferring resistance to the MADTP 
and CHVB series were found to gate the SAM-binding site in the main binding pocket 
(Fig. 6). Specifically, the residues that are mutated in the MADTP-resistant viruses 
(substitutions P34S and T246A) were located in close proximity to the catalytic residue 
H37. The residues that are mutated in the CHVB-resistant viruses (substitutions S454G 
and W456R) were predicted to be located in the proximity to the SAM-binding site 
despite a density gap in the CHIKV nsP1 structure, which precluded precise mapping 
of these residues (Fig. 6). Given the predicted position of these aa, both MADTP and 
CHVB compounds are unlikely to directly interact with these residues in the active 
site. The observed drug resistance could be achieved by compensatory mutations 
that destabilize the active site, e.g. the MADTP resistance mutation P34S could 
affect the position of the catalytic loop in the active site, including the position of 
the catalytic residue H37. The ensuing conformational change of the active site could 
thus negatively influence the binding mode of the MADTP series. The same negative 
effect would be expected to occur by mutating other residues in the catalytic loop, for 
example, by altering the charge of residue D36. The CHVB resistance mutations also 
appear to be compensatory as they are predicted to be located further away from 
the SAM-binding site. These mutations could facilitate SAM binding or increase SAM 
access to the SAM-binding site. On the contrary, residues G230n and K299n-1, which 
are mutated in the FHNA-resistant virus, flank pocket 2 in the RAMBO domain (Fig. 6). 
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Residue G230 is located in the MBO loop 1 involved in the formation of membrane-
binding spikes, facilitating membrane binding and assembly of oligomeric nsP1. More 
specifically, residue G230n promotes interactions with the RAMBO MBO loop 2 of 
the n-1 protomer. Residue K299n gates the entry to the SAM-binding site of the n+1 
protomer. Interestingly, the V326M substitution, which together with G230R, was 
previously implicated in resistance to difluoromethylornithine (36), also mapped to 
pocket 2, suggesting that compounds linked to inhibition of methionine metabolism 
localize to a discrete binding site within the nsP1 structure (Fig. 8). Furthermore, 
nsP1 oligomerization allosterically activates the enzyme, therefore, mutations that 
disrupt this process are expected to lead to a loss of nsP1 enzymatic activity (28). 
Our enzymatic assays with wt SFV nsP1 revealed that the 3’-keto form of FHNA only 
partially inhibited the formation of the 32P-m7GMP-nsP1 covalent intermediate (22). 
The rather negligible inhibitory effect of the 3’-keto form of FHNA in the covalent 
complex formation assay in comparison with compounds belonging to the MADTP 
and CHVB series could be explained by its allosteric effect on the nsP1 enzymatic 
activity, affecting oligomerization of nsP1. Last but not least, FMA, which was inactive 
in CHIKV CPE-reduction assays, showed a different binding mode compared to active 
FHNA, which differ by the N-methylation at the N6 position of the purine ring and the 
double bond on the cyclohexyl ring.

The major limitation of this study and the current model is that the available 
CHIKV nsP1 cryo-EM structure has no ligands in the active site. In addition, the findings 
by Jones et al. suggest a complex mechanism of nsP1 oligomerization and activation 
(28), which would be very difficult to capture with the techniques used in this 
study, potentially leading to discrepancies between the modelled and experimental 
data. Importantly, the molecular docking experiments presented in this study were 
performed on the dodecameric form of CHIKV nsP1, which could lead to a potential 
bias when docking compounds on the monomeric nsP1. For example, MADTP-372 
preferentially binds at the GTP-binding site when docked to the monomeric nsP1 
as opposed to the oligomeric nsP1. Here, we reported on molecular docking of 
CHIKV nsP1 inhibitors considering the whole CHIKV nsP1 complex, as we aimed 
to approximate our results to the active form of CHIKV nsP1 likely found in CHIKV-
infected cells, as suggested by Flock House virus tomographic reconstructions of 
infected cells (28). Furthermore, the resistance mutations described in this study were 
not located in the compound docking sites in the apo nsP1 structure. Their position 
might further change upon conformational reorganization of nsP1, which is predicted 
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to occur after m7GTP relocates in the proximity of the catalytic residue H37 in the 
main binding pocket to form the covalent intermediate m7GMP-nsP1 (28). Previous 
studies using recombinant SFV or VEEV nsP1 mutants expressed in E. coli defined 
residues important for the catalytic activity of alphavirus nsP1. For example, SFV nsP1 
mutants carrying aa substitutions of conserved residues are either completely inactive 
in assays measuring both MTase and GTase activity (D64A, D90A and C142A) or had 
a very low level of activity (C135A and Y249A) (16), suggesting an important role of 
these residues in RNA capping. Using a similar assay, mutational studies with VEEV 
nsP1 showed that the mutant D63A was devoid of MTase activity while the mutant 
H37A had abrogated GTase activity (37). All of these residues are positioned at or 
near the active site in the current CHIKV nsP1 model. Residues H37 and Y248 line the 
GTP-binding site while residue D89 is exclusively involved in SAM binding. Residues 
C134 and C141 are found in the Zn binding site below the active site (28). Residue 
Q19 in VEEV nsP1 was identified as a key residue for the MTase activity, and it was 
shown that a Q19K mutation modulates SAM and GTP binding (38). This residue was 
shown to be important for the enzymatic activity of nsP1 and would be expected 
to lie in the proximity of the active site. Nevertheless, the recent findings by Jones 
et al. describing the process of CHIKV nsP1 oligomerization into structurally novel 
capping rings challenge the biochemical data from these assays (28). Confirmatory 
experiments with oligomeric wt and mutant CHIKV nsP1 would need to be performed 
to validate the results obtained with other forms of alphavirus nsP1. It still remains 
very puzzling why compounds docking at the active site of CHIKV nsP1, including the 
MADTP and CHVB series and sinefungin, are not active against a related alphavirus 
SFV (Table 1). Previously, it was shown that FHA and FHNA, which were active against 
both CHIKV and SFV, were inactive against SINV (22), and the MADTP and CHVB 
series were also found to be inactive against other alphaviruses (21, 24). The current 
opinion in the field holds that the ring-shaped membrane-associated nsP1 complex 
is conserved among alphaviruses. Besides its enzymatic functions important for RNA 
capping, the nsP1 complex plays a key role in anchoring the replication complex (nsP1-
4) to membranes (4). The nsP1 capping ring appears to interacts with nsP4 on both 
inner and outer sides of the pore (28).

Taken altogether, this study predicts the mode of action of several CHIKV 
nsP1 inhibitors. We would like to emphasize that our conclusions are drawn based 
on a combined interpretation of docking poses and mutagenesis data. Nevertheless, 
other docking possibilities may exist, especially if different conformations of CHIKV 
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nsP1 (i.e. other atomic structures in complex with either endogenous or targeted 
ligands, or monomeric nsP1) would be considered. Our combined data suggest that 
compounds belonging to the MADTP and CHVB series likely interfere with CHIKV 
nsP1 functions directly via (non)competitive inhibition of SAM binding. FHNA and 
its 3’-keto form seem to bind outside of the catalytic site occupied by SAM and 
GTP and likely have an indirect effect on nsP1 function, possibly by disrupting nsP1 
oligomerisation and membrane binding and/or through an allosteric effect on the 
catalytic site. Since nsP1 oligomerization stabilizes the capping domain, inhibiting this 
process would compromise the ability of CHIKV nsP1 to perform RNA capping. Our 
study demonstrates that CHIKV nsP1 is an interesting and relevant antiviral drug target 
that could be efficiently inhibited by compounds with different mechanisms of action. 
This would allow development of combination therapy directed at this unique viral 
activity by combining functionally distinct nsP1 inhibitors and thus lowering the risk of 
emergence of antiviral drug resistance.
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The highly epidemic potential of CHIKV was only truly appreciated after the large 
epidemics occurred at the beginning of the 21st century. CHIKV remains a serious health 
problem, mostly in developing countries with poor healthcare infrastructure and high 
incidence of Aedes mosquito vectors. So far, registered antiviral therapies and vaccines 
are not available and CHIKF treatment is only symptomatic. The main objective of this 
thesis was to develop novel antiviral strategies against CHIKV. The research described 
in this thesis focused on identifying prospective CHIKV inhibitors and characterizing 
their modes of action using cell-based assays, enzymatic assays with purified protein 
and molecular docking. More specifically, Chapters 3-6 describe studies ranging 
from the identification of small-molecule inhibitors in cell-based screens to in-depth 
elucidation of the mechanism of action of selected potent inhibitors, which were 
found to inhibit CHIKV nsP1. CHIKV nsP1 was first identified as an antiviral target in 
2016, with a report describing the MADTP compound series as potent inhibitors of 
this protein (1). NsP1 performs unique virus-specific enzymatic functions responsible 
for viral RNA capping, thus representing a good target for antiviral therapy. This thesis 
has contributed to the CHIKV antiviral field by the identification of novel RNA capping 
inhibitors with specific yet distinct inhibitory effects on the nsP1 enzymatic functions. 
Furthermore, this thesis for the first time describes the use of a CHIKV nsP1 cryo-
EM structure for molecular docking studies with small-molecule inhibitors. This final 
chapter places the results of this thesis in the context of the current literature and 
discusses some unexpected findings. The highlights and limitations of the antiviral 
studies with CHIKV nsP1 are summarized and discussed below.

Identification of CHIKV inhibitors and characterization of 
their mechanisms of action
Compounds identified as prospective CHIKV nsP1 inhibitors originate from screens 
of repurposed or natural compounds as well as newly synthesized molecules. The 
CHIKV nsP1 inhibitors described in this thesis have been chemically synthesized 
and contain novel chemical moieties, as described in Chapters 2-3. 6’-fluorinated-
aristeromycin and 6’-fluorinated-homoaristeromycin analogues were designed 
as dual-target compounds against both a viral and a host target. Therefore, their 
inhibitory activity was first validated in an enzymatic assay with a recombinant 
S-adenosyl-L-homocysteine (SAH) hydrolase and subsequently in CHIKV CPE-
reduction assays (Chapter 3). Two of the prototype compounds, namely 6′-β-fluoro-
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homoaristeromycin (FHA) and 6′-fluoro-homoneplanocin A (FHNA), showed stronger 
inhibition in CHIKV CPE-reduction assays (EC50 0.12 ± 0.04 μM and 0.18 ± 0.11 μM, 
respectively) compared to the enzymatic assays with SAH hydrolase, suggesting their 
antiviral effect could be direct rather than indirect via inhibition of the host SAH 
hydrolase (Chapters 3-4). The inhibition of the latter host enzyme indirectly interferes 
with the nsP1-mediated methylation reactions via a negative feedback mechanism 
due to SAH build-up. Despite the inhibition of SAH hydrolase having been studied 
with various SAH hydrolase inhibitors in cell culture in the past, a direct link between 
the inhibition of SAH hydrolase and FHA/FHNA has not been established in our study 
using cell-based assays. The opportunities for measuring metabolites such as SAM 
and SAH in infected treated and untreated cells have been explored but have proved 
to be complex, as many players feed into the cellular methylation pathway. It was 
also not possible to perform the SAH hydrolase knockdown by siRNA mediated gene 
silencing, for example, as the SAH hydrolase is considered an essential host factor 
in the cellular methylation pathway. Despite lack of direct evidence that FHA/ FHNA 
act via inhibition of the host SAH hydrolase, the viral target of these compounds was 
determined by resistance passaging and generation of resistant mutants by reverse 
genetics. The resistance passaging protocol used and described in Chapters 4-5 differs 
from the conventional passaging approach performed in the presence of suboptimal 
compound concentrations. Instead, this method relies on using a high viral dose in the 
presence of compound concentrations that confer full protection in CPE-reduction 
assays. The wells containing ‘viral breakthrough’, i.e. viruses with mutations that 
increase fitness, are then further passaged, again in the presence of a compound 
dose conferring full protection against virus-induced CPE, as in the previous step. The 
objective is to obtain a viral population where the mutants conferring resistance to 
the compound represent the majority. While this selection procedure allows rapid 
identification of resistant mutants, it does not discriminate between mutations that 
originated due to resistance to the compound and those that arose as a consequence 
of cell culture adaptation. Mutations responsible for cell culture adaptation in VeroE6 
cells, such as R171Q and T301K in CHIKV nsP1 and opal524R in CHIKV nsP3, have been 
detected previously (2). Therefore, the mutation of opal524R in CHIKV nsP3 identified 
in our study was considered as non-specific. Because the resistance passaging 
method described here does not allow for parallel passaging of wt virus to reveal 
such non-specific mutations, all identified mutations have to be reverse-engineered 
into an infectious cDNA clone, either singularly or in combinations. The inability to 
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exclude non-specific mutations is the major downside of this method, as opposed 
to conventional passaging where wt virus is passaged in parallel in untreated cells. 
Our mechanism of action studies described in Chapters 4-5 identified CHIKV nsP1, 
the enzyme responsible for viral RNA capping, as the target of both FHA and FHNA, 
and the CHVB compounds. Reverse genetics confirmed that resistance against FHA/
FHNA and CHVB compounds required two mutations in CHIKV nsP1. The equivalents 
of the mutations that confer resistance to FHNA in CHIKV, namely G230R and K299E, 
were introduced into an SFV infectious cDNA clone. The SFV nsP1 mutants with a 
single mutation K231R or K300E and the K231R/K300E double mutant were tested 
for resistance in SFV CPE-reduction assays. Unlike for CHIKV nsP1 mutants, none of 
these SFV nsP1 mutants proved to be resistant to FHNA (data not shown). However, 
it is important to mention that these mutations were not selected by resistance 
passaging, therefore the mutations responsible for SFV resistance to FHNA were 
either located elsewhere in the nsP1 sequence and/or more than two mutations were 
responsible for the resistance phenotype. Importantly, the enzymatic assays with wt 
SFV nsP1 were able to demonstrate at least a partial direct inhibitory effect of the 
metabolized form of FHNA, the 3’-keto form. Unfortunately, despite several efforts, 
the 3’-keto form of FHNA could not be chemically synthesized (unpublished). Assays 
with the purified SFV nsP1 carrying the K231R and K300E mutations showed that this 
protein was enzymatically less active and also partially resistant to the inhibitory effect 
of the 3’-keto form of FHNA (Chapter 4), in contrast to the same mutant in SFV CPE-
reduction assays. This clearly demonstrates differences between the conformation 
of the protein in infected cells and its accessibility to inhibitors compared to in vitro 
assays. This topic is revisited in more detail below. Although the direct link between 
FHA/FHA and the inhibition of SAH hydrolase could not be established, the effect 
of both SAM and SAH on the activity of purified wt SFV nsP1 and mutant K231R/
K300E nsP1 was tested in enzymatic assays. The results of these assays disproved an 
(inhibitory) effect of both SAH and SAM on the protein, indicating that the mechanism 
of action of FHA/FHNA is independent of the inhibition of SAH hydrolase. 

Is RNA capping a good target for antiviral drug development?
The 5’ cap structure is unique to eukaryotic cellular and viral mRNAs, as it is absent 
from other domains of life. Although the capping pathway is well conserved in all 
eukaryotes, the structure and genetic organization of the capping enzymes differ 
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between species (3). In the conventional RNA capping pathway of eukaryotic cells, 
the cap is formed by three enzymatic reactions at the 5’ end of the nascent mRNA 
(Fig. 1). First, the 5’ triphosphate end of pre-mRNA is hydrolysed to a diphosphate 
by an RNA 5’ triphosphatase (RTPase). Second, a guanylyltransferase (GTase) adds 
guanosine 5’ monophosphate (GMP) to the diphosphate RNA via a covalent enzyme-
GMP intermediate. Finally, the GpppN cap is methylated at the N7 position by a 
guanine-N7 methyltransferase (MTase). This process generates the minimal cap-0 
structure (m7GpppN) found mainly in lower eukaryotes. In higher eukaryotes, further 
methylation by ribose 2’-O-methyltransferases (2’-O MTases) occurs at the 2’ position 
of the first nucleotides in the RNA transcript, to generate cap-1 (m7GpppNmN) and cap-
2 (m7GpppNmNmN) structures (4). S-adenosyl-L-methionine (SAM) serves as a methyl 
donor for both the N-7 and 2’-O methylation reactions. S-adenosyl-L-homocysteine 
(SAH) is a demethylated by-product that is released during the reaction and can inhibit 
SAM-dependent MTases.

In contrast to some viruses that require two methylation steps, alphaviruses 
need only one methylation event for production of a functional 5’ cap. An alphavirus 
5’ cap is identical to the cellular 5’ RNA cap, albeit its synthesis proceeds via a non-
conventional mechanism. The alphavirus nsP1 MTase first methylates a GTP molecule 
to produce 7-methylguanosine (m7GTP) (5). The nsP1 GTase is then responsible for the 
covalent attachment of m7GTP onto nsP1, resulting in the formation of the covalent 
m7GMP-nsP1 intermediate and releasing a pyrophosphate (PPi) (6, 7). The nsP2 RTPase 
removes the 5’ γ-phosphate from nascent RNAs to produce 5’ diphosphate-containing 
RNAs ready to receive the methylated m7GMP cap (8). Finally, the nsP1 GTase transfers 
m7GMP onto the diphosphate RNAs. Thus, both alphavirus nsP1 and nsP2 are involved 
in RNA capping. The cap structure protects the mRNA from degradation by host 5’-3’ 
exoribonucleases as well as against a number of innate immune sensors that detect 
the presence of uncapped viral RNAs as ‘non-self’. Lastly, the cap is required for 
translation by host ribosomes that recognize the N7-methylated cap structure

Alphavirus RNA capping is an interesting target for CHIKV antiviral drug 
development owing to the virus-specific enzymatic functions and mechanistic 
differences between cellular and viral 5’ cap formation. While cellular MTase and 
GTase enzymes often contain canonical catalytic motifs (KDKE and KxDG, respectively), 
alphavirus nsP1 does not contain these signature sequences, opening the possibility 
of selective inhibition (9). Studies with an SINV infectious cDNA clone have also shown 
that point mutations of H39, D91, R94 and Y249 that abolish nsP1 enzymatic activity 
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Figure 1: Comparison of the host (A) and alphavirus (B) RNA capping pathway.

render the virus non-viable (10). It is possible to achieve a complete block of 
replication by targeting the 5’ cap, as illustrated by the CHVB compounds that 
fully blocked CHIKV replication at specific doses in the low micromolar range in a 
TCID50-based assay (Chapter 5). As alphavirus RNA capping occurs exclusively in 
the cytoplasm drugs designed to specifically target this process are not expected to 
trigger adverse reactions. In the alphavirus replication cycle, two RNA molecules are 
co-transcriptionally capped – the genome and the sgRNA. Inhibition of this process 
should have a profound negative effect on alphavirus replication. Furthermore, the 
activation of innate immune pathways, including the type I IFN response, by the 
presence of uncapped RNA molecules, is expected to enhance the impact of drugs 
targeting RNA capping. Under such circumstances, RNAs with immature or incomplete 
cap structures would be targeted for degradation by the RNA decay machinery. 

Nevertheless, some considerations need to be made when developing CHIKV 
nsP1 inhibitors. Antiviral drug resistance to CHIKV nsP1 inhibitors is known to develop, 
typically requiring the presence of two mutations, as discussed in Chapter 2. A virus 
can also develop alternative pathways to resist the effect of antiviral compounds. 
For example, DENV was reported to alternate between cap-dependent and cap-
independent translation mechanisms (11), which could be problematic for the 
development of specific DENV capping inhibitors. Another potential downside of 
using nsP1 as a specific antiviral target is the limited level of conservation between 
different members of the Togaviridae family. It is known that alphavirus nsP1 displays 
approximately 60-65% sequence similarity despite the enzymatically active part being 
well-conserved. The unique structural features that increase the selectivity of this 
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antiviral target could come at the cost of a broad-spectrum antiviral effect. Despite 
the latest findings by Jones et al. that alphavirus nsP1 forms a conserved structure 
composed of 12 nsP1 protomers arranged into a ring-shaped membrane-associated 
complex (12), it is still not understood why some inhibitors are specific towards CHIKV 
nsP1 while others are not. This is exemplified by the CHVB compound series described 
in Chapter 5, which inhibited various CHIKV strains but was not active against related 
alphaviruses. Perhaps unsurprisingly, the MADTP compound series that is predicted 
to bind in the same pocket as the CHVB series based on docking studies described in 
Chapter 6, also had a limited antiviral spectrum. The MADTP-314 compound and its 
analogues potently inhibited several CHIKV strains, but were less active against VEEV 
and not active against closely related alphaviruses like ONNV (1). 

Detection and role of uncapped RNAs produced during the 
alphavirus replication cycle
The absence of a 5’ cap structure was identified as a primary molecular determinant 
of SINV particle infectivity (13). The viral RNAs produced during an infection are not 
universally 5’ capped as previously thought. In fact, it has been shown that a significant 
amount of uncapped genomic RNAs, composed primarily of the 5’ monophosphate 
RNAs, are packaged into particles during the course of a SINV infection (13). There 
appears to be no preferential packaging of either 5’ capped or uncapped genomic RNA 
in mammalian or mosquito cells during a SINV infection. A more detailed mechanistic 
study in tissue culture models revealed that nsP1 mutations can modulate the 
production of uncapped RNAs. Specifically, alanine substitutions at positions Y286 
and N376 of SINV nsP1 led to decreased RNA capping efficiencies and an alanine 
substitution at position D355 increased RNA capping efficiencies (14). Importantly, 
SINV appears to be much more sensitive to mutations that increase RNA capping 
efficiency compared to those that decrease RNA capping efficiency. In addition, 
increasing the viral capped-to-uncapped RNA ratio had a detrimental effect on overall 
viral particle production (14). These observations strongly indicate that there is a 
role for uncapped RNAs during the replication cycle, whereby decreased amount 
of uncapped RNAs negatively affects viral particle assembly. However, the precise 
underlying molecular mechanisms are unknown. It would be interesting to know 
whether uncapped RNAs play a similar role during CHIKV replication and whether any 
of the mutations responsible for resistance to CHIKV nsP1 inhibitors, such as FHA/
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FHNA or CHVB compounds, are able to modulate capping efficiencies. Our data from 
Chapter 4 have shown that treatment with the capping inhibitors FHA and FHNA 
led to an increased genomes-to-PFU ratio. The balance between the capped and 
uncapped RNAs might have been altered in favour of uncapped RNAs early during 
the replication cycle. To measure the ratio of capped-to-uncapped RNAs, an XRN1-
based qRT-PCR assay was set up to discriminate the amounts of these molecules 
in a sample (data not shown). This assay was originally designed for SFV, a model 
alphavirus that has been extensively studied in our laboratory, based on the principle 
described by LaPointe et al. (14) and on the assumption that SFV and SINV have similar 
capping efficiencies. The assay uses the 5’-3’ exoribonuclease XRN1 that digests 5’ 
monophosphate RNAs, but leaves 5’di/triphosphate RNAs and 5’ caps intact. After 
an enzymatic digestion by XRN1, only capped RNAs are expected to be left in the 
sample preparation. In addition, the samples are internally spiked with a yellow fever 
virus (YFV) in vitro-transcribed RNA fragment. Control reactions contain YFV RNA 
that is first treated with RNA 5’ pyrophosphodydrolase (RppH) that removes 5’ di/
triphosphate RNAs and 5’ caps, leaving only 5’ monophosphate RNAs for degradation 
by XRN1. The net result of the combined RppH and XRN1 treatment is the absence of 
YFV RNA. The ratio of capped-to-uncapped RNAs is then compared between XRN1-
treated and untreated samples by detection with qRT-PCR using specific SFV and 
YFV probes. Experimentally, we have determined that there is approximately 3% YFV 
RNA remaining after digestion with both RppH and XRN1, demonstrating the assay is 
sufficiently sensitive to show differences between samples. However, in our assay with 
FHNA-treated and untreated intracellular and extracellular SFV RNA, there was large 
variation between the sample replicates in the assay. Therefore, it was not possible 
to draw a conclusion about the effect of FHNA treatment on SFV RNA capping. This 
could be attributed to the instability of uncapped viral transcripts, especially outside 
of the cellular environment. Thus, RNA degradation could be the main reason for 
replicate variability. It must be stated that the effect of FHNA on CHIKV RNA capping 
is expected to be greater, because FHNA was a more potent inhibitor of CHIKV 
compared to SFV, as described in Chapter 4. Furthermore, the SFV nsP1 K231R/K300E 
double mutant was not resistant to FHNA treatment in cell culture, suggesting that 
these mutations unlikely play a role in altering the capped-to-uncapped ratio during 
the SFV replication cycle. Other systems for detecting capped and uncapped RNAs 
include immunoaffinity purification of m7G-capped transcripts using the anti-m3G/
m7G antibody (Ab)-coupled beads. This method was used for the characterization of 
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the 5’ termini of the genomic and four sg RNAs of Berne torovirus (15), a member 
of the nidovirus order. Our protocol differed in using qRT-PCR for detection of CHIKV 
RNA instead of 32P-labelled oligonucleotide probes for Northern blot hybridization 
analysis. This assay was used to determine the amount of capped CHIKV RNA bound 
to the Ab-coupled beads. However, despite our best efforts, we failed to ascertain the 
specificity of the anti-m3G/m7G Ab when using an uncapped CHIKV transcript, which 
impacted the overall reliability of this assay set-up. For these reasons and unresolved 
contamination problems, we decided not to quantify capped CHIKV RNA using this 
assay (data not shown). Another method uses qRT-PCR for detection of RNA-adapter-
containing RNAs obtained by enzymatic treatment of intracellular or extracellular SINV 
RNAs. In this approach, 5’ monophosphate-containing RNAs are generated by an initial 
treatment with a phosphatase followed by treatment with either a decapping enzyme 
or a kinase. The resulting capped and uncapped reaction mixtures serve as substrates 
for a ligation with an RNA adapter. In this way, the RNA-adapter-containing molecules 
can be compared to the total amount of viral genomic RNA in order to determine 
the ratio of capped-to-uncapped RNAs (13). However, the major disadvantages of 
the immunoprecipitation method with the anti-m3G/m7G Ab and the adapter ligation 
method are that both are labour-intensive and require multiple (enzymatic) steps to 
obtain capped and uncapped RNAs for quantification by qRT-PCR. The XRN1-based 
qRT-PCR assay is simpler, faster and less error-prone compared to the other methods, 
which is why it remains the best method for determining the ratio of capped-to-
uncapped RNAs from virally-infected samples. 

Deciphering the enzymatic functions of alphavirus nsP1: 
what we have learned from the past 
In vitro assays with SFV-infected cell lysates were developed already in the early 1980s 
to understand the SFV-specific enzyme functions in more detail. The first in vitro 
assays used 3H-labelled SAM to produce methylated caps at the 5’ termini of genomic 
and sg RNAs by the so called ‘methylating enzyme’, found in the mitochondrial pellet 
fractions (P15) of SFV-infected cells (16). The discovery that the enzyme responsible 
for the ‘mehylating’ activity, termed MTase, originated from a virus-specific protein 
came soon after (17). MTase activity was associated with the SFV replication complex 
based on evidence demonstrating that MTase from SFV-infected P15 extracts differed 
in substrate specificity from the cellular enzyme because, unlike the host enzyme, it 
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could catalyse the methylation of GTP to m7GTP. Furthermore, the MTase reaction 
could take place in the presence of EDTA, although the activity was reduced if divalent 
cations (Mg2+) were absent from the reaction. Preparations of SFV-infected P15 
fractions at different time points also revealed that the MTase activity appeared during 
the first 2 h post-infection, coinciding with the synthesis of a viral protein during the 
early stages of the SFV replication cycle (17). The direct link between MTase activity 
and nsP1 was revealed by expressing a SINV nsP1 mutant resistant to low methionine 
levels in E. coli. This mutant expressed an MTase with much higher affinity for SAM 
compared to wt nsP1 (18). Later on, SFV nsP1 was also successfully expressed in E. coli 
and recombinant baculovirus (AcNPV-nsP1)-infected cells, although finding a suitable 
purification method was not successful at the time due to heavy protein aggregation 
in these expression systems (5, 7). The MTase assays with the E. coli lysates confirmed 
that the reaction is specific for GTP and dGTP while the natural cap analogue of SFV 
RNAs, GpppA, could not serve as a methyl acceptor molecule. Furthermore, the enzyme 
could not methylate capped SFV transcripts, a feature in which alphavirus nsP1 MTase 
differs from other virus families (5). The ability of SFV nsP1 to form a covalently bound 
enzyme-guanylate complex typical for GTases was discovered using P15 fractions 
from recombinant baculovirus (AcNPV-nsP1)-infected cells. The GTase assays, which 
included α32P-GTP and SAM in the reaction mixture of nsP1-containing cell lysates, 
used the formation of a 68 kDa 32P-labelled m7GMP-nsP1 covalent intermediate as a 
readout. As opposed to the MTase activity, the GTase activity was dependent on the 
presence of divalent cations (Mg2+ or Mn2+) for the reaction to proceed. The covalent 
linkage between nsP1 and m7GMP was found to occur via a phosphamide bond (6). 
Using crosslinking assays with E. coli lysate containing recombinant SFV nsP1, residues 
D64 and D90 were found to be critical for SAM binding whereas residue H38 was 
linked to covalent binding of m7GMP (7). These residues are conserved across the 
alphavirus-like superfamily, which suggested that other members of this family use 
similar mechanisms for 5’ cap formation. Altogether, these studies indicated that 
alphavirus nsP1 is a source of at least two unique virus-specific enzymatic functions, 
the MTase and the GTase, and that the GTase is dependent on MTase. Later studies 
focused on deciphering the functional details of these enzymatic activities using 
radiolabel- and fluorescence-based assays with purified wt and mutant proteins.

SINV nsP1 expressed in E. coli and purified to homogeneity was the first 
purified alphavirus nsP1 capping enzyme. The protein retained its MTase and 
GTase activities, which indicated that membrane association is not required for 
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the enzymatic activity (19). In a more recent study with VEEV nsP1 purified from E. 
coli, a non-radioactive Western blot assay using the anti-m3G/m7G Ab was set up 
to study the GTase independently from the MTase (20). This reaction used m7GTP 
and SAH as substrates while, in the past, a chemically synthesized [14C]m7GTP was 
used. This non-radioactive GTase assay confirmed the results of the previous study, 
which showed that 14C-labelled nsP1 could only be synthesized in the presence of 
both [14C]m7GTP and SAH and that addition of SAM had no effect (7). The Western 
blot assay relies on the detection of the m7GMP-nsP1 covalent complex using 
immunoblotting with anti-m3G/m7G Ab. Mutational analyses of the MTase and GTase 
activities revealed that substitutions of residues H37 and D63 completely abolished 
the formation of the m7GMP covalent complex, as discovered for SFV nsP1. It also 
revealed that replacement of other residues, namely D354 and R365, increased the 
complex formation and that substitutions of Y285, N369 and N375 decreased complex 
formation. Some of these residues were found to be involved in modulating RNA 
capping efficiencies, as discussed before. Lastly, the guanylyltransfer of m7GMP onto 
a 5’ diphosphate RNA oligonucleotide was demonstrated using an assay with purified 
VEEV nsP1 (20). Therefore, it is now possible to uncouple all steps of the alphavirus 
RNA capping pathway using enzymatic assays reflecting each of the successive steps. 

On the basis of the above-mentioned literature, we have established a 
purification protocol for SFV nsP1. It should be noted that the SFV nsP1 that was used 
for the activity assays in Chapters 4-6 was purified to about 70-80% homogeneity, 
based on the SDS-PAGE analysis and Coomassie Blue staining. An assay detecting the 
formation of the m7GMP-nsP1 covalent intermediate, which studies both MTase and 
GTase activities, and uses α32P-GTP and SAM as substrates, was developed to assess 
the antiviral effect of compounds described in Chapters 4-6 and as discussed below. 
The MTase assays for SFV nsP1 were developed based on enzymatic assays with SINV 
and VEEV nsP1, as described in (19, 20). In our experimental conditions, the MTase 
reaction was stopped with excess SAH and loaded directly on the DEAE membrane. 
The detection of radioactive signal in this assay relies on the fact that the positively 
charged membrane binds to the negatively-charged nucleic acids such as [3H]GIDP 
while the rest is washed away. The radioactivity that is retained on the membrane 
is then absorbed by the scintillation liquid and measured in the scintillation counter. 
However, this approach failed to detect SFV nsP1 MTase activity despite several 
attempts (counts per minute at or below background level; data not shown), while 
the MTase activity was detected for the vaccinia virus (VV) capping enzyme used as 
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a positive control. To avoid detection of background due to [3H]SAM and to avoid 
clogging on the membrane, [3H]GIDP was extracted 3x with phenol buffered in 100 mM 
Tris-HCl pH 8.0 to yield a pure preparation, similar to a previously published protocol 
(19). The extraction is based on the separation of [3H]SAM into the phenol phase and 
the methylated acceptor [3H]GIDP into the aqueous phase. The radioactivity in the 
extracted aqueous phase was then mixed with the scintillation liquid and measured by 
scintillation counting. Nevertheless, this method also did not lead to detection of the 
MTase activity of SFV nsp1 (data not shown). It could be that the SFV nsP1 preparation 
that was used for these assays was contaminated with traces of SAH due to incomplete 
purification, which would have distorted the assay equilibrium and would have had a 
negative effect on the enzymatic activity. It is also very likely that this assay is not 
sensitive enough to detect the MTase activity compared to the radioactive assay with 
α32P-GTP and SAM measuring both MTase and GTase activities. 

Inhibitors of alphavirus nsP1 in enzymatic assays
The main purpose of developing the covalent complex formation assay with SFV nsP1 
was to assess the antiviral effect of RNA capping inhibitors on this antiviral target, 
as described in Chapters 4-6. Obtaining purified CHIKV nsP1 has been notoriously 
difficult, which is why our enzymatic assays were developed using a close relative of 
CHIKV nsP1, SFV nsP1. The quest for alphavirus RNA capping inhibitors has started 
more than 20 years ago with the development of functional enzymatic assays that 
uncoupled the individual steps of the RNA capping pathway. One of the first antiviral 
enzymatic assays with SFV nsP1 used partially purified bacterial supernatant (S15) 
fractions to study the effect of GTP analogues. Although some of the cap analogues 
could effectively inhibit the MTase and GTase of SFV nsP1, they could also interfere 
with translation by competing for ribosomal binding (21). More recently, sinefungin 
and aurintricarboxylic acid (ATA), a known inhibitor of flavivirus RNA capping, were 
shown to inhibit MTase and GTase activities in antiviral assays with purified VEEV nsP1. 
In contrast, ribavirin triphosphate (RTP) was very poorly active in both assays (20). 
This demonstrates that alphavirus nsP1 behaves differently from other enzymes such 
as the VV capping enzyme, as RTP can act directly as a substrate for the VV capping 
enzyme and form a covalent RMP-enzyme intermediate (22). The above-mentioned 
assays were based on the use of substrates containing radioactive isotopes, the use of 
which has diminished over the last decade. Despite their sensitivity, radioactive assays 
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are often discontinued due to potential health risks, reduced production of radioactive 
isotopes by commercial suppliers, limited half-life and costly waste disposal. More 
recently, non-radioactive methods have been developed that obviate the need for 
radiolabelled substrates. For example, a high throughput (HT) ELISA-based GTase assay 
was used for screening of 1220 compounds and identified 18 compounds inhibiting 
guanylylated VEEV nsP1. The best compounds showed improved IC50 values compared 
to the reference compound sinefungin (IC50 29.1 ± 2.6 μM) (23). A screen using a 
similar ELISA-based assay with CHIKV nsP1 confirmed the results with VEEV nsP1, 
with sinefungin and ATA having low IC50 values of 2.7 μM and 5.7 μM, respectively, 
while RTP was a poor inhibitor of CHIKV nsP1 with an IC50 in the millimolar range (24). 
Another method, a fluorescence polarization (FP)-based assay with CHIKV nsP1, was 
developed to monitor the displacement of fluorescently-labelled GTP analogues in 
real time using a pure monomeric CHIKV nsP1. This was the first report describing 
structural features of GTP that are important for GTP binding within CHIKV nsP1 (25). 
The same HT FP-based assay was used to screen 3051 compounds and identified 
lobaric acid as a potent competitive inhibitor of GTP binding (Ki 7.0 ± 0.6 μM) and 
anti-CHIKV activity (EC50 5.9 ± 1.4 μM) (26). Our studies in Chapters 4-6 describing 
the in vitro antiviral effect of CHVB and MADTP compounds, sinefungin, FHNA and its 
modified 3’-keto form were performed with SFV nsP1. CHVB compounds completely 
blocked the formation of the 32P-labelled m7GMP-nsP1 covalent intermediate while 
MADTP-372, sinefungin and the 3’-keto form of FHNA reduced the signal to a lesser 
extent. Overall, these assays demonstrated the antiviral effect of CHIKV nsP1 inhibitors 
in an assay system with a purified alphavirus nsP1 protein.

Discovery of alphavirus nsP1 capping complex and 
implications for future antiviral research
Towards the end of 2020, a new discovery describing alphavirus nsP1 capping rings 
has challenged our interpretations of the biochemical data on alphavirus nsP1 that 
accumulated over the last decades. For the first time, it was demonstrated that 
CHIKV nsP1 is active in ring-like oligomeric complexes and that these complexes are 
conserved among alphaviruses and beyond (12). The CHIKV nsP1 complex assembles 
into a dodecameric ring with a central pore, that is composed of a crown, a waist 
and a membrane-binding skirt. The active sites of the capping MTase-GTase domain 
form positively-charged pockets at the top of the crown while the membrane-binding 
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spikes protrude from the bottom of the skirt. The oligomerization of the nsP1 complex 
is needed to allosterically activate the enzyme and stabilize the conformation of 
the capping domain. Therefore, the enzymatic activity of monomeric nsP1 seems 
to be only residual compared to the enzymatic activity of oligomeric nsP1, which is 
expected to several times exceed that of the monomeric nsP1. Furthermore, these 
enzymatically active rings are associated with the membrane within the spherule 
necks, controlling access to these cellular invaginations harbouring newly synthesized 
viral RNA, as suggested in the past (27).

In Chapter 6, we performed molecular docking studies with the CHIKV nsP1 
cryo-EM structure. Our results revealed that CHVB and MADTP series dock at the 
SAM-binding site of the oligomeric nsP1 complex. Interestingly, they tend to dock 
at the GTP-binding site of the monomeric nsP1. Therefore, it’s important to further 
elucidate whether the nsP1 complex is the predominant structural form in infected 
cells as well as the speed of nsP1 complex assembly. Besides the capping domain, 
CHIKV nsP1 also contains the RAMBO domain that makes up the waist and skirt regions 
of the complex. The FHNA series docks at a binding pocket in this domain, leading to 
disruption of membrane binding and oligomerization of nsP1. The identification of the 
predicted compound-docking sites in these functionally distinct regions of CHIKV nsP1 
is supported by the resistance-inducing mutations that localize in the vicinity of these 
sites. The residues mutated in the MADTP- and CHVB-resistant viruses gate the active 
site and the residues involved in FHNA resistance line a pocket in the RAMBO domain, 
as further described in Chapter 6. Altogether, our molecular docking studies classified 
the CHIKV nsP1 inhibitors into functionally distinct groups. However, some of our earlier 
findings, including the specific antiviral activity of MADTP and CHVB series against 
CHIKV but not against related alphaviruses, could not be addressed with the available 
structural information. Therefore, the structural context for inhibition of MADTP or 
CHVB series still needs to be further investigated, given that their docking positions 
can change depending on the oligomeric state of nsP1. This is counterintuitive, as 
one would expect a defined binding pose for inhibitors specifically targeting CHIKV 
nsP1. Nevertheless, it must be re-emphasized that the current CHIKV nsP1 structure 
did not contain ligands in the active site, and that CHIKV nsP1 is predicted to undergo 
conformational reorganization affecting the active site. The characterization of the 
precise location of SAM- and GTP-binding sites within the alphavirus nsp1 structure, 
including the thus far elusive residues involved in MTase and GTase activities, would 
represent the first step towards identification of broad-spectrum small molecule 
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inhibitors of alphavirus nsP1. This information could also be harnessed for in silico 
screening and rational design of selective alphavirus nsP1 inhibitors. Another potential 
avenue for drug design would be the development of allosteric inhibitors of alphavirus 
nsp1, by targeting the druggable pocket in the RAMBO domain of nsP1.

Do arboviruses pose a global threat for the future?
Mosquitoes, like all other organisms, respond to selective pressures imposed by 
their changing environments. Climate change and urbanisation have been the major 
drivers of arbovirus spread to new territories with previously unexposed populations. 
The changing epidemiology in these new regions could be disruptive to healthcare 
systems and economies of the affected countries that have not had a history of 
arboviral diseases. For example, predictive models indicate that arboviruses will pose 
an increased threat to Africa due to their year-around circulation and the abundance 
of Aedes mosquitos on this continent. This shift can be explained by differences in 
thermal optima between the mosquito vectors for malaria and arboviruses, such as 
dengue and chikungunya. While malaria transmission by Anopheles gambiae peaks at 
25°C, arbovirus transmission by Ae. aegypti peaks at 29°C (28, 29), which can lead to 
geographical shifts in Ae. aegypti-transmitted viruses with warmer temperatures, for 
example in sub-Saharan Africa. The shift from malaria to arboviral diseases has already 
occurred in much of Latin America, where malaria transmission has substantially 
declined in the past three decades and, at the same time, dengue, chikungunya and 
Zika incidence have increased (30). While malaria control programs have undoubtly 
played an indispensable role in controlling malaria transmission, the influence of 
temperature and human movement on vector-borne disease transmission has been 
largely unrecognized. In addition, CHIKV has expanded to cooler regions of the 
world due to adaptation to a new vector - Ae. albopictus -, which thrives at lower 
environmental temperatures compared to Ae. aegypti. This indicates that, besides 
ecological changes, alteration of the genetic make-up of viruses such as CHIKV can 
affect vector competence and their distribution in the environment. The latest 
statistics show that the most CHIKV-affected countries lie in Central and South 
America, with Brazil having the largest number of reported cases, and in South-East 
Asia, dominated by Malaysia and Thailand. There have been no autochthonous cases 
of CHIKV reported in continental Europe in 2019 or 2020 (https://www.ecdc.europa.
eu/en/chikungunya-monthly).
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Concluding remarks
In this thesis, several important topics related to inhibition of CHIKV nsP1 by small-
molecule inhibitors have been discussed. Here, a few key points of importance to the 
field of (alpha)virology and antiviral drug development are highlighted. First, it was 
shown that potent and specific inhibitors of the CHIKV RNA capping can be developed 
by using novel synthetic approaches to fill the CHIKV antiviral drug discovery pipeline. 
Moreover, it was demonstrated that the resistance to CHIKV nsP1 inhibitors can 
develop, and that the barrier to resistance typically consists of two amino acid 
substitutions in the non-conserved regions of nsP1. Besides identifying the viral drug 
target in cell-based assays, it is important to validate the viral target of direct-acting 
CHIKV nsP1 inhibitors in different experimental systems, for example, in enzymatic 
assays with purified protein, to confirm target specificity. As shown with the use of the 
recently solved CHIKV nsP1 cryo-EM structure, which is assembled into a dodecameric 
ring, the oligomerization state of nsP1 can have an impact on the molecular docking 
of CHIKV nsP1 inhibitors and can influence the interpretation of our findings from 
cell-based and enzymatic assays. More importantly, our studies showed that the use 
of a CHIKV nsP1 structure is instrumental for identifying and validating druggable 
pockets or binding sites. In addition, such knowledge can contribute to rational design 
and improvement of CHIKV active molecules for development into a much-needed 
antiviral therapy. Given that antiviral drug resistance is known to develop for CHIKV 
inhibitors, it appears that combination therapy consisting of two or more direct-
acting inhibitors or a direct-acting inhibitor together with a host-directed inhibitor 
or an immunomodulatory agent is the best approach for tackling CHIKF and that this 
strategy can increase the barrier to resistance. To conclude, this thesis stresses the 
importance of further research in the arbovirus field as arboviruses will undoubtly 
represent a global health threat in the future due to their unpredictable epidemiology. 
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English summary
This PhD thesis is dedicated to the development of novel antiviral agents against 
Chikungunya virus (CHIKV). CHIKV is a reemerging mosquito-borne virus causing an 
arthritis-like disease that is characterized by abrupt fever, malaise, and chronic joint and 
muscle pain. The high morbidity associated with Chikungunya fever and the negative 
impact on human health underscore the need to develop an effective antiviral therapy 
and other control measures. This PhD thesis presents a series of experimental studies 
focused on the identification of novel small molecules with CHIKV inhibitory activity 
and the elucidation of their mode of action. Importantly, the results in this thesis 
demonstrate that CHIKV nonstructural protein 1 (nsP1) represents a suitable target for 
antiviral drug development. CHIKV nsP1 is a multi-enzymatic protein involved in CHIKV 
RNA capping and in the attachment of the replication complex to the intracellular 
compartments where viral RNA synthesis occurs, the so-called ‘spherules’. The cap 
structure plays many important roles in the CHIKV replication cycle. It protects viral 
mRNA from degradation by host exonucleases and from recognition by the host innate 
immune sensors, and it enables efficient translation of viral mRNAs by host ribosomes. 

The introduction of this thesis (Chapter 1) provides a broad overview on CHIKV 
biology, replication cycle and pathogenesis. This chapter further discusses CHIKV 
evolution and spread, transmission by mosquito vectors, and disease manifestations 
including acute and chronic complications. It concludes with an overview of important 
control measures such as vector control, vaccine development and treatment with 
antiviral drugs and monoclonal antibodies. Chapter 2 provides specific insights 
into the development of small-molecule CHIKV inhibitors, placing emphasis on the 
target(s) of these compounds, their modes of action, and mechanisms of antiviral 
drug resistance. Topics of interest related to CHIKV antiviral drug discovery, including 
the choice of cell lines and animal models for CHIKV antiviral drug research, are also 
discussed. Chapters 3-6 of this thesis present in-depth experimental findings regarding 
the identification and the mode of action of CHIKV nsP1-targeting compounds. More 
specifically, the rational design, selection and validation of 6’fluorinated-aristeromycin 
and 6’-fluorinated-homoaristeromycin analogues as CHIKV inhibitors are described in 
Chapter 3. The identification and the mode of action of two adenosine analogues, 
6’-β-fluoro-homoaristeromycin and 6’-fluoro-homoneplanocin A (FHNA), are discussed 
in Chapter 4. Furthermore, this chapter describes the identification of CHIKV nsP1 as 
the viral target of these compounds by selection of compound-resistant variants and 
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production of recombinant mutants by reverse genetics. The antiviral effect of FHNA 
was also supported by enzymatic assays with purified wild-type and mutant Semliki 
Forest virus (SFV) nsP1 for confirmation of target specificity. Chapter 5 presents a 
study on other potent inhibitors of CHIKV replication belonging to the CHVB series. 
These compounds with novel chemical moieties strongly inhibit early stages of CHIKV 
replication in a similar manner to the previously described MADTP series. Selection 
of escape mutants and reverse genetics identified CHIKV nsP1 as the viral target of 
the CHVB compounds. Their antiviral activity was also demonstrated in enzymatic 
assays with purified Venezuelan Equine Encephalitis virus and SFV nsP1. Chapter 6 
describes the results of a first-of-its-kind molecular docking study with a CHIKV nsP1 
cryo-EM structure and CHIKV nsP1 inhibitors. It demonstrates that the inhibitors can 
be grouped into different functional classes based on their modes of action. Using 
the oligomeric CHIKV nsP1 cryo-EM structure, the CHVB and MADTP compounds are 
predicted to bind at the active site of the capping domain, while FHNA is predicted 
to bind in a secondary binding pocket in the membrane binding and oligomerization 
domain. These findings provide the basis for further exploration of the precise binding 
and inhibitory activity of these inhibitors in CHIKV-infected cells. Lastly, Chapter 7 
places the results from these studies in the context of the published literature and 
discusses the latest developments in the field as well as some unexpected findings. 

In conclusion, this PhD thesis demonstrates the potential for developing 
combination therapy consisting of small molecule inhibitors with different targets for 
prevention and treatment of CHIKV infections. Furthermore, combination therapy 
could increase the barrier to resistance as the rapid emergence of drug resistance 
still remains a major obstacle in the development of effective antiviral therapy. Last 
but not least, arboviruses such as CHIKV will continue to (re)emerge in the future due 
to their unpredictable epidemiology, substantiating the need for the development of 
antiviral treatment in addition to effective vaccines.  



Appendix

200

Nederlandse samenvatting
Het in dit proefschrift beschreven onderzoek is gericht op de ontwikkeling van nieuwe 
antivirale middelen tegen Chikungunya virus (CHIKV). CHIKV is een terugkerend 
probleem dat door muggen wordt overgedragen, en in mensen een op artritis lijkende 
ziekte veroorzaakt die gekenmerkt wordt door plotselinge koorts, algehele malaise en 
spier- en gewrichtspijn. De negatieve invloed op de menselijke gezondheid en de hoge 
morbiditeit geassocieerd met ‘Chikungunya koorts’, onderstrepen het belang van de 
ontwikkeling en het ter beschikking komen van effectieve antivirale therapieën en 
andere inperkingsmaatregelen. Dit proefschrift beschrijft een aantal experimentele 
studies gericht op het identificeren van nieuwe kleine moleculen die CHIKV replicatie 
remmen en het ontrafelen van de onderliggende moleculaire mechanismen. Een 
belangrijke conclusie is dat het niet-structurele eiwit 1 (nsP1) van CHIKV een geschikt 
doelwit is voor de ontwikkeling van antivirale middelen. Het CHIKV nsP1 is een eiwit 
met meerdere enzymatische activiteiten dat betrokken is bij CHIKV ‘RNA capping’ en 
het aanhechten van het replicatiecomplex aan intracellulaire compartimenten waar 
de RNA synthese plaatsvindt, de zogeheten ‘spherules’. De structuur van de cap is 
belangrijk voor verschillende aspecten van de CHIKV replicatiecyclus. De cap zorgt 
ervoor dat het virale RNA niet wordt herkend door de aangeboren immuunrespons 
van de gastheer, en dat het RNA beschermd is tegen degradatie door exonucleasen 
van de gastheer. Bovendien is de cap essentieel voor de efficiënte translatie van virale 
mRNAs door gastheer ribosomen.

De introductie van dit proefschrift (hoofdstuk 1) geeft een algemeen overzicht 
van de biologie, de replicatiecyclus en de pathogenese van CHIKV. Dit hoofdstuk 
beschrijft bovendien de evolutie en verspreiding van CHIKV, de transmissie door 
muggenvectoren en de acute- en chronische complicaties na manifestatie van de door 
CHIKV veroorzaakte ziekte. Dit hoofdstuk sluit af met een overzicht van belangrijke 
mogelijke inperkingsmaatregelen, zoals het beperken van de muggenpopulaties, 
de ontwikkeling van vaccins en de behandeling van patiënten met antivirale 
geneesmiddelen en monoclonale antilichamen. Hoofdstuk 2 biedt inzichten in de 
ontwikkeling van kleine moleculen die CHIKV replicatie remmen, waarbij de nadruk 
wordt gelegd op het doelwit van deze moleculen, hun werkingswijze en hoe deze 
invloed hebben op de ontwikkeling van resistentie tegen antivirale geneesmiddelen. 
Onderwerpen van belang voor het ontdekken van antivirale middelen tegen CHIKV, 
waaronder de keuze van cellijnen en diermodellen, worden tevens in dit hoofdstuk 
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beschreven. De hoofdstukken 3-6 van dit proefschrift presenteren uitgebreid de 
experimentele bevindingen met betrekking tot de identificatie en werkingswijze 
van verschillende antivirale middelen die nsP1 als doelwit hebben. In het bijzonder 
beschrijft hoofdstuk 3 het rationele ontwerp, de selectie en de validatie van 6’-β-fluoro-
homoaristeromycin en 6’-fluoro-homoneplanocin A (FHNA) analogen als remmer van 
CHIKV. De identificatie en werkingswijze van deze twee adenosine analogen worden 
beschreven in hoofdstuk 4. Bovendien beschrijft dit hoofdstuk de identificatie van 
CHIKV nsP1 als doelwit voor deze antivirale middelen op basis van selectie van 
compound-resistente varianten, en productie van recombinante virusmutanten door 
middel van ‘reverse genetics’. Het antivirale effect en de specificiteit van FHNA worden 
in dit hoofdstuk aangetoond door middel van enzymatische proeven die gebruik 
maken van opgezuiverd wildtype en mutant Semliki Forest virus (SFV) nsP1. Hoofdstuk 
5 beschrijft een onderzoek naar andere moleculen, behorende tot de CHVB series, 
die effectief de replicatie van CHIKV remmen. Deze remmers behoren tot een groep 
nieuwe chemische verbindingen en remmen de replicatie van CHIKV sterk in een vroeg 
stadium van infectie. Hun werkingswijze lijkt veel op die van de eerder gepubliceerde 
MADTP serie. Door de selectie van resistent geworden mutanten (escape mutants) en 
reverse genetics is aangetoond dat nsP1 het virale doelwit van CHVB is. Het antivirale 
effect van CHVB werd ook onderbouwd door middel van enzymatische proeven 
met gezuiverd nsP1 van Venzuelan Equine Encephalitis virus en SFV. In hoofdstuk 6 
worden de resultaten van een unieke moleculaire ‘docking’ studie beschreven, die 
gebruik maakt van de cryo-EM structuur van CHIKV nsP1 en CHIKV nsP1 remmers. 
Dit onderzoek toont aan dat de verschillende moleculen in verschillende functionele 
klassen kunnen worden ingedeeld op basis van hun werkingswijze. Door gebruik te 
maken van de oligomere cryo-EM structuur van CHIKV nsP1 wordt voorspeld dat de 
CHVB en MADTP compounds aan het katalytische centrum van het nsP1 capping 
domein binden, terwijl FHNA compounds voorspeld worden te binden aan een 
secundaire binding ‘pocket’ in de domeinen die betrokken zijn bij membraanbinding 
en oligomerizatie. Deze resultaten bieden de basis voor verder onderzoek naar de 
exacte binding die plaatsvindt en de manier waarop deze moleculen de CHIKV 
replicatie in geïnfecteerde cellen remmen. Tot slot plaatst hoofdstuk 7 de resultaten 
van deze verschillende studies in de context van de gepubliceerde literatuur en 
bediscussieert daarbij de meest recente ontwikkelingen in het veld, alsook een aantal 
onverwachte bevindingen die gedaan zijn bij het onderzoek uitgevoerd gedurende dit 
promotietraject. 
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Samenvattend beschrijft dit proefschrift de potentie om een combinatietherapie 
te ontwikkelen om infecties met CHIKV te voorkomen en te behandelen, waarbij 
kleine moleculen die verschillende virale doelwitten hebben worden gecombineerd. 
Aangezien het snelle ontstaan van resistentie de ontwikkeling van effectieve antivirale 
therapieën kan bemoeilijken, zou een dergelijke combinatietherapie bovendien een 
extra barrière kunnen vormen voor dit soort complicaties. Arbovirussen als CHIKV 
zullen vanwege hun onvoorspelbare epidemiologie in de toekomst blijven opleven, 
wat de noodzaak voor de ontwikkeling van antivirale behandelingen naast effectieve 
vaccins onderstreept.
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