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Abstract
Chikungunya virus (CHIKV) is a (re)emerging arbovirus and the causative agent of chikungunya fever. In recent years, 
CHIKV was responsible for a series of outbreaks, some of which had serious economic and public health impacts in the 
affected regions. So far, no CHIKV-specific antiviral therapy or vaccine has been approved. This review gives a brief sum-
mary on CHIKV epidemiology, spread, infection and diagnosis. It furthermore deals with the strategies against emerging 
diseases, drug development and the possibilities of testing antivirals against CHIKV in vitro and in vivo. With our review, 
we hope to provide the latest information on CHIKV, disease manifestation, as well as on the current state of CHIKV vac-
cine development and post-exposure therapy.
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Introduction CHIKV

Taxonomy, structure and genome organisation

Chikungunya virus (CHIKV) is an “old world” alphavirus 
(family: Togaviridae).

Alphaviruses are enveloped viruses with a diameter 
of about 70 nm and single-stranded positive sense RNA 
(+ ssRNA). CHIKV belongs to the Semliki Forest virus 
antigenic complex and is closely related to O’nyong-nyong 
virus [1]. Other viruses in this particular complex are 
Sempliki Forest virus, Ross River virus and Mayaro virus. 
Phylogenetic relationships of alphaviruses are shown in \* 
MERGEFORMAT Fig. 1. The virion is formed by an enve-
lope consisting of a lipid bilayer and a lattice made up of 240 
heterodimers of the viral envelope proteins E1 and E2 which 
are organised into 80 trimeric spikes. The E1 and E2 pro-
teins are transmembrane glycoproteins and the C-terminal 
domain of the E2 protein has direct contact with the virus’s 
nucleocapsid (NC) core [2]. Thus, the virion’s outer protein 

shell is tightly associated with the 240 capsid proteins (Cp) 
that build up the icosahedral nucleocapsid (NC).

The CHIKV genome consists of about 11,800 nucleotides 
and follows the general organisation of all alphaviruses. It 
contains two open reading frames (ORFs) which encode the 
non-structural (ns) or replicase polyprotein and the structural 
polyprotein [6]. The RNA has a 5`7-methylguanosine cap 
and a 3`poly-A tail and, thus, mimics the structure of cellular 
mRNA [7]. Two-thirds of the 5′-ORF encode for four essen-
tial non-structural proteins (nsP1-4) which are required for 
virus replication and constitute the RNA replicase. The nsPs 
interact with cellular factors and form the replication com-
plexes (RCs) which are responsible for the synthesis of the 
double-stranded (ds)RNA replicative intermediates. These 
dsRNAs are the templates for the positive strand viral (42S) 
genomic and (26S) subgenomic RNAs. The subgenomic 
RNA thus constitute the last third of the viral RNA and is 
translated into the structural proteins (capsid (Cp), E3, E2, 
6 K/TF, and E1) [6, 8]. For a brief characterisation, see \* 
MERGEFORMAT Table 1.

For a more detailed description especially with regard to 
the fact that the nsPs pose possible targets for antiviral drugs 
we refer the reviews of Strauss and Strauss [6], Silva and 
Dermody [8],  and Pietila, Hellstrom [9] on the subject of 
alphavirus and CHIKV structure, replication and life cycle.
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Fig. 1  Molecular phylogeny of the medically most relevant and rep-
resentative alphaviruses. CHIKV belongs to the Semliki Forest virus 
antigenic complex and is closely related to O’nyong-nyong virus [3]. 
The phylogenetic tree was inferred based on a MAFFT-E transla-
tional alignment. Fifteen representative nucleotide sequences of the 
ORF 2 encoding the structural proteins of alphaviruses were used. 

A maximum likelihood phylogenetic tree was generated using the 
GTR + F + I + G4 model and 1000 bootstrap replicates. The software 
used was IQ-TREE [4, 5]. Virus names are shown next to the Gen-
Bank accession numbers. EEE Eastern equine encephalitis; VEE Ven-
ezuelan equine encephalitis, WEE Western equine encephalitis

Table 1  Functions of the various structural and non-structural Proteins of CHIKV

Aa amino acid number; C capsid; nsP non-structural protein; RdRp RNA-dependent RNA polymerase; TF transframe protein

Protein Size(aa) Function

Non-structural Proteins 2474 P1234 precursor protein
nsP1 535 Methyltransferase and guanylyl transferase activities capping and methylation of new viral RNAs; is the 

only membrane anchor for the replication complex
nsP2 798 C-terminal cysteine (auto)protease activity cleaves initial polyprotein into individual non-structural pro-

teins thus enabling viral replication; has also N-terminal helicase, nucleoside triphosphatase and RNA 
triphosphatase activities; interferes with the host cells mRNA transcription & translation and inhibits 
interferon signalling

nsP3 530 Interacts with several host proteins, possibly modulates protein poly- and mono-ADP-ribosylation; influ-
ences host cells stress response; Phosphoprotein, important for RNA minus-strand synthesis

nsP4 611 RNA-dependent RNA polymerase (RdRp) essential for viral replication; presumed terminal transferase 
activity

Structural Proteins 1244 Structural precursor protein
C (Capsid) 261 Forms nucleocapsid core by encapsidating genomic RNA; carboxyl domain is an autocatalytic serine 

protease
P62/PE2 487 Precursor/Intermediate, later cleaved into E2 and E3 by host furin protease
E1 435 Surface protein; Type II fusion protein; mediates fusion of viral envelope and cellular membrane by fusion 

peptides
E2 423 Surface protein; major target of neutralizing antibodies; mediates binding to receptors and attachment fac-

tors on host cell membrane
E3 64 N-terminal domain is uncleaved leader peptide of E2, suspected to shield fusion peptide in E1 during 

egress
6 K 61 Leader peptide of E1; presumed ion channel; may enhance particle assembly and release
TF 76 Transframe protein, produced via ribosomal frameshifting, presumed ion channel, may enhance particle 

release, shares N-terminus with 6 K
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Ecology and epidemiology

Chikungunya virus (CHIKV) is an arthropod borne (arbo-) 
virus of the Alphavirus genus. It was first described in 1955 
by Robinson and Lumsden after an outbreak in present day 
Tanzania in 1952. The word “chikungunya” is derived from 
the Makonde word “kungunyala” which means “that which 
bends up”, thus describing the stooped bearing and rigid gait 
of infected individuals [10]. Since symptoms are very simi-
lar to Dengue fever, it is possible that retrospectively, reports 
of outbreaks could also be attributed to CHIKV reaching 
possibly even back until 1658 [11].

CHIKV is usually transmitted to humans by infected mos-
quitos from the Aedes genus, mainly Aedes aegypti, Aedes 
albopictus and Aedes polynesiensis, but Culex spp., Anoph-
eles spp., and Mansonia spp. have been found infected with 
CHIKV as well [12]. CHIKV causes sporadic, more or less 
periodical outbreaks especially during rainy seasons when 
mosquito populations are high [13]. The virus can affect 
both arthropods and vertebrates, with the arthropod staying 
infected for all their life. CHIKV circulates in a sylvatic/
enzootic and in an urban cycle. In Africa, the sylvatic cycle 
is upheld by forest dwelling mosquitoes like Ae. furcifer, 
Ae. taylori, Ae. africanus and Ae. neoafricanus that infect 
vertebrates such as monkeys, rodents, and birds. Especially 
monkeys seem to serve as reservoir and amplification hosts 
in between epidemics [14].

So far, a sylvatic cycle has not been found in Asia, where 
the first CHIKV outbreak was reported in 1958. It is assumed 
that CHIKV maintains its presence by the urban cycle in this 
region [15]. Yet, the existence of a sylvatic cycle cannot 
be ruled out, since CHIKV-specific antibodies were found 
in Asian non-human primates (NHP) [16]. Furthermore, 
Mavale, Parashar [17] demonstrated that CHIKV-infected 
male mosquitoes can transmit the virus efficiently to females 
thus showing that a venereal (and probably a transovarial) 

transmission of the virus in the arthropods plays a role for 
the persistence of CHIKV in this particular region. Acha-
rya, Paul [18] showed that in vitro mosquito cell-generated 
CHIKV has a lower infectivity in cell culture and caused less 
severe disease in mice compared to mammalian cell-gener-
ated CHIKV. This is due to the loss of glycosaminoglycan 
receptor binding of CHIKV on mammalian cell surface after 
the mosquito cell passage [18]. This suggests that transmis-
sion of CHIKV amongst the arthropods actually keeps infec-
tivity of the virus downregulated.

Historically, CHIKV was mainly distributed in tropical 
and subtropical regions of sub-Sahara Africa and Southeast 
Asia causing sporadic outbreaks. CHIKV was, however, put 
into focus after a massive outbreak in Kenya in 2004 with 
close to half a million infected people. This epidemic initi-
ated the spread to more than 22 countries and distributed 
the virus into regions with moderate climate (Fig. 2) [19]. In 
India, an outbreak of CHIKV affected more than 1.4 million 
people in 2005 and was followed by additional epidemics 
in 2006 and 2007 [20]. Originating in Africa, the 2004 out-
break expanded to the Indian Ocean, India, and Southeast 
Asia. CHIKV eventually reached Europe in 2007 leading to 
205 confirmed cases of CHIKF in Castiglione di Ravenna 
in Italy [21]. Unlike the previous sporadic outbreaks, the 
2004–2010 epidemic displayed autochthonous cases in tem-
perate climates such as in Montpellier, France [22]. In 2013, 
CHIKV emerged in the Americas, firstly in the Caribbean 
Islands and reaching the South American continent in 2014 
[23]. This led to increasing CHIKF cases and between 2014 
and the end of September 2018, a total of 697,564 CHIKV 
cases have been notified in Brazil (including 94,672 labora-
tory-confirmed cases). The majority of new CHIKV cases 
in this year (January until 17. July 2020) have been reported 
from Brazil, Yemen, Bolivia and Thailand [24].

Until 2004, it has been widely accepted that the Ae. 
aegypti mosquito was the main urban vector of CHIKV [1]. 

Fig. 2  CHIKV distribu-
tion. World map displaying 
countries where autochthonous 
(locally initiated) chains of 
CHIKV transmission have been 
identified in the past. *In the 
continental USA, only travel-
associated CHIKV infections 
have been reported in the past 
three years (2017-March 2020)
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This arthropod is well adapted to the urban environment 
and can multiply fast in a short time. However, during the 
2005/2006 outbreak on La Réunion Island the Asian “tiger 
mosquito” (Ae. albopictus) got into focus as far as CHIKV 
transmission was concerned [25]. With 4–8 weeks, Ae. 
albopictus has a long lifespan (depending on the tempera-
ture) and a flight radius of 400–600 m. Both, Ae. aegypti and 
Ae. albopictus are diurnal. Yet, the geographical distribution 
of Ae. albopictus is broader than that of Ae. aegypti, since it 
can exist in more temperate zones [26]. Eggs of Ae. albop-
ictus are more resistant to drying-up and can stay viable 
throughout dry seasons. The mosquito recently expanded 
from Southeast Asia to Madagascar, most islands in the 
Indian Ocean, Africa, and the Americas. Due to climate 
change, it even made the transition to the temperate zones 
of Southern Europe (Italy, France).

Phylogenetic studies and lineages

Before the La Réunion outbreak, phylogenetic analy-
ses based on both partial (E1 glycoprotein) and complete 
genome analyses revealed the existence of three distinct 
CHIKV phylogroups (strains) commonly referred to as the 
West African (WA), East-Central-South African (ECSA) 
and Asian genotypes [1]. Genome analysis of CHIKV strains 
isolated during the La Réunion epidemic in 2005 and 2006 
revealed that the outbreak was caused by a mutated strain 
originating from the ECSA isolates [13]. This new mutant 
was then referred to as the Indian Ocean Lineage (IOL). 
When CHIKV was introduced into the Caribbean in 2013 it 
formed another sub-lineage within the Asian lineage (Asian/
American) [27]. As far as health issues are concerned, the 
most relevant lineages are the Asian (including the Asian/
American), the IOL sub-lineage and some ECSA strains. 
Multiple CHIKV outbreaks in the past 15 years go back to 
these three clades [28].

The question why CHIKV spread over the Indian Ocean 
and into areas with temperate climate was partly answered 
by Schuffeneckers discovery of a mutation (referred to as 
E1-A226V) at residue 226 of the membrane fusion glyco-
protein E1. This mutation made CHIKV more adaptable to 
Ae. albopictus, as a study by Tsetsarkin and colleagues could 
demonstrate [13, 29]. Additionally, reverse genetics identi-
fied possible mutations in the E2 glycoprotein (E2-G60D 
and E2-I211T) which were important for determining 
CHIKV infectivity in Ae. albopictus. Tsetsarkin et  al., 
suspects a strong synergistic effect of the E2-G60D and 
E2-I211T mutations on CHIKV infectivity for Ae. albopic-
tus, when expressed in combination with valine at position 
E1-226 [30]. In a follow-up study conducted in India another 
novel E2 mutation, L210Q, was present in all human and 
mosquito CHIKV isolates collected during 2009 [31]. This 
substitution was within the region of the E2 protein (amino 

acids E2 200–220) that determines mosquito cell infectiv-
ity for several alphaviruses [32–34].The virus’ mutations 
turned Ae. albopictus from a secondary vector to the main 
transmitter of CHIKV. This enabled the new IOL to spread 
into regions where this arthropod is distributed. The muta-
tion in the E1 protein had been observed before in Semliki 
Forest virus (SFV), another alphavirus, where the mutation 
made SFV less dependent on cholesterol for growth [35]. 
The efficiency of alphavirus’ entry generally depends on the 
composition of the host cell membrane. Cellular membrane 
cholesterol is needed for membrane fusion and an efficient 
exit of progeny virus from infected cells. A mutation that 
made the virus more independent from cholesterol content 
in membranes would improve its fitness, especially in insects 
which have a different lipid composition in the cells. Exper-
imental infection of Ae. albopictus with the non-mutated 
CHIKV strains actually proved that these lineages were not 
able to replicate as sufficiently in the tiger mosquito as the 
IOL strain and that the mutated sub-lineage had a significant 
increase in infectivity, dissemination and transmission by 
Ae. albopictus [29].

Pathogenesis

CHIKV is naturally transmitted to humans through the saliva 
of infected mosquitoes when they take a blood meal. Addi-
tionally, cases of mother to child transmission are known. 
Once the virus enters the skin, dermal fibroblasts seem to be 
the main site of viral replication and amplification [36, 37]. 
Proteins from mosquito saliva promote viral replication by 
counteracting the induction of antiviral genes, thus hamper-
ing the hosts’ immune response [37]. Apart from dermal 
skin fibroblasts, skin keratinocyte and melanocytes are per-
missive for CHIKV infection as well [38]. Studies with NHP 
characterised the route CHIKV takes to reach other ana-
tomical regions [39]. At the primary site of infection (skin) 
CHIKV infects macrophages. Viral particles are captured by 
dendritic cells (DCs) which transport the virus to the clos-
est lymph nodes. Within the lymph node, viral particles are 
transferred to monocytes and macrophages which enter the 
bloodstream. After CHIKV reaches the lymph node, viremia 
sets in by the active infection of human blood monocytes and 
other peripheral blood mononuclear cells [40].

Via blood stream, CHIKV reaches the muscles and joints 
where the infection causes the main symptoms of CHIKF—
myalgia and arthralgia. In the muscle, satellite cells seem 
to be the target for CHIKV, but primary human myoblasts 
are permissive to the virus infection as well and CHIKV 
could also be detected in skeletal muscle fibroblasts [41, 
42]. CHIKV RNA and proteins could be found in the syno-
vial tissues and fluids during acute and persistent arthral-
gia and various studies showed that synovial fibroblasts as 
well as macrophages are susceptible to CHIKV [12, 42]. 



137Virus Genes (2021) 57:133–150 

1 3

In CHIKV-infected individuals, cartilage degradation and 
bone loss take place in the infected joints [43]. CHIKV also 
replicates and persists in osteoblasts [38].

CHIKV can target a wide range of secondary organs 
which may lead to severe complications in patients (i.e. 
renal, respiratory, hepatic, cardiac, and neural syndromes) 
[12]. CHIKV disseminates into the liver, the spleen, the 
heart, the kidneys and possibly the lungs [36, 39, 44]. 
Although CHIKV has not been considered a true neuro-
tropic virus, it can cause neurological complications (e.g. 
meningitis, encephalitis, febrile seizures, Guillain Barré syn-
drome, neuro-ocular diseases) especially in the elderly and 
the very young [45]. In the Indian Ocean outbreak of 2005, 
a growing number of neurological symptoms associated with 
CHIKV were observed. Since then the tropism of this agent 
for the nervous system has been characterised better [46]. In 
patients displaying severe neurological symptoms, CHIKV 
could either be isolated from or detected via RT-PCR in 
the cerebrospinal fluid [45]. In vitro experiments showed, 
that CHIKV is able to infect and replicate in neurons, astro-
cytes, oligodendrocytes and microglia cells [47]. Despite 
these findings a consensus to the discussion whether the 
virus affects the nervous system directly or indirectly via a 
triggered immune‐mediated effect has not been reached yet.

Inglis and colleagues concluded that a disrupted glia-neu-
ron signalling could be a major driving factor in the develop-
ment of CHIKV-associated neuropathology [48], a finding 
that was also confirmed in mice [49]. For a more detailed 
understanding of the current knowledge on pathogenesis and 
tissue tropism of CHIKV as well as on vector and animal 
host interactions we refer to the review of Matusali et al. 
[12].

Clinical manifestation

CHIKV causes a febrile disease called Chikungunya fever 
(CHIKF). Typically, patients develop symptoms after an 
incubation period of 1–12 days. High fever accompanied 
with headache, myalgia and joint pain are typical, in some 
cases haemorrhage and maculopapular rash may occur [8]. 
Especially musculoskeletal symptoms like persistent disa-
bling polyarthralgia are a hallmark of the disease and have 
repeatedly been observed to go into a chronic state that may 
last months or even years in up to 50% of the patients [50]. A 
follow-up study done by Manimunda, Vijayachari [51] dur-
ing an epidemic in Karnataka state, India in 2008, revealed 
that the arthritis caused by CHIKV is a chronic inflammatory 
erosive arthritis. Interestingly, the most common symptoms 
in this study were joint pain (98%), fever (85%), swelling 
around joints (53%), rash (50%), fatigue (49%) and headache 
(38%). After 9 months, 51% of the patients had been cured, 
leaving 49% in a chronic state of the disease [51].

If an immunologically naïve population is confronted 
with CHIKV, the morbidity ranges from 34% (like in La 
Réunion in 2005) to 63% [52, 53].

Although CHIKV is often self-limiting and has a low 
mortality rate (0.1%) [54], complications may arise espe-
cially in the elderly and the young. The major outbreaks 
between 2005 and 2016 recorded a significant number of 
patients suffering from serious complications such as cardio-
vascular disorders, involvement of the central nervous sys-
tem (CNS), respiratory failure, pre-renal failure, and severe 
acute hepatitis. The mortality rate among these severe cases 
ranged from 10.6 to 35% with most patients dying of heart 
failure, multiple organ failure syndrome or toxic hepatitis 
[13, 52].

Patients under 1 year or over 65 years of age, have a 
higher risk of being affected by a CHIKF associated CNS 
disease (including encephalitis). Among the most frequently 
diagnosed CHIKV-associated neurological complications 
are encephalitis, optic neuropathy, neuroretinitis and Guil-
lain-Barré-Syndrome, but also occasionally meningoen-
cephalitis, myelitis and polyradiculitis [46]. In a cohort study 
during the CHIKV outbreak on La Réunion between 2005 
and 2009, Gérardin (2016) determined the case fatality rate 
of CHIKV-associated encephalitis to 16.6% among neonates 
and the proportion of children discharged with persistent dis-
abilities (seizures, cerebral palsy) was estimated between 30 
and 45%. Various cases were CHIKV has been transmitted 
vertically from mother to neonate are known. This poses 
the risk of neurodevelopmental delays, cerebral palsies and 
microcephaly in the infant [55].

Differential diagnosis, CHIKV diagnostics, 
and surveillance

The initial signs of CHIKV disease (fever with or without 
headache and/or arthralgia) are also common in several 
other diseases. Depending on the patient’s history (place 
of residence, travel history, and exposure), different dis-
eases can be considered in the differential diagnoses such 
as Malaria, Dengue (DENV), Leptospirosis, and other 
alphavirus infections like Mayaro, Ross River, O’nyong 
nyong and Sindbis [56]. Apart from being mistaken for 
another disease, CHIKV infection often go hand in hand 
with Malaria, Dengue (DENV) or Zika virus (ZIKV) 
infection and the four diseases share a common set of ini-
tial symptoms (headache, fatigue, and myalgia/arthralgia). 
It is very important for the patient to have quick and reli-
able diagnosis because prognosis and patient care differ for 
these diseases [57]. Especially Malaria and Dengue have 
the potential for much worse outcomes including death 
and it is thus eminent to distinguish the pathogens. So far, 
CHIKF can only be distinguished from Dengue fever by 
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virus testing and early diagnoses might prevent complica-
tions in the patient like haemorrhages, acute respiratory 
distress syndrome, renal failure and arthritis [58].

Acute CHIKV infections are diagnosed either by virus 
isolation in cell culture, detecting virus genome or sero-
logically, by detecting specific IgM antibodies [59]. For 
more detailed information on how to test during what 
phase of the disease we refer to Barrera, Hunsperger [56].
There are commercial serological assays (enzyme-linked 
immunosorbent assay (ELISA), immunofluorescence assay 
(IFA)) and molecular (RT-PCR) detection systems avail-
able [60, 61].

Various studies have been conducted in order to find 
the best diagnostic method. PCR methods seemed to out-
perform serological assays, which were less sensitive and 
specific, as they depend to a great extent on the skills of 
the performing laboratories [59]. Furthermore, due to cross-
reactivity of antibodies to common antigens among CHIKV 
related alphaviruses (e.g. Barmah virus, Ross River virus 
and Mayaro virus (MAYV)), false positive and false nega-
tive results are possible and serologic diagnosis remains a 
challenge [62]. This is particularly difficult when the viruses 
have the same geographical distribution and share a set of 
common symptoms as is the case with CHIKV and MAYV 
which both are endemic in Brazil and its neighbouring coun-
tries [63].

Questionable results should be confirmed with a second 
assay, e.g. serum virus neutralisation assay (VNT), which is 
a confirmatory test and considered more specific than ELISA 
and IFA tests [64].

Even before CHIKV was (re)introduced into the Ameri-
cas, the Centres for Disease Control and Prevention (CDC) 
together with the Pan American Health Organization 
(PAHO) published the guide for ‘Preparedness and Response 
for Chikungunya Virus Introduction in the Americas’ [56]. 
However, although recommendations for surveillance had 
been provided, some American countries had not established 
a surveillance system for this particular disease due to lack 
of clinical and public awareness as well as non-existence 
of laboratory capacity for testing [65]. According to a ret-
rospective study on Puerto Rico, passive case surveillance 
seemed most practical and feasible approach to compare epi-
demiologic trends across regions affected by chikungunya 
and other emerging infectious diseases [65]. Passive sur-
veillance for a disease happens when a sick person seeks 
medical care, a doctor suspects a certain pathogen as the 
causative agent, and the case is reported to public health 
authorities either before or after laboratory diagnostic testing 
is done. Passive surveillance is particularly useful to monitor 
epidemiologic trends in diseases [65]. Yet, the infrastructure 
for passive case surveillance system might still have to be 
established, which proves difficult in developing countries 
with lack of resources. In Puerto Rico, the already existing 

passive dengue surveillance system that existed since the 
1960s was modified to fit the new agent CHIKV [65].

If a disease is already endemic in a country, surveillance 
of this specific disease is only justified if appropriate actions 
to ban it are planned [66]. As there is no specific treatment 
for CHIKF available, the clinical outcome of a patient is only 
influenced by early detection when a more severe disease 
can be excluded. In tropical areas where vector activity is to 
be expected all year long, the same control measures as for 
DENV might help avoid high infection numbers and a ready 
detection of a new outbreak could help reduce the burden to 
public health by raising awareness [66]. Between epidem-
ics, serological surveys are hardly done. Yet some studies 
for active surveillance have been conducted According to 
a study that investigated the cause of febrile illness in chil-
dren during an inter-epidemic period in 5 Asian countries, 
CHIKV was responsible for 35% of all fevers [67]. Other 
seroprevalence studies in Africa confirmed that CHIKV was 
circulating endemically [66]. There was a program from the 
Pacific Public Health Surveillance Network for specific 
surveillance strategies of CHIKV, DENV and other febrile 
diseases including case detection and management, labo-
ratory confirmation, vector control and raising awareness 
[68]. However, their website has not been updated since May 
2016, so no data can be found on the current state of CHIKV 
surveillance in this area [69].

In Europe and non-endemic countries, CHIKV cases 
may occur either travel associated or if a viremic traveller 
enters areas where Ae. albopictus is present and finds suit-
able environmental conditions for the transmission of the 
virus (which is the case when daily temperature are ≥ 18 °C) 
[70]. Thus, travellers returning from endemic areas with 
febrile illness should be readily tested for Malaria, DENV 
and CHIKV [66]. According to the European Centre for Dis-
ease Prevention and Control (ECDC) the risk assessment 
states the chance for CHIKV infection in France and Italy, 
where autochthonous cases have been repeatedly reported, 
as being moderate [71]. Public awareness should be raised as 
an essential part of any DENV/CHIKV control program to 
help identify potential cases and start entomological investi-
gations and possible vector control measures to curb further 
spread [66].

Strategies against emerging infectious 
diseases

The following section will give information on drug devel-
opment and evaluation as well as on vaccines that are cur-
rently being investigated in clinical trials against CHIKV. 
For those interested in current antivirals against alphaviruses 
in general and other agents relevant in medical biodefence, 
we recommend the review of Bugert et al. [72].
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Drug development

There are three major approaches to finding new drugs: (1) 
in traditional or phenotypic drug discovery, also called for-
ward pharmacology, potential drugs are screened based on 
measures of phenotype. (2) Rational drug design, which is 
also referred to as reverse pharmacology, is based on the 
knowledge of a biological target which may function at criti-
cal intervention points in a disease process and might be 
blocked by drugs. (3) Repurposing already existing drugs 
is also a commonly used approach. We will not detail the 
different approaches but recommend the reviews of Pathel 
[73], Takenaka [74] and Rester [75].

Methods for in vitro and in vivo evaluation 
of antiviral compounds

Viruses

Bio-safe surrogates for CHIKV help avoiding the need for 
BSL-3 facilities. The BHK replicon cell line for example 
contains a persistently replicating CHIKV replicon [76]. 
To study virus entry and possible effects of agents on this 
particular step of CHIKV life cycle requires other models 
such as CHIKV pseudo-particles that carry the envelope 
proteins and are tagged with a luciferase reporter [77, 78]. 
Lucas-Hourani, Lupan [79] screened for CHIKV nsP2 pro-
tease inhibitors without using life virus infection. He trans-
fected human HEK-293 T cells with various plasmids that 
encoded for the sequence of CHIKV nsP2 protein, a lucif-
erase reporter gene and two transcription factors.

Some research groups use the vaccine strain 181/Clone 
25 as a model virus. This is a live-attenuated derivative of 
Southeast Asian human isolate strain AF15561 (GenBank 
accession no. L37661, listed as TSI-GSD-218). It displays 
reduced virulence but still has the complete virus’ life cycle 
[80, 81]. Gorchakov, Wang [82] revealed 10 nucleotide dif-
ferences in the genome compared to its parental strain. Only 
5 mutations actually caused an amino acid substitution, the 
rest were silent mutations. This strain could easily re-evolve 
back into a more infectious strain [82].

Wild-type (WT) strains with a complete life cycle 
include clinical isolates like the DRDE-06 strain (Gen-
Bank: EF210157) [83], DMERI09/08 strain [84], or labora-
tory CHIKV strains such as ROSS [84, 85], LR2006_OPY1 
(GenBank: DQ443544.2) and the Indian Ocean strain 899 
(GenBank: FJ959103.1) [86].

Reporter viruses for high-throughput screening, include 
recombinant CHIKV expressing GFP (e.g. CHIKV-118-
GFP) [87] or luciferase genes [76].

For the initial identification and screening of molecules 
with antiviral activity, cell viability/cytopathogenic effect 
(CPE) reduction assays are usually employed. These assays 

also allow the evaluation of the cytotoxic effect of puta-
tive antiviral molecules on the cells. African green mon-
key kidney cells (Vero cell line) are the most commonly 
used cells in these assays with CHIKV. Other cell types 
used for CHIKV antiviral screening include baby hamster 
kidney (BHK) cells, human foetal lung fibroblast (MRC-5) 
cells, bronchial epithelial cells, human embryonic kidney 
293 (HEK-293) cells and human hepatocarcinoma (Huh-7) 
cells ([86–90]. Nevertheless, the fact that these commonly 
used cell lines have little clinical relevance in CHIKV dis-
ease is a big disadvantage. Some groups used human mus-
cle satellite cells [41]. Labadie, Larcher [39] found out that 
macrophages are the main cellular reservoirs during the late 
stages of CHIKV infection in NHP. Teng, Foo [91] showed 
that monocytes are the major PBMC (primary blood mono-
nuclear cells) subset targeted by CHIKV in the blood. These 
cells may be more relevant cell lines, especially as they are 
suspected to contribute to the long-term effects of CHIKV 
in humans. Yet, since they are a primary cell lines which are 
not immortalised, they are not well suited for high-through-
put screening (HTS). Furthermore, human dermal fibroblasts 
seem to be the initial target cells in CHIKV infection, as 
they are the first to be infected after a mosquito bite [36, 42]. 
Abdelnabi and colleagues successfully used the human skin 
fibroblast cell line CRL-2522 as a model for testing CHIKV 
antivirals [92].

The effect of CHIKV on the cells (CPE) can be either 
evaluated microscopically and/or quantitatively measured 
by colorimetric assays e.g. resazurin fluorescence reduction 
assay [90], the MTS/PMS method [86] or neutral red dye 
uptake [83]. Additionally, in assays with adherent cell lines, 
xCELLigence real-time cell analysis (RTCA) screening is 
an accurate method to investigate the properties of antiviral 
compounds in infected and non-infected cells, [93]. This 
method is an established electronic cell sensor array using 
impedance measurement to detect the number of adhered 
(and thus viable) cells. It has the big advantage of measuring 
the cell viability continuously, whereas the aforementioned 
colorimetric assays are endpoint assays and do not provide 
information on the initiation of CPE or the changes in reac-
tion rate of the virus propagation over time.

Animal models

There is a variety of mouse models to study CHIKV patho-
genesis. Adult immunodeficient mice such as AG129 are 
being used for lethal infection models [86]. Pal, Dowd [94] 
used Ifnar−/− mice to assess the antiviral efficacy of small 
molecules and monoclonal antibodies against CHIKV-
induced death. To study the efficacy of drug therapy against 
arthritis and inflammation caused by CHIKV, non-lethal 
infection models with immunocompetent mice such as 
C57BL/6 and Swiss albino mice are being employed [77, 
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95]. Other research groups use cynomolgus macaques 
(Macaca fascicularis) or rhesus macaques (Macaca mulatta) 
to study CHIKV, since these NHP show similar signs of 
CHIKF as humans, including fever and skin rashes [96]. 
In his study with immunocompetent macaques, Labadie 
showed that long-term CHIKV infection was observed in 
joints, muscles, lymphoid organs, and liver, and that this fact 
might contribute to the long-term symptoms in humans. Yet, 
severe signs such as arthritis, meningoencephalitis and death 
were only observed after infecting the macaques with higher 
doses of CHIKV [39].

Current strategies against CHIKV

Although mortality rates of CHIKF are rather low with 
0.1%, the impact of the diseases on the patient is severe, 
especially when the virus hits a naïve population. The epi-
demic on La Réunion in 2005–2006 displayed CHIKF with 
atypical symptoms going hand in hand with severe mor-
bidity (34.4% of affected patients) and a higher mortality 
rate (10.6%) [52] while affecting nearly 34% of the overall 
population of the island [19]. Apart from the suffering which 
patients have to endure personally, the economic and social 
impact of the disease seriously affects the communities and 
the economy [97].

So far, no approved antiviral therapy or vaccine against 
CHIKV is on the market, leaving patients with supportive 
therapy only. This usually consists of analgesics, antipyret-
ics, and fluid therapy. Current recommended therapy for 
CHIKV-infected patients with arthritis/arthralgia encompass 
non-steroid anti-inflammatory drugs (NSAIDs) to manage 
pain and inflammation used along with fluid therapy to pre-
vent dehydration [98]. Aspirin should be avoided, since it 
bears the risk of bleeding and developing Reye’s syndrome 
[99]. Treatment of CHIKF with corticosteroids might cause 
immunosuppression and worsen the disease. Furthermore, 
the adverse effects of corticosteroids make their long-term 
administration additionally risky, thus causing a problem for 
the treatment of patients with chronic arthralgia or arthritis.

Prevention and control

Bite prevention and vector control are the two hallmarks 
to avoiding infection in the first place. When travelling to 
endemic areas, general personal protective measures like 
wearing long-sleeved clothing or using insect repellent and 
mosquito nets are important to prevent being bitten by a 
CHIKV positive mosquito. For some vector-borne diseases 
like Dengue, Chikungunya, Zika, and West Nile disease, 
vector control is currently the only method available to 
protect populations (an existing Dengue vaccine is being 
avoided due to safety concerns [100]).

Before the invention of broad spectrum insecticides in the 
1940s, vector control was mainly achieved by environmental 
management and larval control based on a thorough under-
standing of pathogen transmission [101]. Vector-control 
measures can generally be classified into chemical and non-
chemical-based approaches. Both strategies can target imma-
ture and adult stages either by killing them (with chemical or 
biological larvicides/adulticides) or by removing the habi-
tat essential for these stages (e.g. the draining of marshes). 
To reduce contact of the adult vector with the human host, 
tropical repellents, insecticide treated bed nets or housing 
improvements are applied [101].

In the past decades, so-called rear and release strategies 
were brought into focus. In this approach, the intentional 
mass rearing and release of modified mosquitoes that mate 
with the wild counterparts aims to induce genetic change, 
sterility or reduced vector competence into the target popu-
lation [102]. There have been several programs to achieve 
this goal. The release of sterile males that if mating with 
wild females, result in infertile eggs and reduction and even-
tual elimination of the vector population was one of the first 
concepts. Males have been sterilised with radiation, chemi-
cal methods, the introduction of genetical modification or 
microbiological methods [103].

Another approach lies in synthetic gene drives. Gene 
drives are selfish genetic elements that manipulate game-
togenesis and reproduction to increase their own transmis-
sion to the next generation [104]. Some synthetic gene drives 
are used to potentially hamper the function of essential genes 
which hopefully if released, will lead to a decline of the wild 
population or conversion of the population into males. Other 
drives aim to modify the vector population in a way that they 
are more sensitive to pesticides or reduce the vectors’ ability 
to transmit a virus [104].

Aliota et al. [105] followed this strategy of vector control. 
His research group tried to curb CHIKV transmission by 
infecting mosquitoes with the intracellular bacterium Wol-
bachia. The maternally transmitted bacterium Wolbachia 
is an endosymbiont that manipulates host reproduction 
to enhance its own transmission [106]. This may result in 
enhanced resistance to pathogens and reduced virus replica-
tion in the vector [107]. Aliota introduced the wMel strain of 
Wolbachia pipientis into Ae. aegypti mosquitoes and showed 
that replication and transmission potential of CHIKV were 
reduced significantly. Similar results have been published 
for other arboviruses like DENV, Yellow Fever virus and 
Zika virus, all of which share Ae. aegypty as a common 
vector [108–110]. It seems that the extent of pathogen reduc-
tion can be influenced by the strain of bacterium [110]. In 
endemic regions thus infected mosquitoes could be released 
and invade the wild mosquito populations and consequently 
reduce viral transmission. Studies for curbing Dengue virus 
transmission by releasing Wolbachia-infected mosquitoes 
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into natural Ae. aegypti populations have been started in 
2017 seem promising. [111, 112]. According to the World 
Mosquito Program (WMP) studies conducted in Indonesia 
over a period of 3 years showed that compared to untreated 
areas, there is a 77% reduction in the incidence of virologi-
cally confirmed Dengue fever in Wolbachia-treated areas of 
Yogyakarta, Indonesia (Clinical Trial No. NCT03055585) 
[113].

If these approaches work out, it might prove an eco-
friendly method to curb virus spread without applying chem-
ical insecticides. However, they have their flaws. Rearing 
and release strategies are expensive, must be well organ-
ised, require significant infrastructure, and suffer from an 
overall negative public opinion, especially when genetically 
modified mosquito (GMM) are concerned. Furthermore, it 
is possible, that introduced gene drives evolve back or fail 
due to drive resistance resulting from standing genetic vari-
ation [114].

Prophylaxis and post‑exposure therapy

Active immunisation

Compared to other RNA viruses, CHIKV displays a lim-
ited diversity between the different strains. Various stud-
ies showed that antibodies raised by one CHIKV genotype 
display a cross-reactivity against all others and there is a 
broad consensus that CHIKV lineages constitute to a single 
serotype [28, 115]. This makes CHIKV a viable candidate 
for generating a vaccine that grants a life-long protection 
against an infection, with little risk of complications like 
antibody-dependent enhancement (ADE) as reported from 
DENV vaccines [116]. Although trying to develop a vaccine 
since the 1960s, no vaccines have been approved so far, but 
several candidates are currently being investigated in pre-
clinical and clinical trials [117]. Here, we will only focus 
on those vaccine candidates that made it to human studies 
(clinical trials) (Table 2).

Live‑attenuated vaccines The advantages of live-attenu-
ated vaccines are that they offer effective and long-lasting 
immunity, do not have to be given very often and are low in 
production costs. The first live-attenuated CHIKV vaccine 
that made it to clinical trials was called TSI-GSD-218 and 
was developed by successively growing the CHIKV  181/
clone 25 in cell culture [80]. It seemed to provide an effec-
tive and lasting immunity. However, in the phase 2 trial 8% 
of the vaccinees developed mild arthralgia [81]. The can-
didate was abandoned after studies indicated instability of 
attenuation which raised concerns about safety [8, 82]. Yet, 
the strain is still used as an attenuated lab strain. This candi-
date revealed a disadvantage of live-attenuated vaccines: the 
chance of the virus evolving back into an infective strain. In 

case of TSI-GSD-218, attenuation was determined by two 
amino acid substitutions in the E2 envelope glycoprotein 
which seemed not to be very stable [8, 82]. Research tried to 
find other strategies for developing live-attenuated vaccines 
and finally came up with CHIKV/IRES, a candidate that 
contains an internal ribosomal entry site (IRES) in place of 
the subgenomic promotor. This IRES leads to a decrease 
of the expression of viral structural proteins. As a result, 
replication in mammalian cells is attenuated and replication 
in mosquito cells is completely prevented because the IRES 
does not work in insect cells [8]. The CHIKV/IRES vaccine 
worked in a safe, highly immunogenic, and effective way 
in studies with mice and NHP [125, 126]. It furthermore 
protected mice and NHP against various CHIKV strains 
and has been preclinically evaluated on safety, efficacy and 
stability so that now CHIKV/IRES is projected for clinical 
studies [28, 135].

Another live-attenuated CHIKV vaccine candidate with 
the number VLA1553 which has been developed by the bio-
tech company Valneva was recently investigated in a phase 
1 clinical study to research three dose levels of VLA1553 
after a single immunisation (ClinicalTrials.gov; Identifier: 
NCT03382964). According to the manufacturer, the mono-
valent, single dose vaccine candidate which was granted 
Fast Track designation by the FDA in December 2018, had 
excellent final phase 1 results. Preclinical studies with NHP 
proved the vaccine candidate to fully protect the animals 
against WT CHIKV infection after a single dose [118]. 
Phase 2 supportive studies are ongoing and the candidate 
has received approval from the FDA to enter phase 3 clinical 
studies in 2020 [136]. Valneva has recently initiated a piv-
otal phase 3 trial for the vaccine (NCT NCT04546724). In 
the randomised, double-blinded, placebo-controlled, multi-
centre study called VLA1553-301 with approximately 4000 
healthy participants, the safety and immunogenicity 28 days 
after a single-shot vaccination with VLA1553 is to be evalu-
ated. A subset of participants will be tested for sero-protec-
tion based on an immunological surrogate (under the Accel-
erated Approval pathway). Participants will be followed for 
a total of 6 months [119]. This is the first CHIKV vaccine 
study to enter phase 3. The parental strain of VLA1553 is 
the infectious clone CHIKV LR2006-OPY1 and attenuation 
was achieved by deleting a major part of the gene encoding 
for nsP3 [120].

Furthermore, in June 2020 an award of US$ 14.1 million 
was awarded by the Coalition for Epidemic Preparedness 
Innovations (CEPI) for advancing the development of the 
live-attenuated vaccine candidate BBV87 [121]. The vac-
cine has been developed by Bharat Biotech (BBIL) and is an 
inactivated whole virion vaccine based on a strain derived 
from an East, Central, South African (ECSA) genotype 
[121]. The vaccine has completed standard preclinical stud-
ies, and an optimum immune response was elicited by the 
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adjuvanted vaccine in phase 1 clinical trials in India (Clini-
cal Trial Registry India, CTRI/2017/02/007755). A phase 
2/3 adaptive seamless design, randomised, controlled trial 
has been initiated in September 2020 to evaluate the safety 
and immunogenicity of a 2 dose-regimen the mentioned 
CHIKV vaccine in healthy subjects in Panama, Colombia, 
and Thailand (NCT04566484). The study is not yet recruit-
ing and further details on the vaccine candidate have not 
been published yet.

Virus‑like particles Another vaccine approach deals with 
virus-like particles (VLPs) which are generated by trans-
fecting a DNA expression plasmid into human cells. The 
plasmid encodes for CHIKV structural proteins. After 
expression these structural proteins form particles that 
resemble intact virions. Yet, since the virions lack genomic 
viral RNA, they are unable to replicate [137]. One VLP can-
didate (referred to as VRC 311) completed preclinical trials 
with NHP and a phase 1 clinical trial proved the vaccine 
(now labelled VRC-CHKVLP059-00-VP) to be safe, well 
tolerated and highly immunogenic with a 100% seroconver-
sion rate in all dose cohorts after booster immunisations 
[123]. Furthermore, it displayed a cross-protection against 
multiple CHIKV strains [124]. The candidate has currently 
finished phase 2 clinical trials and results are being evalu-
ated (ClinicalTrials.gov; Identifier: NCT02562482).

Just like cells may express a plasmid that encodes for 
structural proteins, a virus may be recruited as a vector to 
express the structural proteins of the VLPs. This approach 
is called viral-vectored vaccines (VVVs).

One VVV candidate called MV-CHIKV was gener-
ated by using a recombinant, live-attenuated measles virus 
(MV) vector that expresses CHIKV VLPs. These VLPs 
comprise capsid and envelope structural proteins from the 
CHIKV strain “La Réunion” [127]. This VVV candidate 
was accepted for a phase 1 clinical trial and it triggered the 
production of neutralising antibodies in a dose-dependent 
manner. It also had a seroconversion of 100% after booster 
immunisation despite the presence of measles antibodies 
(which resulted from previous measle vaccinations of some 
study participants) [128]. The vaccine candidate entered 
phase 2 clinical trials in 2016 (ClinicalTrials.gov; Identi-
fier: NCT02861586) and the study was completed in 2019. 
MV-CHIKV turned out to be of good safety, tolerability, 
and immunogenicity. All treated groups developed neutralis-
ing antibodies against CHIKV after one or two immunisa-
tions [129]. A study with NHP followed in 2019 in which 
macaques where challenged with a dose of 1.4 × 105 plaque 
forming units (PFU) injected subcutaneously 56 days after 
being vaccinated with MV-CHIKV. None of the previously 
vaccinated animals showed signs of infection after virus 
challenge. The developed neutralising antibodies showed a 
cross-reactivity towards other CHIKV strains. The vaccine 

candidate proved to be safe, immunogenic, efficacious and 
worthy of further development towards licensure [138].

Another recombinant VVV candidate (ChAdOx1 Chik) is 
currently being evaluated in phase 1 clinical trial (Clinical-
Trials.gov; Identifier: NCT03590392). ChAdOx1 Chik is a 
replication-deficient simian adenoviral vector that expresses 
CHIKV antigens. No results have been published on this 
project so far [130].

mRNA encoding for  structural proteins that  will assemble 
to VLPs Another approach has been launched by a company 
called Moderna which uses mRNA encoding for CHIKV 
structural proteins. The idea is to deliver the mRNA into the 
host cells where it is recognised by ribosomes. Subsequently 
the proteins which are encoded on the mRNA are produced. 
In case of the CHIKV vaccine, the mRNA encodes for the 
structural proteins that will assemble to VLPs once they 
are translated. The host organism thus recognises the VLPs 
as foreign, starts an immune response and produces corre-
sponding antibodies [131]. In a phase 1 trial, the safety, tol-
erability, and immunogenicity of the Chikungunya vaccine 
candidate called mRNA-1388 in healthy human subjects is 
currently being investigated (ClinicalTrials.gov; Identifier: 
NCT03325075) [132].

Passive immunisation with monoclonal antibodies (mAbs)

Monoclonal antibodies are currently under heavy investiga-
tion for their possible use in prophylaxis and post-exposure 
therapy. So far, none have been licenced for medical use, but 
some studies seem promising and clinical trials are ongoing 
[55].

Couderc, Khandoudi [139] demonstrated that isolated 
anti-CHIKV polyclonal antibodies from patients which 
were recovering from a CHIKV infection could prevent and 
treat CHIKV infection in mice. He thus laid the founda-
tion to further investigate antibodies as a means for CHIKV 
prophylaxis and treatment. In 2014 a clinical trial (clinical 
trial registration NCT02230163) has been initiated to inves-
tigate if transferring anti-CHIKV hyperimmune immuno-
globulins that have previously been isolated from CHIKV 
convalescent donor plasma, may prevent infants with a high 
risk of mother to child transmission during childbirth from 
developing a severe form of CHIKF. Although being already 
initiated in 2014, no results of this study have been published 
so far. Another phase 1 trial is on its way but not yet recruit-
ing (NCT 04441905) to test the SAR440894 monoclonal 
antibody (IgG1) directed against the E2 envelope protein 
of chikungunya virus in a randomised, double-blind study.

Given the fact, that up to all neonatal CHIKV cases in the 
La Réunion outbreak in 2005/2006 were symptomatic with 
nearly 20% resulting in a severe form with involvement of 
the central nervous system and often leading to permanent 
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damage (seizures, cerebral palsy) [55], the outcome of these 
studies would be of major interest.

mAbs targeting CHIKV surface envelope (E) proteins The 
CHIKV virion surface has 80 spikes which are built up of 
trimers of the glycoproteins E1-E3. The role of these surface 
proteins is to enable receptor-mediated endocytosis and the 
endosomal fusion which is induced by low pH. E2 forms the 
top of the spike and seems particularly important to medi-
ate the attachment, binding, and entry of the virus particles. 
Thus, this E2 surface protein is considered a critical protein 
at which neutralising human and mouse mAbs could be tar-
geted. Various groups have already identified either mouse 
or human neutralising mAbs that bind to E1 or E2 [140, 
141].

A number of human mAbs have been analysed exten-
sively in vivo and in vitro and some mAbs (C9, 4J21 and 
5M16) provided full protection against CHIKV viremia and 
CHIKV-associated arthritis when administered prophylacti-
cally or even up to 18 h p.i. in mice [77, 141].

In his study on CHIKV mouse mAbs, Pal, Dowd [94] 
could show, that combinations of mouse mAbs which were 
administered prior to CHIKV exposure, protected immuno-
compromised mice against CHIKV infection and may limit 
the occurrence of mAb-resistant virus. The latter being of 
special concern as the viral loads of CHIKV during infection 
is very high. Furthermore, the humanised mAb 152 provided 
protection against lethal CHIKV infection in mice and even 
proved to be highly effective as a post-exposure treatment. 
Pal took his studies further and investigated mAb no. 152 
and 166 in resus macaques. Combination therapy of these 
mAbs resulted in reduced viral spread and infection in the 
NHP. However, the mAbs were not able to clear the viral 
load completely and viral RNA persisted possibly in cell res-
ervoirs that were responsible for actively replicating CHIKV 
RNA [94].

Broeckel and her group engineered a recombinant human 
monoclonal antibody (SVIR001) from a human mAb (no. 
4N12) that in previous tests showed prophylactic and post-
exposure activity against CHIKV infection in mice. The 
newly developed SVIR001 had the same antigen binding and 
neutralisation site as the original 4N12. SVIR001 was tested 
successfully in mice and resus macaques as a post-exposure 
therapy against CHIKV. The NHP displayed a rapid elimi-
nation of viremia in addition to less severe joint infiltration 
and fewer CHIKF signs than the control group. Broeckel 
could show that the macaques treated with SVIR001 had a 
diminished viral burden at both the site of infection as well 
as at distant sites. Moreover, the activated innate immune 
cell numbers and pro-inflammatory cytokine and chemokine 
levels were significantly reduced in the treated animals [96].

Since studies could prove that the B domain of the E2 sur-
face protein is highly conserved across the alphavirus realm, 

the fact that CHIKV polyclonal antibodies show a cross-
reactivity and protection against multiple alphaviruses is not 
surprising [140, 142]. Fox identified 2 mAbs (187 and 265) 
which are broadly cross-reactive and protected mice against 
CHIKV, O’nyong-nyong virus (ONNV) and Mayaro virus 
(MAYV) by blocking viral entry and egress. ONNV shows 
an 86% envelope protein amino acid similarity and MAYV 
a 60% similarity to CHIKV. Both related viruses may also 
cause arthritic symptoms like CHIKV [140].

Although mAbs seem viable candidates for CHIKV 
therapy, it must be noted that the E1 and E2 epitopes on the 
virion might not always be accessible to therapeutic anti-
bodies due to the dynamic movement of the proteins on the 
virion surface. This may affect the efficacy of the mAbs. 
Aside from that CHIKV might find a way to circumvent 
mAbs binding to the epitopes and create escape mutants. 
This viral resistance might be limited by using a combina-
tion of different mAbs (e.g. cocktails of neutralising mAbs 
that specifically recognise CHIKV or broadly neutralising 
mAbs against CHIKV and its closely related alphaviruses) 
at the same time, thus using synergistic effects to trap these 
virions before they can interact with the host receptors [143].

The use of mAbs, however, is time sensitive and in the 
later stages of CHIKF, passive transfer of antibodies usu-
ally does not improve the disease outcome. Furthermore, 
it is questionable whether mAbs can actually reach all cel-
lular places where CHIKV RNA replication occurs. More 
research is needed as far as kinetics, doses, combinations, 
and invasiveness of mAbs are concerned. Last but not least, 
manufacturing mAbs against CHIKV is not a routine proce-
dure. Cell lines need still to be identified that can effectively 
produce mAbs according to modern standards. Otherwise, 
mAb therapy may be too costly and their effective delivery 
especially to resource-limited areas might be difficult [144].

mRNA encoding for  mAbs Another approach for passive 
immunisation is to deliver mRNA encoding for mAbs into 
the organism. Kose and colleagues isolated human mAbs 
from the B cells of a survivor of natural CHIKV infection 
[133]. Kose created an mRNA sequence that encoded for 
the mAbs and encapsulated this mRNA into lipid nano-
particles (LNPs). The LNPs were then delivered into mice 
by infusion. One human mAb, CHIKV-24, was expressed 
to biologically significant levels in  vivo. The group then 
evaluated the protective capacity of the CHIKV-24 mAb 
mRNA first in mice, and later in NHP. Treatment with the 
mAb encoding mRNA protected mice from typical signs of 
CHIKV infection like arthritis, musculoskeletal tissue infec-
tion and death in a dose-dependent manner. Furthermore, it 
reduced viremia to undetectable levels at 2 days post inocu-
lation in mice. NHP produced a level of mAb concentration 
that was well above the one needed for protection in mice. 
The NHP showed a dose–response effect after the first dose 
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of mRNA and maintained mAb levels after a second dose. 
Although the NHP were not challenged with WT CHIKV, 
Klose concluded that the data gathered from his preclinical 
study suggest that the CHIKV-24 mRNA may be useful to 
prevent CHIKF in humans [133]. A phase 1 trial is currently 
taking place to evaluate the safety, tolerability, pharmacoki-
netics, and pharmacodynamics of mRNA-1944 (Clinical-
Trials.gov; Identifier: NCT03829384) [134]. The mRNA is 
encoding for an anti-CHIKV monoclonal antibody that will 
be systemically secreted after the mRNA is delivered via 
infusion into healthy adults.

Challenges in vaccine development and licensure

The economic and financial burden caused by a CHIKV 
epidemic are particularly high and the impact of CHIKF 
in these terms could be eliminated with a safe and effective 
vaccine [116]. Yet, the road to a licensed vaccine is long and 
faces multiple challenges.

One bottleneck in the development of a CHIKV vaccine 
is the fact that substantial funding from private, non-profit, 
and public institutions is necessary to cover the financial 
costs that arise until a vaccine is ready for the public. Usu-
ally the process costs several hundreds of millions of US 
dollars and companies need a prospect for a return of their 
investment, which might be questionable when the highest 
CHIKV burden occurs in developing countries. The above-
mentioned focal and sporadic nature of CHIKF outbreaks 
as well as the establishment of a life-long immunity once 
the disease has been overcome, are further disincentives to 
for-profit organisations [116].

Yet, apart from travellers visiting afflicted countries, the 
military might also have increased interest in a vaccine to 
protect troops deployed in regions where CHIKV is endemic. 
Climate change, international travel and other unforeseen 
factors might promote vector emergence and spread in such 
a way that even developed countries are at risk of becoming 
endemic for CHIKV, presenting another potential market 
for a vaccine. The fact that FDA and the EMA have granted 
Fast Track- and Priority Medicine status to multiple vaccine 
candidates should inspire further confidence in the for-profit 
entities regarding the potential market [145].

Vaccine licensure is regulated by the European Medicines 
Agency (EMA) and the US Food and Drug Administration 
(FDA). To receive the approval (a so-called biologics license 
application (BLA)) for a vaccine (or other biological prod-
uct) in the USA, the product has to meet the requirements 
of the Section 351 of the U.S. Public Health Service Act 
(U.S. Code Title 42—THE PUBLIC HEALTH AND WEL-
FARE). It is eminent to demonstrate that the product is safe, 
pure and effective and that the facility manufacturing and 
processing the product meets standards designed to assure 
that said product stays safe, pure and effective [146]. To 

prove safety and effectiveness the Code of Federal Regula-
tions states in Title 21, Section § 314.126 how “adequate 
and well-controlled studies” should be conducted. Trials 
must be designed in such a way as to distinguish the effect 
of an investigational product from other influences, such as 
chance, placebo effect or bias [147]. There are three differ-
ent approval pathways available under FDA rule and they all 
require the same level of evidence to prove safety, purity and 
effectivity. There is the “traditional approval”, the “acceler-
ated approval” and the so-called “animal rule” [148].

The “traditional approval” pathway encompasses ade-
quate and well-controlled clinical studies in humans. Recog-
nising the current epidemiological problems and the need for 
a CHIKV vaccine, the WHO has published a R&D blueprint 
in which the principles in the design, conduct and analysis of 
Phase2b/Phase 3 clinical trials to evaluate Chikungunya vac-
cines are outlined [149].The WHO’s suggested trial design 
is a Phase 3 prospective, double-blind, placebo-controlled, 
efficacy trial [149]. While this study design is considered the 
“gold standard” in epidemiologic studies, it seems that the 
“traditional approval” pathway does not work to receive a 
BLA for a CHIKV vaccine for various reasons [145].

The unpredictable, sporadic, focal, and relatively short 
nature of CHIV outbreaks make classical phase 3 trials 
impossible, which usually take several months in planning. 
Finding a suitable trial site months or years in advance is not 
feasible. The population afflicted mostly with severe disease 
outcome are the elderly and the very young. Clinical trials 
must take the immune status of these groups into account 
and the potential vaccines should have an enhanced safety 
profile. While live-attenuated vaccines are considered less 
safe due to their chance of regaining virulence, others, like 
VLPs are safer but less immunogenic [150]. With regard to a 
reduced immune system status this could prove problematic. 
Furthermore, while various studies proved the efficacy of 
neutralising antibodies to grant protection against CHIKV 
infection, no defined threshold of neutralising antibodies 
titres could be defined as a correlate of protection. A lack of 
standardisation of antibody neutralisation protocols prevents 
comparison of the different vaccine candidates [149].

The US Code of Federal Regulation (CFR) of the FDA 
thus allows alternative pathways in licensure for situations in 
which classical trials are not feasible. In a meeting initiated 
by the FDA and the Vaccine & Related Biological Prod-
ucts Advisory Committee (VRBPAC) in November 2019, 
alternative licensure pathways of CHIKV vaccines were 
discussed [151]. The consensus of the meeting was that the 
epidemiology of CHIKV does not allow for classical clinical 
efficacy trials and that a combination of seroepidemiological 
studies and non-human primate animal models might be a 
reasonable way to assess vaccine efficacy [151]. The so-
called accelerated approval and the animal rule pathways, 
which can be used if a disease causes a serious condition, 
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are thus legitimate alternatives to the traditional efficacy 
trials. According to the FDA a serious condition is”a dis-
ease or condition associated with morbidity that has sub-
stantial impact on day-to-day functioning. Short-lived and 
self-limiting morbidity will usually not be sufficient, but the 
morbidity need not be irreversible if it is persistent or recur-
rent. Whether a disease or condition is serious is a matter of 
clinical judgement, based on its impact on such factors as 
survival, day-to-day functioning, or the likelihood that the 
disease, if left untreated, will progress from a less severe 
condition to a more serious one” [152]. As CHIKV infec-
tion can lead to persistent, disabling polyarthralgia which 
may last months or even years in up to 50% of the patients 
[50], CHIKF does qualify as a serious disease. Both alterna-
tive pathways may lead to a BLA without proof of efficacy 
in human clinical trials. However, clinical efficacy trials 
in humans still need to be conducted for verification after 
receiving licensure. Accelerated approval licensure is regu-
lated in 21CFR601 Subpart E. The FDA may grant market-
ing approval of a biological product if an effect can be dem-
onstrated on a surrogate endpoint that is reasonably likely to 
predict clinical benefit [153]. The question what might serve 
as a surrogate endpoint still needs to be answered. It may be 
possible to use a combination of seroepidemiological studies 
and non-human primate animal models to create an immu-
nogenic surrogate based on neutralising antibodies [148].

The animal rule pathway only applies if neither ‘‘tra-
ditional approval” nor accelerated approval is available. 
Besides other criteria, efficacy of a vaccine may be proven 
using a sufficiently well-characterised animal model for pre-
dicting the response in humans and if animal study endpoint 
is clearly related to the desired benefit in humans [154]. 
However, since there are no animal models fit to mimic 
the chronic state of CHIKV disease (polyarthralgia and the 
resulting chronic inflammatory erosive arthritis), it is ques-
tionable if demonstrating that a CHIKV vaccine grants steri-
lising immunity against CHIKV in an NHP model suffices 
to predict benefits in humans.

Conclusion

With CHIKV transmission depending on arthropod vectors 
in a complex interaction between virus host and the envi-
ronment, a thorough understanding of these interactions is 
essential for the development of strategies to control out-
breaks and the geographical spread of vectors. Consideration 
of factors driving climate change plays an important role, as 
the vectors might invade habitats that were formerly unsuit-
able for them.

Countermeasures reviewed here include vector control, 
prophylaxis, post-exposure therapy or treatment of the dis-
ease itself. A number of vaccine candidates look promising 

and have completed phase 2 clinical trials. Likewise, post-
exposure therapy with monoclonal antibodies might be a 
valuable option. However, clinical trials are scarce in this 
particular field and only one trial is currently recruiting. 
Past epidemics caused by CHIKV demonstrate the impact 
a neglected or (re)emerging disease may have on a naïve 
population. Agents like CHIKV that have the potential to 
disable a population for a longer period and cause possi-
ble long-term sequelae pose a threat to the health and the 
economic system of a country. In the absence of a licensed 
vaccine, further research in the area of CHIKV disease 
prophylaxis is of utmost importance to prevent outbreaks 
and protect vulnerable populations.
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