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A B S T R A C T

Chikungunya fever is a mosquito-borne viral illness characterized by a sudden onset of fever associated with
joint pains. It was first described in the 1950s during a Chikungunya virus (CHIKV) outbreak in southern Tanzania
and has since (re-) emerged and spread to several other geographical areas, reaching large populations and
causing massive epidemics. In recent years, CHIKV has gained considerable attention due to its quick spread to
the Caribbean and then in the Americas, with many cases reported between 2014 and 2017. CHIKV has further
garnered attention due to the clinical diagnostic difficulties when Zika (ZIKV) and dengue (DENV) viruses are
simultaneously present. In this review, topical CHIKV-related issues, such as epidemiology and transmission, are
examined. The different manifestations of infection (acute, chronic and atypical) are described and a particular
focus is placed upon the diagnostic handling in the case of ZIKV and DENV co-circulating. Natural and synthetic
compounds under evaluation for treatment of chikungunya disease, including drugs already licensed for other
purposes, are also discussed. Finally, previous and current vaccine strategies, as well as the control of the CHIKV
transmission through an integrated vector management, are reviewed in some detail.

1. Historical and epidemiological aspects

Chikungunya virus (CHIKV) is the etiological agent of chikungunya
fever (CHIKF), an arthropod-borne disease transmitted mainly by Aedes
genus species (Weaver, 2006). First described in 1952 in present-day
Tanzania, the early CHIKF cases were treated as Dengue virus (DENV)
infection (Lumsden, 1955). Following isolation of CHIKV from infected
patients’ sera, as well as Ae. (Stegomyia) aegypti (Linnaeus, 1762) and
Culex spp. mosquitoes in 1953, the virus was placed in the arbovirus
group A (Ross, 1956; Calisher and Karabatsos, 1988). Currently, CHIKV
is grouped within the Alphavirus genus, Togaviridae family, and identi-
fied as member of the Semliki Forest virus (SFV) antigenic complex (van
Duijl-Richter et al., 2015; ICTV, 2017).

Shortly after identification in East Africa (1952), CHIKV was de-
scribed in both central and southern regions of Africa (Uganda and sub-

Saharan region, respectively) (Weinbren et al., 1958). With the advent
of nucleic acid sequencing and tools enabling the elucidation of mole-
cular evolution, these CHIKV strains were grouped and named ac-
cording to geographical location of isolation: East-, Central- and South
African lineage (ECSA) (Powers et al., 2000). Phylogenetic analysis of
CHIKV isolated during outbreaks from 1958 to 1973 in Asia placed
them into another monophyletic group called Asian lineage (Powers
et al., 2000; Volk et al., 2010). By the end of the 20th century, phylo-
genetic inferences based on CHIKV isolated from mosquitoes from West
Africa (Senegal) demonstrated still another viral lineage, geo-
graphically more restricted, known as West African (WA) (Powers et al.,
2000; Volk et al., 2010).

After a large CHIKV outbreak on the coast of Kenya in 2004, the virus
started to spread to the islands of the Indian ocean, India and southeast
Asia, with more than 6 million probable cases (Powers et al., 2000; Sergon
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et al., 2007, 2008; Staples et al., 2009; Thiberville et al., 2013). These
viruses, which were evolved from the ECSA clade, were then included in
the Indian Ocean Lineage (IOL), repeatedly associated with CHIKV out-
breaks from 2005 to 2014 (Tsetsarkin et al., 2011; Nunes et al., 2015). In
2005, for instance, a CHIKV outbreak was reported in the Comoros causing
infection in approximately 215,000 people (Sergon et al., 2007). Between
March 2005 and April 2006, 255,000 people were infected in Reunion
Island (CIRE, 2006; Josseran et al., 2006).

In this last context, in Reunion Island, where there is a high density
of the vector mosquito Aedes albopictus (Skuse, 1894), a non-synon-
ymous mutation in the E1 glycoprotein of the viral envelope (E1-
A226 V) was identified in 90% of the isolates (Schuffenecker et al.,
2006). Reverse genetics studies proved the importance of the E1-
A226 V mutation for viral fitness in Ae. albopictus (Tsetsarkin et al.,
2007). Currently, the E1-A226 V substitution is thought to enhance
viral infectivity in Ae. albopictus midgut cells due to the proximity of
amino acid 226 to the fusion peptide, which is responsible for viral
release from the endosome during early stages of the infection. Notably,
this mutation did not compromise viral replication in Ae. aegypti
(Tsetsarkin et al., 2007). Mutations in the same (or similar) position on
the glycoprotein E1 have been reported in other alphavirus, such as SFV
and Sindbis virus (SINV), and also have been associated with an increase
of the capacity of infection and viral exit in Ae. albopictus (C6/36) cell
line (Vashishtha et al., 1998; Lu et al., 1999).

Concerns over CHIKV increased after 2007, when the virus was found
in northern Italy having been presumably introduced by an infected tra-
veler from India (Rezza et al., 2007). In September 2010, autochthonous
case of chikungunya disease also was reported in southeastern France
(Grandadam et al., 2011). In the same year, CHIKV caused disease in
India, Indonesia, Myanmar, Thailand and Maldives, and re-emerged in
Reunion Island. In 2010, imported cases from Indonesia, Reunion Island,
India and Asia were identified respectively in Taiwan, France, USA and in
Brazil (Rezza et al., 2007; Thiberville et al., 2013; Brasil, 2014). In 2013,
CHIKV arrived on the American continent, initially spreading in the Car-
ibbean, before reaching Brazil in 2014 (Nunes et al., 2015). Two years
later, in 2015, CHIKV was declared a notifiable disease by the CDC (CDC,
2015). The most recent CHIKV outbreak was reported in Mombasa, Kenya,
in February 2018 (WHO, 2018).

In summary, these CHIKV epidemics presented a cyclical movement,
characterized by remote outbreaks interspersed with periods of epide-
miological silence, ranging from years to decades. This epidemiological
profile is likely of multi-casual origin and probably includes environ-
mental determinants, mosquito ecology, viral genetics, human behavior
and differences in susceptibility to infections in humans and vectors
(Josseran et al., 2006; Schuffenecker et al., 2006; Tsetsarkin et al.,
2006; Pialoux et al., 2007; Simon et al., 2008; Mohan et al., 2010).

Currently, CHIKV infection has been reported in different countries
on all continents, except Antarctica (CDC, 2018a). In some regions,
especially in South America, the co-circulation of CHIKV with other
arboviruses, such as DENV, ZIKV, Mayaro (MAYV) and yellow fever
(YFV), requires rigorous epidemiological surveillance and differential
diagnosis strategies (Figueiredo and Figueiredo, 2014; Benelli and
Mehlhorn, 2016; CDC, 2018b). Here, we review the main aspects re-
lated to transmission, clinical signs and symptoms, diagnosis, treatment
and control of CHIKV infections, focusing on factors especially im-
portant in the current scenario of the global DENV-CHIKV-ZIKV triad.

2. Transmission

Both urban and sylvatic CHIKV transmission cycles have been de-
scribed (Caglioti et al., 2013). The sylvatic cycle (especially in Africa)
may involve the participation of some Aedes species, such as Aedes
furcifer (Edwards, 1913), Aedes taylori (Edwards, 1936), Aedes luteoce-
phalus (Newstead et al., 1907), Aedes vittatus (Bigot, 1861) and Aedes
fulgens (Edwards, 1917), and different non-human primate (NHP) spe-
cies, possible reservoirs or amplifiers hosts for CHIKV [e.g. African

green monkeys (Chlorocebus sabaeus) (Linnaeus, 1766), patas monkeys
(Erythrocebus patas) (Schreber, 1775), Guinea baboons (Papio papio)
(Desmarest, 1820), guenons (Cercopithecus aethiops) (Linnaeus, 1758),
bushbabies (Galago senegalensis) (Geoffroy, 1796), mandrills (Mandrillus
sphinx) (Linnaeus, 1758), red-tail monkeys (Cercopithecus ascanius
schmidti) (Matschie, 1892) and Chacma baboons (Papio ursinus) (Kerr,
1792)] (McIntosh, 1970; McCrae et al., 1971; Diallo et al., 1999;
Chevillon et al., 2008; Pruetz et al., 2010 Caglioti et al., 2013; Kading
et al., 2013; Althouse et al., 2018). A vector role has also been sug-
gested for Culex and Anopheles mosquitoes, which have been found
infected in Senegal from 1972 to 1996 (Diallo et al., 1999).

In the urban cycle, Ae. aegypti and Ae. albopictus are known as the main
vectors (Weaver, 2006). Currently, they probably remain as the main
vectors for CHIKV transmission in the Americas, Africa, Europe, Asia and
Oceania (Horwood et al., 2013; Vega-Rúa et al., 2014, 2015; Zeller et al.,
2016 Ngoagouni et al., 2017). Significantly, Ae. aegypti can also be the
main vector of other viruses, such as ZIKV and DENV, and co-transmission
events may be observed (Carrillo-Hernández et al., 2018). However, it has
been demonstrated that simultaneous infections by DENV/CHIKV/ZIKV or
DENV/CHIKV in Ae. aegypti does not compromise the vector competence
(Le Coupanec et al., 2017; Rückert et al., 2017).

It is known that horizontal transmission of CHIKV in Aedes mos-
quitoes can occur and act positively in the maintenance of infection
cycles (Fig. 1A) (Mavale et al., 2010). Vertical transmission of CHIKV
into Aedes has also been observed under natural and experimental
conditions and has been pinpointed as a possible reason for viral per-
sistence under harsh environmental conditions (Fig. 1B) (Agarwal et al.,
2014; Chompoosri et al., 2016; Jain et al., 2016).

Once inside the arthropod vector, CHIKV must replicate and reach
the mosquitoes’ salivary glands within roughly seven to ten days for
transmission to a susceptible human (Lim et al., 2018) (Fig. 1C). In
human hosts, the intrinsic incubation time can vary from one to twelve
days and infected individuals may present viremia of up to ten days
(Kam et al., 2009; Simon et al., 2011; Azevedo et al., 2015).

Maternal-fetal transmission has also been reported in humans
(Fig. 1E). Neonatal encephalitis, as consequence of vertical transmis-
sion, was observed, for instance, during the Brazilian epidemic in 2016
(Bandeira et al., 2016a; Lyra et al., 2016). However, no breast milk
transmission has been evidenced (Patterson et al., 2016). Despite the
fact that CHIKV RNA has been detected in semen even after 30 days
post symptom onset, indicating possible transmission via sexual inter-
course, horizontal transmission between humans has not yet been re-
ported (Fig. 1D) (Bandeira et al., 2016b; Patterson et al., 2016).

3. CHIKV infection manifestation

3.1. Acute

Approximately 50–97% of individuals infected with CHIKV develop
clinical disease with fever and arthralgia (Staples et al., 2009; Ayu
et al., 2010; Nakkhara et al., 2013). CHIKV infection has been asso-
ciated with sudden onset of febrile illness (> 38.9 °C) (92% of patients),
arthralgia (87% of patients), back pain (67% of patients), headache
(62% of patients) and fatigue (WHO, 2008; Thiberville et al., 2013).
The most common symptom in CHIKF is polyarthralgia, typically of
bilateral polyarticular nature, affecting mainly peripheral joints (an-
kles, wrists and phalanges) and some large joints (knees and elbows)
(WHO, 2008; Morrison, 2014).

Cutaneous manifestations are reported in circa 50% of acute cases.
The lesions are characterized by macular or transitory maculopapular
eruption, which can be edematous or itchy, often occurring in the body
extremities, palms, soles of the feet, torso and face (Simon et al., 2011;
Thiberville et al., 2013). Gastrointestinal symptoms, such as diarrhea,
vomiting, nausea and abdominal pain, occur in 15–47% of cases during
the acute phase (Thiberville et al., 2013). Other possible symptoms
include erythema, asthenia, conjunctival effusion, persistent
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conjunctivitis and cervical lymphadenopathy (Staples et al., 2009;
Staples and Fischer, 2014; Madariaga et al., 2016). Different studies
have demonstrated that CHIKV infection can reach high viral loads,
ranging from 105 to 109 copies of viral RNA/mL, which seem to be
correlated with the presence and severity of clinical signs and symp-
toms (Chow et al., 2011; Appassakij et al., 2013).

3.2. Chronic

Polyarthralgia and/or polyarthritis are hallmark symptoms of
chronic chikungunya, mostly affecting small joints, such as phalanges
and wrists, as well as large joints (e.g., ankles, knees and shoulders).
The condition is usually severe and leads to mobility limitations of af-
flicted patients (Hoarau et al., 2010).

Polyarthralgia has been described to persist for varying periods of
time, lasting from weeks to several months and, in some cases, up to five
years, depending on the populations evaluated (Borgherini et al., 2008;
Sissoko et al., 2009; Manimunda et al., 2010; Simon et al., 2011). The
persistence of polyarthralgia in some alphaviruses, such as SFV and SINV,
seems to be associated with persistence of viral antigens and immune re-
sponses (inflammation) in the joints (Atkinson et al., 1986; Perri et al.,
2000; Hoarau et al., 2010; Labadie et al., 2010; Simon et al., 2011; Poo
et al., 2014; Silva and Dermody, 2017). About the viral antigens, there is
still no consensus whether they have replication competence (perhaps
with mutations to promote their persistence) or are only the result of a
delayed clearance of non-replicating viral antigen (Atkinson et al., 1986;
Perri et al., 2000; Poo et al., 2014; Weaver and Lecuit, 2015).

Precisely on CHIKV, a 2010 study described the presence of mac-
rophages with CHIKV genetic material and viral proteins in the synovial
tissue of an 18-month-long chronically infected patient (Hoarau et al.,
2010). Experimental studies have shown CHIKV persistence in lym-
phoid organs, liver, joints, muscles and macrophages from NHPs
(Labadie et al., 2010).

In addition, the presence of infiltrating cells, mainly macrophages,
monocytes and lymphocytes, and specific proinflammatory mediators,

such as IL-6, IL-8, and MCP-1, within the synovial fluid probably also
contribute to the chronicity of the inflammation in chikungunya disease
(Silva and Dermody, 2017). Moreover, severe cases of chikungunya
may be related to age and diverse underlying medical conditions, such
as hypertension, respiratory conditions and diabetes mellitus
(Borgherini et al., 2007, 2008; Sankari et al., 2008; Economopoulou
et al., 2009; Sissoko et al., 2009; Tandale et al., 2009).

The pathogenesis of rheumatoid arthritis in CHIKF is still under
debate. While certain studies have suggested that viral infection may
trigger initiation of this chronic inflammatory disorder, other studies
did not find inflammatory markers in infected individuals with chronic
symptoms (Staples et al., 2009; Schilte et al., 2013).

3.3. Atypical

CHIKV infections can also lead to atypical clinical manifestations.
Guillain-Barré syndrome (GBS), for instance, has been associated with
CHIKV infection (Lebrun et al., 2009; Oehler et al., 2015). GBS comprises
an acute inflammatory demyelinating polyneuropathy of global incidence,
in which about two-thirds of cases occur after bacterial (e.g. Campylobacter
jejuni) (Heikema et al., 2015) or viral infection (Oehler et al., 2015), such
as by Dengue- (Simon et al., 2016), West Nile- (Leis and Stokic, 2012),
Influenza- (Choi and Yeon, 2016), Cytomegalo- (Steger et al., 2012),
Human Immunodeficiency- (Girgin et al., 2014), Epstein-Barr (Phillips,
1973; Kim et al., 2016) and Zika viruses (Rozé et al., 2017).

During the more recent CHIKV outbreaks, total or partial alopecia on
the head or body, predominately in female patients, and ophthalmological
alterations, such as uveitis and retinitis, were described during the chronic
phase of infection (Martínez-Pulgarín et al., 2016; Cunha and Trinta, 2017).

In newborns, congenital infections may be accompanied by varying
clinical signs, such as fever, lack of appetite, apnea, skin manifestations,
distal and cerebral edema, encephalitis and hemorrhage (Gopakumar
and Ramachandran, 2012; Bandeira et al., 2016a; Lyra et al., 2016).
Heart- and gastrointestinal disorders and cutaneous lesions are reported
to manifest up to two days after the onset of fever in CHIKV-infected

Fig. 1. CHIKV transmission diagram. (A) Horizontal transmission between CHIKV vectors; (B) Vertical transmission within vectors; (C) Transmission to a susceptible
human; (D) Horizontal transmission in humans; (E) Vertical transmission in humans. Dashed lines represent transmission pathways that have not yet been described.
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newborns and children (Ernould et al., 2008). Bullous lesions associated
to CHIKV infection have also been reported in four-month-old babies,
who had 20% of their body surface affected on the second day after the
onset of fever (Robin et al., 2010).

Deaths from CHIKV infection were previously considered a rare
event. This perception, however, has changed since the latest epi-
demics, which presented a considerably increased mortality rate,
probably due to neurological affections, mainly in neonates, im-
munocompromised and elderly (Rampal et al., 2007; Kee et al., 2010
Chusri et al., 2011; Bandeira et al., 2016a).

4. Differential diagnosis between chikungunya, Zika and dengue
diseases in areas of co-circulation

It is challenging to differentiate clinical signs and symptoms of
CHIKV infection from other pathologies, especially when ZIKV and
DENV are co-circulating in the same geographical region (Hua and
Combe, 2017). Individuals infected by these arboviruses can present a
wide range of similar clinical manifestations, such as rash, myalgia,
exanthema, arthralgia, joint pain, headache, lymph node hypertrophy,
neurological impairment and fever (Brito and Cordeiro, 2016). In ad-
dition, it is difficult to determine the frequency and intensity of the
symptoms and correctly assess pain (mild, moderate and intense) of
afflicted patients (Table 1). In this context, variations in the clinical
presentation of cases can give hints as to the viral etiology; for instance,
the salient and prolonged polyarthralgia, often accompanied by rash, is
typically more indicative of chikungunya, while hemorrhagic mani-
festations and myalgia are more commonly observed in DENV infec-
tions (Lee et al., 2012)

Despite the patients co-infected with CHIKV/DENV, CHIKV/ZIKV
and CHIKV/DENV/ZIKV often do not show exacerbation of clinical
signs, the co-infection presents as additional obstacle during differential
diagnosis (Furuya-Kanamori et al., 2016; Villamil-Gómez et al., 2016;
Carrillo-Hernández et al., 2018). Tables 1 and 2 summarize clinical and
laboratory features that should be evaluated for efficient differential
diagnosis of CHIKV, DENV and ZIKV infections.

4.1. Laboratory diagnostic

Since the variety and intensity of symptoms associated to CHIKV,
DENV and ZIKV infections are so similar and make clinical diagnosis

difficult in areas of co-circulation, laboratory analysis is necessary to
confirm the respective viral etiology. Hematology findings associated to
CHIKV infection are commonly either unspecific, however, lympho-
penia and hypocalcemia were the most frequent observation, and se-
vere thrombocytopenia is rare (Borgherini et al., 2007; Brito and
Cordeiro, 2016; PAHO, 2017). Moreover, the C-reactive protein is
generally elevated in the acute phase illness (Table 2) (Venugopalan
et al., 2014; Brito and Cordeiro, 2016; PAHO, 2017). Elevation of he-
patic enzymes, as well as elevated creatinine and creatine phosphoki-
nase levels, have also been reported (Danis-Lozano et al., 2017). The
different laboratory patterns observed during CHIKV, DENV and ZIKV
infections, added to clinical findings, may be incorporated to support a
correct diagnosis (Tables 1 and 2).

Laboratory tests for specific diagnosis of CHIKV infection are based
on virus isolation, viral RNA detection and serology (Johnson et al.,
2016). Despite not usually employed in routine diagnosis, viral isola-
tion can be performed from sera collected up to seven days after onset
of illness and inoculated into mosquito- or mammalian cell lines, in
which cytopathic effects can appear between one to three days after
inoculation. Confirmation of results is possible via immunofluorescence
or RT-PCR assays (Panning et al., 2008; Staples et al., 2009 Dash et al.,
2011). Recently, an immunochromatographic assay used anti-CHIKV
E1 monoclonal antibodies to detect different CHIKV genotypes in
samples from acutely infected patients. This highly specific and sensi-
tive assay may also be an alternative method for CHIKV infection di-
agnosis (Okabayashi et al., 2015).

Molecular methods of CHIKV diagnosis, such as RT-PCR, RT-LAMP,
qRT-PCR, have gained increasing importance. They are more sensitive
and faster than viral isolation, and permit RNA detection from all
CHIKV lineages with high specificity. Usually, serum samples collected
up to seven days of symptom-onset are suitable for CHIKV detection by
molecular diagnostic platforms (Edwards et al., 2007; Litzba et al.,
2008; Sharma et al., 2010).

In addition, novel multiplex assays are capable of differentiating
CHIKV from other infectious agents with a similar clinical spectrum.
Among them, RT-LAMP assay has been shown to be capable of differ-
entiating between ZIKV, CHIKV and DENV infections (Yaren et al.,
2017). A RT-qPCR capable of successfully differentiating between ZIKV-
CHIKV-DENV and CHIKV-DENV-Leptospira infections was also recently
described (Pabbaraju et al., 2016; Giry et al., 2017).

In later phases of infection, CHIKV detection is usually based on
serological methods, such as ELISA and plaque reduction neutralization
testing (PRNT). ELISA techniques are useful to distinguish between
acute or convalescent infections via detection of anti-CHIKV IgM or IgG
antibodies. IgM can be detected from two/four days up to three months
after the onset of illness, while IgG can be detected for several years
(Grivard et al., 2007; Pialoux et al., 2007; Reddy et al., 2012). More-
over, ELISA for CHIKV diagnosis are highly specific and have a high
accuracy (Johnson et al., 2016). IgM antibody-capture ELISA (MAC-
ELISA), via which IgM antibodies can be detected in serum samples
collected from four days after onset of symptoms, are the most

Table 1
Signals and symptoms that may contribute in the differential diagnosis between
dengue, chikungunya and Zika illnesses.

Signals/Symptoms Arboviruses

Chikungunya Dengue Zika

Fever >38 °C (2–3da) > 38 °C (4–7d) ≤38 °C (1-2d)
Rash ++ (d2-d5b) + (d4c) +++ (d1-d2d)
Pruritus +/++ +/+++ ++/+++
Myalgia + +++ ++
Arthralgia +++ + ++
Retrorbital pain +/- +++ +/-
Conjunctivites + +/- ++/+++
Skin Bleeding +/- ++ +/-
Joint swelling ++/+++ +/- +
Headache ++ +++ ++
Diarrhea +/- ++ +/-
Neurological impairment ++ + +++
Lymphadenophaty ++ + +++
Hemorrhagic dyscrasia + ++ –

References: Brito and Cordeiro (2016); PAHO (2017).
a Duration of fever in days.
b Onset of rash in 50% of cases.
c Onset of rash in 30–50% of cases.
d Onset of rash in 100% of cases.

Table 2
Laboratory findings that may contribute in the differential diagnosis between
dengue, chikungunya and Zika illnesses.

Laboratory finding Arboviruses

Chikungunya Dengue Zika

Leukopenia +/++ ++/+++ +/++
Lymphopenia Usual Unusual Unusual
Thrombocytopenia +/++ +++ –
Platelet count Normal to low Normal to very low Normal to low
C-reactive protein Elevated Normal Elevated
High hematocrit level Infrequent Warning sign Infrequent

References: Brito and Cordeiro (2016); PAHO (2017).
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commonly used tests for laboratory-based diagnoses (Reddy et al.,
2012). PRNT, used as a parameter to measure circulating neutralizing
antibodies, is useful to establish immunoprotection levels based on the
determination of serum antibody titers required to neutralize a known
amount of infectious virus particles (Azami et al., 2016). Alternative
techniques for anti-CHIKV antibody detection include immuno-
fluorescence and hemagglutination inhibition (Staples et al., 2009).

In general, any suitable etiological diagnosis should be reached
through combined epidemiological, clinical and laboratory approaches
performed by experienced health professionals. An algorithm-guided in-
fographic with specific laboratory key findings to be used for differential
diagnosis of CHIKV, DENV and/or ZIKV infections is summarized in Fig. 2.

5. Treatment

There is no licensed specific antiviral available for the control of
CHIKV replication, thus therapeutic strategies must be supportive and
symptomatic, including fluid intake (Jain et al., 2008; WHO, 2008; Kaur
and Chu, 2013). In this context, non-steroidal anti-inflammatory drugs

(NSAIDs), such as paracetamol, are indicated to reduce the fever and re-
lieve arthralgic pain (WHO, 2008). However, NSAIDs that interfere (at
secondary level) with platelet aggregation or with other mechanisms of
blood clotting (e.g. aspirin) should be avoided (Goupil and Mores, 2016).
The co-administration of NSAIDs with low-dose systemic corticosteroids
has been recommended to reduce pain and improve quality of life in
treating acute chikungunya cases with arthralgia (Padmakumar et al.,
2009). Past concerns that corticosteroid treatment may exacerbate al-
phaviral arthritides appear unjustified, since serodiagnosis has demon-
strated antiviral immunity (Mylonas et al., 2004).

A succinct overview of current strategies for inhibition of CHIKV
infection has recently been published (Subudhi et al., 2018). Briefly,
among the anti-CHIKV drugs under evaluation, there are preparations
that target the viral adsorption and fusion, translation of viral protein
and genome replication (mainly in viral non-structural protein 2, nsP2),
maturation of viral glycoproteins and immunological molecules
(Brighton, 1984; Briolant et al., 2004; De Lamballerie et al., 2008;
Ozden et al., 2008; Khan et al., 2010; Pohjala et al., 2011; Wintachai
et al., 2012; Kaur et al., 2013; Lani et al., 2015; Wintachai et al., 2015;

Fig. 2. Algorithm for arbovirus diagnosis in suspect cases of chikungunya, dengue and Zika diseases. (A) Samples should be tested by RT-PCR due to the cross-
reaction observed in flavivirus samples. (B) Once the molecular test is negative, serological test must be performed. *perform serological tests for samples collected≥
4 days after the onset of clinical signs and symptoms; **PRNT is required due to the cross-reaction between DENV and ZIKV; ***Test also for other flavivirus (e.g.
West Nile and Saint Louis encephalitis viruses). Reference: CDC (2016) and PAHO (2017).
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Wichit et al., 2017). Examples of drugs and compounds under evalua-
tion are available on Table 3.

6. Control and prophylaxis

In the absence of therapeutic strategies and licensed vaccines, efficient
vector control plays a crucial role in CHIKV prevention (Huang et al.,
2017). Unfortunately, uncontrolled urbanization, lack of proper basic sa-
nitation and increasing resistance to various classes of insecticides chal-
lenge the true impact of vector control measures for the reduction of ar-
bovirus incidence (Resnik, 2014; Liang et al., 2015 Benelli et al., 2016
WHO, 2016). To overcome these obstacles, integrated anti-virus control is
required and should include: a) epidemiological surveillance; b) environ-
mental management focusing on educative actions to eliminate potential
mosquito breeding sites and reduce standing water sites; c) chemical
control using repellents (mainly for travelers and pregnant women) and
insecticides, respecting the vectors resistance; and d) biological control
against eggs, larvae and mosquitoes (Fig. 3) (Hemingway and Ranson,
2000; Dumont and Chiroleu, 2010; Benelli, 2015; Benelli et al., 2016;
Islam et al., 2017; Benelli, 2018).

In this last context, larvivorous fish belonging to the genus Gambusia
(e.g. Gambusia affinis) (Baird and Girard, 1853) and Poecilia (e.g.
Poecilia reticulata) (Peter, 1859) have been suggested in several coun-
tries and regions for mosquito control, mainly for Ae. aegypti (Hoy,
1985; Das and Prasad, 1991; Cavalcanti et al., 2007; Walton, 2007;
Chandra et al., 2008; Seng et al., 2008; Dumont and Chiroleu, 2010;
Kweka et al., 2011; Kamareddine, 2012; Shulse et al., 2013; Pereira and
Oliveira, 2014; Chobu et al., 2015; Benelli et al., 2016). More natural
mosquito predators, including copepods [e.g. Mesocyclops thermo-
cyclopoides (Harada, 1931) and Mesocyclops longisetus (Thiébaud,
1912)] and other invertebrate aquatic organism, have also been im-
plemented successfully to reduce Ae. aegypti and other culicidae po-
pulations (Rawlins et al., 1997; Manrique-Saide et al., 1998; Vu et al.,
1998; Schaper, 1999; Mahesh Kumar et al., 2012; Benelli, 2015; Pavela,
2015). Plant-borne molecules have shown activity against Aedes, Ano-
pheles and Culex larval instars (Benelli et al., 2016). More recent ap-
proaches, based on “green”-synthesized nanoparticles, have been sug-
gested for use against DENV and Ae. aegypti vector (Madhiyazhagan
et al., 2015; Sujitha et al., 2015; Benelli et al., 2018).

Microbiological interventions, such as the use of Bacillus thur-
ingiensis var. israelensis (Bti) (Berliner, 1911) and entomopathogenic
fungi [e.g. Metarhizium anisopliae (Metschnikoff, 1879) Sorokin, 1883
and Beauveria bassiana (Balsamo) Vuillemin, 1912)], have shown ef-
fects on malaria mosquitoes, as well as on Ae. aegypti and Ae. albopictus
(Novak et al., 1985; Blanford et al., 2005; Armengol et al., 2006; Knols
et al., 2010; Lam et al., 2010; Ritchie et al., 2010; Paula et al., 2011a,
b). Recently, Bti was used to prevent ZIKV transmission in the

continental United States (Stoddard, 2018).
In another promising approach to arbovirus control, including also

ZIKV, the release of Wolbachia-infected male mosquitoes, sterile mos-
quitoes or insects carrying a dominant lethal gene can be used to reduce
Ae. aegypti and Ae. albopictus populations (Fig. 3) (Ferreira et al., 2008;
Alphey et al., 2010; Walker et al., 2011; Boyer, 2012; Alphey et al.,
2013; Massonnet-Bruneel et al., 2013; Lee et al., 2013; Zhang et al.,
2015a, b; Dickens et al., 2016). Despite the theoretical basis for their
effectiveness, additional studies are needed to verify the true risks and
benefits of programs based on altered mosquitoes. This concern appears
to be greater in relation to transgenic mosquitoes, especially on their
efficacy, sustainability and impact on the environment and target and
non-target species (Wilke et al., 2018).

Although many of these strategies have been initially directed
against DENV, their application to transmission control of CHIKV
should be considered, mainly within an integrated approach, which
rationally combines different measures. Control programs for other
insect-borne diseases, such as malaria (Benelli and Beier, 2017), can
also serve as model for CHIKV prevention.

In a synergistic way, mass immunization against CHIKV would be an
important tool for viral control and prophylaxis. Several distinct vac-
cine approaches are currently under development, however, no vaccine
has been licensed. Anti-CHIKV candidates that have been already tested
in humans and/or animals include inactivated-, attenuated-, virus like
particle- (VLP), DNA- and chimeric vaccines (Eckels et al., 1970; Levitt
et al., 1986; Muthumani et al., 2008; Wang et al., 2008; Tiwari et al.,
2009;Sharma et al., 2012 Akahata et al., 2010; Plante et al., 2011;
Wang et al., 2011; Gorchakov et al., 2012; Brandler et al., 2013; Chang
et al., 2014; García-Arriaza et al., 2014; Tretyakova et al., 2014; van
den Doel et al., 2014; Erasmus et al., 2017).

In the past, viral inactivation strategies were the first to be tested in
the course of anti-CHIKV vaccine development. CHIKV replicated in cell
culture and subsequently inactivated by formalin, ether or 1,5 iodo-
napthyl azide (INA) was able to stimulate the production of neutralizing
antibodies (Eckels et al., 1970; Tiwari et al., 2009; Sharma et al., 2012).
Particularly, the use of INA resulted in reduced binding capacity of anti-
E2 neutralizing antibodies (Sharma et al., 2012), while formalin in-
activation stimulated the cellular immune response with the production
of anti- and pro-inflammatory cytokines (Tiwari et al., 2009).

With the same aim of outlining the virulence of CHIKV infection,
Brandler et al. (2013) reported a recombinant live-attenuated measles
vaccine expressing a VLP composed of the capsid (C) and envelope (E)
proteins from the La Réunion 06–46 CHIKV strain (ECSA lineage). In mice
susceptible to Measles virus (MV), immunization with MV-CHIKV induced
high titers of CHIKV antibodies, specific cellular immune responses and
protected all animals from lethal CHIKV challenge (Brandler et al., 2013).
In phase I clinical trial (European Clinical Trials Database, 2013-001084-

Fig. 3. Management for an integrated Aedes vector control. *The use of insecticides and repellents should be carried out taking into account the mosquitoes’
resistance profiles; ** It is important to consider and evaluate the influence of these interventions on ecosystem balance.
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23), a second vaccination resulted in 100% seroconversion for all parti-
cipants. The immunogenicity of the MV-CHIKV was not affected by pre-
existing anti-MV immunity and no vaccination-related serious adverse
effects were recorded (Ramsauer et al., 2015).

Also using the vaccine platform VLP-based, Akahata et al. (2010)
proposed the use of a vaccinal VLP expressing CHIKV structural pro-
teins. The VLP-based vaccine, VRC-CHKVLP059-00-VP, was obtained
by transfection of a plasmid expressing C and E proteins of the 37997
CHIKV strain (WA lineage). The vaccine stimulated the production of
neutralizing antibodies against the E protein of different CHIKV strains
and was able to protect challenged monkeys. Further tests in humans
showed vaccine efficacy and immunogenicity, without reports of ar-
thralgia as side effect (Chang et al., 2014). The VRC-CHKVLP059-00-VP
is one of the most developed strategies and is currently undergoing
phase II clinical trials (National Clinical Trials, 02562482).

Another approach to CHIKV vaccine development is the use of DNA
vaccines. In this context, a plasmid expressing consensus sequences of
C, E1 and E2 CHIKV proteins elicited a robust cellular immune response
and the production of high antibody titers capable of recognizing wild
virus antigens (Muthumani et al., 2008). In another study, mice im-
munized with a DNA vaccine containing the complete CHIKV genome
of the 181/25 strain developed neutralizing antibodies and were pro-
tected from neurovirulent CHIKV (Tretyakova et al., 2014).

These strategies involving inactivated viruses, VLP and DNA vac-
cines often stimulate the humoral immune response, one of the main
mechanisms for control and prevention of CHIKV infection (Lum et al.,
2013). Empirically- or reverse-engineered attenuated live vaccines,
however, have been shown to be capable of inducing both cellular and
humoral immune responses and have also been suggested to prevent
CHIKV infection (Levitt et al., 1986; Wang et al., 2008, 2011; Plante
et al., 2011; Gorchakov et al., 2012; García-Arriaza et al., 2014). An
important example of attenuated CHIKV vaccine is the TSI-GSD-218, a
vaccine based on an empirically attenuated CHIKV 15561 strain (Asian
lineage) isolated from patient sera from the 1962 CHIKV outbreak in
Thailand (Levitt et al., 1986). By the end of its phase II clinical trial
evaluation, 98% of the vaccinated individuals presented neutralizing
antibodies, 85% remained seroconverted after one year and 8.47%
presented temporary arthralgia (Edelman et al., 2000).

In addition to classical attenuation via serial viral passage in cells,
reverse genetics strategies have been employed as platforms for con-
struction of recombinant attenuated viruses or vaccine chimeras (Wang
et al., 2008; Plante et al., 2011; Wang et al., 2011; García-Arriaza et al.,
2014; van den Doel et al., 2014; Erasmus et al., 2017). An anti-CHIKV
strategy involves the development of an attenuated chimeric vaccine
using the Internal Ribosome Entry Site (IRES) of the En-
cephalomyocarditis virus (ECMV). In this approach, the CHIKV sub-
genomic promoter from the LR2006-OPY1 strain (ECSA lineage) is
knocked via insertion of 13 synonymous mutations and the ECMV IRES
sequence is added as new promoter for subgenomic RNA transcription
(Plante et al., 2011). Briefly, the addition of the IRES sequence to the
attenuated viral genome prevents viral propagation in mosquito cells,
thus restricting the target population. This vaccine strategy has been
shown to lead to the stimulation of TCD4 and TCD8 responses in mice
(Plante et al., 2011). In NHP, CHIKV/IRES vaccine was also showed to
be safe and immunogenically effective (Roy et al., 2014). Finally, the
preclinical safety of the CHIKV/IRES vaccine was ensured in interferon-
α/β receptor-incompetent mice (A129 mice) (Plante et al., 2015).

Other viral chimeras have been proposed in the context of anti-
CHIKV vaccine strategies. Notably, attenuated strains of the Eastern
equine encephalitis virus (VEEV) or Eastern equine encephalitis virus
(EEEV) were used as backbones to express CHIKV structural proteins,
creating immunogenic chimeras able to stimulate production of neu-
tralizing antibodies and protect mice against disease and viremia after

CHIKV challenge (Wang et al., 2008). Another chimeric construction,
the Modified Vaccinia Ankara expressing E2 glycoprotein or E3-E2-6H-
E1 proteins was shown to stimulate production of neutralizing anti-
bodies in IFN-I (IFN α/β) and II (IFN-γ) receptor knockout mice (AG129
mice), protecting against lethal infection (van den Doel et al., 2014). A
replication-incompetent adenovirus vector also has been used to ex-
press the ORF coding CHIKV structural polyproteins. A single dose of
the chimera induced high antibodies titers capable of neutralizing Asian
and IOL CHIKV lineages, protecting mice against viremia and arthralgia
(Wang et al., 2011).

Most recently, a promising vaccine based on a chimera of Eilat virus
(EILV) and CHIKV has been reported (Erasmus et al., 2017). The ELIV/
CHIKV possesses non-structural proteins of EILV and structural and
accessory proteins of 99659 CHIKV strain (Asian lineage). Since the
EILV is an alphavirus specific for insects, the EILV/CHIKV was unable to
replicate in vertebrate hosts, thereby providing a high degree of safety.
In NHP, ELIV/CHIKV stimulated immune response and guaranteed
protection against viremia (Erasmus et al., 2017).

7. Conclusions and unresolved questions

In the last decade, there has been an increase in the dissemination
and co-circulation of several arboviruses. Currently, areas that were
endemic just to DENV, for instance, are with autochthonous cases of
chikungunya and Zika diseases. These arboviruses have similar clinical
spectrum and require an efficient laboratory diagnosis, especially for a
rigorous epidemiological surveillance. In addition, CHIKV infections
represent a serious public health problem. The high morbidity of chi-
kungunya often results in absenteeism of afflicted individuals, incurring
both psychosocial and economic impacts. In this context, the develop-
ment of a specific anti-CHIKV drug is certainly an important demand.
On the other hand, the ideal control strategy for CHIKV should combine
an integrated vector management with mass immunization. Although
the different vector biocontrol strategies are promising, mainly within
an integrated use, it is necessary to think about their sustainable use,
assessing their real impacts on ecosystem equilibrium. The absence of
CHIKV serotypes is considered a facilitative aspect in anti-CHIKV vac-
cine development, since a formulation developed from one strain will
likely result in immunity against all CHIKV (Smalley et al., 2016).
Despite recent advances in vaccine strategies, the major challenge re-
garding CHIKV vaccine development remains the establishment of an
equilibrium between immunogenicity and safety, notably a reduction of
side effects, such as secondary arthralgia following immunization with
attenuated virus. Finally, recognizing the competence of vector and
arboviruses control measures, we believe that the prevention of CHIKV
infections should be planned within a global and multifactorial ap-
proach. This interdisciplinary strategy, currently framed within the One
Health concept, should thus integrate all aspects of health care for
humans, animals and the environment (Benelli and Duggan, 2018).
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