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SUMMARY Beginning in 2004, chikungunya virus (CHIKV) went from an endemic
pathogen limited to Africa and Asia that caused periodic outbreaks to a global patho-
gen. Given that outbreaks caused by CHIKV have continued and expanded, serious con-
sideration must be given to identifying potential options for vaccines and therapeutics.
Currently, there are no licensed products in this realm, and control relies completely on
the use of personal protective measures and integrated vector control, which are only
minimally effective. Therefore, it is prudent to urgently examine further possibilities for
control. Vaccines have been shown to be highly effective against vector-borne diseases.
However, as CHIKV is known to rapidly spread and generate high attack rates, therapeu-
tics would also be highly valuable. Several candidates are currently being developed;
this review describes the multiple options under consideration for future development
and assesses their relative advantages and disadvantages.

KEYWORDS chikungunya, vaccine, therapeutics

INTRODUCTION

Chikungunya (CHIK) virus (CHIKV) was first identified during an outbreak of febrile
polyarthralgia in modern-day Tanzania in 1952 to 1953 (1). Patients reported an

illness that was nearly indistinguishable from dengue, consisting of high fever, joint
pain, and a macropapular rash (now considered the classic triad of symptoms of CHIKV
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infection). The unusual severity of the joint pain was the factor prompting researchers
to determine if the agent truly was due to dengue virus or another pathogen. The cause
was indeed determined not to be dengue virus but a novel agent designated chikun-
gunya virus, a local-dialect name given to indicate the severity of the pain. A number
of subsequent large outbreaks due to this same agent, CHIKV, followed in the next 2
decades in urban centers of Thailand and India (Fig. 1). Urban outbreaks were first
reported in Thailand in the late 1950s and early 1960s (2), where the scope of these
outbreaks was unprecedented, involving attack rates of �30% (3). Urban outbreaks
were also reported in Calcutta (modern-day Kolkata), India, in 1963 and in Madras
(modern-day Chennai) State, India, from 1962 to 1964, where 40% of the population
was infected (4, 5). Interestingly, while urban areas were the primary areas of reported
activity, similarly high attack rates were found in rural Thailand (6). This suggested that
while periodic outbreaks were occurring, there was endemic activity occurring in
Southeast Asia. However, in spite of endemicity, from the 1980s to the turn of the
century, no significant epidemic activity was reported. With the development of genetic
methods to characterize the strains obtained in these outbreaks, it was revealed that
strains were geographically linked, and thus, three genotypes were described for
distinct clades representing strains from Central/East Africa (ECSA genotype), West
Africa (West African genotype), and India/Southeast Asia (Asian genotype) (7). This
geographic association with genotype remained unchanged until the outbreaks of the
21st century.

Beginning around 2000, focal bursts of CHIKV activity were reported in Indonesia
and the Republic of Congo, revealing that the virus was still circulating in its broad
areas of endemicity (8, 9). However, in 2004, an outbreak that occurred in coastal Kenya
(10) sparked the beginning of a decade-long, roving outbreak. The virus moved from
Kenya to Comoros to La Reunion within approximately 1 year (11). In La Reunion, an
amino acid mutation was detected (12), which led to a resurgence of the outbreak on
this island, to hundreds of travel-associated cases being identified in Europe, and to the
movement of the ECSA genotype out of Africa to India, where over 1 million cases were
estimated within a single year (13). The movement of the virus of this ECSA genotype
continued throughout Asia, Oceania, and the South Pacific (14–16), while public health
officials prepared for the further movement of the virus to the Americas (17).

INTRODUCTION OF CHIKV INTO THE WESTERN HEMISPHERE

Given the rapid expansion of CHIKV throughout nearly all of the Eastern hemisphere,
it was not unanticipated that the virus would arrive in the Western hemisphere as well.
A number of elements necessary for an outbreak to occur were present in the Americas
prior to the arrival of the virus. Primary among these factors was the presence of
appropriate vectors, Aedes aegypti and Aedes albopictus, throughout virtually all of
tropical America and some regions of the subtropics. These are the same species
of mosquitoes that transmit dengue viruses, so anywhere that dengue can be found, a
risk of CHIKV infection also exists. Second, because the virus had never circulated in the
Americas, the population was completely naive, having no level of preexisting immu-
nity. Similarly, because the virus had not previously been seen in this environment,
physicians and public health officials had no training, reagents, or preparation for
diagnosing infection by CHIKV. It was curious as to why there was no establishment of
CHIKV in the Western hemisphere until the fall of 2013, as all of these conditions had
existed for years, and there was evidence of repeated introductions via viremic travel-
ers. Even more curious was that the establishment resulted from an introduction of the
Asian genotype, which was not the major genotype that had been circulating through-
out the Indian Ocean and Southeast Asia since 2004.

Detection of Asian genotype strains was reported in New Caledonia in 2011 during
a period of intense surveillance for CHIKV activity throughout Asia. There were only
approximately 2 dozen cases identified, but the finding that these isolates were of the
Asian genotype gave conclusive evidence that this genotype was still actively circulat-
ing. In 2011 to 2012, Asian genotype CHIKV was also identified in Indonesia and the
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Philippines, with activity on multiple islands. The year 2013 saw further Asian genotype
activity in a number of islands of the Pacific Ocean, including a large outbreak in the
Federated States of Micronesia. The first report of the autochthonous transmission of
CHIKV in the Americas was in December 2013 in the French Caribbean island of
Martinique. Within just 1 year, the virus had moved to 43 countries of the Americas and
affected over 1.1 million people (18).

Since the reemergence of CHIKV in 2004 in Kenya, the total number of cases globally
has been estimated at over 3.4 million individuals. However, despite the high number
of individuals affected over the past decade, there are still significant numbers of
individuals at risk for infection. This risk includes not only those in the tropics but also
those in areas in Asia, the United States, and Europe where A. albopictus is present in
subtropical regions as well. Given the ongoing risk, the severity and chronicity of
symptoms associated with CHIKV infection, and the need to protect travelers with the
goal of containing CHIKV spread, vaccines and therapeutic products are urgently
needed. Vaccines have been in development for over 50 years, with increased urgency
in the past decade, and therapeutic products are now also being explored. Each of
these products has advantages and limitations, which are described below.

BIOLOGY OF CHIKV

CHIKV has the characteristic genome structure and organization of all alphaviruses
(family Togaviridae) (19). The genome consists of a single strand of positive-sense RNA
that encodes 4 nonstructural proteins (nsP1 to -4) in the 5= two-thirds of the genome
and 3 structural proteins plus 3 peptides (capsid [C], envelope glycoprotein 1 [E1],
envelope glycoprotein 2 [E2], 6K, transframe [TF], and E3) in the 3= one-third of the
genome (Fig. 2). The structural proteins are generated as a polyprotein (which is
subsequently processed into mature, individual proteins) from a subgenomic mRNA,
which results in large numbers of these proteins compared with the numbers of

FIG 1 Global distribution of CHIKV. Country colors correspond to the decade of the first reported identification of the local transmission of CHIKV by either
serological, molecular, or virological detection methods. (Image created by Nicole Lindsey.)
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nonstructural proteins. The capsid protein associates with the genomic RNA to form
nucleocapsids that are coated with the surface glycoproteins (E1 and E2) at the cell
surface prior to budding. Like the structural proteins, the nonstructural proteins are
translated as a polyprotein, which is cleaved by nsP2 and polyproteins containing nsP2.
None of the nonstructural proteins are packaged in the final virions, so the humoral
immune response primarily targets the predominant structural proteins present on the
virion surface (E1 and E2). These surface proteins are also the target of most vaccine and
antiviral strategies, as discussed below.

HISTORY OF CHIKV VACCINE DEVELOPMENT

CHIKV vaccine development began in response to one of the earliest documented
urban outbreaks. The epidemic of Thai hemorrhagic fever that occurred in Bangkok,
Thailand, in the early 1960s and that was in part caused by CHIKV (20, 21) led to
research to develop a formalin-inactivated vaccine derived from suckling-mouse brains
(SMB) infected with an African genotype strain of CHIKV. Neutralizing antibodies were
generated at 15 days postinfection, demonstrating that this first product could be
protective against CHIKV infection (22). A second early effort also utilized an African
genotype strain that was inactivated by either formalin or UV irradiation (23) after 177
passages through SMB and 1 baby hamster kidney (BHK) cell passage. The vaccine was
tested in a monkey model, where neutralizing (NT) antibodies were generated after a
3-dose immunization schedule. Interestingly, there were differences in the immune
responses generated by the inactivation methods, with studies showing that UV
inactivation was superior to formalin inactivation of this product. However, no addi-
tional work followed this early research on this formulation.

The most significant early CHIKV vaccine development was performed at the Walter
Reed Army Institute of Research (WRAIR), which began with the systematic character-
ization of a distinct range of cell types, including chicken embryos (CE), SMB, and
African green monkey kidney cells (GMKC) (24). Each product was formalin inactivated
and subjected to potency testing in mice. Following 2 intraperitoneal (i.p.) injections at
days 0 and 7, mice were challenged intracranially (i.c.) 14 days later. This initial
assessment revealed that the CE preparation generated poor antibody and protective
responses, while the GMKC product generated high levels of antibody and was pro-
tective against i.c. challenge. Curiously, a separate study indicated that the CE prepa-
ration generated up to 5 times more antibody than the GMKC preparation (25). It was
subsequently determined that the titer of the virus prior to formalin inactivation was
critical for a potent immune response, with a highly concentrated product being
necessary. To avoid a concentration step with CE cells and to avoid potential allergic

FIG 2 Genome organization of CHIKV. Shown are both the order and presence of the structural and
nonstructural proteins encoded in the CHIKV genome. *, for the 6K peptide, an alternate protein,
designated the transframe protein (TF), can be generated due to a frameshift event that may occur
during the translation of the 6K gene (19).
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reactions that might be associated with a SMB product, the GMKC product was the
formulation selected for further development. The GMKC product was next used in
cross-strain challenges in multiple host systems, where both mice and monkeys were
protected in challenge studies using 4 different CHIKV strains (24). An alternative
method of inactivation of the GMKC product, using ether and a surfactant, was also
evaluated (26). This method resulted in a strong antibody response that was protective
against homologous virus challenge in mice. Interestingly, while hemagglutinating
activity in addition to the NT antibody response was seen with this approach, this
method was not pursued further.

To evaluate the safety of the formalin-inactivated product, a new strain (15561),
obtained directly from human serum from a Thai patient, was chosen over the highly
passaged initial strain. The first human testing with this purified product showed that
most subjects developed NT antibody within just 2 weeks of a second dose (doses
given on days 0 and 28), with no adverse events (27).

From this preliminary work at WRAIR, a live, rather than inactivated, vaccine was
developed from the 15561 strain. A new attenuated strain, 181/clone 25 (181/25), was
derived by 18 plaque-to-plaque passages of the parent product (28). Strain 181/25 had
all the hallmarks of attenuation (29, 30), including a small-plaque phenotype, temper-
ature sensitivity, decreased virulence (in mice), and low levels of viremia (in monkeys).
When tested in mouse or monkey challenge models, this vaccine was protective and
demonstrated reduced virulence compared to that of its nonattenuated parent strain.
This was important since 181/25 was a live vaccine, demanding a more rigorous safety
profile than inactivated options.

The favorable safety profile indicated that phase 1 clinical trials were appropriate for
181/25. After subcutaneous (s.c.) vaccination, all subjects seroconverted, with only low
levels of viremia and symptoms comparable to those receiving a placebo (31). In a
follow-up phase 2 double-blind, placebo-controlled trial, the safety profile was found to
be acceptable; 98% of subjects developed NT antibodies, with 85% of these subjects
maintaining antibody persistence at 1 year postvaccination. Vaccinees and placebo
recipients demonstrated similar systemic reactions, with the exception of 5 vaccinees
who developed transient arthralgia (32). However, despite some of these promising
results, development efforts ended in 1998 due to limited funding and the unpredict-
able epidemiology of the virus (33).

Despite the termination of the U.S. military development program, the investiga-
tional new drug (IND) protocol for this vaccine candidate remained active until 2011 to
allow the submission of reports from research studies. Additionally, stocks of vialed
product were maintained in storage. The maintenance of these materials was fortu-
itous, as after the 2006 epidemic in La Reunion, the Ministry of Health of France
requested access to these Department of Defense (DOD) materials for subsequent work
to develop the vaccine (33). Other entities also performed follow-up studies with the
vaccine candidate to further understand the mechanism of protection from both host
and virus perspectives. One study used the vaccine virus in various strains of mice with
deficiencies in their interferon (IFN) signaling to elucidate the role of distinct immune
factors (34). Mice lacking all IFN receptors (IFN-�/� and -�; AG129 strain) rapidly
succumbed to the vaccine, while those maintaining IFN-� receptors (A129) showed
some signs of illness but recovered completely, suggesting a role for IFN in the
development of protective immunity. Furthermore, when A129 mice were challenged
with an ECSA genotype strain virus, all animals survived, confirming the at least partial
role of IFN in the 181/25 vaccine response. Additional studies examined mutations
associated with the 181/25 vaccine strain that are responsible for attenuation. A series
of clones with individual or multiple mutations revealed that two E2 nonsynonymous
mutations (at amino acid positions 12 and 82) generated the same attenuated pheno-
type as that of the parental virus (35). Subsequent work showed that the E2 residue at
position 82 regulated tissue tropism and the host response via the differential utiliza-
tion of glycosaminoglycans (GAGs) (36). Interestingly, some of those studies also
revealed genetic reversion from the vaccine sequence to that of the parental sequence
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in both mice and humans (33, 35). Because so few mutations were found to be
associated with attenuation in this vaccine, any reversion events would be important
safety concerns for this product. While at least four additional entities requested the
TSI-GSD-218 vaccine product for work toward licensure or comparative testing (includ-
ing at least one company that was preparing for further clinical trials), as of 2012, a
licensed product remains unavailable, and a range of other options to develop a
licensed vaccine have been explored.

CURRENT VACCINE OPTIONS

After the reemergence of CHIKV in 2004 and its rapid expansion throughout the
Indian Ocean and Southeast Asia and unexpected autochthonous transmission in Italy
in 2007, there was renewed interest in developing a vaccine against CHIKV. A variety of
research approaches were used to develop a product that would generate high levels
of antibodies, provide lasting immunity, and require minimal and straightforward
production needs. Options including virus-like particles (VLPs), subunit vaccines, vec-
tored/chimeric vaccines, nucleic acid vaccines, and live attenuated vaccines have all
been explored as possibilities (Table 1). The most developed of these products are
reviewed below, and the advantages and disadvantages of each product are described.

Virus-Like Particles

One of the first potential new CHIKV vaccines to reach advanced development was
a VLP preparation. The product is generated from the CHIKV C-E3-E2-6K/TF-E1 poly-
protein genes, using a cytomegalovirus CMV/R expression vector that was transfected
into 293 human kidney cells (37). Because the entire structural gene cassette is present
in the cells, a CHIKV VLP (structurally identical to the infectious virus but containing no
nucleic acid) is generated. The resulting VLPs were purified by using buoyant density
gradient sedimentation and quantitated to standardize doses. While VLPs representing
both a West African genotype strain (37997) and an ECSA genotype strain (OPY-1) were
initially developed, the 37997 variant yield was approximately 100-fold higher than that
of the OPY-1 strain. Because the ongoing outbreak at the time of development of this
product was due to the ECSA linage, there was some concern that a product of the
West African genotype might not be protective against strains of other genotypes.
However, the high percentage of amino acid similarity among all CHIKV strains (7)
combined with serological cross-reactivity between CHIKV strains of different geno-
types (38–40) suggested that while certain strains may lead to better vaccines, any
CHIKV vaccine would be protective against viruses of all genotypes.

The high-yield 37997 VLPs were injected intramuscularly into BALB/c mice in a
two-dose series. A strong neutralizing antibody response was elicited against both
homologous and heterologous strains (37). Follow-up studies in macaques showed that
all animals injected with the VLPs developed neutralizing antibodies even after a single
dose; the response was further increased after a booster dose. This product looked so
promising that a phase 1 human trial was initiated to assess safety in adults, using a
dose escalation format (41). There was no fever or arthralgia and no serious adverse
events reported from this initial trial. All subjects developed neutralizing antibodies
after the second vaccine dose, but at the final study time point, peak titers had dropped
by approximately 4-fold. Not only did serum collected from the volunteers contain
neutralizing antibodies, these antibodies were also found to be cross-protective against
CHIKV strains of all genotypes (40), reinforcing the idea that a vaccine developed by
using a CHIKV strain of any genotype would be broadly protective. The VLP approach
is favored due to the safety profile of the product, since no live virus is present (there
is no nucleic acid contained in the VLPs; therefore, it is replication incompetent).
Production is also easy, and large stocks can be generated rapidly. However, because
it is functionally a “killed” product, concerns of low immunogenicity have some merit.

Chimeric Vaccines

One of the most widely explored options for high levels of immunity is the use of
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a virus-vector system that incorporates genetic elements of CHIKV that are expressed,
resulting in a strong antigen response. A number of these expression systems have
been used for years for producing foreign gene products. These vectored vaccines
typically have the advantage of continuous replication, generating more robust im-
mune responses, and because they contain avirulent backbones, they frequently have
increased safety. A number of different backbone platforms have been developed for
CHIKV vaccines; these are described below, and their distinct traits are highlighted.

Measles virus-based chimeras. The most advanced of these recombinant vaccines
for CHIKV is based on the measles virus (MV) backbone. This system consists of a
recombinant, live attenuated measles vaccine containing a CHIKV structural protein
gene cassette. Because this system contains both the capsid protein and the envelope
glycoprotein genes, upon expression, a CHIKV VLP is generated. As noted above, this
results in a near-native presentation of the structural proteins with an immune re-
sponse that mimics that against wild-type virus infection.

The measles virus backbone used for this CHIKV vaccine is based on the live
attenuated Schwarz strain, which has a demonstrated record of safety and effectiveness
(42). It was previously used as a vector for foreign antigen expression to develop
protective immunity against West Nile virus (WNV) and dengue viruses in rodents and
monkeys (43, 44), suggesting that it would likely be effective against alphavirus targets
as well. For the CHIKV vaccine, the complete CHIKV structural coding region was
inserted into the infectious MV cDNA. Western blotting, immunofluorescence analysis,
and electron microscopy confirmed the expression of CHIKV E2 and capsid along with
the detection of VLPs with a size and a morphology similar to those of wild-type CHIKV
particles (45). Upon infection of CD45-IFNAR mice (lacking IFN-�/� receptors and
expressing human MV receptors) with two doses given 4 weeks apart, all mice devel-
oped neutralizing CHIKV E2-specific antibodies. Fifty percent neutralization titers (NT50)
ranged from 50 to 450 after the first dose and from 450 to 4,050 after a second dose,
depending on the initial vaccine dose. Cell-mediated immunity was also detected even
after the first immunization, as determined by an IFN-� enzyme-linked immunosorbent
spot (ELISPOT) assay on CHIKV-stimulated splenocytes collected from vaccinated ani-
mals (45). When mice were challenged with 100 PFU of an ECSA genotype CHIKV strain
4 weeks after the second dose, 100% protection from death was seen with vaccine
doses of 104 or higher.

While no nonhuman primate studies with this vaccine candidate were reported,
phase 1 clinical trials have been completed. The trials included 3 different doses and 2
prime-boost schedules (46). The lowest dose (1.5 � 104 median tissue culture infection
doses [TCID50]/0.05 ml) showed only low levels of seroconversion after the first dose,
while the medium (7.5 � 104 TCID50/0.25 ml) and high (3.0 � 105 TCID50/1.0 ml) doses
had �90% seroconversion after just one dose. All subjects seroconverted after 2 doses.
Not unexpectedly, antibody titers were highest in the high-dose group and peaked
after the booster dose. There were several severe adverse events following vaccination,
including headache, injection site pain, influenza-like illness, and musculoskeletal pain,
particularly in the high-dose group, making the medium dose the best compromise for
immunogenicity and tolerability. In comparison with the only other CHIKV vaccine that
had entered human clinical trials (live attenuated candidate 181/25), no arthralgic
manifestations were noted with this candidate, likely due to the use of a MV backbone
rather than the use of a live attenuated CHIKV strain.

One concern with this vaccine vector was the possibility of poor responses due to
the presence of preexisting anti-MV immunity. However, anti-CHIKV antibody titers
were generated in both MV-immune and naive mice, suggesting that previous vacci-
nation of an individual with a MV vaccine would not prevent subsequent protection
against the target of a chimeric MV-CHIKV vaccine product.

Alphavirus-based chimeras. The next most developed set of chimeric vaccine
options for CHIKV are those based on alternative alphaviruses. The earliest use of this
approach involved the development of chimeras based on 3 other alphavirus back-
bones (47). One was an attenuated strain of Venezuelan equine encephalitis virus
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(VEEV) that is an IND product, the second was based on a Brazilian variant of Madariaga
virus (formerly known as South American-type eastern equine encephalitis virus) that
has been shown to be naturally attenuated in adult mice (48), and the third is a
high-passage strain of Sindbis virus. In all chimeras, the nonstructural open reading
frame (ORF) and the noncoding regions were from the alternative alphavirus, while the
structural gene coding region was removed and replaced with the corresponding
region of an ECSA genotype CHIKV strain. Previous work showed that chimeric alpha-
viruses containing the replication machinery of one alphavirus and the structural genes
of another are highly attenuated (49). However, because they are also live vaccines,
they continue to replicate and express the antigenic proteins of interest, typically
eliciting a strong immune response. All three of these chimeras developed similar
infection and immune response profiles when inoculated subcutaneously into 5-week-
old outbred mice (47). No animals developed any detectable viremia in the first 3 days
postimmunization, and all animals developed neutralizing antibodies (with a mean titer
range of 40 to 136) by 3 weeks. When intranasally (i.n.) challenged with an ECSA strain
of the virus at 21 days postimmunization, all mice remained healthy and had no
detectable viremia. One of these chimeric viruses, VEEV-CHIKV, was later modified to
increase the safety profile. The subgenomic promoter responsible for generating the
structural polyprotein was inactivated/replaced by an internal ribosome entry site (IRES)
derived from encephalomyocarditis virus (EMCV). By incorporating genetic elements
from a third virus, the likelihood of reversion to virulence was greatly reduced (50).
Subcutaneous inoculation of these mutated variants in 6-week-old CD-1 mice resulted
in neutralizing antibodies by 28 days postimmunization. In a more sensitive mouse
model, A129 mice (lacking IFN-�/� receptors) inoculated subcutaneously with 104 or
105 PFU of the VEEV–IRES-C–CHIKV variant showed no viremia and no mortality but
developed neutralizing antibody responses. These animals also survived a lethal chal-
lenge dose. With any of the chimeric alphaviruses, consideration must be given to
monitoring for compensatory, adaptive mutations that could modulate attenuation or
lead to a reversion to virulence.

The most recent alphavirus chimeric variant utilizes the insect-only alphavirus
Eilat virus (EILV) as the backbone containing the structural genes of CHIKV (51). The
EILV-based backbone provides an additional layer of safety by lacking the capacity
to replicate in vertebrate cells, thus functionally serving as a killed vaccine with
enhanced immunogen expression. When tested in immunocompetent mice (C57BL/
6), a high dose (8.8 log10 PFU) resulted in 80% seroconversion by just 4 days
postimmunization. Challenge of these live EILV-CHIKV mice at 30 days postimmu-
nization with CHIKV (99659 strain) prevented any viremia or footpad swelling. Curi-
ously, formalin-inactivated EILV-CHIKV resulted in some delayed footpad swelling,
suggesting that inactivation somewhat altered immunogenicity. In type I IFN-deficient
mice (A129), neutralizing titers ranged from 40 to 1,280 at 289 days postimmunization,
which were lower than the titers in comparator mice infected with the 181/25 candi-
date (titers of �1,280). However, challenge at day 292 resulted in complete protection
from disease or viremia. Cynomolgus macaques similarly seroconverted by day 4
postvaccination and showed no signs of disease or viremia. Collectively, this work
showed safety (without the need for inactivation) combined with strong immunoge-
nicity and ease of production, making this a promising approach.

Vaccinia virus-based chimeras. An alternative vector vaccine system that has been
developed by multiple groups as a CHIKV vaccine is based on the highly attenuated
modified vaccinia virus Ankara (MVA). One advantage of this system is the safety profile,
as productive virus assembly does not occur in most mammalian cells (52), while the
expression of foreign genes readily occurs. While the lack of generation of new particles
might be thought to limit the amount of the antigen overall, the ability of MVA to
upregulate early immune host responses typically results in strong immunogenicity of
the foreign antigen (53). The first MVA-CHIKV system described included the complete
CHIKV structural coding region of an ECSA genotype strain of the Indian Ocean lineage.
Curiously, while no VLPs were detected with this expression vector, in vitro studies
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demonstrated that infected human monocytes and dendritic cells elicited innate IFN-�
and proinflammatory cytokines (54). When used to infect C57BL/6 mice, a strong
cell-mediated response was generated, as shown by the induction of CHIKV-specific
memory T cells, where CD8� T cell responses were directed primarily against E1 and E2.
Unfortunately, the role of T cell responses in modulating CHIKV infection is not yet well
defined (55). In addition to cell-mediated immunity, a strong humoral immune re-
sponse was generated in all animals tested, with neutralizing antibody titers reaching
�500, even after the administration of a single intraperitoneal vaccine dose of 107 PFU.
Significantly, when mice were challenged with the wild-type virus, no CHIKV viremia
was detected, and all animals were protected from disease (as measured by a lack of
footpad swelling). A subsequent study using MVA as the vaccine vector incorporated
only the CHIKV E3 and E2 proteins (56). This recombinant virus was injected into 2
mouse models: one immunocompetent mouse model (BALB/c) and one mouse model
lacking type I IFN receptors (A129). The vaccine was found to be protective in both
mouse models using a prime-boost system with doses of 107 50% tissue culture
infective doses (TCID50) injected intradermally into the hind footpad. Curiously, virtually
no neutralizing antibodies were detected, and the passive transfer of immune serum
was not protective. Additionally, CD4� cells appeared to be necessary for protection,
confounding the understanding of the role of various immune effectors in disease
modulation.

Adenovirus-based chimeras. Another well-explored vector system that has been
evaluated as a potential CHIKV vaccine vector was a nonreplicating, complex, adeno-
virus vector vaccine (CAdVax) with the structural polyprotein ORF of CHIKV incorpo-
rated (57). The use of an adenovirus vector system was attractive because these vectors
have been shown to be stable, highly immunogenic, safe, and efficacious in a number
of human clinical trials. Additionally, they are relatively easy to manufacture, making
them a practical approach (58).

This adenovirus shuttle vector, encoding capsid, E3, E2, 6K/TF, and E1 of a CHIKV
strain of the Indian Ocean lineage, was used to generate vector stocks in a packaging
cell line. Outbred CD-1 mice given a single intraperitoneal dose of the vaccine (108

infectious units) developed CHIKV-specific IgG antibody by 2 weeks postvaccination.
Similar, high levels of IgG antibodies were detected in inbred C57BL/6 mice postvac-
cination. Neutralizing antibodies were also generated after vaccination with the
CAdVax-CHIK vaccine. When inbred mice were challenged in the footpad with 104 50%
cell culture infectivity doses (CCID50) of either Asian or ECSA genotype strains of CHIKV,
vaccinated animals developed no viremia or footpad swelling, in contrast to control
animals, demonstrating protection against multiple genotypes of CHIKV with an ECSA
genotype strain-based vaccine.

As with MV, concerns regarding the ability of the vaccine to provide protection if
there was preexisting immunity to the adenovirus elements have been raised. While
this specific point was not directly addressed with the CAdVax-CHIKV vaccine, studies
of other CAdVax vaccine candidates have demonstrated that increasing the vaccine
dose could overcome the effects of preexisting immunity (59). Because studies with the
very sensitive New Zealand White rabbit model with the adenovirus vaccine showed no
significant adverse events (57), it is anticipated that any higher doses of CAdVax-CHIKV
would not be problematic.

Vesiculovirus-based chimeras. The final chimeric virus system evaluated as a
possible CHIKV vaccine utilizes a vesiculovirus backbone. The vesicular stomatitis virus
(VSV) expression vector has been used in a number of vaccine studies by generating
pseudotyped viruses with genes from several different pathogens (60). One VSV
vaccine, designated VSVΔG-CHIKV, contains the CHIKV glycoprotein genes from an
ECSA genotype CHIKV strain in place of the VSV G glycoprotein (61). This construct has
the advantage of not inducing immunity against the vector itself (due to the lack of the
G protein, which is the immunogenic element of VSV), making it possible to use this
vector multiple times. A single dose of 106 PFU delivered intramuscularly to mice
(C57BL/6) induced neutralizing antibodies but only if viral transcription and replication
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occurred; this indicates that any inactivated form of this VSV vaccine would likely be
ineffective. When immunized mice were challenged s.c. in the footpad with 104 PFU of
a CHIKV strain of the Indian Ocean lineage, the VSVΔG-CHIKV-vaccinated animals
showed some footpad swelling, but it was significantly less than that in control animals.
As might be expected for a VSV-based vaccine (62), VSVΔG-CHIKV-vaccinated animals
developed cell-mediated immunity, particularly in response to the CHIKV E1 glycopro-
tein.

Live Attenuated Vaccines

While live attenuated vaccine options have long been considered, they were
typically generated by repeated passage in cell culture. For the alphaviruses, this
approach was used with CHIKV, as described above, as well as for VEEV (63). However,
advances in alphavirus reverse genetic systems have allowed the development of
rationally designed, attenuated options. These candidates contain very specific muta-
tions or alterations of the parental virus genome that typically allow increased speci-
ficity, better safety profiles, and high levels of expression, allowing protection with only
a single dose of the vaccine. Of course, reversion or compensatory mutations must be
considered when using this approach.

One of the engineered live attenuated options for CHIKV that has been most
developed is a full-length CHIKV clone where the natural subgenomic promoter was
replaced with the IRES from encephalomyocarditis virus (64). The use of the IRES
element functionally alters the host range, as viruses derived from the cDNA are
incapable of replicating in mosquitoes. Thus, even if a vaccinee were to induce viremia,
there would be no possible transmission to mosquitoes, thereby increasing the safety
of the vaccine. This approach was also used previously with VEEV chimeric viruses (see
above) to generate high levels of expression of the structural polyprotein with no risk
of reversion to the wild type (65). The inclusion of the nonstructural CHIKV elements
potentially adds to the CHIKV-specific immune response and reduces the degree of
attenuation that often accompanies chimeric alphaviruses, particularly those based on
an already attenuated parent strain.

The CHIKV-IRES vaccine candidate is based on a full-length clone of a wild-type
strain from La Reunion (ECSA genotype). When the subgenomic promoter was removed
and the IRES was inserted to drive the translation of the structural polyprotein, the
resulting vaccine product was found to be highly attenuated in both infant outbred
mice and mice lacking type I IFN receptors (64). In 6-day-old CD-1 mice inoculated
subcutaneously with 105 PFU, no virus was detectable in any tissue examined, while
mice inoculated with control virus strains (181/25 vaccine or an Indian Ocean lineage
strain) had viremia through day 4 postvaccination. Ten-week-old A129 mice (which
show signs of illness when infected with wild-type CHIKV) remained healthy when
inoculated with 104 PFU intradermally (i.d.) in the footpad. Viremia developed in A129
mice given the CHIKV-IRES vaccine, but the level of viremia was statistically lower than
that in 181/25-inoculated mice, and footpad swelling (greater than that in 181/25-
inoculated mice) resulted. The attenuation of the CHIKV-IRES vaccine was more clear in
3-week-old A129 mice, where all mice survived vaccination (n � 4) without any signs
of illness, while 181/25-inoculated mice all succumbed by day 8.

This vaccine candidate was further tested in mouse challenge models. When 10-
week-old vaccinated A129 mice were challenged with only 100 PFU, weight loss
occurred, but all mice survived. Antibody 80% neutralization titers (NT80) prior to
challenge were �640; postchallenge titers were not reported. An immunocompetent
mouse challenge model was also examined with this vaccine. Three-week-old C57BL/6
mice were vaccinated with 105 PFU subcutaneously and later bled to determine
antibody titers. All mice seroconverted with titers of �20. On the same day, mice were
given an intranasal challenge of 106 PFU using an ECSA genotype CHIKV strain. No signs
of illness resulted in any of the CHIKV-IRES-vaccinated mice, while 70% (7/10) of the
sham-vaccinated mice died by day 10 postchallenge (64).
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Another recent approach for attenuating CHIKV to serve as a vaccine has been to
modify specific viral sequences associated with particular functions. One example was
a modification of the nucleolar localization sequence (NoLS) located in the capsid
protein (66). This sequence enables the capsid protein to be translocated to the host
cell nucleolus. In encephalitic alphaviruses, this process results in the shutdown of host
cell transcription, but the effect on arthralgic alphaviruses is unknown. Mutation of this
site in the virus (CHIKV-NoLS) was shown to reduce replication in both mammalian and
mosquito cells, and mice (C57BL/6) infected with this mutant showed no signs of
disease compared with mice infected with the wild-type virus. Mice immunized with
this strain were also protected from disease when challenged with the related Ross
River virus (RRV), suggesting that broad alphavirus cross-protection could be achieved
if the vaccine was appropriately designed and common viral functional elements were
altered.

Subunit Vaccines

The use of individual CHIKV-specific proteins as subunit vaccines is attractive for a
number of reasons, including safety and scalability. Because they contain no viral
nucleic acid or infectious particles, they have a better safety profile than options that
may result in infection, even if attenuated. The production of individual proteins is also
an approach that can be easily developed in large-scale manufacturing facilities,
leading to an increased ease of production. An understanding of the immunogenicity
of the CHIKV glycoproteins E2 and E1 has led several groups to explore subunit vaccine
products based on these envelope proteins.

One potential CHIKV subunit vaccine utilizes recombinant E2 and E1 (and the
associated peptides E3 and 6K/TF) generated from a baculovirus expression system
(67). The development of the proteins in an insect system leads to questions regarding
appropriate glycosylation and cleavage; however, Western blot analyses have indicated
that both proteins are indeed N-glycosylated (at least partially), are secreted, and are of
the expected molecular weights but also are not fully processed from E3 (67). Anti-
bodies generated against the E2 recombinant protein were capable of neutralizing
CHIKV, indicating the potential of this subunit approach. Further studies examining
immunogenicity indicate that these subunit proteins induce neutralizing antibodies in
mice (AG129) but at much lower levels than intact VLPs (68).

Alternative subunit vaccine candidates, also based on the CHIKV E1 or E2 protein
(without 6K/TF or E3), have been generated by using bacterial expression systems (69,
70). The E2 protein (or a truncated E2 variant [69]) was found to generate strong
neutralizing antibody titers in mouse models, with neutralizing index values varying
with the adjuvant used. BALB/c mice that were challenged with the truncated E2
protein also demonstrated complete protection against disease and sterilizing immu-
nity when using most adjuvants. Cell-mediated immunity was demonstrated with these
products, but the adjuvant played a role in the type and magnitude of responses
generated.

DNA Vaccines

DNA vaccines constitute one of the newest categories of vaccine approaches for
CHIKV. DNA vaccines have a number of advantages that make them attractive from
both manufacturing and public health perspectives. The ease of production is a
tremendous advantage, as is the safety associated with the DNA product itself. DNA is
less sensitive to cold-chain storage conditions and therefore potentially has a much
longer shelf life. Additionally, the ability of DNA-based vaccine products to develop
both humoral and cell-mediated immunity is a significant improvement over traditional
approaches and is particularly useful for those agents for which the pathway for
protection is not characterized. However, DNA vaccines have shown only limited
promise in most cases, with low immunogenicity in humans, the finding that large
doses and repeated boosters are necessary, the lack of DNA uptake, and the need for
adjuvants (71). Some work has been undertaken to overcome these limitations, such as
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the use of electroporation combined with immunization (72), but the overall platform
still has limited support for development as advances in the methodologies are
evaluated.

The development of DNA vaccines for CHIKV began with the construction of a series
of plasmid vectors containing each of the primary structural proteins, capsid, E2, and E1
(73). Of particular interest is that these CHIKV genetic elements were not derived from
any single strain but rather were derived from a consensus sequence of all strains
available in the NCBI nucleotide database at the time. This strategy presumably
eliminated any concerns associated with genotype differences that might impact
broadly based efficacy. These vaccines were tested both in vitro and in vivo for
expression, cellular responses, and the ability to generate an antibody response. This
early work demonstrating efficient expression and the ability to generate both anti-
bodies and cell-mediated immunity led to further evaluation in additional models,
including nonhuman primates (74). The previous results were confirmed, with neutral-
izing antibodies and CD8 T cell responses being documented in both mice and
monkeys. Additionally, outbred mice were protected against disease upon challenge
after 3 immunization doses. Further development of the system included the addition
of a plasmid with the nsP2 sequence, which was found to enhance the effect of the
envelope protein vaccine (75).

A second generation of CHIKV DNA vaccines included the complete cDNA of
attenuated forms of the CHIKV genome expressed from a plasmid vector. One such
system is an infectious genome that was attenuated by deleting portions of the nsP3
gene or the complete 6K gene (76). A single immunization with this DNA generated
high levels of neutralizing antibodies and strong T cell responses and protected mice
against both viremia and foot swelling. Further challenge studies using a single dose of
this vaccine candidate in a nonhuman primate model (cynomolgus macaques) resulted
in protection against disease and generated antibodies that neutralized a heterologous
Asian genotype strain to levels comparable to those of the homologous virus (77).
While the attenuated virus demonstrated complete protection against challenge, there
was still low levels of viremia upon immunization, perhaps suggesting only limited
attenuation. However, these studies showed that the DNA-launched particles gener-
ated immunity and protection that were just as strong as those of wild-type viral
particles, suggesting the significant potential of this approach. An additional example
is that of infectious particles of the 181/25 live attenuated CHIKV strain launched from
a cytomegalovirus promoter (78). This particular construct takes advantage of a DNA
approach while using a known vaccine candidate that has been shown to be promising
as a live product. As with the deletion DNA vaccines, this immunization DNA (iDNA)
plasmid was efficacious and generated neutralizing antibodies in 100% of the mice
tested, with no viremia being detected in any animal postchallenge. Perhaps even more
significant for this particular candidate is that the reversion frequency for the mutations
conferring attenuation is much lower than that in the 181/25 parental vaccine candi-
date (79). This suggests that in addition to the other advantages of DNA vaccines, the
DNA-launched infectious-particle vaccines may also have a better safety profile than
live attenuated options while maintaining the positive characteristics of a live product.

A recent and interesting DNA vaccine strategy is to launch sequence encoding
anti-CHIKV monoclonal antibodies from a DNA plasmid (80). Because the plasmids
generate a biologically active antibody, this approach can be used for both the
generation of therapeutic antibodies as well as the rapid initiation of immunity without
the laboratory phase associated with traditional antigen-generating vaccines. A plasmid
containing heavy and light chain sequences specific for CHIKV envelope proteins
constructed as full-length IgG (CVM1-IgG) generated CHIKV-specific antibodies upon
electroporation into mice (BALB/c). This antibody neutralized multiple strains of both
the ECSA and Asian genotypes. This approach benefits from both safety, as no virus
elements are involved, as well as the capacity to be used as both a vaccine and a
therapeutic agent, particularly in an emergency response situation.
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HISTORY OF CHIKV THERAPEUTIC TREATMENTS

From the early known outbreaks of CHIK fever, treatment has been described as
being supportive to reduce fever and pain using products such as analgesics, anti-
inflammatory drugs, and antipyretics. An anecdotal comment from a patient with
chronic CHIK arthralgia indicating that they felt less pain when taking antimalaria
medication led to a pilot study in the early 1980s to evaluate the efficacy of chloroquine
phosphate in treating CHIK symptoms (81). While that study was limited, results for 7
of 10 patients indicated that treatment with 250 mg/day of chloroquine phosphate for
the 20-week study was effective. In spite of the promise of this treatment in this single
study, the drug was not further evaluated until 2007, when a study on La Reunion
Island suggested that there was no benefits for patients receiving this drug (82).
However, a different study in India during the same outbreak found that chloroquine
treatment provided improvements in patient symptoms (83). Curiously, this is the only
drug that was studied for the treatment of CHIK prior to the large ongoing outbreaks
of the 21st century, and given that these limited assessments provided apparently
conflicting results, it is clear that larger and more systematic evaluations of this drug are
needed to clearly determine its usefulness for treatment.

NEW OPTIONS FOR THERAPEUTIC AGENTS

While most emphasis on developments for CHIK control has been on vaccines, a
growing number of studies, most of which were published within just the past 2 to 3
years, have addressed possible therapeutic options. A number of approaches have
been examined for the development of therapeutics, including the use of traditional
antiviral compounds; the synthesis of designer compounds; high-throughput screening
in silico for existing products with possible efficacy against CHIKV; and the use of nucleic
acid compounds, therapeutic monoclonal antibodies, and drugs that target host cell
proteins (Table 2). There are advantages to each of these approaches, which are
presented below, along with the likelihood of eventual application.

Known Antimicrobial Compounds

One of the first routes for identifying a suitable antiviral compound is to test those
agents that have been found to have activity against other viruses. One such study of
CHIKV examined the abilities of several well-known and characterized antiviral agents,
including ribavirin, 6-azauridine, glycyrrhizin, and interferon, to control CHIKV replica-
tion in Vero cell culture (84). All of these compounds were found to inhibit the
replication of CHIKV and to reduce virus titers by as much as 5 log10 units. Unfortu-
nately, for two of the compounds tested, the concentrations required were high
(glycyrrhizin) or the chemical was not yet approved for use in humans as an antiviral
(6-azauridine). However, the other two compounds, ribavirin and interferon alpha, were
even more effective when used in combination (85) but need to be further tested and
evaluated in animal models of CHIKV infection. Another study further demonstrated the
inhibitory effects of ribavirin when used in combination with doxycycline in an ICR
mouse model of infection (86). This work demonstrated that multiple points in the viral
life cycle could be interrupted when a combination of drugs was used. These com-
pounds not only have been shown to have broad antiviral activity but also are already
approved for this purpose for humans. In addition to evaluating compounds that are
known to have antiviral activity, classes of compounds shown to inhibit other patho-
gens or that have cytoprotective properties have also been evaluated. These com-
pounds include chemicals such as flavaglines (87), suramin (88, 89), flavonoids (such as
silymarin) (90–92), cardiac glycosides (93, 94), and other compounds from existing
FDA-approved drug libraries (95). While some of these compounds were effective only
if given prior to CHIKV infection, all of these compounds show some efficacy against
CHIKV in cell culture systems. “Natural” products that may have antiviral properties are
a subset of chemicals of particular interest. Two such widely known chemicals, green
tea catechin and vitamin C, were among the first chemicals to be preliminarily evalu-
ated for activity against CHIKV (96, 97). Epigallocatechin gallate interfered with CHIKV
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attachment to and entry into HEK293T cells, while high doses of vitamin C delivered
intravenously resolved symptoms in a single CHIKV-infected patient with shoulder and
knee pain. A number of additional recent studies have further examined the role of
natural products, particularly those derived from plants, seeds, and spices, in generat-
ing anti-CHIKV activity (98–103). Even though some of these products have been used
as traditional medicines, their modes of action are not always known. However, recent
work with natural products has moved to understanding the mechanism(s) of inhibi-
tion, which could lead to further modification of the compounds to increase function-
ality and/or reduce toxicity. For example, curcumin has been shown to block the entry
of enveloped viruses in several mammalian cell lines (101, 102), while treatment with
berberine altered cellular protein kinase activation and resulted in reductions of viral
RNA and protein expression levels (99, 100). Natural products have the appeal of
avoiding the introduction of synthetic products, which can be perceived to be un-
healthy, but they can also have the drawback of limited bioavailability. It is clear that
further and systematic evaluations in additional systems are needed for a range of
these possible anti-CHIKV agents.

Synthesis of Designer Compounds

The novel approach of developing designer chimeric compounds has also been
undertaken to identify agents effective against CHIKV. Most of these studies focused on
particular chemical structures that may be present in drugs with activity against other
viruses or pathogens. In one example, computer-aided design of molecules that would
“dock” onto the nsP2 protein and serve as protease inhibitors was performed. These
designer molecules were synthesized and evaluated for their ability to inhibit protein
activity (104). Several of these unnamed compounds, all having common core struc-
tures, were shown to inhibit nsP2 functionality in vitro, demonstrating the potential
utility of targeted designer molecules based on in silico characteristics. Other studies
have screened existing compound libraries for their ability to inhibit the development
of cytopathic effects (CPE) after virus infection of cell culture (105, 106). Examples of this
approach include variants of compounds possessing a benzimidazole structure (105)
and the [1,2,3]triazolo[4,5-d]pyrimidin-7(6H)-ones (106). In cell culture, these agents are
effective at low micromolar concentrations against CHIKV and sometimes against other
alphaviruses. Another chimeric group of compounds, the benzouracil-coumarin-arene
conjugates, involves the combination of 3 distinct moieties that have antiviral activity
and distinct activities in an effort to increase effectiveness (107). A variation of the
combined-moiety approach is to use shortened peptides rather than whole proteins.
These individual peptides, each having some antiviral activity, are fused, as in the case
of a latarcin-PAP1-thanatin (LATA-PAP1-THAN) peptide fusion protein, which is more
effective than the individual peptide elements (108). While the concept of mixing
multiple domains that have complementary functionalities is a clever one, the resulting
products do not always demonstrate the anticipated effectiveness. For example, 22
distinct benzouracil-coumarin-arene compounds were synthesized, but only 5 were
active against CHIKV in Vero cell culture (107). In contrast, distinct elements that had
not been shown to have antiviral activity but were projected to be effective in
combination by in silico analysis were effective in the case of a thiosemicarbazone with
a benzimidazole group attached (109). Unfortunately, while these combination com-
pounds, particularly peptides, are designed to show high specificity and selectivity, they
frequently require extensive large-scale production steps, which may limit their manu-
facturability. However, this targeted approach to the development of agents with
specific activities provides an intelligent design platform for the generation of thera-
peutics that may have multiple modes of action, which could prevent the development
of resistance.

High-Throughput Screening

Assessing the potential of millions of different chemicals to interfere with viral
processes is another strategy for identifying compounds that may have particular
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activity against CHIKV. As this is not a practical approach without high-throughput
capacity, methods to screen millions of structures have been described. A natural place
to start when considering this massive number of compounds is the utilization of in
silico screening. One such study involved a virtual screening simulation of 5 million
compounds using the nsP2 protein of CHIKV (viral protease) as the target (110). A series
of 26 compounds was identified after performing an analysis of “structure-activity
relationships,” but only a few of these compounds tested in cell culture systems
demonstrated efficacy in preventing cell death when used at micromolar concentra-
tions. The approach of using in silico screening is theoretically sound but may depend
on models of the various proteins being targeted if the actual structures have not been
resolved. It is also clearly just a first step in the process, as any computer-identified
molecules must ultimately demonstrate biological efficacy.

A more direct approach to evaluate large libraries of compounds is to screen all of
them in a biological assay. This obviously requires methodologies that can rapidly
handle large numbers of individual tests. The use of a cell-based high-throughput
ATP/luminescence screening assay is one approach that has been described to identify
inhibitors of CHIKV (111). Using a 384-well-plate format, a liquid-dispensing system
mixes cells with suspensions of compounds and the virus. Cells are incubated for 2
days, and the ATP levels are measured, providing an indication of cell viability.
Thousands of compounds could be screened by using such an approach in just a
matter of weeks, providing researchers with targets for follow-up studies irrespective of
whether or not there is any previous information on the antiviral properties of a
particular molecule. As high-throughput screening methods have become more feasi-
ble and common, multiple studies have used this style of approach to screen natural
compound libraries, known antimicrobial libraries, bioactive small-molecule compound
libraries, and approved drug libraries (described in other sections and in Table 2). This
has the advantage of potentially identifying drugs that already have approval for usage
in humans, thus reducing the time needed for regulatory processes.

Nucleic Acid-Based Antivirals

The use of nucleic acids to directly target the viral genome is a strategy that has
been used for years against viral pathogens from a number of families. For CHIKV,
oligomers, nucleoside analogs, small interfering RNAs (siRNAs), microRNAs (miRNAs),
and short hairpin RNAs (shRNAs) have all been evaluated to see if they can inhibit viral
replication or translation. Some of the first inhibitors to be tested were siRNAs targeting
the nsP3 and E1 genes (112). When transfected into Vero cells, these siRNAs inhibited
CHIKV replication by over 99% at 24 h postinfection. However, the protective ability did
not last for 72 h when control and test cultures showed similar replication values,
presumably due to the instability of the siRNAs. Subsequent studies showed that
siRNAs against E1 and nsP1 were able to protect outbred mice when administered at
72 h postinfection (113). miRNA approaches may be preferable over siRNA approaches
due to their greater stability. One study using miRNA targeting 3 different proteins
(nsP1, nsP2, capsid) demonstrated up to 99.8% reductions in plaques in Vero cell
culture at 24 h posttreatment (114). The use of shRNAs is another approach that directly
targets the viral genome. One study included shRNAs designed to target capsid, E1,
and nsP1 of CHIKV (115). These molecules were used in both cell culture and mice
(C57BL/6), and the E1 shRNA inhibited multiple strains of CHIKV and was effective in
both cells and suckling mice. Other approaches use nucleoside analogs to interfere with
replication or specific phosphorodiamidate morpholino oligomers (PMOs) to sterically
block ribosome assembly on the RNA molecule, effectively inhibiting translation. One
study using PMOs in suckling BALB/c mice showed that PMOs afforded 100% protec-
tion against CHIKV when administered prophylactically (116). While all of these nucleic
acid-based approaches demonstrate potential therapeutic value, they all suffer from
the same limitation in being extremely specific for the sequences that they target. This
could be problematic for RNA viruses like CHIKV due to their high mutational frequen-
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cies. However, these antivirals can be easily and rapidly generated in the case of public
health emergencies and can be more effective when used in combination.

Antibody Therapies

The use of human immune sera to treat human infections by passive transfer,
particularly those that have no other known treatment, has occurred for decades for
infection with exotic viruses. One study using this approach utilized immunoglobulins
purified from plasma of CHIKV-infected donors to protect both adult and neonatal mice
challenged with a CHIKV strain of the Indian Ocean lineage (117). With the advent of
monoclonal antibodies, this concept has been further tailored for the targeted treat-
ment of infections, and a number of studies have investigated the therapeutic potential
of monoclonal antibodies against CHIKV. One way to obtain CHIKV-specific monoclonal
antibodies is to transform B cells from individuals who have recovered from CHIKV
infection followed by screening for anti-CHIKV activity and limiting-dilution cloning to
obtain pure monoclonal populations. By using this approach, a neutralizing monoclonal
antibody was generated, which mapped to the acid-sensitive region of the E2 glyco-
protein that is important for virus entry into cells (118). The use of this antibody at up
to 18 h postinfection in adult C57BL/6 mice completely protected them from disease.
Another study of human-derived monoclonal antibodies targeting the E2 protein
examined a panel of 30 candidates derived from a single donor (119). Thirteen of these
candidates, all mapping to the A domain of E2, were found to have broad and effective
neutralizing activity, and this subset was protective in a lethal mouse model (interferon
receptor-deficient mice), even up to 60 h postinfection. This is not unexpected given
that antibody binding to the A domain can block fusion, likely by inhibiting needed
conformational changes. While antibodies targeting E2 are clear choices for monoclo-
nal antibody treatment to prevent virus binding and entry into cells (120), a mouse
monoclonal antibody targeting the E1 glycoprotein has also been shown to be able to
prevent the release of progeny CHIKV from infected cells (121). While not tested in vivo,
understanding the mechanism of this interference with the release of the virus provides
a possible additional approach for therapy.

More recently, combined treatment using monoclonal antibodies and disease-
modifying antirheumatic drugs (DMARDs) is a novel approach that has been shown to
control CHIKV arthritis disease in a C57BL/6 mouse model by nearly completely
eliminating foot swelling combined with eliminating infectious virus (122). This concept
of immunomodulatory drug treatment (to block immune responses, as with other
inflammatory arthritis-form therapies) combined with specific anti-CHIKV monoclonal
antibodies may be applied to a range of infectious diseases.

Targeting Host Cell Pathways

While nearly all of the classical approaches for the therapeutic treatment of an
infectious arbovirus are directed at the pathogen itself, the relatively new idea of
targeting host cell pathways or host cell molecules necessary for viral replication is a
creative and promising option for disease control (123–125). One such example is the
use of the molecule prostratin, an activator of protein kinase C (PKC) enzymes, to inhibit
CHIKV replication (123). This molecule was previously shown to inhibit the entry of HIV
into cells by decreasing necessary receptors for the virus and was therefore tested for
effectiveness against CHIKV. Treatment of kidney cells or skin fibroblasts with prostratin
reduced the CHIKV RNA load, the production of infectious progeny, and the accumu-
lation of viral nsP1 and C proteins. Interestingly, the stage of inhibition occurred after
virus entry, suggesting a mechanism of action distinct from that of HIV inhibition.
Another example involved the targeting of spermidine and spermine to reduce the
intracellular level of polyamines, which are found in some DNA virions and are required
for multiple steps in the CHIKV cell cycle (125). Treatment of mammalian cells with SAT1
to deplete spermidine/spermine led to decreased RNA virus replication, extending the
known function of this inhibitor to include affecting RNA viruses. While both of these
examples used host cell targets that had been shown to have effects on other viruses,
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this approach could still be used even if little is known about the biology of the virus.
Using a genomewide loss-of-function screening approach to identify host factors
affecting virus production, a number of cellular targets that could be therapeutic
agents were found (124). These target proteins or pathways were as diverse as fatty
acid synthesis, calmodulin signaling, and ATPases. When small-molecule inhibitors of
these various targets were applied in vivo, reductions in CHIKV replication and foot
swelling occurred. The effects were enhanced when these inhibitors were used in
combination, suggesting that the use of multiple drugs targeting distinct pathways
could be highly effective, with little likelihood of resistance developing.

SUMMARY AND LIKELY PROSPECTS FOR THE FUTURE

Because CHIKV outbreaks were of such a large magnitude and the virus has
essentially caused a pandemic in the past decade, a significant amount of effort has
been invested in developing products for both prophylaxis and treatment. Unfortu-
nately, like most arboviral outbreaks, as the epidemics wane or there is simply
“information fatigue,” the motivation for further antiviral development tends to de-
crease over time. However, the sheer number of individuals still at risk for CHIKV
infection, the incredibly debilitating nature of the disease, and the potential for chronic
musculoskeletal conditions suggest that all the vaccine and therapeutic efforts are
warranted and should be continued. In evaluating the various products that have been
produced, however, it is clear that there are some limitations in direct comparisons of
the products and, ultimately, for selecting a product for further development and
clinical trials. One significant challenge is that there are numerous different virus strains
used, different animal models with different routes of both vaccination and challenge,
and different methods for evaluating efficacy. Having the CHIKV scientific community
agree upon certain parameters for product (both vaccine and therapeutic) evaluation
would greatly aid in direct comparisons. The use of virus-specific networks and con-
ferences dedicated to individual priority viruses (126) could be venues for discussing
and perhaps establishing standard parameters such as animal models, challenge strains
of the virus to use, the timing of immunizations/challenges, and evaluation criteria that
would allow for more direct comparisons of the various approaches. Another challenge
is the need to develop products for a range of users (i.e., for those living in areas of
endemicity, travelers, and immunocompromised individuals, etc.). Because different
approaches may be more desirable for different target groups, a single approach or
platform may be challenging to select.

Of significant concern from a public health perspective is that when large outbreaks
of arboviral disease occur and then burn out, there is a lack of drive from partners to
bring vaccines to market. Because a license is issued not only for the finished product
but also for the processes to produce, test, and release that product, the amounts of
funding and effort needed to bring a new vaccine to market are staggering. This
includes having both raw materials and component supplies that are consistently
available in the same format for years, having a facility that is designed and built for
commercial manufacturing, and having knowledgeable and skilled technical staff to
ensure the integrity of the processes. The entire process to license a new product,
including the research phase, typically ranges from 5 to 18 years and can cost as much
as $500 million (127). Justifiably, commercial entities need to balance these costs with
eventual returns. When predicting the next outbreak is nearly impossible and another
high-priority agent emerges for which a vaccine is warranted (such as the global spread
of Zika virus) (128), it is challenging to advocate for the rapid development and
deployment of protective vaccines and drugs for any particular individual pathogen.
However, this is exactly what is needed for these zoonotic agents that have entered
new ecological niches and will be with us from this point forward. One recent
suggestion for overcoming some of these challenges would be to create a global
vaccine development fund that could “provide the resources and the momentum to
carry vaccines from their conception in academic and government laboratories and
small biotechnology firms to development and licensure by industry” (129). In partic-
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ular, this fund would be utilized to develop vaccines against disease targets that have
a low prioritization or incentive because the market is too small to justify the invest-
ment risks. Eleven pathogens, including CHIKV, were recently noted to belong to this
category according to a World Health Organization research and development blue-
print for action (130). A resource such as this would be invaluable for financing, but a
parallel step is to continue to develop and refine broad-spectrum antiviral platforms
and strategies that can be used when they are desperately needed but that will also
serve as a springboard for the next emerging need. Finally, while the challenges in
developing a CHIKV vaccine are numerous, the science behind virtually all of the
approaches described here is sound, and given the biology and great transmissibility of
CHIKV, the development of both vaccines and therapeutics for distribution is a goal
worth achieving.
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