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ABSTRACT

Alphaviruses of the family Togaviridae are mostly arboviruses with
worldwide distribution and are maintained in nature by reservoir hosts
and mosquitoes in an enzootic cycle. Spillover events occur in the
form of local outbreaks or epidemics involving human beings. These
may cause arthritis or encephalitis which might be fatal. We have
comprehensively reviewed the structure of the human pathogenic
alphaviruses with the functions of individual proteins, and the life cycle
events of alphaviruses with a special emphasis on the difference in
these events in the case of vectors and hosts, and diseases produced
by them along with the pathogenesis. Molecular-level studies of these
viruses, the phylogenetic evolutionary events, and various measures
being taken to prevent or control the infections caused by these
viruses in humans are also discussed in this review article. The recent
outbreaks of alphaviral infections demand in-depth knowledge of
virus-host interaction at the molecular level and the development of
better drugs to control the infections.
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Introduction

through air, water, food, fomites, blood transfusion, close

Viruses, the obligate intracellular parasites, are of various
types depending on the nature of their genetic material
(genome) like RNA viruses (single-stranded or double-
stranded), DNA viruses, or retroviruses. They rely on
host cellular machinery to replicate and synthesise viral
components. The newly identified viruses differ in their
pathogenicity and may be responsible for illnesses ranging
from mild to serious.! Viruses can be transmitted in various
modes through vectors, e.g., mosquitoes, ticks, fleas, or

contact such as sexual transmission etc.? A majority of
alphavirus species have been reported to infect mammals
as well as birds. The carrier organism responsible for the
spread of alphaviruses is the mosquito.? Alphaviruses
commonly pathogenic to human beings are Barmah
Forest Virus (BFV), Chikungunya Virus (CHIKV), O’nyong-
nyong virus (ONNV), Sindbis Virus (SINV), Semliki Forest
Virus (SFV), Ross River virus (RRV), and Mayaro virus
(MAYV). They cause febrile illness with rash and arthritis.
Encephalitis-causing alphaviruses are Venezuelan equine
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encephalitis virus (VEEV), Eastern Equine Encephalitis Virus
(EEEV), and Western equine encephalitis virus (WEEV).
Alphaviruses can be divided into two groups based on their
geography (origin), severity of infection, and mechanism
of infecting the host. The two groups are called new-world
alphaviruses and old-world alphaviruses. Viruses like SINV,
SFV, and CHIKV that use nsP2, one of the non-structural
proteins (nsP) to downregulate host transcription, cause
arthralgia, and have low mortality rates, come under the
group old-world viruses. The new-world group of viruses
downregulates the host cell transcription with the use of
their Capsid Protein (CP) causing more fatality. This group
includes viruses like VEEV and WEEV, which are major
causes of sleeping sickness.* Another classification is based
on antigenic cross-reaction. The two glycoproteins E1
and E2 form the basis of various serological tests.®> There
is a risk of future outbreaks of these viruses in different
geographical areas due to the adaptation of these viruses
to different mosquito vectors even with a single mutation
(e.g., CHIKV IOL lineage with mutation E1-A226V adapted
to a new vector Aedes albopictus, which is prevalent in
cooler geographical areas in contrast to Aedes aegypti). So,
to prevent such outbreaks and develop better preventive
and therapeutic strategies against alphaviruses, there is
a need to review these viruses in detail.

Structure of Alphavirus and Functions of Its
Various Components

Structure

Alphaviruses have an icosahedral structure, approx. 70 nm
diameters and a 5’capped and 3’ polyadenylated genome.
Alphavirus particles show a Svedberg coefficient of 280S
and a buoyant density of 1.15-1.22 g/cm?in a sucrose
gradient.® The viral genome ranges from 9.7 to 12 kb in
length with an intergenic sequence connecting two Open
Reading Frames (ORFs).”®

In most of the alphaviruses, out of the two ORFs, 5" ORF (7
kb) encodes a polyprotein consisting of four non-structural
proteins namely nsP1, nsP2, nsP3, and nsP4, which are
involved in a replicative complex. The sub-genomic RNA
(26s) of 4 kb encodes for an organisational protein, which
is divided to form E1, E2, E3, Capsid (C), and 6k/TF as
shown in Figure 1, interacting to form a virion envelope.®
The surface of the virion particle has 80 trimeric spikes of
heterodimers of E1 and E2 glycoproteins.® The positive
sense single-stranded RNA genome of SINV allows a
relatively large genome packaging capacity for proteins
up to 5 kb.'® WEEV is a hybrid with sequences derived
from the Sindbis virus.'! In VEEV, there are five structural
proteins, which are considered as main targets for the
acquired immune system.?

Figure |.Event of Viral RNA Translating into Non-structural and Structural Polyproteins During the Early and
Late Phases of Infection. The Non-structural Polyprotein is further Processed into Various Non-structural
Proteins (nsP1, nsP2, nsP3 and nsP4) and Structural Polyprotein is Cleaved into Capsid Protein (CP), 6K, and
Envelope Glycoproteins (El, E2, and E3).”
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Functions
Non-Structural Proteins

Non-structural protein nsP1 is the major anchor protein
of the replication complex and has guanine-7-methyl
transferase (MTase) and guanylyl transferase properties
required to enclose the viral RNA.2* nsP2 has RNA helicase
activity and acts as a viral protease for non-structural
polyproteins.’ nsP2 has a methyl transferase-like domain?®
in addition to its helicase and protease activity. It also
obstructs the synthesis of host cellular macromolecules,
thereby hindering various antiviral responses.® Non-
structural protein, nsP3 , is essential for the function of
RNA replicase although its function needs to be explored
further.” GDD motif in nsP4 suggests that it has RNA
polymerase function.®

Structural Proteins

Structural proteins capsid comprises three domains.
Domain | (1-80 amino acids), in association with domain
Il (81-113 amino acid residues), helps genomic RNA and
domain Il (114-264 residues) in proper folding. Domain
Il of capsid protein has serine protease activity of CP.*°
Another important protein among structural proteins is
6k. It is a protein with a molecular weight of 6000 Da.
About 30 copies of 6K are incorporated into virions?® which
perform palmitoylation at conserved cysteine residues,
leading to the formation of infectious particles.?! Dey et
al. reported the structure of the 6K protein of CHIKV for
the first time using techniques like electrophysiology,
confocal and electron microscopy, and molecular dynamics
simulations and found it to be an ion channel-forming

protein.?? E3 protein helps in efficient particle assembly
and mediates spike folding and activation; E1 protein
initiates the interaction between viral and host endosomal
membrane; and E2 is responsible for interaction with host
cell receptors.”

Hosts and Vectors of Alphaviruses

The spread of most alphavirus infections between the hosts
is carried by a mosquito, except the Buggy Creek virus and
the Southern elephant seal virus. The vectors for these
two viruses are swallow bugs and seal lice, respectively.?
The primary vectors for SINV reported in Finland were
culex and culiseta, whereas grouse and passerines were
the amplifying hosts in northern Europe. Migratory birds
might also be playing a role in spreading the disease.?

ONNV is transmitted by Anopheles gambiae or Anopheles
funestus, with humans thought to be the only natural
hosts. Heat shock cognate 70B protein of mosquitoes
has been reported to suppress the replication of ONNV,
so these mosquitoes act as asymptomatic vectors.?®
The most common mosquitoes transmitting RRV are
Ochlerotatus vigilax, Ochlerotatus camptorhyncus, and
Culex annulirostris.?® The main vertebrate hosts for RRV
are non-migratory macropods like kangaroos, wallabies,
New Holland mice, and flying foxes.?” The first isolation
report on BFV from vector Culex annulirostris came in
1974 in the state of Victoria in Barmah Forest and from
southwest Queensland Australia simultaneously.* MAYV
in forest areas is transmitted by the mosquitoes of genus
Haemagogus, but it can also be transmitted by Aedes
aegypti making it a potential threat to the health of people®
shown in Table 1.

Table 1.Hosts, Vectors and Diseases related to the Alphaviruses

Natural/ Reservoir Host(s)

Name of Alphavirus (Confirmed/ Putative)

Common Vectors

(Confirmed/ Putative) Diseases in Humans

Barmah Forest Virus
(BFV)

Brushtail possums,
horses

Culex annulirostris,
Aedes vigilax®

Fever, rash, myalgia, arthritis

Chikungunya Virus
(CHIKV)

Baboons, Cercopithecus
monkeys

Aedes aegypti, Aedes
albopictus®!

High fever, severe joint
pains, chronic recurrent
polyarthralgia

Eastern Equine
Encephalitis Virus
(EEEV)

Birds,?” horses

Culiseta melanura®

Encephalitis, muscle pain,
fever

Self-limited dengue-like

(ONNV)

Anopheles gambiae®

Mayaro Virus (MAYV) Marmosets® Heamagogu; iliness along with long-lasting
janthinomys .
arthralgia
, . Fever, rash, polyarthritis
O’nyong-nyong Virus Not known Anopheles funestus, (weakness of joints),

lymphadenitis etc.
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Ross River Virus (RRV) Marsupials like kangaroos,
wallabies, New Holland

mouse, flying fox*

Aedes vigilax, Aedes
camptorhynchus, Culex
annulirostris, Aedes
notoscriptus>®

Arthritis, rash, lymphadenitis

Semliki Forest Virus

(SFV) Horses, monkeys

Aedes abnormalis
group, Aedes
argenteopunctatus,®”
Aedes africanus, Aedes

aegypti*®

Mild disease in humans (used
as a model virus for research)

Sindbis Virus (SINV) Birds

Culex torrentium, Aedes
cinereus, Culiseta
morsitans*

Arthralgia, fever and rash

Venezuelan Equine
Encephalitis Virus
(VEEV)

Rodents, birds, horses

High fever, headaches, fatal
for immunocompromised
individuals

Culex taeniopus, Aedes
taeniorhynchus*

Western Equine
Encephalitis Virus
(WEEV)

Birds, humans, horses

Rare, Western equine

Culex tarsalis* encephalitis

The reported vector for EEEV is Culiseta melanura
maintaining a bird-mosquito-bird cycle,® and a possible
bridge vector is Ae. vexans®'. The vector for WEEV is
primarily Culex tarsalis. A cycle of wild birds and mosquito
infectivity is maintained, with mosquitoes acting as vectors
and birds as reservoirs.**

Transmission of Alphavirus between Host and
Vector

After a blood meal, the alphavirus in mosquito vector
interacts with the mid-gut epithelial cells, enters into
the cells via a receptor-ligand interaction,* replicates
there, and escapes into the haemolymph (Figure 2) from
where it can reach other tissues. The importance of the
E2 glycoprotein of the virus in this interaction was evident
when a SINV strain MRE16 infected the Aedes aegypti
mosquito efficiently after a blood meal, but its variant
i.e., MRE16sp (sp-small plague) was found to poorly infect
the mosquito after a blood meal. Genomic sequencing of
both these types indicated deletion of 90 nucleotides in E2
glycoprotein spanning the 3’ end of the coding region for
putative cell receptor binding domain (CRBD) in MRE16 sp.
Infectious clones were prepared with or without deletion
or with partial deletion to understand the role of this
deletion and a reduced midgut infection and a lower spread
of infection in Aedes aegypti were reported from deletion
mutants but intrathoracic inoculation led to the production
of similar viral titers with all clones in the mosquito. This
was indicative of the important role of E2 CRBD in MRE16
in mid-gut infectivity in Aedes aegypti.’* On reaching the
salivary glands, it replicates and can be transmitted into a
vertebrate host through the saliva of the vector.***

ISSN: 0019-5138

Figure 2.A Diagrammatic Representation of
Alphavirus Entering and Leaving the Mosquito
(Vector) (A: Epidermis, B: Dermis, C: Skin of the
Host, D: Virus Particle Entering the Blood Meal
of Mosquito, E: Virus Particle Entering the Host
through the Saliva of Mosquito, F: Salivary Gland, G:
Midgut Epithelium, H: Blood Meal, I: Basal Lamina, J:
Haemocoel, K: Virus Particle)

Mosquito saliva containing enough virus particles transmits
the virus during feeding by enhancing vasodilation and
preventing blood coagulation in the host.** SFV was
inoculated subcutaneously alone and also with mosquito
bites of Aedes aegypti in a mouse model. The bite had a
significant impact on enhancing virus replication probably
due to delayed innate immune activation, neutrophil influx,
and late response of bite-associated genes; although there
was no effect on skin antiviral immune response.*
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Life Cycle of Alphavirus
Attachment of Virus to Host Cell Receptors

The virus induces its attachment to the host cell receptors
via E1 and E2 glycoproteins.*® Various receptors have been
reported including divalent metal ion transporter natural
resistance-associated macrophage protein (dINRAMP) in
Drosophila cells and adult flies and NRAMP2 in mammalian
cells (SINV),*” Laminin receptors (SINV) in mammalian and
mosquito cells*® and heparan sulfate proteoglycan®°,
SFV and RRV use dendritic cell-specific ICAM-3-grabbing
non-integrin (DC-sign)** and collagen-binding alphal betal
integrin respectively. E2 glycoprotein is a highly conserved
host cell recognition protein among various species of
alphaviruses. Their unique properties include ubiquitous
nature, species tropisms, and expression of proteins like
NRAMP2.48

Entry and Release of Nucleocapsid

Binding with the receptor is followed by endocytosis in a
clathrin-dependent manner®? as shown in Figure 3, except
for MAYV using caveolin-coated pits®3. Low pH levels of the
endosome induce the expression of the fusion peptide of E1
and virion’s structural rearrangement.> The entry of fusion
peptide into an endosomal membrane helps nucleocapsid
(NC) to enter into the cytoplasm. The viral RNA is reported
to assemble viral replicase complexes on lysosomal and
endosomal membranes.>>*¢ After the initial processing of
non-structural polyprotein, P123 + nsP4, and nsP1 + P23
+ nsP4 form early replication complexes responsible for
synthesising negative-strand RNA.*” The last cleavage event
at the P2/3 junction forms mature nsPs, which form positive
strand replication complexes along with host cell proteins.
The synthesis of the minus-strand marks the initial stage of
infection, followed by the synthesis of sub-genomic RNA
and a plus-strand® as shown in Figure 3.

Figure 3.A Diagrammatic Representation of the Events during Alphaviral Infection of Vertebrate Host

Cells
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Formation, Transport, and Budding of Viral
Particles

Translation of structural proteins occurs from sub-genomic
RNA. Capsid protein gets cleaved from the structural
polyprotein co-translationally® and then a full-length viral
RNA along with NCs assembles from 120 dimers of capsid
proteins,® and E1, pE2 (E2 precursor protein), and 6K enter
the plasma membrane via a secretory pathway after exiting
the endoplasmic reticulum (Figure 3). The cleavage of pE2
into E2 and E3 with the help of furin initiates viral infection.>®
NCs’ interaction with the cytoplasmic domain of E2 helps
it to get enclosed by E1/ E2 icosahedral structure.” 6K
protein forms cation-selective ion channels in mammalian
host cells.®® Jose et al. have reported live cell imaging and
electron microscopic analysis of replication complexes to
study the life cycle of alphavirus.5!

Diseases Caused by Alphaviruses

WEEV, EEEV, and VEEV can produce lethal encephalitis in
horses and humans with variable progression of the disease.
The overall case-fatality rate of WEEV is 4%.'* EEEV infection
is responsible for very few cases per year in the US, with
encephalitis cases showing high mortality (30%—-70%) and
neurological sequelae in survivors.®*®3 An epizootic disease
is mostly produced by VEEV with 1% mortality.

Arthritogenic alphavirus infection leads to fever, skin rash,
myalgia, and arthralgia.®* A case of fatal SFV neurovirulent
laboratory strain causing meningoencephalomyelitis and
the death of a laboratory worker has been previously
reported.®® Avirulent strains cause non-lethal demyelinating
disease for about 30 days.®® ONNV infection is characterised
by fever, symmetrical polyarthralgia, lymphadenopathy,
maculopapular rash, joint pains, redness and pain in the
eyes, and general malaise (usually self-limiting).5” BFV
causes disease just like RRV but with milder symptoms.
BFV is also a pathogen of public concern.®®

Pathogenesis of Disease in the Susceptible
Vertebrate Host

The pathogenesis of the alphaviral diseases in humans
can be attributed partly to the direct cytopathic effects of
the virus particles invading the host cells and partly to the
inflammatory and immune responses generated because of
the alphavirus infection. Studies in SFV-infected adult mice
have shown the ability of alphavirus to cross the blood-brain
barrier and have confirmed their presence in endothelial
cells of the brain.®® These viruses are also reported to spread
through infected blood cells, like leukocytes, monocytes,
and WBCs or through olfactory neuroepithelium, tooth pulp

ISSN: 0019-5138
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and subsequent spread through trigeminal nerve.”® It has
been reported that mutation of E2 glycoprotein at position
55 where glutamine is replaced by arginine reduces the
neuroinvasive capacity while a single amino acid, Thr at
position 538 in nsP1 protein was vital for neurovirulence
in adult mice replacing threonine with isoleucine at this
position in nsP1 attenuated neurovirulence.”* In RRV
disease, a cell surface marker F4/80 for monocytes and
macrophages at the peak time of the disease with decreased
viral titers pointed to the role of macrophages in damaging
the muscle tissue.”” In new-world alphavirus encephalitis,
various regions of the brain show symmetric or asymmetric
lesions.”

Basis for Maintenance of Infectivity in Mosquito
Vector

The basic difference in the virus entry into the invertebrate
(insect) cellis that the virus envelope fuses with the plasma
membrane leading to penetration and uncoating of virus
particles rather than endocytosis as seen in vertebrate
cells and is proved by an experiment using WEEV and three
strains of Culex tarsalis.” Alphavirus protein interaction
with cellular factors is indicative of different activities
in vertebrate and invertebrate hosts as proven using
engineered viruses with tagged non-structural proteins.”®
Virus maturation can occur in different ways in cultured
insect cells. It can be very similar to the process in the
cultured vertebrate cells, with budding on the cell surface
and nucleocapsid inside the cytoplasm or the budding
at the cell surface as observed in a few cells.”” In Aedes
albopictus cell populations, clones of individual cells differed
in producing virions. Cells producing lower yields did not
show cytopathic effects and maintained their functionin the
presence of virus replication, suggestive of the maintenance
of infective virus particles in the mosquito cells during the
interepidemic period.” The whole insect shows no harmful
effects of virus infection and passes the virus transovarially
to their offspring, whereas vertebrate cells show cytopathic
effects on alphavirus infection due to shut shutdown of the
transcription and translation machinery.”

Molecular Studies of Alphaviruses

Certain experimental studies have revealed the importance
of point mutation in the genome sequence of alphaviruses,
which might be responsible for attacking the immune
system of the host organism inducing an immune response.
Genes sequence analysis of SINV strain S.A.AR86 along with
three mutant strains showed a single point mutation in E2
glycoprotein where asparagine replaced serine in the native
strain. Mutant virions contained pE2 rather than E2 and lost
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the ability to bind to R6 and R13 E2-specific monoclonal
antibodies.®’ The importance of a stop codon in altering the
level of infectivity of alphaviruses was revealed in a study
for the first time indicating the functional significance of
the Opal stop codon in the ONNV genome on the infectivity
of virus in a natural mosquito host (Anopheles gambiae).
Mutants were created with point mutations replacing
arginine between nsP3 and nsP4 with stop codons, i.e.,
opal, ochre, or amber. Mutant having stop codon opal
upstream of nsP4 increased the infectivity of ONNV to
double compared to the normal virus strain having arginine
at the corresponding position.*? To understand the events
during the budding of the virus particles, a pseudoatomic
model of SINV was constructed at 7 Angstrom resolution
with a focus on the sites of interaction between CP and
transmembrane E1 and E2 glycoproteins. Three contact
regions between the cytoplasmic domain of E2 (cdE2) and
CP were identified, which are important for virus assembly.®!

The functional importance of glycoprotein E3 was explored
by constructing chimeric viruses with E3 protein swapping
between alphavirus species belonging to the same clade and
between species belonging to different clades. Intraclade
chimaeras produced infectious viruses at the same rate
as the parent virus, whereas the rate was reduced for
interclade chimaeras.®? To study the infection pattern in
Anopheles gambiae, the vector was infected in vitro. The
experiment showed that the increase in infection was
controlled by the nsP3 region similar to the wild-type
ONNV. In chimaera, when nsP3 of ONNV replaced the nsP3
region from CHIKV, the infection rate in Anopheles gambiae
increased from 0% to 63.5%.2% The role of Sorting Nexin 5
(SNX5), a host factor, in the replication of alphaviruses was
reported. Also, virions expressed in all host cells showed
the presence of SINV nsP2.8

Phylogenetics

A phylogenetic analysis of alphaviruses was performed to
discover their origin. The phylogenetic trees of alphaviruses
constructed by including E1 and E2 genes were very
different from the ones constructed according to non-
structural gene sequences. Phylogenetic analysis based on
the E1 gene tree shows that new-world viruses like WEEV
have extended from old-world virus complexes like SINV.
Another phylogenetic study had shown an independent
divergence of EEEV and VEEV species and no relation to
old-world virus complexes like SFV, CHIKV, and RRV.#

Phylogenetic analysis has evaluated the genetic
distinctiveness of Venezuelan alphaviruses which were
isolated between the years 1973 and 1999. Studies showed
the dominance of the VEEV subtype IAB strain a decade
after an epidemic took place. Faragher and Dalgarno
identified RRV of three genetic types with each having
two subtypes with no link to the source i.e., host/ vector or
geographical origin.® A lot of variations were found in the
3’ untranslated regions of the sequences of RRV belonging
to three genetic types. Genome-scale phylogenetic analysis
of RRV revealed that the lineages diverged from a common
ancestor 94 years ago. The findings did not support the
earlier geographic distribution. Further genomic sequencing
from a wide spatiotemporal range was suggested to monitor
the evolution of RRV.®” The phylogenetic analysis revealed
a slow evolution of EEEV and its constant presence and
transmission among the animals in Florida. The virus
possessed tenacity with high genetic divergence.® Although
studies on phylogenetic analysis of alphaviruses are being
conducted, there is a need to understand the basis of
this evolution by comparing the codon and AA usage in
alphaviruses and their respective hosts and vectors.

Epidemiology of Alphaviruses

In August 2004, the CHIKV infection was transmitted
by Aedes mosquitoes in tropical Africa and Asia.?® In
2015, at least 25,000 suspected cases and almost 3,500
laboratory-confirmed cases of CHIKV were reported in
India, and in 2018—-2020, the number of suspected cases
rose to 170,000 with 27,120 confirmed cases in India.
Outbreaks of CHIKV were reported in 2017 in Bangladesh
and Pakistan, in 2019 in Myanmar, and in 2018-2020 in
Thailand. Most of these outbreaks were due to Aedes
aegypti-adaptive mutations in the ECSA strain.®® In 2013,
the first local transmission of the chikungunya virus was
reported in the Western Hemisphere, beginning with an
indigenous case in Saint Martin. Before the Saint Martin
case, the only confirmed case of chikungunya in America
was a traveller.®! In 2010, a virulent disease of febrile
infection with arthralgic manifestations was detected in
countries of South America. The infectious agent was a
rebounded South American alphavirus i.e., the Mayaro
virus (MAYV).3592 Seventy-seven instances were reported
in total and 19 were shown as seropositive. This virus
normally infects men and women living close to enzootic
transmission foci due to anthropogenic incursions as shown
in Table 2.%
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Table 2.Epidemics Caused by Some Mosquito-borne Alphaviruses

Name of City/ Year of the Preventive Measures
Name of the Country where . . Probable Cause of the .
. . . Epidemic/ Death . . taken for Stopping
Virus Epidemic Epidemic . .
Occurred Toll the Epidemic
Kenva. Comoros Unusual dry and warm
I_Z,Ila’nds La 2004-2006 conditions, stagnant water,
> 6 million cases in increased tourism, non- Control of vectors
Reunion
CHIKV® Se chelle's > 40 countries, existent herd immunity by insecticides
Mya otte ! 237 deaths in E1-A226V mutation was larvicides, personal
Mauritits Ir;dia the Indian Ocean | identified in ECSA genotype protection
Southeas’t Asia’ islands enhanced transmission by
Aedes albopictus.
. . CHIKV of Asian genotype
I:ZI:; Ta:::d 2013 responsible, Aedes aegypti Avoid mosquito
o108 5P - and Aedes albopictus, bites, physical
CHIKV®* throughout > 2 million cases . ) . . .
the American in 50 countries population naive to CHIKV, barriers like topical
continent intense movement of repellents, bed nets
people
Use of insecticides,
A new genotype N closely .
. using natural
Portuguesa, 2010 resembling genotype D enemies to reduce
MAYV % Venezuela (South infected persons residing .
. 77 cases . . the vector density,
America) near enzootic transmission ) . . .
) isolating viraemic
foci o
individuals
Aedes aegypti, Aedes
201416 albopictus, and Culex No specific antivirals,
quinquefasciatus could cases treated
343 cases .
antieenic crc;ss- act as vectors for MAYV with NSAIDs and
MAYV*®3 Brazil reac%tivit might and humans could act corticosteroids, the
underes\‘['imagte as amplifying hosts and vaccine is in the
the MAYV cases might be responsible for preclinical stage of
" | establishing an urban cycle development.
of transmission for MAYV.
The urban transmission Suppress mosquito
le still . .
2020 eiyfoi(:: IPSsetiirizhbeed bites, avoid outdoor
MAYY39 French Guiana 13 cases (9 out of theFr)1 addi‘;'ional measure’s activities during
(France) 13 cases were in peak activity hours
. would need to be
urban settings) . of Heamogogus
considered to prevent (sylvatic vector)
further outbreaks. y
Unclear, increase in vector
2 ’
S 10(?(c)a65es abundance and rate of
5 deaths ! transmission in the forest
VEEV Iquitos, Peru sero revale,nce and urban spillover, -
of 23; in lquitos unusually high river levels
(o] .
urban population and high Culex (Mel.)
ocossa prevalence
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2002 Mosquito bites, handling
SINV?’ Finland sick/ dead animals, more -
597 cases .
outdoor activity
Different strains from
mosquitos and patient sera
were obtained indicating
2012 .
189 cases transfer between different
SINV*8 Finland 2018 ! regions of Europe, high -
71 cases summer temperature,
precipitation, and a thick
layer of snow during
summer
High temperature and
. Southeast 2015 rainfall, at?undafnce of Mosquito control,
RRV Queensland Culex. annulirostris and Ae. . .
. 9544 cases . . avoidance of bites
(Australia) procax, multiple reservoir
hosts
New South 2017 nghftﬁmiera;ure anfcl
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CHIKV: Chikungunya virus, MAYV: Mayaro virus, VEEV: Venezuelan Equine Encephalitis virus, SINV: Sindbis virus, RRV: Ross River virus, BFV:

Barmah Forest virus, ONNV: O’nyong-nyong virus

In addition, during an epidemic of dengue virus in Mato
Grosso, midwestern Brazil, 15 of 604 patients responded
positively to the detection of MAYV RNA during acute febrile
illness.10%192 A total of 343 suspected cases were observed
in Brazil following MAYV infection from 2014 to 2016, of
which more than 50% occurred in the state of Goias as
mentioned in Table 2.2 The increasing prevalence of MAYV
disease outside the northern regions is of growing concern
because the virus is spreading to other regions and may
indicate a possible future epidemic in Brazil.

One of the severe epidemic infections reported in South
America is Venezuelan equine encephalitis (VEE). In early
2006, VEEV infection was discovered through a fever
surveillance programme at a hospital in lquitos, Peru. An
antibody prevalence study was performed in the urban
area of lquitos to identify the risk factors for VEEV infection

in the city. In addition, entomological investigations were
carried out to identify whether VEEV vectors were present
in the city. The result of the study observed that more
than 23% of Iquitos inhabitants possessed neutralising
antibodies to VEEV, which was found to be significantly
associated with an increased prevalence of antibodies due
to age, safe practices like bed net use, travelling at night,
and the participant’s job. Studies suggested that VEEV
infections occur frequently in pastoral areas, though the
spread is also occurring in the urban areas of Iquitos, and
hence more research is needed to estimate exactly which
vectors and reservoirs are involved in the disease.

An arthropod-covered RNA virus, SINV, belongs to the
Alphavirus genus of the Togaviridae family. The first
report on SINV came from a group of virus vectors, Culex
pipiens and Culex univittatus.*>1* In Finland, outbreaks
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occur every seven years, with hundreds or thousands of
reported cases, but no pertinent information is available
on factors associated with clinical infection of SINV.1%
RRV has been reported from the Western Pacific regions
and Australia and is considered to be the most common
cause of mosquito-borne disease in Australia.l One of the
largest reported outbreaks of RRV infection was reported
in the year 2015 with more than 10,000 patients. Barmah
Forest virus (BFV) disease originated from the forest of
Barmah which is similar to the Ross River virus (RRV) which
causes the epidemic arthritis.’®*?” Since 1988, BFV has been
reported in Western Australia, Queensland, New South
Wales, Northern Territory, and Victoria. Occurrences of
BFV without RRV occurred in New South Wales in 1994/
1995 and in 1993 in Australia.'®

ONNV is an alphavirus transmitted mainly by bites of the
African protozoan vector of malaria namely Anopheles
funestus and Anopheles gambiae (Table 1).3>%1 |t was first
isolated in the year 1959 in Uganda and has been reported
to cause outbreaks in many sub-Saharan regions of Africa.!
Precautionary measures are no different from those already
taken to combat malaria infection. No effective vaccine or
drug has been created so far.

Status of Prevention and Control Measures

Pharmacotherapy currently available for alphaviruses
is a combination of ribavirin and interferon, which is
relatively inefficient, and some anti-inflammatory drugs
for symptomatic relief. There are still no FDA-approved
drugs or vaccines specifically targeting alphaviruses. Table
3 highlights some of the molecules that have shown anti-
alphaviral activity.

Progress in Vaccine Development

For encephalitis-causing viruses, various formulations of the
inactivated virus have been tested, which include different
mechanisms of inactivation and routes of administration.
A mixture of three species i.e., WEEV, EEEV, and VEEV
are inactivated by formalin, 1,5-iodonaphthyl azide, or
y-irradiation. Different routes used were intramuscular,

subcutaneous, or intranasal. Immunogenic effects and
protective efficacy varied depending on the above factors.
Viral replicon particles (VRP) are based on an attenuated
strain of VEEV (V3014) into which structural protein-
coding genes can be inserted. In WEVEE (trivalent vaccine
candidate), expression of alphavirus glycoproteins with a
deletion in the pE2 furin cleavage site is involved. The efficacy
of the vaccine was observed in a lethal mouse model for all
three viruses. Against alphaviruses, a variety of virus-like
particles (VLPs) are being pursued for vaccination.!* A phase
2 trial on a CHIKV VLP vaccine PXVX0317, an aluminium
hydroxide-adjuvanted formulation, was conducted in the
USA between 2018 and 2020 to evaluate the efficacy and
immunogenicity among CHIKV naive individuals belonging
to the age group of 1845 years. The trial was well endured
and generated a strong and long-lasting serum nullifying
immune response against CHIKV which could last up to
two years. A phase 3 clinical trial on adjuvanted PXVX0317
with a single injection is being conducted at present.!?
The effects of binary ethylenimine-inactivated (BEI) RRV
in diminishing the infectivity of the Ross River virus were
studied in mice by immunising them intramuscularly with
the BEl-inactivated virus. Antibodies were generated that
neutralised RRV in vitro and mice also did not develop
viraemia when challenged with live virus intravenously.%®
A formal- and UV-inactivated whole RRV vaccine grown in
animal protein-free cell culture was tested for its efficacy
and immunogenicity in animal models. Active immunisation
with these vaccine-induced antibodies prevented viraemia
in adult mice and protected the IFN-a/b receptor knockout
mice from death and diseases.'*®

Present Status of Anti-alphaviral Drug
Therapeutics

Difficulty in assessing the population at risk generates the
need to evaluate and develop post-exposure treatment
methods to control alphaviral infections. The drugs being
developed are either targeting different proteins of the
virus or altering the host-targeted immune response to
viral infections like immunomodulation (Table 3).

Table 3.Anti-alphaviral Molecules and Their Potential Targets with Half-maximal Effective Concentration

Alphavirus Anti-viral Molecules Target EC,, (kM)
Neoguillauminin A4 Protein kinase C 17.70
Lobaric acid*® Non-structural protein 1 5.30-16.30
Harringtonine!'® Viral genome replication 0.24
Ivermectine!"’ Unidentified target 0.60
Abamectin''’ Unidentified target 1.50
CHIKV Prostratin''® Protein kinase C 0.20-8.00
Berberine!® Extracellula.r signal-related 1.80+0.50
kinase
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ML336° Unidentified target 3.60
Tomatidine!® Viral replication 10.00
EEV Citalopram?'?° Viral replication 20.00
Dibenzylamines!* Protein synthesis 0.89
Favipiravir!?? Viral replication 4.50
Suramin?? Unidentified target 124.00
MAYV Quercetin!* Protein synthesis 10.00+0.70
Cassia australis extract!® Viral replication 2.30
Punica granatum extract*?® Unidentified target 12.30
Rev-erba/p¥ Viral replication 10.00
ONNV Quercetin'?® Viral RNA 10.00
Pentosan polysulfate!® Unidentified target 4.50
RRV Geranial** Virus replication 45.11+2.46
Citronello|*** Virus replication 23.43+0.14
Chloroquine®*! Unidentified target 2.00
SEV Amantadine®*! Unidentified target 2.50
Monensin?!32 Viral replication 6.00
Hesperetin!3? Unidentified target 20.50
Naringenin's? Unidentified target 14.90
Beclin®* Viral replication -
Ivermectint’ Viral replication 0.60
SINV Abamectin'’ Viral replication 1.50
Berberine!?’ Viral replication 1.80

CHIKV: Chikungunya virus, EEV: Equine Encephalitis virus, MAYV: Mayaro virus, ONNV: O’nyong-nyong virus, RRV: Ross River virus, SFV:

Semliki Forest virus, SINV: Sindbis virus

For the first time, anti-VEEV agents were identified using
an in silico structure-based drug development technique.
These agents inhibited capsid protein recognition by
nuclear transport protein importin (IMP) a/B1. One of
the compounds reduced VEEV replication but was inactive
against a mutant VEEV lacking IMP a/B1-C interactions.
Laboratory studies assessed four analogues of ML336 (a
benzamidine) and three of them were tested in an in vivo
study. BDGR-4, one of the analogues of ML336, when given
to mice exposed to VEEV TrD (Trinidad Donkey strain) after
24 hours and 48 hours of exposure, provided 100% and 90%
protection from the lethal disease, respectively. A specific
mutation in nsP4 provided resistance to VEEV against
BDGR-4.72 So, the tendency of viruses to mutate also poses
a problem in developing specific antiviral drugs. Peptide-
conjugated phosphorodiamidate morpholino oligomers
(PPMOs) - antisense drug products were designed. The
drug was effective against multiple strains of VEEV and

could prove to be a very effective therapeutic agent against
VEEV and other alphaviruses. Since these drugs are less
effective when given post-exposure (in vivo) and the cases
in humans are usually sporadic, it needs further exploration
to develop the drug molecules, which are more efficient
in controlling the infection post-exposure.'*

Fifty-one betulin derivatives were assessed against SFV and
SINV. The susceptibility of positive-stranded RNA viruses
towards the derivatives of betulin and the absence of
early toxicity and inhibitory effects on SFV and SINV make
these compounds potential therapeutic candidates.3®
Doxycycline and ribavirin were found to have synergistic
anti-CHIKV effects in vitro. Doxycycline, by binding to E2
glycoprotein, inhibits the conformational change in E2
required for binding to cell surface receptors.%” Antiviral
dioxane-based compounds have been constructed to
recognise the hydrophobic region of the capsid protein of
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SINV using computational methods.**” They hindered 50%
of viral replication at a concentration of 40 uM, with no
signs of toxicity. So, further studies can be done to develop
antivirals against this target. Chloroquine works against
multiple viruses like SINV, SFV, and CHIKV by increasing
the pH of the endosome,*®” but its efficacy could not be
proven in vivo for SFV and in CHIKV-infected patients. In
vitro studies have proven that the antiapoptotic protein
Bcl-2 prevents apoptosis in SFV and SINV-infected cells.%
IFN-¥ (Interferon-gamma) has also been demonstrated
to help in clearing SINV from neurons by hindering viral
transcription, reducing viral protein synthesis, and assisting
in the recovery of cellular protein synthesis.*®

N-methyl-D-aspartate (NMDA-a glutamate receptor)
antagonists have been identified as protective agents
against SINV-induced death of neurons, but not in mice,'*
whereas a-amino-3-hydroxy-5-methyl-4-isoazolepropionic
acid (AMPA) antagonist talampanel provided protection
against the fatal disease,**” by decreasing CNS inflammation.
Two important antagonists of SINV include naloxone (an
opioid receptor antagonist) and minocycline (a tetracycline
derivative).!® They inhibit SINV infection by decreasing
cytokine interleukin-1. A flavonoid-based chemical obtained
from Salacia crassifolia shows antiviral activity against the
capsid protein of MAYV. It was also subjected to bioassays
(in vitro), which supported its potential as an antiviral agent
inhibiting the effects of viral infection and low cytotoxicity
with potency almost twice that of ribavirin.®

Various drugs against alphaviruses, which are under
investigation, are in the preclinical trial stage. There is still
no effective FDA (Food and Drug Administration) approved
specific antiviral drug available against alphaviruses.

Conclusion and Future Perspectives

Although a lot of work is under progress to understand
the mechanisms used by alphaviruses to adapt to a variety
of natural hosts and vectors, there is no study as per the
current information, regarding the genomic adaptation
of the majority of these alphaviruses to different hosts in
terms of codon and AA usage. The recent emergence of
infections caused by these alphaviruses necessitates the
in-depth study of these viruses at the molecular level.
Future exploration of encephalitic alphaviruses at the
molecular level for understanding genetic diversity and the
structure of their envelope proteins will be of great help
in developing specific drugs/ vaccines. The aerosol route
of transmission generates the need to develop measures
against encephalitic viruses. Due to the multiplicity of
natural hosts and vectors for alphaviruses, we need to
understand the genome dynamics of these viruses in
relation to their hosts.

ISSN: 0019-5138
DOI: https://doi.org/10.24321/0019.5138.202330

Authors’ Contributions

MS: Review of literature, and building the draft of the
manuscript; NRS: Conception of the idea of this article
and gap identification in the existing studies, editing of the
manuscript; JG, MAK: Compilation of the manuscript; AB,
SK, GS: Technical review of the manuscript.

Acknowledgement

All authors would like to thank Lovely Professional
University, India for the infrastructure support to carry
out the work.

15. Abbreviations: SINV: Sindbis virus, SFV: Semliki Forest
virus, MAYV: Mayaro virus, ONNV: O’nyong-nyong virus,
RRV: Ross River virus, BFV: Barmah Forest virus, CHIKV:
Chikungunya virus, VEEV: Venezuelan Equine Encephalitis
virus, EEEV: Eastern Equine Encephalitis virus, WEEV:
Western Equine Encephalitis virus, CP: Capsid protein,
nsP: non-structural protein, ORF: Open Reading Frame, TF:
Transframe, ICAM: intracellular adhesion molecule, CRBD:
cell receptor binding domain, NMDA N: methyl-D-aspartate,
AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor.

Source of Funding: None
Conflict of Interest: None
References

1. Woolhouse M, Scott F, Hudson Z, Howey R, Chase-
Topping M. Human viruses: discovery and emergence.
Philos Trans R Soc Lond B Biol Sci. 2012;367(1064):2864-
71. [PubMed] [Google Scholar]

2. Classification and nomenclature of viruses. Fourth
report of the International Committee on Taxonomy of
Viruses. Intervirology. 1982;17(1-3):1-199. [PubMed]

3. Strauss JH, Strauss EG. The alphaviruses: gene
expression, replication, and evolution. Microbiol Rev.
1994;58(3):491-562. [PubMed] [Google Scholar]

4, Garmashova N, Gorchakov R, Volkova E, Paessler
S, Frolova E, Frolov I. The old world and new world
alphaviruses use different virus-specific proteins
for induction of transcriptional shutoff. J Virol.
2007;81(5):2472-84. [PubMed] [Google Scholar]

5. Powers AM, Brault AC, Shirako Y, Strauss EG, Kang
W, Strauss JH, Weaver SC. Evolutionary relationships
and systematics of the alphaviruses. J Virol.
2001;75(21):10118-31. [PubMed] [Google Scholar]

6. Chen R, Mukhopadhyay S, Merits A, Bolling B, Nasar
F, Coffey LL, Powers A, Weaver SC; ICTV Report
Consortium. ICTV virus taxonomy profile: Togaviridae.
J Gen Virol. 2018;99(6):761-2. [PubMed] [Google
Scholar]

7. Jose ], Snyder JE, Kuhn RJ. A structural and functional




10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Sharma M et al.
J. Commun. Dis. 2023; 55(3)

perspective of alphavirus replication and assembly.
Future Microbiol. 2009;4(7):837-56. [PubMed] [Google
Scholar]

Weaver SC, Winegar R, Manger ID, Forrester NL.
Alphaviruses: population genetics and determinants of
emergence. Antiviral Res. 2012;94(3):242-57. [PubMed]
[Google Scholar]

Bakar FA, Ng LF. Nonstructural proteins of alphavirus-
potential targets for drug development. Viruses.
2018;10(2):71. [PubMed] [Google Scholar]

Uyaniker S, van der Spek SJ, Reinders NR, Xiong H, Li
KW, Bossers K, Smit AB, Verhaagen J, Kessels HW. The
effects of Sindbis viral vectors on neuronal function.
Front Cell Neurosci. 2019;13:362. [PubMed] [Google
Scholar]

Netolitzky DJ, Schmaltz FL, Parker MD, Rayner GA,
Fisher GR, Trent DW, Bader DE, Nagata LP. Complete
genomic RNA sequence of western equine encephalitis
virus and expression of the structural genes. J Gen
Virol. 2000;81(Pt 1):151-9. [PubMed] [Google Scholar]
Simmons JD, White LJ, Morrison TE, Montgomery SA,
Whitmore AC, Johnston RE, Heise MT. Venezuelan
equine encephalitis virus disrupts STAT1 signaling
by distinct mechanisms independent of host shutoff.
J Virol. 2009;83(20):10571-81. [PubMed] [Google
Scholar]

Salonen A, Vasiljeva L, Merits A, Magden J, Jokitalo E,
Kaaridinen L. Properly folded nonstructural polyprotein
directs the Semliki forest virus replication complex to
the endosomal compartment. J Virol. 2003;77(3):1691-
702. [PubMed] [Google Scholar]

Myles KM, Pierro DJ, Olson KE. Deletions in the putative
cell receptor-binding domain of Sindbis virus strain
MRE16 E2 glycoprotein reduce midgut infectivity in
Aedes aegypti. J Virol. 2003;77(16):8872-81. [PubMed]
[Google Scholar]

Das PK, Merits A, Lulla A. Functional cross-talk between
distant domains of chikungunya virus non-structural
protein 2 is decisive for its RNA-modulating activity. J
Biol Chem. 2014;289(9):5635-53. [PubMed] [Google
Scholar]

Garmashova N, Gorchakov R, Frolova E, Frolov I. Sindbis
virus nonstructural protein nsP2 is cytotoxic and inhibits
cellular transcription. J Virol. 2006;80(12):5686-96.
[PubMed] [Google Scholar]

Vihinen H, Ahola T, Tuittila M, Merits A, Kaaridinen
L. Elimination of phosphorylation sites of Semliki
Forest virus replicase protein nsP3. J Biol Chem.
2001;276(8):5745-52. [PubMed] [Google Scholar]
Kamer G, Argos P. Primary structural comparison of
RNA-dependent polymerases from plant, animal and
bacterial viruses. Nucleic Acids Res. 1984;12(18):7269-
82. [PubMed] [Google Scholar]

Hong EM, Perera R, Kuhn RJ. Alphavirus capsid protein

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

helix | controls a checkpoint in nucleocapsid core
assembly. J Virol. 2006;80(18):8848-55. [PubMed]
[Google Scholar]

Lusa S, Garoff H, Liuestrom P. Fate of the 6K membrane
protein of Semliki Forest virus during virus assembly.
Virology. 1991;185(2):843-6. [PubMed] [Google
Scholar]

Liljestrém P, Lusa S, Huylebroeck D, Garoff H. In vitro
mutagenesis of a full-length cDNA clone of Semliki
Forest virus: the small 6,000-molecular-weight
membrane protein modulates virus release. J Virol.
1991;65(8):4107-13. [PubMed] [Google Scholar]
Dey D, Siddiqui SI, Mamidi P, Ghosh S, Kumar CS,
Chattopadhyay S, Ghosh S, Banerjee M. The effect of
amantadine on anion channel protein from Chikungunya
virus. PLoS Negl Trop Dis. 2019;13(7):e0007548.
[PubMed] [Google Scholar]

Pfeffer M, Foster JE, Edwards EA, Brown MB, Komar
N, Brown CR. Phylogenetic analysis of Buggy Creek
virus: evidence for multiple clades in the Western
Great Plains, United States of America. Appl Environ
Microbiol. 2006;72(11):6886-93. [PubMed] [Google
Scholar]

Brummer-Korvenkontio M, Vapalahti O, Kuusisto P,
Saikku P, Manni T, Koskela P, Nygren T, Brummer-
Korvenkontio H, Vaheri A. Epidemiology of Sindbis
Virus infections in Finland 1981-96: possible factors
explaining a peculiar disease pattern. Epidemiol Infect.
2002;129(2):335-45. [PubMed] [Google Scholar]

Sim C, Hong YS, Tsetsarkin KA, Vanlandingham DL,
Higgs S, Collins FH. Anopheles gambiae heat shock
protein cognate 70B impedes O’nyong-nyong virus
replication. BMC Genomics. 2007;8:231. [PubMed]
[Google Scholar]

La Linn M, Eble JA, Liibken C, Slade RW, Heino J, Davies
J, Suhrbier A. An arthritogenic alphavirus uses the
alphalbetal integrin collagen receptor. Virology.
2005;336(2):229-39. [PubMed] [Google Scholar]
Rulli NE, Suhrbier A, Hueston L, Heise MT, Tupanceska
D, Zaid A, Wilmes A, Gilmore K, Lidbury BA,
Mahalingam S. Ross River virus: molecular and cellular
aspects of disease pathogenesis. Pharmacol Ther.
2005;107(3):329-42. [PubMed] [Google Scholar]
Caly L, Horwood PF, Vijaykrishna D, Lynch S, Greenbhill
AR, Pomat W, Rai G, Kisa D, Bande G, Druce J, Abdad
MY. Divergent Barmah Forest virus from Papua
New Guinea. Emerg Infect Dis. 2019;25(12):2266-9.
[PubMed] [Google Scholar]

Boyd AM, Kay BH. Experimental infection and
transmission of Barmah Forest virus by Aedes vigilax
(Diptera: Culicidae). ) Med Entomol. 1999;36(2):186-9.
[PubMed] [Google Scholar]

Ferreira PG, Ferraz AC, Figueiredo JE, Lima CF, Rodrigues
VG, Taranto AG, Ferreira JM, Brand3do GC, Vieira-Filho

ISSN: 0019-5138

DOI: https://doi.org/10.24321/0019.5138.202330



Sharma M et al.
J. Commun. Dis. 2023; 55(3)

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

SA, Duarte LP, Magalhaes CL, Magalhaes JC. Detection
of the antiviral activity of epicatechin isolated from
Salacia crassifolia (Celastraceae) against Mayaro virus
based on protein C homology modelling and virtual
screening. Arch Virol. 2018;163(6):1567-76. [PubMed]
[Google Scholar]

Ngoagouni C, Kamgang B, Kazanji M, Paupy C, Nakouné
E. Potential of Aedes aegypti and Aedes albopictus
populations in the Central African Republic to transmit
enzootic chikungunya virus strains. Parasit Vectors.
2017;10(1):164. [PubMed] [Google Scholar]

Howard JJ, Wallis RC. Infection and transmission of
eastern equine encephalomyelitis virus with colonized
Culiseta melanura (Coquillett). Am J Trop Med Hyg.
1974;23(3):522-5. [PubMed] [Google Scholar]

Hoch AL, Peterson NE, LeDuc JW, Pinheiro FP. An
outbreak of Mayaro virus disease in Belterra, Brazil. lll.
Entomological and ecological studies. Am J Trop Med
Hyg. 1981;30(3):689-98. [PubMed] [Google Scholar]
AliR, JayarajJ, Mohammed A, Chinnaraja C, Carrington
CV, Severson DW, Ramsubhag A. Characterization of
the virome associated with haemagogus mosquitoes
in Trinidad, West Indies. Sci Rep. 2021;11(1):16584.
[PubMed] [Google Scholar]

Rezza G, Chen R, Weaver SC. O’nyong-nyong fever: a
neglected mosquito-borne viral disease. Pathog Glob
Health. 2017;111(6):271-5. [PubMed] [Google Scholar]
Michie A, Dhanasekaran V, Lindsay MD, Neville PJ,
Nicholson J, Jardine A, Mackenzie JS, Smith DW, Imrie
A. Genome-scale phylogeny and evolutionary analysis
of Ross River virus reveals periodic sweeps of lineage
dominance in Western Australia, 1977-2014. J Virol.
2020;94(2):e01234-19. [PubMed] [Google Scholar]
Hubalek Z, Rudolf I, Nowotny N. Arboviruses pathogenic
for domestic and wild animals. Adv Virus Res.
2014;89:201-75. [PubMed] [Google Scholar]

Mathiot CC, Grimaud G, Garry P, Bouquety JC, Mada A,
Daguisy AM, Georges AJ. An outbreak of human Semliki
Forest virus infections in Central African Republic.
Am J Trop Med Hyg. 1990;42(4):386-93. [PubMed]
[Google Scholar]

Lundstrém JO, Hesson JC, Schafer ML, Ostman O,
Semmler T, Bekaert M, Weidmann M, Lundkvist A,
Pfeffer M. Sindbis virus polyarthritis outbreak signalled
by virus prevalence in the mosquito vectors. PLoS Negl
Trop Dis. 2019;13(8):e0007702. [PubMed] [Google
Scholar]

Deardorff ER, Weaver SC. Vector competence of Culex
(Melanoconion) taeniopus for equine-virulent subtype
IE strains of Venezuelan equine encephalitis virus.
Am J Trop Med Hyg. 2010;82(6):1047-52. [PubMed]
[Google Scholar]

Mahmood F, Chiles RE, Fang Y, Reisen WK. Methods
for studying the vector competence of Culex tarsalis

ISSN: 0019-5138

DOI: https://doi.org/10.24321/0019.5138.202330

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

for western equine encephalomyelitis virus. J] Am
Mosq Control Assoc. 2004;20(3):277-82. [PubMed]
[Google Scholar]

Myles KM, Kelly CL, Ledermann JP, Powers AM.
Effects of an opal termination codon preceding the
nsP4 gene sequence in the O’'Nyong-Nyong virus
genome on Anopheles gambiae infectivity. J Virol.
2006;80(10):4992-7. [PubMed] [Google Scholar]

Lim EX, Lee WS, Madzokere ET, Herrero LJ. Mosquitoes
as suitable vectors for alphaviruses. Viruses.
2018;10(2):84. [PubMed] [Google Scholar]
Forrester NL, Coffey LL, Weaver SC. Arboviral
bottlenecks and challenges to maintaining diversity
and fitness during mosquito transmission. Viruses.
2014;6(10):3991-4004. [PubMed] [Google Scholar]
Pingen M, Bryden SR, Pondeville E, Schnettler E, Kohl
A, Merits A, Fazakerley JK, Graham GJ, McKimmie
CS. Host inflammatory response to mosquito bites
enhances the severity of arbovirus infection. Immunity.
2016;44(6):1455-69. [PubMed] [Google Scholar]
Smith AL, Tignor GH. Host cell receptors for two strains
of Sindbis virus. Arch Virol. 1980;66(1):11-26. [PubMed]
[Google Scholar]

Rose PP, Hanna SL, Spiridigliozzi A, Wannissorn N,
Beiting DP, Ross SR, Hardy RW, Bambina SA, Heise MT,
Cherry S. Natural resistance-associated macrophage
protein is a cellular receptor for Sindbis virus in both
insect and mammalian hosts. Cell Host Microbe.
2011;10(2):97-104. [PubMed] [Google Scholar]
Wang KS, Kuhn RJ, Strauss EG, Ou S, Strauss JH. High-
affinity laminin receptor is a receptor for Sindbis virus
in mammalian cells. J Virol. 1992;66(8):4992-5001.
[PubMed] [Google Scholar]

Byrnes AP, Griffin DE. Binding of Sindbis virus to cell
surface heparan sulfate. J Virol. 1998;72(9):7349-56.
[PubMed] [Google Scholar]

Knight RL, Schultz KL, Kent RJ, Venkatesan M, Griffin DE.
Role of N-linked glycosylation for Sindbis virus infection
and replication in vertebrate and invertebrate systems.
JVirol. 2009;83(11):5640-7. [PubMed] [Google Scholar]
Klimstra WB, Nangle EM, Smith MS, Yurochko AD,
Ryman KD. DC-SIGN and L-SIGN can act as attachment
receptors for alphaviruses and distinguish between
mosquito cell- and mammalian cell-derived viruses.
J Virol. 2003;77(22):12022-32. [PubMed] [Google
Scholar]

Marsh M, Bolzau E, Helenius A. Penetration of Semliki
Forest virus from acidic prelysosomal vacuoles. Cell.
1983;32(3):931-40. [PubMed] [Google Scholar]
Carvalho CA, Silva JL, Oliveira AC, Gomes AM. On the
entry of an emerging arbovirus into host cells: Mayaro
virus takes the highway to the cytoplasm through fusion
with early endosomes and caveolae-derived vesicles.
Peer). 2017;5:e3245. [PubMed] [Google Scholar]




54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Sharma M et al.
J. Commun. Dis. 2023; 55(3)

Gibbons DL, Erk I, Reilly B, Navaza J, Kielian M, Rey
FA, Lepault J. Visualization of the target-membrane-
inserted fusion protein of Semliki Forest virus by
combined electron microscopy and crystallography.
Cell. 2003;114(5):573-83. [PubMed] [Google Scholar]
Kujala P, Ikdheimonen A, Ehsani N, Vihinen H, Auvinen
P, Kaaridinen L. Biogenesis of the Semliki Forest virus
RNA replication complex. J Virol. 2001;75(8):3873-84.
[PubMed] [Google Scholar]

Wengler G. The regulation of disassembly of alphavirus
cores. Arch Virol. 2009;154(3):381-90. [PubMed]
[Google Scholar]

Barton DJ, Sawicki SG, Sawicki DL. Solubilization
and immunoprecipitation of alphavirus replication
complexes. J Virol. 1991;65(3):1496-506. [PubMed]
[Google Scholar]

Perera R, Owen KE, Tellinghuisen TL, Gorbalenya AE,
Kuhn RJ. Alphavirus nucleocapsid protein contains
a putative coiled coil alpha-helix important for core
assembly. J Virol. 2001;75(1):1-10. [PubMed] [Google
Scholar]

Lobigs M, Garoff H. Fusion function of the Semliki
Forest virus spike is activated by proteolytic cleavage
of the envelope glycoprotein precursor p62. J Virol.
1990;64(3):1233-40. [PubMed] [Google Scholar]
Sanz MA, Madan V, Carrasco L, Nieva JL. Interfacial
domains in Sindbis virus 6K protein. Detection
and functional characterization. J Biol Chem.
2003;278(3):2051-7. [PubMed] [Google Scholar]
Jose J, Taylor AB, Kuhn RJ. Spatial and temporal analysis
of alphavirus replication and assembly in mammalian
and mosquito cells. mBio. 2017;8(1):e02294-16.
[PubMed] [Google Scholar]

Zacks MA, Paessler S. Encephalitic alphaviruses. Vet
Microbiol. 2010;140(3-4):281-6. [PubMed] [Google
Scholar]

Jonsson CB, Cao X, Lee J, Gabbard JD, Chu YK, Fitzpatrick
EA, Julander J, Chung DH, Stabenow J, Golden JE.
Efficacy of a ML336 derivative against Venezuelan
and eastern equine encephalitis viruses. Antiviral Res.
2019;167:25-34. [PubMed] [Google Scholar]

Miner JJ, Yeang HX, Fox JM, Taffner S, Malkova ON,
Oh ST, Kim AH, Diamond MS, Lenschow DJ, Yokoyama
WM. Chikungunya viral Arthritis in the United States:
a mimic of seronegative rheumatoid arthritis. Arthritis
Rheumatol. 2015;67(5):1214-20. [PubMed] [Google
Scholar]

Willems WR, Kaluza G, Boschek CB, Bauer H, Hager
H, Schitz HJ, Feistner H. Semliki Forest virus: cause
of a fatal case of human encephalitis. Science.
1979;203(4385):1127-9. [PubMed] [Google Scholar]
Fazakerley JK. Semliki Forest virus infection of
laboratory mice: a model to study the pathogenesis

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

of viral encephalitis. Arch Virol Suppl. 2004;(18):179-
90. [PubMed] [Google Scholar]

Aaskov JG, Chen JY, Hanh NT, Dennington PM.
Surveillance for Ross River virus infection using blood
donors. Am J Trop Med Hyg. 1998;58(6):726-30.
[PubMed] [Google Scholar]

Flexman JP, Smith DW, Mackenzie JS, Fraser JR, Bass SP,
Hueston L, Lindsay MD, Cunningham AL. A comparison
of the diseases caused by Ross River virus and Barmah
Forest virus. Med J Aust. 1998;169(3):159-63. [PubMed]
[Google Scholar]

Soilu-Hanninen M, Erdlinna JP, Hukkanen V, Roytta
M, Salmi AA, Salonen R. Semliki Forest virus infects
mouse brain endothelial cells and causes blood-brain
barrier damage. J Virol. 1994;68(10):6291-8. [PubMed]
[Google Scholar]

Dubuisson J, Lustig S, Ruggli N, Akov Y, Rice CM. Genetic
determinants of Sindbis virus neuroinvasiveness. J
Virol. 1997;71(4):2636-46. [PubMed] [Google Scholar]
Heise MT, Simpson DA, Johnston RE. A single amino
acid change in nsP1 attenuates neurovirulence of
the Sindbis-group alphavirus S.A.AR86. J Virol.
2000;74(9):4207-13. [PubMed] [Google Scholar]
Lidbury BA, Mahalingam S. Specific ablation of
antiviral gene expression in macrophages by antibody-
dependent enhancement of Ross River virus infection. J
Virol. 2000;74(18):8376-81. [PubMed] [Google Scholar]
Rulli NE, Guglielmotti A, Mangano G, Rolph MS, Apicella
C, Zaid A, Suhrbier A, Mahalingam S. Amelioration of
alphavirus-induced arthritis and myositis in a mouse
model by treatment with bindarit, an inhibitor of
monocyte chemotactic proteins. Arthritis Rheum.
2009;60(8):2513-23. [PubMed] [Google Scholar]
Deresiewicz RL, Thaler SJ, Hsu L, Zamani AA. Clinical and
neuroradiographic manifestations of eastern equine
encephalitis. N Engl J Med. 1997;336(26):1867-74.
[PubMed] [Google Scholar]

Houk EJ, Kramer LD, Hardy JL, Chiles RE. Western
equine encephalomyelitis virus: in vivo infection and
morphogenesis in mosquito mesenteronal epithelial
cells. Virus Res. 1985;2(2):123-38. [PubMed] [Google
Scholar]

Rupp JC, Sokoloski KJ, Gebhart NN, Hardy RW.
Alphavirus RNA synthesis and non-structural protein
functions. J Gen Virol. 2015;96(9):2483-500. [PubMed]
[Google Scholar]

Gliedman JB, Smith JF, Brown DT. Morphogenesis of
Sindbis virus in cultured Aedes albopictus cells. J Virol.
1975;16(4):913-26. [PubMed] [Google Scholar]
Tooker P, Kennedy SI. Semliki Forest virus
multiplication in clones of Aedes albopictus cells. J
Virol. 1981;37(2):589600. [PubMed] [Google Scholar]
Riedel B, Brown DT. Role of extracellular virus on the

ISSN: 0019-5138

DOI: https://doi.org/10.24321/0019.5138.202330



Sharma M et al.
J. Commun. Dis. 2023; 55(3)

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

maintenance of the persistent infection induced in
Aedes albopictus (mosquito) cells by Sindbis virus. J
Virol. 1977;23(3):554-61. [PubMed] [Google Scholar]
Russell DL, Dalrymple JM, Johnston RE. Sindbis virus
mutations which coordinately affect glycoprotein
processing, penetration, and virulence in mice. J Virol.
1989;63(4):1619-29. [PubMed] [Google Scholar]
TangJ, Jose J, Chipman P, Zhang W, Kuhn RJ, Baker TS.
Molecular links between the E2 envelope glycoprotein
and nucleocapsid core in Sindbis virus. J Mol Biol.
2011;414(3):442-59. [PubMed] [Google Scholar]
Snyder AJ, Mukhopadhyay S. The alphavirus E3
glycoprotein functions in a clade-specific manner.
J Virol. 2012;86(24):13609-20. [PubMed] [Google
Scholar]

Saxton-Shaw KD, Ledermann JP, Borland EM, Stovall
JL, Mossel EC, Singh AJ, Wilusz J, Powers AM. O’nyong
nyong virus molecular determinants of unique vector
specificity reside in non-structural protein 3. PLoS Negl
Trop Dis. 2013;7(1):e1931. [PubMed] [Google Scholar]
Schuchman R, Kilianski A, Piper A, Vancini R, Ribeiro
JM, Sprague TR, Nasar F, Boyd G, Hernandez R, Glaros
T. Comparative characterization of the Sindbis virus
proteome from mammalian and invertebrate hosts
identifies nsP2 as a component of the virion and
sorting nexin 5 as a significant host factor for alphavirus
replication. J Virol. 2018;92(14):e00694-18. [PubMed]
[Google Scholar]

Gould EA, Coutard B, Malet H, Morin B, Jamal S, Weaver
S, Gorbalenya A, Moureau G, Baronti C, Delogu |,
Forrester N, Khasnatinov M, Gritsun T, de Lamballerie
X, Canard B. Understanding the alphaviruses:
recent research on important emerging pathogens
and progress towards their control. Antiviral Res.
2010;87(2):111-24. [PubMed] [Google Scholar]
Faragher SG, Dalgarno L. Regions of conservation
and divergence in the 3’ untranslated sequences of
genomic RNA from Ross River virus isolates. J Mol
Biol. 1986;190(2):141-8. [PubMed] [Google Scholar]
Lindsay MD, Coelen RJ, Mackenzie JS. Genetic
heterogeneity among isolates of Ross River virus from
different geographical regions. ) Virol. 1993;67(6):3576-
85. [PubMed] [Google Scholar]

Michie A, Dhanasekaran V, Lindsay MD, Neville PJ,
Nicholson J, Jardine A, Mackenzie JS, Smith DW, Imrie
A. Genome-scale phylogeny and evolutionary analysis
of Ross River virus reveals periodic sweeps of lineage
dominance in Western Australia, 1977-2014. J Virol.
2020;94(2):e01234-19. [PubMed] [Google Scholar]
Chretien JP, Linthicum KJ. Chikungunya in Europe:
what’s next? Lancet. 2007;370(9602):1805-6. [PubMed]
[Google Scholar]

Khongwichit S, Chansaenroj J, Chirathaworn C,
Poovorawan Y. Chikungunya virus infection: molecular

ISSN: 0019-5138

DOI: https://doi.org/10.24321/0019.5138.202330

91.

92.

93.

94.

95.

96.

97.

98.

99.

biology, clinical characteristics, and epidemiology in
Asian countries. J Biomed Sci. 2021;28(1):84. [PubMed]
[Google Scholar]

Staples JE, Fischer M. Chikungunya virus in the
Americas--what a vectorborne pathogen can do. N
Engl J Med. 2014;371(10):887-9. [PubMed] [Google
Scholar]

Auguste AJ, Liria J, Forrester NL, Giambalvo D, Moncada
M, Long KC, Mordn D, de Manzione N, Tesh RB, Halsey
ES, Kochel TJ, Hernandez R, Navarro JC, Weaver SC.
Evolutionary and ecological characterization of Mayaro
virus strains isolated during an outbreak, Venezuela,
2010. Emerg Infect Dis. 2015;21(10):1742-50. [PubMed]
[Google Scholar]

Esposito DL, da Fonseca BA. Will Mayaro virus be
responsible for the next outbreak of an arthropod-
borne virus in Brazil? Braz J Infect Dis. 2017;21(5):540-4.
[PubMed] [Google Scholar]

Deilgat M, Geduld J, Drebot M. Chikungunya outbreak
in the Caribbean 2013-2014. Can Commun Dis Rep.
2014;40(2):7-12. [PubMed] [Google Scholar]

Yu S, Aaskov JG. Development of a candidate
vaccine against Ross River virus infection. Vaccine.
1994;12(12):1118-24. [PubMed] [Google Scholar]
Mutricy R, Matheus S, Mosnier E, Martinez-Lorenzi E,
De Laval F, Nacher M, Niemetzky F, Naudion P, Djossou
F, Rousset D, Epelboin L. Mayaro virus infection in
French Guiana, a cross sectional study 2003-2019.
Infect Genet Evol. 2022;99:105243. [PubMed] [Google
Scholar]

Sane J, Guedes S, Ollgren J, Kurkela S, Klemets P,
Vapalahti O, Kela E, Lyytikdinen O, Nuorti JP. Epidemic
Sindbis virus infection in Finland: a population-
based case-control study of risk factors. J Infect Dis.
2011;204(3):459-66. [PubMed] [Google Scholar]
Korhonen EM, Suvanto MT, Uusitalo, R, Faolotto G,
SmuraT, Sane J, Vapalahti O, Huhtamo E. Sindbis virus
strains of divergent origin isolated from humans and
mosquitoes during a recent outbreak in Finland. Vector
Borne Zoonotic Dis. 2020;20(11):843-9. [PubMed]
[Google Scholar]

Murphy AK, Clennon JA, Vazquez-Prokopec G, Jansen
CC, Frentiu FD, Hafner LM, Hu W, Devine GJ. Spatial
and temporal patterns of Ross River virus in south east
Queensland, Australia: identification of hot spots at the
rural-urban interface. BMC Infect Dis. 2020;20(1):722.
[PubMed] [Google Scholar]

100. Lindsay MD, Johansen CA, Smith DW, Wallace MJ,

Mackenzie JS. An outbreak of Barmah Forest virus
disease in the south-west of Western Australia. Med J
Aust. 1995;162(6):291-4. [PubMed] [Google Scholar]

101. Mourdo MP, de Souza Bastos MD, de Figueiredo RP,

Gimaque JB, dos Santos Galusso E, Kramer VM, de
Oliveira CM, Naveca FG, Figueiredo LT. Mayaro fever




102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Sharma M et al.
J. Commun. Dis. 2023; 55(3)

in the city of Manaus, Brazil, 2007-2008. Vector Borne
Zoonotic Dis. 2012;12(1):42-6. [PubMed] [Google
Scholar]

da Silva Pessoa Vieira CJ, da Silva DJ, Barreto ES,
Siqueira CE, Colombo TE, Ozanic K, Schmidt DJ,
Drumond BP, Mondini A, Nogueira ML, Bronzoni
RV. Detection of Mayaro virus infections during a
dengue outbreak in Mato Grosso, Brazil. Acta Trop.
2015;147:12-6. [PubMed] [Google Scholar]
Morrison AC, Forshey BM, Notyce D, Astete H, Lopez
V, Rocha C, Carrion R, Carey C, Eza D, Montgomery
JM, Kochel TJ. Venezuelan equine encephalitis virus
in lquitos, Peru: urban transmission of a sylvatic
strain. PLoS Negl Trop Dis. 2008;2(12):e349. [PubMed)]
[Google Scholar]

Jost H, Bialonski A, Storch V, Glinther S, Becker N,
Schmidt-Chanasit J. Isolation and phylogenetic analysis
of Sindbis viruses from mosquitoes in Germany. J Clin
Microbiol. 2010;48(5):1900-3. [PubMed] [Google
Scholar]

Korhonen EM, Suvanto MT, Uusitalo, R, Faolotto G,
Smura T, Sane J, Vapalahti O, Huhtamo E. Sindbis
virus strains of divergent origin isolated from humans
and mosquitoes during a recent outbreak in Finland.
Vector Borne Zoonotic Dis. 2020;20(11):843-9.
[PubMed] [Google Scholar]

Murphy AK, Clennon JA, Vazquez-Prokopec G, Jansen
CC, Frentiu FD, Hafner LM, Hu W, Devine GJ. Spatial
and temporal patterns of Ross River virus in south
east Queensland, Australia: identification of hot
spots at the rural-urban interface. BMC Infect Dis.
2020;20(1):722. [PubMed] [Google Scholar]

Ching KC, Ng LF, Chai CL. A compendium of small
molecule direct-acting and host-targeting inhibitors
as therapies against alphaviruses. J Antimicrob
Chemother. 2017;72(11):2973-89. [PubMed] [Google
Scholar]

108. Passmore J, O’Grady KA, Moran R, Wishart E. An
outbreak of Barmah Forest virus disease in Victoria.
Commun Dis Intell Q Rep. 2002;26(4):600-4. [PubMed]
[Google Scholar]

Rezza G, Chen R, Weaver SC. O’nyong-nyong fever: a
neglected mosquito-borne viral disease. Pathog Glob
Health. 2017;111(6):271-5. [PubMed] [Google Scholar]
Bessaud M, Peyrefitte CN, Pastorino BA, Gravier P,
Tock F, Boete F, Tolou HJ, Grandadam M. O’nyong-
nyong virus, Chad. Emerg Infect Dis. 2006;12(8):1248-
50. [PubMed] [Google Scholar]

Wolfe DN, Heppner DG, Gardner SN, Jaing C, Dupuy LC,
Schmaljohn CS, Carlton K. Current strategic thinking
for the development of a trivalent alphavirus vaccine
for human use. Am J Trop Med Hyg. 2014;91(3):442-
50. [PubMed] [Google Scholar]

Bennett SR, McCarty JM, Ramanathan R, Mendy J,

113.

114.

115.

116.

117.

118.

119.

120.

121.

Richardson JS, Smith J, Alexander J, Ledgerwood JE,
de Lame PA, Tredo SR, Warfield KL, Bedell L. Safety
and immunogenicity of PXVX0317, an aluminium
hydroxide-adjuvanted chikungunya virus-like particle
vaccine: a randomised, double-blind, parallel-group,
phase 2 trial. Lancet Infect Dis. 2022;22(9):1343-55.
[PubMed] [Google Scholar]

Holzer GW, Coulibaly S, Aichinger G, Savidis-Dacho
H, Mayrhofer J, Brunner S, Schmid K, Kistner O,
Aaskov JG, Falkner FG, Ehrlich H, Barrett PN, Kreil TR.
Evaluation of an inactivated Ross River virus vaccine in
active and passive mouse immunization models and
establishment of a correlate of protection. Vaccine.
2011;29(24):4132-41. [PubMed] [Google Scholar]
Olivon F, Allard PM, Koval A, Righi D, Genta-Jouve G,
Neyts J, Apel C, Pannecouque C, Nothias LF, Cachet
X, Marcourt L, Roussi F, Katanaev VL, Touboul D,
Wolfender JL, Litaudon M. Bioactive natural products
prioritization using massive multi-informational
molecular networks. ACS Chem Biol. 2017;12(10):2644-
51. [PubMed] [Google Scholar]

Feibelman KM, Fuller BP, Li L, LaBarbera DV, Geiss
BJ. Identification of small molecule inhibitors of the
chikungunya virus nsP1 RNA capping enzyme. Antiviral
Res. 2018;154:124-31. [PubMed] [Google Scholar]
Kaur P, Thiruchelvan M, Lee RC, Chen H, Chen KC, Ng
ML, Chu JJ. Inhibition of chikungunya virus replication
by harringtonine, a novel antiviral that suppresses viral
protein expression. Antimicrob Agents Chemother.
2013;57(1):155-67. [PubMed] [Google Scholar]
aukinen P, Glasker S, Bespalov M, Hanski L,
Wennerberg K, Kimmerer BM, Ahola T. Discovery
of berberine, abamectin and ivermectin as antivirals
against chikungunya and other alphaviruses. Antiviral
Res. 2016;126:117-24. [PubMed] [Google Scholar]
Abdelnabi R, Amrun SN, Ng LF, Leyssen P, Neyts J,
Delang L. Protein kinases C as potential host targets
for the inhibition of chikungunya virus replication.
Antiviral Res. 2017;139:79-87. [PubMed] [Google
Scholar]

Hucke FI, Bugert JJ. Current and promising antivirals
against chikungunya virus. Front Public Health.
2020;8:618624. [PubMed] [Google Scholar]
Bakovic A, Bhalla N, Alem F, Campbell C, Zhou W,
Narayanan A. Inhibitors of Venezuelan equine
encephalitis virus identified based on host interaction
partners of viral non-structural protein 3. Viruses.
2021;13(8):1533. [PubMed] [Google Scholar]
Nguyen TH, Haese NN, Madadi N, Sarkar S, Bonin K,
Streblow CE, Taft-Benz S, Tower NA, Rasmussen L,
Bostwick R, Augelli-Szafran CE, Suto MJ, Morrison TE,
DeFilippis V, Heise MT, Streblow DN, Pathak AK. Studies
on dibenzylamines as inhibitors of Venezuelan equine
encephalitis virus. ACS Infect Dis. 2019;5(12):2014-28.

ISSN: 0019-5138

DOI: https://doi.org/10.24321/0019.5138.202330



Sharma M et al.
J. Commun. Dis. 2023; 55(3)

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

[PubMed] [Google Scholar]

Bengue M, Pintong AR, Liegeois F, Nougairéde A,
Hamel R, Pompon J, de Lamballerie X, Roques P,
Choumet V, Missé D. Favipiravir inhibits Mayaro
virus infection in mice. Viruses. 2021;13(11):2213.
[PubMed] [Google Scholar]

Langendries L, Abdelnabi R, Neyts J, Delang L.
Repurposing drugs for Mayaro virus: identification
of EIDD-1931, favipiravir and suramin as Mayaro virus
inhibitors. Microorganisms. 2021;9(4):734. [PubMed]
[Google Scholar]

dos Santos AE, Kuster RM, Yamamoto KA, Salles TS,
Campos R, de Meneses MD, Soares MR, Ferreira
D. Quercetin and quercetin 3-O-glycosides from
Bauhinia longifolia (Bong.) Steud. show anti-Mayaro
virus activity. Parasit Vectors. 2014;7:130. [PubMed]
[Google Scholar]

Spindola KC, Simas NK, Salles TS, de Meneses MD,
Sato A, Ferreira D, Romao W, Kuster RM. Anti-Mayaro
virus activity of Cassia australis extracts (Fabaceae,
Leguminosae). Parasit Vectors. 2014;7:537. [PubMed]
[Google Scholar]

Salles TS, Meneses MD, Caldas LA, Sa-Guimaraes
TE, de Oliveira DM, Ventura JA, Azevedo RC, Kuster
RM, Soares MR, Ferreira DF. Virucidal and antiviral
activities of pomegranate (Punica granatum) extract
against the mosquito-borne Mayaro virus. Parasit
Vectors. 2021;14(1):443. [PubMed] [Google Scholar]
Hwang J, Jiang A, Fikrig E. Rev-erb agonist inhibits
chikungunya and O’nyong’nyong virus replication.
Open Forum Infect Dis. 2018;5(12):0fy315. [PubMed]
[Google Scholar]

Septembre-Malaterre A, Bedoui Y, Giry C, Gasque
P, Guiraud P, Sélambarom J. Quercetin can reduce
viral RNA level of O’nyong-nyong virus and resulting
innate immune cytokine responses in cultured
human synovial fibroblasts. Sci Rep. 2021;11(1):6369.
[PubMed] [Google Scholar]

Supramaniam A, Liu X, Ferro V, Herrero L. Prophylactic
antiheparanase activity by PG545 is antiviral in vitro
and protects against Ross River virus disease in mice.
Antimicrob Agents Chemother. 2018;62(4):e01959-17.
[PubMed] [Google Scholar]

Ralambondrainy M, Belarbi E, Viranaicken W,
Baranauskiené R, Venskutonis PR, Despres P, Roques
P, Kalamouni CE, Sélambarom J. In vitro comparison
of three common essential oils mosquito repellents
as inhibitors of the Ross River virus. PLoS One.
2018;13(5):e0196757. [PubMed] [Google Scholar]
Helenius A, Marsh M, White J. Inhibition of Semliki
forest virus penetration by lysosomotropic weak
bases. J Gen Virol. 1982;58 Pt 1:47-61. [PubMed]
[Google Scholar]

ISSN: 0019-5138

DOI: https://doi.org/10.24321/0019.5138.202330

132.

133.

134.

135.

136.

137.

138.

Marsh M, Wellsteed J, Kern H, Harms E, Helenius A.
Monensin inhibits Semliki Forest virus penetration
into culture cells. Proc Natl Acad Sci U S A.
1982;79(17):5297-301. [PubMed] [Google Scholar]
Paredes A, Alzuru M, Mendez J, Rodriguez-Ortega
M. Anti-Sindbis activity of flavanones hesperetin
and naringenin. Biol Pharm Bull. 2003;26(1):108-9.
[PubMed] [Google Scholar]

Liang XH, Kleeman LK, Jiang HH, Gordon G, Goldman
JE, Berry G, Herman B, Levine B. Protection against
fatal Sindbis virus encephalitis by beclin, a novel Bcl-
2-interacting protein. J Virol. 1998;72(11):8586-96.
[PubMed] [Google Scholar]

Warren TK, Shurtleff AC, Bavari S. Advanced
morpholino oligomers: a novel approach to antiviral
therapy. Antiviral Res. 2012;94(1):80-8. [PubMed]
[Google Scholar]

Pohjala L, Alakurtti S, Ahola T, Yli-Kauhaluoma J,
Tammela P. Betulin-derived compounds as inhibitors
of alphavirus replication. ) Nat Prod. 2009;72(11):1917-
26. [PubMed] [Google Scholar]

Kim HY, Patkar C, Warrier R, Kuhn R, Cushman M.
Design, synthesis, and evaluation of dioxane-based
antiviral agents targeted against the Sindbis virus capsid
protein. Bioorg Med Chem Lett. 2005;15(13):3207-11.
[PubMed] [Google Scholar]

Burdeinick-Kerr R, Griffin DE. Gamma interferon-
dependent, noncytolytic clearance of Sindbis
virus infection from neurons in vitro. J Virol.
2005;79(9):5374-85. [PubMed] [Google Scholar]




	_Hlk127654653
	_Hlk127654404
	_gjdgxs
	_30j0zll
	_1fob9te

