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Mosquito-borne flaviviruses provide some of the most important examples of emerging and resurging diseases of global
significance. Here, we describe three of them: the resurgence of dengue in tropical and subtropical areas of the world, and the
spread and establishment of Japanese encephalitis and West Nile viruses in new habitats and environments. These three
examples also illustrate the complexity of the various factors that contribute to their emergence, resurgence and spread. Whereas
some of these factors are natural, such as bird migration, most are due to human activities, such as changes in land use, water
impoundments and transportation, which result in changed epidemiological patterns. The three examples also show the ease
with which mosquito-borne viruses can spread to and colonize new areas, and the need for continued international surveillance
and improved public health infrastructure to meet future emerging disease threats.

Emerging diseases are defined as diseases that have newly appeared in
a population or have existed previously but are rapidly increasing in
incidence or geographic range!. Mosquito-borne members of the
genus Flavivirus in the family Flaviviridae provide some of the most
important examples of emerging diseases, as well as one of the earliest
documented examples of the spread of a disease into a new geographic
area: yellow fever from West Africa into the Americas in the seven-
teenth and eighteenth centuries, which was probably carried by vessels
used in the slave trade. More recently, the enormous resurgence of
dengue in the tropical and subtropical areas of the world, the emer-
gence of West Nile in North America and the spread of Japanese
encephalitis through much of Asia and into Oceania provide excellent
examples of emergence that form the basis of this article.

Most members of the Flavivirus genus are arthropod-borne, or
arboviruses, a term that describes their requirement for a blood-
sucking arthropod to complete their life cycle. A few members of the
genus, however, have no known vector. The genus contains over 70
viruses, of which approximately 40 are mosquito-borne, 16 are tick-
borne and 18 have no known vector?. The type species of the genus is
yellow fever virus (YFV), through which the genus and family derive
their name. Although all flaviviruses are serologically related, they can
also be grouped serologically into distinct groups®#, the most impor-
tant of which are the dengue serological group, the Japanese encephali-
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tis serological group and a less serologically cohesive YFV group. They
are positive-strand RNA viruses with a genome of about 11 kilobases.
The genome RNA represents the only messenger RNA in infected cells
and encodes three structural proteins (C, capsid protein; prM, the
membrane precursor protein that is proteolytically cleaved by a cellular
protease to form the M protein in mature virions; and E, envelope pro-
tein) and seven nonstructural (NS) proteins (NS1, NS2a, NS2b, NS3,
NS4a, NS4b and NS5)>°, The E glycoprotein is the most immunologi-
cally important protein.

The origin, evolution and spread of flaviviruses have been investi-
gated by extensive genomic sequence analyses and calculating base
substitution rates using sequences from the NS5, NS3 or E genes, or
from complete genomic sequences’'®. The results have clearly shown
that the tick-borne and mosquito-borne viruses constituted two dis-
tinct, separate evolutionary lineages”®, that most of the viruses with
no known vector were also in a distinct lineage and that the three line-
ages had diverged early in the evolution of the Flavivirus genus'?.
Taking the phylogenetic data together with the biological properties of
different flaviviruses, it has been hypothesized that the Flavivirus
genus evolved from an ancestral virus in Africa within the past 10,000
years®1214, The tick-borne lineage is believed to have diverged about
3,000 years ago, followed by the mosquito-borne viruses’~!316, The
most divergent of the mosquito-borne viruses form a clade, typified
by YFV. These viruses are all found in the Old World and are largely
associated with Aedes mosquitoes, and some are associated with hem-
orrhagic disease in primates. A subsequent divergence gave rise to fur-
ther clades containing viruses associated with Aedes mosquitoes,
including some causing hemorrhagic disease, exemplified by mem-
bers of the dengue virus serological group; and clades associated pri-
marily with Culex mosquitoes and causing encephalitic disease,
typified by members of the Japanese encephalitis virus serological
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group!®1>. The phylogenetic clustering and relationships have been in
general agreement with the classification of flaviviruses using standard
serological schemes>*,

Flaviviruses are zoonoses that depend on animal species other than
humans for their maintenance in nature, with the notable exception of
the dengue viruses. Humans are usually incidental and dead-end hosts
that do not contribute to the natural transmission cycle. Dengue viruses,
however, have adapted completely to humans and are maintained in
large urban areas in the tropics in human-mosquito-human transmis-
sion cycles that no longer depend on animal reservoirs, although such
reservoirs are still maintained in the jungles of Africa and southeast
Asia in mosquito-monkey-mosquito transmission cycles!”!8.

There have been few previously unrecognized flaviviruses described
in recent years. More important have been the resurgence and spread of
well-known flaviviruses, particularly the mosquito-borne flaviviruses.
The changing epidemiology of the different viruses is complex and
unique to each virus'®, and many factors and properties affect their
potential to spread and colonize new areas, and to cause an increased
incidence of infection. These factors are complex and not fully under-
stood, but they are closely associated with demographic and societal
changes that have occurred over the past half-century—that is, they
are due in large part to human activities!®-20. So, urbanization, trans-
portation and changes in land use have been particularly conducive to
emergence and resurgence of mosquito-borne diseases. In addition,
other natural factors may also contribute to disease activity and virus
spread, such as genetic change in the virus, host-vector relationships,
bird migration and movement, climate and wind patterns. These factors
provide a common thread to the following discussion.

Japanese encephalitis virus

Etiology. The Japanese encephalitis serological group of flaviviruses
comprises eight virus species and two subtype viruses with a geo-
graphic range encompassing all continents except Antarctica?!. The
major virus species and their geographic range are as follows: the
Japanese encephalitis virus (JEV) in eastern, southern and southeastern
Asia, Papua New Guinea and the Torres Strait of northern Australia;
the West Nile virus (WNV) in Africa, southern and central Europe,
India, the Middle East and North America, and, as Kunjin virus (a sub-
type of WNV), in Australia and Papua New Guinea; the Murray Valley
encephalitis virus (MVEV) in Australia, Papua New Guinea and the
western Indonesian archipelago; and the St. Louis encephalitis virus
(SLEV) in North and South America (Fig. 1). The other minor mem-
bers of the group are Usutu (USUV), Koutango and Yaounde viruses
in Africa; Cacipacore virus in South America; and Alfuy, a subtype of
MVEYV, in Australia. Most members have avian vertebrate hosts and are
vectored primarily by Culex spp. mosquitoes.

JEV is the most important cause of viral encephalitis in eastern and
southern Asia, with 30,000-50,000 cases reported annuallyzz, although
this may be a considerable underestimate because of inadequate sur-
veillance and reporting. Of these cases, about 25-30% are fatal and
50% result in permanent neuropsychiatric sequelae??. Most infections
are asymptomatic, with estimates?* of the ratio of symptomatic to
asymptomatic infection ranging from 1 in 25 to 1 in 1,000, the varia-
tion depending on many factors??, including endemicity, exposure
to mosquitoes, pre-existing antibodies to flaviviruses and virus strain
differences.

Pathogenesis. The incubation period of JEV is 5-15 days. Clinical dis-
ease varies from a nonspecific febrile illness to a severe disease in which
patients present with meningoencephalitis, aseptic meningitis or a
polio-like acute flaccid paralysis?>?. Most clinical cases occur in
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infants and children, although in areas where JEV occurs for the first
time or only at rare intervals, clinical disease may be found in all age
groups. Patients typically present after a few days of nonspecific febrile
illness, which may include cough, nausea, vomiting, diarrhea and pho-
tophobia, followed by a reduced level of consciousness. Convulsions
occur frequently in children and less commonly in adults. A proportion
of patients make a rapid spontaneous recovery. The classical descrip-
tion of Japanese encephalitis includes a Parkinsonian syndrome of
dull, flat, mask-like facies with wide, unblinking eyes, tremor, general-
ized hypertonia, cogwheel rigidity and other abnormalities of move-
ment?2, There may also be upper motor neuron signs, cerebellar signs
and cranial nerve palsies. Paralysis of the upper extremities is more
common than that of the legs. About 30% of survivors have frank
persistent motor deficits and about 20% have severe cognitive and
language impairment.

Transmission. Much of our knowledge of the ecology of JEV has
come from studies carried out in Japan by Scherer, Buescher and
colleagues?®?’, and JEV ecology has been the subject of several
reviews?>282930 Tt is now well established that the virus exists in a
zoonotic transmission cycle between mosquitoes and pigs and/or water
birds; humans become infected only coincidentally when bitten by an
infected mosquito and are a dead-end host. JEV has been isolated from
many mosquito species in field studies, and although the major mos-
quito vectors vary in different geographic regions, the most important
is Culex tritaeniorhynchus. Pigs are the main component in the trans-
mission cycle with respect to human infection, whereas herons, egrets
and other ardeid birds are important maintenance hosts. Of other ver-
tebrate species, horses can develop central nervous system (CNS) infec-
tions but are a dead-end host; other domestic animals become infected,
but show no evidence of viremia; rodents are refractory to infection;
and amphibians, reptiles and bats can become infected experimentally
and virus can persist, but the role of these species in overwintering and
maintenance of the virus in the environment is not known.

There are two epidemiological patterns of transmission: an endemic
pattern in tropical areas with virus circulation in most months of the
year, but with a broad seasonal peak probably resulting from irrigation
practices; and an epidemic pattern in more temperate areas with clear
summer seasonality>. So, Japanese encephalitis is largely a rural dis-
ease, with Cx. tritaeniorhynchus mosquitoes breeding in rice paddies
and pigs providing the main source of blood meals, with the conse-
quence of transmission cycles in close proximity to human habitation.
Changing epidemiological patterns may be occurring in some areas,
however, where pig husbandry has improved through collective
pigsties and urban mosquito species, such as Cx. quinquefasciatus,
have replaced paddy field breeding species (J.P. Gonzalez, unpublished
data).

Epidemiology and phylogenetic variation. Historically, epidemics of
encephalitis have been recognized in Japan since the 1870s. JEV was
first isolated from the brain of a fatal human case in 1935. It has subse-
quently been found throughout most of eastern and southern
Asia?>3031 The apparent temporal spread of JEV in Asia over the past
five decades can be traced by the approximate date of the first report of
epidemic activity?>?%3031 In the 1990s, JEV spread westward into
southern Pakistan for the first time32, although its establishment there
has never been confirmed, into the Haryana*} and Kerala®* states in
northwestern and southwestern India, respectively, and eastwards into
the western Indonesian archipelago, New Guinea and northern
Australia®>=38, The latter spread was unexpected, as it had long been
held that JEV was restricted to the Oriental zoogeographic region, as
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Figure 1 The global distribution and spread of the major Japanese encephalitis serological group members. This map was based on a map of the distribution
of Japanese encephalitis serological group viruses prepared by United States Centers for Disease Control and Prevention Division of Vector-Borne Infectious
Diseases, but altered to reflect the spread of West Nile virus in North and Central America.

defined by the hypothetical Wallace Line, and that its close relative,
MVEYV, was the encephalitic flavivirus in the Australasian zoogeo-
graphic region®”3%40, Burke and Leake?® and Endy and Nisalak?® have
described the current geographic range of JEV.

Phylogenetic studies of a number of JEV isolates from different geo-
graphic areas using limited nucleotide sequencing in the highly vari-
able prM gene suggested that there are at least four JEV genotypes*!42,
These findings were confirmed using sequences from the E gene**—,
and the number of genotypes extended to a possible fifth genotype*®.
Most virus strains of genotype I were isolated from northern Thailand,
Cambodia and Korea; those from genotype II were isolated from
southern Thailand, Malaysia, Indonesia and Australia; those from
genotype IIT were isolated from areas of Asia that are largely temper-
ate, such as Japan, Korea, China, Taiwan, Philippines, India and Sri
Lanka; and those from genotype IV have only been isolated from
Indonesia®14243, A strain isolated in 1952 from Malaysia, Muar strain,
may represent the only known example of a fifth genotype*®. Most iso-
lates, including the prototype Nakayama strain, belong to genotype III,
the most widely distributed genotype and the only genotype found in
the Indian subcontinent. So, genotypes I and IIT occurred principally in
temperate, epidemic areas, and genotypes Il and IV occurred principally
in tropical, endemic regions.

This observation led to the hypothesis that genetic differences might
correlate with epidemic potential*!424>, but further analysis of isolates
from different geographic areas found several anomalies, especially
with respect to movement from epidemic to endemic areas. So, isolates
of epidemic genotype III were found in various endemic areas, such as
Indonesia, southern Vietnam*> and Malaysia®’. Epidemic genotype 1
isolates were found in Malaysia%’, and the same genotype has also
recently become established in the Torres Strait of northern Australia“S.
In addition to these anomalies, there has been a shift in the predomi-
nant genotype in some epidemic areas, with genotype III viruses being

supplanted by genotype I viruses. This has been observed in Japan**°,

Korea®! and northern Vietnam>® during the early to mid-1990s.

Some caution had rightly been expressed about phylogenetic analy-
ses using limited nucleotide sequences®, especially with the recent evi-
dence indicating the occurrence of homologous recombination with
JEV>%; however, further studies of JEV phylogeny with full-length
genomic sequences have supported the findings from the limited
sequence data*>33, particularly sequences from the E gene. Nevertheless,
although there are 30 full-length genomic sequences, there is an imbal-
ance in their selection, with most belonging to genotype III.

Virus evolution and spread. The mechanisms by which JEV emerges
and establishes in new areas are not well understood. It had long been
thought that a major factor was changing land usage and agricultural
practices whereby deforestation or agricultural changes led to increased
paddy field development for rice growing®. Although this undoubt-
edly has a role in establishing endemic foci, it does not in itself reflect
how the virus arrives in the new area. The three mechanisms most
likely to assist in spread are wind-blown mosquitoes, bird migration
and the movement or transportation of infected people. In the 1995
outbreak in the Torres Strait, it was hypothesized that JEV moved east-
ward from endemic foci in eastern Indonesia to New Guinea and the
Torres Strait by a process of vagrant birds moving from island to island,
and setting up a series of mosquito-pig and mosquito-bird transmis-
sion cycles™. It was suggested that subsequent movement across the
Torres Strait into northern mainland Australia was through the move-
ment of infected mosquitoes blown by cyclonic winds®®. Indeed, there
is a substantial literature on the role of wind in the genesis of epidemic
activity of arboviruses through the movement of infected arthropods,
including mosquitoes®’, and wind is also used by Cx. tritaeniorhynchus
mosquitoes as a means of migration each year in China®®>® and for
dispersion in Japan®. The mechanism by which the genotype I virus
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reached the Torres Strait in 2000 is not known, and it has been hypo-
thesized that this new genotype might have been introduced through a
migratory bird. The role of bird migration in JEV dispersal is not well
understood, and many of the species implicated in JEV transmission
cycles move shorter distances as vagrants. Nevertheless, there is anec-
dotal evidence that it may be an important mechanism for virus move-
ment5061,62,

The origin and evolution of JEV have been the subject of consider-
able speculation and discussion. The lineage leading to the Japanese
encephalitis serological group may have diverged in Africa within the
millenium®11715. As the closest relatives to JEV are MVEV and Alfuy
virus in Australia?">> and USUV in Africa?!, an early virus in the JEV
lineage might have arisen from northern Africa or western Asia, and
radiated eastward to evolve JEV, MVEV and Alfuy virus, and westward
to give rise to USUV?. The ancestor of JEV, however, was probably an
Asian virus and may have evolved within the past 300 years®’. Recent
phylogenetic results suggest that JEV subsequently evolved in south-
eastern Asia and then dispersed to northern and eastern areas®?. In
support of this, it was pointed out that genotypes IV and V are the most
divergent genotypes and may represent the oldest lineages, and that
they and the other three lineages are all found in the Indo-Malayasian
region, whereas genotypes I, II and III have dispersed elsewhere. The
hypothesis raises many questions, not least of which are those related
to the lack of apparent dispersal of the older genotypes, the spread of a
single genotype (genotype III) to India, the possible spread or replace-
ment of genotypes in other parts of the geographic range of JEV, and
the relationship of JEV with the African virus USUV; its closest sibling.
Nevertheless, it seems that the relatively recent evolution of JEV may
provide the opportunity to better understand how the flaviviruses are
successfully expanding and emerging into a new global habitat.

Prevention and control. The control of Japanese encephalitis is based
largely on three interventions: mosquito control, avoiding human
exposure and immunization. Mosquito control has been less than
effective and suffers from the lack of research into new pesticides.
Eliminating human exposure to infected mosquitoes, when it is feasi-
ble, is only a short-term solution. So, immunization is the only effec-
tive method for long-term protection. The currently available vaccine
for use in most countries is an inactivated vaccine derived from mouse
brain, which is manufactured in several regional countries®>®4, but it is
expensive, comprises three doses, requires boosting at relatively fre-
quent intervals, may be less effective due to antigenic variation and
gives rise to a number of vaccine-related adverse reactions.

To circumvent some of the adverse reactions, Vero cell-grown inac-
tivated vaccines are being investigated, and some of them are currently
in clinical trials. Live, attenuated vaccines seem to offer the best prom-
ise; not only do they provide long-lasting immunity, but the amount of
virus needed to induce an immune response is much less, with impor-
tant manufacturing advantages. The only potential vaccine, the
Chinese SA14-14-2 strain, cannot be used outside China at this time,
as it does not conform to the international safety requirements with
respect to the cell substrate (primary hamster kidney cells), and it is
also possible that the original seed virus may not have complied with
good manufacturing practice. Nevertheless, it has been extensively used
in China with good seroconversion (99—-100%) and efficacy (over 98%)
after two doses®?. In a case-control study carried out in Nepal, an efficacy
of 99.3% was reported after a single dose of the SA14-14-2 vaccine®.
Two approaches are being pursued to make the vaccine more accept-
able for international use: the use of a pathogen-free hamster colony
for the preparation of the cell substrate and extensive testing for
adventitious agents, and passage of the vaccine in Vero cells and
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retested in human clinical trials. The most interesting and potentially
useful approach for a future Japanese encephalitis vaccine is the use of
a chimeric recombinant, attenuated virus vaccine candidate based on
the YFV 17D vaccine genome, in which the YFV prM and E genes are
replaced by the corresponding genes from JEV strain SA-14-14-26364,
This approach has shown the chimeric vaccine to elicit a short low-
level viremia in almost all vaccines, to be well tolerated and to induce
neutralizing antibodies in all recipients®®. The vaccine also protects
nonhuman primates and mice against challenge with homologous and
heterologous JEV genotypes®, although the mouse results using pas-
sive protection suggested that the level of protection was greater for
genotypes II and III (homologous genotype) than for genotypes I or
IV (ref. 67). The chimeric Japanese encephalitis vaccine (ChimeraVax-
JE) is under phase 2 clinical trials with promising early results. Several
other molecular approaches are under investigation, but all are still in
the development phase®.

The use of inactivated Japanese encephalitis vaccine is widespread in
several Asian countries with routine immunization of school-age chil-
dren in Japan, Korea, China (inactivated and live attenuated vaccines),
Thailand and Taiwan®?. It has been suggested that Japanese encephali-
tis vaccine should be introduced into the Expanded Program of
Immunization in countries where the burden of disease is believed to
be high, but accurate information on the disease burden is lacking for
most of the relevant countries. Studies are underway through the
World Health Organization and the International Vaccine Institute to
address this issue. The Gates Foundation has recently provided a gen-
erous donation of $27 million to help introduce Japanese encephalitis
vaccine into the Expanded Program of Immunization of countries
with a substantial burden of disease.

West Nile virus

Etiology. WNV was first isolated in 1937 from the blood of a febrile
woman in the West Nile district of Uganda®. The virus is now known
to have an extensive distribution throughout Africa, the Middle East,
parts of Europe and the former Soviet Union, south and central Asia
and Australia, where it is known as Kunjin virus®®-7!, The virus had
not been detected in North America before a 1999 New York City out-
break and its genetic similarity to strains previously identified in Israel
suggested Middle Eastern importation’>7374, Subsequently, the virus
has spread rapidly throughout North America, the Caribbean and
Mexico (Fig. 2). Substantial virological data have documented the
spread of WNV in North America, but the data from Latin America
and the Caribbean have been largely based on serological data from
samples of healthy horses and birds. Curiously, reports of human or
equine illness have been sparse from these regions.

Unlike other members of the Japanese encephalitis serological
group, WNV can be divided genetically into two lineages’>”%: lineage 1
WNV has been most commonly associated with human disease,
whereas lineage 2 WNV strains are maintained in enzootic foci in Africa
and cause occasional mild human disease’*””. Infrequent human out-
breaks caused by lineage 1 viruses were usually associated with only
minor illness and were most often reported in Israel and Africa®7?,
but recent outbreaks in Romania (1996), Tunisia (1997), Russia (1999),
Israel (2000), and the United States and Canada (2002-2004) have
each involved large numbers of patients with neuroinvasive disease.
Whole and partial genome sequencing indicates that lineage 1 viruses
have at least three geographically distinct clades: clade 1a viruses are
found in Africa and have caused the recent outbreaks mentioned
above; viruses in 1b have been found in Australia (Kunjin); and viruses
in clade 1c have been found in India. It is thought that the clade 1a
viruses circulate between Europe and the Middle East with Africa
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through migratory birds. The lack of migratory pathways between
other regions of the world may explain the apparent geographic segre-
gation of clade 1a, 1b and 1c viruses. It is possible that occasional
anomalies may occur in this geographic separation, and indeed a clade
Ic virus and a South African—like lineage 2 virus have been reported
from the Volga delta in Russia’®. The newly emergent clade 1a viruses
fall into two closely related lineages: one lineage caused the recent out-
breaks in Israel and the Americas and was associated with avian mor-
tality; and the other caused the recent Romanian, Russian and Israeli
(viruses of both lineages were simultaneously circulating) outbreaks,
was associated with a recent equine epizootic in Italy in 1998 and was
not associated with considerable avian mortality’#7°. These newly

emergent clade 1a viruses have apparent increased virulence®.

Transmission. Birds are the primary amplifying hosts, and the virus is
maintained and spread in a bird-mosquito-bird cycle®"82. Humans
and other vertebrates, such as horses, are incidental hosts and are
thought to have a minor role in the transmission cycle, although sero-
logical data show that many species can become infected®>. Wild birds
develop prolonged high levels of viremia but generally remain asymp-
tomatic; however, substantial avian mortality has occurred in Israel
and the United States where similar virus strains have circulated. High
mortality has been noted among American crows and other North
American corvids®!. It was thought that the virus would spread in the
Americas by means of bird migration pathways. Spread of the virus to
Caribbean islands almost certainly occurred through that route; how-
ever, the evidence in North America does not clearly indicate whether
bird migration, random bird dispersal movements or both were
responsible for the marked westward spread of the virus®.

The virus is transmitted by mosquitoes usually of the Culex spp. The
major mosquito vector in Africa and the Middle East is Cx. univittatus,
with Cx. poicilipes, Cx. neavei, Cx. decens, Aedes albocephalus or
Mimomyia spp. important in some areas®>%. In Europe, Cx. pipiens,
Cx. modestus and Coquillettidia richiardii are important. In Asia, Cx.
tritaeniorhynchus, Cx. vishnui and Cx. quinquefasciatus predomi-
nate8®. In North America, WNV has been identified in 50 mosquito
species, but Cx. pipiens, Cx. restuans, Cx. quinquefasciatus and Cx.
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Figure 2 Approximate geographic distribution of WNV in the Americas, from
1999 to September 2004. The dark solid lines are the estimated range
limits as determined by virologic surveillance of dead birds reported to the
United States Centers for Disease Control and Prevention and Health
Canada. The dashed lines indicate the estimated range limits as determined
through published reports of serological studies of birds and horses, with the
year of collection indicated.

tarsalis are the main maintenance vectors®. It remains unknown
which mosquito species primarily transmit WNV to humans. WNV
has been recovered from ticks in Russia, but ticks have an unclear role
in maintaining or disseminating the virus.

The many mosquito vectors and avian species documented with
WNV in North America and its rapid geographic dispersal so far indi-
cate that WNV eventually will be distributed throughout the Americas.
This would be consistent with the distribution of SLEV, a related
Japanese encephalitis serogroup virus. The low prevalence of SLEV
antibodies in birds along with documented circulation of both viruses
in highly endemic areas for SLEV suggests that it will not have an
impact on the spread of WNV®7,

Nearly all human infections result from mosquito bites, but trans-
mission through transplanted organs and transfused blood®8°,
transplacental transmission”® and occupational transmission through
percutaneous exposure have occurred. Transmission through breast
milk is also likely®!. An outbreak among turkey-farm workers’?> and
possible transmission among hemodialysis patients have been
reported®?, although the means of viral transmission in these settings
was unclear.

Pathogenesis. The pathogenesis of severe infection with WNV is not
well understood. During feeding, the mosquito injects virus-laden
saliva into the host. Virus may infect fibroblasts, vascular endothelial
cells or cells of the reticuloendothelial system. Viremia develops, which
may lead to CNS infection.

Most persons infected with WNV are asymptomatic. Illness not
associated with invasive neurological disease, known as West Nile
fever, is a self-limited febrile illness, occurring in about 20-30% of
persons infected with WNV®4, The typical incubation period ranges
from 2 to 14 days, although immunosuppression may result in longer
incubation periods®. West Nile fever is usually characterized by fever,
headache, back pain, myalgias and anorexia persisting for 3 days to
several weeks. Eye pain, pharyngitis, nausea, vomiting, diarrhea and
abdominal pain can also occur. Fatigue may be prolonged®’. A
maculopapular rash occurs in about half the persons with West Nile
fever, but is less commonly reported in persons with neuroinvasive
disease”»?. Generalized lymphadenopathy, although commonly
reported in previous outbreaks, is rare in contemporary outbreaks.
Myocarditis, pancreatitis and hepatitis have been described in severe
infections?2.

About 1 in 150 infections result in meningitis or encephalitis
Movement disorders such as tremor, myoclonus and parkinsonian fea-
tures including rigidity, postural instability and bradykinesia are com-
mon®. Advanced age is the most important predictor of death?>%,
Severe muscle weakness and a change in the level of consciousness are
also risk factors for death among encephalitis patients. Among sur-
vivors, long-term cognitive and neurologic impairment may occur.
Mortality among patients with neuroinvasive disease is about 10%°4%7,

WNV infection may cause an acute flaccid paralysis syndrome?>%8,
Although Guillain-Barré syndrome may occur, most paralysis results
from an anterior horn cell process suggestive of poliomyelitis. Paralysis
from WNV poliomyelitis is asymmetric and can occur without overt
meningitis or encephalitis. Long-term improvement is variable, but
complete recovery is uncommon. Cranial nerve abnormalities may
occur. Other neurologic complications with WNV include seizures,
cerebellar ataxia, brachial plexopathy and optic neuritis?>,

Pathologic observations of fatal encephalitis showed scattered
microglial nodules, mononuclear perivascular inflammatory infil-
trates, and loss of neurons most predominant in the gray matter of
the pons, medulla and midbrain as well as anterior horn cells of the
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spinal cord®. Viral antigens were most commonly observed inside
neurons and neuronal processes in these regions, with increased
amounts in severely immunocompromised patients. WNV was used
at one time as an experimental treatment for cancer; the virus was
isolated in spleen, lymph nodes, liver and lungs in patients who died
within approximately 4 weeks after such treatment!?0. Persistent
neurological infection has been shown in experimentally infected
monkeys.

Host factors. Age is the most important host risk factor for develop-
ment of neuroinvasive disease after infection?>%%%4, Surveillance data
from the United States indicate that risk increases about 1.5-fold for
each decade of life, resulting in a risk 30 times greater for a person
80-90 years old compared with a child younger than 10 years®’.
Transplant recipients and other patients with immunosuppressive
conditions seem to be at very high risk for neuroinvasive disease3®8%101,
Immunosuppressed patients may have an increased propensity to
develop WNV poliomyelitis and also have worse prognosis'®!. Notably,
there are few reports of neuroinvasive disease in patients with acquired
immunodeficiency syndrome. Diabetes, hypertension and cerebrovas-
cular disease have been postulated to increase the probability of neuro-
invasive disease, but these have been inconsistently identified as risk
factors during outbreaks®*.

Host genetics may prove important for development of neuroinva-
sive disease. Flavivirus resistance in some strains of laboratory inbred
mice have been mapped to the interferon-inducible 2',5'-oligoadenylate
synthetase gene family!%2, 2',5'-Oligoadenylate synthetases bind and
activate a latent endoribonuclease, as well as being involved in other
cellular processes such as apoptosis.

Immune responses. Humoral immunity is an essential component of
the immune response to WNV, particularly terminating viremia!03,
Passive transfer of immunoglobulin G protects mice if administered
before or shortly after lethal challenge. Furthermore, mice genetically
deficient in B cells had increased WNV viral loads in the CNS, and the
infection was lethal at lower doses of virus than in littermate controls.
T lymphocytes are thought to contribute to eradicating WNV from
infected cells. Mice deficient in y-interferon-producing Y& T cells had
greater viral loads and WNV dissemination to the CNS!%4, Mice defi-
cient in CD8™ T cells had sustained viremia, higher CNS viral burdens

Figure 3 Dengue virus. (a) The immature dengue particle. It has 60 protein ‘spikes’ (circle) that jut
from its surface, making it less smooth than the mature form. (b) The structure of the mature dengue
virus. The virus surface is unusually smooth and its membrane is completely enclosed by a protein
shell. The different domains of the protein are represented by different colors. Courtesy of R. Kuhn
(Purdue University)
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and increased mortality rates after WNV challenge; among survivors,
virus was isolated from the CNS for several weeks'%>. Macrophage
depletion was also found to influence virulence for the CNS in a
mouse model.

In humans with neuroinvasive disease, IgM antibody is detectable in
cerebrospinal fluid and serum in most persons within 5 days of symp-
tom onset. At clinical presentation, nucleic acid amplification tests of
cerebrospinal fluid are positive in about half the persons with neuro-
invasive disease, but serum samples rarely test positive®.
Immunocompromised patients may have delayed development of IgM
antibodies and prolonged viremias®®. The timing of the IgM antibody
response in patients with WNV fever is poorly described, but serum
samples obtained during clinical illness often test negative.

Progress in developing vaccines and treatment. Controlled studies to
evaluate specific therapies for WNV infection have not been com-
pleted. A phase 1-2 randomized, placebo-controlled trial to assess the
safety and efficacy of intravenous immune globulin containing high
titers of antibody to WNV in patients with or at high risk for progres-
sion to encephalitis and/or myelitis is in progress'®. A double-
blinded, placebo-controlled trial of interferon-a-n3 is also in progress.
A trial of interferon-0-2a did not show benefit in patients with
Japanese encephalitis!®”. The variable outcome of WNV infection war-
rants that uncontrolled trials or case reports should be cautiously
interpreted®. Israeli patients treated with ribavirin had higher mortal-
ity than those not treated, although this difference may have resulted
from patient selection.

A formalin-inactivated veterinary vaccine has been successfully
used in horses, but its efficacy in avian species has not been encourag-
ing®. Chimeric virus vaccines containing the prM and E genes of
WNYV and the nonstructural genes of the 17D YFV vaccine strain or an
attenuated dengue-4 virus have been constructed®®1%8, Phase 1 clinical
trials were conducted using the 17D YFV-WNV chimera®. A DNA
vaccine has been shown to have protective efficacy in horses, mice, fish

and birds and is under review for licensure as an equine vaccine®*.

Dengue viruses

Etiology. The dengue virus (DENV; Fig. 3) serological group of the
family Flaviviridae, genus Flavivirus, consists of four antigenically
closely related virus serotypes called DEN-1, DEN-2, DEN-3 and
DEN-4%. Although there is extensive crossre-
activity among these viruses in serological
tests, there is no crossprotective immunity in
humans; a person living in an endemic area
can have as many as four infections, one with
each serotype, during their life.

DEN-1 was first isolated independently
during World War II in the Pacific by Japanese
and American investigatorsmg’”o, and DEN-
2 was isolated by the latter as well''?, DEN-3
and DEN-4 were subsequently isolated in the
1950s during epidemics in the Philippines
and Thailand!!!. Since then, thousands of
viruses have been isolated from the tropics,
but no new DEN serotypes have been docu-
mented!’. Although it is not known where
and how these viruses evolved, the evidence
suggests that they were derived from a primi-
tive progenitor introduced to Asia from
Africa. The ancestor DENV is believed to have
originated about 1,000 years ago, and it has
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been suggested that the zoonotic transfer of DENV from sylvatic
(monkey) to sustained human transmission occurred between 125
and 320 years ago!!2. It is further hypothesized that the four serotypes
evolved in the rainforests of southeast Asia!7>113,

Each DENV serotype has been classified into genotypes on the basis
of sequence data from the E gene or from the junction of the E and NI
genes!' 4115, Depending on the region sequenced, the number of geno-
types within a serotype ranges from three (DEN-4) to five (DEN-1 and
DEN-2). The number of genotypes probably reflects the amount of
evolutionary change, which in turn reflects the amount of transmission
of each serotype. Data on DEN-2 and DEN-3, in particular, suggest that
selected genotypes, as well as selected strains of virus within a serotype,
have greater epidemic potential and virulence!'-12!, The first evidence
in support of this came with the introduction of DEN-2 into the Pacific
and major epidemics of DEN-3 in Indonesia in the 1970s!!16:117:122,
Also, all DEN-2 epidemics of dengue hemorrhagic fever (DHF) in the
American region have been associated with a southeast Asian genotype
most likely introduced to Cuba from Vietnam in 1981(refs. 17,114),
and American DHF epidemics caused by DEN-3 have all been associ-
ated with a virus introduced from India, Sri Lanka or Africal7118:121,
Although not fully understood, it is clear that increased movement of
viruses among countries and the resulting increased transmission have
increased the rate of evolution of these viruses, which in turn has given
rise to subtypes of viruses with greater epidemic potential'??. Indeed,
the increasing diversity of DENV, the observation of homologous
recombination®>1247126 and evidence that there may be naturally
occurring differences in virulence between DENV strains might suggest
that we could be exposed to viruses with an expanded range of patho-
genic properties in the future!'?’.

Transmission. The DEN viruses originated and are maintained in a
primitive forest transmission cycle involving canopy-dwelling Aedes
spp. mosquitoes and lower primates in Asia and Africa'?8. In the past
three centuries, the viruses became established in the urban centers of
the tropics in a human—Aedes aegypti mosquito—human cycle; this
transmission cycle became a major public health problem and resulted
in the re-emergence of epidemic dengue fever/DHF in the twentieth
century. The dengue viruses are the only known arboviruses that have
fully adapted to humans, having lost the need for an enzootic cycle for
maintenance'?’. The principal urban vector, Ae. aegypti, is a highly
domesticated mosquito that has adapted to humans, preferring to feed
on them and lay their eggs in artificial containers in and around
houses. Ae. aegypti is an efficient epidemic vector of DENV because of
its feeding behavior, often feeding on, and thus transmitting virus to,
more than one individual in a single gonotrophic cycle. Secondary vec-
tors of DENV include Ae. albopictus and Ae. polynesiensis and related
species. In all of these species, DENV may be transmitted vertically
from infected female to her offspring; however, most mosquitoes
become infected when they ingest viremic blood from a person experi-
encing an acute DENV infection. After an extrinsic incubation period
of 10-14 days, the female mosquito can transmit the virus to another
human when it takes a blood meal!”-128,

Pathogenesis. Infection with DENV causes a spectrum of illness rang-
ing from subclinical infection, to mild febrile illness, to classical dengue
fever, to severe and sometimes fatal hemorrhagic disease!*’. Classical
dengue fever is an acute febrile illness that most commonly occurs in
older children and adults, characterized by fever, frontal headache,
myalgias and frequently arthralgias, nausea, vomiting and rash.
Dengue fever may have a convalescence of several weeks. The severe
form of DENV infection—DHF/dengue shock syndrome (DSS)—is a

vascular leak syndrome that is thought to be precipitated by an
immunological cascade beginning with infection of cells of the mono-
cytic lineage, which produce cytokines and other chemical mediators,
ultimately leading to increased vascular permeability, leakage, hypov-
olemia, shock and death if not corrected!3%131. Less commonly, DENV
infection can cause other severe disease manifestations such as massive
hemorrhage, organ failure and neurological disease that mimics viral
encephalitis!'?8,

There is no chemotherapy for DENV infection. Treatment of dengue
fever is symptomatic, whereas DHF/DSS requires fluid-replacement
therapy. Patients can be monitored with simple clinical laboratory
tests such as hematocrit to guide and maintain fluid volume. Properly
managed, DHF/DSS case fatality rates can be less than 1%'3°. The
other severe disease manifestations are more difficult to manage and
generally have a higher case-fatality rate.

The pathogenesis of DENV infection is complicated and not well
understood. Data suggest that viral, imunopathogenic and other host
factors have a role in disease severity!?®13%131 The main risk factors
for severe disease include the strain of virus, previous infection with a
heterotypic DENV, age and genetic background of the person. The
vascular leak syndrome (DHF/DSS), severe hemorrhagic disease and
encephalopathy/encephalitis most likely have different pathogenetic
mechanisms!?8,

Infection with one of the four DENV serotypes provides lifelong
immunity to that serotype, but not to the others. A person living in an
endemic area, therefore, can have four dengue infections during their
lifetime, one with each serotype. The primary (first) dengue infection
produces monotypic antibody to the infecting virus serotype.
Subsequent infection with a heterotypic serotype, however, produces a
massive anamnestic antibody response, with very high antibody titers
that crossreact with all four virus serotypes, as well as with other fla-
viviruses!3>133, This secondary-type antibody response cannot be reli-
ably used to identify the infecting virus serotype because it is not
uncommon for the antibody titer to the primary virus infection to be
higher than that of the current infecting virus (original antigenic
sin)!34, Identification of the infecting virus serotype in secondary
infections must therefore rely on virus isolation or on the use of
nucleic acid amplification tests such as reverse transcription poly-
merase chain reaction!>.

Changing epidemiology. Dengue fever is an old disease, but in the
past 25 years there has been a marked global emergence and re-emer-
gence of epidemic dengue, with more frequent and larger epidemics
associated with more severe disease!?®12%136.137 (Figs, 4 and 5). The
reasons for this global pandemic are not fully understood, but are
thought to result from major demographic and societal changes that
have occurred since World War I1'?8, During the war, both the viruses
and the principal urban mosquito vector became widely distributed
in the urban centers of southeast Asia. The economic development
and massive unplanned urbanization that followed the conflict, com-
bined with lack of mosquito control, resulted in increased epidemic
activity and the emergence of DHF in that region in the 1950s and
1960s. A similar pattern of unplanned urbanization and lack of mos-
quito control occurred in the Pacific and the American tropics in the
1970s and 1980s. With the advent of modern airplane travel and the
increased movement of people, many of them infected and incubat-
ing DENV, there has been a profound global geographic expansion of
DENV and their mosquito vectors (Fig. 6). In summary, unprece-
dented population growth (primarily in urban centers of tropical
countries), the increased movement of viruses in infected humans
through modern transportation and the lack of effective mosquito
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Figure 4 The global resurgence of dengue and dengue hemorrhagic fever
over the past half century, by incidence (a) and by country (b).

control have all contributed to the marked increase in epidemic activ-
ity. In 2004, over 2.5 billion people lived in risk areas for dengue infec-
tion (Fig. 6); it is estimated that between 50-100 million cases of
dengue fever, 500,000 cases of DHF/DSS and more than 20,000 deaths
occur each year!?>138, Dengue is therefore the most important
arboviral disease of humans.

Prevention and control. Currently, the only way to prevent or control
dengue transmission is to control the principal vector mosquito,
Ae. aegypti'8. Although successful control programs were imple-
mented in the American region in the 1950s and 1960s, the programs

Global distribution of dengue virus serotypes, 1970

=

RS
DY

Figure 5 The change in distribution of dengue serotypes over the past 30 years.

REVIEW

were disbanded after epidemic activity ceased. In the 1970s and 1980s,
Ae. aegypti reinfested most of the countries where it had been
eliminated'®*. These programs have never been successfully
reimplemented.

At present, there is no vaccine for dengue viruses, although several
candidates are at various stages of development®14%:141 To be effec-
tive, a dengue vaccine must protect against all four virus serotypes. For
use in countries where dengue is endemic, a vaccine must be safe for
use in children 9-12 months of age, must be economical and should
provide long-lasting protective immunity (ideally >10 years).

Several approaches are being used to develop dengue vaccines. A
live, attenuated vaccine is thought to provide the most complete and
lasting immunity. At present, there are three such vaccine candidates
under development by Mahidol University—Aventis—Pasteur, by the US
Army-GlaxoSmithKline and by the National Institutes of Health
(NIH)64140.141 Attenuation of the Mahidol and US Army candidates
was achieved by passage in primary dog kidney cells; the latter candidate
had a final passage in fetal rhesus lung cells'4>!43. The NIH has attenu-
ated its candidate vaccines by introducing a 30-nucleotide, nonlethal
mutation in the 3' untranslated region'#4,

Several groups have also constructed chimeric viruses using various
infectious clones as backbones. A group at Acambis has inserted the
prM and E genes of the four DENV serotypes into the 17D yellow fever
backbone!®>. A group at the Center for Disease Control has con-
structed chimeras of DEN-1, DEN-3 and DEN-4 by inserting the prM
and E genes of these serotypes into an infectious clone of the Mahidol
PDK-53 DEN-2 LAV!4®. A NIH group has used an infectious clone of
their LAV DEN-4 candidate for the same purpose!®’. All of these
chimeric candidate vaccines seem promising in primate studies. The
17-D YFV chimeras have recently undergone a phase 1 trial in
humans, but results are not yet available.

The US Navy has developed a DEN-1 DNA candidate vaccine that
has shown promise in primate studies!*?, but the antibody levels and
persistence of antibody are of concern. Finally, Hawaii Biotech, Inc.,
developed a recombinant, subunit, tetravalent vaccine by inserting sub-
unit proteins representing the amino-terminal 80% of the E protein
for each serotype plus the entire NSI protein of DEN-2 into modified
vaccinia Ankara recombinants grown in Drosophila melanogaster
cells'®, Studies in primates have shown a robust neutralizing antibody
response.

In summary, there are at least six tetravalent candidate dengue vac-
cines that are in or near clinical trial in humans. The Pediatric Dengue
Vaccine Initiative funded by the Bill and Melinda Gates Foundation
was founded to facilitate bringing one or more of these promising can-
didate vaccines to fruition!*,

Global distribution of dengue virus serotypes, 2004
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Figure 6 Dengue: its current distribution, and countries with Ae. aegypti and at risk of introduction.

Comments and conclusions

The above discussion has clearly shown that the resurgence and
spread of three of the most important mosquito-borne flaviviruses
are complex and result from a different combination of factors for
each virus. So, for JEV, the two major factors seem to be virus spread
through infected migratory and vagrant birds and the development of
new rice paddies, leading to increased vector breeding conditions and
an attraction to various water birds, which together provide ideal
conditions for virus establishment. Initial transmission cycles
between birds and paddy field—breeding mosquitoes are followed by
further amplified transmission with village pigs as the vertebrate
hosts. Contributory factors may also include changed land usage,
deforestation, water impoundments for irrigation and favorable
climatic conditions.

For WNYV, spread also depends on migratory and vagrant avian
species, but WNV seems to use a broader avian host range. The mech-
anism by which the virus spread into North America is not known,
although various suggestions have been put forward, including the
importation of an infected mosquito in an aircraft, the arrival of an
infected traveler with a high viremia, the illegal importation of an
infected bird, or through a viremic migratory bird blown into North
America by a storm. Notably, Japanese encephalitis serological group
viruses seem able to establish and/or coexist with each other, despite
their close antigenic relationships. So, WNV coexists with JEV in India
and with MVEYV in Australasia, and is now establishing in the SLEV-
enzootic area of North America. Similarly, JEV has established in the
MVEV-endemic areas of northern Australasia. In the Torres Strait and
Papua New Guinea, three viruses—MVEYV, JEV and WNV (Kunjin
strain)—coexist. In addition, MVEV and WNV have coexisted for
many years in Australia.

The factors involved in the resurgence of dengue fever/DHF are very
different. The resurgence over the past 50 years has been strongly
linked to urbanization and the concurrent establishment of peri-urban

shantytowns with their lack of reliable water and sewage systems, and
to the enormous increase in the international transport of people and
commodities'®. The lack of reliable water systems necessitates the col-
lection and storage of water, which consequently increases the potential
for Ae. aegypti breeding. These factors result in increased urban trans-
mission cycles and allow the geographic spread of the virus through the
movement of viremic travelers.

In addition to the movement of viremic travelers, the increased
movement and establishment of vector mosquito species are also rele-
vant. Mosquitoes can be readily transported by ship in deck cargo such
as car tires and heavy machinery, setting up breeding cycles in small
pools of trapped rain water, or by air as stowaways in an aircraft.
Indeed there are many examples of the spread and establishment of Ae.
aegypti and Ae. albopictus by these routes'>!. The control of Ae. aegypti
continues to be a major global public health problem, but as a result of
a combination of complacency, lack of research into new and environ-
mentally safe insecticides, and unfunded mosquito control programs,
most countries have had ineffectual mosquito control programs for
many years'8. There have also been examples of the spread and estab-
lishment of other major vector species, such as the incursion of Cx.
gelidus, a major Asian vector of JEV, into northern Australia, and the
species from which the initial isolate of genotype 1 JEV was made in
2000 (ref. 152).

There are various additional examples of flavivirus movement and
establishment in which these and other factors have been implicated.
These include the effect of water impoundment and irrigated agricul-
ture in an arid area of northwest Australia on the increased incidence
of MVEV!33, and the probable role of bird migration in the movement
of the African flavivirus, USUYV, the closest flavivirus to JEV, into cen-
tral Europe!>%. USUV appeared for the first time in 2001 as the cause of
avian mortality in Austria; large numbers of birds, particularly Eurasian
blackbirds (Turdus merula), died in Vienna and the surrounding
areas'*. The virus seems now to have become established in the area
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and now threatens to spread elsewhere in various European wild bird
species!™. Serological evidence suggesting the presence of USUV in
wild birds, as well as that of WNV, has recently been reported in the
United Kingdom!>°.

There has also been a resurgence of the other major mosquito-borne
flavivirus, YFV, in Africa over the past two decades'®!°7, and epizootic
yellow fever occurred in Kenya for the first time in the early 1990s!>8,
This has led to concerns that, with the increased density and distribu-
tion of Ae. aegypti mosquitoes and the rise in air travel, there is an
increased risk of introduction and spread of yellow fever to North and
Central America, the Caribbean and Asial®°. Interestingly, YFV has
never been reported in Asia although it has almost certainly been
imported. Various suggestions have been put forward to account
for this, such as possible crossprotection or competition from other
flaviviruses such as DENV and JEV, the low probability of a rare
viremic traveler being bitten by an Ae. aegypti mosquito in an area
with sufficient mosquitoes to maintain transmission, and the possibil-
ity that Asian strains of Ae. aegypti mosquitoes are less able to transmit
YFV12’18‘160.

The examples of the emerging flaviviruses described here show the
ease and propensity with which these viruses can spread to emerge and
establish in new geographic areas, and the importance of human activ-
ities in providing many of the conditions conducive to both move-
ment and establishment. It is clear that these and other viruses with
similar etiologies have the capacity to continue spreading and there
will doubtless be many other examples of emergent arboviruses in the
future. Indeed, the establishment of many exotic mosquito vectors in
different areas of the world can only assist in this future emergence. No
temperate, subtropical or tropical area of the world should be compla-
cent about the possibility of new epidemic flavivirus activity; it is clear
that the world of modern transportation will ensure all areas are at
risk, and it is also clear that the public health infrastructure in most
countries is inadequate to deal with such activity. The importance of
international collaboration in improving surveillance, prevention and
control programs for arboviral and other zoonotic diseases cannot be
overemphasized.
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