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Abstract

Arthropod-borne viruses (arboviruses) are important causes of human disease nearly worldwide. All
arboviruses circulate among wild animals, and many cause disease after spillover transmission to
humans and agriculturally important domestic animals that are incidental or dead-end hosts. Viruses
such as dengue (DENV) and chikungunya (CHIKV) viruses that have lost the requirement for
enzootic amplification now produce extensive epidemics in tropical urban centers. Many arboviruses
recently have increased in importance as human and veterinary pathogens using a variety of
mechanisms.

Beginning in 1999, West Nile virus (WNV) underwent a dramatic geographic expansion into the
Americas. High amplification associated with avian virulence coupled with adaptation for replication
athigher temperatures in mosquito vectors, it has caused the largest epidemic of arboviral encephalitis
ever reported in the Americas. Japanese encephalitis virus (JEV), the most frequent arboviral cause
of encephalitis worldwide, has spread throughout most of Asia and as far south as Australia from its
putative origin in Indonesia and Malaysia. JEV has caused major epidemics as it invaded new areas,
often enabled by rice culture and amplification in domesticated swine. Rift Valley fever virus
(RVFV), another arbovirus that infects humans after amplification in domesticated animals,
undergoes epizootic transmission during wet years following droughts. Warming of the Indian
Ocean, linked to the El Nifio-Southern Oscillation in the Pacific, leads to heavy rainfall in east Africa
inundating surface pools and vertically-infected mosquito eggs laid during previous seasons. Like
WNV, JEV and RVFV could become epizootic and epidemic in the Americas if introduced
unintentionally via commerce or intentionally for nefarious purposes. Climate warming also could
facilitate the expansion of the distributions of many arboviruses, as documented for bluetongue
viruses (BTV), major pathogens of ruminants. BTV, especially BTV-8, invaded Europe after climate
warming enabled the major midge vector to expand is distribution northward into southern Europe
and extended the transmission season and vectorial capacity of local midge species.

Perhaps the greatest health risk of arboviral emergence comes from extensive tropical urbanization
and the colonization of this expanding habitat by the highly anthropophilic (attracted to humans)
mosquito, Aedes aegypti. These factors led to the emergence of permanent endemic cycles of urban
DENV and chikungunya virus (CHIKV), as well as seasonal interhuman transmission of yellow fever
and Zika viruses. The recent invasion into the Americas, Europe and Africa of Ae. albopictus, an
important CHIKV and secondary DENV vector, could enhance urban transmission of these viruses
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in tropical as well as temperate regions. The minimal requirements for sustained endemic arbovirus
transmission, adequate human viremia and vector competence of Ae. aegypti and/or Ae. albopictus,
may be met by two other viruses with the potential to become major human pathogens: Venezuelan
equine encephalitis virus, already an important cause of neurological disease in humans and equids
throughout the Americas, and Mayaro virus, a close relative of CHIKYV that produces a comparably
debilitating arthralgic disease in South America. Further research is needed to understand the
potential of these and other arboviruses to emerge in the future, invade new geographic areas, and
become important public and veterinary health problems.
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[. Introduction to the Arboviruses

Arthropod-borne viruses (arboviruses) are transmitted biologically among vertebrate hosts by
hematophagous (blood feeding) arthropod vectors such as mosquitoes and other biting flies,
and ticks. Being, by definition, biologically transmitted, arboviruses must replicate in the
arthropod vector prior to transmission, as opposed to being mechanically transmitted, without
replication in the vector, through contaminated mouthparts (Weaver, 1997). Biological
transmission can be vertical, involving the passage of the virus from an infected female vector
to both male and female offspring. Horizontal transmission can be venereal, from a vertically
infected male directly to a female vector, as well as oral from a vector to a vertebrate host via
the saliva during blood feeding. The latter horizontal mode of transmission is most common
for the majority of arboviruses and involves infection of the vector alimentary tract following
a viremic bloodmeal, dissemination of the virus in the vector, and eventual virus replication in
the salivary glands, followed by the injection of infectious saliva during blood feeding.

The arboviruses include a wide variety of RNA virus taxa including the alphaviruses (genus
Alphavirus, one of 2 genera in the family Togaviridae); the flaviviruses (genus Flavivirus, one
of 3 genera in the family Flaviviridae); the bunyaviruses (Bunyaviridae: Bunyavirus),
nairoviruses (Bunyaviridae: Nairovirus) and phleboviruses (Bunyaviridae: Phlebovirus); the
orbiviruses (one of 9 genera in the family Reoviridae); the vesiculoviruses (one of 6 genera in
the family Rhabdoviridae) and the thogotoviruses (one of 4 genera in the family
Orthomyxoviridae). These groups of RNA viruses have a variety of types of RNA genomes
and replication strategies, suggesting that the arthropod-borne transmission strategy has arisen
many times during the evolution of RNA viruses. The only known DNA arbovirus is African
swine fever virus (Asfarviridae: Asfarvirus)(Calisher and Karabatsos, 1988; Karabatsos,
1985; van Regenmortel et al., 2000), and the paucity of DNA arboviruses suggests that the
greater genetic plasticity and higher mutation rates exhibited by RNA viruses (Holland and
Domingo, 1998) allow them to accommodate a cycle of alternating replication in disparate
vertebrate and invertebrate hosts.

Arboviruses circulate among wild animals, and cause disease after spillover transmission to
humans and/or domestic animals that are incidental or dead-end hosts. Viruses such as dengue
(DENV) and chikungunya (CHIKV) that have lost the requirement for enzootic amplification
now produce extensive epidemics. Many arboviruses that have evolved and diversified in the
tropics have produced virulent and invasive strains that have caused major outbreaks at
temperate latitudes. The ability of these viruses to cause human disease depends on factors
ranging from epidemiology to viral genetics. Herein, we review how some of these factors
have led to arboviral emergences and resulted in human disease, by using several examples of
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viruses with a known epidemic history as well as some that have a poorly recognized epidemic
potential.

associated with Arbovirus Emergence or Invasion

For arboviral amplification to progress rapidly to epidemic levels, competent vector and
vertebrate host populations must intersect repeatedly within a permissive environment. This
focus or nidus of transmission may be temporally and/or spatially constrained by host or virus
ecology, and may vary in complexity depending upon virus epidemiology. Zoonoses exploiting
complex rural or suburban ecosystems may have multiple vectors and infect a variety of
vertebrate host species, whereas anthroponoses (diseases transmitted from humans to other
animals) exploiting urban environments may require only a single anthropophilic vector and
human hosts for amplification. Humans are exposed to arboviruses when they invade rural
environments or when bridge vectors bring viruses into peridomestic environments. In contrast,
for many anthroponoses, human habitations form the nidus of transmission. Frequently
arboviruses persist at low or even tenuous maintenance levels until some change in single or
multiple factors facilitate rapid and widespread amplification. Although in-depth reviews of
these factors have been published (Committee of Emerging Microbial Threats to Health,
2001; Davis and Lederberg, 2001; Fauci, 2005; Gubler, 1998; Mackenzie et al., 2001), recent
circumglobal changes in climate and other anthropogenic (derived from human activities)
factors, epidemiology, and viral genetics have stimulated the need to update and extend
information on the role of these changes in the emergence of arboviruses.

Emerging or invading arboviruses may amplify to epidemic levels because natural systems
have been perturbed by changes in viral genetics, host or vector population composition or
dynamics, and/or environmental structure that frequently are of anthropogenic origin. Often,
outbreaks of emerging arboviruses can be related to relatively small changes in viral genetics
or to the introduction of new strains that have increased virulence and viremia levels in
vertebrates, thereby expanding host range and increasing amplification potential. Alternatively,
genetic changes may enhance vector competence and therefore transmission rates. Changes in
vertebrate or vector host species composition may be related to environmental change
expanding old or creating new niches, or to invasions related to travel or commerce. VVector
range extensions into permissive environments frequently are followed by invasions of the
arboviruses they transmit. These invasions typically have been facilitated by travel and
commerce, especially over repeatedly traveled routes. Receptivity of an area to viral invasion
may be related strongly to environmental conditions conducive to viral replication. Recently,
seasonal durations and geographic limits have been expanding as the earth warms. Expanding
urbanization has resulted not only in the extreme concentrations of susceptible human hosts,
frequently living under socioeconomic conditions conducive to vector population expansion
and transmission, but also in the creation of urban heat islands that facilitate transmission.

Emergence of an arbovirus may require change by one or several of the above-mentioned
factors. In this review, we analyze the cascade of factors that have facilitated the recent local
and circumglobal emergence of selected arboviruses. These arboviruses were chosen because
of their public or veterinary health significance, the combinations of factors leading to their
emergence, and as examples to help understand the critical features of emerging arboviral risks
and how they may be mitigated. Finally, we conclude with a few examples of arboviruses that
have been largely ignored, but possess the potential to emerge. Throughout this review, our
understanding of the temporal and spatial patterns of invasion and emergence has been
complicated by diagnosis, retention and sequencing of available archival strains, and methods
of characterization.
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Distribution and Health Significance—West Nile virus (WNV) is positioned
taxonomically within the Japanese encephalitis virus (JEV) serocomplex in the genus
Flavivirus. It is maintained and amplified in nature within an enzootic transmission cycle
among passeriform birds and Culex mosquitoes, with outbreaks caused by tangential or
spillover transmission to equids and humans, dead-end hosts that produce viremias inadequate
for mosquito infection. WNV is distributed circumglobally, with two main genetic lineages:
Lineage 1 is widely distributed and highly invasive, whereas Lineage 2 appears to have
remained enzootic in Africa (Fig. 1). Lineages 3 and 4 have been described from single isolates
from Central Europe, but their taxonomic status and medical importance are unclear, whereas
Lineage 5 appears to be confined to India (Kramer et al., 2008). Recognized subclades of
Lineage 1 include 1a that is widespread throughout Africa and the Mediterranean, Lineage 1b
(aka Kunjin virus) that is restricted to Australia, and Lineage 1c that is found in Central Asia
through the central highlands of India (Lanciotti et al., 2002). Historically, the northern
distribution of Lineage 1a in Europe and Asia and the southern distribution of 1aand 2 in Africa
were thought to be constrained by minimum temperature requirements for efficient replication
in the mosquito vector, whereas elsewhere WNV is replaced by other members of the JEV
serocomplex from central through eastern Asia to the Torres Straight; Kunjin and Murray
Valley encephalitis viruses replace JEV south of the Torres Straight (Hall et al., 2002).
Previously, the wide distribution of St. Louis encephalitis virus (SLEV) in the New World may
have deterred the introduction of WNV, although there has been no evidence presented that
WNV was introduced other than once in 1999.

Factors Associated with WNV Emergence—Commerce and the international dispersal
of mosquitoes in the Cx. pipiens complex (Fonseca et al., 2004; Vinagradova, 2000), the
intentional and/or unintentional introduction of the house sparrow [Passer domesticus
(Zimmerman, 2002)], climate warming, and perhaps the decline of SLEV may have set the
stage for the emergence of WNV in Europe and the New World. Although a wide variety of
mosquitoes in the genus Culex have become involved regionally in WNV transmission within
North America and may be highly competent vectors, members of the commensal Culex
pipiens complex appear to be associated most closely with urban/suburban outbreaks and
human infection (Komar, 2003). Similarly, the ubiquitous and aggressively invasive house
sparrow is multibrooded and a highly competent host for most WNV strains (Kramer et al.,
2008; Langevin et al., 2005; Nemeth et al., 2009), providing the availability of an almost
circumglobal maintenance and amplification host. Replication of WNV in the poikilothermic
mosquito host is temperature-limited and progresses most effectively under warm midsummer
conditions (Kilpatrick et al., 2008; Reisen et al., 2006). Climate change at northern temperate
latitudes recently has made these areas more conducive to WNV invasion. In the New World
through the mid-1970s, large and fairly widespread SLEV epidemics (Monath, 1980) may have
elevated avian herd immunity sufficient to preclude the introduction and establishment of
historic Lineage 1a WNV strains.

Recent outbreaks of WNV were recorded throughout the Mediterranean and then Romania,
Central Europe and Russia, where Cx. pipiens appeared to be the primary vector (Fyodorova
etal., 2006; Savage et al., 1999). Even during years when human outbreaks were not recorded
there, epiornitics followed the introduction of WNV into Israel by southbound migrating birds
(Malkinson et al., 2002). Some of these viral strains have appeared to become progressively
more virulent for birds (Malkinson et al., 2002) and humans.

WNV was introduced into New York during the summer of 1999, and the nucleotide sequence
of the invading strain was related closely to a 1998 isolate from Israel that caused widespread
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illness in geese (Lanciotti et al., 1999) and contained a mutation in the helicase gene that caused
high viremia and mortality in American crows (Brault et al., 2007). Interestingly, the resulting
NY outbreak seemed to be amplified among house sparrows (Komar, 2000; Komar et al.,
2001), was associated with widespread death in American crows (Hochachka et al., 2004), and
was transmitted primarily by Cx. pipiens mosquitoes (Nasci et al., 2001b). WNV overwintered
successfully in diapausing Cx. pipiens (Nasci et al., 2001a) and perhaps by bird-to-bird
transmission at communal American crow roosts (Dawson et al., 2007). By 2002, WNV had
spread to the Midwest and was associated with large outbreaks in Illinois, transmitted by Cx.
pipiens, and in Louisiana, transmitted by its southern form, Cx. quinquefasciatus. As WNV
exploited new geographic areas, different, but highly competent, avian hosts such as blue jays
and American robins became recognized as important amplification hosts (Hamer et al.,
2009; Kilpatrick et al., 2006). Concurrently, the founding N'Y99 strain was replaced by WNO02
(Davis et al., 2003), a very closely related New World genotype that is transmitted more
efficiently by Culex mosquitoes (Moudy et al., 2007), especially at high temperatures
(Kilpatrick et al., 2008). North American Culex are moderately competent laboratory vectors
(Goddard et al., 2002; Turell et al., 2000; Turell et al., 2001) and therefore require elevated
avian viremias for effective infection (Reisen et al., 2005). In 2003, the WNV epicenter moved
west into the prairie biomes and the west Coast, where Cx. tarsalis emerged as a significant
vector (Reisen et al., 2004). Amplification and the high incidence of human infection in the
Canadian and U.S. prairie biomes were associated with Cx. tarsalis, as well as with above-
average summer temperatures that exceeded previous 30 year averages (Reisen et al., 2006).

Like SLEV and eastern (EEEV) and western (WEEV) equine encephalitis viruses, WNV seems
to “disappear” into the Neotropics with little evidence of human disease. Extensive searches
among resident and migratory birds have discovered antibody-positive individuals at a low
rate (Bosch et al., 2007; Deardorff et al., 2006; Dupuis et al., 2003; Dupuis et al., 2005; Farfan-
Ale et al., 2004; Farfan-Ale et al., 2006; Lorono-Pino et al., 2003) and blood supply
examinations have indicated limited human infections (Sanchez-Guerrero et al., 2006).
Outbreaks in humans or equids were not recorded until studies were done in the southern
temperate latitudes of Argentina (Morales et al., 2006).

In summary, the large-scale epidemic of WNV in North America was enabled by the high
amplification phenotype (associated with high avian virulence) of the invading virus, the
naivete of North American birds, the competence of North American Cx. pipiens for vertical
and horizontal transmission, successful overwintering within the mosquito host (Anderson et
al., 2006; Anderson et al., 2008), and the slight, but significant, evolutionary changes that
facilitated rapid transmission during summer temperatures (Kilpatrick et al., 2008) that may
have enabled northern expansion into Canada.

Future trends—WNYV is now one of the most broadly distributed arboviruses in the world,
being found on all continents except Antarctica (Kramer et al., 2008). Invasion typically has
been followed by rapid subsidence of disease (Hayes et al., 2005), but then periodic resurgences
whenever adequate vector and susceptible avian populations intersect under permissive
climatic conditions. Equids are now protected by widespread intentional and natural
vaccination; however, the motivation for human vaccine development may be limited by the
low attack rate in humans that has been documented following epidemics (Prince and Hogrefe,
2003). In the near term, protection of the public health will continue to rely on mosquito control,
public education, and, hopefully, new therapeutics.

B. Japanese encephalitis virus (JEV)

Distribution and significance—JEV is the most frequent cause of mosquito-borne
encephalitis globally and the only encephalitis virus against which large portions of human
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populations in multiple countries are vaccinated. The public health significance and possibly
the global distribution of JEV have been progressively expanding. Since it was first
documented as an important cause of encephalitis in Japan in the late 1800s, significant
incursions have occurred into Central Asia (Burke and Leake, 1988)(Fig. 2). Currently, more
than 3 billion people in Asia reside in areas at risk of JE, with an estimated 30,000-50,000
cases occurring annually (Erlanger et al., 2009).

Taxonomically, Japanese encephalitis virus (JEV) is placed within the genus Flavivirus and is
the type virus for the JEV serocomplex that also contains WNV, Murray Valley encephalitis
virus and SLEV. JEV is maintained within an ardeid bird — Culex mosquito transmission cycle
and is amplified within a domestic swine — Culex cycle. Culex mosquitoes tangentially transmit
JEV to equids and humans, which are dead end hosts for the virus (Burke and Leake, 1988).
The known distribution of JEV ranges from Korea south to Australia and then northwest into
Pakistan (Fig. 2). The distribution of the primary mosquito vector, Culex tritaeniorhynchus,
overlaps most of this geographical area, where it is very abundant in association with rice and
other irrigated crops. A highly competent laboratory vector (Hammon et al., 1949; Okuno et
al., 1975), Cx. tritaeniorhynchus blood feeds predominantly on large mammals (Mitchell et
al., 1973; Reisen and Boreham, 1979), including swine, and has been implicated in
amplification and tangential transmission (Kono and Kim, 1969). Other Culex in the vishnui,
bitaeniorhynchus and pipiens complexes also have also been incriminated as vectors, but have
more limited geographic distributions. Expanding irrigated rice cultivation has enabled
increases in mosquito vector populations as well as the distribution and abundance of the ardeid
maintenance hosts, including the black-crowned night heron (Nycticorax nycticorax) and the
Asian cattle egret (Bubulcus ibis coromandus) (Buescher and Scherer, 1959; Buescher et al.,
1959; Solomon et al., 2003).

Factors associated with emergence—There is a discrepancy between the proposed JEV
evolutionary center of origin (Solomon et al., 2003) and its patterns of expanding distribution
as a public health problem as traced by outbreaks (Burke and Leake, 1988). Of the five major
genetic lineages, only lineages I, Il and 111 have been found in subtropical or temperate latitudes
and are associated with outbreaks of neuroinvasive disease; ancestral lineages 1V and V appear
restricted to the Indonesian archipelago, where with lineages | — 111, they cause limited and
sporadic human cases (Fig. 2). Because virgin soil outbreaks typically have been accompanied
by extensive neuroinvasive disease in all human age groups as well as disease in pigs, it is
unlikely that JEV was a major public health problem in northern Asia until epidemics were
recognized in Japan starting in the late 1800s (Burke and Leake, 1988; Erlanger et al., 2009;
van den Hurk et al., 2009). Tracing JEV (mostly lineage I) as an emerging health problem from
the first epidemics in Japan, sequential outbreaks were documented in northeast (Korea, China
and Taiwan), southeast Asia (Vietnam, Thailand) and most recently central (Nepal, India,
Pakistan) and south central Asia (Sri Lanka) (Burke and Leake, 1988; Erlanger et al., 2009).
This rapid and widespread expansion of JEV was associated closely with increases in human
populations, in acreage of irrigated rice, and in pig farming (Erlanger et al., 2009; van den Hurk
et al., 2009). In endemic areas of Japan, the avian-Culex maintenance cycle may be bypassed
when vertically infected Cx. tritaeniorhynchus (Rosen et al., 1989) directly initiate the
amplification cycle in pigs after terminating diapause (Hayashi et al., 1973). The invasion of
India, Pakistan (Igarashi et al., 1994) and Nepal (Henderson et al., 1983), where swine farming
is limited, may indicate an expanding role for birds in JEV amplification (Boyle et al., 1983,;
Jamgaonkar et al., 2003; Rodrigues et al., 1981; Soman and Mourya, 1985; Soman et al.,
1986; Soman et al., 1977). Although typically associated with lowland rice farming in the outer
Terai of Nepal, JEV outbreaks recently have occurred at high elevations in Kathmandu Valley,
where the virus now is endemic (Partridge et al., 2007; Zimmerman et al., 1997). JEV lineages
I and 11 also have moved progressively east into New Guinea, with recent incursions across
the Torres Straight into northern Australia (Hanna et al., 1999; Mackenzie et al., 2002).
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Future trends—Air transport of mosquitoes was the probable cause of JEV outbreaks on
isolated Pacific Islands such as Guam (Hammon et al., 1958) and Saipan (Mitchell et al.,
1993), demonstrating the potential of this virus to invade new areas such as the west coast of
the USA. Here, susceptible mosquitoes and avian hosts could conceivably allow establishment
before current surveillance and control programs would detect and eliminate this virus (Nett
et al., 2009; van den Hurk et al., 2009). With the spread of JEV into much of the Indian
subcontinent, other destinations served by frequent routes of commerce or passenger air travel,
such as Africa and Europe, also could be at risk. Tracing the recent, rapid dispersal path of
chikungunya virus serves to demonstrate the importance of routes of frequent travel for vector
and arbovirus invasions (Powers and Logue, 2007; Simon et al., 2008).

C. Rift valley fever virus

Distribution and significance—Rift Valley fever virus (RVFV) is classified within the
genus Phlebovirus in the family Bunyaviridae and causes intermittent epizootics and sporadic
epidemics, primarily in east Africa (Bird et al., 2009; Daubney et al., 1931). Infection causes
severe and often fatal illness in sheep and cattle, with occasional spill over to include other
domestic animals and humans. Camels also frequently become infected, but seem to suffer less
illness and lower abortion rates than other livestock. In 1% to 2% of affected humans, RVF
progresses to severe disease, including hepatitis, encephalitis, retinitis, blindness, and/or a
hemorrhagic fever; the case fatality rate is approximately 10% to 20% (Madani et al., 2003).

Historically, RVFV was restricted to sub-Saharan eastern Africa, especially Rift Valley of the
Kenya and Tanzania (Meegan et al., 1989), where outbreaks are caused by multiple lineages
of the virus (Bird et al., 2008). Subsequent outbreaks with human involvement have been
documented in South Africa, the Nile Valley from Sudan to the Egyptian delta, and the Saudi
Arabian peninsula (Fig. 3). The 1977-79 outbreak in Egypt was especially devastating, with
more than 200,000 human infections and 600 deaths and losses in livestock >$100M at that
time (Meegan et al., 1978). Ten years later another large outbreak occurred in West Africa
centered in Mauritania (Faye et al., 2007; Nabeth et al., 2001). RVFV isolates from both
outbreaks were distinct and monophyletic, perhaps indicating dispersal and amplification by
a single strain (Bird et al., 2008).

Factors associated with emergence—RVFV is maintained in an enzootic cycle among
wildlife, such as African buffaloes, and a wide variety of mosquito species (>30 species, 6
genera). Transmission is enzootic during most years, but epizootic during wet years, especially
following droughts. Apparently, virus is maintained between rainy seasons and between high
rainfall years by vertical transmission to desiccation resistant eggs of several floodwater
Aedes species, especially Aedes macintoshi (Linthicum et al., 1985a). High water years
inundate several previous seasons of eggs, giving rise to large numbers of mosquitoes and
perhaps multiple viral lineages (Bird et al., 2008). Infection rates among Aedes adults reared
from field-collected larvae typically are low (Linthicum et al., 1985a), therefore requiring
extensive horizontal amplification for RVFV maintenance. The large variety of wildlife
naturally infected with RVFV would seem to support this notion.

Warming in the Indian Ocean is linked closely to the El Nifio-Southern Oscillation (ENSO) in
the Pacific and is followed by high rainfall events in the Rift Valley that are predictive of RVFV
outbreaks (Linthicum et al., 1999). Widespread flooding, apparent from satellite imagery by
examining the normalized difference vegetation index data, triggers the simultaneous hatching
of large numbers of Aedes eggs, rapidly producing a cohort of blood feeding adults, some of
which are infectious with RVFV and able to transmit this infection to ruminants. Both wild
and domestic ruminants are drawn or driven by herdsmen to these new sources of water and
grass, bringing susceptible hosts into close proximity with infectious mammal-feeding Aedes

Antiviral Res. Author manuscript; available in PMC 2011 February 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weaver and Reisen

Page 8

mosquitoes (Linthicum et al., 1985b). These new mosquito habitats also are colonized by other
effective mosquito vectors that take longer to mature and therefore emerge when the first groups
of infected ruminants become viremic, further spreading the virus to new hosts. The
concordance between the rainy season and the calving of wild and domestic ruminants assures
that highly susceptible host populations are available to be fed upon by infectious mosquito
vectors during warm humid weather conditions conducive for transmission.

Future trends—Large virgin soil outbreaks in Mauritania, Egypt and Saudi Arabia have
demonstrated the ability of RVFV to escape traditional enzootic areas and invade naive
populations. Routes of dispersal have not been fully established, but the movement of viremic
camels along trade routes has been suspected (Hoogstraal et al., 1979) as well as vectors carried
on storm fronts (Sellers et al., 1982). Before the onset of serious clinical disease, humans
develop viremias suitable to infect susceptible mosquitoes. Uncontrolled air travel therefore
could introduce RVFV into other continents such as North America or Europe where
susceptible wild and domestic hosts and suitable vector mosquitoes reside (Gargan et al.,
1988; Turell et al., 2008).

Extensive studies by the USDA and NASA have shown that tracking ENSO in the Pacific
Ocean provides an early warning of warming in the Indian Ocean, heavy rainfall in the Rift
Valley and outbreaks of RVFV (Anyamba et al., 2009). Several vaccines for RVFV have been
developed and appear effective (Bird et al., 2009), however, local agencies have been reticent
to preemptively preclude outbreaks by vaccination campaigns. Failure to contain these
outbreaks provides a source of virus to seed outbreaks into other areas of Africa and the Middle
East as well as the rest of the world. Future containment of RVFV will require pre-emptive
vaccination of livestock in Africa and carefully regulated travel restrictions on livestock, wild
animals and perhaps humans from affected areas. With a high potential impact on wildlife,
domestic animal and human health, failure to contain RVFV could seriously impact veterinary
and human health in Asia, Europe and the New World and have economic consequences far
exceeding those of the waning WNV outbreak.

D. Bluetongue virus (BTV)

Distribution and significance—BTVs are classified within the genus Orbivirus (family
Reoviridae) and currently consist of at least 24 viruses clustered within 10 distinct lineages
(Schwartz-Cornil et al., 2008). BT Vs cause economically significant disease in ruminants and,
because of this veterinary economic impact, was placed on list-A by the Office International
des Epizooties (OIE), limiting trade of animal products from affected areas. BTVs are
maintained within an enzootic cycle among biting midges in the genus Culicoides (family
Ceratopogonidae) and various ruminant species, almost all of which are susceptible to
infection. Historically, it was thought that the BTVs evolved and were contained within Africa
until the 1940s, when the first Mediterranean outbreak occurred on Cyprus. However,
subsequent studies have found BTVs widely distributed in the tropics but not frequently
associated with illness and therefore mostly undetected. Clinical disease is most prevalent in
domestic sheep, especially those of European ancestry (Purse et al., 2008). Typically, cattle
rarely show clinical illness and are considered a reservoir host, whereas goats usually do not
develop overt disease (Gibbs and Greiner, 1988); however, during the recent incursion of
BTV-8 into western Europe, clinical illness in cattle was common and associated with a low
case fatality rate (http://www.oie.int).

Wild ruminants in North America, including deer, pronghorns and desert bighorn sheep,
develop severe disease, whereas African wildlife seem mostly unaffected. This disparity in
disease susceptibility supports the notion that Africa is the center of origin for BTV and that
itsenzootic circulation there seemingly has selected for resistance to disease in African wildlife.
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The distribution of BTV has been divided into three epidemiological zones, based on the
occurrence of clinical disease: 1) an enzootic zone in the tropics where infection is common
but clinical disease is rare, 2) an epizootic zone at temperate latitudes where disease outbreaks
occur frequently, and 3) an incursive zone where infection is infrequent because climate and/
or vector species typically are not suitable for transmission (Gibbs and Greiner, 1988).

Factors associated with emergence—The veterinary epidemiology of BTVs in North
America and Europe is complex and related strongly to virus and vector genetics and
distributions, overwintering mechanisms, and perhaps climate change. Based on a survey of
cattle at slaughter, at least 5 viruses (BTV-2, -10, -11, -13, -17) were found in the U.S. (Metcalf
et al., 1981), with prevalence greatest in the southwest and least prevalence in the northeast,
where the primary vector, Culicoides sonorensis, is replaced by the less competent vector, C.
variipennis (Jones and Foster, 1978; Tabachnick et al., 1996). Other species such as C.
insignis are suspected as vectors at southern latitudes. Differences in vector competence within
the variipennis species complex have been related to a midgut barrier to infection (Tabachnick
etal., 1996). Distribution of BTVs in the northern prairie states and Canada seems limited by
the temperature requirements for virus replication in the vector (Mullens et al., 1995), with
transmission limited to summer periods with temperatures >15°C. Recent warming trends in
Canada have facilitated the population dynamics of C. sonorensis (Lysyk, 2007; Lysyk and
Danyk, 2007) and may allow more frequent incursions and perhaps the eventual establishment
of BTV. Little is known about variation in the temperature requirements of different BTVs.

Until 1996, Europe was considered BTV-free and international trade restrictions by the
European Union created huge annual financial losses to enzootic parts of North America from
the loss of trade of animals and animal products. Occasional incursions of BTVs into Spain,
Portugal and Turkey have been related to prevailing winds originating in North Africa or the
Middle East (Sellers, 1980; Sellers et al., 1979; Sellers et al., 1978). BTV apparently became
established in Europe after climate warming enabled the major vector, C. imicola, to expand
is distribution northward to include parts of southern Europe east into Turkey (Purse et al.,
2005). Coincidentally, five strains became established in the Mediterranean during 1998-2005.
These strains seem to have invaded following routes from Tunisia and North Africa (BTV-2,
-4) and from Turkey from the Middle East (BTV-1, -4, -9, -16) (Purse et al., 2005). In August
2006, BTV-8 invaded central and northern Europe, areas north of the known distribution of
C. imicola (Saegerman et al., 2008). This on-going outbreak apparently involves transmission
by other Culicoides species, including C. dewulfi and members of the C. obsoletus and C.
pulicaris complexes. However, incriminating field infection and vector competence data have
been scarce (Carpenter et al., 2008; Carpenter et al., 2009). Climate in this area of Europe has
experienced a strong warming trend (Purse et al., 2005) and undoubtedly this change has
shortened the extrinsic incubation period of the virus within the Culicoides vector (Mullens et
al., 1995), and the gonotrophic (blood feeding and reproductive) cycle of the vector, thereby
increasing the frequency of vector-host contact and extending the duration of the transmission
season.

For BTV to become established at temperate latitudes, it must be able to overwinter locally.
Studies on Culicoides indicate that adults are not active during winter (Takken et al., 2008)
and vertical transmission of BTV remains undocumented (White et al., 2005). In contrast,
ruminants develop long lasting chronic infections, but recrudescence mechanisms are poorly
understood. Possibly, the cellular immune response of the host to Culicoides blood feeding
could trigger the release of BTV at the bite area and thereby allow co- or later feeding flies to
ingest the virus and renew transmission in the spring (Purse et al., 2008). Although not as yet
supported by field evidence, this mechanism is intriguing because it synchronizes fly blood
feeding activity and viral recrudescence. Alternatively, virus may overwinter in

Antiviral Res. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weaver and Reisen

Page 10

transplacentally infected calf and lamb fetuses that are viremic at birth (Backx et al., 2009;
Gibbs et al., 1979; Worwa et al., 2009).

Future trends—Introductions and subsequent dispersal of BTVs most likely will continue
due to intercontinental animal and animal product commerce as well as from windborne flies
(Hendrickx et al., 2008; Sellers, 1980). Climate warming most likely will expand the epizootic
zone into northern temperate regions and move the zone of incursion further northward. The
expanding distribution of various BTVs may eventually result in the removal of trade
embargoes, because most areas of the earth will support some level of enzooticity. Three
options remain for mitigating the BTV problem: molecular engineering/selective breeding of
livestock to increase resistance to disease, vector control and vaccination. Molecular biology
may hold the answer if current susceptible breeds of cattle and sheep can be genetically
modified to impart resistance. Treating wastewater ponds or other known larval habitats of
species such as C. sonorensis in the arid southwestern USA has promise; however, control of
other Culicoides that develop in less obvious habitats such as moist pastures will be a much
greater challenge, especially in Europe. Chemical dips have been used to control tick
infestations and perhaps a similar approach with other compounds could be used to reduce or
eliminate adult flies or prevent biting. Complex immune interactions against as many as 24
viruses makes vaccine development challenging, but perhaps vaccines can be developed
against specific strains of BTV with a particularly high potential for invasion.

E. Venezuelan equine encephalitis virus (VEEV)

Distribution and significance—VEEYV is an alphavirus (Togaviridae: Alphavirus) found
only in the New World (Fig. 4). It is the type species within the VEE complex of alphaviruses
that includes 7 different species and multiple subtypes and varieties (Weaver et al., 2004).
Enzootic subtypes ID and IE occur from Bolivia to Mexico, and the closely related Everglades
virus (VEE complex subtype I1) occurs only in Florida (Fig. 4). Permanent or semipermanent
zoonotic cycles include rodents as reservoir hosts and mosquito vectors in the subgenus
Culex (Melanoconion). These enzootic cycles occur in humid tropical forest or swamp habitats
and typically go undetected. Direct spillover to humans has been documented in several
locations where active case surveillance combined with laboratory diagnostics has uncovered
extensive human disease, including fatal cases (Aguilar et al., 2004;Johnson et al., 1968; Quiroz
etal.; Watts et al., 1998;Watts et al., 1997). Typically VEE cases overlap considerably in signs
and symptoms with many acute, tropical febrile infectious diseases such as dengue fever
(DEN), so cases undoubtedly are grossly underreported in locations where clinician awareness
and laboratory diagnostics are lacking.

Major epidemics occur periodically and somewhat sporadically when VEEV strains emerge
with the potential for amplification in equids. These strains within subtypes IAB and IC utilize
mosquito vectors such as Aedes and Psorophora spp., which are abundant in agricultural
settings and competent to transmit VEEV among susceptible horses, donkeys and mules.
Because these amplification hosts generate high titered viremias, extensive VEEV circulation
in agricultural settings frequently results in spillover transmission to humans. As with the
enzootic VEEV strains, epidemic strains cause a highly incapacitating DEN-like febrile illness
that occasionally leads to fatal encephalitis, mainly in children.

Factors associated with emergence—The emergence of epidemic VEE relies on a
combination of ecologic and viral genetic factors that must intersect in time and space. The
enzootic VEEV strains that circulate continuously generally are not capable of equine
amplification because they do not produce sufficient viremia. However, certain amino acid
replacements in the E2 envelope glycoprotein that forms the tips of spikes on the VEEV surface
mediate enhanced equine amplification (Brault et al., 2002a). Because these replacements can
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result from a single mutation in the viral genome (Anishchenko et al., 2006), and because
alphaviruses, like other RNA viruses, replicate with low genetic fidelity (Weaver et al.,
1993), amplification-competent mutations probably occur regularly within sylvatic cycles
where enzootic strains are found. Selection of these mutations undoubtedly takes place within
equids, though it is also possible that some sort of intermediate host is also involved in the
selection of epidemic strains.

Genetic studies have shown that most but not all of the epidemic VEEV strains in subtypes
IAB and IC also are more infectious for the epidemic mosquito vector, Aedes (Ochlerotatus)
taeniorhynchus, that typically transmits among equids and humans in coastal areas (Brault et
al., 2002b). The exception is a IC genotype that failed to spread into coastal areas of Venezuela
in 1993, and thus produced only a minor epidemic (Rico-Hesse et al., 1995). Strains isolated
from this outbreak inefficiently infected Ae. taeniorhynchus, indicating that the inability of this
genotype to adapt to this critical vector limited its spread (Ortiz and Weaver, 2004). Even
stronger evidence of the importance of VEEV adaptation to epidemic vectors comes from
studies of recent Mexican epizootics. Unlike their closely related enzootic relatives, which
presumably represent their ancestors, VEEV strains from the recent outbreaks efficiently infect
Ae. taeniorhynchus. The relatively recent adaptation of these Mexican strains to this important
vector, coincident with the first epizootic emergence in the region, has been linked to a single
amino acid substitution in the E2 protein that increases infection of the mosquito midgut, again
underscoring the dramatic effects of small genetic changes on arbovirus phenotypes (Brault et
al., 2004).

Phylogenetic studies indicate that only one of 6 different subtype ID VEEV lineages, and none
of the IE lineages, have produced the epidemic subtype IAB and IC strains (Powers et al.,
1997). This epidemic-progenitor lineage occurs in western Venezuela, Colombia, and the
Amazon areas of Ecuador and Peru. The failure of the remaining ID lineages to generate
epidemic strains, despite their occurrence in locations where major epidemics have spread,
suggests that genetic constraints of the enzootic strains limit the generation of equine-
amplification-competent mutants.

In addition to critical mutations, epidemic VEEV emergence also depends on the transport of
nascent equine-amplification-competent mutants to locations with susceptible equids and
mosquito vectors. Many equids that are pastured near forests where enzootic VEEV circulates
become infected and survive with generally benign subtype ID and IE infections, generating
a “halo” of immunity around enzootic foci. In addition, several Culex in the subgenus
Melanoconion are enzootic vectors and generally not capable of epidemic transmission because
they do not disperse far from their forest habitats (Mendez et al., 2001). Therefore, nascent
epidemic strains probably must be transported to locations distant from enzootic transmission
foci where susceptible equids occur along with epidemic vectors in large numbers. The latter
are generally floodwater or saltmarsh Aedes or Psorophora species that undergo population
explosions during unusually rainy seasons (Weaver et al., 2004). Another enigma concerning
VEEV emergence is why the equine-virulent IAB and IC strains are not maintained following
outbreaks, i.e. emergence appears to be unidirectional. The most likely explanation is that the
mutations that adapt enzootic strains reduce the fitness of epidemic strains for enzootic hosts
or vectors. Experimental infections of rodent reservoir hosts support this hypothesis (SCW,
unpublished).

Future Trends—The last major VEE epidemic, which involved ca. 100,000 persons with an
estimated 300 deaths, occurred in Venezuelaand Colombiain 1995 (Rivas etal., 1997; Weaver
etal., 1996). This outbreak may have been initiated by the accidental release from a laboratory
of an isolate from the 1962-66 epidemic (Brault et al., 2001). Current understanding of the
mechanisms of epidemic VEEV emergence indicate that natural emergence will occur
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periodically, so long as equine herd immunity is not maintained at adequate levels in Venezuela
and Colombia by vaccination or natural acquisition of immunity from enzootic exposure.
Epidemics probably have not arisen in the Amazon Basin of Peru and Ecuador, where the
progenitor lineage of subtype 1D occurs, because equid populations tend to be low in these
regions. The risk of epidemic emergence may be increasing by the conversion of large areas
of tropical forest to ranching and other forms of agriculture in Colombia and Venezuela. This
deforestation increases the ecotonal boundaries around enzootic habitats and may thereby
enhance opportunities for infection of bridge vectors or highly mobile hosts such as birds or
bats capable of transporting nascent epidemic strains to locations conducive to the generation
of an equine amplified cycle.

In addition to the risk of future equine-mediated VEE epidemics, the possibility of human-
amplified transmission must be considered (Table). Infected people develop high titered
viremia after infection with both enzootic (Aguilar et al., 2004; Quiroz et al.) and epidemic
(Bowen and Calisher, 1976;Weaver et al., 1996) VEEV strains. Furthermore, urban,
peridomestic mosquito vectors such as Ae. aegypti (Ortiz et al., 2008;Suarez and Bergold,
1968) and Ae. albopictus (Beaman and Turell, 1991;Fernandez et al., 2003; Turell and Beaman,
1992) are capable of transmission after oral doses comparable to human viremia titers.
Therefore, the key prerequisites for urban, human-amplified VEEV transmission would appear
to be met, because: 1) human viremia is sufficient to infect peridomestic vectors; and 2) these
peridomestic mosquitoes have the ability to transmit VEEV. The past epidemic VEEV
transmission near major cities such as Maracaibo, Venezuela (Weaver et al., 1996), where Ae.
aegypti readily supports DENV transmission, raise the question of why these outbreaks have
not sparked urban transmission. Furthermore, enzootic VEEV regularly infects people in
neotropical cities like Iquitos, Peru, that are in close proximity to forest habitats and that support
epidemic DENV transmission (Rocha et al., 2009). It may just be a matter of time before an
Ae. aegypti-borne epidemic VEEV cycle emerges, which would have devastating public health
consequences.

IV. Examples of Arboviral Emergence Associated with Urbanization
A. Dengue viruses (DENV)

Distribution and Health Significance—Dengue viruses comprise four related serotypes
that share common transmission cycles (Fig. 5). They are flaviviruses (Flaviviridae:
Flavivirus) closely related to JEV and WNV described above; however, unlike all other
flaviviruses, DENVs that cause most human disease are not zoonoses, but exclusively utilize
humans as reservoir and amplification hosts. Also unlike most arboviruses, they rely on
transmission by mosquito vectors that live in close association with people; Ae. (Stegomyia)
aegypti is the principal vector in most locations, with Ae. (Stegomyia) albopictus serving as a
secondary vector in some locations (Table).

DENV are the most important human arboviral pathogens, with an estimated 50-100 million
annual cases of DEN and tens-of-thousands of cases of the more severe and sometimes fatal
dengue hemorrhagic fever/shock syndrome (DHF/DSS syndromes) (Endy et al., 2010). The
latter disease manifestations were first described after World War 1l coincident with increased
urbanization, particularly in Asia. Today, DEN is hyperendemic in many Asian tropical
regions, where 2 or more serotypes circulate endemically and epidemically. Although DENV
was probably introduced periodically into the Americas by sailing ships since the 17! century,
the emergence of hyperendemic DEN in the Western Hemisphere began later, due to a partially
successful campaign to eradicate Ae. aegypti to control yellow fever. This campaign succeeded
in most of the Americas from the 1950s to the 1970s, but was then discontinued. Ae. aegypti
quickly recolonized nearly all of the Neotropics and subtropics, and the invasion of DENV
followed soon thereafter. In 1985, Ae. albopictus was introduced into the U.S. (Hawley et al.,
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1987) and Brazil from Asia, providing a secondary vector for DENV transmission in the
Americas. This species was the primary vector of DENV during a recent outbreak in Hawaii
(Effler et al., 2005).

Factors associated with emergence—Although most DENV strains have no vertebrate
hosts other than humans, ancestral DENV are represented by primitive nonhuman primate-
borne strains that continue to circulate in the forests of West Africa and Southeast Asia (Gubler,
1997; Wang et al., 2000). These DENV use nonhuman primates as reservoir/amplification
hosts and canopy mosquitoes as enzootic vectors. Emergence into the evolutionarily and
ecologically independent urban cycles occurred independently for each serotype from
hundreds to a few thousand years ago (Fig. 5). Experimental studies of vector competence and
human models suggest that the emergence of DENV-2 required little or no adaptation to Ae.
aegypti or humans (Vasilakis et al., 2007), and epidemiologic and genetic analyses of human
isolates indicate that sylvatic DENV-2 can cause typical DEN fever (Vasilakis et al., 2008)
and some hemorrhagic manifestations (Cardosa et al., 2009). However, there is evidence that
one particular genotype of DENV-2, termed “Asian,” has evolved higher human virulence, in
the context of immune enhancement, with limited antigenic cross-reactivity against previous
DENV infections (Cologna et al., 2005; Kochel et al., 2002; Vasilakis et al., 2007) and greater
infectivity for Ae. aegypti (Armstrong and Rico-Hesse, 2003)(Fig. 5), allowing it to displace
the less fit “American” genotype from some parts of the Americas.

Although at least some of the DENVs emerged from sylvatic cycles to infect humans on the
order of hundreds of years ago (Fig. 5), highly efficient interhuman transmission probably
required the widespread colonization of the tropics by Ae. aegypti. This vector has its origins
in West Africa (Mattingly, 1967;Sylla et al., 2009; Tabachnick and Powell, 1979), where its
ancestors remain in forested habitats that contain treeholes for larval development. The
ancestral form, Ae. aegypti formosus, is not a significant DENV vector, because it is zoophilic
and nearly refractory to DENV-2 infection (Bosio et al., 1998;Diallo et al., 2005). Ae. aegypti
aegypti probably evolved its domestic behavior in Africa, and was subsequently transported
onsailing ships to the Americas (along with YFV) and Asia, setting the stage for highly efficient
DENV transmission.

Interhuman DENV transmission is highly efficient due to the relatively high viremia titers
found in many infected persons, and the susceptibility, but more importantly, the behavior and
ecology of Ae. aegypti. This mosquito prefers artificial water containers as its larval habitat,
human habitations as a resting and host-seeking habitat as adults, and human blood as both a
protein source for oogenesis (egg development) and energy for flight. In addition, adult females
often feed on multiple human hosts during a single gonotrophic cycle (Harrington et al.,
2001), increasing both the probability of becoming infected and the number of hosts infected
by bite. The tropical urbanization that has accelerated since World War Il, combined with the
multiple interhemispheric introductions of both Ae. aegypti and Ae. albopictus, has greatly
increased the population densities and geographic ranges of these vectors. Ae. aegypti is
especially aided by poverty when the lack of municipal water services results in
intradomiciliary water storage and the lack of trash collection results in the accumulation of
waste receptacles that hold rainwater to support larval development. Community-based vector
control through the elimination of these larval development sites or by the use of larvicides
has only been effective in Cuba and Singapore, and the lack of sustained success resulted in
the reappearance of Ae. aegypti and DEN.

The DHF/DSS syndromes are strongly associated with secondary infections, indicating that
the ability of multiple serotypes to circulate sympatrically within Asian urban populations
probably explains the relatively recent emergence of these disease syndromes there. The
widespread occurrence of the DHF/DSS syndromes was delayed in the Americas, because
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DENV did not become hyperendemic until the 1980s and later. In addition to urbanization that
enhanced conditions for Ae. aegypti and for efficient interhuman transmission, the lack of
sustained mosquito control programs, the increase in use of disposable containers and tires,
and the increase in human air travel and perhaps commerce have undoubtedly facilitated the
spread of DENV strains and enhanced hyperendemicity.

Future Trends—DENYV is now hyperendemic in many parts of the tropics and subtropics,
and there is no immediate cause for optimism that DEN can be controlled in these locations.
Advances in clinical care have decreased case fatality rates for DHF/DSS, but there remains
no effective antiviral therapy and no licensed vaccines. The latter are the subject of intensive
research and development, with some hope for a commercial vaccine becoming available
during the coming decade. However, the association of DHF/DSS with secondary infections,
possibly the result of immune enhancement (Halstead and O’Rourke, 1977a; Halstead and
O’Rourke, 1977b), indicates that solid and long-lived tetravalent immunity against all 4 DENV
serotypes will be required to ensure the safety of a vaccine. If this challenge can be overcome,
DENV could in theory be eradicated from urban cycles because humans are the only vertebrate
hosts. Reemergence from the sylvatic cycles will remain a risk, but sustained vaccination could
prevent this scenario because neutralizing antibodies strongly cross-react between urban strains
used for vaccines and sylvatic strains.

The effects of global warming on DENV transmission are not as predictable as those of some
other arboviruses. Because warming is expected to be most dramatic in temperate climates,
the distributions of the 2 principal DENV vectors could expand. Ae. aegypti cannot tolerate
cold winters and currently is limited to subtropical and tropical regions. Its northern and
southern expansion could certainly be followed by extended DENV transmission into locations
where human behavior and culture permits adequate exposure to this mosquito (e.g. water
storage and the presence of artificial containers for larval development, and the lack of barriers
to the movement of adult females into homes, such as window screening and air conditioning).
However, in some subtropical regions, cultural practices limit exposure to this vector. One
example is the southern U.S. where Ae. Aegypti-borne DEN and YF epidemics occurred
beginning in the 18! century, but disappeared about a century ago, coincident with improved
hygiene and the widespread use of window screening, and later, air-conditioning. In these
locations, climate warming might have little or no effect on DENV. Although a less efficient
vector, some strains of Ae. albopictus have a diapausing egg state and therefore greater
tolerance for temperate winters (Hanson and Craig, 1995; Nawrocki and Hawley, 1987). This
species is less endophilic, so human exposure may be less dependent on home construction
and probably occurs principally within the peridomestic environment.

B. Chikungunya virus (CHIKV)

Distribution and Health Significance—CHIKV is an alphavirus (Togaviridae:
Alphavirus) historically found only in the Old World. First isolated in Tanzania in 1953 during
an outbreak of human febrile illness accompanied by severe arthralgia and rash, it is now known
to circulate in enzootic cycles throughout much of Africa (Fig. 6) (Jupp and Mclntosh, 1988).
Occasionally, outbreaks of human disease are detected in Africa when adequate laboratory
diagnostics are implemented, but cases frequently are confused clinically with DENV.
Historical records also indicate that CHIKV, like DENV, was probably transported on sailing
ships to Asia and possibly the Americas for centuries, along with Ae. aegypti, where it caused
epidemics in port cities but failed to become established.

CHIKYV historically has been regarded as a highly debilitating but not a life-threatening
pathogen. Patients typically suffer from fever, headache, nausea, vomiting, myalgia, rash, and
severe arthralgia. Because these symptoms often mimic those of DEN and because CHIKV
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circulates in DEN-endemic regions, CHIK has long been underdiagnosed and underappreciated
as an important arboviral disease (Carey, 1971). The severe arthralgia that accompanies most
CHIKYV infections is highly debilitating and typically lasts for several weeks, and sometimes
for months or even years, resulting in a high economic cost in addition to human suffering.
Disability-adjusted life year (DALY estimates during the 2006 Indian epidemic exceeded 265
per million in some states, which accounted for up to 69% of the total DALYS there
(Krishnamoorthy et al., 2009).

Beginning in the 1950 s, CHIKV was recognized as the etiologic cause of febrile disease
epidemics in India and Southeast Asia (Fig. 6). Transmission continued in India until 1973,
when the virus apparently disappeared. In Southeast Asia, CHIKV has remained endemic and
continues to be an important pathogen hidden, at least to some degree, under the “DEN
umbrella.” Unlike Africa, where there is evidence of a sylvatic CHIKV cycle involving arboreal
mosquitoes and nonhuman primates, CHIKV appears to be maintained in Asia in a strictly
human-peridomestic mosquito cycle.

CHIKYV cases have risen meteorically during the last 4 years and CHIKV is now recognized
as a dangerous and important, emerging arbovirus due to 2 major epidemics. The first
apparently began on the coast of Kenya in 2004 and then spread to the nearby Island of Comoros
in 2005 (Fig. 6). Rapid dissemination to other islands in the Indian Ocean then ensued, most
notably La Reunion where ca. 300,000 persons were infected, with an attack rate of about 35%.
Later in 2006, a closely related CHIKYV strain was introduced from the East Africa region into
India, where a major epidemic continues. Most estimates from the Indian subcontinent are on
the order of 1-2 million cases. Especially troubling in both the Indian Ocean (Robin et al.,
2008) and Indian (Mavalankar et al., 2008) epidemics has been the association of CHIKV
infection with an excess of human deaths recorded, suggesting that the virus may have become
more virulent for humans. Some of these fatal cases having neurological complications do not
appear to have been associated with secondary infections or underlying medical problems.
Many infected and potentially infective travelers have been detected in Europe, the Americas
and Asia, raising concerns about further invasion. This fear was realized in northern Italy,
where a traveler from India introduced CHIKV in the summer of 2007, resulting in local
transmission via Ae. albopictus giving rise to several hundred infections (Rezza et al., 2007)
(Fig. 6). Although CHIKV has not been detected in Italy since 2007, its transmission there
suggests that global warming could further extend its potential for transmission into northern
latitudes where Ae. albopictus has become established.

Factors associated with emergence—Phylogenetic studies indicate that CHIKV
evolved in Africa, where it diverged about 350 years ago into 2 principal lineages: West
African, and East/South/Central African. The latter lineage was apparently introduced into
Asia ca. 1950 or earlier, where epidemic transmission continued in India until 1973, and
endemic/epidemic transmission continues in Southeast Asia (Powers et al., 2000). However,
the virus gained little attention due to the health importance of DENV and the lack of
differential diagnostics for the 2 viruses in many locations. Although it is clear that DENV
caused more human disease since the 1950s, the true disease burden due to CHIKV
undoubtedly was underestimated.

CHIKYV shares many characteristics with DENV, including some of the factors associated with
its emergence such as: 1) the ability to use humans (apparently at least in Asia), as the sole
reservoir/amplification hosts; 2) the use of the highly peridomestic and anthropophilic Ae.
aegypti, and to a lesser extent, Ae. albopictus, as principal vectors during endemic and epidemic
transmission; 3) the use of infected persons for dispersal to new regions suitable for endemic
and epidemic transmission, and; 4) genetic changes that enhanced its ability to infect mosquito
vectors (Table). The latter involves an amino acid replacement in the E1 envelope glycoprotein
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that evolved convergently, apparently in response to selection for efficient transmission by Ae.
albopictus in locations where Ae. aegypti is absent or less abundant (Tsetsarkin et al.,
2007;Vazeille et al., 2007).

Future Trends—Although the epidemics in the Indian Ocean have apparently subsided,
epidemic CHIK continues in the Indian subcontinent and endemic transmission continues in
Southeast Asia. Historical information suggests that CHIKV will remain endemic in the latter
region, but the disappearance of the virus from India in 1973 indicates the possibility that this
region cannot sustain transmission for unknown reasons. However, if human and vector
populations have increased sufficiently in India, conditions for endemic maintenance may have
improved. The ability of Indian strains to use both Ae. aegypti and Ae. albopictus as vectors
and nonhuman primates as hosts also may enhance its ability to persist there.

Another major concern regarding CHIKV is the potential for its establishment in Europe or
the Americas. The large numbers of travelers who returned infected to these regions during
the 2005-2007 epidemics underscore the risks of introduction by frequent air travel by persons
leaving epidemic areas (Lanciotti et al., 2007), while the history of autochthonous infections
in northern Italy demonstrates the ability of CHIKV to be transmitted from person-to-person,
even in temperate regions (Rezza et al., 2007). However, the greatest risk is the establishment
of CHIKYV in the Neotropics, where the success of DENV indicates that CHIKV could become
endemic and cause millions of cases annually.

V. Examples of Other Arboviruses with the Potential for Urban Emergence

There are many known and probably even more unknown arboviruses with the potential for
epidemic emergence, especially as climate change and urbanization enhance opportunities for
spread and interhuman transmission. We include here a few of many examples of each
emergence.

A. Yellow fever virus (YFV)

YFV is a flavivirus (Flaviviridae: Flavivirus) distantly related to WNV and DENV. Strong
historical evidence as well as phylogenetic studies indicate that YFV originated in Africa and
spread to the New World during the slave trade beginning in the 16! century (Bryant et al.,
2007; Monath, 1988; Monath, 2001). Until the early 20t century, many YF epidemics occurred
in port cities of North and South America, associated with the importation of both the Ae.
aegypti vector and YFV on sailing ships, where onboard transmission cycles occurred among
humans. In addition, YFV established permanent enzootic sylvatic transmission cycles in the
Neotropics, utilizing nonhuman primates and canopy-dwelling mosquitoes such as Hemagogus
janthinomys. These cycles persist today and represent a constant threat of spillover to humans
following epizootic or even enzootic transmission (Bryant et al., 2003; Monath, 2001).

Despite YFV being studied extensively since the early 20™ century, several enigmas remain
regarding the potential for future emergence and urbanization (Table). African strains clearly
retain the ability to enter urban cycles and initiate epidemics involving human-mosquito
transmission, resulting in tens-of-thousands of human cases annually despite a highly effective
human vaccine (17D) developed in 1937 (Monath, 1988). On the other hand, the reasons that
the African YFV strains have not invaded Asia, as has CHIKV, remain unknown. Also, major
urban YF epidemics have disappeared from the New World since the major campaign to
eliminate Ae. aegypti began in the mid 20™ century. Although Ae. aegypti has reinfested nearly
all of the Neotropics, resulting in hyperendemic DENV, YFV remains largely a zoonotic
disease in South America. A possible exception is the recent YF epidemic in Paraguay,
apparently involving urban, human-to-human transmission, which was controlled by mass
vaccination (2008). This outbreak suggests the continued potential for enzootic YFV strains
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to initiate urban outbreaks in the Neotropics, and underscores the need to maintain vaccination
programs in enzootic regions of South America. Possible explanations for the limited recent
urban YF activity include a limited urbanization potential of the extant enzootic, neotropical
YFV strains (lower human viremia and/or reduced Ae. aegypti infectivity) compared to African
strains, cross-protection provided by DENV, which are hyperendemic in much of Asia, and
more limited movement of African strains to Asia after the decline of transportation via sailing
ships. Although experimental evidence to test these hypotheses is quite limited, the
transmission competence of Ae. aegypti from Bolivia for American YFV strains fails to support
a lesser urbanization potential of extant American enzootic strains (Mutebi et al., 2004).

Expansion of epidemic YFV into Asia and the Americas would expose the virus to additional,
major tropical urban centers and could increase the chances for the establishment of a
permanent endemic transmission cycle. Understanding the reason(s) why this has not occurred
is of major public health importance and should be a research priority.

B. Zika virus (ZIKAV)

ZIKAYV, also a flavivirus (Flaviviridae: Flavivirus) closely related to YFV, was first isolated
from a sentinel monkey in the Zika forest of Uganda in 1947; a year later virus was isolated
from Ae. africanus at the same location (Dick et al., 1952). Since that time, ZIKAV has been
sporadically isolated, occasionally associated with human disease, and serologic evidence of
circulation has been found in Africa (Uganda, Nigeria, Senegal, Egypt) and Asia (India,
Malaysia, Thailand, Viet Nam, the Philippines and Indonesia)[reviewed in (Lanciotti et al.,
2008)]. However, until recently, ZIKAV has never been associated with large outbreaks of
disease. Human seroprevalence can be quite high; for example, 75% of 358 Malaysian residents
had neutralizing antibodies in 1954, with an age and seroprevalence correlation suggesting
endemicity (Pond, 1963). A Nigerian community exhibited 56% seroprevalence in 1980
(Adekolu-John and Fagbami, 1983).

In Africa, ZIKAV has been isolated from Ae. africanus (Dick et al., 1952; Haddow et al.,
1964) and Ae. luteocephalus, (Lee, 1969) and in Malaysia from Ae. aegypti (Marchette et al.,
1969); the same vectors involved in enzootic and epidemic YFV and CHIKV transmission,
respectively. Like many other sympatric arboviruses, ZIKAV produces a flu-like illness
associated with high fever, malaise, dizziness, anorexia, retro-orbital pain, edema,
lymphadenopathy, and gastrointestinal manifestations (Olson et al., 1981). A rash is also
sometimes reported (Simpson, 1964). Thus, diagnosis requires serology or virus isolation, and
most cases probably are assumed to be DEN or malaria.

In 2007, an epidemic including 49 confirmed and 59 probable cases of Zika virus infection
was detected on the Pacific Island of Yap (Duffy et al., 2009). Rash, fever, arthralgia, and
conjunctivitis were common signs and symptoms, with an estimated 73% attack rate among
residents >3 years of age, or ca. 5,005 of the 6,892 residents in this age group. Aedes hensilli
was the most commonly collected mosquito species, although ZIKAV was not isolated from
this species and confirmation its vector status was not achieved. ZIKAV was likely imported
into Yap via a viremic traveler, a hypothesis that was supported by the return of an infected
health care worker to the U.S. in July, 2007, most probably in a viremic state (Duffy et al.,
2009).

C. Mayaro virus (MAYV)

MAYYV (Togaviridae: Alphavirus) is related closely to CHIKV and produces a nearly
indistinguishable, highly debilitating clinical illness characterized by rash and arthralgia.
MAYYV was first isolated from febrile forest workers in Trinidad in 1954 and causes sporadic
outbreaks in many regions of South America. However, because MAY'V produces a DEN-like
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illness that includes fever, chills, headache, eye pain, generalized myalgia, arthralgia, and
gastrointestinal manifestations, many cases are undoubtedly assumed to be DEN in the absence
of laboratory diagnosis. However, severe MAYV-induced arthralgia can persist for months,
so it is often more incapacitating than DEN (Coimbra et al., 2007; Tesh et al., 1999).

MAYYV circulates strictly in South America in a cycle believed to involve nonhuman primates
as reservoir/amplification hosts and sylvatic mosquitoes such as H. janthinomys as vectors.
Human infections are strongly associated with exposure to forest environments, so they are
assumed to represent spillover from the enzootic cycle. However, several factors suggest the
possibility of MAYV urbanization, including: 1) the close relationship to CHIKV, another
alphavirus in the Semliki Forest Complex with a long and well-established history of
urbanization (see above); 2) the regular occurrence of MAY cases near major neotropical cities
infested with Ae. aegypti (Tesh et al., 1999), and; 3) the competence of Ae. aegypti to become
infected and transmit MAY'V to hamsters after ingestion of moderate oral doses (P. V. Aguilar,
SCW, University of Texas Medical Branch, unpublished). The critical missing information
needed to assess the potential of MAYV to urbanize is the magnitude and duration of human
viremiainrelation to Ae. aegypti susceptibility (Table). If MAYV does succeed in urbanization,
the experience with DENV in the western hemisphere suggests major public health
consequences. Although MAY'V has not been associated with fatal human disease like DENV,
primary infections are often more debilitating, with loss of productivity for weeks or even
months due to severe arthralgia. The recent epidemic activity of CHIKV should serve as a
warning that seemingly obscure viruses like MAYYV should not be underestimated as
potentially emerging human pathogens.

VI. Conclusions

Arboviruses have a well-documented history of emergence through several mechanisms,
including geographic expansion, often mediated through human transportation, and enhanced
amplification in peridomestic commensal and domesticated animals leading to spillover to
humans. Both of these mechanisms threaten to increase in the future due to increased human
travel and global commerce as well as deforestation and tropical human population growth.
Global warming also has the potential to increase the distribution of vectors and to enhance
transmission potential in temperate climates by elongating transmission seasons, increasing
host-vector contact by shortening vector gonotrophic cycles, and shortening extrinsic
incubation times. However, the greatest risk of human disease comes from the ability of some
arboviruses to adopt anthroponotic urban or peridomestic transmission cycles involving highly
efficient and anthropophilic vectors, Ae. aegypti and Ae. albopictus, or enzootic peridomestic
cycles involving urban avian and Culex populations. Combined with the explosions in urban
human populations in the tropics, diseases such as DEN and CHIK will continue to increase
in incidence until effective vaccines are available or improved control of urban vectors is
achieved. Furthermore, there is reason to believe that additional viruses such as VEEV, ZIKAV
and MAYYV have the potential for urbanization (Table), which could have devastating public
health consequences, especially in the Western Hemisphere, where there is no herd immunity.
The movement of rural Aedes and Culex vectors and their hosts into urban and peridomestic
environments allow effective amplification within simplified transmission cycles in close
proximity to humans. Further research is needed to understand the reasons that these urban
emergences have not yet occurred and to devise intervention strategies to facilitate their control
and prevent future urbanization.
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Fig. 1.
Probable temporal sequence and dispersal routes of WNV from its proposed center of origin
in sub-Saharan Africa (Powers et al., 2000)(Lanciotti et al. 2002).
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Fig. 2.

Probable sequence and dispersal routes of JEV from its putative center of origin in the Malay
Archipelago (Burke and Leake 1988, Solomon et al. 2003). Pattern of lineage dispersal was
difficult to trace.
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Fig. 3.
Temporal patterns of dispersal by RVFV in Africa (Bird et al. 2003). Dates indicate the earliest
detection and possible establishment of virus in each area.
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Fig. 4.
Geographic distribution of epidemic/epizootic VEEV strains responsible for major outbreaks,
and enzootic VEE complex strains isolated principally in swamp or forest habitats.
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— DENV-1
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993 —

— DENV-2

DENV-4

Phylogenetic tree of DENV strains derived from complete open reading frames available in
the GenBank library. The phylogeny was inferred using Bayesian analysis (one million
reiterations) and all horizontal branches are scaled according to the number of substitutions
per site. Bayesian probability values are shown for key nodes. Virus strains and branches are
colored green for sylvatic (nonhuman primate and arboreal mosquito isolates) and red for
endemic (human and peridomestic Aedes isolates) and strains coded by abbreviated country
of collection/strain name/year of collection. Dashed green line indicates hypothetical sylvatic
DENV-3 lineage suggested by nonhuman primate seroconversions in Malaysia (Rudnick,

1978).
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Fig. 6.

Map showing the locations of the 2 major enzootic genotypes of CHIKYV in Africa, and
historical introductions into the Indian Ocean islands, Asia and Europe, as well as recent
importations via viremic travelers, based on (Lanciotti et al., 2007; Powers et al., 2000; Rezza
etal., 2007; Sang et al., 2008).
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