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Arthropod-borne viruses (arboviruses) mainly infect
people via direct spillover from enzootic cycles. Howev-
er, dengue, chikungunya, and yellow fever viruses have
repeatedly initiated urban transmission cycles involving
human amplification and peridomestic mosquito vec-
tors to cause major epidemics. Here, I review these urban
emergences and potential strategies for their prevention
and control.

Arthropod-borne viruses (arboviruses) are transmitted by
mosquitoes and other biting arthropods. They occur nearly
worldwide and all were, until recently, zoonotic in nature
(circulating enzootically among wild animals but some-
times infecting people). Arboviruses have undoubtedly
caused human disease in people for at least millennia,
but a few have increased in importance during recent
decades because of human population expansion and ac-
tivities that have increased exposure to infection. Some
have simply expanded the geographic range of their enzo-
otic cycles, often due to human trade or travel, to infect
more people via direct spillover (transmission from ani-
mals via enzootic or bridge vectors to humans, who typi-
cally do not develop sufficient viremia to extend the
transmission chain and are thus dead-end hosts). An ex-
ample is West Nile virus (WNV; Flaviviridae: Flavivirus),
which circulates in an avian–mosquito cycle and has
caused small epidemics for many decades, because of
spillover, in the Old World. However, in 1999 WNV was
introduced into New York, where it amplified and spread
rapidly to cause the largest epidemic of arboviral enceph-
alitis ever documented in the USA, followed by a major
resurgence in 2012 [1]. Several other arboviruses may have
comparable abilities to invade new geographic regions; the
evidence that little or no adaptive evolution was needed for
the WNV epidemic to spread across the Americas [2]
suggests that such events could occur with other deadly
flaviviruses that exploit multiple vectors and hosts [3].

Several of the most important arboviral pathogens are
those that not only infect people via enzootic spillover but
also use humans as amplification hosts. The most impor-
tant is the flavivirus dengue virus (DENV), which infects
more than 50 million people annually nearly throughout
the tropics and subtropics, with secondary infections
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carrying a high risk of hemorrhagic disease that can be
fatal [4]. DENV, which includes four serotypes with limit-
ed antigenic cross-reactivity, evolved thousands of years
ago in Southeast Asia, where divergence of the four ser-
otypes probably occurred in arboreal nonhuman primate
(NHP)–mosquito cycles (Figure 1). Later, DENV-2 was
introduced into an African enzootic cycle (probably via
spillback or infection of arboreal vectors or NHPs by
human strains) and all four serotypes ultimately emerged
into independent endemic or epidemic cycles involving
humans and the anthropophilic mosquito vectors Aedes
aegypti and Aedes albopictus [5]. Extensive urbanization,
the nearly global tropical invasion by A. aegypti, and
increased commerce and travel led to an explosion of
urban dengue fever after World War II [4,6]. Evidence
suggests that there was little or no adaptation when
enzootic DENV-2 first emerged in the urban cycle, and
that human DENV infections with enzootic strains in
West Africa and Southeast Asia can be highly pathogenic,
like urban infections [5].

Another flavivirus with a long history of emergence into
a human–A. aegypti cycle is yellow fever virus (YFV), which
is highly virulent (case fatality rate of 20–50%) [7]. YFV
originated in Africa (Figure 1) in a mosquito–NHP arboreal
transmission cycle nearly indistinguishable from that of
DENV [8]. Like DENV, YFV caused periodic epidemics in
port cities of the Americas, including temperate regions,
during the 17th to early 20th centuries, as well as in many
parts of Africa. Urban YFV epidemics involving A. aegypti
transmission have recently been infrequently reported,
especially in Latin America. However, unlike DENV,
YFV developed enzootic transmission cycles in the Neo-
tropics, probably via spillback, during the early years of the
slave trade from West Africa. Also unlike DENV, YFV has
no documented history of spread into Asia, and its urban
cycle has never become permanent (Figure 1). An effective
YFV vaccine has been available since the 1930s. Unfortu-
nately, incomplete coverage in regions at risk of enzootic
spillover and urban epidemics allows hundreds to thou-
sands of human infections, many of which are fatal, to
continue annually in Africa and South America, with many
more undoubtedly unreported [7].

The third major arboviral disease with a history of
urbanization is chikungunya virus (CHIKV; Togaviridae:
Alphavirus), which originated in Africa (Figure 1) and, like
DENV and YFV, was probably transported by sailing ships
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Figure 1. Map showing approximate enzootic origins of dengue virus (DENV), chikungunya virus (CHIKV), and yellow fever virus (YFV) (green circles), introductions (green

arrows) that established additional documented sites of enzootic transmission (striped green circles), and general patterns (not comprehensive) of the urbanized spread of

DENV (red), CHIKV (blue), or YFV (magenta) leading to extant endemic or epidemic strains.
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to port cities during the 18th and 19th centuries [3].
However, CHIKV has spread from eastern Africa into Asia
at least twice to establish permanent urban transmission.
One emergence occurred during or before the early 1950s.
The most recent emergence began in coastal Kenya in
2004, before spreading into islands of the Indian Ocean
and into Asia to cause severe, often chronic arthralgia in
millions of people (Figure 1). The recent epidemics were
facilitated by A. albopictus-adaptive mutations that led to
more efficient interhuman transmission, even in temper-
ate regions of Europe where this mosquito survives cold
winters.

History suggests that enzootic arboviruses that use
NHPs as hosts probably represent the greatest risk for
urbanization. This group includes the arthralgic alpha-
virus Mayaro (MAYV), which circulates enzootically in
South America among NHPs, transmitted by arboreal
mosquitoes in the genera Haemagogus and Sabethes. An-
other threat is the flavivirus Zika, which circulates widely
in Africa and Asia, probably using NHPs as enzootic hosts,
and which recently caused an epidemic of febrile illness,
apparently involving human amplification, on Yap Island
in the Pacific [9]. Although its enzootic cycle does
not appear to involve NHPs, Oropouche virus (OROV;
Bunyaviridae: Bunyavirus), an enzootic in South America,
has caused major epidemics of febrile illness involving
human amplification and urban transmission by the midge
Culicoides paraensis [10].

Five strategies for preventing or mitigating arbovirus
urbanization are outlined below.
(i) Intervention in enzootic cycles. In theory, the preven-

tion of arbovirus urbanization could be mitigated at
several stages of the emergence process (Figure 2).
Reduction or elimination of enzootic circulation via
vector control or prevention of reservoir and amplifi-
cation host infection would be highly challenging
considering the widespread and often remote locations
of sylvatic foci, the environmental concerns of large-
scale insecticide use, and the extreme difficulty of
vaccinating wild animals. Modulation of mosquito
transmission by the introduction of endosymbiotic
Wolbachia spp. bacteria, which suppress the replica-
tion of some arboviruses, holds promise for reducing
urban transmission of DENV, YFV, and CHIKV [11].
However, it is unknown if this approach could be
applied to the more diverse enzootic vectors that are
poorly understood.

(ii) Prevention of enzootic spillover. If enzootic transmis-
sion of arboviruses within their sylvatic NHP cycles
offers a poor target for interruption, then prevention of
introductions into the urban cycle represents the next
step potentially amenable to intervention (Figure 2).
DENV, YFV, and CHIKV apparently emerge from
enzootic cycles by infecting people who live near
forested habitats and who then initiate the human–
mosquito cycle, and ultimately transport it to urban
centers. Thus, reductions in the exposure of these
human populations to enzootic vectors, or vaccination
of such persons, could reduce the risk of further
urbanization. Some measures successfully implemen-
ted to reduce infection with malaria parasites and
other vector-borne pathogens, such as bed nets, may
offer some protection against enzootic arbovirus
spillover infections. Nevertheless, anthropogenic
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Figure 2. Cartoon depicting the emergence of urban transmission cycles for dengue virus (DENV), yellow fever virus (YFV), and chikungunya virus (CHIKV) from enzootic

cycles. Lines through arrows indicate potential points for intervention in enzootic circulation, spillover infections of humans, introductions into the urban cycle, and

spillback from urban cycles to initiate arboreal enzootic cycles. The line thickness reflects the likelihood of success of these interventions (a thicker line indicates a greater

likelihood of success).
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factors such as increased human settlement and
activity in forests, and deforestation itself, may
increase enzootic human exposure over time. Better
targeted vaccination of people who live near African
enzootic YFV foci could decrease the risk of its
reemergence, but licensed vaccines to protect against
DENV and CHIKV are not available, and a tetravalent
DENV vaccine was disappointing in recent human
efficacy trials [12]. CHIKV, owing to its limited
antigenic variation and lack of immune enhancement,
offers a simpler target for vaccine development, and
several promising candidates have been described [13].
Further development of these vaccines, as well as
efforts to improve the safety of the YFV 17D vaccine,
should be prioritized. Vaccines for other viruses with
urbanization potential, such MAYV and OROV, which
also cause a large burden of enzootic spillover disease,
should also be developed.

(iii) Prevention of urban introductions. If spillover enzo-
otic infections cannot be prevented or reduced,
preemptive (for YFV and CHIKV) reductions in the
urban transmission potential represent the next
target for intervention via control of A. aegypti and
A. albopictus, modulation of their vectorial capacity,
and vaccination of urban populations, as discussed
below (Figure 2).

(iv) Reduction or elimination of urban transmission. If
urban introductions cannot be prevented, reductions
in urban mosquito–human transmission remain the
362
only option to reduce disease burden. Control of the
major YFV and DENV vector, A. aegypti, has proved
challenging because of its behavioral traits, including
its exploitation of human refuse and water storage
containers as larval habitats, and the tendency of
adult females to remain inside houses, where
insecticide applications are intrusive and expensive
[6]. A. albopictus, the major CHIKV vector that has
invaded the Americas, Africa, and Southern Europe
from its native Asia since 1985, also lives in
association with people, albeit to a lesser degree
than A. aegypti. However, epidemiological studies
suggest that DENV infection is spatially distributed
based primarily on human movement, suggesting
that better targeted vector control, not necessarily in
the places with the highest vector density, could
impact incidence [14]. Moreover, major differences in
DEN incidence and seroprevalence in the adjacent
cities of Matamoros, Mexico, and Brownsville, USA,
suggest that socioeconomic differences play a major
role in DENV transmission [15].
The use of Wolbachia spp. to suppress transmission of
all three viruses is one of the most promising
strategies on the horizon to reduce mosquito trans-
mission. Ultimately, however, vaccines offer the best
hope of controlling the urban cycles and of preventing
reemergence. In theory, vaccination could eradicate
all of the urban cycles because humans are the only
amplification hosts. Furthermore, the prevention or
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suppression of CHIKV and YFV epidemics via
vaccination would greatly reduce the risk of importa-
tion into the Americas and Asia, respectively, and
potential devastating epidemics. However, even if
urban transmission were eradicated, vaccination of
urban populations, as well as those exposed to
spillover infections near sylvatic foci, would be
required to prevent reemergence in the absence of
methods to control enzootic circulation.

(v) Prevention of spillback into enzootic cycles. For DENV
and CHIKV in the Americas and YFV in Asia, spillback
into enzootic cycles (infection of arboreal vectors or
NHPs by urban virus strains, leading to stable enzootic
transmission) could lead to additional sources of urban
reemergence, as well as spillover infections, both of
which have major public health consequences. It is
likely that the only way to reduce this risk is to control
urban transmission (and prevent YFV from being
introduced into Asia and CHIKV into the Americas). A
far better understanding of the vector competence of
neotropical (for CHIKV and DENV) and Asian (for YFV
and CHIKV) arboreal primatophilic mosquitoes for
these urbanized viruses is needed to estimate the
probability of these spillback events.
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