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Abstract

Arthropod-borne viruses (arboviruses) have a long history of emerging to infect humans, but
during recent decades, they have been spreading more widely and affecting larger populations.
This is due to several factors, including increased air travel and uncontrolled mosquito vector
populations. Emergence can involve simple spillover from enzootic (wildlife) cycles, as in the case
of West Nile virus accompanying geographic expansion into the Americas; secondary
amplification in domesticated animals, as seen with Japanese encephalitis, Venezuelan equine
encephalitis, and Rift Valley fever viruses; and urbanization, in which humans become the
amplification hosts and peridomestic mosquitoes, mainly Aedes aegypti, mediate human-to-human
transmission. Dengue, yellow fever, chikungunya, and Zika viruses have undergone such urban
emergence. We focus mainly on the latter two, which are recent arrivals in the Western
Hemisphere. We also discuss a few other viruses with the potential to emerge through all of these
mechanisms.
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EVOLUTION AND EPIDEMIOLOGY OF EMERGING ARBOVIRUSES

Evolution

The emergence of arthropod-borne viruses (arboviruses) has been a threat to human health
for centuries. Nearly all arboviruses are zoonatic, with ancestral transmission cycles in
wildlife, and many of the most medically important arboviruses are transmitted by mosquito
vectors (1). Among the mosquito-borne viruses, infection of humans occurs via three main
mechanisms (Figure 1).

The first mechanism is direct spillover, where an enzootic or bridge vector transmits the
virus from an enzootic host to a human. The second mechanism is amplification in
domesticated animals, followed by spillover to humans; examples of this mechanism include
Japanese encephalitis (JEV), an avian arbovirus that amplifies in swine, which often live in
close proximity to people, and Rift Valley fever virus (RVFV), which amplifies in sheep,
cattle, and other domesticated livestock. RVFV has never been detected outside of Africa. In
2016, JEV, historically found in Asia and Oceania, was detected for the first time in a human
infection in Africa during a yellow fever epidemic (2). In the mechanisms of spillover and
secondary livestock amplification, humans generally do not develop viremia sufficient in
magnitude to contribute to ongoing transmission. The third mechanism is transition from the
enzootic cycle to a human—-mosquito— human cycle, where people serve as the amplification
hosts and anthropophilic mosquitoes such as Aedes (Stegomyia) aegypti, A. (Steg.)
albopictus, and others transmit the virus, often in urban settings. Arboviruses with the
potential for urban spread are among the most important for public health.

We focus primarily on two of these viruses with a recent history of emergence into new
geographic regions, especially in the New World: Zika virus (ZIKV) and chikungunya virus
(CHIKV). We also discuss briefly two other viruses with a history of urbanization and
spread, dengue virus (DENV) and yellow fever virus (YFV), as well as a few others with
potential for interhuman transmission [Mayaro virus (MAYV) and Oropouche virus
(ORQV)] or for geographic spread ( JEV and RVFV).

The evolution of ZIKV (3) and CHIKYV (4), like that of YFV (5), is believed to have
occurred in sub-Saharan Africa in arboreal cycles involving nonhuman primates (NHPs) and
sylvatic mosquito vectors in the genus Aedes (Figure 2). Although surveillance is limited,
these cycles remain active in several parts of Africa with similar patterns of recent spread to
other continents. ZIKV is believed to have spread to Asia many decades ago based on
coalescent phylogenetic analyses as well as direct evidence of NHP seroprevalence in Asia
as early as 1951 (6) and detection of ZIKV in A. aegypti collected in Malaysia in 1966 (7).
In contrast, CHIKYV is believed to have spread to Asia and the Americas centuries ago on
sailing ships, where onboard transmission was probably mediated by A. aegyptiand a
susceptible crew and passengers (8). Outbreaks of YFV transmission in the Caribbean and
continental Americas, as well as in Europe, are also well documented back to the sixteenth
century, facilitated by the slave trade from Africa. However, among these three viruses plus
DENYV, only YFV is known to have initiated an enzootic NHP—mosquito cycle, transmitted
within the Amazon, Araguaia, and Orinoco river basins of South America by Haemagogus
and Sabethes spp. arboreal mosquitoes (5).
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Epidemiology
Although direct spillover infections from enzootic ZIKV and CHIKV have been documented
sporadically in Africa, and small urban outbreaks have also occurred within the enzootic
range (9, 10), the largest outbreaks have been detected outside Africa. The first ZIKV
outbreak detected outside Africa occurred on Yap Island of Micronesia, where more than
half of the ~7,000 inhabitants were infected in 2007 via transmission by A. (Steg.) hensilli
(11). Only ~20% of persons diagnosed retrospectively recalled any disease, which was
characterized as a mild febrile illness. Rash, fever, arthralgia, and conjunctivitis were
common signs and symptoms. The first major outbreak began in French Polynesia in 2013;
more than half of the ~200,000 residents were believed to have been infected, and
transmission by A. aegyptiand A. (Steg.) polynesiensis was suspected (12).

CHIKYV emergence from Africa during the modern scientific era has been traced
phylogenetically to the spread of the virus about one century ago from eastern Africa (East/
Central/South African, or ECSA, lineage) to South and Southeast Asia. The Asian lineage
continues to circulate in the latter region, as well as more recently in Oceania and now the
Americas (13). A second, modern emergence of the Indian Ocean lineage (IOL), also from
eastern Africa, affected islands in the Indian Ocean Basin, followed by India, Southeast
Asia, and temporarily Europe. Finally, a distinct ECSA strain spread directly to Brazil in
2014 (14), resulting in the current co-circulation of both ECSA and Asian lineage strains in
South America. These outbreaks have all involved transmission by A. aegypti, except for
certain 10L strains that have adapted through a series of envelope glycoprotein substitutions
for efficient transmission by A. albopictus. Epistatic interactions driven in some cases by
founder effects have limited the ability of the Asian/American lineage to adapt for efficient
transmission by A. albopictus (15).

Although transmission by mosquitoes is probably the most common mode of both ZIKV and
CHIKYV transmission, the exceptions that have been reported can lead to severe disease
outcomes. Sexual ZIKV transmission was first suspected in a scientist infected in Senegal,
followed by infection of his spouse in a region of Colorado not considered permissive for
mosquito transmission (16). Sexual transmission, primarily male-to-female, has been
detected in many travelers infected in epidemics who subsequently transmitted the virus to
sexual partners in regions of North America and Europe not permissive for mosquito
transmission. These findings have been accompanied by detection of ZIKV RNA in semen
up to six months after infection (17). More importantly, congenital infections of both ZIKV
and CHIKV have been reported during recent outbreaks. The former leads to congenital
Zika syndrome (CZS), characterized by microcephaly and other neurologic disease as well
as a wide range of auditory, ocular, cognitive, and anatomical defects in roughly 5-30% of
babies born to women infected during pregnancy. Maternal infections with CHIKV can also
lead to vertical transmission. This occurs most commonly during birth if there is maternal
viremia (18), but in utero infections that can be fatal have also been described in prospective
cohort studies of pregnant women in Brazil (19).

Both ZIKV (20) and CHIKYV infections (21) are associated with an increased risk for
Guillain Barré syndrome (GBS). The risk has not been well quantified owing to diagnostic
and surveillance challenges in the affected regions of recent outbreaks.
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Clinical Disease and Pathogenesis

Most arbovirus infections share some common clinical features. First, their incubation is
short, typically 3—10 days. Second, most cases are asymptomatic, with the notable exception
of chikungunya [ <15% asymptomatic cases (18)] and Zika [about half of cases from the
ongoing Latin American outbreak are asymptomatic (22)]. Typically, arbovirus infections
manifest with the following signs and symptoms:

| fever and flu-like symptoms, possibly associated with rash (e.g., ZIKV,
CHIKV), with arthralgia (e.g., arthritogenic CHIKV, MAYV), or with icterus
(e.g., RVFV, YFV);

| encephalitis or menencephalitis (e.g., OROV, YFV, and less commonly CHIKV
and ZIKV);

| hemorrhagic fever (e.g., RVFV).

The type | interferon host response is the cornerstone of arbovirus infection control, and
antibody-based immunity is usually considered long-lasting (23).

Zika.—Zika is generally a self-limited disease in children and adults. Macular or
maculopapular rash is noted in 90-100% of cases. Arthritis and arthralgia are reported in
65% of cases and are typically much less prominent in Zika than in chikungunya.
Conjunctivitis, enlarged lymph nodes, and a flu-like syndrome with headache and myalgia
are also noted in 45-60% of symptomatic cases (11, 24). Fever is mild and inconstant (28—
65%) in Zika, unlike dengue. Mucosal bleeding and digestive symptoms are uncommon
(<10% of symptomatic cases) (24). Lymphopenia is frequently reported (24). Two major
complications occur: GBS in adults and fetal developmental defects (CZS).

ZIKV-associated GBS is reported in 0.24/1,000 infections. It is a rare axonal or
demyelinating polyneuropathy with symmetric muscle weakness and diminished or absent
osteomuscular reflexes observable shortly after onset (median interval six days). About 30%
of patients require respiratory assistance (25). Associated mortality is estimated at 0—-4%.

ZIKV is also a major teratogenic arbovirus, the only example so far in humans for the
Flaviviridae family. CZS includes microcephaly, macular atrophy, and craniofacial and
musculoskeletal lesions. Intra-uterine growth restriction and fetal losses are also reported
(19). CZS is reported in 1-13% of children born in most locations to ZIKV-infected mothers
(26-31). Fetal susceptibility to severe manifestations is maximal during the first trimester of
pregnancy (19, 29). Brain lesions include ventriculomegaly, lyssencephaly, and
calcifications, as well neuronal and glial cell necrosis at the subcortical—cortical transition,
with T and B cell infiltrates in the subcortical white matter (32-34). ZIKV’s cell and tissue
tropism accounts for the spectrum of signs. ZIKV is able to infect a wide array of cells and
organs (35), including the skin (dermal fibroblasts, epidermal keratinocytes, immature
dendritic cells) (36) and the eye (ganglion cells, bipolar neurons, optic nerve, cornea, and
aqueous humor) (35). Infection of the semen, sperm, and testicles (Leydig cells, Sertoli
cells, and spermatogonia) is likely responsible for sexual transmission (17, 37).
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Whether GBS occurs as a consequence of direct viral infection (suggested by the short
interval between rash and GBS) or results from an autoimmune, cross-reactive mechanism
targeting neurons and glial cells (suggested by the positivity of antiganglioside antibodies in
ZIKV-associated GBS) remains to be determined (25, 38, 39).

Teratogenic effects appear related to a unique pathophysiologic sequence among
arboviruses: placental barrier crossing; infection of the extravillous cytotrophoblasts and
resident Hofbauer cells, but not of the mature syncytiotrophoblast separating them from the
maternal blood; dissemination to the fetus; and fetal brain invasion and infection of cortical
brain progenitors (along with mature neurons and glial cells), leading to microcephaly (40—
42). Mechanisms associated with fetal brain invasion remain unknown. AXL, a ZIKV
coreceptor expressed on cortical progenitor cells, could account for this specific tropism
(43). Finally, as ZIKV is also able to infect adult neural stem cells, long-term effects on
neural plasticity, learning, and memory could be expected (39).

Chikungunya.—CHIKYV is responsible for an acute infection whose hallmarks are high
fever for 3-5 days followed by severe, typically symmetric polyarthralgia (18). The disease
is named after a Makonde word meaning “that which bends up,” describing the posture of
patients with joint pains. Periarticular edema is reported in 32-95% of cases (44).
Nonspecific macular or maculopapular rash is noted in 40-75% (45). Digestive tract
symptoms occur in 47% (46) and peripheral lymphadenopathy in 41% (44). Hemorrhagic
manifestations are uncommon (18). Lymphopenia, thrombocytopenia, and elevated
transaminases are frequently noted (44). The main complications reported are chronic joint
pain, severe organ dysfunction and encephalitis in the elderly, and severe neonatal infection.
Approximately 35% of patients report persisting or relapsing polyarthralgia, with chronic
polyarthritis in half (47). Incapacitating symptoms can last months to years and are more
frequently reported in patients older than 35 years or when symptoms persist four months
after onset (46, 48). Older patients with comorbidities also develop potentially fatal
complications including encephalitis, myocarditis, and acute kidney or liver failure (18). The
case-fatality rate is globally estimated at ~1/1,000, with deaths mainly occurring in patients
over 75 years of age (49).

Intrapartum transmission from a viremic mother to her child can have a dramatic impact on
infant outcome. Vertical infection is rarely detected before delivery but occurs in about half
of mothers with viremia at delivery (50). Neonatal infection can lead to encephalitis in 50%
of cases and to acute respiratory failure in 8%. It can also impact postnatal neurologic
development; a lower median Development Quotient at two years of age is reported in
infants with perinatal infection when compared to uninfected controls (50, 51).

CHIKYV infects a wide array of tissues, including liver, spleen, muscle, and lymph nodes
(18). Fibroblasts located in the dermis, joint capsules, muscle fascia, and muscle tendinous
insertions are major viral targets, and infection of these components, which are rich in
nociceptive nerve endings, probably accounts for the severity of pain (52). Chronic joint
symptoms may be related to the persistence of infected cells and/or of viral antigens,
triggering prolonged proinflammatory responses driven by interleukin-6 and granulocyte-
macrophage colony-stimulating factor (53). Infected macrophages could be a source of virus
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persistence in chronic lesions, although this is unproven (54). Neurologic symptoms
reported in older patients likely reflect viral meningeal, choroid plexus, and ependymal cell
infections suggested by animal models (18, 55). In contrast to most New World
alphaviruses, CHIKV is not truly neurotropic, as it does not infect neurons or brain blood
vessels and does not induce detectable brain destruction. However, it does infect the brain
envelope and is detectable in the cerebrospinal fluid of patients who undergo a lumbar
puncture (18). The restriction of vertical transmission to the intrapartum period reflects the
non-permissiveness of the human placenta, as confirmed from the study of placental samples
and in in vitro, ex vivo, and animal models. Mother-to-child transmission requires conditions
that are met only during the delivery of viremic mothers, when physiologic placenta
breaches allow the mixing of infected maternal blood and fetal blood (52).

Mayaro fever.—MAYY, a close alphavirus relative of CHIKYV, is responsible for a nonfatal
acute fever with typically symmetric distal arthralgia that classifies it as an arthritogenic
alphavirus. Joint edemas are evidenced in 20% of cases. Other symptoms include myalgia,
reported in 74% of patients; skin rash in 67%; and peripheral adenomegaly in 53% (56). As
with CHIKY, chronic joint pains are reported in ~50% of patients (57). Hemorrhages are
rarely reported (58).

Yellow fever.—Classical yellow fever is characterized by three clinical stages: nonspecific
fever and flu-like symptoms; transient remission; and, in 15% of cases, the so-called period
of intoxication that develops 3—-6 days after onset, when viremia declines and the humoral
immune response arises (59). This stage combines severe sepsis, liver dysfunction with
icterus, renal dysfunction, hemorrhages, and myocarditis (60). Altered consciousness is
frequently reported as a consequence of metabolic disorders rather than dissemination of the
infection to the central nervous system, which is exceptional. Case-fatality rates in this stage
range from 20% to 50% (61). Survivors report persisting fatigue for weeks. Hepatocytes are
the primary site of viral replication, and viral infection directly accounts for liver, kidney,
and myocardium dysfunction (59). Hemodynamic changes and hepatorenal syndrome also
worsen renal failure. The hemorrhagic syndrome is multifactorial and is secondary to
thrombopenia, altered liver synthesis of coagulation factors, and disseminated intravascular
coagulation (60).

Dengue.—Dengue has been extensively described (62). Briefly, the infection follows three
phases. The febrile phase features high-grade fever and flu-like signs and symptoms,
including myalgia and inconstant macular rash, that last 3—-7 days, after which most patients
recover. The critical phase, mainly reported in children and young adults, is characterized by
systemic vascular leakage with hemoconcentration, hypoproteinemia, ascites, and pleural
effusion.The recovery phase can be associated with another rash.

The critical phase can lead to vascular collapse and shock. Skin and mucosal hemorrhages
may also occur (62). Signs of impending deterioration must be carefully monitored by
clinicians, especially in the time window from the febrile to critical phase. These signs are
listed in the World Health Organization’s 2009 classification of “dengue with warning signs
(63). Host risk factors for severe dengue include young age, female sex, obesity, and genetic
variants of the human major histocompatibility complex class | (64-66). Previous DENV
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infection increases the risk of severe infection with another DENV serotype, as preexisting,
non-neutralizing antibodies facilitate infection of Fc receptor-bearing cells. This
phenomenon is known as antibody-dependent enhancement (62).

Oropouche fever.—OROQV, a bunyavirus, is responsible for Oropouche fever, an acute
febrile illness that follows two phases: Fever and flu-like signs and symptoms, possibly
associated with macular rash and conjunctivitis, are followed by milder recurrence in ~60%
of cases 1-10 days after recovery (67). Meningitis and skin and mucosal bleeding are rarely
reported (68). Complete recovery is the rule, and fatal infections have not been reported.

Management and Development of Therapeutics

Because most complications attributed to arbovirus infections are directly virus associated,
one could expect a major benefit from antiviral therapeutic development. However, there
remains no specific, licensed anti—arbovirus agent. Current patient management is thus
mostly supportive. Joint pain and myalgia often require analgesics and nonsteroidal drugs.
GBS management requires careful monitoring of respiratory function, with ventilator
support when appropriate, and intravenous immunoglobulins or plasma can be useful (69).
Dengue fever management requires close monitoring and early identification of high-risk
patients (62). Adequate fluid resuscitation is instrumental in the critical phase and should
ideally be performed in experienced clinical facilities. Severe bleeding may require blood
transfusion. Prophylactic platelet transfusions are not effective (70).

Passive immunotherapy is a promising approach for the management of neonates exposed to
CHIKYV. Human anti-CHIKY immunoglobulins purified from convalescent donors exhibit
strong in vitro anti-CHIKYV effects and strong protective effects in adult and neonatal mouse
models (71). Such anti-CHIKV hyperimmune immunoglobulins are being evaluated in the
prevention of mother-to-child CHIKV transmission in neonates born to viremic mothers
(CHIKIVIG-01, clinical trial NCT02230163). Novel antiviral therapies are also being
investigated. Drug repurposing strategies have identified potential inhibitors of Flaviviridae
replication. lvermectin is an antihelminthic drug that strongly inhibits YFV, DENV, and
West Nile virus replication by targeting the NS3 helicase (72). A phase II/111 clinical trial is
now evaluating its efficacy and safety in Thai adults and children with dengue
(NCT02045069). Daptomycin, mefloquine, and azithromycin inhibit in vitro ZIKV
replication (73), and azithromycin also inhibits ZIKV-induced cytopathic effects in glial cell
lines and human astrocytes (74). Azithromycin is considered safe for use during pregnancy
but exhibits limited placental crossing, which will limit its antenatal use (75).

Drug screening strategies have identified BCX4430 as an adenosine nucleoside analog with
antiviral effects against a wide array of emerging RNA viruses, including Ebola, Marburg,
Middle East Respiratory syndrome-coronavirus (MERS-CoV), and severe acute respiratory
syndrome-coronavirus (SARS-CoV) (76). Interestingly, BCX4430 also demonstrates strong
in vitro efficacy against YFV, JEV, DENV-2, West Nile virus, and ZIKV, and inhibits ZIKV
multiplication in a mouse model (77, 78). BCX4430 recently entered phase | human clinical
studies in healthy volunteers with promising pharmacokinetics and tolerance (76, 77).
Additional new approaches aim to identify host factors and pathways that are critical for
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viral replication and to identify putative inhibitors of these pathways as host-targeting
antivirals. High-throughput screens using small interfering RNAs or CRISPR/Cas9
(Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-associated protein 9)
have already identified new, druggable targets for arboviruses (79-81).

Vaccine Development

The first vaccine for an arboviral disease, the 17D yellow fever vaccine, was developed in
1937 and has been used extensively and successfully in Africa and the neotropics. However,
despite its strong efficacy and low cost of manufacture, outbreaks continue to occur in these
regions owing to inadequate vaccine coverage (82). Vaccines are also available to protect
against JEV infection, but none has been licensed for MAYV, OROV, or RVFV.

Chikungunya vaccine development dates back to the 1970s, whereas development of Zika
vaccines began only about 18 months ago but has advanced at an unprecedented pace.
Nearly all platforms have been used for both vaccines, and two chikungunya vaccines
recently completed phase I clinical trials: a virus-like particle vaccine (83) and a live-
measles virus-vectored vaccine (84). Both were strongly immunogenic after 2—-3 doses and
are now in phase Il trials. Among other recent chikungunya vaccines with extensive
preclinical evaluation, a live-attenuated vaccine based on altered gene expression via a
picornavirus internal ribosome entry site has been shown to protect mice and NHPs against
all measures of disease, including fever and viremia, after a single dose (85). A vertebrate
replication-defective chimera between CHIKYV and the insect-specific alphavirus Eilat virus
elicits similar protection in both models after a single vaccination (86). Among the >40 Zika
vaccines published to date, DNA (87, 88), RNA (89), and inactivated virus versions (88)
have begun clinical trials, and the first live-attenuated vaccine has been demonstrated safe
and efficacious after a single dose in mice (90). However, vaccines for both viral diseases
face uncertain futures owing to (&) potential limitations on the perceived markets after the
peaks of the epidemics in the Americas, when many arboviral infections are typically
misdiagnosed as dengue or other causes of acute febrile illness (91, 92), and () difficulties
in planning for phase 11 efficacy trials during a postepidemic period when disease may
become sporadic, as exemplified by CHIKV in Asia before 2007 (93). Also, with regard to
ZIKV, concerns regarding the potential for interactions with immunity generated by other
natural flavivirus infections as well as vaccines available for DENV, YFV, and JEV
infections, and related fears of immune enhancement leading to more severe disease
manifestations, will persist until these interactions are better understood. Furthermore, the
association between ZIKV infection and GBS raises the concern that, if this manifestation
results from autoimmune triggering, any ZIKV vaccine could carry a similar risk.

PROSPECTS FOR FUTURE OUTBREAKS AND CONTROL

The common thread of an enzootic cycle among these viruses renders control of future
epidemics a Sisyphean task, for the simple reason that these cycles are remote, widespread,
and not amenable to intervention. However, with effective vaccination and sustainable vector
control programs, it is possible to control or even eliminate the urban (human) transmission
cycles. For example, use of the live-attenuated YFV vaccine (17D strain), which has been
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administered since 1937, was instrumental in eliminating the urban transmission cycle
throughout the Americas. However, as the current yellow fever outbreak in Brazil rages, it
provides a reminder that when robust vaccination programs are not sustained and herd
immunity wanes below a critical point, YFV emerges from the forest via spillover and
causes severe human disease and mortality (94). Overall, the best current prospects for
controlling most vector-borne diseases rely on reducing contact between the vector and
susceptible humans, and in the case of Zika especially pregnant women and their partners,
who represent the highest risk for severe disease.

Based on our experiences dating back to the mid-twentieth century, the most effective
approach to reducing human-vector contact remains the elimination or reduction of
mosquito populations. The campaign to eliminate A. aegyptiin the Americas was
spearheaded by the Pan American Health Organization in cooperation with Latin American
governments, and relied heavily on the use of DDT (dichlorodiphenyltrichloroethane) and
other persistent, highly toxic insecticides. Additionally, governments imposed major
penalties on residents who failed to eliminate larval container habitats (standing water where
A. aegypti could lay their eggs). Nowadays some of the insecticides used in that eradication
campaign are considered environmentally unacceptable. Regrettably, over time government
support and enforcement also waned and consequently the Americas have been fully
reinfested with A. aegypti (95).

Several alternative approaches are considered environmentally acceptable, and if applied in a
consistent and sustainable manner, these could in theory significantly contribute to the
control and eventual elimination of mosquito populations. Such methods include the
following:

1 Elimination of common household oviposition and larval sites. These include
water containers ranging from large tanks used to store household water to used
tires and other refuse that fill with rainwater and serve as larval habitats.

2. Community engagement, outreach, and personal responsibility supplemented by
penalties for allowing larval development to occur on an individual’s property.
Although this model has been applied in Singapore for years, it has achieved
only modest success because one or a few properties in a given neighborhood
can produce sufficient mosquitoes to sustain arbovirus transmission.

3. Application of larvicides and adulticide fumigation inside households to
eliminate larval and adult mosquitoes, respectively. Fumigation may include
application of residual insecticides with repellant activity (reviewed in 96).

4 Release of genetically modified male mosquitoes that express a dominant lethal
gene, resulting in the death of all offspring from mating with wild females. This
approach has been quite effective but has only been tested on relatively a small
scale (97).

5. Release of A. aegyptiharboring the endosymbiont bacterium Wolbachia. These
mosquitoes can then either spread through natural populations and suppress
arboviral transmission by interfering with replication in the mosquito, or males
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can mate with wild females to render the offspring sterile through a mechanism
called cytoplasmic incompatibility. Controlled releases in Northern Australia
(98), Vietnam (99), Brazil (100), and Colombia (101, 102) have been successful
in introducing Wolbachia at high and stable rates of infection into natural
populations. Potential limitations for approaches 4 and 5 are the need to release
these mosquitoes over wide geographic ranges to overcome their limited flight
range; the possibility that arboviruses will rapidly evolve resistance mechanisms;
and the logistical, technical, and financial challenges of scaling up.

6. The use of lethal traps, which have been designed to be inexpensive, low-
maintenance, and highly effective in reducing A. aegypti populations and
transmission of CHIKV (103).
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Figure 1.
Emergence mechanisms for arboviruses. Vectors are all mosquitoes except that urban

transmission of OROV involves Culicoides spp. midges. Viruses with a history of urban
emergence mostly use nonhuman primates as enzootic hosts and also infect people via direct
spillover. Abbreviations: CHIKYV, chikungunya virus; DENV, dengue virus; JEV, Japanese
encephalitis virus; MAYV, Mayaro virus; OROV, Oropouche virus; RVFV, Rift Valley fever
virus; YFV, yellow fever virus; ZIKV, Zika virus.
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Figure 2.
Map showing the reported distributions of emerging arboviruses discussed in this review.

Abbreviations: CHIKV, chikungunya virus; DENV, dengue virus; JEV, Japanese encephalitis
virus; MAYYV, Mayaro virus; OROV, Oropouche virus; RVFV, Rift Valley fever virus; YFV,
yellow fever virus; ZIKV, Zika virus.
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