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a b s t r a c t

Zika virus (ZIKV), a previously obscure flavivirus closely related to dengue, West Nile, Japanese en-
cephalitis and yellow fever viruses, has emerged explosively since 2007 to cause a series of epidemics in
Micronesia, the South Pacific, and most recently the Americas. After its putative evolution in sub-Saharan
Africa, ZIKV spread in the distant past to Asia and has probably emerged on multiple occasions into urban
transmission cycles involving Aedes (Stegomyia) spp. mosquitoes and human amplification hosts,
accompanied by a relatively mild dengue-like illness. The unprecedented numbers of people infected
during recent outbreaks in the South Pacific and the Americas may have resulted in enough ZIKV in-
fections to notice relatively rare congenital microcephaly and GuillaineBarr�e syndromes. Another hy-
pothesis is that phenotypic changes in Asian lineage ZIKV strains led to these disease outcomes. Here, we
review potential strategies to control the ongoing outbreak through vector-centric approaches as well as
the prospects for the development of vaccines and therapeutics.

© 2016 Elsevier B.V. All rights reserved.
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1. History of Zika virus discovery and early characterizations
of distribution, transmission cycles and disease

Zika virus (ZIKV) was discovered in the Zika Forest of Uganda
during research supported by the Rockefeller Foundation to study
the enzootic or sylvatic cycle of yellow fever virus and to identify
additional arboviruses. Sentinel Rhesus monkeys were placed into
the canopy in April, 1947 and one developed fever and viremia,
leading to ZIKV isolation by inoculation of its blood intracranially
into infant mice. The following January, ZIKV was isolated from the
canopy-dwelling mosquito Aedes africanus collected at the same
site (Dick et al., 1952). The first characterization of human disease
following ZIKV infection (2 cases based on seroconversion and one
case based on virus isolation from the serum of a febrile girl)
occurred in Nigeria during 1954 (Macnamara, 1954). These cases
were accompanied by fever, headache, diffuse joint pain, and in
one case, slight jaundice. Two years later, experimental infection
of a yellow fever-vaccinated human volunteer with a 6th mouse
brain-passaged ZIKV strain from the 1954 Nigerian human isolates
resulted in a relatively mild febrile illness (slight headache, mal-
aise, fever) associated with natural infection. Attempts to
demonstrate transmission by Aedes (Stegomyia) aegypti mosqui-
toes fed on the infected volunteer did not succeed (Bearcroft,
1956). The first direct detection of ZIKV in Asia as well as the
first evidence of transmission by an urban vector occurred when
the virus was isolated from A. aegypti mosquitoes collected in
Malaysia in 1966 (Marchette et al., 1969). Eleven years later, the
first human infections in Asia were diagnosed from central Java in
Indonesia by seroconversion in seven patients presented with fe-
ver, malaise, stomach ache, anorexia and dizziness (Olson et al.,
1981).

In addition to direct evidence of the range of ZIKV circulation
from these isolations and patient diagnoses, human serosurveys
have suggested a broad range in both Africa and Asia (Fig. 1).
However, it must be noted that several of these studies used rela-
tively nonspecific methods such as hemagglutination inhibition
that show extensive cross reactions among flaviviruses, and some
did not test for seropositivity for other flaviviruses now known to
circulate in these regions. Regardless, the combined evidence of
virus and antibody detection strongly suggests widespread circu-
lation in both continents. Whether Asia, like Africa, is the home to
enzootic foci of circulation is unknown and will be difficult to
determine unless remote forests far from potential human-
mosquito circulation can be studied or evolutionarily indepen-
dent ZIKV lineages can be associated with enzootic circulation, as
has been documented for dengue viruses (Wang et al., 2000). Prior
to 2014, there was no evidence of ZIKV circulation in the Western
Hemisphere.
2. Zika outbreak emergence since 2007

2.1. Yap, Gabon and the South Pacific

The first significant outbreaks of ZIKV infection involving more
than a few persons were detected in 2007. Following outbreaks
tentatively attributed to dengue and chikungunya viruses, 4312
sera from patients presenting with painful febrile disease in
Libreville, Gabon and towns to the north, and 4665 mosquitoes
collected in the same regions, were retrospectively screened by RT-
PCR for ZIKV. Five human sera and two Aedes albopictus pools, all
sampled in an urban locations, tested positive (Grard et al., 2014).
Also in 2007, Yap, an island that is part of the Federated States of
Micronesia, experienced an outbreak of ZIKV infection accompa-
nied by fever, rash, conjunctivitis, and arthralgia (Duffy et al., 2009)
(Fig. 1). A total of 49 confirmed and 59 probable cases were diag-
nosed using a combination of RT-PCR and serological analyses, with
the prior presence of dengue virus resulting in some uncertainty in
the latter test interpretations. Up to 73% of the 7391 Yap residents
were estimated to have been infected and Aedes (Stegomyia) hensilli
was identified retrospectively as the likely principal vector.

Next, in 2013, ZIKV reached French Polynesia, probably intro-
duced from somewhere in the Southeast Asia area rather than from
Yap (see below), followed by spread to several other islands in
Oceania including New Caledonia, the Cook Islands, and Easter Is-
land (Fig. 1). A. aegypti and A. albopictus are found throughout most
of this region (Horwood et al., 2013). The French Polynesian
outbreak was estimated to have affected approximately 28,000
persons or approximately 11% of the population, who sought
medical care based on typical signs and symptoms of low-grade
fever, maculopapular rash, arthralgia, and conjunctivitis (Musso
et al., 2014). Coincidentally, during this outbreak, GuillaineBarr�e
syndrome (GBS) was for the first time associated with ZIKV. Also
during this outbreak, the first evidence of risk for transmission
through blood banks, and detection of ZIKV (or viral RNA) in semen,
saliva and urine were documented. Mosquito-borne transmission
in French Polynesia may have involved Aedes (Stegomyia)
polynesiensis.
2.2. Brazil and the Americas

Late in 2014, clusters of patients presenting with rash, mild fe-
ver, and arthralgia were first noticed in some municipalities of
Northeastern Brazil. Case numbers increased during the first
months of 2015, and the illness rapidly spread throughout the re-
gion. In April 29, 2015, researchers from Salvador, the largest state
capital in the Northeast of Brazil, announced ZIKV as the likely
etiology for the outbreak (Campos et al., 2015). Applying RT-PCR to
serum samples from 24 patients presenting with an acute
nonspecific illness in Camaçari, a city in metropolitan Salvador,



Fig. 1. Map showing the known distribution of Zika virus based on serosurveys, virus detection, and laboratory-diagnosed cases. Blue arrows show recent patterns of spread
deduced from phylogenetic studies (see Fig. 1). The yellow star shows the location of the Zika forest where the virus was discovered in 1947.
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they confirmed the diagnosis of ZIKV infection in seven of them.
Additionally, they found that another three patients were RT-PCR
positive for CHIKV. Almost simultaneously, ZIKV was also
confirmed by RT-PCR in 8 of 21 patients exhibiting a dengue-like
illness from Natal, another large city in Northeast Brazil (Zanluca
et al., 2015).

Two main hypotheses were raised to explain how ZIKV entered
Brazil. The first is that the virus was introduced during the World
Cup soccer games, held in the country between June and July of
2014 (Zanluca et al., 2015). However, because no ZIKV-endemic
Pacific countries participated in the tournament, a second hy-
pothesis was raised, suggesting that the virus entered Brazil during
the 2014 World Sprint Championships, a canoeing race held in Rio
de Janeiro in August, 2014 with the participation of athletes from
four Pacific countries where ZIKV circulated in 2014 (French Poly-
nesia, New Caledonia, Cook Islands, and Easter Island) participating
(Musso, 2015). Based on the initial propagation of ZIKV in the
Northeast of Brazil, we think that it is most likely that the virus
entered through Natal, Recife, Salvador and/or Fortaleza, which
held the soccer games during the 2014World Cup. However, recent
phylogenetic studies using coalescent methods suggest the intro-
duction occurred between May and December, 2013 (Faria et al.,
2016). Regardless of its initial port of entry into Brazil, ZIKV
rapidly reached the entire country and, by the end of 2015,
laboratory-confirmed autochthonous cases had been identified in
all five regions. Probably from Brazil ZIKV continued to spread to
other countries in the American continent. As of, autochthonous
cases had been diagnosed in33 countries and territories in the
Americas (http://ais.paho.org/phip/viz/ed_zika_countrymap.asp).

Accurate data on ZIKV incidence in Brazil and in the Americas is
not available, as until recently Zika was not subjected to mandatory
reporting. To date, the most comprehensive epidemiological
investigation in the regionwas performed in Salvador, Brazil, where
the Epidemiological Surveillance Office established 10 public
emergency health centers as sentinel units for surveillance of pa-
tients with acute exanthematous illness of unknown cause during
2015. Between February 15 and June 25, this surveillance identified
14,835 indeterminate acute exanthematous illness cases; an attack
rate of 5.5 cases per 1000 inhabitants. Among 58 patient sera tested
by RT-PCR, ZIKV was confirmed in 3 (5.2%), CHIKV in 3 (5.2%),
DENV-3 in 1 (1.7%), and DENV-4 in 1 (1.7%), indicating that these
arboviruses were co-circulating during the outbreak. Based on the
clinical and epidemiological characteristics of the cases, ZIKV was
assumed as the most common etiology for the outbreak.

The Brazilian Ministry of Health estimates that between 497,593
and 1,482,701 ZIKV infections have occurred in the country since
the epidemics began (http://portalsaude.saude.gov.br/images/pdf/
2016/janeiro/22/microcefalia-protocolo-de-vigilancia-e-resposta-
v1-3-22jan2016.pdf). In Colombia, another South American Coun-
try greatly affected by ZIKV since late 2015, 31,555 cases have been
reported, 1504 of them laboratory confirmed (WHO. Situation
Report. 19 Feb 2016; http://apps.who.int/iris/bitstream/10665/
204454/1/zikasitrep_19Feb2016_eng.pdf?ua¼1).

The burden of ZIKV-associated complications is rapidly
increasing in Brazil and in other countries. Like in French Polynesia
(Musso et al., 2014), an increase of GBS cases was reported during
the ZIKV outbreaks in the Northeast of Brazil, Colombia, El Salvador,
Suriname and Venezuela (WHO. Situation Report. 19 Feb 2016;
http://apps.who.int/iris/bitstream/10665/204454/1/zikasitrep_
19Feb2016_eng.pdf?ua¼1). However it was the unusual rise in the
number of newborns with microcephaly (MC) that began months
after cases rose in northeastern Brazil, that was the trigger for in-
ternational alarm including the recent WHO declaration of Public
Health Emergency of International Concern WHO statement on the
first meeting of the International Health Regulations (2005) (IHR
2005) Emergency Committee on Zika virus and observed increase
in neurological disorders and neonatal malformations. Feb 1, 2016;
http://www.who.int/mediacentre/news/statements/2016/1st-
emergency-committee-zika/en/ (accessed Feb 3, 2016). Since the
beginning of the microcephaly outbreak until February 13th 2016,
more than 5200 cases have been notified by the Brazilian Ministry
of Health (http://portalsaude.saude.gov.br/images/pdf/2016/
fevereiro/17/coes-microcefalia-inf-epi-13-se06-2016.pdf), but only
a fraction (~37%) of them were associated to congenital ZIKV
infection. This MC is causing a catastrophic impact on the socio-
economic status of affected families. Mothers of newborns with
MC usually need to leave work in order to devote full-time care to
those children with severely compromised cognitive and motor
skills.

The causal relation between Zika infection during pregnancy
and MC in newborns has not been absolutely established. Three
main lines of evidence support this link: 1) as described above,
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there was a higher incidence of MC in newborns from regions
where a previous outbreak of ZIKVwas described; 2) virus has been
detected in the amniotic fluid and tissues of >10 fetuses and
newborns with microcephaly (Calvet et al., 2016; Mlakar et al.,
2016) (Martines et al., 2016; Sarno et al., 2016) from different
parts of Brazil; and 3) A high proportion of the fetuses of women
who were documented to have symptomatic Zika virus infection
during pregnancy subsequently developed defects, including
microcephaly during gestation (Brasil et al., 2016). In a recently
published study, among a cohort of 88 women presenting with an
acute episode of rash during pregnancy, ZIKV was found to be the
cause in 72 (82%) by RT-PCR testing (Brasil et al., 2016). During
follow-up of 42 women who developed symptomatic ZIKV infec-
tion during pregnancy, fetal abnormalities were identified in 29%.
In Brazil, mothers giving birth to newborns with MC have reported
fever, rash and conjunctivitis, the most commons signs and
symptoms of ZIKV infection, during pregnancy. However, diagnosis
beyond the earliest stage of acute disease is nearly impossible in the
dengue-endemic regions where ZIKV is circulating. Furthermore,
the majority of exposures to ZIKV may cause an asymptomatic
infection in this population, so the large majority of infected
pregnant women may remain undiagnosed (Sarno et al., 2016). To
date, it remains unknown if the rate of fetal abnormalities in
womenwho develop asymptomatic infectionwill be as high as that
observed in pregnant women who develop symptomatic disease.

Controlling Zika epidemics in Brazil and other settings is a major
challenge, as the cornerstone is for success interrupting the trans-
mission cycle. Recent attempts to control dengue, which shares a
similar or identical urban transmission cycle, by relying on
A. aegypti control has largely failed. However, it is not clear if other
species of mosquitos significant ZIKV vectors in Brazil. The Brazilian
Ministry of Health recommends the use of repellents; however
there is no evidence that this method reduces contact with
mosquitoes enough to prevent ZIKV infection and transmission.
The potential for prolonged presence of ZIKV in semen (Atkinson
et al., 2016) and the few cases suggesting sexual transmission
outside of Brazil, indicate the potential existence of alternative
routes of humanehuman transmission (Costa et al., 2016).

3. Zika virus evolution

ZIKV, like dengue viruses (DENV) may be restricted in it natural
vertebrate host range, generally including primates as its amplifi-
cation and reservoir hosts. Thus, the evolution of ZIKV has been
associated mostly by sampling of strains from the enzootic cycle in
Africa, its rapid expansion in the first 2 decades of the 21st Century
in Asia and Oceania, and more recently by its introduction into the
Americas (Figs. 1 and 2). As has been seen observed with DENV
(Chen and Vasilakis, 2011), ZIKV evolution is fueled by the global
spread of the anthropophilic vector A. aegypti, the increase of the
urban human population size, and expansion of international
commerce and travel. While the prototype ZIKV strain was isolated
in 1947, previous analyses based on partial envelope and NS5 gene
sequences suggest that the ancestor of known ZIKV strains
occurred sometime in the early 1900s in Uganda (Faye et al., 2014).
ZIKV has spread throughout sub-Saharan Africa, westwards to
Nigeria and Senegal as well as eastwards to Eastern Africa and Asia
(likely hundreds of years ago). Our current analyses based on
complete genome sequences reiterate the notion that ZIKV likely
originated in Africa and diverged into two major lineages: African
and Asian/American (Figs. 3, 4). The African strains fall into two
distinct groups. The first group (Uganda cluster) is anchored by the
prototype MR766 strain (Dick et al., 1952) and includes isolates
from Senegal and Central African Republic from 1947 to 2001; the
second group (Nigeria cluster) includes strains isolated in Nigeria
and Senegal from 1968 to 1997. The tree topology suggests that at
least two distinct lineages are circulating in Senegal, supporting the
notion of multiple introductions over a period of time. Most of the
African lineage strains were isolated from enzootic vectors (Diallo
et al., 2014; Faye et al., 2014), reflecting continuous surveillance
efforts in Senegal. The Asian cluster is anchored by the prototype
P6-740 strain isolated in Malaysia in 1966 (Marchette et al., 1969)
and includes strains isolated in Cambodia (Heang et al., 2012),
Micronesia (Lanciotti et al., 2008) and French Polynesia (Oehler
et al., 2014), suggesting expansion of the Asian lineage
throughout Southeast Asia. Within this cluster, a new lineage
(American) emerged with the introduction of the virus into the
Western Hemisphere, and now includes strains from Brazil (Mlakar
et al., 2016), Puerto Rico (Thomas et al., 2016), Haiti, Guatemala, and
Suriname (Enfissi et al., 2016). A major characteristic of the Amer-
ican ZIKV lineage is its rapid radiation, consistent with a pattern of
intense diversification, as the lineage expands into new territories
with immunologically naïve populations.

A recent report suggested of ZIKV recombination in field isolates
(Faye et al., 2014). Evidence for recombination among members of
the genus Flavivirus has been reportedmainly in DENV [reviewed in
(Chen and Vasilakis, 2011)]. However since recombination has not
been achieved experimentally despite concerted efforts (McGee
et al., 2011; Taucher et al., 2010), caution should be exercised
when inferring conclusions about these putative recombination
events. For natural recombination leading to the transmission of a
recombinant strain to be conclusively confirmed, the following
prerequisites should be met: (i) the recombinant crossover should
be demonstrated in a single PCR amplicon following cloning to
ensure it occurs in a single DNA molecule; (ii) the recombination
should be demonstrated repeatedly in clonal populations of viable
virus (e.g. a plaque harvest or limited endpoint dilution); and (iii)
the recombinant should maintain adequate sequence conservation
during post-recombination evolution.

4. Flavivirus molecular biology and host interactions

As ZIKV evolves it will create new molecular relationships with
factors of the mosquito vector and/or the human host. These, so
called host factors, can be cataloged as pro-viral (dependency fac-
tors) or anti-viral (restriction factors) and the integration of their
interactions with viral protein and RNAs determines the efficiency
of infection, pathogenicity, transmission, and epidemic potential.

Unfortunately, little is know about ZIKV host factors and indeed
it is essential that we quickly learn about them and how they may
vary among cell types (e.g., cells of the genitourinary tract or the
developing nervous system) and also between individuals of
different ancestries. One recent study indicated that ZIKV can infect
several cell types in the skin and, like many flaviviruses, ZIKV uses
multiple ‘receptors’ to mediate attachment and entry (Hamel et al.,
2015). The authors suggest that autophagy is also proviral and that
ZIKV is sensitive to treatment with Type I and Type II interferons.
Another study determined that ZIKV can infect human neural
progenitors derived in vitro by inducing pluripotent stem cells
(hiPSCs), which suggests the virus could have the capacity to infect
neuroblasts in vivo (Tang et al., 2016).

Despite the limited information on ZIKV, we can extrapolate
using our knowledge of other flaviviruses and the host factors that
impact their replication. Recently, several en masse methods have
greatly expanded the lists of important factors. For instance
genome-scale loss of function screens using RNA interference and,
more recently, CRISPR/Cas gene, editing have provided the field
with a list of dependency factors that are likely required for efficient
replication of all members of the genus (Krishnan et al., 2008; Le
Sommer et al., 2012; Ma et al., 2015; Sessions et al., 2009).



Fig. 2. Sylvatic or enzootic Zika virus transmission cycles in Africa with potential vectors and vertebrate amplification/reservoir hosts and putative patterns of emergence into the
urban human-mosquito-human transmission cycle. References for vector implications are found in the text in Section 6.
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Examples of dependency factors that appear to have a pan-flaviviral
requirement are isoforms of the vacuolar ATPase (vATPase) and
proteins required for translation on the endoplasmic reticulum,
which remarkably are not required for viability of all cells. Studies
are under way to test the most potent DENV and YFV host factors
for an effect on ZIKV and it should be a matter of weeks before
important ZIKV dependency factors are added to the current list.

A second general approach that has identified many flavivirus
dependency and restriction factors is affinity chromatography
coupled to quantitative mass spectrometry, where host interactors
involved in lipid and RNA metabolism have emerged over-
represented (Barrows et al., 2014). In fact these biochemical
methods have yielded a wealth of restriction factors. Among re-
striction factors there is especially an overrepresentation of RNA
binding proteins, which is likely due to the fact that many of these
have been involved in ‘self vs. non self’ recognition since early in
evolution (Garcia-Blanco, 2015). These restriction factors and the
viral countermeasures deployed to stop them can have a strong
effect on the outcome of flavivirus infection. Several laboratories
are identifying the proteineprotein and RNA-protein interactomes
for ZIKV in both human and Aedes cells.

It is interesting that in a recent report Mlakar et al., (Mlakar
et al., 2016) noted that a full-length ZIKV genome traced to the
Brazil outbreak and amplified from fetal tissues had five non-
synonymous polymorphisms within the ORF when compared with
French Polynesian isolate. Remarkably, three amino acid changes
were found in NS1, which in DENV is secreted and has been
implicated in immune evasion, one in NS4B, which can inhibit type
I interferon signaling, and one in an NS5 domain that is homolo-
gous to the bacterial [ribose-20-O]-MTase, FtsJ/RrmJ, an activity
which in West Nile virus has been shown to mask the viral RNAs
from host recognition (Daffis et al., 2010). This may represent a
coincidence but could also be that, as expected, sequences involved
in anti-host countermeasures will evolve faster than others in the
flavivirus genome.

Indeed one of the most powerful anti-innate immunemolecules
in flaviviruses is the non-coding sfRNA (Bidet and Garcia-Blanco,
2014). In fact variation in the subgenomic flavivirus RNA (sfRNA)
has been shown to lead to DENV-2 genotypes that more effectively
suppress the interferon response, which likely leads to changes in
epidemic potential (Manokaran et al., 2015). We have begun the
analysis of the sequence variations in the ZIKV sfRNA as the virus
has evolved in the past 10 years and find some intriguing differ-
ences accruing in critical RNA structures. It must be pointed out
that the sfRNA can counter innate immunemechanisms in both the
human host and the Aedes vector (Bidet and Garcia-Blanco, 2014).

5. Zika virus infections and severe outcomes

5.1. Microcephaly

Microcephaly refers to a head that is smaller than expected. The
size of the head is typically defined by the occipito-frontal head
circumference (HC), which can be measured in the fetus by ultra-
sound or in the neonate using a tape. The HC is then compared to a
nomogram that takes into consideration the age of the fetus or
neonate. Some nomograms also take into consideration gender
and/or race/ethnicity. The result of the comparison is typically re-
ported as a percentile for gestational age, or a number of standard
deviations below the mean (also known as Z score). There is no
universally-accepted nomogram or measurement cutoff used to
define microcephaly. In obstetrical practice, ultrasound measure-
ments for various fetal structures between the 10%ile and 90%ile are
usually considered within the normal range. However, using the
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10%ile as the cutoff for head measurement would result in a large
proportion of normal fetuses being considered microcephalic (false
positives). On the other hand, using a stricter cutoff may result in
some false negatives. Where the cutoff is set will therefore deter-
mine the sensitivity and specificity of ultrasound in detecting
microcephaly before birth. One also has to keep in mind that the
fetal measurements on ultrasound have inherent errors because
they rely on obtaining a cross sectional image of the head and
placing calipers on the image in order to obtain the HC, rather than
what happens after birth when the HC is measured directly.

In response to the concerns regarding Zika virus infection during
pregnancy, the Society for Maternal Fetal Medicine (SMFM) has
published a statement about ultrasound screening for fetal micro-
cephaly following exposure. The SMFM recommends using stan-
dard deviations (SD) below the mean for gestational age to
determine how to interpret the HC measurement and how to
follow the pregnant woman (Committee, 2016). If the HC is >2 SDs
below the mean (typically equivalent to 3%ile on most nomo-
grams), SMFM recommends that a detailed neurosonographic ex-
amination be performed looking for periventricular and
intraparenchymal echogenic foci, ventriculomegaly, cerebellar
hypoplasia, and cortical abnormalities. If the anatomy is normal,
then a follow up ultrasound is recommended in 3e4 weeks. The
SMFM recommends that isolated fetal microcephaly be defined as a
fetal HC 3SDs or more below the mean for gestational age, and that
the diagnosis be considered certain if the HC is 5SDs or more below
the mean. The SMFM also provides a table for the cutoffs that is
based on studies in the 1980s that correlated HC measurements
with adverse postnatal outcomes. This table, however, does not
include values below 20 weeks of gestation. Because of this limi-
tation, and because most ultrasound packages automatically pro-
vide the percentile for the HC measurement rather than SD below
the mean, the 3%ile cutoff for gestational age from the recent na-
tional cohort of normal pregnancies has been used (Marrs et al.,
2016). In addition, percentile cutoffs are provided for different
racial/ethnic categories. Using these cutoffs derived from a more
recent and representative cohort may allow for some refinement of
the sensitivity and specificity.

Regardless of what method is used to screen for or diagnose
microcephaly, one has to keep in mind that it may be due to a va-
riety of developmental factors, including genetic, infectious, and
environmental exposures (Passemard et al., 2013). Therefore a
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workup to exclude these other conditions may be necessary. The
development of microcephaly depends on an insult that affects
brain growth, a dynamic process that may take several weeks to
become apparent. An ultrasound close to the time of insult may not
show any findings, as was reported in a recent case (Mlakar et al.,
2016). Follow-up ultrasound and/or postnatal follow-ups may be
required. Counseling pregnant women regarding the prognosis,
particularly in the less severe forms of microcephaly, may also be
challenging.

The available information regarding the spectrum of disease and
prognosis of fetuses and newborns exposed to ZIKV during gesta-
tion is limited and based on conditions that have other associated
morbidities. It appears that congenital ZIKV infection primarily
affects the brain tissues during fetal development (Martines et al.,
2016; Mlakar et al., 2016), raising speculations that the virus may
be neurotropic. However, congenital ZIKV infection has also been
found to be associated with ophthalmological lesions in newborns
(Freitas et al., 2016) and placenta (Martines et al., 2016; Mlakar
et al., 2016). At present, information regarding the long-term
prognosis of fetal Zika infection is currently not available.

5.2. GuillaineBarr�e syndrome

While ZIKV infection of children and adults generally produces
an inapparent or benign, self-limited illness with mild clinical
manifestations, a cluster of GuillaineBarr�e syndrome (GBS) cases
was identified during the French Polynesia outbreak of 2013 (Cao-
Lormeau et al., 2014), of which 42 were associated with ZIKV
infection (Musso et al., 2014; Oehler et al., 2014). A further increase
in the incidence of GBS was identified in several American coun-
tries where ZIKV epidemics have spread since 2015 (WHO. Situa-
tion Report. 19 Feb 2016; http://apps.who.int/iris/bitstream/10665/
204454/1/zikasitrep_19Feb2016_eng.pdf?ua¼1). GBS is an auto-
immune polyradiculoneuropathy, usually triggered by preceding
viral or bacterial infections 2e8 weeks earlier. Clinically, GBS
manifests as progressive weakness, which initiates in the lower
limbs and ascends proximally over a few weeks. Accompanying the
motor dysfunction and paralysis, patients typically present with
reduction or absence of deep tendon reflexes and may also develop
cranial nerve disorders.

The spatiotemporal relation between ZIKV outbreaks and an
increase in GBS cases was already a strong indicator for a true link
between them, but more definitive evidence for this association
came from a recently published caseecontrol study performed in
French Polynesia (Cao-Lormeau et al., 2016). During this investi-
gation, 42 GBS cases were compared to 98 age-, sex- and residence-
matched controls. The presence of anti-ZIKV IgM or IgG was
observed in 41 (98%) of GBS cases and in 35 (36%) controls (Odds
Ratio: 59.7, P < 0.0001). Moreover, neutralizing antibodies against
ZIKV were found in all (100%) GBS cases compared with 54 (56%)
controls (odds ratio: 34.1, p < 0.0001). This study also estimated the
risk of GBS to be 2.4 per 10,000 ZIKV infections.

http://apps.who.int/iris/bitstream/10665/204454/1/zikasitrep_19Feb2016_eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/204454/1/zikasitrep_19Feb2016_eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/204454/1/zikasitrep_19Feb2016_eng.pdf?ua=1
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GBS has also been implicated in other arboviral infections, such
as DENV (Garg et al., 2015; Simon et al., 2016) and CHIKV (Wielanek
et al., 2007), but is believed to be a rare event. The onset of GBS
presumably involves an autoimmune process (Yuki and Hartung,
2012), but the underlying factors that influence the association of
GBS and ZIKV infection have not yet been determined. It has been
suggested that sequential arbovirus infections may exacerbate the
immune response and trigger an immunopathogenic process
attacking peripheral nerves, thus leading to the onset of GBS
(Oehler et al., 2014). So far, ZIKV-induced GBS has been transient in
duration and the majority of patients fully recover.

6. Established and potential ZIKV vectors

ZIKV circulation has been documented in two ecologically and
evolutionarily distinct transmission cycles: an enzootic sylvan cy-
cle, where the virus circulates between arboreal Aedes spp.
mosquitoes and non-human primates; and a human cycle, between
humans and peridomestic/domestic A. spp. mosquitoes. Prior to
2007 our knowledge derived almost exclusively from the enzootic
transmission cycle. The first ZIKV isolation was from A. africanus
mosquitoes in Uganda (Dick et al., 1952; Haddow et al., 1964), and
subsequently in Central African Republic (Berthet et al., 2014) (CAR)
and Senegal (Diallo et al., 2014), solidifying its role as a principal
vector in the enzootic cycle. ZIKV has been also isolated from Aedes
opok in the CAR (Berthet et al., 2014), Aedes apicoargenteus in
Uganda, (McCrae and Kirya, 1982) Aedes luteocephalus in Nigeria
(Fagbami, 1979) and Senegal (Cornet et al., 1979b) and Aedes vit-
tatus, Aedes furcifer, and A. aegypti formosus in Côte d'Ivoire (Akoua-
Koffi et al., 2001) and Senegal (Diallo et al., 2014). The virus has also
been isolated from other Aedes (Aedes dalzieli, Aedes hirsutus, Aedes
unilineatus, Aedes metallicus), and other mosquitoes such as,
Anopheles coustani and Mansonia uniformis, that inhabit various
enzootic ecotypes (e.g. savannah, forest ground), and curiously
from Culex perfuscus, an observation that would require further
verification (Diallo et al., 2014). Importantly, the isolation of ZIKV
from A. vittatus mosquitoes collected within a village supports its
putative role as a bridge vector of enzootic ZIKV strains into agri-
cultural villages at the zone of emergence, and potentially into the
human transmission cycle (Diallo et al., 2014). Collectively, these
mosquitoes belong mainly to arboreal or rural species of the genus
Aedes, and more precisely to the Aedimorphus, Diceromyia and
Stegomyia subgenera.

While transmission of ZIKV is assumed to occur mainly in urban
settings via the anthropophilic A. aegyptimosquito, as evidenced by
limited field surveillance (Marchette et al., 1969; Olson et al., 1981)
and experimental studies (Boorman and Porterfield, 1956; Cornet
et al., 1979a; Li et al., 2012), A. hensilli (Ledermann et al., 2014)
and/or A. polynesiensis (Musso et al., 2014) may serve as vectors in
niche ecotypes. In 2007 in Gabon, urban ZIKV transmission was
associated with A. albopictus (Grard et al., 2014). Further experi-
mental studies (Wong et al., 2013) supported a role for Asian
populations of A. albopictus as vectors of ZIKV transmission. Given
its invasive nature and extensive geographic distribution in tropical
as well as temperate settings, there is the potential for A. albopictus
to become a major ZIKV vector globally. The introduction of ZIKV
and the explosive epidemic under way in the Americas beg the
question of its potential role in ZIKV transmission in urban and
rural settings. Given that A. albopictus has been implicated in Asia
as the bridge vector for sylvatic DENV into the urban cycle
[reviewed in (Hanley et al., 2013; Vasilakis et al., 2011)], would this
vector serve as the bridge to facilitate reverse spillback and estab-
lishment of an enzootic ZIKV transmission cycle in the Americas?
Certainly a number of New World mosquitoes involved in the
enzootic transmission of yellow fever virus (YFV), including
Haemagogus albomaculatus, Haemagogus spegazzini, Haemagogus
janthinomys, Sabethes chloropterus, Sabethes albipivus, Sabethes
glaucodaemon, Sabethes soperi, and Sabethes cyaneus, Psorophora
ferox and Aedes serratus [reviewed in (Hanley et al., 2013)] could
serve as competent vectors of ZIKV and should be evaluated
experimentally.

7. Potential mechanisms of Zika epidemic emergence since
2013

The sudden and dramatic emergence of ZIKV into a human-
mosquito-human transmission cycle to generate major outbreaks
since 2007 begs the question of what precipitated these events.
There are several hypotheses to explain this emergence; the
following is a plausible but not an exhaustive set of examples:

7.1. Adaptive evolution for mosquito transmission

Sometime during the past decade ZIKV underwent adaptive
evolution (or genetic drift resulting from a population bottleneck
and not the result of selection) that resulted in more efficient
transmission by A. aegypti and perhaps other closely related mos-
quito vectors (in the Aedes (Stegomyia) subgenus) such as Aedes
hensilii incriminated in Yap (Ledermann et al., 2014) or
A. polynesiensis suspected as a vector in French Polynesia (Musso
et al., 2014). Phylogenetic analyses (see above) suggest that this
adaptive evolution would have occurred in Southeast Asia or the
South Pacific. This hypothesis is supported by the established
presence of ZIKV in Southeast Asia since at least 1966, including its
isolation from A. aegypti in Malaysia (Marchette et al., 1969), yet the
lack of evidence for major urban epidemics. A precedent for this
explanation is the vector-adaptive evolution of the Indian Ocean
Lineage of chikungunya virus for enhanced transmission by
A. albopictus, which has been documented through a series of
mutations in the envelope glycoprotein genes that apparently
enhance infection of the midgut epithelial cells (Tsetsarkin et al.,
2014). Comparisons of the infectivity of older Asian lineage ZIKV
strains with recent isolates, followed by reverse genetic approaches
to test the effects of recent mutations, can be used to test this
hypothesis.

7.2. Adaptive evolution for human viremia

Recently the Asian ZIKV lineage may have adapted to generate
higher viremia levels in humans, which would lead to more effi-
cient mosquito infection and higher levels of transmission and
spread. Higher viremia could also enhance transplacental trans-
mission to explain the emergence of microcephaly, or changes in
cell tropism could be involved. Informatic studies of ZIKV se-
quences, which suggest an increase in the virus' use of human
codons, supports this hypothesis (Faye et al., 2014). However, the
potential link between human codon usage and enhanced human
infection will require studies with human cells and/or animal
models. Ultimately, this hypothesis will be difficult to test because
even nonhuman primates (NHPs) may not respond to ZIKV infec-
tion in exactly the same manner as humans.

7.3. Herd immunity from endemic exposure in Africa and Asia limits
outbreak magnitude

Enzootic and/or endemic ZIKV circulation in Asia results in
relatively stable levels of human herd immunity that limit the po-
tential for recognized outbreaks. Limited human seroprevalence in
a few Asian sites supports this hypothesis, and recent studies of
longitudinal population immunity to CHIKV in the Philippines
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suggest cyclic endemic circulations that maintains herd immunity
in the range of approximately 20e50%, levels that may reduce the
risk of major epidemics (Yoon et al., 2015). Enhanced surveillance in
Asia is needed to assess levels of ZIKV transmission and seropre-
valence, and logistically difficult studies to determine if an enzootic
cycle exists in NHPs or other vertebrates are also needed. Stable
endemic ZIKV circulation could also explain the lack of recognized
human infections because most are clinically indistinguishable
from DENV infections and ZIKV diagnostics are not readily avail-
able. If herd immunity reaches high levels by the timewomen reach
child-bearing age, then microcephaly could occur at lower inci-
dence than in epidemic regions of the Americas; continuous, low
incidence of microcephaly could also go unrecognized in an
endemic regionwhere there are not enough cases to raise suspicion
of a cause other than historically-recognized etiologies such as
cytomegalovirus, herpesviruses, Rubella, toxoplasmosis, or toxic
exposures.

7.4. Stochastic introductions into the Pacific and Americas

The recent ZIKV emergence resulted from the chance intro-
duction of the virus into naïve populations in the South Pacific,
where competent vectors mediated sufficient amplification to raise
the risk of transport to the Americas, also occupied by a completely
ZIKV-naïve population. Increased air travel undoubtedly has
increased the risk of such introductions during recent decades, and
athletic competitions in Brazil are believed to have brought trav-
elers from the South Pacific around the time that ZIKV circulation
was discovered there (Musso, 2015; Petersen et al., 2016).

8. Prospects for control of Zika virus spread and disease

8.1. Vaccines

A number of approaches have successfully led to efficacious
flavivirus vaccines. Clinically approved vaccines are available for
four flaviviruses. (i) Vaccine for yellow fever virus (17D strain) is a
live attenuated virus that has been successfully used in humans
since 1937. (ii) Both inactivated-virus vaccine and live attenuated
vaccine (14-14-2 strain) are available for Japanese encephalitis vi-
rus. (iii) An inactivated-virus vaccine is used for tick-borne en-
cephalitis virus. (iv) A chimeric virus, representing the 17D vaccine
strain of yellow fever virus that contains the structural membrane
and envelope genes from dengue virus, was recently approved for
clinical use for dengue virus. The above approaches could be
adopted for ZIKV vaccine development. In addition, subunit vac-
cines representing ZIKV proteins, DNA vaccines expressing viral
proteins, and other viral vectors expressing viral antigens could be
explored. It should be noted that each vaccine approach has its pros
and cons. For example, compared with a live attenuated virus
vaccine, subunit vaccines could have better safety and shorter
development time; reversely, a live attenuated virus vaccine may
trigger more robust humoral and cellular immune response for
better protection. Therefore, complementary approaches should be
explored simultaneously to advance vaccine for ZIKV.

8.2. Therapeutics

No clinically approved therapy is currently available for treat-
ment of any flavivirus infections (Lim et al., 2013). Over the past
decade, significant effort has been made towards dengue drug
discovery. Due to the similarity between ZIKV and dengue virus,
knowledge derived from dengue drug discovery could be applied to
ZIKV; it is not unreasonable to speculate that inhibitors active
against both ZIKV and dengue virus could be found. However,
cautions should be takenwhen extrapolating dengue experience to
ZIKV drug discovery. This is because the biology of the two viruses
could be very different. Understanding the disease biology is
essential for therapeutics development for any pathogens. For
example, it is important to know where ZIKV replicates in patients
during the course of infection and disease; this information will
guide drug discovery in terms of where the inhibitors should be
distributed to during treatment. The duration of viremia in patients
determines the therapeutic window. Ideally, to prevent MC in a
ZIKV-infected pregnant woman, the inhibitor would need to
possess a pharmacological property of brain penetration and to
block viral replication in the fetal brain; meanwhile, the compound
would also need to provide a systemic exposure high enough to
inhibit viral replication in various other organs; therefore, an ideal
drug needs to pharmacologically inhibit ZIKV in both brain and
systemic sites. However, a non-brain penetrating compound with
good systemic exposure may restrict viremia and prevent fetus
(including fetal brain) infection. Animal models that recapture
human diseases of ZIKV infection, including MC and GBS, are ur-
gently needed for vaccine and therapeutic development. Because
pregnant women comprise major target populations for ZIKV
therapy, this poses a major challenge and will take extra time for
clinical development. Once a drug becomes available, the com-
pound could be used for prophylaxis for travelers, family members
of a household with infected individual(s), and the general popu-
lation during an epidemic.

8.3. Vector control

In the immediate future, while vaccines and therapeutics
remain unavailable probably for at least a few years, the best
prospects for controlling Zika virus rely on reducing contact be-
tween the vector, probably A. aegypti in most regions, and sus-
ceptible humans, especially pregnant women who represent the
highest risk of severe disease in the form of fetal MC. The most
effective approach to reducing such contact would be to eliminate
or reduce these mosquito population, a strategy that succeeded in
much of Latin America during the second half of the 20th century.
However, this eradication campaign relied heavily on the use of
DDT and other persistent, highly toxic insecticides to kill adult fe-
male mosquitoes, methods that are considered by many to be
environmentally unacceptable today (Gubler, 1987, 1997). Govern-
ments also imposed major penalties for residents who failed to
eliminate sources of standing water on their properties where
A. aegypti lay their eggs for larval development. With these mea-
sures weakened and rapidly growing neotropical cities now fully
reinfested with A. aegypti, the prospects for renewed eradication
are daunting (Gubler, 2011).

Reductions in A. aegypti populations could theoretically be
achieved using one or more of several approaches: 1) Elimination
or protection of water containers ranging from large tanks used to
store household water where a reliable municipal supply is not
available to used tires and other refuse that fill with rainwater and
serve as larval habitats. This approach generally relies on commu-
nity engagement and personal responsibility, sometimes supple-
mented by penalties for allowing larval development to occur on
ones property (Winch et al., 2002). However, source reduction has
achieved only modest success in controlling dengue because one or
a few properties in a given neighborhood can produce sufficient
mosquitoes to sustain transmission. Larvicides can also be applied
to these sources but, again, partial treatment can allow sufficient
vector populations for transmission to persist. Killing the adult
female A. aegypti using traditional fogging with insecticide aerosols
is generally not effective unless implemented within homes or
other places where people are exposed to virus infection because
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these vectors tend to stay indoors where insecticides applied from
trucks or airplanes are unlikely to penetrate. Indoor spraying
including the application of residual insecticides that may also have
repellant activity can bemore effective but his expensive and labor-
intensive (Fernandez-Salas et al., 2015; Paredes-Esquivel et al.,
2016).

Several new technologies show promise to control A. aegypti.
One involves the release of genetically modified male mosquitoes
that express a dominant, lethal gene at the larval stage, resulting in
the death of all offspring frommating with wild females, leaving no
risk for persistence of the transgene in nature. This approach has
had dramatic effects on reducing populations of A. aegypti when
applied on a small scale (Wise de Valdez et al., 2011), but the
logistical, technical and financial challenges of scaling up this
method to impact the huge tropical cities where Zika and other
arboviruses circulate have not been addressed.

Another approach to reducing the transmission of dengue and
potentially Zika virus is to release A. aegypti infected with endo-
symbiotic Wolbachia bacteria, which can spread through natural
populations and suppress viral transmission by interfering with
replication in the mosquito. Controlled releases have resulted in
successful spread and now releases into dengue-endemic tropical
locations are being implemented to look for evidence that disease
incidence can be reduced (Ritchie et al., 2015). A potential limita-
tion of this approach is the need to release Wolbachia-infected
mosquitoes over wide geographic ranges to overcome the limited
A. aegypti flight range, and the possibility that arboviruses will
rapidly evolve mechanisms to overcome the inhibitory effects of
the Wolbachia.

Finally, an approach that might represent a near-term way to
reduce A. aegypti populations is the use of lethal traps, which have
been designed to be inexpensive and relatively maintenance-free.
An autocidal gravid ovitrap has been shown to reduce A. aegypti
populations under field conditions in two isolated urban areas of
Puerto Rico by 53e70% using 3e4 traps per home in 81% of houses
(Barrera et al., 2014). Many other designs are being tested, and
these kinds of simple traps may be very useful when combined
with source reduction and adulticide applications in regions at risk
for Zika virus transmission by A. aegypti.

9. Critical gaps and needs

With ZIKV spreading rapidly throughout the topical and sub-
tropical Americas, critical gaps remain in our knowledge of this
virus yet rapid responses to contain the outbreak must be imple-
mented immediately. The causative connection between ZIKV
infection and MC as well as GBS needs to be confirmed by well-
designed caseecontrol and prospective cohort studies to ensure
that another etiology or co-factor is not overlooked. Assuming that
the causal relationship is confirmed, in the near term a reduction in
contact between people and A. aegypti through the use of re-
pellents, insecticide-impregnated clothing, and simple measures to
prevent these mosquitoes from entering homes and places of work
has the best chance of reducing ZIKV transmission and spread.
Pregnant women need to be especially well educated and vigilant
to avoid mosquito bites. Although source reduction to eliminate
vector larval habitats has had limited success in controlling dengue,
perhaps the widespread media coverage of microcephaly cases that
evokes a major emotional response will motivate at-risk pop-
ulations to take these efforts more seriously and to also use all
protective measures available to reduce contact with vectors.
Regardless, source reductionwill likely need to be supplemented by
methods to control adult female mosquitoes, including indoor
insecticide applications. Additional surveillance combined with
experimental infections are needed to confirm the assumption that
A. aegypti is the main ZIKV vector, or to also direct control measures
to other mosquitoes involved such as A. albopictus and perhaps
others.

Beyond the immediate future, past work on flavivirus vaccines
and therapeutics should provide platforms and approaches that can
accelerate product development for ZIKV. However, animal models
need to be developed quickly to begin testing some products that
may be developed by the end of this year. In the longer-term, better
surveillance facilitated by inexpensive, simple point-of-care di-
agnostics will be needed to identify sites with sufficient disease
incidence to conduct clinical efficacy trials on promising products
during the coming years. This may be especially challenging once
the current epidemics subside with growing herd immunity and
diagnostics become critical to distinguish ZIKV infections from
DENV and CHIKV, as well as other causes of acute, nonspecific
febrile illness. Overcoming the major challenge of cross-reactive
serodiagnostics in dengue-hyperendemic locations could greatly
enhance identification of regions still at risk of major ZIKV out-
breaks, which would be ideal sites for clinical trials and other in-
terventions such as novel vector control methods. Finally,
surveillance for arboviral disease also needs to be strengthened in
Africa and Asia, where the potential for major outbreaks remains
unknown 69 years after the discovery of ZIKV.
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