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Zika virus (ZIKV) became a public health emergency of global concern in 2015 due
to its rapid expansion from French Polynesia to Brazil, spreading quickly throughout
the Americas. Its unexpected correlation to neurological impairments and defects,
now known as congenital Zika syndrome, brought on an urgency to characterize the
pathology and develop safe, effective vaccines. ZIKV genetic analyses have identified
two major lineages, Asian and African, which have undergone substantial changes
during the past 50 years. Although ZIKV infections have been circulating throughout
Africa and Asia for the later part of the 20th century, the symptoms were mild and not
associated with serious pathology until now. ZIKV evolution also took the form of novel
modes of transmission, including maternal—fetal transmission, sexual transmission, and
transmission through the eye. The African and Asian lineages have demonstrated differ-
ential pathogenesis and molecular responses in vitro and in vivo. The limited number of
human infections prior to the 21st century restricted ZIKV research to in vitro studies, but
current animal studies utilize mice deficient in type | interferon (IFN) signaling in order to
invoke enhanced viral pathogenesis. This review examines ZIKV strain differences from
an evolutionary perspective, discussing how these differentially impact pathogenesis via
host immune responses that modulate IFN signaling, and how these differential effects
dictate the future of ZIKV vaccine candidates.
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INTRODUCTION

Zika virus (ZIKV) has garnered international attention due to its rapid worldwide expansion since
2015 when an epidemic struck Brazil, resulting in a newly identified pathology including severe neu-
rological impairments such as microcephaly, which is now part of the congenital ZIKV syndrome,
as well as Guillain-Barré syndrome (GBS) afflicting adults (1). The World Health Organization
declared ZIKV a Public Health Emergency of International Concern in February 2016, during which
time ZIKV was spreading rapidly across South America, the Caribbean, and into the United States
(1). This precarious outbreak in Brazil spread rampant across the western continents raising critical
questions pertaining to the evolution of this virus. Prior to 2015, ZIKV infections were limited
geographically to Africa and Asia and were reported to be asymptomatic, and approximately 20%
mildly symptomatic represented as a self-limiting febrile illness with most common symptoms
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maculopapular rash, conjunctivitis, and joint pain (2). The
mounting evidence that ZIKV is now causing neuropathology
and fetal brain disruption, as well as rising concerns over novel
modes of ZIKV transmission suggests an evolutionary change
in the molecular and genetic structure of ZIKV strains that has
contributed to its rapid expansion, severity of pathogenicity, and
multiple routes of infections. These increasing adverse effects
depicts why an analysis of the phenotypic differences between the
African and Asian lineages, as well as between the many strains,
which have evolved under each branch, is a vital component of
our ongoing effort to develop vaccines or therapeutics and fill
major gaps of knowledge regarding ZIKV pathogenesis.

HISTORY OF VIRUS EMERGENCE

Zika virus was discovered in the Zika Forest of Uganda in 1947
by Alexander Haddow and George Dick during a surveillance
investigation of yellow fever in rhesus macaques in Uganda (3).
The virus was later isolated from the Aedes africanus mosquito
collected at the same site (4). The first human case occurred in
Nigeria in 1954, but it was not until 1966 that ZIKV was first
detected in Asia alongside the first evidence of transmission by
an urban vector, Aedes aegypti mosquitoes from Malaysia (4, 5).
We know that two major lineages of ZIKV were formed at this
time, African and Asian, which is confirmed by current genetic
and phylogenetic analyses (2). ZIKV made no headlines until an
outbreak in 2007 on Yap Island, Micronesia, rendering 73% of
the residents infected (6). Despite the presence of DENV IgM
in all affected individuals, the unique symptomatic presentation
was definitively identified as ZIKV-induced. The next outbreak
was 6 years later in French Polynesia, spreading to several other
islands in Oceania. The most commonly reported symptoms in
the Yap Island and French Polynesian outbreaks included rash,
fever, arthralgia, and non-purulent conjunctivitis (7, 8). However,
the first case with GBS as a complication of ZIKV infection was
reported in the 2013 outbreak in French Polynesia (7). It was also
in 2013 when it was discovered that ZIKV transmission could
occur through blood or other bodily fluids and not just through
mosquito bites.

Brazil was the next location to experience an outbreak early
in 2015. Phylogenetic and molecular clock analyses revealed
that there was a single introduction of ZIKV to the country
(9). The virus was likely brought to Brazil by a traveler from
French Polynesia after a stop at Easter Island (10-12). A recent
article from Passos et al. performed a retrospective blood
blank analysis on 210 samples collected from patients during
a DENV-4 outbreak that occurred in early 2013 (13). Of these
samples, 10% showed a singly positive qRT-PCR result for
ZIKYV, and only 2% demonstrated consistently positive results
across triplicate samples. While the cycle threshold for posi-
tive results by this group is less stringent than those of other
groups, it regardless provides potential insight that ZIKV may
have been present in South American countries as early as
April of 2013.

From the confirmed 2015 cases, it took less than 1 year for
the virus to spread throughout Brazil, into neighboring South
American countries, and into Central and North America.

The increase in GBS cases was reported in Brazil, Colombia,
Suriname, and Venezuela and microcephaly cases in NE Brazil,
which included neurological disorders and neonatal malforma-
tions (12, 14-23). The remarkable rise of infants born with
microcephaly in Brazil set off international alarms and garnered
global attention (24). Sequence homology studies reveal that of
the two ZIKV lineages, the strains responsible for the human
outbreaks throughout the Americas were phylogenetically closest
to the Asian lineage (25).

MOLECULAR BIOLOGY OF ZIKV

ZIKV Genome Organization

Zika virus is a positive single-stranded RNA virus that belongs
in the Flaviviridae family. This family includes the human patho-
genic viruses, Japanese encephalitis virus, dengue virus type 1-4
(DENYV), yellow fever virus (YFV), West Nile virus (WNV), and
tick-borne encephalitis virus. To better understand how ZIKV
might be evolving, it is important to understand its genomic
structure. The genome is a 10.8 kb single-strand, positive-sense
RNA molecule that consists of a 5" untranslated region (UTR)
(~107 nt), one open reading frame (ORF) (~10.2 kb), and a 3’
UTR (~420 nt). The ORF encodes a polyprotein precursor that
is processed into three structural proteins; capsid (C), pre-
membrane/membrane (prM), and envelope protein (E) as well
as seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5). The viral polyprotein is co-translationally or
co-post-translationally cleaved by viral NS2/NS3 protease, host
signal peptidase (C/prM, prM/E, E/NSI, 2K/NS4B) and a host
protease (NS1/NS2A). The pr- fragment of the prM protein is
cleaved by furin in the trans-Golgi apparatus to generate mature
virions. The major surface glycoprotein involved in host cell
binding and membrane fusion is E protein. Viral reproduction
is accomplished through the non-structural proteins (NS1-NS5),
which serve as self-cleaving peptidases, along with the viral RNA-
dependent RNA-polymerase. The genome organization and
major protein functions of ZIKV are highly similar to all other
members in the Flavivirus genus (25-27).

As RNA genome viruses are strategically organized to contain
the minimal number of genes required for sufficient replication
and host immune evasion, many RNA viruses have evolved inno-
vative methods for manipulating subverting molecules within
their host cells (28). Among these are non-coding, subgenomic
RNAs. These subgenomic flavivirus RNA components (sfRNA)
have been implicated in both the reduction of type I interferon
(IEN) transcription, and in mediating resistance to cellular exo-
nucleases that would degrade genomic transcripts, such as Xrnl
(29, 30). While the complete functional role of sfRNAs remains
unknown, few key pieces of information have already emerged
regarding ZIKV. Of these, work by Donald et al. suggests that
sfRNA of ZIKV can not only inhibit the type I IFN response by
means of a pseudo-knot tertiary structure, but may do so in a
manner that is more broad than those of other flaviviruses, such
as DENV (31). Additionally, the difference in ZIKV lineage does
not impact the generation of these sfRNAs, and is unlikely to
impact the predicted tertiary structure.
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Genetic Evolution of the Virus

The MR766 (HQ234498) strain of ZIKV from Uganda is consid-
ered the classical strain and is used consistently in both in vitro
and in vivo research studies to model ZIKV infections. While
this strain has been passaged 147 times in insect cell cultures
and suckling-mouse brain tissues, very few mutations have been
detected in its genome. In fact, when genomic sequences are
compared between MR766 to two other variations, AY632535
and DQ859059, which were both isolated from Uganda in 1947
from sentinel Rhesus macaques, all three variants were deter-
mined to differ in only 0.4% of nucleotide and 0.6% of amino
acid sequences (32). The initial low mutation rates may have
been responsible for low transmission to humans and possibly
subclinical infections. Phylogenetic analysis of available ZIKV
genomes reveals that 86.5% of isolates are from humans, 11% are
from mosquitoes, 2% are isolated from NHPs. Interestingly, of
the available genomes, African lineages are only isolated from
mosquitoes and NHPs, while Asian lineages are isolated from
both humans and mosquitoes (Figure 1).

Phylogenetic trees of ZIKV have also been used to study the
movement of ZIKV strains across the globe to identify potentially
serious mutations that could alter molecular mechanisms, which
then lead to enhanced pathology (33). Phylogenetic analysis of
available ZIKV genomes reveals approximately 97% of genomes
published are from the Asian lineage, and 7% are of African
lineage. Among these Asian lineages, 66.9% of all isolates were
collected from North, South, and Central America. Of these,
38.8% of isolates were from North and Central America, while
only 28.1% were from South America. The remaining 26.1% of
Asian lineage isolates were collected from the Asian and Oceania
continents. Only 7% of all analyzed strains were from Africa
(Figure 2).

A phylogenetic analysis juxtaposing MR766 strain to Asian
lineage strains, particularly from Suriname and French Polynesia,
reveals 50 amino acid lineage-specific differences (2, 34-37).
Of these, all variations occur in either the NS1 or NS5 proteins
(34, 35). Yet, when Wang et al. compared human to mosquito
strains from the French Micronesia (FSM) outbreak in 2007 and
the French Polynesia outbreak in 2013 (H/PF/2013), they identi-
fied 435 and 446 nucleotide changes in FSM and H/PF/2013,
respectively, although 344 nucleotides were identical. Wang et al.
considered them as sub-lineages deriving from the same ancestor
that arrived in Malaysia in 1966 but had seemingly no clinical
impact for 50 years (2, 26). All contemporary human strains
within the Americas share higher sequence homology with the
Asian lineage P6-740 (Malaysia/1966), which was the sole mos-
quito isolate (A. aegypti) than IbH-30656 (Nigeria/1968) (38).
These isolates are most closely related to the H/PF/2013 strain
(French Polynesia/2013) than the FSM strain (Micronesia/2007),
suggesting that although the two Asian variants evolved from a
common ancestor, they further diversified and the genetic dis-
tance between the 2007 and 2013 variants increased (2). A third
major lineage from Africa is thought to exist based on analysis of
only the E and NS5 gene sequences (35, 39). This lineage is desig-
nated Africa II, but it is neglected due to incomplete sequencing
of the whole genome.

Multiple sequence alignments using 58 complete genome
and five envelope sequences of ZIKV as of April 2016, revealed
conserved amino acid variations. Nineteen variations were found
in the sequence of structural proteins and 47 variations in the
non-structural proteins, with the most variations in NS5 although
the RNA-dependent polymerase domain had no variations at
conserved motifs (26, 40). Eight variation sites were located in
E protein; two sites were in the stem region and one site in the
transmembrane region of the E protein. Substitutions in stem and
transmembrane regions affect virion assembly and membrane
fusion, whereas substitutions in Domain III of E protein may
affect receptor binding (41, 42).

Smith et al. (27). found the difference between African and
Asian isolates used in their analysis to be ~75-100 AA residues
in the ORF, while the strains within each Asian and American
lineage differed by ~10-30 AAs, suggesting that even minimal
mutations could have phenotypic impact. A separate analysis by
Wang et al. on nucleotide sequences compared 8 African strains
(7 from mosquitos, 1 from monkey) with 25 Asian strains (all
human) and found 59 amino acid variations that differed between
the two major lineages, but were shared within the various strains
of either African or Asian ancestry (2). The highest variability
(10%) between Asian human and African mosquito strain was in
the pr region of prM protein, though the effect of this structural
change on viral function is not clear. Yuan et al. demonstrated
differences in neurovirulence among Asian lineage strains from
Cambodia and Venezuela may be dependent on a single amino
acid substitution S139N (43). This substitution occurs in the pr
region of prM and Yuan et al. hypothesizes that it may contrib-
ute to neurovirulent phenotype, but does not speculate as to a
mechanism. These data are important because it demonstrates
not only variances among strains of the same lineage but also
sheds critical insight on intra-lineage strain-specific evolutionary
differences. Comparison of protein sequences using P6-740 as
the Asian reference and FSM showed over 400 variations at the
nucleotide level and 26 unique substitutions at the protein level.
Comparison of FSM, H/PF/2013, and the Brazilian strains from
2015 to 2016 showed that all these strains acquired changes at an
additional eight positions for a total of 34 amino acid changes
compared to P6-740. All isolates showed identical amino acids
at these positions with the exception of T2634M/V in the NS5
protein.

Of note, no known ZIKV mosquito strain has the same nucleo-
tide sequence as the human strains, though this could be due to
sampling bias or ZIKV transmission through alternative routes
(2). Nonetheless, nucleotide sequence changes can have an impact
on viral pathology, replication, transmissibility, and fitness. One
such example is the impact on posttranslational modification of
the E protein. Faye et al. in 2014 reported a N154-glycosylation
site deletion event of E protein in African isolates that did not
exist in Asian lineage strains (40). Neurovirulence may depend
on glycosylation of the Env protein (Asn 154) (44, 45). Naik and
Wau reported that a mutation of putative N-glycosylation sites on
DENV NS4B decreased RNA replication suggesting that glyco-
sylation may play important roles in infectivity, maturation, and
virulence of flaviviruses (46).
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Similar to DENV, ZIKV evolution depends on worldwide
spread of the mosquito vector, growing human population size,
and increased foreign travel and commerce (37). Sequence analyses
demonstrate that the virus originated in Africa within two distinct
groups; Uganda and Nigeria, mostly isolated from non-human
vectors, and anchored by the MR-766 strain. The Asian cluster was
isolated in Malaysia and is anchored by a prototype strain, P6-740,
which includes strains from other Southeast Asian countries, such

as Cambodia and French Polynesia. The American clade, which
includes strains from Brazil and other American or Caribbean
strains, evolved from this Asian cluster and expanded rapidly
among naive populations (37). As ZIKV evolves, it diversifies and
creates new interactions with vectors and hosts that impact patho-
logy, which exhibit unique lineage and strain-specific pathological
profiles. To this date, 197 fully sequenced African and Asian isolates
have been characterized and have been deposited in GenBank.
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ZIKV TRANSMISSION AND TISSUE
TROPISM

Vector Influence on Viral Evolution
While the African lineage contained eight mosquito isolates, the
P6-740 (Malaysia/1966) was the sole mosquito isolate in the Asian

lineage. In 2007, human sera from patients with painful febrile
disease and A. aldopictus mosquitos were sampled from West
Africa and tested positive for ZIKV (47). At the same time, the
Micronesia outbreak identified A. (stregomyia) hensilli as the likely
principal vector (6). In 2013, ZIKV reached French Polynesia,
with subsequent spread to Oceanian islands (New Caledonia,
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Cook islands, and Easter island), which contained A. aegypti and
A. Aldopictus throughout most of this region (48). Eleven percent
of the population was infected causing symptoms such as low-
grade fever, rash, conjunctivitis, and arthralgia, as well as GBS
(49). A. aegypti has not only expanded to Central-South America
but is also regarded as the most common vector for DENV (50).
The New World strains of A. aegypti and A. albopictus, which are
the most common in USA are poor transmitters of ZIKV (51)
suggesting that continuous divergence of the Asian lineage due
to genomic evolution can be adapted to direct human to human
transmission without the involvement of a vector. Indeed, while
Aedes is widely accepted as the vector for ZIKV (52-54), work by
Guedes et al. has demonstrated that ZIKV can infect and replicate
in the midgut, salivary glands, and can be detected in saliva of
Culex spp. (55). This work suggests, while still a contentious topic
requiring further investigation, the transmission vector range for
ZIKV may be greater than anticipated.

Non-Vector Transmission

Zika virus and other Flaviviruses (with the exception of Hepatitis
C) are transmitted by mosquito bite, but ZIKV has clearly
diverged from other flaviviruses. Since the 2015 epidemic, the
mirth of published data has made it apparent that ZIKV can be
transmitted from human to human through sexual transmission,
blood transfusion, ocular transmission, or vertical transmission
from mother to fetus (15, 16, 20). While the African strains are
better transmitted through mosquitos, the American strains
with Asian ancestry may have obtained enhanced transmission
capabilities through sexual intercourse. This is supported by the
numerous clinical cases of sexual transmission from male to
female partners, and the limited data regarding female to male
transmission (56-67). Of these clinical cases, originally infected
individuals are reported to have traveled to South American
countries or Pacific island nations, where they are believed to
contracted ZIKV (68). Recent findings from Mead et al. reveal
that while ZIKV can be detected in semen from infected men
for up to 9 months after infection, sexual transmission of ZIKV
typically occurs within 20 days of infection, and the amount
of infectious ZIKV in semen decreases rapidly within the first
3 months of infection. Additionally, data from Barreto-Vieira
et al. regarding attempts to standardize in vitro techniques for
and Asian lineage strain of ZIKV demonstrated that mammalian
cells associated with mucosal membranes are more susceptible to
ZIKV infection than insect cells (69).

Human Infection Studies

Fetoplacental Infections

The new routes of transmission demonstrate a novel tissue tropism
for the virus. As such, tropism for the human placenta allowing
infection of the fetus is unique for ZIKV, even though it should
be noted that other flaviviruses that are not human pathogens
do infect placental tissue in their respective hosts. Asian strains
of ZIKV attracted global attention for their impact on maternal
and fetal health (70, 71). Infectivity studies have shown that
South American strains of Asian lineage are capable of infecting
human decidua and umbilical cord tissues and are responsible

for apoptosis of chorionic villi, which function in fetal/maternal
blood/nutrient exchange (72, 73). In Brazil, mothers giving
birth to newborns with microcephaly had reported fever, rash,
and conjunctivitis during pregnancy, the most commons signs
and symptoms of ZIKV infection. However, diagnosis beyond
the earliest stage of acute disease is nearly impossible in the
dengue-endemic regions and since the majority of exposures
to ZIKV may cause asymptomatic infections, large numbers
of infected pregnant women may have gone undiagnosed or
misdiagnosed (20). Importantly, the severity of these responses
varies greatly between patients and indicates that while studies
on human immune responses to ZIKV infection are important,
there is a large knowledge gap yet to be filled regarding the
diversity of ZIKV infections among human demographics.
An excellent example of how ZIKV pathogenic severity is depend-
ent on individual genetic backgrounds is the study published by
Caires-Junior et al., which compares pairs of twins where one
is diagnosed with congenital Zika virus syndrome (CZS) (74).
This study demonstrates that upon infection of neural tissues
with ZIKYV, cells from the CZS twins grew slower and exhibited
increased viral replication. Importantly, the transcriptome
results of the study reveal a significant difference in the level of an
mTOR inhibitor protein, DDIT4L, between CZS and unaffected
twins. This finding is significant because it indicates an indivi-
dual genetic disposition for increased mTOR signaling, and as
mTOR signaling pathways are critical for autophagy-mediate
viral clearance, means that ZIKV infections are intensified in
these individuals.

Fetal Brain Infections

Zika virus’s proclivity for neural cells is not a novel finding among
flaviviruses, as members of this viral family are known for their
neurovirulent qualities. Several studies have sought to investigate
the neuroinvasive and pathogenesis of ZIKV within both human-
specific cell cultures and in neonatal mice. One example is the
work done by van den Pol et al., which investigates ZIKV cellular
targeting within the brain (75). Here, in vivo mouse studies on
neonatal brains reveals ZIKV infection of specific regions of the
brain as early as 4 days postinfection, but can be fully determined
by 7 days postinfection. Additionally, human cell culture work
by van den Pol et al. reveals that human astrocytes demonstrate
a 24-h virus incubation period before shedding active virus into
culture media. Importantly, a study by Lin et al. using cultured
human fetal brain tissues suggests that ZIKV enters the brain
via the subventricular zone and actively infect and replicate in
committed neural cells, and thus as cells propagate to develop the
brain, result in an increase of viral presence (76). The authors then
speculate as that the immune response to this neural infection
may drive microcephaly.

Urogenital Tract Infections

Viral RNA can persist at high levels for months in the sperm of
infected men even after resolution of symptoms and persists in
the vaginal secretions of infected females for weeks after symp-
toms resolve (60, 77). This type of persistence in the reproductive
tract and sexual transmission is not observed with other flaviviral
infections (78).
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Ocular Infections

Ocular infections are also unique to ZIKV and likely transmitted
through conjunctival fluids, tears, and lacrimal glands. Although
the reported cases of African lineage infections were too few to
identify similar symptomatology, ocular infections by the Asian
lineage have been documented in humans and recapitulated in
animal models. Inner retinal vasculopathy (79) or other ocular
infections have been reported linked to international travel into
South American and Caribbean island nations (79, 80). Ocular
abnormalities have been documented in infants with congenital
Zika virus syndrome (CZS). In a report by Fernandez et al,
postmortem examination of fetuses from terminated pregnancies
revealed micro-calcifications of the retina, increased amount of
autolysis of tissues at the front of the ocular tract, detachment of
retinal and RPE layers, and a distinct lack of neural differentiation
of retinal neurons (81). This study by Fernandez et al. corrobo-
rates with other clinical cases, such as those reported in Brazil,
where 34.5% of all ZIKV microcephalic infants reported in the
first 2 months of 2016 had ocular abnormalities, such as retinal
mottling, optic nerve degeneration, and a lack of differentiation
of retinal neurons (82-90).

Animal Infection Studies

Ocular Infections

To investigate the pathogenic variability of ZIKV lineages as
they occur progressively during active infections, many scientific
investigations have modeled ZIKV infections in animal models.
Noteworthy, among these are murine models, which have been
well characterized for use in studying other flaviviruses. A129 and
AG129 mice that are deficient in IFN receptor signaling when
infected with ZIKV showed specific cellular tropism of ZIKV in
retinal cell layers of the eye. A129 mice are deficient in IFN alpha/
beta receptors, while AG129 mice are deficient in IFN alpha/
beta and gamma receptors. Muller cells and retinal astrocytes
infected with the virus resulted in a sustained proinflammatory
microenvironment within the ocular tract that contributed to
conjunctivitis and uveitis in these mice (91). In a NHP model for
ocular and uteroplacental pathogenesis, Mohr et al. demonstrated
lack of retinal neuron maturation, anterior segment dysgenesis,
and notable chorioretinal lesions in fetal macaques (92). Different
ZIKV strains display divergent tropism within host tissues.
Miner et al. showed that ZIKV infections induced purulent viral
panuveitis in AG129 mice and that the Asian lineage ZIKV from
South America was isolated in higher viral burden than those
from Oceania in ocular tissues (93).

Brain, Spleen, and Testicular Infections

Regarding tissue tropism by the Asian and African strains in
animal models, the reports are conflicting. Dowall et al. demon-
strated that viral RNA and ZIKV-induced histopathology with
both MP1751 (African lineage) and PRVABC59 (Asian lineage)
were highest in brain, spleen, and testis of A129, although the
histological changes were more prominent in animals infected
with the African lineage. The histopathology was minimal in
heart, liver, kidney, and lung, although the Asian lineage caused
no measurable clinical features (94). The Natal RGN strain from

northeastern Brazil was isolated from the brain of a fetus with
microcephaly and contained half of all mutations in the NS1 gene,
suggesting that tissue-specific evolution of ZIKV has contributed
to the emergence of Congenital Zika syndrome (2).

Lineage-Dependent Differences in Animal

and Cell Culture Models

There are limited studies characterizing ZIKV strains and most
studies utilize one strain exclusively. Phenotypic differences
among African and Asian isolates have been reported in both
in vitro and in vivo models, demonstrating the importance of
considering ZIKV isolate, passage history, cell type, or mouse
model when interpreting results. Asian strains of ZIKV have
been analyzed for differential infectivity in many human and
non-human cell lines. These include cells from ovary, kidney,
liver, brain, lung, and keratinocytes. The latter of these is impor-
tant to understand since the skin is the first barrier encountered
during mosquito bites, as well as the first defense against ZIKV
entry. Analyses from these in vitro studies demonstrate that
infection after 48 h produced differences between cell lines
in the amount of intracellular NS1, as well as amount of virus
release, and the extent of infection did not directly correlate to
IEN response (95).

Substantial differences are also found between African and
Asian strains in vitro among mammalian and insect cell lines
(27). A low-passage African isolate from mosquito reached
higher titers than two low-passage Asian strains at all observed
time points (0-36 dpi) in cell lines from four diverse vertebrate
hosts and five insect cell lines (27). Similarly, Vielle et al reported
strain-specific infection profiles in Vero cells, Aedes cells, and
human monocytoid DCs (MoDCs). The authors used five
African and Asian lineage strains isolated from various hosts;
MR766 (U-1947) from monkey, MP1751 (U-1962) from a pool of
A. africanus mosquito, PF13/25013-18: FP-2013 (French Polynesia)
from human serum, PR-2015 (Puerto Rico) from human serum,
and G-2016 (Guadaloupe) from human semen. The low pas-
sage U-1962 and U-1947 are very distant phylogenetically. The
African lineage U-1962 and the Asian lineage PR-2015 showed
highest rates of infection in Vero cells compared to the other
strains. Similar findings for the U-1962 were observed in the
mosquito cell line. In contrast, in vitro studies of human MoDCs
showed similar susceptibility to infection, activation/maturation,
expression of type I and III IENs or cell death between lineages.
The authors reported that NS5 of U-1962 showed polymorphism
compared to the other strains of the study, but none of the resi-
dues were putative STAT2 binding residues, suggesting that the
levels of expression of mutations were independent of mutations
in the NS5 sequence of the U-1962 strain (96).

Additionally, infectivity studies comparing the two lineages
revealed that African strains of ZIKV can infect human neural
progenitor cells and produce both higher titers of progeny virus,
and also induce higher levels of cellular apoptosis (34, 97, 98).
A study by Hamel et al. demonstrated similar findings using human
astrocyte cell cultures, where they found African ZIKV strain
HD78788 can reach higher infectious titers 24 h postinfection
of human astrocytes and also induces less innate antiviral gene
transcription than Asian strain H/PF/2013 (99). This trend was
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further confirmed in human dendritic cells, which are one of the
primary cell types naturally infected by ZIKV (96).

While mice may not naturally become infected by ZIKV, they
can be used as models for pathogenesis, and similar reports of
differential lineage-specific infection characteristics have been
published regarding in vivo mouse experiments. Zhang et al.
conducted a study juxtaposing an older Asian lineage strain
from Cambodia, with a more contemporary American strain
from Venezuela to investigate potential differences in neuro-
virulence between the two (100). They found that compared to the
Cambodia strain, neonatal mice infected with Venezuelan strain
of ZIKV demonstrated more neuronal cell death, obliteration of
oligodendrocyte development, and an increase in the amount of
CD68 and Ibal positive microglia/macrophages in brain tissues.
On the other hand, Qian et al. reported that African and Asian
lineages showed similar levels of brain-development disruption
in an organoid development model, thus prompting further
questions regarding further analyses within the Asian lineages
(101). This change between Asian and American, or alternatively
between pre-epidemic and epidemic stains of ZIKV, may be
attributed to new mutations between the two (102). Indeed,
sequencing data comparing over 20 strains of ZIKV reveals at
least 15 amino acid changes between epidemic and pre-epidemic
strains, as well as the generation of a 9 amino acid bulge, rather
than an external loop structure at the 3-prime UTR region of the
NS5 sequence.

Mouse background strain, transgenic line, and pharmacologi-
cal manipulation in wild-type strains all produce variable results
using the same dose and strain of ZIKV from either lineage. The
animal model chosen is one potential complication of comparing
ZIKV isolates, but so is in vitro and/or in vivo passage history of
isolates. There is a tradeoff between passage number and viral
fitness in either vertebrate or insect hosts. A study by Haddow
et al. suggests that high passage number of traditional African
strains, such as MR766, in both Vero cells and suckling mouse
brains has resulted in a distinct loss of glycosylation sites, which
may thus affect pathology in other organs (32). The pathology
of a low-passage African isolate from mosquito and two low-
passage Asian strains were compared in vivo using two mouse
models, the A129 mouse (deficient in type-I interferon receptor,
Ifnar1™") and the IFN-I antibody blockade mouse. The A129
mouse is commonly used to study ZIKV because the virus has
been shown to infect cells by targeting human STAT?2 to suppress
IEN signaling, and it has been proposed that since it does not
bind murine STAT2, it cannot infect mice unless the type I IFN
receptor is knocked out or blocked (1). Of additional note, the
majority of investigations that utilize ZIKV grow their viral stocks
in Vero cells, which do not produce IEN type I in response to a
viral infection, and thus allows them to be permissive to ZIKV
infections (103, 104).

According to Smith et al., the African isolate caused more
severe clinical pathology and lethality in both mouse models,
suggesting enhanced virulence of the African strain compared to
both Asian strains. Significant phenotypic differences were also
observed between the two Asian strains (CPC-0740 and SV0127-
14) used in the study; SV0127-14 produced 10- to 100-fold lower
titers in all cell types compared to CPC-0740, and it produced

only mild clinical symptoms and 10% mortality in Ifnarl~~ mice
versus 90% mortality with the more virulent CPC-0740 (27).
The IFN-I antibody mouse model was far less susceptible than
the Ifnarl™~ model, producing zero mortality and no clinical
symptoms with CPC-0740. The same result was found using a
more recent Asian isolate from Puerto Rico, PRVABC59 in the
IFN-I antibody blockade mouse (27).

Similar to previous studies comparing African and Asian
strains, Dowall et al. reported that A129 mice tolerated infections
with an Asian strain well, while an African strain was lethal, with
morbidity and mortality worsening in a dose-dependent man-
ner. Interestingly, although the Asian strain produced no clinical
symptoms, viral RNA levels were detected in various tissues,
including brain, spleen, lungs, and kidneys and viral burden was
detected in secretions, albeit the magnitude and time course of the
Asian and African strain differed, with detection levels produced
earlier using African infections. Moreover, seroreactivity revealed
detectable antibody responses in the Asian infected A129 mice
despite no clinical signs of illness (1).

CURRENT UNDERSTANDING OF ZIKV
AND THE HOST IMMUNE RESPONSE

Zika virus hid from the public eye for several decades since it’s
discovery in the 1940s, as many cases of ZIKV infections are
believed to have either been subclinical or misdiagnosed as a
different flavivirus infection, such as DENV. As ZIKV spread
from Africa across Asia and into the Polynesian and Micronesian
islands, ZIKV shifted from a mild pathogenesis and largely
subclinical symptomatology to the neuro-virulent Asian lineage
with a higher incidence of congenital abnormalities. The specific
pathways activated by viral infection inevitably steer the innate
immune response toward differential patterns and intensities
of cellular and humoral responses. ZIKV is a member of the
flavivirus family, and thus shares similar cell signaling pathways
with other viruses within this group, which directly antagonize
the IFN response system of the host innate immune response, but
through a species-specific mechanism (Figure 3). Thus, to fully
comprehend the challenges that ZIKV poses to human immunity
and to recognize fully efficacious vaccine candidates, a detailed
understanding of how ZIKV directly evades and antagonizes host
innate and adaptive responses is vital.

Type | IFN Responses

Type I IFN refers to the classic IFN o/p signaling pathway,
whereby viral antigen, or a pathogen-associated molecular pat-
terns, are recognized by pathogen recognition receptors initiat-
ing an intracellular protein cascade that culminates in protein
translocation into the nucleus and subsequent transcriptional
activation of DNA for IFN-a and IFN-f (105). When nearby
cells have IFN o/p bind to their surface receptor, IFN alpha
receptor (IFNAR), a series of phosphorylation events, involving
Janus kinase 1, tyrosine kinase 2, and the many signal transducer
and activator of transcription (STAT) proteins ultimately result
in the transcription of IFN-stimulated genes (ISGs), which have
antiviral properties through a broad variety of mechanisms.
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FIGURE 3 | Zika virus activates signaling pathways that promote transcription of interferon (IFN) genes differentially. (A) The NS5 protein from African lineage binds
and prevents NF-kB function. Asian lineage non-structural proteins NS5, NS4, and NS1 act to inhibit IRF3 and IRF7 functionality, thus inhibiting IFN production.

(B) IFN Type | phosphorylates STAT1 and STAT2 and NS5 targets STAT2 for degradation. (C) Activation of Type Il IFN signaling upon receptor binding phosphorylates
STAT1 heterodimers and thus increases chemoattractant IFN-stimulated genes. (D) STATZ2 is targeted for proteasomal degradation by NS5 resulting in an increased

rate of STAT homodimerization and upregulation of anti-inflammatory cytokines.
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Lineage Similarities

Many flaviviruses directly antagonize different stages of the type
I IEN pathway via species independent and diverse mechanisms
that all centrally rely on genomic non-structural protein 5 (NS5).
Of the seven genomic NS proteins and sub-proteins, the NS5
protein functions as the viral polymerase enzyme, and in RNA
capping (106-108). Dengue virus NS5 protein has been shown
to inhibit human STAT2 function by means of an E3 ubiquitin
ligase, called UBR4 that targets STAT2 for proteasomal degra-
dation. ZIKV similarly inhibits human STAT protein, but can
do so independently of UBR4 (109, 110). ZIKV inhibition of
STAT?2 has been demonstrated in several studies where primary
human dendritic or endothelial cell infections resulting in lower
expression of pro-inflammatory cytokines, such as interleukin 6
(IL-6), IFN a/f, and chemokine C-C ligand 5 (CCL5) (111, 112).
Additionally, NS1 and NS4b have both demonstrated the abil-
ity to inhibit the production of IFN a/p after direct stimulation
with poly I:C (synthetic double stranded RNA) by blocking the
formation of the TBK1 (TANK binding kinase 1) complex, which
allows for oligomerization of interferon regulator factors (IRFs)
(107, 113, 114).

Primary human skin fibroblasts infected with the French
Polynesia isolate H/PF/2013 mounted innate immune responses
by increasing the expression of RIG-I, MDA5, TLR3 leading to
upregulation of Type I IFNs and ISGs as well as CXCL10 and
CCL5 (115). The same strain led to IFN-p production and

induced apoptosis of infected lung epithelial cells A549 (116).
Overall, both lineages have demonstrated similar mechanisms of
Type I IFN activation and upregulation, and similar pathways of
STAT? inhibition and targeting for degradation.

Importantly, ZIKV inhibits human STAT2 function via a
mechanism similar to DENV, but does not similarly inhibit
murine STAT2. These two proteins share 64% sequence homol-
ogy, which may thus account for the dissimilar protein interac-
tions. This single protein non-homology between human and
mouse STAT2 has led to a domination of immune-deficient
murine models as the primary model for pathogenic and vaccine
studies (117, 118). These models are primarily A129 and AG129
systems, which lack the IFNAR protein, required for the produc-
tion of ISGs. Despite many investigators’ claims that immune
competent models for ZIKV will lack symptomatic expression,
replication, and similarity to human infections, several recent
publications have demonstrated that ZIKV can be modeled in
immune competent mice using either a C57BL/6 or BALB/c
background (119). The success of immune competent systems
may be directly attributed to ZIKV inhibitory effects on STATS3,
4, 5, or 6. This knowledge, however, still requires investigation
and remains a knowledge gap within the field.

Lineage Differences
Bowen et al. found that dendritic cells from donors are produc-
tively infected in vitro by both lineages, but with different kinetics.
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The African lineage had faster replication and infection magni-
tude, and unlike the Asian linage, caused cell death. All strains
antagonized STAT1 and STAT2. Asian strains used included
PRVABC59 and P6-740, while African strains included the
Ugandan prototype strain (MR766) and a low-passage Senegalese
strain (DakAr41524). They found that the viral kinetics varied
with the source of the monocyte isolate, but that related strains
varied similarly. All strains induced IFNB gene transcription, and
a decrease in STAT2 phosphorylation was seen in both, but more
pronounced in the African lineage (111).

In a study by Simonin et al. who infected human primary
neural cells with African and Asian lineage strains, the African
strain induced upregulation of at least 19 genes including RIG-I,
MDA-5, and TLR-3 and induction of type 1 and 2 IFN was higher,
associated with enhanced levels of inflammatory cytokines such
as IL-6 or tumor necrosis factor (TNF). The only downregulated
gene was CXCL8, a mediator of inflammatory responses. The
Asian strain did not show any significant upregulation of genes;
instead, four genes (CXCL8, CXCL10, CASP1, CTSS) were
downregulated. Even at higher MOIs, the cytokine response to
Asian strain was weak. In addition, neural cell infection by both
strains showed similar differences in viral infectivity and cytokine
production (97). In contrast, when McGrath et al. infected
human neural stem cells from two individual patients with Asian
and African lineages of ZIKV and conducted a transcriptomics
analysis, they found increased expression of IFN-a, IL-2, TNF-a,
IFN-y genes as well as genes involved in complement, apoptosis,
and STATS5 signaling pathways in cells infected with the Asian
isolate (120). Patients displaying neurological symptoms during
the ZIKV epidemic in Brazil demonstrated higher blood concen-
trations of pro-inflammatory cytokines, such as IL-6, IL-7, and
IL-8, as well as higher levels of chemotactic molecules, such as
IP-10 and MCP-1 (121). These findings were recapitulated in a
non-human primate model (122) and in mouse studies modeling
ZIKYV infections using homologous strains.

Ultimately, this inhibition of type I IFN production and sign-
aling results in an attenuated innate response to infection and
may alter T cell-specific responses (123, 124). Presently, less than
a handful of reports have examined the host-induced immune
responses to genetically evolved ZIKV. Tripathi et al. examined
strain-specific differences using Ifnarl™~ and Stat2~~ C57BL/6
mice. They looked at three viruses from the Asian lineage (P6-
740, FSS13025, PRVABC59) and two from the African lineage
(MR766; DakAr41519). They found that the African strains
conferred faster onset of disease and higher mortality and in both
mouse models. Infection with the African strains was marked
by more severe neurological symptoms, while neurological
symptoms in Asian infections were more prolonged. While both
strains induced host inflammatory responses, the African isolates
elicited higher levels of several cytokines and markers of T cell
infiltration (IL-6, CXCL10, TNF-a, IFN-y, CCL3, CCL4, CCL5,
CXCL9, GZMB, CCL2, CCL7, CXCL1, CXCL2, IL-1b, IL-15,
CD4, CD8, CCR5, CXCR3, CCR2, CCR5) (125).

Foo et al. infected human blood monocytes with the Uganda
strain MR766 or the French Polynesia strain H/PF/2013. They
found that both strains productively infected CD14 monocytes,
but that infection with Asian viruses led to the expansion of

non-classical monocytes, resulting in a M2-skewed immunosup-
pressive phenotype, marked by IL-10 production. African line-
ages on the other hand, induced pro-inflammatory M1-skewed
responses, inducing CXCL10. They also found that blood from
pregnant women was more susceptible to infection. Infection
with virus from the African lineage led to higher viral burdens,
and increased levels of IFN-f, STAT, OAS, IRE, and NF-kB.
The Asian lineage had higher expansion of CD14°CD16* non-
classical monocytes, despite having a lower viral load. In general,
the African strain promoted cytokines and immunomodulatory
genes involved with inflammation (CXCL10, IL-23A, CD64,
CD80, IL-18, IDO, SOCS1, CCR?7), while the Asian strain was
associated with the activation of immunosuppressive genes (IL-10,
Argl, CD200R, CD163, CD23, CCL22, VEGFa). These results
were confirmed using a second strain of ZIKV from each lineage
(IbH30656 for African and PRVABC59 for Asian). Pregnancy
enhanced infection of both lineages in CD14 monocytes, and
they found a similar pattern with the African lineage having a
higher viral load. Blood from the first and second semesters of
pregnancy demonstrated considerably higher CD14°CD16*
non-classical monocyte levels upon infection with the Asian
strain, but blood in the third trimester had similar levels to non-
pregnant blood. The African strain, however, produced a slight
increase in non-classical monocytes during all three trimesters.
Unlike monocytes from non-pregnant women, monocytes from
pregnant women were more reactive to the Asian lineage than the
African one. The Asian strain additionally induced genes associ-
ated with adverse pregnancy outcomes in the first two trimesters
of pregnancy (ADAMTS9 and fibronectin 1) (73).

While both Asian and African lineages have demonstrated
similar agonism and antagonism in Type I IFN signaling, Asian
lineage strains have additionally shown a secondary method of
IFN antagonism. Asian strains isolated from South American
countries appear to directly activate IRF3, IRF7, and IRF9
through NS1, NS4, and NS5 viral proteins (112). African lineages
have not demonstrated this ability as of yet, which implicates the
differential amino acid residues as key binding factors for innate
immune mediators.

Type Il IFN Responses

Unlike the type I IFN response, which inhibits ZIKV infection,
Chaudhary et al. demonstrated that IFN-y (a type II IFN) can-
not only decrease ZIKV infectivity in mammalian cell culture,
but can also upregulate transcription of innate inflammatory
and chemoattractant cytokines, such as IRF1 and CXCLIO0,
respectively. This suppression of type I responses, but activation
of type II responses is also demonstrated by the NS2A and NS4B
proteins. This phenomenon of variable activation of type I and
type II IFN responses has also been documented in human clini-
cal cases of ZIKV infections (126). A study performed by Kam
et al., sought to fully characterize immune biomarkers that were
associated with ZIKV infections in 95 human clinical cases from
Brazil. The authors demonstrated an increase of IFN-y among
human febrile cases of ZIKV and differential cytokine expression
between febrile patients and those with neurological complica-
tions. Between these two groups, patients with neurological
complications showed similar levels of IFN-y and decreased
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levels of anti-inflammatory cytokines, such as IL-10 and IP-10
(121). ZIKV NS5 was shown to generate the differential type I
and type II responses during infection, by specifically inhibiting
IFN- signaling, and simultaneously functioning as a prominent
activator of IFN-y signaling.

Interferon-y plays a critical role in host antiviral responses
and increased levels of IFN-y can be associated with host natu-
ral killer (NK) cell response, as they secrete high levels of this
cytokine during infection. A study by V. Costa et al. proposed
that DENV infection is controlled by NK cells specifically through
the production of IFN-y, and that these NK cells are activated by
DENV-infected dendritic cells (DC’s) (127). While this specific
mechanism of IFN-y inhibition has not been demonstrated yet
for ZIKV, it has been shown that ZIKV does infect antigen-
presenting cells upon infection via mosquito bite. Cimini et al.
found that the amount of IFN-y secreted by CD4* T-cells is
reduced (128). Given that CD4* and CD8* T-cells have proven
to be the dominant drivers in ZIKV clearance during human
infection (129), this alteration in cell cytokine secretion generates
several questions regarding the mechanisms that ZIKV uses to
subvert the host immune response and facilitate its replication.

Ngono et al. compared CD8 T cell responses to two Zika
strains from the African (MR766) and Asian (FSS13025) line-
ages in wild-type C57BL/6 mice treated with an IFNAR blocking
antibody, and in LysMCre*IFNAR"" C57BL/6 (H-2°) mice (lack-
ing IFNAR in certain myeloid cells). They found that the viral
load of the African lineage strain decreased 3 days postinfection,
but that the Asian lineage strain did not. Both strains elicited
similar levels of granzyme B* CD8* T cells in both mouse mod-
els. They additionally identified epitopes recognized by IFN-y
secreting CD8* T cells and found that in both strains the major
epitope was E protein derived. In LysMCre*IFNARY mice, they
identified 14 peptides specific to the African lineage, three spe-
cific to the Asian, and 12 shared by both, with all proteins being
targeted, except for NS1 and NS2b in the Asian lineage. The
Asian and African strains both resulted in a sixfold and fivefold
increase in CD44*CD62L~CD8" T cells, respectively, indicating
a strong CD8 response. Both strains showed similar CD8*T cell
kinetics, with the percentage of IFN-y* CD8* T cells being high-
est at day 7 postinfection. It is important to note that the MR766
isolate was serially passaged in mouse brains, possibly affecting
its behavior (124).

Collectively, the majority of the investigations regarding ZIKV
and the Type II IFN response have been done using Asian lineage
viruses. Thus, there is an immense knowledge gap concerning
African lineage ZIKV strains and how they may directly affect the
Type II IEN response. While it can be inferred that both African
and Asian lineages both benefit from the increase in STAT1 being
freely able to generate homodimers and thus promote ISGs,
African lineage ZIKV strains have not specifically demonstrated
this ability, and thus it remains unknown.

Type lll IFN Responses

Discovered in the early 2000s, type III IFNs comprises four
variants of IFN-A (numbered 1-4). The receptor for this type of
IEN is unique because, rather than being ubiquitously expressed
on nucleated cells like IFNARs, it is selectively expressed on

epithelial cell surfaces. Thus, IFN-A plays a distinct role in the
protection of epithelial barriers. Additionally, while expressed
on epithelia surfaces, other cell types can respond to type III
IFN signaling, such as those in the central nervous system
(130, 131). While the role of IFN-A has been studied during
WNV and YFV infections, there is limited information regarding
IFN-A and ZIKV infections. During DENV and YFV infection,
the depletion of type III interferons results in impaired CD4* and
CD8* T-cell activation, and thus also negatively impacts viral
clearance. Additionally, in mouse models deficient for type III
IFN signaling infected with YFV, type III IFN signaling results
in decreased blood/brain barrier maintenance and thus allows
for viral neuro-invasion (132). Of the studies for ZIKV infections
investigating type III IFN responses to infection, many focus on
maternal and fetal infections with emphasis on the fetal/maternal
blood barrier (133-137).

The placenta is the organ that separates the fetal and maternal
blood supply, primarily through the chorionic villi, where fetal
and maternal blood are spatially separated by 3-4 cell layers.
After blastocyst implantation in the uterine wall, trophoblast
cells multiply and differentiate into variable cell types. One such
cell type, the syncytiotrophoblast, forms the outer epithelial
layer of the chorionic villi where the majority of fetal/maternal
blood exchange occurs (138). The syncytiotrophoblast layer is
the primary epithelial defense in the fetal/maternal blood barrier
and the first cells ZIKV encounters during fetal infection. Indeed,
the type III interferons produced by syncytiotrophoblasts allow
for autocrine protection, and subsequently prevent ZIKV from
infecting the fetus (139).

Provided that the cells of the fetal/maternal blood interface
are resistant to ZIKV infections based on their ability to secrete
IFN-A, several studies have focused on uncovering the mecha-
nism by which ZIKV gains entry into the amniotic space and
thus can infect the fetus (140). These studies focused on a specific
type of fetal macrophage cells called Hofbauer cells (HBC) that
derive from the fetus; are of monocytic origin, and are commonly
found through the chorionic villi (141). These cells first appear
early during human pregnancy (within the first 3 weeks), and
then diminish in number between the fourth and fifth month
of gestation. Among mothers and fetuses infected with ZIKYV,
however, HBCs have been seen to linger long in to the third tri-
mester of pregnancy at a density higher than normally observed
(142). Not only do HBCs persist at increased density, they are
capable of direct infection by ZIKV. It is speculated that they can
move freely between the chorionic tissues where blood exchange
occurs in the placenta (143-145). Thus, by traversing from the
chorionic fetal/maternal blood interface to the amniotic sac and
fetus, HBCs can act as a shuttle for ZIKV to bypass the fetal/
maternal blood barrier and infect the fetus.

Asian lineage strains have shown the ability to upregulate Type
III IFN production and mRNA translation in both cell culture
and in primary human clinical cases. African lineage strains
have only demonstrated this ability to a lesser extent only in
cell cultures. In vitro studies with ZIKV AF (MR-766) and AS 9
(FSS13025) infected human choriocarcinoma JEG-3 cells showed
induction of antiviral type III IFN responses and the ISG 2’-5
oligoadenylate synthetase suggesting that IFN type III responses
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produced by human placental trophoblasts confer protection
against ZIKV infection (143). Interestingly, while both lineages
have demonstrated an increase in both translation and transcrip-
tion, there is not an increase of the amount of active Type III IFN
proteins produced and detected in culture medium.

ZIKV Vaccine Development

Since the outbreaks that garnered international attention for
ZIKV in 2015, the race for a vaccine to combat ZIKV has yielded
several candidates, currently at various stages of development.
A successful ZIKV vaccine must confer strong protection in
healthy and pregnant populations, while also proving safe and
efficacious in regards fetal/neonatal health. Important features
to consider for the best vaccine should include both enhanced
magnitude and quality of neutralizing antibodies and minimal
cross-reactivity to DENV to prevent antibody-dependent
enhancement (ADE) (146-149). ADE is perhaps the most
critical of these, as flaviviruses are antigenically and structurally
similar, non-neutralizing antibodies generated by one flavivirus
can result in fatal outcomes upon secondary infection with a
different flavivirus.

Recombinant envelope (E) protein subunit vaccines have
been tested as both whole protein and single domain subunit
candidates. Many of the E protein subunit vaccines published
have required multiple booster administrations to achieve high
antibody titers, and rely on the use of adjuvants to amplify the
humoral response induced (150, 151). The use of only domain
11T of the E protein has proven sufficient to neutralize ZIKV in
cell culture systems and in multiple mouse models when proteins
are generated using the French Polynesian strain of ZIKV, Asian
lineage, as a template (152). Combining the knowledge of how
T-cells mediate viral clearance of ZIKV infections with epitope
predictions, Pradhan et al. demonstrate that subunit vaccines
using the NS2B, NS3, and NS4A proteins have potential as
neutralizing vaccines that mediate a strong CD4* T-cell response
through in silica analyses (153).

Another candidate for ZIKV vaccines are lipid encapsulated
mRNAs. While multiple publications have demonstrated that
lipid enclosed mRNA vaccines are capable of antibody-based
neutralization, only the work of Richner et al. address the issue
of cross-reactive antibodies by specifically deleting the domain
II of the fusion loop on the ZIKV E protein (154). Removal of
this fusion loop domain results in minimal cross-reactivity
between ZIKV and DENYV, serotype 1. DNA vaccines have also
been evaluated for ZIKV candidates, and one has progressed to
clinical trials. DNA vaccines provide an economic advantage with
their ease of production, and Larocca et al. has demonstrated
a ZIKV DNA vaccine using the E and matrix (M) proteins can
induce strong T-cell responses (155). An additional study by
Muthumani et al. evaluated the efficacy of a DNA vaccine in
both immune compromised mice and NHP and demonstrated
the successful generation of neutralizing antibodies and high
antibody titers (156). Of these vaccines, constructs generated as
the vaccine have synthesized conserved residue among MR766
and Brazilian strains individually in an attempt to generate the
largest cross-protective response. Despite this effort, data regard-
ing non-homologous challenges and evaluations against different

strains and lineages remains scarce. This is true for the majority
of vaccine candidate studies published.

Live-attenuated vaccines and chimeric vector vaccines offer a
third and fourth candidate against ZIKV, as they provide a strong
cellular immune response due to their active infections, and thus
provide a humoral response that more closely recapitulates a
natural infection. Whole inactivated virus vaccines are the front-
runner candidates for future ZIKV vaccines, based on the clinical
trials occurring within the United States, 75% of which are whole
inactivated particles from the PRVABC59 strain of ZIKV, which
poses the largest threat to the US (157). Live-attenuated vaccines
also have the benefit of generating a natural cellular response
without the risk of a generating disease. Shan et al. has demon-
strated that deletions within the 3’-UTR of the RNA genome can
generate an attenuated ZIKV clone that fails to replicate, and that
this vaccine can induce sufficient protection to prevent ZIKV
from causing disease (158, 159).

Knowledge Gaps and Future Studies

Despite the major concern that ADE and ZIKV antibody cross-
reactivity among flavivirus plays in the development of vaccines,
few studies successfully demonstrate that the neutralizing
antibodies produced by their particular vaccine candidate are
not cross-reactive to other flaviviruses. Thus, while the quest for
neutralization is important, the future risk of ZIKV-mediated
DENYV ADE cannot and should not be overlooked, so that future
DENYV and CHIKYV outbreaks can be avoided. A third considera-
tion is that few, if any, publications directly investigate the binding
avidity of these antibodies, but instead focus more on neutraliza-
tion capacity, although the data strongly suggests low avidity and
affinity antibodies have a higher chance of generating ADE for
other flaviviruses, presenting another potential complication
(152, 160, 161).

Additionally, despite the known disparities between different
lineages of ZIKYV, a lack of clarity remains regarding the mecha-
nism behind neutralizing antibodies produced by a candidate
vaccine or how it fairs against strains non-homologous to those
in the vaccine. These neutralization assays should ideally include
multiple strains from each of the three lineages: African, Asian,
and American. This information is highly significant, because
representative viruses from these lineages demonstrate dif-
ferential neuroinvasive and inflammatory capabilities, as well as
different infection profiles.

Few studies exist that focus on the impacts of ZIKV vaccina-
tion during pregnancy and even less address the issue of ZIKV
sexual transmission. This is particularly important for areas
with high prevalence of DENV where ZIKV cases can often be
misdiagnosed and untreated for the infection. It is, therefore, of
paramount importance to design effective vaccines conferring
strong mucosal immunity to these high-risk groups.

CONCLUSION

Zika virus continues to pose an international threat as both a
neuroinvasive virus with potentially lethal consequences and
as a direct danger to pregnant mothers. While ZIKV has dem-
onstrated a continual geographic and phylogenetic expansion,
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the actual amount of genetic mutations is surprisingly limited
between lineages. African lineages have shown to be more infec-
tious and generate better inflammatory responses in a number
of in vitro and in vivo experiments. The question that rises from
the collection of studies that demonstrate a more virulent role for
African strains is why the human impact, including neurological
complications and fetal disruption, since 2015 in the Americas
is produced by strains with Asian ancestry. It is also curious why
the African strain is not found in any recently reported human
cases. One possibility is that surveillance of infected humans in
Africa is insufficient to detect severe cases of infection with the
African strain.

Moreover, the African lineages exhibit an inhibitory mecha-
nism on IFN production and signaling, which has been well
documented in other flaviviruses. The Asian and American line-
ages, however, have evolved a secondary mechanism to prevent
IEN transcription by IRF3 and IRF7 binding and preventing
their translocation into the nucleus. Hence, while the African
lineage has been shown to be more infectious than the Asian,
it often presents as a self-limiting febrile disease, whereas the
Asian and American lineages have exhibited persistent infec-
tions, with some human cases shedding active virus for upwards
of 6 months (162).

Vaccine candidate research for ZIKV continues to be limited,
providing little research into potential differences in vaccination

REFERENCES

1. Dowall SD, Graham VA, Rayner E, Hunter L, Atkinson B, Pearson G,
et al. Lineage-dependent differences in the disease progression of Zika
virus infection in type-I interferon receptor knockout (A129) mice. PLoS
Negl Trop Dis (2017) 11:¢0005704. doi:10.1371/journal.pntd.0005704

2. Wang L, Valderramos SG, Wu A, Ouyang S, Li C, Brasil P, et al. From mos-
quitos to humans: genetic evolution of Zika virus. Cell Host Microbe (2016)
19:561-5. doi:10.1016/j.chom.2016.04.006

3. Dick GW, Haddow AJ. Uganda S virus; a hitherto unrecorded virus isolated
from mosquitoes in Uganda. I. Isolation and pathogenicity. Trans R Soc Trop
Med Hyg (1952) 46:600-18. doi:10.1016/0035-9203(52)90021-7

4. Weaver SC, Costa E Garcia-Blanco MA, Ko Al Ribeiro GS, Saade G, et al.
Zika virus: history, emergence, biology, and prospects for control. Antiviral
Res (2016) 130:69-80. doi:10.1016/j.antiviral.2016.03.010

5. Macnamara FN. Zika virus: a report on three cases of human infection
during an epidemic of jaundice in Nigeria. Trans R Soc Trop Med Hyg (1954)
48:139-45. doi:10.1016/0035-9203(54)90006- 1

6. Duffy MR, Chen T-H, Hancock W'T, Powers AM, Kool JL, Lanciotti RS, et al.
Zika virus outbreak on Yap Island, Federated States of Micronesia. N Engl
J Med (2009) 360:2536-43. doi:10.1056/NEJMo0a0805715

7. Oehler E, Watrin L, Larre P, Leparc-Goffart I, Lastere S, Valour F, et al. Zika
virus infection complicated by Guillain-Barre syndrome - case report, French
Polynesia, December 2013. Euro Surveill (2014) 19. doi:10.2807/1560-7917.
ES2014.19.9.20720

8. Buathong R, Hermann L, Thaisomboonsuk B, Rutvisuttinunt W, Klungthong C,
Chinnawirotpisan P, et al. Detection of Zika virus infection in Thailand,
2012-2014. Am ] Trop Med Hyg (2015) 93:380-3. doi:10.4269/ajtmh.15-0022

9. FariaNR, Azevedo RD, Kraemer MU, Souza R, Cunha MS, Hill SC, et al. Zika

virus in the Americas: early epidemiological and genetic findings. Science

(2016) 352(6283):345-9. doi:10.1126/science.aaf5036

Cao-Lormeau VM, Roche C, Teissier A, Robin E, Berry AL, Mallet HP, et al.

Zika virus, French polynesia, South pacific, 2013. Emerg Infect Dis (2014)

20:1085-6. doi:10.3201/eid2006.140138

Tognarelli ], Ulloa S, Villagra E, Lagos J, Aguayo C, Fasce R, et al. A report on

the outbreak of Zika virus on Easter Island, South Pacific, 2014. Arch Virol

(2016) 161:665-8. d0i:10.1007/s00705-015-2695-5

10.

11.

responses between circulating lineages. Additionally, these inves-
tigations have not prioritized the critical relationship between
ZIKV and other flaviviruses, such as DENV, as the antibodies
proven protective against ZIKV may promote more severe infec-
tions for DENV, rather than provide cross-neutralizing benefits.
While our understanding of ZIKV has increased profoundly,
extensive investigations are still required for a better understand-
ing of lineage-specific dynamics and the host immune response
in terms of the evolutionary trajectory of these lineages as they
continue to expand geographically. Improved understanding of
these topics, which currently present knowledge gaps in the field
of ZIKV research, will serve as the cornerstones for designing
future vaccines and antivirals that not only efficacious for ZIKV,
but also safe against other flaviviruses.

AUTHOR CONTRIBUTIONS

JB, NL, RH, and IS wrote and reviewed the manuscript, and IS
approved the version to be published. All authors listed have
made substantial and intellectual contribution to the work.

FUNDING

The work was supported by NIH grant 5R01AI111557.

12. WHO. Zika Virus, Microcephaly and Guillain-Barré Syndrome. Geneva,
Switzerland: WHO (2016).

Passos SRL, Borges Dos, Santos MA, Cerbino-Neto J, Buonora SN, Souza TML,
et al. Detection of Zika virus in April 2013 patient samples, Rio de
Janeiro, Brazil. Emerg Infect Dis (2017) 23:2120-1. doi:10.3201/eid2312.
171375

Brasil P, Calvet GA, Siqueira AM, Wakimoto M, De Sequeira PC, Nobre A,
et al. Zika virus outbreak in Rio de Janeiro, Brazil: clinical characteriza-
tion, epidemiological and virological aspects. PLoS Negl Trop Dis (2016)
10:¢0004636. doi:10.1371/journal.pntd.0004636

Brasil P, Nielsen-Saines K. More pieces to the microcephaly-Zika
virus puzzle in Brazil. Lancet Infect Dis (2016) 16:1307-9. doi:10.1016/
S1473-3099(16)30372-3

Calvet G, Aguiar RS, Melo AS, Sampaio SA, De Filippis I, Fabri A, et al.
Detection and sequencing of Zika virus from amniotic fluid of fetuses with
microcephaly in Brazil: a case study. Lancet Infect Dis (2016) 16(6):653-60.
do0i:10.1016/51473-3099(16)00095-5

Martines RB, Bhatnagar J, Keating MK, Silva-Flannery L, Muehlenbachs A,
Gary J, et al. Notes from the field: evidence of Zika virus infection in brain
and placental tissues from two congenitally infected newborns and two fetal
losses — Brazil, 2015. MMWR Morb Mortal Wkly Rep (2016) 65:159-60.
doi:10.15585/mmwr.mmé6506el

Mlakar J, Korva M, Tul N, Popovic M, Poljsak-Prijatelj M, Mraz J, et al.
Zika virus associated with microcephaly. N Engl ] Med (2016) 374(8):951-8.
doi:10.1056/NEJMoal600651

Oliveira Melo AS, Malinger G, Ximenes R, Szejnfeld PO, Alves Sampaio S,
Bispo de Filippis AM. Zika virus intrauterine infection causes fetal brain
abnormality and microcephaly: tip of the iceberg? Ultrasound Obstet Gynecol
(2016) 47:6-7. d0i:10.1002/u0g.15831

Sarno M, Sacramento GA, Khouri R, Do Rosario MS, Costa F, Archanjo G,
et al. Zika virus infection and stillbirths: a case of hydrops fetalis,
hydranencephaly and fetal demise. PLoS Negl Trop Dis (2016) 10:e0004517.
doi:10.1371/journal.pntd.0004517

Zonneveld R, Roosblad ], Staveren JW, Wilschut JC, Vreden SG, Codrington J.
Three atypical lethal cases associated with acute Zika virus infec-
tion in Suriname. IDCases (2016) 5:49-53. doi:10.1016/j.idcr.2016.
07.009

13.

14.

15.

16.

17.

18.

19.

20.

21.

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1640


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1371/journal.pntd.0005704
https://doi.org/10.1016/j.chom.2016.04.006
https://doi.org/10.1016/0035-9203(52)90021-7
https://doi.org/10.1016/j.antiviral.2016.03.010
https://doi.org/10.1016/0035-9203(54)90006-1
https://doi.org/10.1056/NEJMoa0805715
https://doi.org/10.2807/1560-7917.ES2014.19.9.20720
https://doi.org/10.2807/1560-7917.ES2014.19.9.20720
https://doi.org/10.4269/ajtmh.15-0022
https://doi.org/10.1126/science.aaf5036
https://doi.org/10.3201/eid2006.140138
https://doi.org/10.1007/s00705-015-2695-5
https://doi.org/10.3201/eid2312.
171375
https://doi.org/10.3201/eid2312.
171375
https://doi.org/10.1371/journal.pntd.0004636
https://doi.org/10.1016/S1473-3099(16)30372-3
https://doi.org/10.1016/S1473-3099(16)30372-3
https://doi.org/10.1016/S1473-3099(16)00095-5
https://doi.org/10.15585/mmwr.mm6506e1
https://doi.org/10.1056/NEJMoa1600651
https://doi.org/10.1002/uog.15831
https://doi.org/10.1371/journal.pntd.0004517
https://doi.org/10.1016/j.idcr.2016.07.009
https://doi.org/10.1016/j.idcr.2016.07.009

Beaver et al.

Immunological Implications of ZIKV Lineage Evolution

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Benjamin I, Fernandez G, Figueira JV, Parpacen L, Urbina MT, Medina R.
Zika virus detected in amniotic fluid and umbilical cord blood in an
in vitro fertilization-conceived pregnancy in Venezuela. Fertil Steril (2017)
107:1319-22. doi:10.1016/j.fertnstert.2017.02.112

Mattar S, Ojeda C, Arboleda J, Arrieta G, Bosch I, Botia I, et al. Case report:
microcephaly associated with Zika virus infection, Colombia. BMC Infect
Dis (2017) 17:423. doi:10.1186/s12879-017-2522-6

Teixeira MG, Costa Mda C, De Oliveira WK, Nunes ML, Rodrigues LC.
The epidemic of Zika virus-related microcephaly in Brazil: detection,
control, etiology, and future scenarios. Am ] Public Health (2016) 106:601-5.
doi:10.2105/AJPH.2016.303113

Wang L, Zhao H, Oliva SM, Zhu H. Modeling the transmission and control
of Zika in Brazil. Sci Rep (2017) 7:7721. d0i:10.1038/s41598-017-07264-y
Ye Q, Liu ZY, Han JE Jiang T, Li XF, Qin CE. Genomic characterization and
phylogenetic analysis of Zika virus circulating in the Americas. Infect Genet
Evol (2016) 43:43-9. doi:10.1016/j.meegid.2016.05.004

Smith DR, Sprague TR, Hollidge BS, Valdez SM, Padilla SL, Bellanca SA,
et al. African and Asian Zika virus isolates display phenotypic differences
both in vitro and in vivo. Am ] Trop Med Hyg (2018) 98:432-44. doi:10.4269/
ajtmh.17-0685

Goertz GP, Abbo SR, Fros JJ, Pijlman GP. Functional RNA during Zika virus
infection. Virus Res (2017):17. doi:10.1016/j.virusres.2017.08.015

Akiyama BM, Laurence HM, Massey AR, Costantino DA, Xie X, Yang Y,
et al. Zika virus produces noncoding RNAs using a multi-pseudoknot
structure that confounds a cellular exonuclease. Science (2016) 354:1148-52.
doi:10.1126/science.aah3963

Filomatori CV, Carballeda JM, Villordo SM, Aguirre S, Pallares HM, Maestre AM,
et al. Dengue virus genomic variation associated with mosquito adaptation
defines the pattern of viral non-coding RNAs and fitness in human cells. PLoS
Pathog (2017) 13:e1006265. doi:10.1371/journal.ppat.1006265

Donald CL, Brennan B, Cumberworth SL, Rezelj V'V, Clark JJ, Cordeiro MT,
et al. Full genome sequence and sfRNA interferon antagonist activity of Zika
virus from recife, Brazil. PLoS Negl Trop Dis (2016) 10:e0005048. doi:10.1371/
journal.pntd.0005048

Haddow AD, Schuh AJ, Yasuda CY, Kasper MR, Heang V, Huy R, et al.
Genetic characterization of Zika virus strains: geographic expansion of
the Asian lineage. PLoS Negl Trop Dis (2012) 6:e1477. doi:10.1371/journal.
pntd.0001477

Yokoyama S, Starmer W'T. Possible roles of new mutations shared by Asian
and American zika viruses. Mol Biol Evol (2017) 34:525-34. doi:10.1093/
molbev/msw270

AnfasaF, Siegers JY, Van Der Kroeg M, Mumtaz N, Stalin Raj V, De Vrij FMS,
et al. Phenotypic differences between Asian and African lineage Zika viruses
in human neural progenitor cells. mSphere (2017) 2:€292-217. d0i:10.1128/
mSphere.00292-17

Gong Z, Xu X, Han GZ. The diversification of Zika virus: are there two
distinct lineages? Genome Biol Evol (2017) 9:2940-5. doi:10.1093/gbe/evx223
Metsky HC, Matranga CB, Wohl S, Schaffner SE, Freije CA, Winnicki SM,
et al. Zika virus evolution and spread in the Americas. Nature (2017)
546:411-5. doi:10.1038/nature22402

Weaver SC. Emergence of epidemic Zika virus transmission and congenital
Zika syndrome: are recently evolved traits to blame? MBio (2017) 8:€02063-
16. doi:10.1128/mBi0.02063-16

Enfissi A, Codrington J, Roosblad J, Kazanji M, Rousset D. Zika virus
genome from the Americas. Lancet (2016) 387:227-8. doi:10.1016/S0140-
6736(16)00003-9

Gong Z, Gao Y, Han GZ. Zika virus: two or three lineages? Trends Microbiol
(2016) 24:521-2. doi:10.1016/j.tim.2016.05.002

Faye O, Freire CC, Iamarino A, Faye O, De Oliveira JV, Diallo M, et al.
Molecular evolution of Zika virus during its emergence in the 20(th) century.
PLoS Negl Trop Dis (2014) 8:€2636. doi:10.1371/journal.pntd.0002636

Fritz R, Blazevic J, Taucher C, Pangerl K, Heinz FX, Stiasny K. The unique
transmembrane hairpin of flavivirus fusion protein E is essential for mem-
brane fusion. J Virol (2011) 85:4377-85. doi:10.1128/JVI1.02458-10

Lin SR, Zou G, Hsieh SC, Qing M, Tsai WY, Shi PY, et al. The helical
domains of the stem region of dengue virus envelope protein are involved in
both virus assembly and entry. J Virol (2011) 85:5159-71. doi:10.1128/JVI.
02099-10

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Yuan L, Huang XY, Liu ZY, Zhang E, Zhu XL, Yu JY, et al. A single mutation
in the prM protein of Zika virus contributes to fetal microcephaly. Science
(2017) 358:933-6. doi:10.1126/science.aam7120

Dai L, Song ], Lu X, Deng YQ, Musyoki AM, Cheng H, et al. Structures of
the Zika virus envelope protein and its complex with a flavivirus broadly
protective antibody. Cell Host Microbe (2016) 19:696-704. doi:10.1016/j.
chom.2016.04.013

Kostyuchenko VA, Lim EX, Zhang S, Fibriansah G, Ng TS, Ooi JS, et al.
Structure of the thermally stable Zika virus. Nature (2016) 533:425-8.
doi:10.1038/nature17994

Naik NG, Wu HN. Mutation of putative N-glycosylation sites on dengue virus
NS4B decreases RNA replication. ] Virol (2015) 89:6746-60. doi:10.1128/
JVI1.00423-15

Grard G, Caron M, Mombo IM, Nkoghe D, Mboui Ondo §, Jiolle D, et al.
Zika virus in Gabon (Central Africa) - 2007: a new threat from Aedes albopic-
tus? PLoS Negl Trop Dis (2014) 8:¢2681. doi:10.1371/journal.pntd.0002681
Horwood P, Bande G, Dagina R, Guillaumot L, Aaskov ], Pavlin B. The threat
of chikungunya in Oceania. Western Pac Surveill Response ] (2013) 4:8-10.
doi:10.5365/wpsar.2013.4.2.003

Musso D, Nilles EJ, Cao-Lormeau VM. Rapid spread of emerging Zika virus
in the Pacific area. Clin Microbiol Infect (2014) 20:0595-6. doi:10.1111/
1469-0691.12707

Lourenco-de-Oliveira R, Rua AV, Vezzani D, Willat G, Vazeille M, Mousson L,
et al. Aedes aegypti from temperate regions of South America are highly
competent to transmit dengue virus. BMC Infect Dis (2013) 13:610.
doi:10.1186/1471-2334-13-610

Chouin-Carneiro T, Vega-Rua A, Vazeille M, Yebakima A, Girod R, Goindin D,
et al. Differential susceptibilities of Aedes aegypti and Aedes albopictus
from the Americas to Zika Virus. PLoS Negl Trop Dis (2016) 10:¢€0004543.
doi:10.1371/journal.pntd.0004543

Dick GW, Kitchen SE Haddow AJ. Zika virus. I. Isolations and serolog-
ical specificity. Trans R Soc Trop Med Hyg (1952) 46:509-20. doi:10.1016/
0035-9203(52)90042-4

Hayes EB. Zika virus outside Africa. Emerg Infect Dis (2009) 15:1347-50.
doi:10.3201/eid1509.090442

Berthet N, Nakoune E, Kamgang B, Selekon B, Descorps-Declere S, Gessain A,
et al. Molecular characterization of three Zika flaviviruses obtained from
sylvatic mosquitoes in the Central African Republic. Vector Borne Zoonotic
Dis (2014) 14:862-5. doi:10.1089/vbz.2014.1607

Guedes DR, Paiva MH, Donato MM, Barbosa PP, Krokovsky L, Rocha §,
et al. Zika virus replication in the mosquito Culex quinquefasciatus in Brazil.
Emerg Microbes Infect (2017) 6:¢69. doi:10.1038/emi.2017.59

Atkinson B, Hearn P, Afrough B, Lumley S, Carter D, Aarons EJ, et al. Detection
of Zika virus in semen. Emerg Infect Dis (2016) 22(5):940. doi:10.3201/
€id2205.160107

Musso D, Roche C, Robin E, Nhan T, Teissier A, Cao-Lormeau VM. Potential
sexual transmission of Zika virus. Emerg Infect Dis (2015) 21(2):359-61.
doi:10.3201/eid2102.141363

Calvez E, Guillaumot L, Millet L, Marie J, Bossin H, Rama V, et al. Genetic
diversity and phylogeny of Aedes aegypti, the main arbovirus vector in
the Pacific. PLoS Negl Trop Dis (2016) 10:e0004374. doi:10.1371/journal.
pntd.0004374

Foy BD, Kobylinski KC, Chilson Foy JL, Blitvich BJ, Travassos da Rosa A,
Haddow AD, et al. Probable non-vector-borne transmission of Zika virus,
Colorado, USA. Emerg Infect Dis (2016) 5:880-2. d0i:10.3201/eid1705.101939
Hills SL, Russell K, Hennessey M, Williams C, Oster AM, Fischer M, et al.
Transmission of Zika virus through sexual contact with travelers to areas
of ongoing transmission — continental United States, 2016. MMWR Morb
Mortal Wkly Rep (2016) 65:215-6. d0i:10.15585/mmwr.mmé6508e2er
Mansuy JM, Dutertre M, Mengelle C, Fourcade C, Marchou B, Delobel P,
etal. Zika virus: high infectious viral load in semen, a new sexually transmitted
pathogen? Lancet Infect Dis (2016) 16:405.d0i:10.1016/S1473-3099(16)00138-9
Pan American Health Organization. PAHO Statement on Zika Virus
Transmission and Prevention. Washington DC: Pan American Health
Organization (2016). Available from: http://www.paho.org/hq/index.
php?option=com_content&view=article&id=11605%3A2016-paho-state-
ment-on-zika-transmission-prevention-&catid=8424%3Acontent&lang=en
(Accessed: June 18, 2018).

Frontiers in Immunology | www.frontiersin.org

14

July 2018 | Volume 9 | Article 1640


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.fertnstert.2017.02.112
https://doi.org/10.1186/s12879-017-2522-6
https://doi.org/10.2105/AJPH.2016.303113
https://doi.org/10.1038/s41598-017-07264-y
https://doi.org/10.1016/j.meegid.2016.05.004
https://doi.org/10.4269/ajtmh.17-0685
https://doi.org/10.4269/ajtmh.17-0685
https://doi.org/10.1016/j.virusres.2017.08.015
https://doi.org/10.1126/science.aah3963
https://doi.org/10.1371/journal.ppat.1006265
https://doi.org/10.1371/journal.pntd.0005048
https://doi.org/10.1371/journal.pntd.0005048
https://doi.org/10.1371/journal.pntd.0001477
https://doi.org/10.1371/journal.pntd.0001477
https://doi.org/10.1093/molbev/msw270
https://doi.org/10.1093/molbev/msw270
https://doi.org/10.1128/mSphere.00292-17
https://doi.org/10.1128/mSphere.00292-17
https://doi.org/10.1093/gbe/evx223
https://doi.org/10.1038/nature22402
https://doi.org/10.1128/mBio.02063-16
https://doi.org/10.1016/S0140-
6736(16)00003-9
https://doi.org/10.1016/S0140-
6736(16)00003-9
https://doi.org/10.1016/j.tim.2016.05.002
https://doi.org/10.1371/journal.pntd.0002636
https://doi.org/10.1128/JVI.02458-10
https://doi.org/10.1128/JVI.
02099-10
https://doi.org/10.1128/JVI.
02099-10
https://doi.org/10.1126/science.aam7120
https://doi.org/10.1016/j.chom.2016.04.013
https://doi.org/10.1016/j.chom.2016.04.013
https://doi.org/10.1038/nature17994
https://doi.org/10.1128/JVI.00423-15
https://doi.org/10.1128/JVI.00423-15
https://doi.org/10.1371/journal.pntd.
0002681
https://doi.org/10.5365/wpsar.2013.4.2.003
https://doi.org/10.1111/
1469-0691.12707
https://doi.org/10.1111/
1469-0691.12707
https://doi.org/10.1186/1471-2334-13-610
https://doi.org/10.1371/journal.pntd.0004543
https://doi.org/10.1016/
0035-9203(52)90042-4
https://doi.org/10.1016/
0035-9203(52)90042-4
https://doi.org/10.3201/eid1509.090442
https://doi.org/10.1089/vbz.2014.1607
https://doi.org/10.1038/emi.2017.59
https://doi.org/10.3201/eid2205.160107
https://doi.org/10.3201/eid2205.160107
https://doi.org/10.3201/eid2102.141363
https://doi.org/10.1371/journal.pntd.0004374
https://doi.org/10.1371/journal.pntd.0004374
https://doi.org/10.3201/eid1705.101939
https://doi.org/10.15585/mmwr.mm6508e2er
https://doi.org/10.1016/S1473-3099(16)00138-9
http://www.paho.org/hq/index.php?option=com_content&view=article&id=11605%3A2016-paho-statement-on-zika-transmission-prevention-&catid=8424%3Acontent&lang=en
http://www.paho.org/hq/index.php?option=com_content&view=article&id=11605%3A2016-paho-statement-on-zika-transmission-prevention-&catid=8424%3Acontent&lang=en
http://www.paho.org/hq/index.php?option=com_content&view=article&id=11605%3A2016-paho-statement-on-zika-transmission-prevention-&catid=8424%3Acontent&lang=en

Beaver et al.

Immunological Implications of ZIKV Lineage Evolution

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Oster AM, Brooks JT, Stryker JE, Kachur RE, Mead P, Pesik NT, et al. Interim
guidelines for prevention of sexual transmission of Zika virus — United States,
2016. MMWR Morb Mortal Wkly Rep (2016) 65(5):120-1. doi:10.15585/
mmwr.mm6505el

Oster AM, Russell K, Stryker JE, Friedman A, Kachur RE, Petersen EE,
et al. Update: interim guidance for prevention of sexual transmission of
Zika virus - United States, 2016. MMWR Morb Mortal Wkly Rep (2016)
65(12):323-5. doi:10.15585/mmwr.mm6512e3

Centers for Disease Control and Prevention. CDC Encourages Following
Guidance to Prevent Sexual Transmission of Zika Virus. DeKalb County:
Centers for Disease Control and Prevention (2016). Available from:
http://www.cdc.gov/media/releases/2016/s0223-zika-guidance.html
(Accessed: June 18, 2018).

DCHHS. DCHHS Reports First Zika Virus Case in the Dallas Country Acquired
Through Sexual Transmission. DCHHS (2016). Available from: http://www.
dallascounty.org/department/hhs/press/documents/PR2-216 DCHHS
ReportsFirstCaseofZikaVirusThroughSexual Transmission.pdf (Accessed:
June 18, 2018).

Venturi G, Zammarchi L, Fortuna C, Remoli ME, Benedetti E, Fiorentini C,
et al. An autochthonous case of Zika due to possible sexual transmission,
Florence, Italy, 2014. Euro Surveill (2016) 21:30148. doi:10.2807/1560-7917.
ES.2016.21.8.30148

Mead PS, Duggal NK, Hook SA, Delorey M, Fischer M, Olzenak Mcguire D,
et al. Zika Virus shedding in semen of symptomatic infected men. N Engl
J Med (2018) 378:1377-85. doi:10.1056/NEJMoal711038

Barreto-Vieira DE, Jacome FC, Da Silva MAN, Caldas GC, De Filippis AMB,
De Sequeira PC, et al. Structural investigation of C6/36 and Vero cell
cultures infected with a Brazilian Zika virus. PLoS One (2017) 12:e0184397.
doi:10.1371/journal.pone.0184397

Cugola FR, Fernandes IR, Russo FB, Freitas BC, Dias JL, Guimaraes KP, et al.
The Brazilian Zika virus strain causes birth defects in experimental models.
Nature (2016) 534:267-71. doi:10.1038/nature18296

Liu Y, Liu J, Du S, Shan C, Nie K, Zhang R, et al. Evolutionary enhance-
ment of Zika virus infectivity in Aedes aegypti mosquitoes. Nature (2017)
545:482-6. doi:10.1038/nature22365

El Costa H, Gouilly J, Mansuy JM, Chen Q, Levy C, Cartron G, et al. ZIKA
virus reveals broad tissue and cell tropism during the first trimester of
pregnancy. Sci Rep (2016) 6:35296. doi:10.1038/srep35296

Foo SS, Chen W, Chan Y, Bowman JW, Chang LC, Choi Y, et al. Asian Zika
virus strains target CD14(+) blood monocytes and induce M2-skewed
immunosuppression during pregnancy. Nat Microbiol (2017) 2:1558-70.
doi:10.1038/541564-017-0016-3

Caires-Junior LC, Goulart E, Melo US, Araujo BHS, Alvizi L, Soares-
Schanoski A, et al. Discordant congenital Zika syndrome twins show dif-
ferential in vitro viral susceptibility of neural progenitor cells. Nat Commun
(2018) 9:475. doi:10.1038/541467-017-02790-9

van den Pol AN, Mao G, Yang Y, Ornaghi S, Davis JN. Zika virus target-
ing in the developing brain. ] Neurosci (2017) 37:2161-75. doi:10.1523/
JNEUROSCI.3124-16.2017

Lin MY, Wang YL, Wu WL, Wolseley V, Tsai MT, Radic V, et al. Zika
virus infects intermediate progenitor cells and post-mitotic committed
neurons in human fetal brain tissues. Sci Rep (2017) 7:14883. doi:10.1038/
541598-017-13980-2

Costa E, Sarno M, Khouri R, De Paula Freitas B, Siqueira I, Ribeiro GS, et al.
Emergence of congenital Zika syndrome: viewpoint from the front lines.
Ann Intern Med (2016) 164:689-91. doi:10.7326/M16-0332

Aliota MT, Bassit L, Bradrick SS, Cox B, Garcia-Blanco MA, Gavegnano C,
etal. Zika in the Americas, year 2: what have we learned? What gaps remain?
A report from the Global Virus Network. Antiviral Res (2017) 144:223-46.
doi:10.1016/j.antiviral.2017.06.001

Singh MS, Marquezan MC, Omiadze R, Reddy AK, Belfort R Jr, May WN.
Inner retinal vasculopathy in Zika virus disease. Am ] Ophthalmol Case Rep
(2018) 10:6-7. d0i:10.1016/j.aj0c.2018.01.023

Tan JJL, Balne PK, Leo YS, Tong L, Ng LFP, Agrawal R. Persistence of Zika
virus in conjunctival fluid of convalescence patients. Sci Rep (2017) 7:11194.
do0i:10.1038/541598-017-09479-5

Fernandez MP, Parra Saad E, Ospina Martinez M, Corchuelo S, Mercado
Reyes M, Herrera M], et al. Ocular histopathologic features of congenital

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Zika syndrome. JAMA Ophthalmol (2017) 135:1163-9. doi:10.1001/
jamaophthalmol.2017.3595

Jampol LM, Goldstein DA. Zika virus infection and the eye. JAMA Ophthalmol
(2016) 5:535-6. doi:10.1001/jamaophthalmol.2016.0284

Jampol LM, Goldstein DA. Zika virus, microcephaly, and ocular findings-
reply. JAMA Ophthalmol (2016) 134:946. doi:10.1001/jamaophthalmol.2016.
1307

Nayak S, Lei J, Pekosz A, Klein S, Burd I. Pathogenesis and molecular
mechanisms of Zika virus. Sermin Reprod Med (2016) 34:266-72. doi:10.1055/
5-0036-1592071

Valentine G, Marquez L, Pammi M. Zika virus-associated microcephaly
and Eye lesions in the newborn. ] Pediatric Infect Dis Soc (2016) 5:323-8.
doi:10.1093/jpids/piw037

Ventura CV, Maia M, Bravo-Filho V, Gois AL, Belfort R Jr. Zika virus in Brazil
and macular atrophy in a child with microcephaly. Lancet (2016) 387:228.
doi:10.1016/S0140-6736(16)00006-4

Ventura CV, Maia M, Dias N, Ventura LO, Belfort R Jr. Zika: neurological
and ocular findings in infant without microcephaly. Lancet (2016) 387:2502.
doi:10.1016/50140-6736(16)30776-0

Ventura CV, Maia M, Ventura BV, Linden VV, Araujo EB, Ramos RC, et al.
Ophthalmological findings in infants with microcephaly and presumable
intra-uterus Zika virus infection. Arq Bras Oftalmol (2016) 79:1-3. doi:10.5935/
0004-2749.20160002

Ventura CV, Ventura LO. Ophthalmologic manifestations associated with
Zika virus infection. Pediatrics (2018) 141:5161-6. doi:10.1542/peds.2017-
2038E

Ventura LO, Ventura CV, Dias NC, Vilar IG, Gois AL, Arantes TE, et al. Visual
impairment evaluation in 119 children with congenital Zika syndrome.
JAAPOS (2018) 22(3):218-22.el. doi:10.1016/j.jaapos.2018.01.009

Zhao Z, Yang M, Azar SR, Soong L, Weaver SC, Sun J, et al. Viral retinopathy
in experimental models of Zika infection. Invest Ophthalmol Vis Sci (2017)
58:4075-85. doi:10.1167/iovs.17-22016

Mohr EL, Block LN, Newman CM, Stewart LM, Koenig M, Semler M, et al.
Ocular and uteroplacental pathology in a macaque pregnancy with congen-
ital Zika virus infection. PLoS One (2018) 13:¢0190617. doi:10.1371/journal.
pone.0190617

Miner JJ, Sene A, Richner JM, Smith AM, Santeford A, Ban N, et al. Zika virus
infection in mice causes panuveitis with shedding of virus in tears. Cell Rep
(2016) 16:3208-18. doi:10.1016/j.celrep.2016.08.079

Dowall SD, Graham VA, Rayner E, Atkinson B, Hall G, Watson R], et al.
A susceptible mouse model for Zika virus infection. PLoS Negl Trop Dis
(2016) 10:€0004658. doi:10.1371/journal.pntd.0004658

Himmelsbach K, Hildt E. Identification of various cell culture models for
the study of Zika virus. World ] Virol (2018) 7:10-20. doi:10.5501/wjv.v7.
il.10

Vielle NJ, Zumkehr B, Garcia-Nicolas O, Blank F, Stojanov M, Musso D, et al.
Silent infection of human dendritic cells by African and Asian strains of Zika
virus. Sci Rep (2018) 8:5440. doi:10.1038/s41598-018-23734-3

Simonin Y, Loustalot F, Desmetz C, Foulongne V, Constant O, Fournier-
Wirth C, et al. Zika virus strains potentially display different infectious
profiles in human neural cells. EBioMedicine (2016) 12:161-9. doi:10.1016/j.
ebiom.2016.09.020

Simonin Y, Van Riel D, Van De Perre P, Rockx B, Salinas S. Differential
virulence between Asian and African lineages of Zika virus. PLoS Negl Trop
Dis (2017) 11:e0005821. doi:10.1371/journal.pntd.0005821

Hamel R, Ferraris P, Wichit S, Diop F, Talignani L, Pompon J, et al. African
and Asian Zika virus strains differentially induce early antiviral responses in
primary human astrocytes. Infect Genet Evol (2017) 49:134-7. doi:10.1016/j.
meegid.2017.01.015

Zhang F, Wang HJ, Wang Q, Liu ZY, Yuan L, Huang XY, et al. American
strain of Zika virus causes more severe microcephaly than an old Asian
strain in neonatal mice. EBioMedicine (2017) 25:95-105. doi:10.1016/j.
ebiom.2017.10.019

Qian X, Nguyen HN, Song MM, Hadiono C, Ogden SC, Hammack C, et al.
Brain-region-specific organoids using mini-bioreactors for modeling ZIKV
exposure. Cell (2016) 165:1238-54. doi:10.1016/j.cell.2016.04.032

Zhu Z, Chan JE Tee KM, Choi GK, Lau SK, Woo PC, et al. Comparative
genomic analysis of pre-epidemic and epidemic Zika virus strains for

Frontiers in Immunology | www.frontiersin.org

15

July 2018 | Volume 9 | Article 1640


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.15585/mmwr.mm6505e1
https://doi.org/10.15585/mmwr.mm6505e1
https://doi.org/10.15585/mmwr.mm6512e3
http://www.cdc.gov/media/releases/2016/s0223-zika-guidance.html
http://www.dallascounty.org/department/hhs/press/documents/PR2-216DCHHSReportsFirstCaseofZikaVirusThroughSexualTransmission.pdf
http://www.dallascounty.org/department/hhs/press/documents/PR2-216DCHHSReportsFirstCaseofZikaVirusThroughSexualTransmission.pdf
http://www.dallascounty.org/department/hhs/press/documents/PR2-216DCHHSReportsFirstCaseofZikaVirusThroughSexualTransmission.pdf
https://doi.org/10.2807/1560-7917.ES.2016.21.8.30148
https://doi.org/10.2807/1560-7917.ES.2016.21.8.30148
https://doi.org/10.1056/NEJMoa1711038
https://doi.org/10.1371/journal.pone.0184397
https://doi.org/10.1038/nature18296
https://doi.org/10.1038/nature22365
https://doi.org/10.1038/srep35296
https://doi.org/10.1038/s41564-017-0016-3
https://doi.org/10.1038/s41467-017-02790-9
https://doi.org/10.1523/JNEUROSCI.3124-16.2017
https://doi.org/10.1523/JNEUROSCI.3124-16.2017
https://doi.org/10.1038/s41598-017-13980-2
https://doi.org/10.1038/s41598-017-13980-2
https://doi.org/10.7326/M16-0332
https://doi.org/10.1016/j.antiviral.2017.06.001
https://doi.org/10.1016/j.ajoc.2018.01.023
https://doi.org/10.1038/s41598-017-09479-5
https://doi.org/10.1001/jamaophthalmol.2017.3595
https://doi.org/10.1001/jamaophthalmol.2017.3595
https://doi.org/10.1001/jamaophthalmol.2016.0284
https://doi.org/10.1001/jamaophthalmol.
2016.1307
https://doi.org/10.1001/jamaophthalmol.
2016.1307
https://doi.org/10.1055/s-0036-1592071
https://doi.org/10.1055/s-0036-1592071
https://doi.org/10.1093/jpids/piw037
https://doi.org/10.1016/S0140-6736(16)00006-4
https://doi.org/10.1016/S0140-6736(16)30776-0
https://doi.org/10.5935/
0004-2749.20160002
https://doi.org/10.5935/
0004-2749.20160002
https://doi.org/10.1542/peds.2017-
2038E
https://doi.org/10.1542/peds.2017-
2038E
https://doi.org/10.1016/j.jaapos.2018.01.009
https://doi.org/10.1167/iovs.17-22016
https://doi.org/10.1371/journal.pone.0190617
https://doi.org/10.1371/journal.pone.0190617
https://doi.org/10.1016/j.celrep.2016.08.079
https://doi.org/10.1371/journal.pntd.0004658
https://doi.org/10.5501/wjv.v7.i1.10
https://doi.org/10.5501/wjv.v7.i1.10
https://doi.org/10.1038/s41598-018-23734-3
https://doi.org/10.1016/j.ebiom.2016.09.020
https://doi.org/10.1016/j.ebiom.2016.09.020
https://doi.org/10.1371/journal.pntd.0005821
https://doi.org/10.1016/j.meegid.2017.01.015
https://doi.org/10.1016/j.meegid.2017.01.015
https://doi.org/10.1016/j.ebiom.2017.10.019
https://doi.org/10.1016/j.ebiom.2017.10.019
https://doi.org/10.1016/j.cell.2016.04.032

Beaver et al.

Immunological Implications of ZIKV Lineage Evolution

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

virological factors potentially associated with the rapidly expanding epi-
demic. Emerg Microbes Infect (2016) 5:¢22. doi:10.1038/emi.2016.48

Stauft CB, Gorbatsevych O, Cello J, Wimmer E, Futcher B. Comparison of
African, Asian, and American Zika viruses in Swiss Webster mice: virulence,
neutralizing antibodies, and serotypes. Cold Spring Harb Lab (2016).
Willard KA, Demakovsky L, Tesla B, Goodfellow FT, Stice SL, Murdock CC,
et al. Zika virus exhibits lineage-specific phenotypes in cell culture, in Aedes
aegypti mosquitoes, and in an embryo model. Viruses (2017) 9. doi:10.3390/
v9120383

Randall RE, Goodbourn S. Interferons and viruses: an interplay between
induction, signalling, antiviral responses and virus countermeasures. | Gen
Virol (2008) 89:1-47. doi:10.1099/vir.0.83391-0

Phoo WW, Li Y, Zhang Z, Lee MY, Loh YR, Tan YB, et al. Structure of the
NS2B-NS3 protease from Zika virus after self-cleavage. Nat Commun (2016)
7:13410. doi:10.1038/ncomms13410

Wu Y, Liu Q, Zhou J, Xie W, Chen C, Wang Z, et al. Zika virus evades
interferon-mediated antiviral response through the co-operation of multiple
nonstructural proteins in vitro. Cell Discov (2017) 3:17006. doi:10.1038/
celldisc.2017.6

Wang B, Thurmond S, Hai R, Song J. Structure and function of Zika
virus NS5 protein: perspectives for drug design. Cell Mol Life Sci (2018)
75:1723-36. doi:10.1007/s00018-018-2751-x

Grant A, Ponia SS, Tripathi S, Balasubramaniam V, Miorin L, Sourisseau M,
et al. Zika virus targets human STAT?2 to inhibit type I interferon signaling.
Cell Host Microbe (2016) 19:882-90. doi:10.1016/j.chom.2016.05.009

Liu J, Liu Y, Nie K, Du S, Qiu J, Pang X, et al. Flavivirus NS1 protein in
infected host sera enhances viral acquisition by mosquitoes. Nat Microbiol
(2016) 1:16087. doi:10.1038/nmicrobiol.2016.87

Bowen JR, Quicke KM, Maddur MS, O’neal JT, Mcdonald CE, Fedorova NB,
et al. Zika virus antagonizes type I interferon responses during infection of
human dendritic cells. PLoS Pathog (2017) 13:e1006164. doi:10.1371/journal.
ppat.1006164

Mladinich MC, Schwedes J, Mackow ER. Zika virus persistently infects and is
basolaterally released from primary human brain microvascular endothelial
cells. MBio (2017) 8:€00952-17. doi:10.1128/mBi0.00952-17

Shu C, Sankaran B, Chaton CT, Herr AB, Mishra A, Peng J, et al. Structural
insights into the functions of TBKI in innate antimicrobial immunity.
Structure (2013) 21:1137-48. d0i:10.1016/j.5tr.2013.04.025

Xia H, Luo H, Shan C, Muruato AE, Nunes BTD, Medeiros DBA, et al.
An evolutionary NS1 mutation enhances Zika virus evasion of host interferon
induction. Nat Commun (2018) 9:414. d0i:10.1038/s41467-017-02816-2
Hamel R, Liegeois E, Wichit S, Pompon J, Diop F, Talignani L, et al. Zika virus:
epidemiology, clinical features and host-virus interactions. Microbes Infect
(2016) 18:441-9. doi:10.1016/j.micinf.2016.03.009

Frumence E, Roche M, Krejbich-Trotot P, El-Kalamouni C, Nativel B, Rondeau P,
et al. The South Pacific epidemic strain of Zika virus replicates efficiently in
human epithelial A549 cells leading to IFN-beta production and apoptosis
induction. Virology (2016) 493:217-26. doi:10.1016/j.virol.2016.03.006
Rossi SL, Tesh RB, Azar SR, Muruato AE, Hanley KA, Auguste AJ, et al.
Characterization of a novel murine model to study Zika virus. Am ] Trop
Med Hyg (2016) 94(6):1362-9. doi:10.4269/ajtmh.16-0111

Sumathy K, Kulkarni B, Gondu RK, Ponnuru SK, Bonguram N, Eligeti R,
et al. Protective efficacy of Zika vaccine in AG129 mouse model. Sci Rep
(2017) 7:46375. doi:10.1038/srep46375

Huang H, Li S, Zhang Y, Han X, Jia B, Liu H, et al. CD8(+) T cell immune
response in immunocompetent mice during Zika virus infection. J Virol
(2017) 91:€00900-17. doi:10.1128/JV1.00900-17

McGrath EL, Rossi SL, Gao J, Widen SG, Grant AC, Dunn TJ, et al. Differential
responses of human fetal brain neural stem cells to Zika virus infection.
Stem Cell Reports (2017) 8:715-27. d0i:10.1016/j.stemcr.2017.01.008

Kam YW, Leite JA, Lum FM, Tan JJL, Lee B, Judice CC, et al. Specific bio-
markers associated with neurological complications and congenital central
nervous system abnormalities from Zika virus-infected patients in Brazil.
J Infect Dis (2017) 216:172-81. doi:10.1093/infdis/jix261

Silveira ELV, Rogers KA, Gumber S, Amancha P, Xiao P, Woollard SM,
et al. Immune cell dynamics in rhesus macaques infected with a Brazilian
strain of Zika virus. JImmunol (2017) 199:1003-11. doi:10.4049/
jimmunol.1700256

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Sironi M, Forni D, Clerici M, Cagliani R. Nonstructural proteins are prefer-
ential positive selection targets in Zika virus and related flaviviruses. PLoS
Negl Trop Dis (2016) 10:e0004978. doi:10.1371/journal.pntd.0004978

Elong Ngono A, Vizcarra EA, Tang WW, Sheets N, Joo Y, Kim K, et al.
Mapping and role of the CD8(+) T cell response during primary Zika
virus infection in mice. Cell Host Microbe (2017) 21:35-46. doi:10.1016/j.
chom.2016.12.010

Tripathi S, Balasubramaniam VR, Brown JA, Mena I, Grant A, Bardina SV,
et al. A novel Zika virus mouse model reveals strain specific differences in
virus pathogenesis and host inflammatory immune responses. PLoS Pathog
(2017) 13:€1006258. doi:10.1371/journal.ppat.1006258

Chaudhary V, Yuen KS, Chan JE Chan CP, Wang PH, Cai JP, et al. Selective
activation of type II interferon signaling by Zika virus NS5 protein. J Virol
(2017) 91:e163-117. doi:10.1128/JVI.00163-17

Costa VV, Ye W, Chen Q, Teixeira MM, Preiser P, Ooi EE, et al. Dengue
virus-infected dendritic cells, but not monocytes, activate natural killer cells
through a contact-dependent mechanism involving adhesion molecules.
MBio (2017) 8:e00741-17. doi:10.1128/mBi0.00741-17

Cimini E, Castilletti C, Sacchi A, Casetti R, Bordoni V, Romanelli A, et al.
Human Zika infection induces a reduction of IFN-gamma producing CD4
T-cells and a parallel expansion of effector Vdelta2 T-cells. Sci Rep (2017)
7:6313. doi:10.1038/s41598-017-06536-x

Pardy RD, Rajah MM, Condotta SA, Taylor NG, Sagan SM, Richer M]J.
Analysis of the T cell response to Zika virus and identification of a novel
CD8+ T cell epitope in immunocompetent mice. PLoS Pathog (2017) 13:
€1006184. doi:10.1371/journal.ppat.1006184

LiJ,HuS, ZhouL, Ye L, Wang X, Ho J, et al. Interferon lambda inhibits herpes
simplex virus type I infection of human astrocytes and neurons. Glia (2011)
59:58-67. doi:10.1002/glia.21076

Li J, Wang Y, Wang X, Ye L, Zhou Y, Persidsky Y, et al. Immune acti-
vation of human brain microvascular endothelial cells inhibits HIV
replication in macrophages. Blood (2013) 121:2934-42. doi:10.1182/
blood-2012-08-450353

Douam E Soto Albrecht YE, Hrebikova G, Sadimin E, Davidson C, Kotenko SV,
et al. Type III interferon-mediated signaling is critical for controlling live
attenuated yellow fever virus infection in vivo. MBio (2017) 8:e819-817.
doi:10.1128/mBi0.00819-17

Miner JJ, Cao B, Govero J, Smith AM, Fernandez E, Cabrera OH, et al. Zika
virus infection during pregnancy in mice causes placental damage and fetal
demise. Cell (2016) 165:1081-91. doi:10.1016/j.cell.2016.05.008

Noronha L, Zanluca C, Azevedo ML, Luz KG, Santos CN. Zika virus damages
the human placental barrier and presents marked fetal neurotropism. Mem
Inst Oswaldo Cruz (2016) 111:287-93. doi:10.1590/0074-02760160085
Yockey LJ, Varela L, Rakib T, Khoury-Hanold W, Fink SL, Stutz B, et al.
Vaginal exposure to Zika virus during pregnancy leads to fetal brain infec-
tion. Cell (2016) 166:1247-56.e4. doi:10.1016/j.cell.2016.08.004

Lin HZ, Tambyah PA, Yong EL, Biswas A, Chan SY. A review of Zika virus
infections in pregnancy and implications for antenatal care in Singapore.
Singapore Med ] (2017) 58:171-8. doi:10.11622/smed;j.2017026

Zorrilla CD, Garcia Garcia I, Garcia Fragoso L, De La Vega A. Zika virus
infection in pregnancy: maternal, fetal, and neonatal considerations. J Infect
Dis (2017) 216:5891-6. doi:10.1093/infdis/jix448

Gude NM, Roberts CT, Kalionis B, King RG. Growth and function of the
normal human placenta. Thromb Res (2004) 114:397-407. doi:10.1016/j.
thromres.2004.06.038

Corry J, Arora N, Good CA, Sadovsky Y, Coyne CB. Organotypic models
of type III interferon-mediated protection from Zika virus infections at
the maternal-fetal interface. Proc Natl Acad Sci U S A (2017) 114:9433-8.
doi:10.1073/pnas.1707513114

Schwartz DA. Viral infection, proliferation, and hyperplasia of Hofbauer cells
and absence of inflammation characterize the placental pathology of fetuses
with congenital Zika virus infection. Arch Gynecol Obstet (2017) 295:1361-8.
doi:10.1007/s00404-017-4361-5

Jurado KA, Simoni MK, Tang Z, Uraki R, Hwang J, Householder S, et al. Zika
virus productively infects primary human placenta-specific macrophages.
JCI Insight (2016) 1. doi:10.1172/jci.insight.88461

Weisblum Y, Oiknine-Djian E, Vorontsov OM, Haimov-Kochman R,
Zakay-Rones Z, Meir K, et al. Zika virus infects early and midgestation

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1640


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/emi.2016.48
https://doi.org/10.3390/v9120383
https://doi.org/10.3390/v9120383
https://doi.org/10.1099/vir.0.83391-0
https://doi.org/10.1038/ncomms13410
https://doi.org/10.1038/celldisc.2017.6
https://doi.org/10.1038/celldisc.2017.6
https://doi.org/10.1007/s00018-018-2751-x
https://doi.org/10.1016/j.chom.2016.05.009
https://doi.org/10.1038/nmicrobiol.2016.87
https://doi.org/10.1371/journal.ppat.1006164
https://doi.org/10.1371/journal.ppat.1006164
https://doi.org/10.1128/mBio.00952-17
https://doi.org/10.1016/j.str.2013.04.025
https://doi.org/10.1038/s41467-017-02816-2
https://doi.org/10.1016/j.micinf.2016.03.009
https://doi.org/10.1016/j.virol.2016.03.006
https://doi.org/10.4269/ajtmh.16-0111
https://doi.org/10.1038/srep46375
https://doi.org/10.1128/JVI.00900-17
https://doi.org/10.1016/j.stemcr.2017.01.008
https://doi.org/10.1093/infdis/jix261
https://doi.org/10.4049/jimmunol.1700256
https://doi.org/10.4049/jimmunol.1700256
https://doi.org/10.1371/journal.pntd.0004978
https://doi.org/10.1016/j.chom.2016.12.010
https://doi.org/10.1016/j.chom.2016.12.010
https://doi.org/10.1371/journal.ppat.1006258
https://doi.org/10.1128/JVI.00163-17
https://doi.org/10.1128/mBio.00741-17
https://doi.org/10.1038/s41598-017-06536-x
https://doi.org/10.1371/journal.ppat.1006184
https://doi.org/10.1002/glia.21076
https://doi.org/10.1182/blood-2012-08-450353
https://doi.org/10.1182/blood-2012-08-450353
https://doi.org/10.1128/mBio.00819-17
https://doi.org/10.1016/j.cell.2016.05.008
https://doi.org/10.1590/0074-02760160085
https://doi.org/10.1016/j.cell.2016.08.004
https://doi.org/10.11622/smedj.2017026
https://doi.org/10.1093/infdis/jix448
https://doi.org/10.1016/j.thromres.2004.06.038
https://doi.org/10.1016/j.thromres.2004.06.038
https://doi.org/10.1073/pnas.1707513114
https://doi.org/10.1007/s00404-017-4361-5
https://doi.org/10.1172/jci.insight.88461

Beaver et al.

Immunological Implications of ZIKV Lineage Evolution

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

human maternal decidual tissues, inducing distinct innate tissue responses
in the maternal-fetal interface. J Virol (2017) 91:e01905-16. doi:10.1128/
JVI1.01905-16

Bayer A, Lennemann NJ, Ouyang Y, Bramley JC, Morosky S, Marques ET Jr,
et al. Type III interferons produced by human placental trophoblasts confer
protection against Zika virus infection. Cell Host Microbe (2016) 19:705-12.
doi:10.1016/j.chom.2016.03.008

Quicke KM, Bowen JR, Johnson EL, Mcdonald CE, Ma H, O’neal JT, et al.
Zika virus infects human placental macrophages. Cell Host Microbe (2016)
20:83-90. doi:10.1016/j.chom.2016.05.015

Simoni MK, Jurado KA, Abrahams VM, Fikrig E, Guller S. Zika virus
infection of Hofbauer cells. Am ] Reprod Immunol (2017) 77(2):e12613.
doi:10.1111/aji.12613

Durbin AP. Vaccine development for Zika virus-timelines and strategies.
Semin Reprod Med (2016) 34(5):299-304. doi:10.1055/s-0036-1592070
Durbin A, Wilder-Smith A. An update on Zika vaccine developments.
Expert Rev Vaccines (2017) 16:781-7. doi:10.1080/14760584.2017.1345309
Lagunas-Rangel FA, Viveros-Sandoval ME, Reyes-Sandoval A. Current
trends in Zika vaccine development. J Virus Erad (2017) 3:124-7.
Durham DP, Fitzpatrick MC, Ndeffo-Mbah ML, Parpia AS, Michael NL,
Galvani AP. Evaluating vaccination strategies for Zika virus in the Americas.
Ann Intern Med (2018) 168(9):621-30. doi:10.7326/M17-0641

Yang M, Dent M, Lai H, Sun H, Chen Q. Immunization of Zika virus
envelope protein domain IIT induces specific and neutralizing immune
responses against Zika virus. Vaccine (2017) 35:4287-94. doi:10.1016/j.
vaccine.2017.04.052

Liang H, Yang R, Liu Z, Li M, Liu H, Jin X. Recombinant Zika virus envelope
protein elicited protective immunity against Zika virus in immuno-
competent mice. PLoS One (2018) 13:e0194860. doi:10.1371/journal.pone.
0194860

To A, Medina LO, Mfuh KO, Lieberman MM, Wong TAS, Namekar M, et al.
Recombinant Zika virus subunits are immunogenic and efficacious in mice.
mSphere (2018) 3:€00576-17. doi:10.1128/mSphere.00576-17

Pradhan D, Yadav M, Verma R, Khan NS, Jena L, Jain AK. Discovery of
T-cell driven subunit vaccines from Zika virus genome: an immunoinfor-
matics approach. Interdiscip Sci (2017) 9:468-77. doi:10.1007/s12539-017-
0238-3

Richner JM, Himansu S, Dowd KA, Butler SL, Salazar V, Fox JM, et al.
Modified mRNA vaccines protect against Zika virus infection. Cell (2017)
168:1114-25.e10. doi:10.1016/j.cell.2017.02.017

155.

156.

157.

158.

159.

160.

161.

162.

Larocca RA, Abbink P, Peron JP, Zanotto PM, Iampietro MJ, Badamchi-
Zadeh A, et al. Vaccine protection against Zika virus from Brazil. Nature
(2016) 536:474-8. doi:10.1038/nature18952

Muthumani K, Griffin BD, Agarwal S, Kudchodkar SB, Reuschel EL, Choi H,
et al. In vivo protection against ZIKV infection and pathogenesis through
passive antibody transfer and active immunisation with a prMEnv DNA
vaccine. NPJ Vaccines (2016) 1:16021. doi:10.1038/npjvaccines.2016.21
Abbink P, Larocca RA, De La Barrera RA, Bricault CA, Moseley ET, Boyd M,
et al. Protective efficacy of multiple vaccine platforms against Zika virus
challenge in rhesus monkeys. Science (2016) 353:1129-32. doi:10.1126/
science.aah6157

Shan C, Muruato AE, Jagger BW, Richner ], Nunes BTD, Medeiros DBA,
et al. A single-dose live-attenuated vaccine prevents Zika virus pregnancy
transmission and testis damage. Nat Commun (2017) 8:676. doi:10.1038/
541467-017-00737-8

Shan C, Muruato AE, Nunes BTD, Luo H, Xie X, Medeiros DBA, et al. A
live-attenuated Zika virus vaccine candidate induces sterilizing immunity in
mouse models. Nat Med (2017) 23:763-7. doi:10.1038/nm.4322

Brault AC, Domi A, Mcdonald EM, Talmi-Frank D, Mccurley N, Basu R,
et al. A Zika vaccine targeting NS1 protein protects immunocompetent
adult mice in a lethal challenge model. Sci Rep (2017) 7:14769. doi:10.1038/
$41598-017-15039-8

Li XE Dong HL, Wang HJ, Huang XY, Qiu YE, Ji X, et al. Development of
a chimeric Zika vaccine using a licensed live-attenuated flavivirus vaccine
as backbone. Nat Commun (2018) 9:673. d0i:10.1038/s41467-018-02975-w
Paz-Bailey G, Rosenberg ES, Doyle K, Munoz-Jordan J, Santiago GA, Klein L,
et al. Persistence of Zika virus in body fluids — preliminary report. N Engl
J Med (2017). doi:10.1056/NEJMoal613108

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Beaver, Lelutiu, Habib and Skountzou. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

17

July 2018 | Volume 9 | Article 1640


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1128/JVI.01905-16
https://doi.org/10.1128/JVI.01905-16
https://doi.org/10.1016/j.chom.2016.03.008
https://doi.org/10.1016/j.chom.2016.05.015
https://doi.org/10.1111/aji.12613
https://doi.org/10.1055/s-0036-1592070
https://doi.org/10.1080/14760584.2017.1345309
https://doi.org/10.7326/M17-0641
https://doi.org/10.1016/j.vaccine.2017.04.052
https://doi.org/10.1016/j.vaccine.2017.04.052
https://doi.org/10.1371/journal.pone.
0194860
https://doi.org/10.1371/journal.pone.
0194860
https://doi.org/10.1128/mSphere.00576-17
https://doi.org/10.1007/s12539-017-
0238-3
https://doi.org/10.1007/s12539-017-
0238-3
https://doi.org/10.1016/j.cell.2017.02.017
https://doi.org/10.1038/nature18952
https://doi.org/10.1038/npjvaccines.2016.21
https://doi.org/10.1126/science.aah6157
https://doi.org/10.1126/science.aah6157
https://doi.org/10.1038/s41467-017-00737-8
https://doi.org/10.1038/s41467-017-00737-8
https://doi.org/10.1038/nm.4322
https://doi.org/10.1038/s41598-017-15039-8
https://doi.org/10.1038/s41598-017-15039-8
https://doi.org/10.1038/s41467-018-02975-w
https://doi.org/10.1056/NEJMoa1613108
https://creativecommons.org/licenses/by/4.0/

	Evolution of Two Major Zika Virus Lineages: Implications for Pathology, Immune Response, and Vaccine Development
	Introduction
	History of Virus Emergence
	Molecular Biology of ZIKV
	ZIKV Genome Organization
	Genetic Evolution of the Virus

	ZIKV Transmission and Tissue Tropism
	Vector Influence on Viral Evolution
	Non-Vector Transmission
	Human Infection Studies
	Fetoplacental Infections
	Fetal Brain Infections
	Urogenital Tract Infections
	Ocular Infections

	Animal Infection Studies
	Ocular Infections
	Brain, Spleen, and Testicular Infections
	Lineage-Dependent Differences in Animal 
and Cell Culture Models


	Current Understanding of ZIKV and the Host Immune Response
	Type I IFN Responses
	Lineage Similarities
	Lineage Differences

	Type II IFN Responses
	Type III IFN Responses
	ZIKV Vaccine Development
	Knowledge Gaps and Future Studies

	Conclusion
	Author Contributions
	Funding
	References


