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Abstract

The epidemic emergence of Zika virus (ZIKV) in 2015-2016 has been associated with congenital
malformations and neurological sequela. Current efforts to develop a ZIKV vaccine build on
technologies that successfully reduced infection or disease burden against closely related
flaviviruses or other RNA viruses. Subunit-based (DNA plasmid and modified mRNA), viral
vectored (adeno- and measles viruses) and inactivated viral vaccines are already advancing to
clinical trials in humans after successful mouse and non-human primate studies. Among the
greatest challenges for the rapid implementation of immunogenic and protective ZIKV vaccines
will be addressing the potential for exacerbating Dengue virus infection or causing Guillain-Barré
syndrome through production of cross-reactive immunity targeting related viral or host proteins.
Here, we review vaccine strategies under development for ZIKV and the issues surrounding their
usage.

Introduction

Historically, Zika virus (ZIKV) infection caused a mild, self-limiting febrile illness that was
associated with conjunctivitis, rash, headache, myalgia, and arthralgia [1]. However, during
the recent epidemics in Asia and the Americas, more severe and unusual clinical
consequences have been observed. Infection of fetuses during pregnancy, particularly during
the first trimester, has been associated with placental insufficiency and congenital
malformations including cerebral calcifications, microcephaly, and miscarriage [2-6]. In
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adults, ZIKV infection is linked to an increased incidence of Guillain-Barré syndrome
(GBS), an autoimmune disease characterized by ascending paralysis and polyneuropathy [7]
that occurs during the acute phase of ZIKV infection or shortly afterward [8-10].

ZIKV was identified in 1947 from a sentinel Rhesus monkey in the Zika Forest of Uganda
[11,12]. Prior to 2007, seroprevalence studies in Asia and Africa suggested ZIKV infections
occurred periodically without evidence of severe disease [1,13]. Contemporary outbreaks of
ZIKV arose in 2007 on Yap Island in the Federated States of Micronesia followed by an
epidemic in French Polynesia in 2013 [14]; these events were associated with a high
prevalence of infection, with greater than 11% of people on the islands presenting with
ZIKV-associated symptoms [7,14]. A study in French Polynesia of patients diagnosed with
GBS during the outbreak found that all had neutralizing antibodies against ZIKV compared
to 56% of patients presenting to hospitals with non-febrile illnesses [7]. The next ZIKV
outbreak began in late 2014 in northeastern Brazil, which was followed by a rapid spread to
many other countries in the Americas in 2015 and 2016, including locally-transmitted
infections in Florida and Texas in the United States [15-17]. Associated with this ZIKV
epidemic were cases of GBS and congenital defects that correlated temporally with the
growing number of infections [9]. Aedes aegypti and Aedes albopictus mosquitoes have
tested positive for ZIKV and are believed to be primary agents of transmission [18,19]. In
addition to mosquito vectors, sexual transmission of ZIKV was established from male-to-
female [20,21] and subsequently from male-to-male and female-to-male [22,23]. Diagnostic
studies have confirmed viral RNA in semen, sperm, and vaginal secretions of symptomatic
patients up to 6 months following the onset of symptoms [24-26].

ZIKV belongs to the Flavivirus genus of the Flaviviridae family of positive-stranded,
enveloped RNA viruses. ZIKV has an ~11 kb RNA genome and one open reading frame.
Translation of infectious viral RNA in the cytoplasm generates a polyprotein that is cleaved
into three structural proteins (capsid (C), pre-membrane/membrane (prM/M), and envelope
(E)) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5).
ZIKV strains are classified into two lineages, African and Asian/American. As the African
lineage shows greater divergence [27], some studies have divided them into two African
subtypes [28]. The existence of multiple lineages, however, does not impact antibody
neutralization significantly and thus, ZIKV has been classified as a single serotype [29].
ZIKV is related genetically to several pathogens that cause disease globally including
Dengue (DENV), yellow fever (YFV), West Nile (WNV), Japanese encephalitis (JEV), and
tick-borne encephalitis (TBEV) viruses. Of these viruses, ZIKV is most closely related to
the four serotypes of DENV and shares 54 to 59% amino acid identity across the viral E
protein [30]. The sequence similarity between ZIKV and DENV poses unique issues for
diagnosis and vaccination, and has implications for disease pathogenesis due to antibody
cross-reactivity [30-33].

Studies on related flaviviruses have shown that antibody responses against the viral E protein
can serve as correlates of protection in animals and humans [34-38]. The historical efficacy
of the YFV, TBEV, and JEV vaccines in preventing infection and epidemics suggests that an
effective vaccine targeting all strains of ZIKV should be feasible, especially given the
limited (~3 to 5%) amino acid variability between E proteins of the two lineages [27]. In
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terms of prioritization, pre-pubescent children and men and women of child-bearing age
living within or traveling to endemic areas might be priority recipients in a ZIKV
vaccination campaign (Figure 1) [39].

ZIKV vaccine epitope targets of humoral immunity

The ZIKV E protein is composed of three ectodomains (DI, DI, and DIII), which are
displayed on the surface of the virion and contribute to entry into susceptible cells. A large
proportion of anti-ZIKV antibodies generated during human infection target the fusion loop
present in DIl (DI1-FL), which is highly conserved across flaviviruses. Animal studies have
shown some protective activity of DII-FL antibodies in the context of flavivirus infection
even though they generally have poor neutralizing capacity /n vitro [40,41]. Most DII-FL
antibodies are not ideal from a protection perspective because their epitope is partially
inaccessible on the mature virion [42] and they require Fc-dependent effector functions for
in vivo activity, the latter of which also is responsible for antibody dependent enhancement
(ADE) of infection (see below) [43]. DIl adopts an immunoglobulin-like fold and is
believed to participate in viral attachment and entry to host cells, which could influence
cellular tropism and host range [44-46]. The lateral ridge epitope within DIII (DIII-LR) is
recognized by type-specific, strongly neutralizing anti-ZIKV antibodies [32,47] (e.g.,
ZV-67) that likely block infection by preventing E protein rearrangements required for
fusion [48,49]. Additionally, several classes of conformational anti-ZIKV antibodies that
potently neutralize infection and recognize quaternary epitopes formed by adjacent E
proteins have been described. E-dimer-dependent (EDE) antibodies (e.g., C10) bind to
conserved sites along the E dimer interface to cross-link the E protein in a prefusion state.
Specifically, EDE antibodies bind to DII-FL and additional sites of DIl (& strand and 7/ loop)
of one E subunit along with residues in DI and DIl of the opposite E subunit of the dimer
[50,51]. Although originally identified in the context of a humoral response to DENV [50],
cross-reactive EDE antibodies neutralize ZIKV infection in cell culture and protect against
lethal infection in mice [30,51-53]. Another conformational epitope is recognized by
neutralizing antibodies (e.g., ZIKV-117) that bind across two adjacent ZIKV E protein
dimers in DII. These inter-dimer binding antibodies can prevent fetal infection and disease
in pregnancy models of ZIKV in mice [32]. A group of protective human antibodies with
distinct binding activity was described recently [33]; Z3L1 and Z23 preferentially recognize
ZIKV-specific epitopes in DI and DI, respectively, whereas Z20 binds to an epitope in DII
across the E dimer interface but in a distinct pattern from EDE antibodies [33]. Collectively,
these studies define a suite of protective antibodies that bind distinct epitopes and suggest
that vaccines capable of targeting accessible epitopes on the soluble E protein or
conformational epitopes on the virion should elicit polyclonal antibody responses with broad
protective activity against most, if not all, ZIKV strains.

ZIKV vaccine approaches

Many approaches have been used for developing flavivirus vaccines against YFV, DENV,
JEV, WNV, and TBEYV including subunit-based (protein or DNA plasmid), chemically
inactivated, and live-attenuated vaccines. Moreover, novel lipid-encapsulated modified
MRNA vaccines [54,55] and viral vectored vaccines [56] have recently been adapted for
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ZIKV. Remarkably, in less than one year, several of these vaccines have progressed beyond
pre-clinical studies in animals and are advancing into phase 1 human trials (Table 1).
Additional platforms (e.g., live-attenuated vaccines) are in pre-clinical testing and expected
to enter human trials in 2017 [57].

DNA and adenovirus-vectored vaccines

Leading candidates for ZIKV immunization include DNA plasmid-based and adenovirus-
vectored vaccines incorporating the prM and E genes to produce a secreted E protein or
subviral particle that elicits neutralizing antibody response. DNA plasmid-based vaccines
have utility due to their ease of production, relative stability, and low reactogenicity [61].
Additionally, they lack risk of reversion, as can be observed with some live-attenuated virus
vaccines. One limitation of DNA plasmid vaccines is that they must be introduced into cells
(e.g., by electroporation) for optimal protein production [62]. Their low reactogenicity,
however, makes this vaccine class a candidate for use in pregnant women [61,63].
Adenovirus-vectored vaccines share ease of production and stability with DNA plasmid
vaccines; additionally, they have broad cellular tropism and can be manufactured to high
titer, which allows for optimal delivery and immunogenicity. Limitations for adenovirus
vaccines include their ability to induce toxic inflammatory responses at high doses, the
potential for pre-existing immunity to naturally occurring human adenoviruses that results in
accelerated clearance and dampened immunogenicity, and a size limit on the gene inserted
[64]. Reactogenicity has been circumvented by deletion of genes required for replication,
which also allows for larger inserts [64]. Identification of monkey adenoviruses as vaccine
vectors can bypass pre-existing immunity to human adenoviruses [65].

Full-length prM-E (amino acids 93-794) DNA vaccines from a French Polynesian ZIKV
strain (H/PF/2013) in a cytomegalovirus promoter-driven plasmid vector were constructed
with mutations in the signal sequence or the E protein stem and transmembrane regions to
improve expression [58]. Immunization of six rhesus macaques using a prime and boost
scheme induced humoral immunity and protected against viremia independent of the
challenge dose of a heterologous ZIKV strain (PRVABC59) when administered eight weeks
after the boost [66]. Analysis of the pre-and post-challenge serum of immunized animals
demonstrated an inverse correlation between neutralizing antibody titer and viremia [66].

Engineering of the M-E genes (amino acids 216-794) of a Brazilian ZIKV isolate
(BeH815744) into a mammalian expression plasmid yielded high levels of humoral and
cellular immunity in BALB/c mice when assessed at three weeks following a single
immunization [58]. Upon challenge of BALB/c mice with homologous or heterologous
strains of ZIKV four weeks following immunization, the M-E plasmid vaccine abrogated
ZIKV viremia. Antibody-mediated responses were sufficient to confer protection, as CD4*
or CD8™ T cell depletion did not impact vaccine efficacy and passive transfer of vaccine-
derived antibody to naive mice protected against challenge [58]. Intramuscular
immunization of four rhesus macaques with this M-E plasmid induced protective humoral
and cellular immune responses against a homologous strain of ZIKV, but only after boosting
[56].

Curr Opin Virol. Author manuscript; available in PMC 2018 April 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fernandez and Diamond Page 5

Full-length prM-E (amino acids 93-794) from a ZIKV consensus sequence was incorporated
into a eukaryotic plasmid (pVax1) with the addition of an IgE leader sequence to improve
expression [67]. Serial immunization of wild-type and immunodeficient mice induced
humoral and cellular immunity that protected against challenge with a virulent American
strain of ZIKV (ZIKV-PR209). Notably, vaccination also reduced disease severity in
immunodeficient mice. Primary immunization of five rhesus macaques promoted a humoral
response that was enhanced upon boosting [59].

A rhesus adenovirus serotype 52 (RhAd52) vaccine encoding the M-E genes from ZIKV
BeH815744 induced broadly neutralizing humoral and cellular immunity after a single dose
in four rhesus macaques [56]. The M-E sequence also was codon optimized and inserted into
a replication-defective adenovirus [68]. A single immunization of female C57BL/6 mice
with RhAd52-M-E induced ZIKV-specific neutralizing IgG that was augmented upon
boosting. Immunized female mice were mated with naive sires, and neonatal mice were
challenged with a heterologous ZIKYV strain at day 7 after birth and followed for 21 days
[68]. Maternally transmitted vaccine immunity protected suckling mice against ZIKV-
induced weight loss and lethality.

Modified mRNA vaccines

Although lipid encapsulated modified mMRNA vaccines have been developed in the oncology
field [69], more recently they have been adapted for viral vaccines, with two now described
for ZIKV [54,55]. Many mRNA vaccines are non-amplifying and all platforms lack the
capacity to integrate into the genome [69]. Modified mRNA vaccines contain a5’ type |
cap, a poly(A) tail, and untranslated regions that optimize translation efficiency and
intracellular stability as well as nucleoside modifications (e.g., introduction of pseudouridine
bases) to minimize the indiscriminate activation of innate immunity.

A lipid encapsulated mRNA vaccine encoding full-length prM-E of an Asian (Micronesia
2007) strain of ZIKV induced robust neutralizing antibody responses in mice against ZIKV
[54]. Challenge studies with a heterologous African ZIKV strain (Dakar 41519) in
immunodeficient (AG129) or immunocompetent (C57BL/6 and BALB/c) mice showed
protection against weight loss and lethality when a prime and boost regimen was
administered intramuscularly, and this effect was durable even 18-weeks after initial
vaccination. A modified prM-E mRNA vaccine encoding mutations destroying the
conserved fusion-loop epitope in domain |1 of the E protein protected against ZIKV and
diminished production of antibodies enhancing DENV infection in cells or mice [54].

A single intradermal dose of nucleoside-modified lipid encapsulated mRNA vaccine
encoding prM-E of ZIKV H/PF/2013 (French Polynesia) induced a strong antibody response
in C57BL/6 and BALB/c mice that persisted for 12- and 20-weeks, respectively [55].
Challenge with a heterologous Asian-American ZIKV (PRVABC59, Puerto Rico) at 2- and
20-weeks post vaccination yielded no detectable viremia. Furthermore, a single intradermal
dose inoculation of rhesus macaques also induced ZIKV strain (PRVABC59) at 5-weeks
following mRNA vaccination were protected from developing viremia compared to placebo-
immunized animals [55].
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Inactivated virus vaccines

Purified, inactivated whole virus vaccines have been developed to circumvent issues
associated with live-attenuated vaccines. This approach eliminates the possibility of viral
replication yet retains, to varying degrees, the antigenicity of the structural proteins.
Inactivated viral vaccines are considered desirable, especially for populations that are
relatively immunocompromised (newborns, elderly, acquired or genetic immune
deficiencies, or pregnant women) where live-attenuated virus vaccines may be
contraindicated [70,71]. Inactivated whole virus vaccines have been used successfully for
several flaviviruses including YFV, JEV, TBEV, and WNV (the latter for veterinary use
only) [72].

An inactivated ZIKV vaccine (ZP1V) was developed based on a previous vaccine targeting
JEV [73]. A Puerto Rican strain (PRVABC59) of ZIKV was cultured to high-titer in Vero
cells, purified, and inactivated with formalin treatment [58]. A single immunization of
BALB/c mice with alum-adjuvant ZPIV vyielded ZIKV specific 1gG titers (~1/100) that
correlated with protection against challenge with a heterologous strain of ZIKV [58]. ZPIV
testing in rhesus macaques also induced neutralizing antibodies and cellular immunity after
two doses [56,60]. Subsequent challenge of nonhuman primates with homologous or
heterologous strains of ZIKV resulted in complete protection against plasma viremia, or
viral RNA in urine, cerebrospinal fluid, colorectal, and cervicovaginal secretions [56].

Live-attenuated vaccines

Arguably, the most successful flavivirus vaccine is YF-17D, a live-attenuated virus that was
generated in the 1930's after 176 serial passages of the parent YFV Asibi strain in mouse
and chicken tissues [74,75]. A single YF-17D dose induces high levels of neutralizing
antibodies in most individuals and confers protection in 95% of recipients, which can last up
to 40 years [74]. A chimeric vaccine against JEV was developed by substituting the prM-E
genes of JEV into the backbone of the YF-17D capsid and non-structural protein genes.
Immunization of subjects in endemic regions with ChimerVax JE™ resulted in responses
that neutralized JEV strains of multiple genotypes [76,77] and is available in Australia,
Malaysia, Philippines, Thailand, and Myanmar [78]. This chimeric vaccine platform also
was adapted for DENV. Different industry groups have refined tetravalent formulations
incorporating either chimeric DENV-YFV virus strains (approved as Dengvaxia®) or
DENV-DENYV chimera (phase 3 trials of TAK-003) to achieve an attenuated strains for
vaccination [79,80]. Although a multi-dose regimen of Dengvaxia® protected flavivirus-
immune individuals from subsequent symptomatic DENV infection, it had less efficacy for
naive subjects [81,82].

Live-attenuated vaccines are a favored immunization strategy against flaviviruses because of
their ability to induce durable and effective adaptive immunity at relatively low production
cost [83]. However, they generally are avoided in immunocompromised populations
(including pregnant women) due to possible reversion and pathogenicity.
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For YF-17D, there have been rare cases of vaccine associated neurotropic and viscerotropic
disease following immunization, especially in the elderly [70,74]. Several groups have stated
an intention of developing live-attenuated ZIKV vaccines although to date, no data showing
immunogenicity or protection has yet been published [57]. Even if such vaccines were
highly immunogenic, questions remain as to their relative safety in some of the target
populations.

ZIKV vaccine challenges

Beyond the generation of an immunogenic vaccine that elicits protective humoral and cell-
mediated immunity, there are unique challenges to developing a ZIKV vaccine:

(a) Immmune enhancement of heterologous DENV infection

The DENV complex is comprised of four genetically related serotypes. Whereas primary
infection with DENV generates a protective antibody response that protects durably against
the homologous serotype, secondary infection with a heterologous DENV serotype can
result in a severe capillary permeability shock syndrome. This disease is attributed in part to
ADE, whereby cross-reactive antibodies from the first DENV infection bind but fail to
neutralize the second DENV serotype, and instead augment infection in myeloid cells
expressing Fc-gamma receptors [43]. This phenomenon could be relevant to ZIKV
vaccination because DENV and ZIKYV are related closely to one another, the two viruses co-
circulate, and their infections produce cross-reactive antibodies targeting the highly
conserved DII-FL epitope of the E protein. Indeed, studies in cell culture have confirmed
that ADE can occur reciprocally, with DENV and ZIKV antibodies augmenting infection of
ZIKV and DENV, respectively [30,84-86]. Moreover, anti-ZIKV human monoclonal
antibodies can enhance DENV infection and disease in mice [87]. If ZIKV antibody
responses are shown to augment DENV infection and disease in humans, vaccine strategies
that minimize the generation of cross-reactive antibodies may be required to avoid
sensitizing ZIKV vaccine recipients to severe DENV infections. In this case, soluble E
protein or virus-like particle (prM-E) antigens that abrogate the DII-FL epitope but retain
other protective epitopes may be useful [44,54,88,89].

(b) Guillain-Barré syndrome

Currently, there is an epidemiological association between ZIKV infection and GBS,
although a causal link has not yet been established. The pathogenesis of GBS might be due
to direct ZIKV infection of neurons and glial cells in the spinal cord or to autoimmune-
mediated targeting, possibly due to antibodies or T cells that cross-react between viral and
host antigens [10]. Prior to deployment of a ZIKV vaccine, it will be important to confirm
that the elicited humoral or cellular anti-ZIKV responses in humans does not promote the
development of GBS.

(c) Pregnancy

Many vaccines are avoided during pregnancy due to the possible risks of infection or
inflammation to the developing fetus. Indeed, vaccination prior to pregnancy remains the
desired approach. Notwithstanding this, retrospective analysis of administered live-

Curr Opin Virol. Author manuscript; available in PMC 2018 April 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fernandez and Diamond Page 8

attenuated or inactivated vaccines have failed to establish conclusively adverse outcomes in
fetuses of vaccinated mothers [90-92]. The current recommendation is to administer
vaccines if the disease risk outweighs the potential of vaccine related effects [93]. Several
recent studies suggest a relatively high frequency (85-100%) of adverse neurodevelopmental
effects of fetuses of symptomatic and asymptomatic pregnant women following ZIKV
infection [6,94—96]. With current information, it remains difficult to determine whether the
risk of exposure to ZIKV in utero surpasses that associated with immunization with certain
classes of vaccines.

Conclusions

The consequences of the ZIKV epidemic highlight the need for rapid development and
introduction of a vaccine. Decades of work on related flaviviruses have provided mature
vaccine technologies and platforms, many of which can be adapted for use in
immunocompromised and susceptible populations including children and pregnant women.
Currently, DNA plasmid and purified, inactivated vaccines have demonstrated
immunogenicity and protection in mice and nonhuman primates and now are entering Phase
1 clinical testing in humans. While optimism remains high for generating protective vaccines
against ZIKV across multiple platforms, questions remain about their safety because of the
unique clinical manifestations of ZIKV and its genetic and serological relatedness to DENV.
Parallel discovery and epidemiological efforts are needed to address these issues prior to
widespread implementation of a ZIKV vaccine.
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Highlights

- Subunit and inactivated vaccines against ZIKV have entered phase 1 trials in
humans

- Multiple epitopes recognized by neutralizing mAbs against ZIKV have been
identified

- Animal models are now developed to establish vaccine correlates of protection

- Guillain-Barre syndrome and antibody enhancement may delay vaccine
implementation
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Figure 1. ZIKV vaccine candidates, targets, and challenges
(Lef?) Current platforms entering Phase 1 clinical trials in humans include purified,

inactivated virus (adapted from [97]), DNA plasmid, adenovirus-vectored, and modified
mMRNA vaccines, all of which have demonstrated pre-clinical efficacy in mice and non-
human primates. The primary target populations are indicated. (Right, top) Structural
analysis of monoclonal antibodies derived from infected mice and human subjects identified
protective epitopes for vaccine targeting: Inter-dimer (adapted from [32]), Intra-dimer (EDE)
(adapted from [51]), DIII-LR (adapted from [47]), and DI-DII (adapted from [33]). (Right,
bottom) Concerns for ZIKV vaccine development and deployment include immune-
mediated enhancement (ADE) of DENV infection and Guillain-Barré syndrome (GBS) due
to the possible induction of autoreactive antibodies and/or T cells (latter not shown).
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