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Abstract

Zika virus outbreaks have been explosive and unpredictable and have led to significant adverse health
effectsdas well as considerable public anxiety. Significant scientific work has resulted in multiple
candidate vaccines that are now undergoing further clinical development, with several vaccines now in
phase 2 clinical trials. In this review, we survey current vaccine efforts, preclinical and clinical results,
and ethical and other concerns that directly bear on vaccine development. It is clear that the world
needs safe and effective vaccines to protect against Zika virus infection. Whether such vaccines can be
developed through to licensure and public availability absent significant financial investment by
countries, and other barriers discussed within this article, remains uncertain.

ª 2019 Mayo Foundation for Medical Education and Research n Mayo Clin Proc. 2019;94(12):2572-2586
W hile discovered in 1947, Zika
virus (ZIKV) remained unim-
portant and unnoticed until

the Yap Island outbreaks in 2007. Even
then, it scarcely raised interest and concern
quickly abated as the outbreak dwindled
without further outbreaks occurring. This
situation changed dramatically with the un-
expected and large outbreaks that began in
2015 in Brazildeventually resulting in an
estimated 200,000 identified cases.1 As a
result, the world has had to play “catch-
up” by rapidly investigating ZIKV immu-
nology, pathophysiology, and its short- and
long-term effects, as well as the full spectrum
of pathology the virus may cause in different
populations.

As of the time of this writing, no effective
drug to treatdor vaccine to preventdZika
infection is licensed and available. Both are
needed, yet neither was a priority to scien-
tists or funders until the 2015 outbreaks.
Now, as of this writing, some 18 known vac-
cine candidates are in various stages of pre-
clinical and clinical development. Research
funding has been made available, although
it is clearly too little, is contributed by too
few countries, and may not be sustained. In
this regard, recent calls for global funding
of new vaccines have proven timely.2 Lastly,
there is still much to be learned about the
virus’s mechanism of disease action and
Mayo Clin Proc. n December 2019;9
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how it causes specific pathology across
different ages, sexes, medical conditions
(eg, pregnancy), and other issuesdsome un-
doubtedly yet to be defined.

Despite the large outbreaks in
2015-2016, subsequent years have been
relatively quiet in terms of ZIKV. In the
United States and US territories, there
were over 41,000 cases in 2016, fewer
than 1200 cases in 2017, and only 220 cases
in 2018.3 The rest of the world has experi-
enced a similar situation; nonetheless,
much of the world is at risk, and the
many people who travel are also at risk.
Travelers from endemic areas can also
introduce ZIKV into the new territories.4-6

This scenario begs the question of what
the future holds for this virusdcontinued
low-level circulation, outbreaks in new
locations, or recurrent outbreaks once
population immunity wanes or as the
percentage of naive individuals in a popu-
lation increases?7-11 The current unpre-
dictability and lack of future ZIKV
outbreaks is a major impediment to
creating effective public health policies, dis-
ease surveillance, and control measures
(including continued clinical vaccine devel-
opment and studies).

In this review, we will briefly summarize
current knowledge about ZIKV and out-
breaks, while primarily focusing on issues
4(12):2572-2586 n https://doi.org/10.1016/j.mayocp.2019.05.016
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lated to Zika vaccine development and the
rrent status of these efforts. Finally, we
rovide a “look ahead” regarding the future
f Zika vaccine development.
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IKA DISEASE/OUTBREAKS
ika virus was first isolated in Uganda in
947 in monkeys and spread beyond its his-
rical endemic range in equatorial Africa
d Asia to areas of Micronesia in
013-2014.12 Up until 2007, when a large
idemic in the Yap Islands resulted in the
fection of three-quarters of the approxi-
ately 270,000 residents,13 ZIKV infections
mained limited to periodic cases or
all-scale epidemics. Since being detected
2015 in Brazil, with reported cases of
ngenital malformations and other neuro-
gic disorders linked to ZIKV infection
n French Polynesia and Brazil), ZIKV has
read to many countries in South America,
entral America, the Caribbean, and briefly
to the United States. On February 1,
016, the World Health Organization
HO) declared a Public Health Emergency

f International Concern regarding micro-
phaly, Guillain-Barré syndrome (GBS),
d other neurologic conditions associated
ith the appearance of ZIKV in the Ameri-
s. On November 18, 2016, the WHO
ded this Public Health Emergency of
ternational Concern. It is projected that
early 400 million individuals can be poten-
ally infected with ZIKV annually (similar

dengue virus [DENV] infection and
urden),14 as the distribution of the Aedes
osquito species (Aedes aegypti, Aedes albo-
ctus, Aedes polynesiensis, and Aedes hen-
lli) associated with ZIKV transmission is
idespread. A recent study estimates that
2.7 million people in the United States
ve in areas with active year-round popula-
ons of the Aedes mosquito vectors, setting
e stage for possible year-round ZIKV
ansmission.15 Local transmission has
ready occurred in US territories in the
aribbean and Pacific regions, demon-
rating the unexpected ability of ZIKV to
uickly spread to nonepidemic regions.
ountries with a documented presence of
ayo Clin Proc. n December 2019;94(12):2572-2586 n https://doi.org/1
ww.mayoclinicproceedings.org
KV (as of March 2018) are shown in
ure A, and countries suitable for A
ypti and A albopictus are shown in
ure B.
Zika virus infection typically causes no
mild clinical symptoms (such as mild fe-
r, arthralgia, headache, conjunctivitis,
h, muscle and joint pain) in adults and
s not considered a major public health
eat until recently. These symptoms usu-
y last for 2 to 7 days and have significant
ilarities with DENV-like disease. The in-
bation period of ZIKV is not clear but is
ely to range from 3 to 12 days.18 Only
% of ZIKV infection cases are reported to
symptomatic, and many individuals

ght never recognize that they have been
ected with ZIKV.13

Strong evidence now indicates that
KV infection can cause severe fetal neuro-
ic malformations, including micro-
haly or fetal death (referred to as
ngenital Zika syndrome).19,20 The most
ere spectrum of Zika syndrome pathol-
y occurs in the unborn, including
sculoskeletal, ocular, craniofacial, geni-
rinary, pulmonary, and other abnormal-
s.21 Zika virus has also been linked to an
reased incidence of a potentially life-
eatening GBS (an inflammatory autoim-
ne disorder that affects the peripheral
rvous system) in adults, as well as other
urologic abnormalities.22 Guillain-Barré
drome occurs at a frequency of 1.1 to
cases per 100,000 people per year and

curs predominantly in older adults.23

ce the beginning of the ZIKV epidemic
French Polynesia in 2013, the incidence
ZIKV-associated GBS has increased by
-fold,24 with 42 patients diagnosed with
a-associated GBS between November
13 and February 2014.25 Presently, Brazil
the most affected country, with estimates
1.5 million cases of ZIKV infection re-
rted since the outbreak began.26 In
15, the WHO defined a 19% increase in
idence of GBS in Brazil in comparison
th the prior year.27

Zika virus is transmitted by Aedes genus
squito bites; however, clinical cases of
0.1016/j.mayocp.2019.05.016 2573
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Countries with recent cases of ZIKV

A

aedes aegypti aedes albopictusCountries habitable by or

Countries with Zika

B
Countries with A. aegypti
and A. albopictus

FIGURE. Countries at risk for Zika virus infection. A, The world map shows locations with known Zika virus presence in dark green
(current as of March 2018). Data from the Centers for Disease Control and Prevention.16 B, Countries suitable for Aedes aegypti and
Aedes albopictus. Data from Int J Infect Dis.17 Created with https://mapchart.net
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onvector transmission, such as sexual
ansmission from infected males and
other to child transmission, have been
ell documented.28 Zika virus has been
etected in bodily fluids (eg, semen, urine,
liva, vaginal fluids, breast milk, and tears)
llowing infection; the longest reported
eriod from symptom onset to detection
f ZIKV RNA was 9 months following
fection in semen from 184 ZIKV-
fected men.29 Data from the largest
hort study to date revealed that infectious
IKV RNA shedding in semen declines dur-
g the first 3 months after symptom
nset.29 Notably, a recently developed syn-
etic DNA vaccine encoding ZIKV pre-
embrane/membrane (prM) and envelope
) proteins entirely protected mice against
IKV-induced testis and sperm damage.30

ew research using pregnant rhesus ma-
ques revealed long-standing persistence
f ZIKV in both maternal and fetal tissues,
hanced maternal and fetal immune re-
onses, and fetal inflammation.31 It is not
t clear if pathologic effects are different
r more severe among immunocompro-
ised persons. Given ZIKV pathogenesis
d cell and tissue tropism, there is an ur-
nt need to develop Zika vaccines that
ave the potential to protect the pub-
cdespecially pregnant women and their
tusesdfrom ZIKV infection.32
IKA VIRUS
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ISSUES IN VACCINE DEVELOPMENT
Th
a

ika is an emerging, mosquito-borne, envel-
ped, nonsegmented, 10-kilobase, single-
randed, positive-sense RNA flavivirus of
obal significance. Three main genetic line-
es of ZIKV (2 from Africa [African I and Af-
can II lineages] and 1 from Asia) have been
entified.33-35 Genetic analyses indicate that
s geographic circulation was limited to the
eas around Africa and Asia by the 2000s;
IKV then evolved into 2 distinct lineages
ith differential pathogenesisdAfrican (ie,
frican I lineage) andAsian.36-38 A study pub-
shed in July 2018 by Beaver et al39 revealed
at the African lineages were more virulent
an the Asian and induced stronger
ayo Clin Proc. n December 2019;94(12):2572-2586 n https://doi.org/1
w.mayoclinicproceedings.org
ammatory responses. However, it is not
arwhyneurologic disorders and congenital
lformations throughout the Americas are
inly associated with the Asian lineage
ains.40 The Asian strains have been found
activate innate immune interferon (IFN)
ulatory factors via NS1, NS4B, and NS5
V nonstructural proteins while African
eage strains have not, demonstrating evolu-
nary differences in pathogenesis and mo-
ular responses between Asian and African
eages.39,41

The Zika genome is analogous to that
other Flaviviridae RNA viruses (ie, yel-

fever, Japanese encephalitis, West
le, tick-borne encephalitis, and dengue
e 1-4 viruses) and encodes for 3 major
uctural proteins (ie, prM, capsid [C],
d E [a primary target of neutralizing
tibody development]) and 7 nonstruc-
al proteins (ie, NS1, NS2A, NS2B, NS3,
4A, NS4B, and NS5). Notably, the
nstructural NS5 protein is implicated in
A synthesis and viral replication.
portantly, the proteins documented to
ve significance in terms of immune
ponse include nonstructural protein
5 that has been shown to suppress
e I IFN signaling through STAT2-
diated degradation in the ZIKV-
ected host.42 During viral shedding,
is cleaved by furin protein to generate

ture infectious virions. Zika virus E pro-
n is the main surface protein that partic-
tes in host cell receptor attachment and
us lipid bilayer fusion, while the
nstructural NS1 through NS5 proteins
engaged in virus propagation. Robust

aptive immune responses to ZIKV E,
1, NS3, NS4B, and NS5 proteins such
production of neutralizing antibodies

d T-cell responses have been detected
animal models of ZIKV infection, which
icates that vaccination may protect
ainst ZIKV disease.43-46
e ideal vaccine against Zika would require
single dose, be capable of being
0.1016/j.mayocp.2019.05.016 2575
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TABLE 1. WHO Target Product Profile

Variable Preferred profile Minimal profile

Indication for use Prevent clinical illness in individuals �9 y

Contraindications None for pregnant/lactating women

Target population Women of reproductive age
Adolescent girls �9 y

Boys/men of the same age range

Exclusions Depends on vaccine platform:
Neurologic disorders
Autoimmune disorders
Immunosuppression

Vaccine type Nonreplicating platforms
d Inactivate whole virus
d Subunit-based
Platforms with licensed vaccines

Single-cycle replicating vectors with robust safety data
Live attenuated vaccine or replication competent with safety data

Safety/reactogenicity Comparable to WHO-recommended vaccines
Low risk of high fever

Tolerable reactogenicity and acceptable safety profile

Efficacy Demonstrated prevention of ZIKV illness Meets an established surrogate of immunity in animal
models or cohort studies (ie, neutralizing Ab titers
in >70% of recipients)

Dose Single dose Multiple dose

Durability Long-lasting protection of more than 1 y and can be
maintained by a single booster dose

Protection lasts at least 1 y and can be
maintained by booster doses

Route Injectable (IM or SC)

Virus coverage Monovalent with documented
neutralization of Asian and African lineages

Product stability At least 12 mo at �20�C
At least 6 mo at 2�-8�C

At least 12 mo at �20�C
Stability for 6 h at 2�-8�C

Coadministration with other vaccines Can be administered with other vaccines with no loss
of immunogenicity or safety

Stand-alone vaccine

Presentation and packaging Liquid product in single-dose or multidose packages.
Maximal volume of 0.5 mL

Lyophilized product in single-dose or
multidose packages. Maximal volume of 0.5 mL

Ab ¼ antibody; IM ¼ intramuscular; SC ¼ subcutaneous; WHO ¼ World Health Organization; ZIKV ¼ Zika virus.
Data from the World Health Organization.47
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ministered to anyone regardless of age or
edical condition (including pregnancy),
sult in durable (if not lifelong) immunity,
revent medically significant outcomes of
fection in both the immediate recipient
g, GBS) and in the fetus (eg, microcephaly
d other congenital conditions), be safe and
ighly effective, and ideally not require
ther a cold chain or complex logistics to
ore and administer. Given the observation
f intermittent outbreaks thus far, the ability
store vaccine stockpiles for long periods of
me is also necessary. Such a product profile
as yet to be achieved for any vaccine. The
HO has defined a more limited target
roduct profile (Table 1), at least for a
rst-generation vaccine product.47 Vaccine
evelopment will also face several chal-
nges, including the lack of an established
rrelate of protection (in children, adults,
d the fetus), current unpredictability and
ck of outbreaks, the large number of
bclinical infections, the marked variability
clinical manifestations during symptom-

ic illness, the need to test multiple vulner-
le populations, the uncertain effects of
rior immunity to ZIKV or other flaviviruses
e, DENV), and the lack of animal models
at recapitulate important features of hu-
an disease.48 These and other factors
ave been discussed in a recent WHO land-
ape analysis.49

ika Immunology
oth type I and type III IFNs are produced
response to ZIKV infection and can limit
ral replication.50 Zika virus proteins can
tively inhibit the IFN response during
fection.51 As we learn more details about
ese virus-host interactions, the results
ay provide important information
garding appropriate adjuvant selection
r vaccine candidates. Many of the animal
odels used for ZIKV work have defects
innate immune pathways; therefore, re-
lts must be interpreted with caution, as
ey may not reflect what will occur in
umans. Nonhuman primate, guinea pig,
d chicken embryo models are also being
ayo Clin Proc. n December 2019;94(12):2572-2586 n https://doi.org/1
w.mayoclinicproceedings.org
veloped, as are models to study vaccine
tcomes in pregnancy.31,52-55 Efforts are
o under way to develop a controlled hu-
n infection model for Zika, much like
at has been done with influenza, malaria,
d DENV.56

The adaptive immune response to flavivi-
es (including ZIKV) involves both
moral and cell-mediated components.
utralizing antibody (considered a major
ntributor to protective immunity)
ponses target the E protein and are cross-
ctive with other flaviviruses.57-59 This
ss-reactivity has been an issue for diag-
stic tests in areas where diseases such as
ngue fever, West Nile virus, and yellow fe-
are endemic. In these geographic areas,

infection with multiple flaviviruses is com-
n and represents a complication in terms
immune response analysis that must be
nsidered during the development and
ployment of a ZIKV vaccine.60

Monoclonal antibody treatment protects
ce against infection,61 and depletion of T
ls in previously vaccinated animals does
t abrogate protective immunity.62 These
periments suggest that humoral immunity
protect against disease and that vaccine-
uced immunity can be protective.
spite this, there are several questions
t remain unanswered: (1) in DENV, sub-
timal antibody responses can enhance
ease severityda phenomenon known as
tibody-dependent enhancement (ADE),
d we do not know if ADE could also be
issue for ZIKV vaccines as it has been
the use of DENV vaccines; (2) vaccine
ponses are likely to be quite different
individuals who have no prior exposure
Zika or other flaviviruses compared

th those with preexisting immunity, and
se population groups may require funda-
ntally different vaccine formulations
both safety and optimal protection; and
it is likely that optimal humoral re-
nses to ZIKV will require T-cell help,
d a solitary focus on antibody titers as
only immunologic end point may be

unterproductive.
0.1016/j.mayocp.2019.05.016 2577
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Dengue virus infection also serves as
good model of cellular immunity to ZIKV
Robust T-cell responses develop afte
DENV infection, with CD4þ T-cell re
sponses targeting the C, E, and NS1 pro
teins while CD8þ T-cell response
preferentially target the nonstructural pro
teins.63,64 In contrast, for ZIKV, CD4þ and
CD8þ T-cell epitopes have also been found
in the prM, C, and E proteins.65 This ha
also been observed for Japanese encephaliti
virus.66 In a mouse model, both vaginal and
subcutaneous infection with ZIKV led to
the proliferation of virus-specific T cells.6

Adoptive transfer of these T cells into naive
mice led to a significant reduction in vira
titers upon infection, indicating that T-cel
responses contribute to protective immu
nity. The evidence thus far suggests tha
an optimal vaccine would elicit both hu
moral and cellular immunity.

Vaccine Indications and Target Audience
Although Zika infection typically causes no
or self-limited symptoms, more severe
symptomatology can and does occur. Thi
may be particularly true in pregnant women
and women of childbearing age, infants/chil
dren, older adults, and those who are immu
nocompromised. Given the destructive feta
effects of Zika infection and the need to pro
tect unborn children, it seems reasonable
that the group requiring the most immediate
protection is women, followed by men, o
childbearing potential. This will likely be
followed by the desire and need to protec
all ages. Guillain-Barré syndrome may be
particularly more likely and severe among
older adults, and hence this represents a
different spectrum of risk group. Such con
siderations may drive vaccine developmen
efforts. For example, women who are preg
nant cannot receive a live virus vaccine
while older immunosenescent adults may
require vaccine adjuvants to boost immune
response.

Ethical Issues
While not the intent of this review, we
briefly comment on ethical issues related to
Mayo Clin Proc. n December 2019
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vaccine development and policy. A signifi-
cant ethical issue is how and under what
conditions should pregnant women be
included in Zika vaccine trials, given the un-
known possible effects on the unborn devel-
oping child. Recent opinions on this
question have been published.68 Other
issues include how to provide vaccine to
those in lower income countries who cannot
afford it and, given historic new vaccine
pricing, how a vaccine can be utilized in
poorer countries where outbreaks may
occur. If vaccine supplies are limited, who
shall be prioritized?

Animal Testing
Animal models provide an important testing
ground for developing new vaccines. With
the obvious caveat that these are models
that only partially recapitulate human anat-
omy, physiology, and immune response,
animal models of infection provide impor-
tant insights because capturing the
complexity and systemic interactions
required for immune function requires a
living organism. These models provide com-
plete control over baseline characteristics
(eg, age, sex, pregnancy status, preexisting
immunity), timing and dose of infection,
sampling time points, biospecimen collec-
tion (eg, blood, tissues, organs), and the abil-
ity to examine gonadal tissues and products
of conception.

Mouse models are inexpensive, are avail-
able on multiple genetic backgrounds, are
conducive to large sample sizes, and have a
vast array of relevant immunologic tools
(ie, antibodies and sequence information)
available. Mouse models of ZIKV infection
are relatively common, and a number of
strains have been used to examine aspects
of ZIKV disease.69 Zika virus has variable
replication efficiency in wild-type mouse
strains (BALB/c greater than C57BL/6) but
does not produce clinical illness in adult
mice. Disruption of IFN responses is
required for disease manifestations. The
most common models are inbred strains on
the 129 background that lack the IFNAR1
(A129) or both the IFNAR1 and IFNGR1
;94(12):2572-2586 n https://doi.org/10.1016/j.mayocp.2019.05.016
www.mayoclinicproceedings.org
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TABLE 2. Zika Vaccines in Development

Institute/company Status Vaccine(s) platform(s)

Inovio Pharmaceuticals, Inc In phase 1 clinical trials DNA vaccine

NIH In phase 1 clinical trials DNA vaccine
Live VSV recombinant (early R&D)
Live attenuated ZIKV (early R&D)

WRAIR/Sanofi Pasteur Limited In phase 1 clinical trials Whole, purified, inactivated virus

Butantan Institute In phase 1 clinical trials
Early-stage research

Live, DENV-vectored vaccine expressing premembrane/
membrane and envelope proteins

Purified inactivated virus

Bharat Institute of Science and
Technology

Preclinical/animal studies Purified inactivated virus
VLP-expressing polyprotein

NewLink Genetics
Corporation

Preclinical/animal studies Purified inactivated virus

PaxVax, Inc Preclinical/animal studies Purified inactivated virus

Novavax, Inc Preclinical/animal studies Protein nanoparticle vaccine

Replikins Ltd Preclinical/animal studies Synthetic peptide vaccine

Pharos Biologicals LLC Preclinical/animal studies DNA vaccine

Bio-Manguinhos Early-stage research Purified inactivated virus
YF17DD chimera
VLP
DNA

US CDC Early-stage research VLP expressing ZIKV DNA
Live adenovirus recombinant

CureVac AG Early-stage research Thermostabile mRNA-based vaccine

Geovax Labs, Inc Early-stage research Live MVA recombinant

GlaxoSmithKline plc Early-stage research Self-amplifying mRNA platform
Whole, inactivated virus

Hawaii Biotech Inc Early-stage research Aluminium hydroxide gel (Alhydrogel) þ recombinant
protein

University of Oxford Early-stage research Live adenovirus recombinant

Protein Sciences Corporation Early-stage research Recombinant envelope protein

Sanofi Early-stage research YF17D chimera

Sementis Early-stage research Live poxvirus recombinant

Themis Bioscience GmbH Early-stage research Live measles recombinant

Valneva SE Early-stage research Purified inactivated virus

Mayo Clinic Vaccine Research
Group

Early-stage research Naturally processed and HLA-presented ZIKV peptides
packaged with biodegradable nanoparticles

Moderna, Inc Early-stage research Lipid nanoparticleedelivered mRNA

Emergent BioSolutions Inc Early-stage research Inactivated, whole virus

Institut Pasteur of Shanghai Early-stage research Recombinant subunit VLP

Takeda Pharmaceutical
Company Limited

Early-stage research Alum adjuvanted, inactivated whole virus

Edward Jenner Institute for
Vaccine Research

Early-stage research Simian adenovirus vector

VBI Vaccines Inc Early-stage research VLP containing envelope and NS1 proteins

Vaxart, Inc Early-stage research Recombinant oral vaccine

CDC ¼ Centers for Disease Control and Prevention; DENV¼ dengue virus; mRNA ¼ messenger RNA; MVA ¼ modified vaccinia virus ankara; NIH ¼ National Institutes of
Health; R&D ¼ research and development; VLP ¼ virus-like particles; VSV¼ vesicular stomatitis virus; WRAIR ¼Walter Reed Army Institute of Research; ZIKV ¼ Zika virus.
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(AG129) and a strain on the B6 background
lacking IFNAR1. Severe combined immuno
deficiency mice also develop disease but at a
delayed rate compared with AG129. Mice
lacking INF response factors (IRFs
(eg, IRF3, IRF5, IRF7) also exhibit disease
symptoms on experimental infection. Unfor
tunately, the immunosuppressed nature o
these animals complicates vaccine develop
ment and testing. The use of INF
receptoreblocking antibodies can be utilized
in wild-type mice to recapitulate disease sus
ceptibility. The use of neonatal mice and/o
intracranial inoculation can produce some
disease symptoms (eg, neurologic signs o
paralysis). A model of intrauterine infection
has been established in Swiss Jim Lamber
(SJL) mice.70

Although immune responses to ZIKV
have been detected in a large number o
larger animals (water buffalo, goats, lions
sheep), nonhuman primates are the mode
of choice for ZIKV research. Rhesus and cyn
omolgus macaques are most commonly
used. Clinical symptoms include erythema
fever, and lymphadenopathy, and virus can
be found in multiple body fluids.71 New
World monkeys have more severe clinica
symptoms after flavivirus infection than
Old World monkeys and may represent a
more restrictive animal model.72 It should
be noted that different ZIKV strains induce
different symptoms in different animals, sug
gesting that human disease manifestation
may also be strain-dependent. The
nonhuman primate studies have provided
important insights into ZIKV immunity, a
well as efficacy testing for developmenta
vaccines. Together with the mouse strains
these animal models will continue to be use
ful platforms for testing and evaluating ZIKV
vaccines.

CURRENT STATUS OF VACCINE
DEVELOPMENT
The recent outbreaks of ZIKV in the Pacific
and South America significantly heightened
public health awareness of Zika as well a
increased research interest in Zika virology
Mayo Clin Proc. n December 2019
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pathology, epidemiology, and immunology.
In March 2016, the WHO reported 18
ZIKV vaccine programs, and the number
may have grown since then. A wide variety
of formulations are being studied; among
those being tested are live virus vaccines,
inactivated vaccines, whole-virus vaccines,
subunit vaccines, and messenger RNA
(mRNA)e, DNA-, protein-, and vector-
based formulations. Table 2 lists the most
developed of these candidates. Herein, we
will highlight a few of the vaccine
approaches.

The Walter Reed Army Institute of
Research has developed a whole-virus,
formalin-inactivated vaccine.62 This vaccine
has been tested with and without alum, uti-
lizing multiple immunization routes, and in
both mice and nonhuman primates. Vaccina-
tion elicits high-titer neutralizing antibodies
as well as cellular immune responses and
produces sterile immunity in rhesus ma-
caques.73 This vaccine has undergone phase
1 clinical trials (ClinicalTrials.gov Identifier:
NCT02937233, NCT02952833, NCT0296
3909), and another phase 1, dose de-
escalation study examining safety and immu-
nogenicity is ongoing (NCT03008122). The
results from the first 3 trials indicate that
recipients developed robust neutralizing
antibody titers that on transfer into
mice significantly reduced or eliminated viral
titers following ZIKV challenge.74 Adverse
effects were reported by 84% of recipients
but were relatively minor (eg, pain or tender-
ness at injection site, fatigue, headache,
malaise).

rZIKV/D4D30-713 is a live attenuated
vaccine being tested in flavivirus-naive
adults (NCT03611946). This vaccine is con-
structed on the backbone of DENV serotype
4 and expresses ZIKV surface proteins. The
virus vector has been attenuated through
the deletion of a 30 nucleotide sequence in
the 30 untranslated region that drastically re-
duces viral replication. The resulting vaccine
vector has been administered to rhesus ma-
caques and to humans with no serious
adverse events reported.75,76 In addition to
;94(12):2572-2586 n https://doi.org/10.1016/j.mayocp.2019.05.016
www.mayoclinicproceedings.org

https://doi.org/10.1016/j.mayocp.2019.05.016
https://doi.org/10.1016/j.mayocp.2019.05.016
http://www.mayoclinicproceedings.org
http://www.mayoclinicproceedings.org


p
n
p

is
va
T
to
to
h
m
in
ac
n
va
si
A
o
w
le
in
ti
im
im
al
w
m
in
ti
b
w
m
w
m
co
n
lo
al
D
A
n
p

in
(1
p
o
m
an

im
stu
ne
CD
aga
no
res
pro
an
we
(ie

ex
(N
Th
is
ba
als
vir
saf
im
ch
gen
gen

da
pla
prM
str
un
ad
alo
sim
en
H/
87
the
no
ing
10
sch
bin
spo
in
vir
lat
an

wh

ZIKA VIRUS

M
ww
rotein and live virus vaccines, a number of
ucleic acid vaccines have demonstrated
romising results.
Messenger RNA 1325 (NCT03014089)
a noneself-amplifying mRNA-based

ccine expressing a prM-E protein.
he antigen sequence has been modified

remove epitopes in regions known
contribute to DENV ADE.77 Uridines

ave also been replaced with 1-
ethylpseudouridine in order to avoid
nate immune responses to the nucleic
id backbone. AG129 mice developed
eutralizing antibody following a single
ccination, and those titers increased
gnificantly after a booster immunization.
nimals receiving 10 ug of vaccine (with
r without the booster immunization)
ere protected against a lethal ZIKV chal-
nge. A lower vaccine dose (2 ug) resulted
60% protection after a single immuniza-

on and 90% protection after a prime-boost
munization. The effects of the vaccine in
munocompetent mice (C57BL/6) were
so studied. Neutralizing antibody titers
ere low but detectable after a single im-
unization and were significantly
creased following the booster immuniza-
on. Mice were pretreated with IFNAR-
locking antibody and then challenged
ith ZIKV (Dakar 41519). Unimmunized
ice developed high levels of viremia, lost
eight, and experienced a 25% to 30%
ortality rate following challenge. In
ntrast, mice given a prime-boost immu-
ization exhibited no viremia, no weight
ss, and 100% survival. These studies
so demonstrated that removal of the E-
II-FL epitope thought to be involved in
DE did not affect the development of
eutralizing antibodies or vaccine-induced
rotection.
A similar mRNA-based vaccine also

corporates a modified nucleoside
-methylpseudouridine) and encodes the
rM-E glycoproteins of the H/PF/2013 strain
f ZIKV.45 This vaccine construct contains
odified nucleosides intended to boost
tigen production and reduce innate
ayo Clin Proc. n December 2019;94(12):2572-2586 n https://doi.org/1
w.mayoclinicproceedings.org
mune responses to the construct. Mouse
dies revealed that the vaccine elicited
utralizing antibody, antigen-specific
4þ T-cell responses and protected
inst viral challenge. Vaccination of
nhuman primates (rhesus macaques)
ulted in the development of E
teinebinding antibody and neutralizing
tibody, and 80% of immunized animals
re protected against viral challenge
, no detectable viremia).
MV-ZIKA, a recombinant measles virus

pressing the prM and E proteins
CT02996890), has been developed by
emis Bioscience GmbH. This construct
based on the measles virus vaccine

ckbone, which is an approach that has
o shown promise with chikungunya
us. The measles vaccine has an excellent
ety record and results in robust
munity to measles. It is hoped that these
aracteristics are retained when novel anti-
s are added to the measles vaccine virus
ome.
The most advanced vaccine candidates to

te include VRC-ZKADNA090-00-VP, a
smid-based DNA vaccine encoding the
and E proteins of a French Polynesian

ain of ZIKV (H/PF/2013). It is currently
dergoing a phase 2 clinical trial in healthy
ults aged 18 to 35 years (NCT03110770),
ng with VRC-ZKADNA085-00-VP, a
ilar DNA-based plasmid vaccine also
coding the prM and E proteins of the
PF/2013 strain of ZIKV (NCT028404
).78,79 Animal studies demonstrated that
se vaccine candidates were highly immu-
genic in BALB/c and C57BL/6 mice, elicit-
high-titer neutralizing antibodies at 2-,

-, and 50-ug doses. A 2-dose vaccination
edule in rhesus macaques elicited virus-
ding and virus-neutralizing antibody re-
nses. The vaccines also reduceddand,
some animals, eliminateddviremia after
al challenge. The study also found a corre-
ion between protection from challenge-
d prechallenge-neutralizing antibody titer.
VLA1601 is a purified, inactivated,
ole-virus, alum-adsorbed vaccine being
0.1016/j.mayocp.2019.05.016 2581
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tested in flavivirus-naive adult
(NCT03425149). Early study results indicate
that the vaccine elicits neutralizing anti
bodies in a dose- and schedule-dependen
manner.80 This vaccine was developed using
the same platform as the IXIARO Japanese
encephalitis vaccine.

After 2016, the number of ZIKV case
has decreased to the point that phase 3 field
trials of the previously mentioned vaccine
may be difficult or impossible to conduct.4

Nevertheless, evaluating the effectiveness o
these and other vaccine candidates is essen
tial if we are to be prepared for a reemer
gence of the virus. This reemergence may
occur in regions with prior epidemics once
population immunity wanes and/or among
naive populations due to shifts in geographic
range of the Aedes vectors. Governmenta
agencies such as the US Food and Drug
Administration and the European Medicine
Agency are exploring pathways for regulato
ry approval that provide the needed flexi
bility to address ZIKV-specific
considerations.48,81

A wide variety of other preclinical-stage
vaccine candidates are currently being devel
oped. The Mayo Clinic Vaccine Research
Group is using an established mass spec
trometry approach to isolate ZIKV-derived
peptides from infected cells for use as a
peptide-based vaccine. Peptide-based vac
cines have a number of significant advan
tages that would be ideally suited for use a
a ZIKV vaccine: inexpensive to manufacture
safe for universal administration, no cold
chain requirements, easily stored and admin
istered, can contain T- and/or B-cell epi
topes, and have a defined epitope selection
in order to avoid ADE. Preclinical studie
utilizing such peptides in combination with
biodegradable nanoparticles in mice are
currently in progress.

EXPERT COMMENTARY AND A LOOK
AHEAD
We believe that safe and effective Zika vac
cines can be developed and approved; how
ever, major concerns exist. First, because
Mayo Clin Proc. n December 2019
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Zika outbreaks have essentially ceased and
are unpredictable, it is likely that vaccine
development may be stalled and timely
efforts curtailed. Recently, the results of a
WHO/National Institutes of Health confer-
ence on this issue have been published.48

This problem may require the use of the
Food and Drug Administration animal rule,
human challenge studies, passive transfer
animal studies, and other methods in order
to continue to advance vaccine development
and licensure.

Historically, such has been the case when
an emerging pathogen causes substantial
concern and threatens public health, emer-
gency funding from governments results,
only to not be sustained as the epidemic
wanes. The recent lessons of severe acute
respiratory syndrome, Middle East respira-
tory syndrome, Lassa fever, and to a lesser
extent Ebola and others, loom large in this
regard. When financial costs and profit are
uncertain, the private sector will be reluctant
to invest the magnitude of dollars necessary
to bring such a vaccine to the point of licen-
sure. If so, sustainable models for funding
must be developed before the next large out-
breaks of Zika.

Second, given current realities, it is likely
that more than one Zika vaccine type may
need to be developed. For example, an inac-
tivated vaccine will be required for pregnant
women and perhaps women of childbearing
age. Live attenuated vaccines could be
deployed in children, males, and older
adults. Higher-potency or adjuvanted
vaccines may be needed for the immunose-
nescent elderly and those who are immuno-
compromised. DNA- or vector-based
vaccines may prove more immunogenic
and result in longer-lasting immunity.

Third, more research is necessary to deter-
mine what the Zika infection outcomes of in-
terest are that we want vaccine to prevent. Is
it GBS? Zika congenital conditions? Latent
infection and persistence in gonadal organs?
Other? Fourth, issues of vaccine-induced im-
munity are significant. How many doses will
be required and over what time periods?
;94(12):2572-2586 n https://doi.org/10.1016/j.mayocp.2019.05.016
www.mayoclinicproceedings.org
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ow durable and long-lasting will vaccine-
duced immunity be? Are there risks for
DE in humans resulting in inadvertent
arm?Fifth, ethical issues suchashumanchal-
nge studies that include pregnant women in
ccine development clinical trials and include
ildren in clinical trials, among others, must
e defined. These and other important ques-
ons remain and must be solved. Although
e believe they are solvable, it may require
nsiderable timedeven decadesdto do so.
themeantime, themost advanced candidate
ccine in clinical development appears to be
e National Institutes of Health-developed
ccine. It is likely, assuming no safety con-
rns arise in future phase 3 studies, that this
ccine will be the first licensed. This is likely
be followed by additional vaccines and effec-
ve antiviral drugs to treat and prevent infec-
on over the short term.
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ONCLUSION
ublic health urgency, advances in genetics-
ased design of vaccines, and newer insights
immunology have combined to accelerate
ccine development against Zika virus. Mul-
ple vaccine candidates are already in preclin-
al through phase 2 studies, with some
oised to enter phase 3 studies of efficacy.
his is remarkable given the fact that Zika vi-
s went relatively unnoticed until the large
utbreaks in Brazil starting in 2016. On the
ositive side, this extraordinary progress has
sulted from collaborations among
ademia, biotech start-ups, pharmaceutical
mpanies, nongovernmental organizations,
d a variety of funders. On the negative
de, inadequate research funding, late fund-
g given the initial outbreaks in the Yap
lands in 2007, and a variety of difficulties
moving vaccine candidates down the devel-
pment pipeline, have slowed progress. In
articular, governments must invest the
search and development dollars and pro-
de industry incentives for rapid clinical
evelopment to occur. This must be a shared
urden but should particularly have intense
d sustained involvement by the countries
here mosquito abatement has been “too lit-
e too late” and where outbreaks of this
ayo Clin Proc. n December 2019;94(12):2572-2586 n https://doi.org/1
w.mayoclinicproceedings.org
ease have developed. Additionally, these
tbreaks are an excellent example of the
ed for a global funding entitydas called
in a recent publication. It is likely that in
private sector, the costs of Zika vaccine

velopment cannot be recouped due to the
ative lack of current and ongoing large-
le outbreaks. Thus, industry will need in-
tives or government-provided develop-
nt dollars to invest resources into the
ltimillion dollar enterprise needed to
vance a vaccine candidate through to
proval by regulatory authorities.
In the meantime, limited history thus far

ggests that ZIKV outbreaks can strike and
ate relatively rapidly, with limited ability
predict where the next outbreak(s) will
cur. Other unknowns include possible
ther mutational divergence of strains and
development of new Zika clades that

y require more than a monotypic vaccine
full protection. Lastly, thoughtful deci-

ns must be made regarding whom and
th what priority different groups should
eive vaccine, at what ages, and to prevent
ich outcomes. Other issues such as
ether pregnant women can be enrolled
vaccine studies and receive specific vaccine
es will need to be debated and considered.
The health and well-being of the globe
uires a safe and effective Zika vaccine.
r couples of childbearing age desiring to
ve children, the prospect of Zika infection
terrifying. Maternal infections can and do
d to a spectrum of congenital consequen-
dsome of which are severe and much of
ich is yet to be fully unraveled. The global
mmunity must pay attention and remain
deterred by the tyranny of the next ur-
cy that detracts attention away from the
al of a vaccine. It is not simply an infection
ver there”dthis is a global issue that re-
ires a global solution. The future and
alth of the most vulnerable among
dthe yet unbornddepends on our efforts.
e thank Caroline L. Vitse for her editorial
istance in preparing the submitted
nuscript.
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Abbreviations and Acronyms: ADE = antibody-dependen
enhancement; C = capsid; DENV = dengue virus; E = en
velope; GBS = Guillain-Barré syndrome; IFN = interferon
IRF = IFN response factor; mRNA = messenger RNA; prM
= premembrane/membrane; WHO = World Health Orga
nization; ZIKV = Zika virus
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The Thematic Reviews on Vaccines will continue in a
upcoming issue.
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