
Trends
T cell responses are important for
clearance of neurotropic flaviviruses
from the central nervous system and
might also be required for ZIKV.

T cells are stimulated upon flavivirus
infection and can not only contribute
to protection, but also drive
immunopathogenesis.

Conservation between ZIKV epitopes
and other flaviviruses, especially Den-
gue virus (DENV), might induce cross-
reactive T cells.

Preclinical and clinical studies are con-
ducted in parallel to develop a vaccine
and understand the biology of ZIKV
infection, contributing to the acceler-
ated pace of new knowledge gained
relating to ZIKV immunity.

ZIKV vaccine candidates that have
shown protection in mice and nonhu-
man primates induced modest levels
of T cell responses.

Scientific knowledge gained from stu-
dies on ZIKV T cell immunity will help
the rational design of strategies aimed
at increasing T cell immunity that could
improve ZIKV vaccine efficacy.
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The recent Zika virus (ZIKV) epidemic has created an urgent need for a safe and
effective vaccine. There is still a dearth of knowledge about ZIKV immunity, but
years of investigation into the immunobiology of other flaviviruses has helped to
accelerate the development of a ZIKV vaccine. Although the humoral immune
response generates the primary correlate of protection from disease, robust T
cell responses could enhance ZIKV vaccine efficacy. Additionally, pre-existing
immunity to related flaviviruses could generate cross-reactive T cells that may
affect immune responses upon vaccination. In this review, we summarize the
key discoveries in the area of flavivirus T cell immunity and postulate on how
these findings can inform ZIKV vaccine strategies for inducing protective
immunity.

Towards a Zika Virus Vaccine
Until the recent public health emergency in the Western Hemisphere, ZIKV was rarely reported
as a cause of human disease [1–3]. ZIKV was found to be unique within the mosquito-borne
flaviviruses, because it is also transmitted by other modalities, most notably by sexual contact
and vertical transfer [2,4,5]. It usually causes an acute infection with a transient low viremia;
however, in some cases, viral RNA can be detected for longer periods of time in serum and
other bodily fluids, such as urine, saliva, breast milk, and semen, in humans and nonhuman
primates [2,6–11]. The ability of ZIKV to replicate in the host for long periods of time in immune
privileged sites, and to cause persistent infection in the central nervous system (CNS) presents
unique challenges for preventing and controlling infection [11–13]. Although most cases of ZIKV
infection are asymptomatic or mild in presentation, reports of neurologic sequelae, such as
Guillain–Barré syndrome in adults, microcephaly, and other fetal development anomalies have
heightened the attention paid to this virus [14–19]. The global research community has quickly
mobilized to elucidate the underlying mechanisms of ZIKV disease and to develop safe and
effective countermeasures; yet, there is still an incomplete understanding of ZIKV immunity.
However, the existing body of knowledge on the immunobiology of other flaviviruses provides
an opportunity to inform a better understanding of ZIKV immunity and its application to the
development of a ZIKV vaccine.

Past efforts to develop and license vaccines against flaviviruses aimed to elicit high titers of
neutralizing antibodies (Nabs), which typically correlated with protection from clinical disease
[20,21]. Several ZIKV vaccine candidates, shown to be efficacious in different animal models,
have correlated protection with the induction of Nabs (reviewed in [12,22]). In addition to
antibodies, licensed flavivirus vaccines, such as those against yellow fever virus (YFV), Japa-
nese encephalitis virus (JEV), and tick-borne encephalitis virus (TBEV), have been shown to
elicit strong T cell responses [21,23–25]. For example, the live-attenuated 17D yellow fever
vaccine induces strong CD4 and CD8 T cell responses that correlate with antibody responses
[26]. By contrast, Dengue virus (DENV) vaccine candidates have elicited Nabs titers that only
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weakly correlate with protection, leading the field to explore cell-mediated immune responses
as an additional parameter of flavivirus vaccine immunogenicity [21,27]. The quality of T cell
responses against ZIKV may also be critical for determining protective versus pathogenic
immunity and, therefore, may also influence ZIKV vaccine efficacy. In this review, we discuss the
importance of T cell responses during the natural history of flavivirus infections and how this
knowledge can inform the rational design and development of an effective ZIKV vaccine. We
report recent data on T cell immunity in the context of ZIKV infection and the knowledge gaps
that remain. Given concerns about the impact of pre-existing immunity on subsequent flavivirus
infections, we also discuss the potential interaction of flavivirus memory immune responses on
new ZIKV T cell responses and the strategies to enhance ZIKV vaccine efficacy through T cell
immunity.

T Cell Responses to Flavivirus Infections
For neuroinvasive flaviviruses, T cell-mediated immunity is important for protection from disease
and for viral clearance from the CNS [28–33]. CD4 T cells, although of lower frequency than
CD8 T cells during flavivirus infection, are important in providing help to cytotoxic T cells and B
cells and are required for antibody maturation. In one murine model, CD4 T cell depletion
impaired IgG production and CD8 T cell activation after West Nile virus (WNV) infection [34].
CD4 T cells have also been shown to be essential for DENV clearance in mice [35]. In humans,
the presence of multifunctional CD4 T cells has been suggested as an indicator of protection
against severe DENV disease and JEV [23,36]. Moreover, a subtype of CD4 T cells with
cytotoxic function was found in DENV-immune individuals carrying HLA alleles associated
with protection from severe disease, suggesting a protective role for this T cell subtype [37]. For
ZIKV infection, CD4 T cell responses have also been detected in infected nonhuman primates
[6,7,11], and characterized in wild-type C57BL/6 mice, where antigen-experienced CD4 T cells
showed a typical Th1 cytokine profile, with a high degree of polyfunctionality in which most cells
produced IFN-g, TNF-a, and IL-2 [38]. In human donors with a history of ZIKV infection,
memory ZIKV-specific CD4 T cells have been detected in the CXCR3+ Th1 compartment [39].
These studies demonstrate that, similarly to other flaviviruses, ZIKV infection induces effector
CD4 T cell responses. More studies on its contribution to the production of Nabs and cytotoxic
T cell responses could help identify novel correlates of protection that might be useful for
flavivirus vaccine development.

There are more data available on CD8 than CD4 T cell immunity against ZIKV and other
flavivirus infections. In one mouse study, Nabs were able to clear WNV viremia in CD8 T cell-
depleted animals, but virus persisted in the CNS for several weeks, suggesting a role for CD8 T
cells in purging the viral reservoir from tissues [40]. Similarly, in mice infected with JEV or DENV,
viral clearance from the brain and spinal cord tissues was shown to be primarily mediated by
CD8 T cells [32,41]. Given the neurotropism of ZIKV and its presence in fetal brain tissues and
cerebrospinal fluid in both humans and animal models [6,17,18,42–44], CD8 T cells may have a
key role in clearing ZIKV from the CNS and, thus, in preventing or mitigating neurological
complications. A recent study in nonhuman primates showed that no antibodies are present in
the CNS during persistent ZIKV infection and the decrease in viral loads in CNS coincided with
initiation of cellular immune responses [11]. New studies in animal models suggest a protective
role for CD8 T cell responses against ZIKV. Wild-type as well as IFNAR�/�mice develop robust,
polyfunctional, cytotoxic CD8 T cell responses after ZIKV infection [38,45]. Depletion of CD8 T
cells in these mice before challenge with ZIKV resulted in higher ZIKV titers in both serum and
tissues, while adoptive transfer of memory ZIKV-specific CD8 T cells into naïve susceptible
mice resulted in decreased viral loads after infection [45,46]. In HLA-transgenic mice, immuni-
zation with immunodominant ZIKV peptides elicited CD8 T cells responses that lowered ZIKV
titers in the serum, livers, and brains of mice after viral challenge [47]. Activation of CD8 T cells
after ZIKV infection was found to be diminished in pregnant mice, which might facilitate viral
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Box 1. Immunopathogenesis of Dengue Infection

Epidemiologic data have shown that DENV primary infection generates serotype-specific immunity that results in
protection against re-infection with the same DENV serotype. However, a secondary infection with a heterologous
serotype can result in a more pathogenic outcome [50]. The higher risk for severe disease in secondary infection has
been attributed to both humoral and cellular immunity, which may predispose to an immunopathology, contributing to
the development of DENV hemorrhagic fever and DENV shock syndrome. Antibody-dependent enhancement (ADE) is
hypothesized to occur when antibodies specific for a heterologous DENV serotype are unable to neutralize viral particles
and, instead, may facilitate virus entry into target cells through antibody-virus complexes binding to Fcg receptors on the
cell surface. On the cellular immunity arm, cross-reactive T cells are preferentially activated during a secondary DENV
infection with a heterologous serotype, recalling memory from the primary infection instead of activating naïve T cells that
may express higher avidity receptors, a phenomenon called ‘original antigenic sin’ [110]. These cells usually show low
avidity for the secondary serotype resulting in poor-quality cytotoxic function, which leads to a delay in viral clearance,
resulting in higher viral loads [56]. These suboptimal cross-reactive T cells produce a different pattern of cytokines,
predominantly inflammatory [54,111,112]. Thus, it is believed that a protective cellular immune response to DENV
should stimulate high-avidity, homologous responses against all serotypes [99].
spread to the fetus [48]. These preliminary studies in animal models point to a protective role of
CD8 T cells in ZIKV infection that should be further investigated in humans.

While the protective role of CD8 T cell immunity has been demonstrated in animal models of
flavivirus infection [33,49], both protective and pathogenic roles have been suggested for DENV
infection (Box 1) [50,51]. Strong multifunctional CD8 T cell responses have been associated
with protection against DENV infection [52]. However, secondary DENV infections can reacti-
vate memory CD8 T cells generated after the primary DENV infection that recognize a different
DENV serotype with suboptimal avidity, which results in the proliferation of poor-quality T cells
that may contribute to more severe outcomes. Some studies have found a positive correlation
between the magnitude of DENV-specific CD8 T cell response and the severity of disease,
showing that, although occurring in higher frequencies, DENV-specific T cells in severe disease
showed lower levels of degranulation and produced more inflammatory cytokines than in less-
severe DENV fever [53–55]. However, these features could be restricted to some HLA-
restricted epitopes, since other studies involving genetically different populations and other
immunodominant epitopes did not confirm this correlation [36,56].

Harmful CD8 T cell responses could also be implicated in the mechanism of ZIKV-induced
Guillain–Barré syndrome, because cross-reactive immune responses induced by the virus may
target antigens on host neural tissues [57–59]. Accordingly, common peptides between ZIKV
and human proteins associated with Guillain–Barré syndrome and congenital brain malforma-
tions have been found, indicating a potential autoimmune process [60].

T Cell Specificity for ZIKV and Cross-Reactivity with Other Flaviviruses
A comprehensive understanding of ZIKV T cell specificity and cross-reactivity with other
flaviviruses is critical because ZIKV is spreading in regions where DENV is endemic, YFV
outbreaks are increasing, and first responders may have been vaccinated against flaviviruses,
if not previously infected with them. ZIKV proteins share approximately 55–58% amino acid
identity with other flaviviruses, including JEV, WNV, DENV, and St Louis encephalitis virus
(SLEV) [61]. The flavivirus genome encodes a polyprotein precursor that generates three
structural proteins: C (capsid), prM (pre-membrane), and E (envelope); and seven nonstruc-
tural proteins: NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5. Circulating ZIKV strains
worldwide belong to a single serotype [62], although genetic variation has been noted
between African and Asian ZIKV lineages. The limited diversity among ZIKV strains (approxi-
mately 99% amino acid identity) and the ability of ZIKV-immune sera to broadly neutralize
different strains [62–64] suggests that immunity to one ZIKV strain should protect against
heterotypic ZIKV infection, as has been shown in a mouse model [65]. The risk of increased
severity of disease in secondary ZIKV infections may be less of a concern than for DENV,
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Figure 1. Proportion of Zika Virus (ZIKV), Dengue Virus (DENV), and Flavivirus Sequences Matching a Reference ZIKV Strain. The percentage of
sequences identical to a ZIKV natural isolate (strain PRVABC59, Puerto Rico) across the proteome was calculated for fragments of nine amino acids (9-mers) from three
subsets of flavivirus sequences corresponding to ZIKV genomes (in blue, n = 126), DENV genomes (in green, n = 866, representative of the four serotypes) and other
flavivirus genomes (in gray, 48 different flaviviruses, one genome per virus). While the conservation across the entire proteome is high for ZIKV sequences, coverage for
the four DENV serotypes or other flaviviruses is limited to specific parts of the proteome, specifically in parts of E protein, and the NS3 and NS5 proteins.
which shows more variability in intra- and interserotypes. In addition, a few segments of the
ZIKV proteome are conserved across flaviviruses that co-circulate in the same regions,
especially DENV, and may permit interactions of immune responses by cross-reactive
recognition (Figure 1) [64]. These cross-reactive responses could be protective if they result
in the boosting of efficient responses [66], but could also raise the possibility of antibody-
dependent enhancement (ADE) and the phenomenon of original antigenic sin, in which
suboptimal antibodies and T cells would contribute to an increased risk of severe disease.
While DENV-immune sera have been shown to promote ADE of ZIKV pathogenesis in vitro
and in immunodeficient mice [67,68], less is known about the interaction of T cell responses
to different flaviviruses.

There is a limited understanding of T cell immunity against flaviviruses in humans; some
epitopes have been identified, mainly in DENV and WNV (because of their public health
importance) [52,54,69,70], but comprehensive mapping data are lacking for other flaviviruses.
Some ZIKV CD8 T cell epitopes have been mapped in the murine model for almost all viral
proteins, although predominantly for the E protein (Table S1 in Supplemental Information) [45].
An immunodominant CD8 T cell epitope for H-2b mice was identified in E294-302 by two
independent studies, regardless of the viral strain used for infection [38,45]. Additional CD8
immunodominant epitopes in H-2b mice were found in E297–305, prM169–177, and NS52783–2792
[45]. In nonhuman primates infected with ZIKV, CD4 and CD8 T cells directed against capsid, E,
and NS5 proteins have been detected [6,7]. These data seem to be in contrast to responses
documented for other flaviviruses where CD8 T cell responses to nonstructural proteins,
particularly to NS5 and NS3, appear to be more frequent (Figure 2A) [36,52,71–73]. Whether
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Figure 2. Schematic of T Cell Antigens across the Flavivirus Polyprotein. (A) The flavivirus polyprotein precursor is
synthesized in association with the endoplasmic reticulum (ER) membrane and is cleaved to generate all ten viral proteins.
The membrane topology of the polyprotein might impact antigen presentation through MHC class I or II, influencing their
potential to stimulate CD8 and CD4 responses, respectively. Although the schematic postulates a predominance of CD4
or CD8 T cell responses for certain viral proteins, some exceptions can be made because immunodominant epitopes are
also described for CD4 T cell responses towards NS3 and NS5. (B) Vaccine platforms based on replicative virus (such as
live-attenuated virus) would express all the viral polyprotein products, including structural and nonstructural proteins (in
green and yellow, respectively), while nonreplicative vaccine platforms (which would include purified inactivated virus,
plasmid-DNA based vaccine, subviral particles or viral-like particles) would present only structural proteins (in green), in
which the most antigenic epitopes for CD8 T cells and some for CD4 T cells would be lacking.
there is a real distinction in CD8 T cell epitope targeting between ZIKV and other flavivirus
infections will need to be confirmed in humans. A study using DENV2 peptides showed that
CD4 T cells target proteins present in the viral particle (mainly E and C proteins) and the
secreted NS1 protein, which are also targeted by B cells [69]. DENV-specific CD4 T cell
responses targeting NS3 and NS5, in addition to C protein, have also been demonstrated
in individuals vaccinated with a live-attenuated DENV vaccine candidate [74]. Mapping immu-
nodominant epitopes of different flaviviruses will help to screen targets for specific or cross-
reactive T cell responses and to establish the potential consequences of pre-existing immunity.

Data are still scarce on dominant human CD4 and CD8 T cell epitopes in ZIKV infection. CD4 T
cell responses to NS1 and E proteins were detected in ZIKV-immune individuals, and showed
low levels of cross-reactivity to DENV, even in individuals exposed to both viruses [39], although
immunodominant epitopes could not be mapped, because T cells were stimulated with whole
proteins. CD8 T cell epitopes for ZIKV have been mapped in HLA-transgenic mice, revealing
CD8 T cell epitopes in the E protein for both HLA-B*0702 and HLA-A*0101 transgenic mice,
598 Trends in Immunology, August 2017, Vol. 38, No. 8



but a larger number of epitopes in nonstructural proteins for HLA-B*0702 transgenic than for
HLA-A*0101 transgenic mice [47]. This study also demonstrated changes in immunodomi-
nance patterns between naïve and DENV-immune mice, in which previous immunity to DENV
modulated CD8 T cell responses towards conserved epitopes that stimulated cross-reactive
responses, leading to a reduced breadth of CD8 T cell responses. Importantly, the induction of
these altered immunodominant cross-reactive CD8 T cell responses was equally protective
against ZIKV challenge compared with ZIKV-specific responses. A similar change in T cell
hierarchy was also described for secondary DENV infection with heterologous serotypes [75].
Additionally, in the presence of subneutralizing anti-DENV antibodies, CD8 T cells were shown
to be required for protection and to prevent ADE in mice subjected to secondary heterologous
DENV infection [49,76]. These findings suggest that the generation of cross-reactive T cell
responses by a secondary flavivirus infection (following a primary natural infection or vaccina-
tion) is protective even in conditions permissive to ADE, and might be key for preventing
antibody-mediated severe disease.

Crossprotection between JEV and DENV has been demonstrated in mice and in humans. Mice
vaccinated with both inactivated and live-attenuated JEV vaccine showed overlapping immune
responses and crossprotection against all serotypes of DENV [77]. Conversely, in humans pre-
exposed to DENV who were subsequently infected with JEV, the presence of cross-reactive T
cell responses was associated with better clinical outcomes [23]. Little is known about the
crossprotection between ZIKV and other flaviviruses. A study in nonhuman primates infected
with ZIKV showed that pre-existing immunity to DENV or YFV led to a higher magnitude of
CD4 T cell activation and higher titers of anti-ZIKV IgG, which might indicate that ZIKV-specific
responses benefit from pre-existing flavivirus immune memory. However, this flavivirus pre-
immunity did not result in crossprotection against ZIKV infection, since no difference was
observed between flavivirus-immune versus flavivirus-naïve macaques regarding ZIKV viral
replication or in clinical and pathological analyses [78]. Whether crossprotection between other
flaviviruses and ZIKV can be detected in humans is still an open and important question, the
answer of which may guide a ZIKV vaccine.

T Cell Responses to Flavivirus Vaccines
Licensed vaccines against flaviviruses already exist, including live-attenuated YFV vaccine
(LAV), the purified inactivated virus (PIV) for TBEV (only in Europe), and multiple platforms for
JEV, including LAV, PIV, and a live-chimeric vaccine [20,79]. The development of an effective
vaccine against DENV has been challenging; however, a chimeric vaccine with an attenuated
YFV backbone has recently been licensed in some countries [80]. T cell responses elicited by
these vaccines have been studied and provide insights into the type of T cell immunity that
could be induced by a ZIKV vaccine.

The live-attenuated YFV vaccine that was initially developed in 1937 is still one of the most
successful vaccines ever licensed, with an effectiveness of 90% and durability of several
decades [81]. This attenuated virus is able to infect antigen-presenting cells [82] and stimulate
a robust adaptive immune response, characterized by the generation of high titers of Nabs, a
polyfunctional CD8 T cell response, as well as activation of CD4 T cells exhibiting a balanced
Th1 and Th2 profile [25,83–86]. Early activation of CD4 T cells precedes activation of CD8 T
cells and B cell maturation [87], and is associated with higher titers of Nabs [88]. Activated CD8 T
cells, which peak 2 weeks after vaccination, are detected in blood at time-points that coincide with
a viral load decline [83,89,90]. YFV-specific effector CD8 T cells exhibit a CD45RA�PD-1+

phenotype that transitions to a CD45RA+PD-1� phenotype on memory YFV-specific CD8 T cells
[87]. A similar phenotype of fully differentiated memory CD8 T cells has also been shown in DENV-
specific responses [91] and the transient expression of PD-1 in effector cells was also detected in
CD8 T cells from individuals bearing HLA alleles associated with resistance to DENV disease,
Trends in Immunology, August 2017, Vol. 38, No. 8 599



suggesting that this marker could be a surrogate of a protective T cell response [92]. Under a
specific viremia threshold, the magnitude of the YFV-specific CD8 T cell response correlated
with viral load (although there was no association with higher viremia), highlighting that the
antigen load can influence the magnitude of response [89]. The frequency of YFV NS4B-
specific CD8 T cells also correlated with YFV Nabs titer, suggesting that activation of cellular
and humoral responses induced by vaccination depends on common factors [26]. This latter
study also demonstrated that an activated immune microenvironment before vaccination
impaired both arms of adaptive immune responses and shortened the duration of immuno-
logical memory [26].

Due to its success, the YFV vaccine has been the basis for developing chimeric vaccines
against other flaviviruses, such as DENV, JEV, and WNV, in which the structural genes
encoding prM and E are inserted in place of homologous genes in the attenuated YFV
backbone [93]. The chimeric tetravalent DENV vaccine (CYD-TDV), comprising the four DENV
serotypes, stimulates CD4 and CD8 T cell responses towards the structural proteins E and prM
of all four serotypes, which show a Th1-biased profile [94]. Phase III clinical trials revealed higher
vaccine efficacy for recipients who were DENV seropositive at the time of vaccination and, in
general, the vaccine reduced the risk of severe disease, except for the 2–5-year-old group,
which had a higher incidence of hospitalization [95]. Although age could be a covariant for
vaccine efficacy, it is likely that DENV-naïve individuals predominated in this younger age group.
Thus, in DENV-naïve recipients, the vaccine could prime immune responses equivalent to a
primary infection that, after decay of optimal levels, would increase the risk of severe disease
upon reinfection, while in DENV-immune individuals, the vaccine would boost pre-existing
immune responses contributing to protection [96]. Interestingly, this vaccine boosts CD8 T cell
responses towards DENV NS3 epitopes in DENV-immune individuals [94], demonstrating
cross-reactive T cell activation, since the vaccine contains the gene encoding YFV NS3. This
is an interesting finding, given that no cross-reactive NS3-specific CD8 T cell responses were
detected in flavivirus-naïve vaccinated individuals [97]. Given the absence of DENV nonstruc-
tural proteins in this chimeric DENV vaccine, the lack of DENV-specific T cell stimulation in
response to these main targets might have accounted for the low efficacy observed for the
vaccine in flavivirus-naïve individuals [98]. Conversely, the reactivation of memory T cells that
cross-reacted with YFV nonstructural proteins present in the chimeric vaccine may have been
partly responsible for the higher efficacy in DENV-immune individuals. Moreover, pre-existing
immunity against YFV and JEV resulted in quicker and broader T cell responses and higher
antibody titers [99]. In mice, it has also been shown that sequential immunizations with different
YFV chimeric vaccines stimulated cross-reactive T cell responses directed to E protein
epitopes and also boosted YFV NS3-specific CD8 T cells [100].

Another DENV vaccine candidate that is in clinical trials (TV003/TV005) comprises a tetravalent
formulation of an attenuated DENV. Individuals vaccinated with only one serotype component
of this vaccine showed T cell responses to both structural (10–37%) and nonstructural (63–
90%) proteins. However, when individuals were vaccinated with the tetravalent formulation,
97% of T cell responses were directed to nonstructural proteins, predominantly to the most
conserved epitopes [101]. Tetravalent vaccination was also shown to elicit T cell responses
similar in magnitude and breath to those after natural DENV infection [74].

All these data were generated from live-attenuated vaccines that induce T cell responses
against the entire viral proteome. However, for ZIKV, other vaccination strategies are prioritized
over the live-attenuated approach, thus limiting the likelihood that a ZIKV vaccine that is
licensed will induce potent T cell responses. Since inactivated vaccines or virus-like particles
are nonreplicative, they only present structural proteins as antigens, which are principally
targets for neutralizing antibodies, in contrast to replicative vaccines, which contain structural
600 Trends in Immunology, August 2017, Vol. 38, No. 8



and nonstructural proteins (Figure 2B) [24]. The lack of viral protein production inside host cells
and the absence of nonstructural proteins, which would be potent targets for CD8 T cell
stimulation, might account for the weak stimulation of T cell response by inactivated vaccines
and, thus, may potentially result in the poor induction of long-term protection. This could be
overcome by the incorporation of potent T cell epitopes in the vaccine formulation. For instance,
incorporation of the helicase domain of DENV NS3 protein into a PIV vaccine against DENV-2
was shown to enhance CD4 T cell responses as well as antibody production in mice [102].

Development of an Effective ZIKV Vaccine
The development of a vaccine against ZIKV has advanced rapidly from preclinical to clinical
testing in the year since a public health emergency of international concern was declared.
Nonreplicative vaccine strategies are favored for their safety profile, especially in the population
likely to be targeted for vaccination, namely, women of child-bearing age [103]. Several vaccine
approaches have been tested in animals, including nucleic acid vaccines [104,105], purified
inactivated virus, vector-based vaccines [106,107], and live-attenuated ZIKV [12,108]. A
plasmid DNA vaccine encoding the prM and E gene sequences from a Brazilian isolate (strain
Brazil BeH815744) and an alum-adjuvanted PIV vaccine were able to provide complete
protection in mice and rhesus monkeys against ZIKV challenge [106,107]. In addition to
neutralizing antibody production, these vaccines also induced modest T cell response towards
E protein; however, the subset of T cells activated was not discriminated. Depletion of CD4 and
CD8 T cells before viral challenge did not abrogate protection [106], and vaccine efficacy was
attributed to antibodies, because the titer of E protein-specific binding antibodies and Nabs
correlated with protection. Additionally, adoptive transfer of purified IgG from mice vaccinated
with plasmid DNA provided near-complete protection to nonvaccinated mice, depending on
the dose administered [107]. However, purified IgG from PIV-vaccinated monkeys was only
partially protective for naïve monkeys, suggesting that antibodies alone will not be sufficient to
achieve complete protection against ZIKV challenge. Importantly, no enhancement was
observed in IgG-treated animals that became infected because they exhibited lower viremia
than nontreated control animals, an important reassurance regarding PIV vaccine safety [106].
The same prM/E insert used for the plasmid DNA vaccine, administered through a single-shot
recombinant rhesus adenovirus (serotype 52) vector, elicited higher levels of T cell responses
and neutralizing antibodies than the DNA plasmid vaccine and also completely protected
rhesus monkeys against ZIKV challenge [106]. These optimistic results of vaccine protection
were obtained upon intravenous and subcutaneous challenge. Since other routes, such as
vertical and sexual transmission, have also been implicated in ZIKV epidemic, other routes of
challenge as well as protection of the fetus by challenging pregnant animals should also be
explored.

The ZIKV vaccine platforms being tested in human trials (PIV, plasmid DNA, mRNA, and viral
vector platforms [109]) will likely induce weak T cell responses limited to the structural
proteins (Figure 3). PIV are promising candidates for the rapid control of the ZIKV epidemic,
because the platform has a well-established profile of safety and efficacy for other flavivi-
ruses (JEV and TBEV). In a rational design to promote T cell responses, several avenues can
be taken. The use of adjuvants to formulate these vaccines could enhance the magnitude of
T cell responses. These vaccines can also be formulated to include nonstructural proteins or
peptides containing immunodominant epitopes for T cells that would increase the breadth of
T cell responses to nonstructural proteins. Finally, a combination of these ZIKV vaccines with
other flavivirus vaccines could be a good strategy to take advantage of the pre-immune
cross-reactive memory to broaden immune responses and increase vaccine efficacy.
Moreover, the vaccination of individuals having been infected by other flaviviruses in the
past could also benefit from the cross-reactive T cell responses for conserved epitopes with
ZIKV.
Trends in Immunology, August 2017, Vol. 38, No. 8 601
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Figure 3. Strategies to Improve Zika Virus (ZIKV) Vaccine Efficacy. The ZIKV vaccine platforms currently being
tested in clinical trials will likely induce weak T cell responses limited to the structural proteins. Different approaches can
enhance the efficacy of these vaccines by inducing higher frequencies and broader T cell responses. While vaccine
formulation with T cell stimulator adjuvants and addition of T cell immunodominant epitopes are strategies focused on T cell
responses, pre-immunity to flaviviruses acquired from natural infection or vaccination would also induce the production of
cross-reactive antibodies and, therefore, the consequences of which on the risk of generating immunopathology by
antibody-dependent enhancement (ADE) should investigated.

Outstanding Questions
How important are T cell responses for
effective protection against ZIKV?
Would T cell responses be required
to prevent congenital ZIKV syndrome?

What T cell epitopes from ZIKV pro-
teins are mostly targeted by humans?
Is this immunodominance pattern sim-
ilar to that of other flaviviruses?

What will be the level of cross-reactivity
between ZIKV and other flaviviruses T
cell epitopes?

Are some T cell responses detrimental
to protection?

Which vaccine strategy could enhance
the magnitude, breadth, and quality of
ZIKV-specific T cell responses to
increase vaccine efficacy?

Will pre-existing immunity against
other flaviviruses contribute or impair
the elicitation of protective immunity
against ZIKV?
Concluding Remarks
ZIKV vaccine studies have greatly benefited from previous knowledge and technologies applied
to other flaviviruses. Although the assessment of T cell responses has not been a priority in
flavivirus vaccine studies, a better understanding of such responses could help define the
determinants of effective immunity and, ultimately, correlates of protection and immunopa-
thology. The first studies available on T cells in ZIKV infection appear to indicate that the
epitopes targeted are mostly in structural proteins and differ from those seen with other
flaviviruses, where mostly nonstructural proteins are dominant, although these preliminary
results were from studies performed in mouse models and may not reflect what occurs in
humans. This will need to be confirmed in future studies in humans. The unique route of
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transmission, pathogenesis, and tropism might also create specific challenges for ZIKV
protection compared with other flaviviruses and might require eliciting a different quality of
T cell responses. Cross-reaction among co-circulating flaviviruses must be taken into account,
and more studies considering both humoral and cellular immunity should elucidate the
protective or detrimental role of pre-existing flavivirus immunity to ZIKV infection and vaccina-
tion. The vaccine candidates under development have shown promise to quickly control the
ZIKV epidemic. DNA and PIV vaccines have the advantage of providing a safe approach ideal
for women of child-bearing age, an important factor for preventing ZIKV-associated micro-
cephaly and other congenital abnormalities. Further studies will show whether these types of
ZIKV vaccine could take advantage of additional strategies to enhance T cell immunity in
addition to generating a strong humoral response or from the pre-existing immunological
memory induced by natural flavivirus infection or by heterologous flavivirus vaccination (see
Outstanding Questions). The unique challenges of the recent ZIKV outbreak have produced a
collaborative and integrative environment where both scientific advances and clinical develop-
ment are conducted together at a record pace to resolve these questions.

Acknowledgments
We thank Randy Thompson for helping with the graphical design and Yifan Li for plotting the comparison of flaviviruses

sequences. This work was supported by a cooperative agreement (W81XWH-07-2-0067 and W81XWH-11-0174)

between the Henry M. Jackson Foundation for the Advancement of Military Medicine, Inc., and the US Department

of Defense (DOD). This research was funded, in part, by the US Defense Health Agency Funding (0130602D16) and by the

US National Institute of Allergy and Infectious Diseases through an Interagency Agreement with the US Army (Y1-AI-2642-

17). The content is solely the responsibility of the authors and does not necessarily represent the official views of the US

Department of Defense or the Department of the Army.

Supplemental Information
Supplemental information associated with this article can be found online at http://dx.doi.org/10.1016/j.it.2017.05.004.

References

1. Musso, D. and Gubler, D.J. (2016) Zika virus. Clin. Microbiol.

Rev. 29, 487–524

2. Petersen, L.R. et al. (2016) Zika virus. N. Engl. J. Med. 374,
1552–1563

3. Fauci, A.S. and Morens, D.M. (2016) Zika virus in the Americas –

yet another arbovirus threat. N. Engl. J. Med. 374, 601–604

4. Grischott, F. et al. (2016) Non-vector-borne transmission of Zika
virus: a systematic review. Travel Med. Infect. Dis. 14, 313–330

5. D’Ortenzio, E. et al. (2016) Evidence of sexual transmission of
Zika virus. N. Engl. J. Med. 374, 2195–2198

6. Dudley, D.M. et al. (2016) A rhesus macaque model of Asian-
lineage Zika virus infection. Nat. Commun. 7, 12204

7. Osuna, C.E. et al. (2016) Zika viral dynamics and shedding in
rhesus and cynomolgus macaques. Nat. Med. 22, 1448–1455

8. Bonaldo, M.C. et al. (2016) Isolation of infective Zika virus from
urine and saliva of patients in Brazil. PLoS Negl. Trop. Dis. 10,
e0004816

9. Paz-Bailey, G. et al. (2017) 2017 Persistence of Zika virus in
body fluids – preliminary report. N. Engl. J. Med. Published
online February 14, 2017. http://dx.doi.org/10.1056/
NEJMoa1613108

10. Sotelo, J.R. et al. (2017) Persistence of Zika virus in breast milk
after infection in late stage of pregnancy. Emerg. Infect. Dis. 23,
856–857

11. Aid, M. et al. (2017) Zika virus persistence in the central nervous
system and lymph nodes of rhesus monkeys. Cell 169, 610–620

12. Pierson, T.C. and Graham, B.S. (2016) Zika virus: immunity and
vaccine development. Cell 167, 625–631

13. Lazear, H.M. and Diamond, M.S. (2016) Zika virus: new clinical
syndromes and its emergence in the Western Hemisphere. J.
Virol. 90, 4864–4875

14. Brasil, P. et al. (2016) Zika virus infection in pregnant women in
Rio de Janeiro. N. Engl. J. Med. 375, 2321–2334
15. Brasil, P. et al. (2016) Guillain–Barre syndrome associated with
Zika virus infection. Lancet 387, 1482

16. Carteaux, G. et al. (2016) Zika virus associated with meningo-
encephalitis. N. Engl. J. Med. 374, 1595–1596

17. Mecharles, S. et al. (2016) Acute myelitis due to Zika virus
infection. Lancet 387, 1481

18. Mlakar, J. et al. (2016) Zika virus associated with microcephaly.
N. Engl. J. Med. 374, 951–958

19. Gulland, A. (2016) Zika virus is a global public health emergency,
declares WHO. Br. Med. J. 352, i657

20. Ishikawa, T. et al. (2014) A review of successful flavivirus vac-
cines and the problems with those flaviviruses for which vac-
cines are not yet available. Vaccine 32, 1326–1337

21. Srikiatkhachorn, A. and Yoon, I.K. (2016) Immune correlates for
dengue vaccine development. Expert Rev. Vaccines 15, 455–
465

22. Barouch, D.H. et al. (2017) Prospects for a Zika virus vaccine.
Immunity 46, 176–182

23. Turtle, L.etal. (2016)HumanT cell responsestoJapaneseenceph-
alitis virus in health and disease. J. Exp. Med. 213, 1331–1352

24. Schwaiger, J. et al. (2014) Specificities of human CD4+ T cell
responses to an inactivated flavivirus vaccine and infection:
correlation with structure and epitope prediction. J. Virol. 88,
7828–7842

25. Pulendran, B. (2009) Learning immunology from the yellow fever
vaccine: innate immunity to systems vaccinology. Nat. Rev.
Immunol. 9, 741–747

26. Muyanja, E. et al. (2014) Immune activation alters cellular and
humoral responses to yellow fever 17D vaccine. J. Clin. Invest.
124, 3147–3158

27. Rothman, A.L. et al. (2015) Analysis of cell-mediated immune
responses in support of dengue vaccine development efforts.
Vaccine 33, 7083–7090
Trends in Immunology, August 2017, Vol. 38, No. 8 603

http://dx.doi.org/10.1016/j.it.2017.05.004
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0005
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0005
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0010
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0010
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0015
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0015
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0020
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0020
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0025
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0025
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0030
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0030
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0035
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0035
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0040
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0040
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0040
http://dx.doi.org/10.1056/NEJMoa1613108
http://dx.doi.org/10.1056/NEJMoa1613108
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0050
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0050
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0050
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0055
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0055
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0060
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0060
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0065
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0065
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0065
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0070
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0070
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0075
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0075
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0080
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0080
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0085
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0085
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0090
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0090
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0095
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0095
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0100
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0100
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0100
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0105
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0105
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0105
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0110
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0110
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0115
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0115
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0120
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0120
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0120
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0120
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0125
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0125
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0125
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0130
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0130
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0130
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0135
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0135
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0135


28. Yauch, L.E. et al. (2009) A protective role for dengue virus-
specific CD8+ T cells. J. Immunol. 182, 4865–4873

29. Bassi, M.R. et al. (2015) CD8+ T cells complement antibodies in
protecting against yellow fever virus. J. Immunol. 194, 1141–
1153

30. Mathews, J.H. et al. (1992) A synthetic peptide to the E glyco-
protein of Murray Valley encephalitis virus defines multiple virus-
reactive T- and B-cell epitopes. J. Virol. 66, 6555–6562

31. Hughes, H.R. et al. (2012) A West Nile virus CD4 T cell epitope
improves the immunogenicity of dengue virus serotype 2 vac-
cines. Virology 424, 129–137

32. Larena, M. et al. (2011) Pivotal role of antibody and subsidiary
contribution of CD8+ T cells to recovery from infection in a
murine model of Japanese encephalitis. J. Virol. 85, 5446–5555

33. Zellweger, R.M. et al. (2013) Role of humoral versus cellular
responses induced by a protective dengue vaccine candidate.
PLoS Pathog. 9, e1003723

34. Sitati, E.M. and Diamond, M.S. (2006) CD4+ T-cell responses
are required for clearance of West Nile virus from the central
nervous system. J. Virol. 80, 12060–12069

35. Yauch, L.E. et al. (2010) CD4+ T cells are not required for the
induction of dengue virus-specific CD8+ T cell or antibody
responses but contribute to protection after vaccination. J.
Immunol. 185, 5405–5416

36. Mathew, A. et al. (2014) Elucidating the role of T cells in protec-
tion against and pathogenesis of dengue virus infections. Future
Microbiol. 9, 411–425

37. Weiskopf, D. et al. (2015) Dengue virus infection elicits highly
polarized CX3CR1+ cytotoxic CD4+ T cells associated with
protective immunity. Proc. Natl. Acad. Sci. U. S. A. 112,
E4256–E4263

38. Pardy, R.D. et al. (2017) Analysis of the T cell response to Zika
virus and identification of a novel CD8+ T cell epitope in immu-
nocompetent mice. PLoS Pathog. 13, e1006184

39. Stettler, K. et al. (2016) Specificity, cross-reactivity and function
of antibodies elicited by Zika virus infection. Science 353, 823–
826

40. Shrestha, B. and Diamond, M.S. (2004) Role of CD8+ T cells in
control of West Nile virus infection. J. Virol. 78, 8312–8321

41. Prestwood, T.R. et al. (2012) Gamma interferon (IFN-gamma)
receptor restricts systemic dengue virus replication and pre-
vents paralysis in IFN-alpha/beta receptor-deficient mice. J.
Virol. 86, 12561–12570

42. Tang, H. et al. (2016) Zika virus infects human cortical neural
progenitors and attenuates their growth. Cell Stem Cell 18, 587–
590

43. Rivino, L. and Lim, M.Q. (2017) CD4+ and CD8+ T cell immunity
to dengue – lessons for the study of Zika virus. Immunology 150,
146–154

44. Cugola, F.R. et al. (2016) The Brazilian Zika virus strain causes
birth defects in experimental models. Nature 534, 267–271

45. Elong Ngono, A. et al. (2017) Mapping and role of the CD8+ T cell
response during primary Zika virus infection in mice. Cell Host
Microbe 21, 35–46

46. Hickman, H.D. and Pierson, T.C. (2017) T cells take on Zika
virus. Immunity 46, 13–14

47. Wen, J. et al. (2017) Identification of Zika virus epitopes reveals
immunodominant and protective roles for dengue virus cross-
reactive CD8+ T cells. Nat. Microbiol. 2, 17036

48. Winkler, C.W. et al. (2017) Adaptive immune responses to Zika
virus are important for controlling virus infection and preventing
infection in brain and testes. J. Immunol. 198, 3526–3535

49. Zellweger, R.M. et al. (2014) CD8+ T cells prevent antigen-
induced antibody-dependent enhancement of dengue disease
in mice. J. Immunol. 193, 4117–4124

50. Screaton, G. et al. (2015) New insights into the immunopathol-
ogy and control of dengue virus infection. Nat. Rev. Immunol.
15, 745–759

51. Rothman, A.L. et al. (2014) Immunopathogenesis versus protec-
tion in Dengue virus infections. Curr. Trop. Med. Rep. 1, 13–20

52. Weiskopf, D. et al. (2013) Comprehensive analysis of dengue
virus-specific responses supports an HLA-linked protective role
604 Trends in Immunology, August 2017, Vol. 38, No. 8
for CD8+ T cells. Proc. Natl. Acad. Sci. U. S. A. 110, E2046–
E2053

53. Zivna, I. et al. (2002) T cell responses to an HLA-B*07-restricted
epitope on the dengue NS3 protein correlate with disease
severity. J. Immunol. 168, 5959–5965

54. Duangchinda, T. et al. (2010) Immunodominant T-cell
responses to dengue virus NS3 are associated with DHF. Proc.
Natl. Acad. Sci. U. S. A. 107, 16922–16927

55. Mongkolsapaya, J. et al. (2003) Original antigenic sin and apo-
ptosis in the pathogenesis of dengue hemorrhagic fever. Nat.
Med. 9, 921–927

56. Friberg, H. et al. (2011) Cross-reactivity and expansion of den-
gue-specific T cells during acute primary and secondary infec-
tions in humans. Sci. Rep. 1, 51

57. Ritter, J.M. et al. (2016) Zika virus: pathology from the pandemic.
Arch. Pathol. Lab. Med. 141, 49–59

58. Cao-Lormeau, V.M. et al. (2016) Guillain-Barre syndrome out-
break associated with Zika virus infection in French Polynesia: a
case-control study. Lancet 387, 1531–1539

59. Oehler, E. et al. (2014) Zika virus infection complicated by
Guillain-Barre syndrome–case report, French Polynesia,
December 2013. Euro Surveill 19, 20720

60. Lucchese, G. and Kanduc, D. (2016) Zika virus and autoimmu-
nity: from microcephaly to Guillain-Barre syndrome, and
beyond. Autoimmun. Rev. 15, 801–808

61. Ye, Q. et al. (2016) Genomic characterization and phylogenetic
analysis of Zika virus circulating in the Americas. Infect. Genet.
Evol. 43, 43–49

62. Dowd, K.A. et al. (2016) Broadly neutralizing activity of Zika
virus-immune sera identifies a single viral serotype. Cell Rep.
16, 1485–1491

63. Haddow, A.D. et al. (2012) Genetic characterization of Zika virus
strains: geographic expansion of the Asian lineage. PLoS Negl.
Trop. Dis. 6, e1477

64. Xu, X. et al. (2016) Identifying candidate targets of immune
responses in Zika virus based on homology to epitopes in other
flavivirus species. PLoS Curr. 8, ecurrents.
outbreaks.9aa2e1fb61b0f632f58a098773008c4b

65. Sumathy, K. et al. (2017) Protective efficacy of Zika vaccine in
AG129 mouse model. Sci. Rep. 7, 46375

66. Robbiani, D.F. et al. (2017) Recurrent potent human neutraliz-
ing antibodies to Zika virus in Brazil and Mexico. Cell 169, 597–
609

67. Dejnirattisai, W. et al. (2016) Dengue virus sero-cross-reactivity
drives antibody-dependent enhancement of infection with zika
virus. Nat. Immunol. 17, 1102–1108

68. Bardina, S.V. et al. (2017) Enhancement of Zika virus pathogen-
esis by preexisting antiflavivirus immunity. Science 356, 175–
180

69. Rivino, L. et al. (2013) Differential targeting of viral components
by CD4+ versus CD8+ T lymphocytes in dengue virus infection.
J. Virol. 87, 2693–2706

70. Kaabinejadian, S. et al. (2013) Identification of class I HLA T cell
control epitopes for West Nile virus. PLoS One 8, e66298

71. Vaughan, K. et al. (2010) Meta-analysis of all immune epitope
data in the Flavivirus genus: inventory of current immune epitope
data status in the context of virus immunity and immunopathol-
ogy. Viral Immunol. 23, 259–284

72. Weiskopf, D. et al. (2011) Insights into HLA-restricted T cell
responses in a novel mouse model of dengue virus infection
point toward new implications for vaccine design. J. Immunol.
187, 4268–4279

73. Weiskopf, D. et al. (2015) Human CD8+ T-cell responses against
the 4 dengue virus serotypes are associated with distinct pat-
terns of protein targets. J. Infect. Dis. 212, 1743–1751

74. Angelo, M.A. et al. (2017) Human CD4+ T cell responses to an
attenuated tetravalent dengue vaccine parallel those induced by
natural infection in magnitude, HLA restriction, and antigen
specificity. J. Virol. 91, e02147–e02116

75. Weiskopf, D. et al. (2014) Immunodominance changes as a
function of the infecting dengue virus serotype and primary
versus secondary infection. J. Virol. 88, 11383–11394

http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0140
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0140
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0145
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0145
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0145
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0150
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0150
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0150
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0155
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0155
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0155
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0160
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0160
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0160
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0165
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0165
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0165
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0170
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0170
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0170
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0175
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0175
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0175
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0175
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0180
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0180
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0180
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0185
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0185
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0185
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0185
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0190
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0190
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0190
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0195
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0195
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0195
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0200
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0200
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0205
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0205
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0205
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0205
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0210
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0210
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0210
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0215
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0215
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0215
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0220
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0220
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0225
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0225
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0225
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0230
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0230
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0235
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0235
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0235
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0240
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0240
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0240
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0245
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0245
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0245
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0250
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0250
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0250
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0255
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0255
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0260
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0260
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0260
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0260
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0265
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0265
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0265
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0270
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0270
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0270
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0275
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0275
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0275
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0280
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0280
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0280
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0285
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0285
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0290
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0290
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0290
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0295
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0295
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0295
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0300
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0300
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0300
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0305
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0305
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0305
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0310
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0310
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0310
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0315
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0315
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0315
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0320
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0320
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0320
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0320
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0325
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0325
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0330
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0330
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0330
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0335
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0335
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0335
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0340
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0340
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0340
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0345
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0345
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0345
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0350
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0350
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0355
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0355
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0355
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0355
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0360
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0360
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0360
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0360
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0365
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0365
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0365
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0370
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0370
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0370
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0370
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0375
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0375
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0375


76. Zellweger, R.M. et al. (2015) CD8+ T cells can mediate short-
term protection against heterotypic dengue virus reinfection in
mice. J. Virol. 89, 6494–6505

77. Li, J. et al. (2016) Cross-protection induced by Japanese
encephalitis vaccines against different genotypes of dengue
viruses in mice. Sci. Rep. 6, 19953

78. McCracken, M.K. et al. (2017) Zika virus infection in rhesus
macaques is not altered by prior immunity to related flaviviruses.
PLoS Pathog. 13, e1006219

79. Thomas, S.J. et al. (2016) Fast-track Zika vaccine development
– is it possible? N. Engl. J. Med. 375, 1212–1216

80. Olagnier, D. et al. (2016) Dengue virus immunopathogenesis:
lessons applicable to the emergence of Zika virus. J. Mol. Biol.
428, 3429–3448

81. Barrett, A.D. and Teuwen, D.E. (2009) Yellow fever vaccine –

how does it work and why do rare cases of serious adverse
events take place? Curr. Opin. Immunol. 21, 308–313

82. Barba-Spaeth, G. et al. (2005) Live attenuated yellow fever 17D
infects human DCs and allows for presentation of endogenous
and recombinant T cell epitopes. J. Exp. Med. 202, 1179–1184

83. Akondy, R.S. et al. (2009) The yellow fever virus vaccine induces
a broad and polyfunctional human memory CD8+ T cell
response. J. Immunol. 183, 7919–7930

84. James, E.A. et al. (2013) Yellow fever vaccination elicits broad
functional CD4+ T cell responses that recognize structural and
nonstructural proteins. J. Virol. 87, 12794–12804

85. Querec, T. et al. (2006) Yellow fever vaccine YF-17D activates
multiple dendritic cell subsets via TLR2, 7, 8, and 9 to stimulate
polyvalent immunity. J. Exp. Med. 203, 413–424

86. Gaucher, D. et al. (2008) Yellow fever vaccine induces integrated
multilineage and polyfunctional immune responses. J. Exp.
Med. 205, 3119–3131

87. Blom, K. et al. (2013) Temporal dynamics of the primary human
T cell response to yellow fever virus 17D as it matures from an
effector- to a memory-type response. J. Immunol. 190, 2150–
2158

88. Kohler, S. et al. (2012) The early cellular signatures of protective
immunity induced by live viral vaccination. Eur. J. Immunol. 42,
2363–2373

89. Akondy, R.S. et al. (2015) Initial viral load determines the mag-
nitude of the human CD8 T cell response to yellow fever vacci-
nation. Proc. Natl. Acad. Sci. U. S. A. 112, 3050–3055

90. Miller, J.D. et al. (2008) Human effector and memory CD8+ T cell
responses to smallpox and yellow fever vaccines. Immunity 28,
710–722

91. Rivino, L. et al. (2015) Virus-specific T lymphocytes home to the
skin during natural dengue infection. Sci. Transl. Med. 7,
278ra35

92. de Alwis, R. et al. (2016) Immunodominant dengue virus-specific
CD8+ T cell responses are associated with a memory PD-1+

phenotype. J. Virol. 90, 4771–4779

93. Guy, B. et al. (2010) Preclinical and clinical development of YFV
17D-based chimeric vaccines against dengue, West Nile and
Japanese encephalitis viruses. Vaccine 28, 632–649
94. Harenberg, A. et al. (2013) Persistence of Th1/Tc1 responses
one year after tetravalent dengue vaccination in adults and
adolescents in Singapore. Hum. Vaccin. Immunother. 9,
2317–2325

95. Guy, B. and Jackson, N. (2016) Dengue vaccine: hypotheses to
understand CYD-TDV-induced protection. Nat. Rev. Microbiol.
14, 45–54

96. Ferguson, N.M. et al. (2016) Benefits and risks of the Sanofi-
Pasteur dengue vaccine: modeling optimal deployment. Sci-
ence 353, 1033–1036

97. Guy, B. et al. (2008) Cell-mediated immunity induced by chime-
ric tetravalent dengue vaccine in naive or flavivirus-primed sub-
jects. Vaccine 26, 5712–5721

98. Weiskopf, D. and Sette, A. (2014) T-cell immunity to infection
with dengue virus in humans. Front. Immunol. 5, 93

99. Guy, B. et al. (2011) From research to phase III: preclinical,
industrial and clinical development of the Sanofi Pasteur tetra-
valent dengue vaccine. Vaccine 29, 7229–7241

100. Singh, R. et al. (2010) Sequential immunization with heterolo-
gous chimeric flaviviruses induces broad-spectrum cross-reac-
tive CD8+ T cell responses. J. Infect. Dis. 202, 223–233

101. Weiskopf, D. et al. (2015) The human CD8+ T cell responses
induced by a live attenuated tetravalent dengue vaccine are
directed against highly conserved epitopes. J. Virol. 89, 120–128

102. Simmons, M. et al. (2016) Recombinant dengue 2 virus NS3
helicase protein enhances antibody and T-cell response of
purified inactivated vaccine. PLoS One 11, e0152811

103. Marston, H.D. et al. (2016) Considerations for developing a Zika
virus vaccine. N. Engl. J. Med. 375, 1209–1212

104. Dowd, K.A. et al. (2016) Rapid development of a DNA vaccine
for Zika virus. Science 354, 237–240

105. Richner, J.M. et al. (2017) Modified mRNA vaccines protect
against Zika virus infection. Cell 168, 1114–1125

106. Abbink, P. et al. (2016) Protective efficacy of multiple vaccine
platforms against Zika virus challenge in rhesus monkeys. Sci-
ence 353, 1129–1132

107. Larocca, R.A. et al. (2016) Vaccine protection against Zika virus
from Brazil. Nature 536, 474–478

108. Shan,C.etal. (2017)A live-attenuatedZikavirusvaccinecandidate
induces sterilizing immunity inmousemodels.Nat.Med. Published
online April 10, 2017. http://dx.doi.org/10.1038/nm.4322

109. Fernandez, E. and Diamond, M.S. (2017) Vaccination strategies
against Zika virus. Curr. Opin. Virol. 23, 59–67

110. Rothman, A.L. (2011) Immunity to dengue virus: a tale of original
antigenic sin and tropical cytokine storms. Nat. Rev. Immunol.
11, 532–543

111. Mangada, M.M. and Rothman, A.L. (2005) Altered cytokine
responses of dengue-specific CD4+ T cells to heterologous
serotypes. J. Immunol. 175, 2676–2683

112. Bashyam, H.S. et al. (2006) Dengue virus-reactive CD8+ T cells
display quantitative and qualitative differences in their response
to variant epitopes of heterologous viral serotypes. J. Immunol.
176, 2817–2824
Trends in Immunology, August 2017, Vol. 38, No. 8 605

http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0380
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0380
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0380
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0385
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0385
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0385
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0390
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0390
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0390
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0395
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0395
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0400
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0400
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0400
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0405
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0405
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0405
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0410
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0410
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0410
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0415
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0415
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0415
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0420
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0420
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0420
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0425
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0425
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0425
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0430
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0430
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0430
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0435
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0435
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0435
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0435
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0440
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0440
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0440
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0445
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0445
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0445
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0450
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0450
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0450
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0455
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0455
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0455
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0460
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0460
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0460
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0465
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0465
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0465
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0470
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0470
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0470
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0470
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0475
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0475
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0475
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0480
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0480
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0480
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0485
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0485
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0485
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0490
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0490
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0495
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0495
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0495
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0500
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0500
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0500
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0505
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0505
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0505
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0510
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0510
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0510
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0515
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0515
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0520
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0520
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0525
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0525
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0530
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0530
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0530
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0535
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0535
http://dx.doi.org/10.1038/nm.4322
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0545
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0545
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0550
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0550
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0550
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0555
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0555
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0555
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0560
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0560
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0560
http://refhub.elsevier.com/S1471-4906(17)30092-3/sbref0560

	T Cell Immunity and Zika Virus Vaccine Development
	Towards a Zika Virus Vaccine
	T Cell Responses to Flavivirus Infections
	T Cell Specificity for ZIKV and Cross-Reactivity with Other Flaviviruses
	T Cell Responses to Flavivirus Vaccines
	Development of an Effective ZIKV Vaccine
	Concluding Remarks
	Acknowledgments
	Supplemental Information
	References


