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Abstract: CD4 and CD8 T cells are an important part of the host’s capacity to defend itself against viral
infections. During flavivirus infections, T cells have been implicated in both protective and pathogenic
responses. Given the recent emergence of Zika virus (ZIKV) as a prominent global health threat, the
question remains as to how T cells contribute to anti-ZIKV immunity. Furthermore, high homology
between ZIKV and other, co-circulating flaviviruses opens the possibility of positive or negative effects
of cross-reactivity due to pre-existing immunity. In this review, we will discuss the CD4 and CD8
T cell responses to ZIKV, and the lessons we have learned from both mouse and human infections.
In addition, we will consider the possibility of whether T cells, in the context of flavivirus-naïve and
flavivirus-immune subjects, play a role in promoting ZIKV pathogenesis during infection.
Keywords: zika virus; flaviviruses; T cells; host-pathogen interactions

1. Introduction
T cell responses represent a crucial aspect of the adaptive immune response to infection. In the
context of viral infections, both CD4 and CD8 T cells play important roles in controlling and clearing
the pathogen. CD4 T cells (or helper T cells) support the immune response through the production of
effector cytokines such as interferon (IFN)-γ and tumor necrosis factor (TNF)-α, licensing dendritic
cells (DCs) to promote activation of CD8 T cell responses, and activating humoral immunity [1,2].
Meanwhile, CD8 T cells (or cytotoxic T cells) are capable of directly killing infected cells in addition to
producing effector cytokines, which makes them critical for controlling viral infections [3]. In addition,
both T cell pools are capable of generating long-lived memory populations in order to rapidly respond to
re-infection and provide greater protection [3]. While T cell responses during flavivirus infections have
been shown to be protective, they have also been implicated in pathogenic responses [4]. For example,
in mice lacking B cells, CD8 T cells were shown to be critical for controlling yellow fever virus (YFV)
infection [5]. In contrast, CD8 T cell infiltration has been associated with increased tissue damage and
neurological symptoms in mouse models of Japanese encephalitis virus (JEV) and West Nile virus
(WNV) infection [6]. This illustrates that, as is often the case for T cells, T cell responses to flavivirus
infections must strike a balance between viral control and immunopathology.
Although it was first isolated in 1947, significant research into Zika virus (ZIKV) only began
relatively recently [7]. This is primarily due to the fact that it caused only a handful of isolated
infections, inducing a mild febrile illness, from its initial isolation until the 21st century [8,9]. However,
a series of recent outbreaks in Yap Island, Federated States of Micronesia (2007); French Polynesia
(2013); South and Central America (with other outbreaks world-wide; 2015–2016); and India (2018)
have demonstrated a novel epidemic capacity for ZIKV [10–14]. Even more striking were novel
neurological symptoms associated with ZIKV infection, particularly following the French Polynesian
and South and Central American outbreaks [8]. ZIKV has been identified as a potential trigger
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for Guillain-Barré syndrome (GBS), an autoimmune ascending paralysis that sometimes follows
infection [8,15]. However, the most dramatic symptom now associated with ZIKV infection is fetal
microcephaly, a neurodevelopmental defect that can cause lifelong complications for newborns [8].
These symptoms—and the outbreaks they were a part—represent a striking change in phenotype for a
virus that caused only mild symptoms in its initial characterizations [16,17].
In response to these recent outbreaks and the novel neurological symptoms associated with
infection, there has been significant progress in improving our understanding of T cell responses to ZIKV.
Broad characterizations of T cell responses induced by ZIKV in humans and mice, including the epitopes
of the virus to which they respond, have helped demonstrate protective roles for T cells. These studies
have been complemented by cases in which T cell responses have pathogenic consequences for the
host. Finally, given the similarities between ZIKV and Dengue virus (DENV), a number of studies
have compared T cell responses directed against these two flaviviruses to determine whether they are
cross-protective or pathogenic. In this review, we will summarize the current understanding of T cell
responses during ZIKV infection and the models used to investigate these responses.
2. Profiling the T Cell Response to ZIKV Infection
2.1. T Cell Responses in Mice
A variety of mouse models have been used to interrogate T cell responses to ZIKV infection.
Initially, most models used immunocompromised mice, which typically involved genetic deletion
of the IFN-α/β receptor (IFNAR) either globally or in a subset of myeloid cells (LysMCre+ IFNARfl/fl
mice), or treating with an anti-IFNAR blocking antibody prior to infection [18–22]. The primary lesson
from these models is the importance of type I IFN signaling in anti-ZIKV immunity. However, it is
also important to consider the impact of IFN deficiency in the context of studying T cell responses to
ZIKV. Type I IFNs play a crucial role in promoting the activation of both CD4 and CD8 T cells and are
particularly important for enhancing CD8 T cell accumulation and antigen sensitivity [23–26]. Thus,
immunocompetent mouse models represent a very useful tool for characterizing and understanding
the CD4 and CD8 T cell responses to ZIKV infection.
Our group and others have demonstrated that, in immunocompetent mice, ZIKV establishes a
self-limiting infection with transient mild weight loss as the only discernible symptom of infection [27,28].
However, infection induces a robust Th1 CD4 T cell response, which features expression of the
transcription factor T-bet and production of effector cytokines IFN-γ, TNF-α, and interleukin (IL)-2 [27].
Furthermore, CD8 T cells upregulate expression of IFN-γ and TNF-α, produce the cytolytic molecule
granzyme B, and present a highly activated phenotype following ZIKV infection [27,28]. Expansion of
this antigen-experienced CD8 T cell population correlated with increased transcripts of type I IFNs [27].
No activation of CD4 or CD8 T cell responses was observed when mice were immunized with
UV-inactivated virus, indicating that active infection with live ZIKV is required for the generation of
CD4 and CD8 T cell-mediated immunity [27]. These models were used to identify an immunodominant
CD8 T cell epitope in the ZIKV envelope protein, highlighting the specificity of the approaches used
to quantify and characterize the T cell responses to ZIKV infection (Figure 1) [27,28]. An additional
study using intracranial infection of immunocompetent mice described a functional role for T cells
during ZIKV infection. When mice were infected intravenously, followed by intracranial infection four
weeks later, they were protected from the high central nervous system (CNS) viral load and severe
disease observed in mice that were only infected intracranially [29]. However, this protection was lost
in T cell-deficient mice, demonstrating a key role for T cells in controlling intracranial ZIKV infection
and pathology [29]. Together, these studies demonstrate that ZIKV actively infects immunocompetent
mice, generating a robust and functional CD4 and CD8 T cell response to infection.
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Figure 1. Zika virus (ZIKV) infection induces robust, cross-protective T cell immunity. In both humans
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Each of these studies found that transferring memory CD4 T cells from ZIKV-immune mice, but not
naïve mice, was protective against a subsequent lethal ZIKV challenge [20,21]. Lucas et al. found this
protection to be dependent on IFN-γ signaling and B cells in the recipient mice, which suggests that
CD4 T cells were important for promoting B cell and antibody responses against ZIKV (Figure 1) [21].
Similarly, ZIKV infection in CD8 T cell depleted, IFNAR-deficient mice was lethal, as was infection of
IFNAR-blocking antibody-treated Rag1−/− mice (which lack both T and B cells) [21,35]. In the latter
case, WT control mice treated with the IFNAR blocking antibody do not succumb to infection [35],
demonstrating the importance of adaptive immunity in protection from lethal ZIKV infection. Finally,
antibody-mediated blocking of IFNAR, followed by intravaginal infection, enables the virus to spread
systemically despite increased frequency of tetramer-specific CD8 T cells and total CD4 T cells in the
lower female reproductive tract [22]. Depleting both CD4 and CD8 T cells together, but not individually,
led to a loss of viral control, suggesting that each subset is able to compensate for the loss of the
other [22]. Thus, even in IFN-deficient mouse models, CD4 and CD8 T cells continue to play an
important role in the immune response to ZIKV.
In all, these studies demonstrate the importance of robust CD4 and CD8 T cell responses during
ZIKV infection. Broad characterizations of the T cell response in immunocompetent mice will serve as
an important baseline, to which the T cell response to contemporary ZIKV isolates may be compared.
Differences in T cell responses induced by epidemic strains of ZIKV could improve our understanding
of how the virus has changed and whether this has had an impact on its pathogenesis. Although the
studies in immunocompromised mice have highlighted the importance of T cell responses in these
circumstances, human infection with ZIKV is rarely, if ever, fatal. Therefore, the findings from these
models must be analyzed under the prism that such severe phenotypes are rarely observed during the
course of natural infections in humans.
2.2. T Cell Responses in Humans
One focus of the limited number of studies characterizing human T cell responses to ZIKV
has been to identify immunogenic epitopes and their locations within the ZIKV proteome. In a
cohort of 45 American patients with confirmed ZIKV infection, highly polyfunctional CD4 and CD8
T cells responses were detected following stimulation with pools of 15mer peptides (overlapping
by 11 peptides) from all ZIKV proteins [36]. They found that although 89% of patients’ CD4 T cells
responded to peptides from the capsid and envelope proteins, the most robust IFN-γ production
was following stimulation with peptides from the non-structural (NS)1, NS3, and NS5 proteins [36].
Conversely, CD8 T cell responses against the NS3, NS4B, and NS5 proteins were detected in most
patients, but the most robust IFN-γ responses were against the capsid and envelope proteins [36].
Similarly, a case report from Florida identified NS2-specific CD4 T cells and envelope-specific CD8 T
cells in a returning traveler with ZIKV infection [37]. A case series featuring five returning American
travelers with ZIKV infection identified very modest, but detectable CD4 and CD8 T cell responses
(<1% cytokine-producing among total CD4 or CD8 T cells) against pooled peptides from the capsid,
pre-membrane, envelope, and NS5 proteins, although no other proteins were tested [38]. Two additional
case reports from the same group found consistent CD4 T cell responses against NS1, NS3, and NS5
proteins, and CD8 T cell responses against envelope, NS3, and NS5 proteins [39,40]. In all, a common
theme of these characterizations is a tendency for CD8 T cells to respond to structural proteins
(primarily capsid and envelope proteins), and for CD4 T cells to respond to NS proteins (mainly
NS1, NS3, and NS5 proteins; Figure 1). It is interesting to note that these results are reflective of the
results found in mouse studies, although it is unlikely that the epitope peptide sequences would be the
same [18,19,27,28].
The other question often addressed by human studies relates to how T cell responses to ZIKV
change over time. In the case report from Florida described above, T cell responses appeared 7 days
post-onset of symptoms (POS), peaked 21 days POS, and memory T cell responses were detectable
as late as 148 days POS [37]. Similarly, the T cell responses described in the 45-patient American
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cohort were tracked into memory time points as late as 10 to 12 months POS [36]. One study took an
alternative approach, tracking cytokine responses and cellular dynamics in the blood over time [41].
In this cohort of 55 Singaporean patients, viremic patients in the acute phase of infection had reduced
numbers of immune cells in their blood (including CD4 and CD8 T cells), and higher production of
IFN-γ [41]. T cell cytokines IFN-γ and IL-12, and chemokine CCL5 (also known as Regulated upon
Activation, Normal T cell Expressed, and Secreted, or RANTES) were maintained into the convalescent
phase of infection (10–35 days POS) [41]. Interestingly, the authors found significantly more CD4
and CD8 T cells in the blood of non-viremic patients with moderate symptoms when compared to
viremic patients with moderate symptoms, suggesting a possible involvement of T cell responses in the
clearance of viremia [41]. Finally, in an Italian cohort, ZIKV infection activated both CD4 and CD8 T
cells, but only CD4 T cells acquired an effector memory phenotype when compared to CD4 T cells from
healthy controls [42]. This study also identified an increase in granzyme B-producing, double-negative
T cells, which expressed the Vδ2 T cell receptor [42]. The authors highlight this observation because
Vδ2 T cells have been implicated in recurrent abortions, although they have never been associated
with ZIKV-induced fetal complications [42]. The overarching trend, however, is for ZIKV to induce
long-lasting CD4 and CD8 T cell responses which span both structural and NS proteins (Figure 1).
3. T Cell Responses to DENV and ZIKV: Cross-Protective or Pathogenic?
Given the similarity between DENV and ZIKV and their shared regions of endemicity, obvious
questions have emerged as to whether immunity to one virus can cross-protect against the other.
However, immune responses against distinct DENV serotypes have also been suggested to worsen
disease outcomes through distinct B- and T-cell dependent mechanisms. In the context of B
cells, antibody-dependent enhancement (ADE) occurs when sub-neutralizing antibody responses
generated during a primary infection recognize and bind to cross-reactive epitopes from the secondary,
heterologous infection. When the virus particles and sub-neutralizing antibodies are subsequently
internalized via Fc receptor-mediated endocytosis, the virus remains capable of replicating within the
cell [43]. ADE has been associated with reduced antiviral responses and may enable DENV to infect
cells that are normally non-permissive to infection [43]. With T cells, original antigen sin (OAS) occurs
when a heterologous secondary infection activates memory T cells that recognize similar but distinct
antigens that were present during the primary infection. The result is that these memory T cells mount
an ineffective response against the secondary infection, which prevents a more effective T cell response
from being generated [44]. As such, significant research has focused on the impact of prior DENV
immunity on the immune response to ZIKV or the impact of ZIKV immunity on the immune response
to DENV infection.
The majority of human studies of cross-reactivity have investigated the ability of DENV- or
ZIKV-derived peptides to restimulate T cells from the heterologous infection. As a whole, these papers
consistently identify cross-reactivity in both CD4 and CD8 T cell responses, targeting a variety of viral
proteins (Figure 1) [45–49]. In particular, one study identified capsid and envelope protein-specific CD4
T cell responses following ZIKV infection [46]. Upon comparing the peptide sequences of the epitopes
to previously identified epitopes in the capsid and envelope proteins from YFV, DENV, and tick-borne
encephalitis virus (TBEV), they found that, while the epitopes were all located in similar regions of
the proteins, surprisingly they did not share similar sequence identity. As such, this suggests that
sequence identity was not the driving factor in the conservation of these epitopes [46]. Functionally,
studies have also shown that prior DENV immunity has no impact on the ability of CD4 or CD8
T cells to produce IFN-γ or TNF-α [50]. However, patients co-infected with both DENV and ZIKV
had a slight decrease in the frequency of IFN-γ+ or TNF-α+ CD4 T cells and similar frequencies of
IFN-γ+ or TNF-α+ CD8 T cells compared to patients infected with DENV or ZIKV alone, although
the implications of this finding remain unclear [50]. Another group found that while prior DENV
exposure had no impact on the CD4 T cell response to ZIKV infection, patients in the acute phase
of ZIKV infection had more IFN-γ+ CD8 T cells after restimulation with ZIKV-derived peptides [47].
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Further, the CD8 T cell response to ZIKV in DENV-naïve patients was more targeted to structural
proteins, while DENV-immune patients’ responses were shifted toward the NS proteins [47]. However,
prior DENV immunity had no impact on either the transcriptional profile of the CD8 T cells, nor the
capacity of CD4 or CD8 T cells to produce IFN-γ at later stages of infection [47,51]. Together, these
studies demonstrate a high degree of cross-reactivity between T cell responses to DENV and ZIKV
and, thus far, have given no indication that this may have a negative impact on disease outcomes.
Mouse models have been particularly useful for determining the impact of prior DENV or ZIKV
immunity on infection outcomes and disease severity. For example, transgenic mice expressing
human leukocyte antigen (HLA) class I were crossed with IFNAR KO mice to identify ZIKV-derived
peptides that could contribute to human CD8 T cell responses [52]. Several of these peptides were
found to restimulate CD8 T cells from DENV-infected mice, and immunization with the ZIKV/DENV
cross-reactive peptides induced a CD8 T cell response that reduced ZIKV viral loads in the serum
and brain [52]. Similarly, HLA class II transgenic mice were used to identify several potential CD4
T cell epitopes, many of which had homologous and cross-reactive sequences in DENV, WNV, and
YFV [53]. Further evidence of a cross-protective role for CD8 T cells was described by transferring
memory CD8 T cells isolated from DENV-immune IFNAR KO mice to naïve IFNAR KO mice, which
provided protection from ZIKV-induced weight loss, morbidity, and mortality [54]. Finally, one
study has analyzed the impact of prior flavivirus immunity during pregnancy [55]. They observed
that DENV-immune pregnant females had lower ZIKV viral loads in the spleen and placenta and
were completely protected from fetal resorption following ZIKV infection [55]. This protection was
dependent on the presence of DENV-specific memory CD8 T cells, and their depletion resulted in
higher viral loads in maternal tissues and fetal resorption [55]. There is clearly a high degree of
cross-reactivity between the T cell responses against ZIKV and related flaviviruses, which may play
an important role in host protection, particularly in the context of pregnancy. However, the ZIKV
outbreak in South and Central America represented the introduction of ZIKV to an area where DENV
and other flaviviruses already circulate. It is reasonable to assume that a high degree of prior flavivirus
immunity exists in these populations, yet fetal microcephaly was one of the most striking symptoms
associated with this outbreak [8]. It is also worth noting that the above study took place in IFNAR
KO dams, raising the question of how the loss of a key part of the antiviral immune system impacts
the observed phenotype. Further research is therefore needed to reconcile the protection from fetal
pathology observed in DENV-immune dams with the increase in fetal microcephaly observed during
the South American outbreak.
4. Role of T Cells in ZIKV Pathogenesis
Given the ability of CD8 T cells to directly kill infected cells, and the capacity of both CD4 and
CD8 T cells to produce effector cytokines and cytolytic molecules, it is intriguing to ask whether
the T cell response induced by ZIKV could contribute to pathogenesis. Immunopathogenic T cell
responses have been described primarily in the context of influenza A virus infection, during which
T cell infiltration and TNF-α production promote viral clearance while also contributing to lung
pathology [56]. Similarly, Schmidt and colleagues observed exacerbated morbidity and mortality when
mice with memory CD8 T cells (but no memory CD4 T cells or antibodies) against respiratory syncytial
virus (RSV) were re-challenged with RSV [57]. CD8 T cell responses to TBEV have been linked to
reduced survival in mouse studies, and increased cell death in infected human neuronal tissue [58,59].
In the context of ZIKV infection, a pair of studies took the approach of infecting WT neonatal mice (one
day old), which caused chorioretinal lesions and neuronal degeneration [60,61]. This tissue-damaging
phenotype correlated with CD8 T cell infiltration into the eye and CNS, respectively, suggesting a
potential role for CD8 T cells in mediating the damage (Figure 1) [60,61]. These observations are
reflective of several studies that have examined ZIKV infection in neonatal mice, which leads to central
nervous system infection and pathology, and is often fatal [32,62–64]. Although this may provide some
insight into pathogenesis in fetuses or infants, neonatal mice do not possess a fully mature immune
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system and are highly susceptible to infection with neurotropic viruses [65,66]. As such, using this
model to analyze immune responses must be undertaken with these caveats in mind.
Using IFNAR KO mice, Jurado et al. have described a clearer role for CD8 T cells in causing brain
damage and paralysis during ZIKV infection [67]. They found significant CD8 T cell infiltration into
the brain following ZIKV infection, which correlated with paralysis and death of all mice by 9 dpi [67].
Upon depletion of CD8 T cells, they observed reduced paralysis and improved survival, although mice
had higher viral loads in the brain, suggesting that while CD8 T cells are important for viral clearance,
they can cause significant immunopathology in the brain (Figure 1) [67]. When both CD4 and CD8
T cells were depleted, mice had an intermediate phenotype with a significant decrease in survival,
suggesting a regulatory role for CD4 T cells in the brain (Figure 1) [67]. This potential regulatory role is
supported by depletion of CD4 T cells alone, which caused all mice to develop paralysis and succumb
to infection [67]. Another group observed that CD4 T cell depletion had no impact on the CD8 T cell
response, but caused significantly higher viral loads in the CNS, worsened disease, and decreased
survival [20]. Together, these studies implicate CD8 T cells in contributing to ZIKV pathogenesis in
immune-privileged sites, while they describe a potential regulatory role for CD4 T cells.
5. Conclusions
Since the beginning of the South American ZIKV outbreak, significant research has been conducted
to further our understanding of T cell responses to ZIKV infection. In both humans and mouse models
of infection, ZIKV induces robust T cell activation, which leads to the establishment of a memory
T cell population, suggesting an important role for CD4 and CD8 T cells in the immune response
to ZIKV. This is highlighted by depletion studies, in which loss of either CD4, CD8, or both T cell
subsets together can result in worsened morbidity, mortality, or even fetal resorption. Identification of
ZIKV epitopes, in particular broadly conserved epitopes between studies, and even among flaviviruses,
could provide novel candidates for vaccine design. Given that the work done so far studying T cell
cross-reactivity has demonstrated a protective role for these cells, it stands to reason that cross-reactive
epitopes could be useful in vaccination against multiple, co-circulating flaviviruses. However, this
remains to be formally tested, and the magnitude of the South and Central American ZIKV outbreak in
a DENV endemic region suggests that prior DENV immunity may not provide complete protection.
Finally, there may be a role for CD8 T cells in enhancing ZIKV pathogenesis, although thus far studies
have been completed uniquely in extremely young or immunocompromised mice, raising questions as
to whether CD8 T cells also play a role in ZIKV pathogenesis in healthy, immunocompetent adults.
In the future, it will be of importance to continue to explore the impact of prior immunity to flaviviruses
during pregnancy. Further research is also needed to understand whether ZIKV has improved its
capacity to evade host immune responses, including T cell-mediated immunity, and whether this has
contributed to the increased pathogenesis observed during recent outbreaks.
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