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ABSTRACT Zika virus (ZIKV) infection causees neurologic complications, including
Guillain-Barré syndrome in adults and central nervous system (CNS) abnormalities in fe-
tuses. We investigated the immune response, especially the CD8* T cell response in
C57BL/6 (B6) wild-type (WT) mice, during ZIKV infection. We found that a robust CD8* T
cell response was elicited, major histocompatibility complex class I-restricted CD8* T cell
epitopes were identified, a tetramer that recognizes ZIKV-specific CD8* T cells was
developed, and virus-specific memory CD8* T cells were generated in these mice.
The CD8" T cells from these infected mice were functional, as evidenced by the fact
that the adoptive transfer of ZIKV-specific CD8* T cells could prevent ZIKV infection
in the CNS and was cross protective against dengue virus infection. Our findings
provide comprehensive insight into immune responses against ZIKV and further
demonstrate that WT mice could be a natural and easy-access model for evaluating
immune responses to ZIKV infection.

IMPORTANCE ZIKV infection has severe clinical consequences, including Guillain-
Barré syndrome in adults, microcephaly, and congenital malformations in fetuses
and newborn infants. Therefore, study of the immune response, especially the adap-
tive immune response to ZIKV infection, is important for understanding diseases
caused by ZIKV infection. Here, we characterized the CD8* T cell immune response
to ZIKV in a comprehensive manner and identified ZIKV epitopes. Using the identi-
fied immunodominant epitopes, we developed a tetramer that recognizes ZIKV-
specific CD8" T cells in vivo, which simplified the detection and evaluation of ZIKV-
specific immune responses. In addition, the finding that tetramer-positive memory
CD8™* T cell responses were generated and that CD8* T cells can traffic to a ZIKV-
infected brain greatly enhances our understanding of ZIKV infection and provides
important insights for ZIKV vaccine design.

KEYWORDS CD8* T cell, ZIKV, central nervous system, cross protection,
immunocompetent mouse model

ika virus (ZIKV) is a mosquito-transmitted flavivirus and a member of the Flaviviridae
family of positive-stranded RNA enveloped viruses; the virus has also been found to
be sexually and vertically transmitted (1). It was identified in 1947 in sentinel monkeys
in Uganda (2). After its introduction into Brazil in 2015, ZIKV spread rapidly, both (i)
causing a mild syndrome characterized by self-limiting fever, headache, myalgia, rash,
and conjunctivitis and (ii) resulting in severe clinical consequences, including Guillain-
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Barré syndrome (GBS), in adults and microcephaly and congenital malformations in
fetuses and newborn infants (3, 4).

The currently popular H-26 mouse models of ZIKV infection have recently been
established in mice treated with blocking anti-IFNAR monoclonal antibody or in
gene-deficient mice that globally lack IFNAR (5, 6). Neonatal B6 wild-type (WT) mice
have been used as a ZIKV infection model. However, the immune systems of these mice
are underdeveloped, which means that these mice are also immunocompromised (7).
Recently, two additional groups demonstrated that CD8" T cells can be activated by
ZIKV infection in WT mice (8, 9). However, the function of WT CD8* T cells was not
addressed in these two reports, and whether memory CD8* T cells are generated in WT
mice during ZIKV infection has never been reported.

With the emergence of new disease syndromes caused by and associated with ZIKV
and dengue virus (DENV) infections, it is important to address the role of CD8 T cell
responses to understand ZIKV immunology and pathogenesis. The protective role of
the CD8* T cell immune response against ZIKV was well demonstrated in LysMCre*
IFNARYfl mice (5). However, it has been reported that the CD8" T cell response was
amplified during DENV infection in LysMCre™ IFNAR™f mice (10). In addition, due to the
similarity of ZIKV and DENV, the cross-reactivity of the CD8* T cell immune response to
ZIKV also needs to be studied. Wen et al. demonstrated that DENV immune CD8* T cells
were cross-reactive to ZIKV in Ifnar1=/— mice (11). Whether the cross-reactivity can be
induced in WT mouse and whether cross-reactivity of the CD8* T cell response to ZIKV
can protect host against DENV infection are still unclear. Furthermore, ZIKV infection
can cause severe nerve disorders by infecting the central nervous system (CNS) (6), but
whether the CD8* T cell response is involved in controlling the virus in a ZIKV-infected
CNS remains undetermined.

We report here that ZIKV successfully infected WT mice and induced robust CD8*
T cell responses. We identified and validated CD8* T cell epitopes of ZIKV and
developed a tetramer that is specifically recognized by ZIKV-infected CD8" T cells.
When ZIKV infected the CNS, numerous virus-specific CD8* T cells were recruited to the
brain and spinal cord and produced a large number of functional cytokines. Finally, the
CD8™* T cell response was critical in preventing ZIKV infection and in cross protection
against DENV infection.

RESULTS

ZIKV infected B6 WT mice and induced a robust CD8+ T cell response. WT mice
treated with IFNAR-blocking antibody or mice genetically deficient in IFNAR are cur-
rently popular animal models for investigating the immune response and pathogenesis
of ZIKV infection (5, 6), although two papers reported recently that CD8* T cells could
be activated by ZIKV infection in B6 WT mice (8, 9). Numerous studies have demon-
strated that type | interferon (IFN) deficiency impaired the CD8* T cell response during
virus infection through many cellular and molecule mechanisms, such as by impairing
the priming effect of dendritic cells and upregulating the expression of the inhibitory
molecules PD-1 and Tim3 of CD8* T cells during virus infection (10, 12, 13). In addition,
because of the deficiency of innate immune components, the IFNAR knockout (KO)
mouse model could exclude a comprehensive study of the immune response (14, 15)
and did not reflect the natural immune response after infection. Therefore, we sought
to investigate whether a CD8* T cell response can be induced in WT mice. To do this,
5-week-old B6 WT mice were infected with ZIKV intraperitoneally (i.p.), and body weight
was monitored every day. We found that all of the mice infected with ZIKV showed mild
inhibition of body weight growth (Fig. 1a) and splenomegaly at day 7 compared to that
of mock-treated mice (Fig. 1b). We detected the viral load by both plaque assay and
quantitative reverse transcription-PCR (qRT-PCR); as a result, no infectious virus was
detected by 2 or 3 days postinfection (dpi) in the spleen, spinal cord, or brain (date not
shown), which is similar to previous findings (6). However, viral RNA could be detected
by gRT-PCR in the spleen but not in the spinal cord or brain at 3 dpi (Fig. 1c), whereas
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FIG 1 Robust CD8* T cell response caused by ZIKV infection in WT B6 mice. Five-week-old B6 WT mice
were infected with 2 X 10° PFU of ZIKV. “Mock” represents control mice injected with PBS. (a) Body
weight. (b) Splenomegaly (left) and quantification of spleen weight (right). Mice were sacrificed at 7 dpi,
and ZIKV-infected and mock-treated mice were compared. (c) ZIKV RNA levels in the spleen, spinal cord,
and brain were quantified by real-time gRT-PCR. Data are presented as ZIKV units normalized to HPRT
levels. S.P., spleen; S.C., spinal cord; B.R., brain. Splenocytes were obtained from ZIKV-infected and
mock-treated mice at 7 dpi and analyzed for the expression of CD44"igh CD62L'>w (gated on CD8* T cells)
(d), quantification of the frequency of CD44high CD62L'*w (e), and quantification of the numbers of
CD44high CD62L'w CD8* cells (f). (g) Expression of CD11a* CD49d* (gated on CD8* T cells). (h)
Quantification of the frequency of CD11a* CD49d . (i) Quantification of the numbers of CD11a* CD49d*+
CD8* cells. (j) Expression of CXCR3* cells (gated on CD8* T cells). (k) Quantification of the frequency of
CXCR3+ cells. (I) Numbers of CXCR3+CD8* cells. (m) Expression of ZIKV-specific IFN-y* CD8* T cells after
splenocytes from ZIKV-infected mice were stimulated with heat-inactivated ZIKV-treated DC2.4 cells. (n)
Expression of granzyme B* CD8" T cells of ZIKV-infected and mock-treated mice. Error bars represent
means = the SEM. Data have been pooled from three independent experiment. n = 2 to 3 mice per
group per experiment. Data were analyzed by Student t test (**, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

at 7 dpi, the ZIKV was completely undetectable. These results indicated that ZIKV could
infect and transient replicate in B6 WT mice.

We next investigated whether ZIKV infection could induce immune responses. Virus
infection can result in activation and proliferation of virus-specific CD8* T cells. Once
T cells are activated, the expression of CD44 increases and that of CD62L decreases (16,
17). We found that both the percentage and the total number of CD8" CD44"i
CD62L'*w cells dramatically increased by 7 dpi (Fig. 1d to f). In addition, CD11a and
CD49d, antigen-experienced markers (17), were also significantly upregulated in ZIKV-
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infected WT mice (Fig. 1g to i). Finally, CXCR3, a functional molecule that can promote
CD8™* T cell migration to infection sites (18), was greatly induced after ZIKV infection
(Fig. 1j to I). In additional studies, splenocytes from ZIKV-infected mice were stimulated
with DC2.4 cells that was pretreated with heat-inactivated ZIKV and analyzed by flow
cytometry. We found that a large amount of virus-specific IFN-y-producing CD8* T cells
were generated (Fig. Tm). In addition, the percentages of granzyme B* CD8" T cells
was also dramatically increased (Fig. 1n). These results further demonstrate that al-
though ZIKV infection in immunocompetent mice caused very mild symptoms, it did
induce a robust CD8" T cell immune response.

Kinetics of the CD8* T cell response in WT B6 mice during ZIKV infection. To
further investigate the CD8% T cell response to ZIKV infection, B6 WT mice were
infected with ZIKV either i.p. or subcutaneously (s.c.) (19), and the CD8* T cell response
was detected at 0, 4, 7, and 10 dpi. We found that the percentage of CD8*+ CD44M
CD62L'w T cells peaked at day 7 and decreased by day 10 (Fig. 2a and b). Similar
expression patterns of CD11a, CD49d, and CXCR3 in CD8™* T cells in ZIKV-infected mice
were observed (Fig. 2c to f). Furthermore, functional cytokine gamma interferon (IFN-v)
produced by CD8* T cell after virus infection were also analyzed at day 7 (Fig. 2g and
2h). These results indicated that a strong and rapid CD8" T cell response to ZIKV
infection was developed in immunocompetent mice by when using both i.p. and s.c.
infection routes.

Identification and characteristic of ZIKV-derived epitopes recognized by CD8+
T cells in B6 WT mice. The structural envelope glycoprotein (E protein) of ZIKV
functions in receptor binding, membrane fusion, and viral assembly (20), which sug-
gests that this protein might be immunodominant. In addition, nonstructural protein
NS2A is involved in viral RNA replication, virus assembly, and secretion. Therefore, E
protein and NS2A were chosen. Ten peptides in total were designed from these
proteins using the IEDB website (http://www.iedb.org/). Splenocytes obtained from
ZIKV-infected B6 WT mice were stimulated with each peptide, respectively, and the
levels of IFN-y+ among CD8* T cells were assessed. Six of the 10 ZIKV-derived peptides
induced IFN-y-producing CD8* T cells (Fig. 3a and b). Of these six peptides (Table 1),
the epitope E,_,, induced the highest IFN-y-producing cells (i.e., 3 to 4% IFN-y* CD8*
cells after ZIKV infection), suggesting the immunodominance of E,_,, epitope among
positive peptides we identified. This finding was also consistent with Pardy’s report that
the E,_,, epitope was recognized by a majority of responding cells during ZIKV
infection (9). Two peptides derived from the E protein (E,_,, and E5;,_5;5) and one from
NS2A (NS2A,,_og) Of our virus strain are consistent with a recent report (5). Two NS2A
epitopes (NS2A,,_,; and NS2A,; ;) and one E protein epitopes (E,o4_515) have never
been reported. Tetramer was used to detect and quantify T cells that are specific for a
given antigen, which simplifies the detection and evaluation of antigen-specific im-
mune responses. Using the immunodominant epitope E,_,,, ZIKV tetramer was syn-
thesized. We found that E,_,, tetramer-positive CD8" T cells were detected in the
splenocytes of ZIKV-infected mice but not in control mice (Fig. 3c and d), which
suggests that the E,_,, tetramer could be recognized by ZIKV-specific CD8* T cells and
used to evaluate the immune response after ZIKV infection.

The functions of CD8* T cells against virus-infected cells are associated with the
production of cytokines such as IFN-y, tumor necrosis factor alpha (TNF-a), and
interleukin-2 (IL-2) (21). Degranulation of effector CD8* T cells is also important for
killing virus-infected cells. Therefore, we extended our study by examining the expres-
sion of CD107a and IFN-y in ZIKV-specific CD8* T cells in B6 WT mice at days 4, 7, and
10 by restimulating the splenocytes with screened peptides. Consistent with the above
findings, CD107a- and IFN-y-producing CD8* T cells were induced and peaked at day
7, followed by downregulation at day 10 (Fig. 3e and f).

The cytotoxic-T-lymphocyte (CTL) effect was an important function of effector CD8+
T cells during infection and used to evaluate ZIKV vaccine candidates. However, the CTL
effect of WT CD8™ T cells during ZIKV infection remains undefined, although this effect
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FIG 2 Kinetics of the CD8* T cell response to ZIKV infection in WT B6 mice. B6 WT mice were infected
with 2 X 10¢ PFU of ZIKV either i.p. or s.c. Splenocytes were obtained at 0, 4, 7, and 10 dpi. (a, ¢, and e)
Expression of CD44high CD62L'w (a), CD11a* CD49d* (c), and CXCR3™ (e) at the indicated time points
(gated on CD8* T cells). (b, d, and f) Quantification of the frequencies of CD44hish CD62L'w CD8* (b),
CD11a* CD49d* CD8* (d) and CXCR3* CD8* (f) T cells. (g) Expression of ZIKV-specific IFN-y* of CD8"
T cells. Splenocytes from ZIKV-infected mice were stimulated with heat-inactivated ZIKV-treated DC2.4
cells. (h) Quantification of IFN-y* CD8* T cells. Error bars represent means = the SEM. Data are pooled
from two or three independent experiments. n = 2 to 3 mice per group per experiment.

was well documented in LysMCre* IFNARA mice (5). Therefore, we sought to analyze
the cytolytic activity of the ZIKV-specific WT CD8* T cells. Briefly, CFSE (carboxyfluo-
rescein succinimidyl ester)-labeled splenocytes pulsed with individual positive peptides
were adoptively transferred into ZIKV-infected WT B6 mice, and the percentage of the
target cell killing was calculated after 13 h of cell transfer (Fig. 3g and 3h). Among the
peptides used in the assay, E, ,, produced the strongest CTL effect.

Taken together, six ZIKV epitopes restricted to CD8*F T cells were identified in
immunocompetent mice. Of the six peptides, E,_,, produced the strongest CTL effect,
indicating that this epitope is immunodominant. Furthermore, a ZIKV-specific tetramer
was developed that will facilitate ZIKV research in the future.
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FIG 3 Identification and characteristics of ZIKV-derived epitopes recognized by CD8* T cells in B6 WT
mice. Flve-week-old B6 WT mice were infected with 2 X 106 PFU of ZIKV and analyzed at 7 dpi. (a)
Representative plots of IFN-y of CD8* T cells. Splenocytes from infected mice were stimulated with
peptides derived from ZIKV strain SMGC-1. (b) Quantification of the frequency of IFN-y* cells among
CD8* T cells. (c) Representative plots of E,_,, tetramer-positive cells. The staining gating strategy is
indicated. (d) Quantification of the frequency of E,_,, tetramer-positive cells among CD3* CD8'ew
CD11a* T cells. (e) Expression of CD107a* IFN-y* among CD8™* T cells. (f) Quantification of the frequency
of CD107a* IFN-y* among CD8* T cells at the designated time points after ZIKV infection. (g and h) In
vivo killing of ZIKV peptide-pulsed cells. WT B6 mice infected 7 days previously with 2 X 108 PFU of ZIKV
were injected i.v. with CFSE-labeled target cells pulsed with the designated peptides. After 13 h, the
splenocytes were harvested and analyzed by flow cytometry, and the percent killing was calculated. (g)
Representation of in vivo killing of target cells in ZIKV-infected mice. (h) Quantification of the percentage
of killing. Error bars represent means = the SEM. Data are pooled from two independent experiments.
n = 2 to 3 mice per group per experiment.

ZIKV and DENV epitope-specific CD8* T cell responses were mutually cross-
reactive in a WT mouse. Several studies have demonstrated a close antigenic rela-
tionship between ZIKV and DENV, with potential implications for vaccines and thera-
peutics (22, 23). Most of these studies focused on the cross talk of neutralizing
antibodies between ZIKV and DENV and the structural basis for such cross-reactivity. A
very recent study of ZIKV reported that DENV-specific CD8" T cell epitopes were
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TABLE 1 ZIKV-derived peptides?

Peptide Sequence Length (nt)
ZK-NS2A-34 ISTSMAVL 8
ZK-NS2A-43 AMILGGFSM 9
ZK-NS2A-91 VSFIFRAN 8

ZK-E-4 IGVSNRDFV 9

ZK-E-204 LTMNNKHWL 9

ZK-E-310 AAFTFTKI 8

aPeptides from ZIKV strain SMGC-1 were predicted to bind to H-2° class | molecules (Db and Kb). nt,
nucleotides.

cross-reactive to ZIKV, and this was also demonstrated in I/fnar1=/— mice (11). In the
present study, we sought to investigate whether such cross-reactivity of CD8* T cells
can be observed in WT mice. First, splenocytes isolated from DENV-infected WT mice
were stimulated with peptides derived from ZIKV. We found that IFN-y* CD8" T
cells were produced, suggesting that CD8* T cell responses generated in DENV
infection were cross-reactive to ZIKV in WT mice (Fig. 4a). Given the coincidence of ZIKV
and DENV infection, we examined whether cross-reactivity of CD8* T cell responses
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FIG 4 The ZIKV and DENV epitope-specific CD8* T cell response was mutually cross-reactive in the WT
mouse model. (a) Expression of IFN-y* among CD8* T cells. Five-week-old B6 WT mice were infected
with 2 X 10% PFU of DENV-2, the mice were sacrificed, and splenocytes were harvested at 7 dpi and
stimulated with ZIKV-derived CD8" peptides. “Mock” represents control mice injected with PBS. IFN-y*
CD8* T cells were detected by intracellular staining. (b) Expression of IFN-y* among CD8* T cells.
Five-week-old B6 WT mice were infected with 2 X 10° PFU of ZIKV. “Mock” represents control mice
injected with PBS. Mice were sacrificed, and splenocytes were harvested at 7 dpi and stimulated with
DENV-2-derived CD8" peptide, as indicated in the figure. (c and e) In vivo killing of target cells pulsed
with peptide C, derived from DENV-2 and peptide E,_,, derived from ZIKV in ZIKV-infected mice (c) and
DENV-2 infected mice (e), respectively. (d) Quantification of panel c. (f) Quantification of panel e. Error
bars represent means = the SEM. Data are pooled from two independent experiments. n = 3 mice per
group per experiment.
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were mutual between ZIKV and DENV infection. Splenocytes from ZIKV-infected WT
mice were stimulated with the previously reported DENV peptide Cs,_so (24), and a very
similar cross-reaction was observed (Fig. 4b).

Next, we detected the cross-CTL effect of CD8* T cells by carrying out an in vivo
killing assay. CFSE-labeled splenocytes pulsed with peptide C.,_, derived from DENV-2
(DENV strain 43, GenBank accession number AF204178) were first transferred into
ZIKV-infected WT B6 mice. Then, the percentage of target cell killing was calculated
after 13 h of cell transfer. The results indicated that the CD8* T cell response to ZIKV
could have a CTL effect on DENV-primed cells (Fig. 4c and d). In addition, the CTL effect
derived from DENV-2 infection could also kill ZIKV peptide-pulsed splenocytes (Fig. 4e
and f).

The epitope E,_,, derived from ZIKV mediated the strongest cross-reactivity. The
amino acids sequence comparison showed that E, _,, is highly conserved between ZIKV
and DENV-2, sharing 88.9% identity. Other peptides were also cross-reactive but to a
lower extent (Fig. 4a and b), which indicated that the epitopes E,_,, of ZIKV screened
in WT mouse model could be a very good candidate for vaccine.

Memory CD8*+ T cells developed after ZIKV infection. It is well known that
long-term immune protection depends on the quantity and quality of memory T cells
developed after infection or vaccination. Memory T cells can rapidly acquire effector
functions to kill infected cells and/or secrete inflammatory cytokines (25, 26). ZIKV
infection induces a rapid and strong CD8% T cell immune response in WT mice.
However, whether ZIKV infection can induce memory CD8* T cell development has
never been reported. Therefore, we evaluated memory CD8" T cells in ZIKV-infected
WT mice. Splenocytes isolated from ZIKV infected mice at days 35 and 60 were
stimulated with ZIKV-specific peptide, and IFN-y* virus-specific memory CD8* T cells
were detected (Fig. 5a and b). Importantly, we observed ZIKV-specific memory CD8* T
cells even at 140 dpi by both E,_,, tetramer and IFN-y staining (Fig. 5c to f), Taken
together, these results indicated that a long-term memory CD8* T cell response could
develop during ZIKV infection in immunocompetent mice.

CD8* T cell immune response in ZIKV-infected CNS. Recently, more studies have
reported that a CD8* T cell response is induced in the CNS after virus infection in spite
of its immune-privileged specificity. Such immune responses in the CNS need to be
under strict control because the immunopathological damage of this organ during an
active immune response must be kept to a minimum (27, 28). During a ZIKV outbreak,
an increased incidence of Guillain-Barré syndrome (GBS) was reported (29), and CD8+
T cells play a very important role in GBS (30). Therefore, to further study the function
of the ZIKV-specific CD8" T cell immune response in the CNS, we used Ifnar1 =/~ mice
because previous studies have demonstrated that ZIKV infection in this mouse could
cause severe pathogenesis in the CNS (6). We studied the CD8* T cell immune
responses in the CNSs of ZIKV-infected Ifnar1=/— and WT B6 mice. We found that the
immune response in the CNSs of ZIKV infected Ifnar7—/— mice was quite different from
that of B6 WT mice. A large number of lymphocytes and CD8" T cells infiltrated the
spinal cords and brains of ZIKV-infected Ifnar1=/— mice but were absent in WT mice
(Fig. 6a and b). The CD8" IFN-y™ T cells in the CNS were CD11a positive and
polyfunctional since they were IFN-y* CD107a* cells after stimulation with virus-
specific peptide (Fig. 6¢ and d). These results seem to be due to the high levels of ZIKV
in the CNSs of Ifnar1—/~ mice and the undetectable virus in the CNSs of WT mice (Fig.
1c). Finally, CNS-infiltrated CD8* T cells are ZIKV-specific CD8" T cells since they are
E,_,, tetramer-positive cells (Fig. 6e). To further study the infiltration and cytokine
secretion patterns of CD8™" T cells in the spinal cord and brain, Ifnar1=/~ mice were
infected with ZIKV, and the CD8" T cell responses in the CNS were measured at
different time points. We found that lymphocytes (Fig. 6f) and CD8* T cells started to
infiltrate the CNS and secrete polyfunctional cytokines at 4 dpi, peaked at around 7 dpi,
and decreased quickly by 10 dpi (Fig. 6g to i). These data suggested that CD8* T cells
could be recruited to the CNS during ZIKV infection.
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FIG 5 Memory CD8* T cells were developed during ZIKV infection. (a) Representative zebra plot showing
the expression of CD11a* IFN-y* among CD8* T cells after stimulation with peptide derived from ZIKV.
(b) Quantification of the frequency of CD11a* IFN-y* among CD8* T cells. B6 WT mice were infected
with 2 X 106 PFU of ZIKV. Splenocytes were obtained at 35 and 60 dpi and stimulated with peptides
derived from ZIKV. Memory CD8* T cells were evaluated by IFN-y* CD11a* double-positive cells. (c)
Representative plots of E,_,, tetramer-specific CD8* memory cells at 140 dpi (gated on CD3* CD8'ew
CD11a* cells). (d) Quantification of the frequency of E,_,, tetramer* among CD3+ CD8'*~ CD11a* cells.
(e) Representative zebra plot showing the expression of IFN-y* gated on CD3* CD8'°w CD11a* cells after
stimulation with peptide E,_,,. (f) Quantification of the frequency of IFN-y* cells among CD3+ CD8'ew
cd11a* cells. Error bars represent means *= the SEM. Data are pooled from two independent experi-
ments. n = 3 mice per group per experiment.

Role of the CD8* T cell response during ZIKV infection. Having found that CD8*
T cells infiltrated the CNSs of ZIKV-infected Ifnar1—/~ mice, we then investigated the
importance of CD8* T cells in controlling virus infection in the CNS. Briefly, 107 CD8*
T cells isolated from ZIKV-infected or noninfected B6 WT mice, respectively, were
transferred into Ifnar1—/— mice, and then the recipient Ifnar1~—/— mice were infected
with ZIKV 1 day after cell transfer. Body weight, virus load, and the immune response
of CD8™ T cells in the CNS were investigated. We found that /fnar7 =/~ mice adoptively
transferred with ZIKV-infected CD8* T cells were protected from body weight loss (Fig.
7a) and a decreased ZIKV burden in the spinal cords and brains of mice adoptively
transferred with CD8* T cells compared to noninfected mice (Fig. 7b and c). In addition,
the levels of both lymphocytes and CD8* T cells also decreased significantly in the
spinal cords and brains of mice adoptively transferred with ZIKV-infected CD8" T cells
compared to those of mice adoptively transferred with noninfected CD8" T cells (Fig.
7d and e). These results demonstrated that CD8" T cells are critical to prevent ZIKV
infection.

A recent publication showed that ZIKV/DENV cross-reactive peptides immunization
provided protection against ZIKV infection (11). However, whether the cross talk
mediated by CD8* T cells post-ZIKV infection could prevent DENV infection remains
unclear. To investigate whether the ZIKV-specific CD8™ T cells provide cross protection
against DENV infection in vivo, 107 CD8% T cells derived from ZIKV-infected and
noninfected B6 WT mice were adoptively transferred to Ifnar1=/— mice 1 day prior to
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FIG 6 CD8* T cell immune response in the ZIKV-infected CNS. (a to e€) B6 WT mice and Ifnar1—/~ mice were
infected with 10° PFU of ZIKV and analyzed at 7 dpi. (a and b) Representative plots of lymphocytes (a) and
CD8* T cells (b) isolated from the CNS. (c and d) Expression of IFN-y* CD11A* (c) and IFN-y* CD107A* (d)
among CD8" T cells. Lymphocytes were isolated from the spinal cord and brain and stimulated with
ZIKV-derived peptide (E,_,,) to assess cytokine production by intracellular staining. (e) Representative plots
of E,_,, tetramer-specific CD8* T cells in the spinal cord and brain (gated on CD3* T cells). Splenocytes
obtained from noninfected mice were used as a staining negative control. (f to i) /fnar1=/— mice were
infected with 105 PFU of ZIKV, and analyzed lymphocytes were isolated from the spinal cord and brain at
0, 4,7, and 10 dpi. (f) Quantification of the total number of lymphocytes. (g) Dot plot showing CD8* T cells.
(h) Quantification of the number of CD8* T cells in the spinal cord or brain at the designated time points.
(i) Expression of IFN-y* CD107A* of CD8* T cells isolated from the spinal cord and brain and stimulated
with ZIKV-derived peptide (E,_,,). Error bars represent means = the SEM. Data are pooled from two
independent experiments. n = 3 mice per group per experiment.

infection with DENV. The body weights, viral loads, and infiltrations of the CD8* T cells
in the CNSs were then determined. We found that CD8% T cells obtained from
ZIKV-infected mice prevented DENV-infected Ifnar1—/— mice from body weight loss
(Fig. 7f) and decreased DENV burden in the brain compared to those of mice adoptively
transferred with CD8™ T cells from noninfected mice (Fig. 7g). Similarly, we found that
both the lymphocyte and the CD8* T cell levels were decreased in the spinal cords and
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FIG 7 Role of the CD8* T cell response during ZIKV infection. Ifnar1—/— mice were injected with
ZIKV-infected CD8* T cells and noninfected CD8* T cells 1 day prior to infection with ZIKV, and body
weights were monitored. The mice were sacrificed at day 8 for further study. (a) Body weights of mice
injected with ZIKV-infected CD8* T cells and noninfected CD8* T cell control mice. (b and c) ZIKV load
in mice injected with ZIKV-infected CD8* T cells and noninfected CD8* T cell control mice measured by
RT-PCR and plaque-forming assay. (d) Dot plots show lymphocytes and CD8* T cells in the CNSs of mice
injected with ZIKV-infected CD8* T cells and noninfected CD8* T cell control mice. (e) Quantification of
the total numbers of lymphocytes and CD8* T cells in the CNSs of mice injected with ZIKV-infected CD8*
T cells and noninfected CD8 T cell control mice. (f to h) Ifnar1—/— mice were injected with ZIKV-infected
CD8* T cells and noninfected CD8* T cells 1 day prior to infection with 10> PFU of DENV-2. Their body
weights were monitored, and the mice were sacrificed at 8 dpi for further study. (f) Body weight. (g)
DENV-2 load in brain. (h) Representative dot plot showing the lymphocytes and CD8* T cells isolated
from the spinal cords and brains of DENV-infected mice. Error bars represent means *+ the SEM. Data are
pooled from two independent experiments. n = 3 mice per group per experiment. The data were
analyzed by Student t test (¥, P < 0.05; **, P < 0.01; ***, P < 0.001).

brains of mice adoptively transferred with CD8* T cells from ZIKV-infected mice (Fig.
7h). These findings demonstrate that ZIKV cross-reactive CD8" T cells provide cross
protection against DENV infection.

DISCUSSION

Several new mouse models of ZIKV were developed over the past last year using
current viral isolates. Using a Cambodian isolate of ZIKV, Rossi et al. showed that
3-week-old A129 and AG129 mice, which lack type | or | and Il IFNs, respectively,
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developed paralysis and succumb to disease by 7 dpi, whereas older mice showed
viremia and weight loss but recovered after day 8 (31, 32). Lazear et al. assessed 4- to
6-week-old A129 or Irf3/5/7 triple-KO mice challenged with ZIKV (H/PF/2013) from
French Polynesia, as well as the African ZIKV strain MR766 (6), and similar observations
were obtained. In addition, using immunocompromised neonatal mice, Mohanraj et al.
showed that the mice developed clinical symptoms similar to those of of Ifnar1—/—
mice after ZIKV infection (7). Therefore, the majority of mouse models used for ZIKV
infection thus far are mice that lack a competent immune system (5, 6). These models
are sufficient for characterizing infection and the pathogenesis of the virus because a
clear infection phenotype is observed, but they are unable to provide a comprehensive
and accurate understanding of the natural immune response to ZIKV infection. Re-
cently, two reports indicated that ZIKV can infect WT mice and activate CD8 T cells (8,
9). Our studies extended these findings by characterizing the immune response to ZIKV
more comprehensively in the key peripheral organs of WT adult mice. Consistent with
these two reports, we also demonstrated that ZIKV infected adult B6 WT mice success-
fully and induced a strong CD8* T cell response; ZIKV-specific functional molecule
secretion patterns by CD8* T cells peaked at day 7 and declined gradually thereafter.
We screened ZIKV-specific major histocompatibility complex (MHC) class | peptides in
WT mouse and identified six antigen epitopes derived from the E and NS2A proteins of
ZIKV. Of these peptides, E,_;, induced the strongest CD8* CTL response and a
ZIKV-derived E,_,, tetramer was first developed, which will facilitate ZIKV research in
the future. Moreover, we demonstrated first that ZIKV-specific long-term memory CD8"
T cells were developed during ZIKV infection. Collectively, these findings further
demonstrated that WT mice could be a better model for studying the CD8* T cell
immune response to ZIKV infection.

The CNS is considered to be an immune-privileged site for two reasons. First, the
expression of MHC molecules is limited within the CNS parenchyma. Second, the entry
of adaptive immune cells into the CNS via the blood-cerebrospinal fluid (CSF) barrier,
the CSF-brain barrier, and the blood-brain barrier is restricted, but immune surveillance
of the CNS does take place (33, 34). The clinical presentation of ZIKV-infected Ifnar1—/—
mice, along with the previously described tropism of ZIKV for neurons, suggest that
CD8* T cells may migrate to CNS when virus infects the neuron cells. Indeed, we found
that a large number of CD8* T cells infiltrated in the CNS when ZIKV infected the brain
or spinal cord. The CD8* T cell is important for limiting virus replication, since adoptive
transfer of the virus-specific effector CD8* T cells into Ifnar1—/— mice infected with ZIKV
can effectively prevent virus from infecting the CNS and reduce clinical manifestations
such as weight loss and viral load. On other hand, although it is possible that the influx
of T cells into the CNS plays a key role in controlling the virus and aids in the survival
of the host, the presence of CD8* T cells may be driving the occurrence of GBS, given
that high rates of GBS were reported during ZIKV outbreaks (29), it is highly likely that
the increased incidence of GBS during ZIKV infection is associated with the pathogenic
effect of virus-specific CD8* T cells in killing virus-infected neurons. Finally, the finding
that the CD8* T cell response can efficiently control the ZIKV load and protect the CNS
from ZIKV infection also raises an important point to be considered in evaluating and
designing vaccines in the future.

ZIKV and DENV share high amino acid identity, and several recent studies demon-
strated a cross-reactivity between ZIKV and DENV at the antibody response level (23).
Regarding cross-reactivity in the T cell response, it has been shown that E-protein-
reactive T cells directly isolated from ex vivo cultures of memory CD4* T cells of ZIKV-
or DENV-infected human donors did not cross-react upon secondary stimulation with
heterologous E proteins. These findings indicate an overall low level of CD4 T cell
cross-reactivity between ZIKV and DENV E proteins (23). Considering that cocirculation
of ZIKV and DENV occurs in many regions of the world due to their common vectors
and geographical distributions, it is important to investigate CD8" T cell cross-reactivity
and its role in the context of ZIKV infection. We showed here that the CD8" T cell
immune response induced by ZIKV infection did cross-react with DENV upon secondary
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stimulation with peptide from C protein of DENV. Importantly, this cross-reactivity led
to cross protection against DENV infection in vivo, as shown by the adoptive transfer of
ZIKV-infected CD8* T cells preventing weight loss in DENV-infected mice. Further study
indicated that the cross protection mutually occurred between ZIKV and DENV infec-
tions. These findings suggest that the consequence of cross-reactivity elicited by a
CD8™ T cell response is different from that of the cross-reactive antibody: the antibody
enhanced DENV infection (23), but the cross-reactivity of the CD8* T cell response to
ZIKV prevented DENV infection.

The ability to develop and sustain populations of memory T cells after infection or
immunization is a hallmark of the adaptive immune response and a basis for protective
vaccination against infectious disease. Our data revealed that epitope-specific memory
CD8* T cells were developed during ZIKV infection. These findings could provide
significant insights into the development or evaluation of a novel preventive strategy
against ZIKV and DENV infection. However, whether the memory CD8* T cells can
prevent secondary infection needs to be further studied.

Our studies comprehensively characterized the CD8* T cell immune response
during ZIKV infection in an immunocompetent mouse. The presence of infiltrating
CD8* T cells in a ZIKV-infected CNS suggests that, on one hand, CD8* T cells are
important for controlling virus infection but that, on the other hand, they may trigger
a neurodestructive inflammatory response in the CNS. Moreover, the identification of
ZIKV-specific CD8* T cell-dominant epitopes and the finding that the CD8* T cell
immune response elicited by either ZIKV or DENV infection is mutually cross-reactive
and cross protective provide important insight for vaccine design in the future.

MATERIALS AND METHODS

Ethics statement. All animal handling procedures were performed in compliance with People’s
Republic of China legislation for the care and use of laboratory animals. The experiments and protocol
were approved by the Committee on the Ethics of Animal Experiments of the Institute of Microbiology,
Chinese Academy of Sciences (IMCAS) under permit APIMCAS2017015. Studies with ZIKV were con-
ducted under biosafety level 2 and animal BSL3 containment.

Cells and viruses. African green monkey kidney epithelial cells (Vero, ATCC-CCL-81) and baby
hamster kidney cells (BHK-21, ATCC-CCL-10) were purchased from the American Type Culture Collection
(ATCGC; Manassas, VA). DC2.4 was provided by Mingzhao Zhou (Institute of Biophysics, Chinese Academy
of Sciences, Beijing, China). Vero and BHK-21 cells were maintained in Dulbecco modified Eagle medium
(DMEM; Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, USA) at 37°C with 5%
CO,. ZIKV strain ZIKA-SMGC-1 (GenBank accession number KX266255) was isolated by our lab as
described previously (35). DENV-2 (strain 43; GenBank accession number AF204178) was kindly provided
by Cheng-Feng Qin (Beijing Institute of Microbiology and Epidemiology, Beijing, China). Virus stocks were
propagated in Vero cells and titrated in BHK-21 cells by standard plaque-forming assays.

Mouse experiments. Specific-pathogen-free WT mice were supplied by the Beijing Vital River
Laboratory Animal Technology Co., Ltd. (licensed by Charles River). Ifnar1—/— mice were kindly provided
by Baidong Hou (Institute of Biophysics). All experiments were performed according to the institutional
Animal Care and Use Committee-approved animal protocols. Five- to six-week-old female WT B6 mice
and five-week-old Ifnar1—/— mice were used in this study. For infection experiments, WT B6 (female) and
Ifnar1=/= (male and female) mice were i.p. infected with 2 X 106 PFU of ZIKV (or DENV-2) or 10° PFU of
ZIKV (or DENV-2), respectively. In all experiments, mice receiving PBS buffer were used as the mock-
treated controls. Survival, weight loss, and disease signs were monitored.

Peptide prediction approaches and peptide synthesis. MHC class | peptide binding affinity
predictions were performed using the Immune Epitope Database (IEDB) Tools website with the “IEDB-
recommended” method selection. Predicted binding affinities for all nonredundant 8- to 9-mer peptides
that bound H2-Kb and H2-Db were obtained. For each allele, the lists of peptides obtained above were
sorted by increasing consensus percentile rank and restricted to 0.8. All of the synthesized peptides were
obtained from Scilight Biotechnology Co., Ltd. (Beijing, China). The purity of the synthesized peptides was
>98%, as determined by high-performance liquid chromatography analysis.

Flow cytometry analyses. All antibodies were purchased from eBioscience. Red blood cells (RBCs)
were lysed using RBC lysis buffer (eBioscience). For surface staining, splenocytes or lymphocytes were
washed and then incubated with anti-CD8-PerCP/AF780, anti-CD44-PE, anti-CD62L-PerCP, anti-CD11a-
FITC/Efluor450, or anti-CD49d-PerCP at 4°C in the dark. For intracellular cytokine staining, 1.5 X 10°
splenocytes were plated in 96-well U-bottom plates and stimulated with individual ZIKV peptides (5
rg/ml) in the presence of brefeldin A (eBioscience) for 5 h. For CD107a staining, CD107a-FITC was added
to the wells at the same time as the peptide. The cells were washed, and surface staining was performed.
The cells were then fixed and permeabilized using a BD Biosciences Cytofix/Cytoperm kit and stained
with anti-IFN-y/APC or anti-IFN-y/PE. Samples were read on a FACSCanto Il or LSR Fortessa (BD
Biosciences) and analyzed using FlowJo software.
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Virus-specific IFN-y-producing CD8+ T cell detection. Splenocytes (1.5 X 10°) harvested from
ZIKV-infected mice were stimulated with DC2.4 that had been treated with heat-inactivated ZIKV 12 h
previously. After 18 h brefeldin A was added, and after 5 h the cells were analyzed by flow cytometry.

In vivo cytotoxicity assay. Five-week-old B6 mice (recipients) were infected with 2 X 10 PFU of
ZIKV. Splenocytes (targets) were harvested from naive donor B6 mice 7 days later. The RBCs were lysed,
and the target cells were pulsed with 1 pg of the irrelevant peptide (OVA,5,_,¢,) and the positive peptide
of ZIKV per ml for 1 h at 37°C. The cells were then washed. ZIKV peptide-pulsed cells were labeled with
1 uM CFSE (CFSEMigh), and the irrelevant peptide-pulsed cells were labeled with 100 nM CFSE (CFSE'ow)
at 37°C for 10 min. After washing, the two cell populations were mixed in a 1:1 ratio, and 5 X 10¢ cells
from each population were injected i.v. into naive or infected recipient mice. After 13 h, the mice were
sacrificed, and splenocytes were analyzed by flow cytometry, with gating on the CFSE™ cells. The killing
percentage was calculated as follows: 100 — [(% ZIKV peptide-stimulated in infected mice/% irrelevant
peptide-stimulated in infected mice)/(% ZIKV peptide-stimulated in naive mice/% irrelevant peptide-
stimulated in naive mice) X 100].

Lymphocyte cell isolation from CNS. ZIKV-infected mice were sacrificed at the indicated time
points and immediately perfused with PBS. CNS-infiltrating lymphocytes were isolated using mechanical
disruption of the organ, followed by enrichment on 70 to 30% Percoll gradients (GE Healthcare) and
centrifugation for 20 min at 800 X g. The median-layer lymphocytes were obtained.

Adoptive transfer of CD8+ T cells. ZIKV-infected CD8* T cells were isolated from B6 mice on day
7 after infection with 2 X 10° PFU of ZIKV using a magnetic CD8* T cell selection kit (CD8a Ly-2; Miltenyi
Biotech). Noninfected CD8 T cells were isolated from noninfected B6 mice as described above. A total of
107 CD8* T cells were transferred into 5-week-old naive Ifnar1—/— mice, and recipient mice were infected
with 10° PFU of ZIKV 1 day after cell transfer. Further studies were performed after infection.

Quantitation of the ZIKV and DENV burden in mice. For viral RNA detection, tissues were
homogenized, and total RNA was extracted using TRIzol reagent (Invitrogen). cDNA was prepared from
1 wg of RNA using 10 U of avian myeloblastosis virus reverse transcriptase (Promega, USA), a deoxy-
nucleoside triphosphate mixture, and oligo(dT) primers at 37°C for 1 h. Real-time qRT-PCR was performed
on an ABI 7500 (Applied Biosystems, USA) using SYBR green Supermix (Applied Biosystems) according to
the manufacturer’s protocol. The expression levels of viral RNA were normalized against HPRT (hypo-
xanthine phosphoribosyltransferase). Quantitative RT-PCR experiments were performed using three
independent RNA preparations. The real-time PCR primers set for ZIKV RNA detection were as follows:
forward (5'-TGAYAAGCARTCAGACAC-3') and reverse (5'-TCACCARRCTCCCTTTGC-3’). For DENV-2, the
primer set was as follows: forward (5'-CAGGCTATGGCACTGTCACGAT-3’) and reverse (5'-CCATTTGCAGC
AACACCATCTC-3').

Plaque-forming assay. Infectious viruses in mouse tissues were determined by a standard plaque-
forming assay in BHK-21 monolayers in six-well plates. In brief, the tissues were homogenized and
centrifuged at 4°C, and then serial 10-fold dilutions of the supernatant were inoculated onto BHK cells.
After 1 h of adsorption at 37°C, the wells were overlaid with 1 ml of DMEM supplemented with 2%
FBS and 1% agarose. The plates were incubated for 4 days at 37°C in 5% CO,. Monolayers were fixed
by the addition of 1 ml of 4% formalin solution to the overlay medium. After 1 h of fixation at room
temperature, the fixative was removed, the wells were washed with water, and the monolayers were
stained with 1% crystal violet in 70% methanol. The plaques were counted, and titers are expressed
as PFU per ml or per g.

Tetramer preparation and cell staining. H-2Db-restricted tetramers of peptides E,_,, were pre-
pared as previously described (36). Briefly, to produce biotinylated peptide-MHC protein, H-2Db was
modified by the addition of a substrate sequence for the biotinylating enzyme BirA at the C terminus of
the a3 domain. In vitro-renatured H-2Db/peptide complexes were then purified and biotinylated by
incubation with D-biotin, ATP, and the biotin protein ligase BirA (Avidity) at 4°C for 12 h. The biotinylated
H-2Kd was further purified over a Superdex 200 10/300 GL gel filtration column (GE Healthcare) to
remove excess biotin and then mixed with PE-streptavidin (Sigma-Aldrich). Cells from the subjects were
stained with PE-tetramer and FITC-conjugated anti-CD11a, APC-conjugated anti-CD3, and APC-CY7-
conjugated anti-CD8 AbS. All samples were analyzed with a FACSCalibur or Fortessa flow cytometer (BD
Biosciences) after staining.

Statistical analysis. All data were analyzed using GraphPad Prism software. A Student t test was
used to analyze differences in mean values between groups. All results are expressed as means * the
standard errors of the mean (SEM). P values of <0.05 were considered statistically significant (*, P < 0.05;
**P < 0.01, ***, P < 0.001; ****, P < 0.0001).
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