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CD8+ T cells play an important role in controlling Flavivirus infection, including Zika virus (ZIKV). Here, we have identified
25 HLA-B*0702-restricted epitopes and 1 HLA-A*0101-restricted epitope using interferon (IFN)-γ enzyme-linked
immunospot (ELISPOT) and intracellular cytokine staining (ICS) in ZIKV-infected IFN-α/β receptor-deficient HLA
transgenic mice. The cross-reactivity of ZIKV epitopes to dengue virus (DENV) was tested using IFN-γ-ELISPOT and IFN-
γ-ICS on CD8+ T cells from DENV-infected mice, and five cross-reactive HLA-B*0702-binding peptides were identified by
both assays. ZIKV/DENV cross-reactive CD8+ T cells in DENV-immune mice expanded post ZIKV challenge and
dominated in the subsequent CD8+ T cell response. ZIKV challenge following immunization of mice with ZIKV-specific and
ZIKV/DENV cross-reactive epitopes elicited CD8+ T cell responses that reduced infectious ZIKV levels, and CD8+ T cell
depletions confirmed that CD8+ T cells mediated this protection. These results identify ZIKV-specific and ZIKV/DENV
cross-reactive epitopes and demonstrate both an altered immunodominance pattern in the DENV-immune setting relative
to naive, as well as a protective role for epitope-specific CD8+ T cells against ZIKV. These results have important
implications for ZIKV vaccine development and provide a mouse model for evaluating anti-ZIKV CD8+ T cell responses of
human relevance.

Zika virus (ZIKV) is a positive-sense, single-stranded, envel-
oped RNA flavivirus that shares vector and host space with
other flaviviruses, including dengue virus (DENV), yellow

fever virus and Japanese encephalitis virus1,2. ZIKV was first isolated
in 1947 in Uganda from a sentinel rhesus macaque and, until
recently, was known to cause mild, self-limiting and sporadic
disease in Africa and Southeast Asia3. A causal relationship
between ZIKV and a congenital syndrome including microcephaly
was confirmed in the 2015 Brazilian outbreak, and signs of micro-
cephaly have been seen in ZIKV-infected mice4–6. ZIKV has also
been linked to Guillain–Barre syndrome7 and case reports of
sexual transmission are mounting8,9.

With the new disease syndromes caused by and associated with
ZIKV infection, there is an urgent need to address fundamental
gaps in the understanding of ZIKV immunology and pathogenesis.
Signs of clinical Zika disease have historically been similar to signs
of dengue fever, and ZIKV’s immunological similarity to DENV has
also been documented. BLAST search results show that ZIKV and
DENV have about 52–57% amino acid sequence homology.
Indeed, the serologic cross-reactivity of these two viruses has prob-
ably contributed to the misdiagnosis and underdiagnosis of ZIKV,
and cases of concurrent infection with ZIKV and DENV have
also been documented10. Cellular immunity to flaviviruses is also
cross-reactive, and cross-reactive T cells may play a dual role in pro-
tection and pathogenesis11–13. However, so far, ZIKV epitopes recog-
nized by human CD4+ or CD8+ T cells have not been identified, and
their identification would accelerate the investigation of immunity
and pathogenesis, as well as the development of vaccines and
potentially diagnostics.

Epidemiological and laboratory studies from the relatively large
body of knowledge on the four serotypes of DENV indicate that
the severe and potentially fatal form of dengue disease occurs
most commonly when patients are infected with a second DENV
serotype after infection by, and recovery from, a first heterologous
DENV serotype14,15. One hypothesis, termed ‘original T cell anti-
genic sin’, suggests that disease severity increases in secondary infec-
tion because T cells primed during the first DENV infection
predominate in the subsequent infection with a different DENV ser-
otype, and these serotype-cross-reactive T cells fail to mount an
appropriate immune response to the second DENV serotype11–13.
Similar T cell cross-reactivity may exist between ZIKV and
DENV, as ZIKV and DENV share high amino acid identity.
Consistent with this homology, several recent studies have revealed
cross-reactivity between ZIKV and DENV at the antibody response
level. In particular, both plasma and monoclonal antibodies isolated
from DENV-exposed donors can have potent neutralizing activity
against ZIKV, and can mediate antibody-dependent enhancement
(ADE) of ZIKV infection16–18. In fact, monoclonal antibodies iso-
lated from ZIKV-immune donors can induce ADE of DENV infec-
tion in vitro and in vivo in mice19. Although our recent work
demonstrated that CD8+ T cells are protective against ZIKV infec-
tion in H-2b mice20, the understanding of T cell-mediated responses
to ZIKV remains minimal. As ZIKV and DENV will continue to co-
circulate in many regions of the world due to their common vectors
and geographical distributions, it is critical to continue exploring the
protective versus potentially pathogenic influence of T cells induced
by prior DENV exposure on ZIKV infection. However, knowledge
about the human T cell epitopes that are unique to ZIKV or shared

1Division of Inflammation Biology, La Jolla Institute for Allergy & Immunology, La Jolla, California 92037, USA. 2Institute of Arboviruses, School of Basic
Medical Sciences, Wenzhou Medical University, Wenzhou, Zhejiang 325000, China. 3Division of Vaccine Discovery, La Jolla Institute for Allergy &
Immunology, La Jolla, California 92037, USA. *e-mail: sujan@lji.org

ARTICLES
PUBLISHED: 13 MARCH 2017 | VOLUME: 2 | ARTICLE NUMBER: 17036

NATURE MICROBIOLOGY 2, 17036 (2017) | DOI: 10.1038/nmicrobiol.2017.36 | www.nature.com/naturemicrobiology 1

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

mailto:sujan@lji.org
http://dx.doi.org/10.1038/nmicrobiol.2017.36
http://www.nature.com/naturemicrobiology


with DENV is lacking. As a consequence, few tools are available for
investigating ZIKV-specific T cell immunity and vaccine development.

In the present study, we computationally predicted 107 and 90
ZIKV epitopes to bind two common human leucocyte antigen
(HLA) class I molecules, HLA-B*0702 and HLA-A*0101, respect-
ively, and screened these epitopes by IFN-γ-enzyme-linked immu-
nospot (ELISPOT) analysis of epitope-stimulated CD8+ T cells
from IFN-α/β receptor (Ifnar)−/− HLA-B*0702 and Ifnar−/− HLA-
A*0101 transgenic mice that were infected with either ZIKV
strain FSS13025 (Asian lineage) or MR766 (African lineage).
Twenty-five HLA-B*0702-restricted epitopes and 1 HLA-A*0101-
restricted epitope were confirmed to induce IFN-γ production by
intracellular cytokine staining (ICS). We performed a similar analy-
sis with DENV serotype 2 (DENV2) strain S221 and identified five
ZIKV/DENV cross-reactive HLA-B*0702-restricted epitopes.
Prior infection with DENV2 shaped the subsequent anti-ZIKV
CD8+ T cell response. Specifically, the memory ZIKV/DENV
cross-reactive CD8+ T cells expanded during subsequent ZIKV
infection and thus the CD8+ T cell response to ZIKV in DENV-
immune mice was narrow (focused on the cross-reactive epitopes).
In contrast, the anti-ZIKV CD8+ T cell response in naive animals was
broad (included both ZIKV-specific and ZIKV/DENV cross-reactive
epitopes). Immunization of mice with a cocktail of ZIKV-specific or
ZIKV/DENV cross-reactive peptides afforded protection against
ZIKV challenge. CD8+ T cell depletion of peptide-immunized mice
confirmed that this protection was mediated by CD8+ T cells.
Overall, we identified human-relevant ZIKV-derived epitopes recog-
nized by CD8+ T cells in naive and DENV-immune settings, revealed
an altered immunodominance pattern of the anti-ZIKV CD8+ T cell
response in naive versus DENV-immune conditions, and demon-
strated that ZIKV-specific and ZIKV/DENV cross-reactive CD8+

T cells can contribute to protection against ZIKV. These findings
imply that ZIKV vaccine development efforts should elicit and
evaluate CD8+ T cell responses.

Results
Identification of HLA-B*0702- and HLA-A*0101-restricted
ZIKV-derived epitopes. We previously generated in vivo models
of DENV infection in HLA transgenic Ifnar−/− mice21,22. Ifnar−/−

mice were used instead of wild-type mice, because DENV cannot
block type I IFN signalling and replicate in murine cells23–25. Our
HLA transgenic Ifnar−/− mouse models of DENV infection have
been validated by several observations. (1) The epitopes identified
in mice are also recognized by peripheral blood mononuclear cells
(PBMCs) from DENV-exposed humans21,22. (2) A dominance of
the HLA-B*0702-restricted response is observed in both mice and
humans21,26. (3) The CD8+ T cell response targets both structural
and nonstructural (NS) proteins in DENV3, but predominantly
NS proteins in the other three DENV serotypes in both mice and
humans22,27,28. (4) CD8+ T cell responses are broad (targeting
both structural and NS proteins) following primary and
homotypic secondary DENV infection in both mice and humans,
whereas CD8+ T cell responses following heterotypic secondary
infection in mice22 and natural reinfections in humans26,29,30 focus
on the conserved NS proteins. Similar to DENV, ZIKV cannot
evade type I IFN-mediated immunity31–33. We therefore used
Ifnar−/− HLA-B*0702 and HLA-A*0101 transgenic mice to
identify ZIKV-derived HLA-restricted epitopes.

A total of 107 HLA-B*0702-binding epitope candidates (8-, 9-,
10- and 11-mers), representing the top 2% of candidates predicted
by the Immune Epitope Database and Analysis Resource
(IEDAR), were chosen for synthesis. The numbers of peptides in
C, prM, M, E, NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5
were 3, 2, 6, 13, 12, 12, 3, 23, 4, 16 and 13, respectively. Seven
days after infection of Ifnar−/− HLA-B*0702 transgenic mice with
ZIKV strain FSS13025 or MR766, CD8+ T cells were isolated

from splenocytes and screened by IFN-γ ELISPOT assay. ZIKV
MR766 infection induced a stronger and broader CD8+ T cell
response than ZIKV FSS13025 in Ifnar−/− HLA-B*0702 transgenic
mice (Supplementary Fig. 1a–c). The frequencies of peptide-specific
IFN-γ-producing CD8+ T cells in mice infected with ZIKV
FSS13025 and ZIKV MR766 ranged from 140 to 1,223 spot-
forming cells (SFCs) per 106 CD8+ T cells and 98 to 1,362 SFCs
per 106 CD8+ T cells, respectively. Table 1 shows the key character-
istics of the positive peptides. A total of 19 and 36 epitopes were
derived from ZIKV FSS13025 and ZIKV MR766, respectively. The
two ZIKV strains shared 18 epitopes, including the following 9
immunodominant peptides: FSS/MR-NS2A75–84, FSS/MR-NS2A89–99,
FSS-NS2A133–141, MR-NS2A133–141, FSS/MR-NS2A148–155, FSS/
MR-NS2B68–75, FSS/MR-NS3206–215, FSS/MR-NS3574–582 and
FSS/MR-NS4B426–435 (Table 1). The FSS-C25–35 epitope is present
in ZIKV FSS13025 but not ZIKV MR766. The NS3 protein
contained the largest number of epitopes and NS2A induced the
highest magnitude of CD8+ T cell responses. The majority of
immunodominant epitopes were located in NS2A, but the most
immunodominant epitope, FSS/MR-NS4B426–435, was contained
in NS4B (Supplementary Fig. 1a–c).

Ninety HLA-A*0101-binding epitope candidates were also chosen
for synthesis. The numbers of peptides in C, prM, M, E, NS1, NS2A,
NS2B, NS3, NS4A, NS4B and NS5 were 2, 5, 1, 10, 11, 3, 3, 18, 1, 20
and 16, respectively. In contrast to HLA-B*0702 mice, FSS13026
induced a stronger CD8+ T cell response than MR766 in Ifnar−/−

HLA-A*0101 transgenic mice (Supplementary Fig. 1d–f). As
shown in Table 1, the frequencies of peptide-specific IFN-γ-produ-
cing CD8+ T cells in mice infected with ZIKV FSS13025 and ZIKV
MR766 ranged from 286 to 1,646 SFCs per 106 CD8+ T cells and
225 to 1,574 SFCs per 106 CD8+ T cells, respectively. Thirteen pep-
tides were identified as positive in total. The two ZIKV strains
shared 7 positive peptides, including 4 immunodominant peptides:
FSS/MR-E159–167, FSS/MR-E195–203, FSS/MR-NS123–31 and FSS/MR-
NS4B231–239 (Table 1). E protein contained the largest number of
epitopes and induced the highest magnitude of CD8+ T cell response.
The most immunodominant epitope, FSS/MR-NS4B231–239, was
contained in NS4B (Supplementary Fig. 1d–f ).

Epitope confirmation and characterization of cytokine secretion.
To further characterize the epitopes identified via IFN-γ ELISPOT
analysis, splenocytes were isolated from ZIKV-infected Ifnar−/−

HLA-B*0702 transgenic mice, stimulated with each of 37 positive
peptides, and the frequency of IFN-γ- and/or tumour necrosis
factor-α (TNF-α)-producing CD3+ CD8+ T cells was determined
by ICS (Supplementary Fig. 2). The percentages of IFN-γ-
producing CD8+ T cells ranged from 0.22 to 2.28% and 0.23 to
2.36% of total CD3+ CD8+ T cells in ZIKV FSS13025- and ZIKV
MR766-infected mice, respectively (Table 1). Twenty-five of the 37
IFN-γ ELISPOT-positive peptides were confirmed by IFN-γ ICS.
Some of the FSS/MR-NS2A89–99 and FSS/MR-NS4B426–435 peptide-
stimulated CD8+ T cells simultaneously secreted both IFN-γ and
TNF-α in mice infected with either ZIKV FSS13025 or ZIKV
MR766. In ZIKV FSS13025-infected mice, FSS-C25–35 also
stimulated production of both IFN-γ and TNF-α (Fig. 1a). In
ZIKV MR766-infected mice, four additional peptides (FSS/MR-
NS2A75–84, FSS/MR-NS2A148–155, FSS/MR-NS2B68–75 and FSS/MR-
NS3574–582) stimulated simultaneous production of IFN-γ and TNF-
α (Fig. 1b). Collectively, these results define the specificity of the
anti-ZIKV CD8+ T cell response restricted by HLA-B*0702 in this
mouse model. The epitope map shows that NS proteins NS2A, NS3,
NS4B and NS5 are the major targets of the HLA-B*0702-restricted
CD8+ T cell response to both African- and Asian-lineage ZIKV, and
that the African-lineage ZIKV MR766 contained more HLA-
B*0702-restricted CD8+ T cell epitopes than the Asian-lineage
ZIKV FSS13025. However, among 13 IFN-γ-ELISPOT-positive
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HLA-A*0101-binding peptides, only FSS/MR-NS4B231–239 was
confirmed by IFN-γ ICS in mice infected with either FSS13025 or
MR766 (Fig. 1c,d). The percentages of IFN-γ-producing CD8+ T cells
in ZIKV FSS13025- and ZIKV MR766-infected Ifnar−/− HLA-
A*0101 transgenic mice were 0.6 and 1.38%, respectively (Table 1).

Cross-reactivity of ZIKV epitopes with DENV. To evaluate the
potential cross-reactivity of the HLA-B*0702-restricted ZIKV-derived
epitopes with DENV, CD8+ T cells from spleens of Ifnar−/− HLA-
B*0702 transgenic mice infected with DENV2 strain S221 were
stimulated by each of 37 ZIKV-derived epitopes identified by IFN-γ

ELISPOT analysis. Cross-reactivity was determined using both IFN-γ
ELISPOT and IFN-γ ICS assays (Supplementary Fig. 3). Thirteen
peptides were positive, as determined by IFN-γ ELISPOT
(Supplementary Fig. 3a), and the frequency of epitope-specific
IFN-γ+ CD8+ T cells ranged from 44 to 606 SFCs per 106 CD8+

T cells (Table 1). Six peptides were positive based on IFN-γ ICS
assay, and the percentages of IFN-γ-producing CD8+ T cells ranged
from 0.18 to 0.63% (Supplementary Fig. 3b and Table 1). Of these
six IFN-γ ICS-positive peptides, five epitopes (FSS/MR-NS2A75–84,
FSS/MR-NS3206–215, FSS/MR-NS3574–582, FSS/MR-NS4B426–435 and
FSS/MR-NS5539–546) were positive in both IFN-γ ELISPOT and

Table 1 | Characteristics of identified Zika virus epitopes.

Peptides* Sequences HLA IEDB
prediction Conservation†

SFCs per 106 CD8+ T cells
(% IFN-γ+ CD8+ T cells)‡

Percentile
rank

FSS13025 MR766 SPH2015 FSS13025 MR766 S221

FSS-C25–35 SPFGGLKRLPA B*0702 0.75 Y Y 802 (0.79%)
FSS/MR-M4–12 LPSHSTRKL B*0702 0.4 Y Y Y 235 398 (0.28%)
FSS/MR-E38–45 KPTVDIEL B*0702 1.45 Y Y Y 103 51
FSS/MR-E170–178 TPNSPRAEA B*0702 0.8 Y Y Y 155
FSS/MR-E173–180 SPRAEATL B*0702 0.25 Y Y Y 167 108
FSS/MR-E233–242 TPHWNNKEAL B*0702 0.35 Y Y Y 158 218 (0.3%)
FSS-E337–347 GPCKVPAQMAV B*0702 1.7 Y Y 271
FSS/MR-NS199–107 GPQRLPVPV B*0702 1.4 Y Y Y 103
MR-NS2A31–40 VVMILGGFSM B*0702 1.6 Y 106 (0.37%) 51
FSS/MR-NS2A75–84 RPALLVSFIF B*0702 1.6 Y Y Y 713 (0.53%) 582 (2.04%) 88 (0.58%)
FSS/MR-NS2A89–99 TPRESMLLAL B*0702 0.15 Y Y Y 807 (0.56%) 823 (0.95%) 55
FSS-NS2A133–141 VPRTDNITL B*0702 0.3 Y Y 786 (0.9%) 1,182 (1.07%)
MR-NS2A133–141 VPRTDNIAL B*0702 0.2 Y 648 (0.54%) 776 (1.39%)
MR-NS2A141–150 LPILAALTPL B*0702 0.2 Y 540 (0.28%)
FSS/MR-NS2A148–155 TPLARGTL B*0702 0.45 Y Y Y 706 (0.28%) 1,055 (0.87%)
FSS/MR-NS2B68–75 SPRLDVAL B*0702 0.6 Y Y Y 963 (0.56%) 993 (0.77%)
FSS/MR-NS3188–196 LPEIVREAI B*0702 1.2 Y Y Y 179 (0.23%) 63
FSS/MR-NS3206–215 APTRVVAAEM B*0702 0.2 Y Y Y 749 (0.3%) 724 (0.53%) 606 (0.33%)
FSS/MR-NS3309–317 FPDSNSPIM B*0702 1.2 Y Y Y 335 565 (0.49%)
FSS/MR-NS3405–413 RVIDSRRCL B*0702 1.1 Y Y Y 236 (0.23%) 718 (0.4%)
FSS/MR-NS3427–436 GPMPVTHASA B*0702 0.25 Y Y Y 140 204 136
FSS/MR-NS3492–501 RPEADKVAAI B*0702 0.55 Y Y Y 157
FSS/MR-NS3574–582 KPRWMDARV B*0702 0.3 Y Y Y 969 (0.79%) 1,095 (1.9%) 350 (0.63%)
FSS/MR-NS3581–589 RVCSDHAAL B*0702 1.3 Y Y Y 411 (0.31%) 44
MR-NS3596-NS4A1 AAGKRGAAL B*0702 0.6 Y 148
FSS/MR-NS4A36–45 RPYKAAAAQL B*0702 0.25 Y Y Y 120
FSS/MR-NS4A125–133 SPQDNQMAI B*0702 0.5 Y Y Y 159
FSS/MR-NS4B35–44 RPASAWAIYA B*0702 0.35 Y Y Y 180 (0.49%)
FSS/MR-NS4B105–115 TPLTLIVAIIL B*0702 1.55 Y Y Y 163 (0.4%)
FSS/MR-NS4B210–220 SPNKYWNSSTA B*0702 0.45 Y Y Y 195 49
FSS/MR-NS4B426–435 RPGAFCIKVL B*0702 0.3 Y Y Y 1,223 (2.28%) 1,362 (2.36%) 90 (0.3%)
FSS/MR-NS561–70 APTQGSASSL B*0702 0.3 Y Y Y 98 47
FSS/MR-NS5140–149 RPRVCTKEEF B*0702 0.1 Y Y Y 162 311 (0.24%) 0.28%
MR-NS5332–341 RPAEGGKTVM B*0702 0.1 Y 277 (0.35%)
FSS/MR-NS5539–546 VPTGRTTW B*0702 0.4 Y Y Y 121 (0.25%) 54 (0.18%)
FSS/MR-NS5587–596 IPYLGKREDL B*0702 0.95 Y Y Y 178 438 (0.26%)
FSS/MR-NS5605–614 RPRTTWAENI B*0702 0.25 Y Y Y 383 (0.22%) 641 (0.55%)
FSS-C125-prM8 VTRRGNAYY A*0101 0.7 Y 266
FSS/MR-prM40–48 HMCDATMSY A*0101 1 Y Y Y 288
FSS/MR-E81–90 YLDKQSDTQY A*0101 0.25 Y Y Y 495 258
FSS/MR-E159–167 ETDENRAKV A*0101 1.3 Y Y Y 512 516
FSS/MR-E195–203 GLDFSDLYY A*0101 0.2 Y Y Y 993 647
FSS/MR-E198–206 FSDLYYLTM A*0101 0.25 Y Y Y 398 388
FSS/MR-E377–386 ELDPPFGDSY A*0101 0.25 Y Y Y 286
FSS/MR-NS123–31 DVEAWRDRY A*0101 0.95 Y Y Y 583 260
FSS/MR-NS3272–280 FTDPSSIAA A*0101 0.25 Y Y Y 286
FSS/MR-NS4A14–22 MTERFQEAI A*0101 1.15 Y Y Y 266
FSS/MR-NS4B231–239 YLAGASLIY A*0101 0.55 Y Y Y 1,646 (0.60%) 1,574 (1.38%)
FSS/MR-NS4B270–278 MSALEFYSY A*0101 0.3 Y Y Y 378
FSS/MR-NS5509–517 YAQMWQLLY A*0101 0.2 Y Y Y 313 225

*The positions of peptides were determined according to the amino acid sequence of ZIKV FSS13025. FSS and MR are abbreviations for FSS13025 and MR766, respectively. †‘Y’ means having the
same sequence. ‡Peptides are positive based on IFN-γ ELISPOT count and/or IFN-γ ICS percentage (in parentheses).
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IFN-γ ICS assays (Table 1). These results thus identified at least five
HLA-B*0702-restricted ZIKV/DENV cross-reactive epitopes with
as many as 13 additional HLA-B*0702-restricted epitopes possibly
being cross-reactive, as determined by the IFN-γ ELISPOT assay

alone. Thirteen positive HLA-A*0101-binding peptides were
tested in DENV2 S221-infected Ifnar−/− HLA-A*0101 transgenic
mice, but no positive peptide was found by IFN-γ ICS
(Supplementary Fig. 4).
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Figure 1 | Cytokine secretion pattern of CD8+ T cells directed to HLA-B*0702- and HLA-A*0101-binding ZIKV epitopes identified via IFN-γ ELISPOT.
a–d, Splenocytes isolated from Ifnar−/− HLA-B*0702 transgenic mice (a,b) and Ifnar−/− HLA-A*0101 transgenic mice (c,d) 7 days after r.o. infection with
1 × 102 FFU of ZIKV strain FSS13025 or MR766 were stimulated with each of the 37 positive HLA-B*0702-binding peptides or 13 positive HLA-A*0101-binding
peptides identified via IFN-γ ELISPOT and an ICS assay was then performed. Data represent the average of two independent experiments and are expressed
as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P <0.001. Two-tailed Mann–Whitney test. P/I denotes phorbol myristate acetate/ionomycin. Supplementary Tables
2 and 3 give exact values of n and P.
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Immunodominance of cross-reactive memory CD8+ T cells
during ZIKV infection of DENV-immune mice. The majority of
people in the Latin American countries with recent ZIKV
outbreaks have previously been exposed to DENV34. To
investigate how prior exposure to DENV impacts the ZIKV-
specific CD8+ T cell response, Ifnar−/− HLA-B*0702 transgenic
mice were infected with DENV2 strain S221 for 4 weeks, followed
by challenge of these DENV-immune mice with ZIKV FSS13025.
On day 3 post-ZIKV infection (a time point that is too early for
the development of a DENV-specific naive CD8+ T cell response
in mouse models35,36), splenocytes from mock-infected and
DENV2-immune mice were stimulated by each of 23 ZIKV
epitopes that were identified by IFN-γ ICS. In naive mice, no
significant epitope-specific CD8+ T cells were induced (Fig. 2a).
In DENV2-immune mice, IFN-γ-expressing CD8+ T cells directed
to the three ZIKV/DENV cross-reactive peptides (MR-NS2A31–40,
FSS/MR-NS2A75–84 and FSS/MR-NS3574–582) were detected
(Fig. 2b). The percentages of these three epitope-specific IFN-γ-
producing CD8+ T cells were 0.42 ± 0.12%, 0.44 ± 0.24% and
2.61 ± 1.19%, respectively. FSS/MR-NS2A75–84- and FSS/MR-
NS3574–582-specific CD8+ T cells were double-positive with
expression of both IFN-γ and TNF-α. Similar analysis on day 7
post-ZIKV infection revealed that eight ZIKV-specific and four
ZIKV/DENV cross-reactive CD8+ T cell responses were induced
in naive mice (Fig. 2c); in comparison, two ZIKV-specific and five
ZIKV/DENV cross-reactive CD8+ T cell responses were elicited in
DENV2-immune mice (Fig. 2d). Figure 2e summarizes the
frequency and magnitude of ZIKV-specific, ZIKV/DENV cross-
reactive and total epitope-specific (both ZIKV-specific and ZIKV/
DENV cross-reactive) CD8+ T cell responses in naive versus
DENV-immune mice at 3 and 7 days following ZIKV infection.
The results demonstrate that, upon ZIKV challenge of DENV-
immune mice, memory ZIKV/DENV cross-reactive CD8+ T cells
are activated, and the immunodominance pattern of the CD8+

T cell response to ZIKV infection is altered relative to naive mice.
The anti-ZIKV CD8+ T cell response in naive mice is broad and
includes recognition of both ZIKV-specific and cross-reactive
epitopes, whereas the CD8+ T cell response to ZIKV infection in
DENV-immune mice is directed to cross-reactive epitopes.

Protective immunity conferred by immunization of mice with
ZIKV-specific and ZIKV/DENV cross-reactive peptides. Based
on increasing numbers of recent studies using mouse models and
human donor samples that implicate a protective role for
serotype-cross-reactive CD8+ T cells against DENV13,26,37,38, we
next hypothesized that ZIKV/DENV cross-reactive CD8+ T cells
play a protective role against ZIKV infection. To directly address
the role of ZIKV epitope-specific and ZIKV/DENV cross-reactive
CD8+ T cells in protection against ZIKV infection, Ifnar−/− HLA-
B*0702 transgenic mice were immunized with a cocktail of either
3 ZIKV immunodominant peptides (FSS-NS2A133–141, FSS/
MR766-NS2B68–75 and FSS/MR766-NS4B426–435) or four ZIKV/
DENV cross-reactive peptides (FSS/MR766-NS4B426–435, FSS/
MR766-NS2A75–84, FSS/MR766-NS3206–215 and FSS/MR766-
NS3574–582), followed by challenge with ZIKV FSS13025. On
day 3 after viral challenge, epitope-specific CD8+ T cells in the
spleen were examined via ICS, and viral titres in the serum and
brain were assessed via focus-forming assay. We focused on
measuring infectious virus in these two tissues because viraemia
is a defining feature of human ZIKV infection and the brain
appears to be a major target of ZIKV in both fetal and adult
infection settings39.

As expected, no significant epitope-specific CD8+ T cell responses
were detected in mock-immunized mice (Supplementary Fig. 5a and
Fig. 3a,d). In comparison, a significant frequency for each individual
epitope-specific CD8+ T cell was observed in mice immunized with

the three ZIKV immunodominant epitopes; the percentages of
IFN-γ-producing cells among antigen-experienced (CD44+ CD62L−)
CD8+ T cells directed to the FSS-NS2A133–141, FSS/MR766-NS2B68–75
and FSS/MR766-NS4B426–435 epitopes were 0.86 ± 0.71%, 0.61 ± 0.47%
and 1.63 ± 0.76%, respectively (Fig. 3a). In addition, the levels of
infectious virus in the serum and brain of mice immunized with
these three ZIKV immunodominant epitopes were significantly
lower than those of mock-immunized mice (Fig. 3b,c). Similarly, in
mice that were immunized with the four ZIKV/DENV cross-reactive
peptides, antigen-experienced (CD44+ CD62L−) CD8+ T cells recog-
nizing four epitopes were detectable: the percentages of FSS/MR766-
NS4B426–435-, FSS/MR766-NS2A75–84-, FSS/MR766-NS3206–215- and
FSS/MR766-NS3574–582-specific cells were 1.52 ± 0.42%, 3.27 ± 1.91%,
0.66 ± 0.24% and 0.84 ± 0.39%, respectively (Fig. 3d). Infectious
ZIKV in both the serum and brain of these mice immunized with
the four ZIKV/DENV cross-reactive peptides were significantly lower
relative to mock-immunized mice (Fig. 3e,f). Taken together, these
results demonstrate that both peptide immunization protocols (that
is, the three ZIKV immunodominant and the four ZIKV/DENV
cross-reactive epitope cocktails) elicit antigen-experienced, epitope-
specific CD8+ T cells upon ZIKV challenge, and reduce infectious
ZIKV titres in tissues. Importantly, they indicate that CD8+ T cells
recognizing not only ZIKV immunodominant epitopes but also
ZIKV/DENV cross-reactive epitopes can contribute to a reduction in
infectious ZIKV titres in vivo.

CD8+ T cell depletion confirms epitope-specific CD8+ T cell-
mediated protection. To confirm the protective role of epitope-
specific CD8+ T cells in ZIKV infection, we firstly immunized
Ifnar−/− HLA-B*0702 and HLA-A*0101 transgenic mice with 6
HLA-B*0702-restricted epitopes and 5 HLA-A*0101-restricted
epitopes, respectively, then treated the peptide-immunized mice
with anti-CD8 antibody to deplete CD8+ T cells. As expected,
antigen-experienced CD8+ T cell responses were absent in mock-
immunized mice (Figs 4a,b and 5a,b), but were present in
peptide-immunized mice (Figs 4c and 5c). Infectious ZIKV levels
in the serum, liver and brain of peptide-immunized mice were
significantly lower than those in mock-immunized mice (isotype
peptide-immunized versus isotype mock in Figs 4e–g and 5e).
When CD8+ T cell-depleting anti-CD8 antibody was administered
to mice, the majority of peptide-specific CD8+ T cells were absent
(Figs 4d and 5d) and infectious ZIKV levels in the serum, liver
and brain of CD8+ T cell-depleted peptide-immunized mice were
the same as in anti-CD8 antibody-treated mock-immunized mice,
but significantly higher than levels in isotype control antibody-
treated peptide-immunized mice that were CD8+ T cell-sufficient
(anti-CD8 peptide-immunized versus isotype peptide-immunized
in Figs 4e–g and 5e). Collectively, these results confirm that
protective immunity induced by ZIKV peptide immunization is
mediated by CD8+ T cells.

Discussion
The goals of the present study were to define the specificity and role
of ZIKV-specific and ZIKV/DENV cross-reactive CD8+ T cell epi-
topes that are restricted by common HLA molecules using the
Ifnar−/− HLA-B*0702 and HLA-A*0101 transgenic mouse models.
Prior studies have shown the value of using these mouse models
to investigate DENV epitopes of relevance to human T cell
responses21,22, and our recent study in LysMCre+Ifnar f l/f l C57BL/6
mice found that H-2b CD8+ T cells protect against ZIKV infection20.
Therefore, we first identified CD8+ T cell epitopes that were recog-
nized in Ifnar−/− HLA-B*0702 and HLA-A*0101 transgenic mice
infected with either the African- or Asian-lineage ZIKV. Most
identified epitopes are conserved, not only in ZIKV FSS13025 and
ZIKV MR766, but also in the Brazilian outbreak strain ZIKV
SPH2015. The majority of 37 HLA-B*0702-restricted CD8+ T cell
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epitopes identified in ZIKV are located in NS proteins. In contrast,
only 13 HLA-A*0101-restricted epitopes were identified and the
majority of HLA-A*0101-restricted ZIKV epitopes resided in

structural protein E. In comparison, about half of mouse H-2b-
restricted ZIKV epitopes were located in structural proteins and
the majority of CD8+ T cell responses were to E protein20.

0.0
0.5
1.0
1.5

2.0
2.5
3.0
3.5
4.0
4.5

0.0
0.5
1.0
1.5

2.0
2.5
3.0
3.5
4.0
4.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

FS
S-C 25−35

FSS/M
R-M

4−12

FS
S/MR-E 233−242

M
R-N

S2A 31−
40

FS
S/MR-N

S2A 75−84

FS
S/MR-N

S2A 89−99

FS
S-N

S2A 133−14
1

M
R-N

S2A 133−14
1

M
R-N

S2A 14
1−

150

FS
S/MR-N

S2A 14
8−155

FS
S/MR-N

S2B 68−75

FS
S/MR-N

S3 206−215

FS
S/MR-N

S3 309−317

FS
S/MR-N

S3 405−413

FS
S/MR-N

S3 574−582

FS
S/MR-N

S3 581−
589

FS
S/MR-N

S4B 35−44

FS
S/MR-N

S4B 10
5−115

FS
S/MR-N

S4B 426−435

FS
S/MR-N

S5 14
0−14

9

FS
S/MR-N

S5 539−546

FS
S/MR-N

S5 587−596

FS
S/MR-N

S5 605−614

No pep
tid

e
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
**

* *

**

*
*

*

*

**

*

* *

*

**

*
*

*
* * * *

*

**

**

Pe
r c

en
t o

f C
D

3+ 
C

D
8+  T

 c
el

ls
Pe

r c
en

t o
f C

D
3+ 

C
D

8+  T
 c

el
ls

Pe
r c

en
t o

f C
D

3+ 
C

D
8+  T

 c
el

ls
Pe

r c
en

t o
f C

D
3+ 

C
D

8+  T
 c

el
lsa

b

c

d

Naive
3 days post ZIKV infection

DENV-immune
3 days post ZIKV infection

DENV-immune
7 days post ZIKV infection

Naive

7 days post ZIKV infection

IFN-γ+

TNF-α+

IFN-γ+ TNF-α+

0

2

4

6

8

10

12

Pe
r c

en
t o

f C
D

3+ 
C

D
8+ 

IF
N
γ+

 T
 c

el
ls

e

(12)

(8) (4)
(7)

(2)

(5)

(3)

(0)

(3)

(0) (0) (0)

DENV-immuneNaiveDENV-immuneNaive
3 days post ZIKV infection 7 days post ZIKV infection

Total ZIKV
ZIKV-specific
ZIKV/DENV cross-reactive

(X) No. of positive peptides

IFN-γ+

TNF-α+

IFN-γ+ TNF-α+

IFN-γ+

TNF-α+

IFN-γ+ TNF-α+

IFN-γ+

TNF-α+

IFN-γ+ TNF-α+

**

* ** **

*

Figure 2 | Impact of prior DENV2 infection on the ZIKV-specific CD8+ T cell response. a–d, Ifnar−/− HLA-B*0702 transgenic mice were inoculated i.p. with
2 × 103 FFU of DENV2 strain S221 for 4 weeks. Naive mice and DENV2 strain S221-immune mice were challenged r.o. with 1 × 104 FFU of ZIKV FSS13025 for
3 days and the percentages of peptide-specific IFN-γ+ and/or TNF-α+ CD8+ T cells were detected by ICS assay (a,b). In addition, separate groups of naive
mice and DENV2 strain S221-immune mice were challenged r.o. with 1 × 104 FFU of ZIKV FSS13025 for 7 days and the percentages of peptide-specific IFN-γ+

and/or TNF-α+ CD8+ T cells were detected by ICS assay (c,d). Data are expressed as mean ± s.e.m. *P < 0.05, **P < 0.01. Two-tailed Mann–Whitney test.
Black asterisk indicates ZIKV-specific response; red asterisk represents the ZIKV/DENV cross-reactive response. e, All positive peptides were grouped
according to the ZIKV specificity of the immune response. Numbers in parentheses indicate the number of positive peptides in this group. Supplementary
Tables 2 and 3 give exact n and P values.
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To assess the magnitude and functional quality of cross-reactive
T cell responses between ZIKV and DENV, we next identified
ZIKV/DENV cross-reactive epitopes using DENV2-infected mice.
We tested 37 IFN-γ ELISPOT-confirmed HLA-B*0702-restricted

ZIKV epitopes in DENV2-infected mice, and identified 14 peptides
reactive with DENV2 in ELISPOT and/or ICS assays, whereas none
of the 13 HLA-A*0101-restricted ZIKV epitopes were cross-reactive
with DENV2. These 14 HLA-B*0702-restricted ZIKV/DENV cross-
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Figure 3 | ZIKV-specific and ZIKV/DENV cross-reactive peptide immunization elicited a CD8+ T cell response and mediated protection against ZIKV.
a–f, Five-week-old Ifnar−/− HLA-B*0702 transgenic mice were divided into four groups: mock versus ZIKV peptide (a–c) and mock versus ZIKV/DENV
cross-reactive peptide (d–f). Peptide groups received corresponding peptide immunizations as described in the Methods. All groups were challenged r.o.
with 1 × 104 FFU of ZIKV FSS13025 for 3 days. CD3+ CD8+ CD44+ CD62L− T cells were gated and the percentages of IFN-γ+ and/or TNF-α+ cells were
determined by ICS. The levels of infectious ZIKV in sera and brains were measured via FFA. Data are expressed as mean ± s.e.m. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001. Two-tailed Mann–Whitney test. Dashed lines represent limit of detection. Supplementary Tables 2 and 3 give exact n
and P values.
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reactive epitopes and their DENV2 variants have 0–8 amino-acid
substitutions (Supplementary Table 1). It is noteworthy that five
DENV2 variants (RPTFAAGLLL, APTRVVAAEM, KPRWLDARI,
TPRMCTREEF and LPAIVREAI) had been identified as HLA-
B*0702-restricted epitopes in both mouse models and humans21.
Three ZIKV peptides and the corresponding DENV2 variants have
the same C-terminal amino-acid residue, suggesting that these
ZIKV peptides are probably human epitopes as well. Of these five
peptides, FSS/MR766-NS3206–215 (APTRVVAAEM) is conserved
among many flaviviruses, including ZIKV, four DENV serotypes,
West Nile virus, Japanese encephalitis virus, Usutu virus, Murray
Valley encephalitis virus and Kunjin virus.

Our investigation of the effect of heterologous DENV/ZIKV infec-
tion on HLA-B*0702-restricted T cell response revealed that the
ZIKV/DENV cross-reactive CD8+ T cells elicited by prior DENV
infection expanded in the early phase of ZIKV challenge and then
dominated in the later CD8+ T cell response to ZIKV. Moreover,
both ZIKV-specific and ZIKV/DENV cross-reactive CD8+ T cell
responses in DENV2-immune mice were weaker in terms of both
magnitude and breadth than responses in primary ZIKV infection.
These results indicate that prior DENV immunity can affect both

the specificity and magnitude of CD8+ T cell response to ZIKV.
This phenomenon was also observed during heterotypic DENV
infection in mice22 and natural reinfections in humans26,29,30, imply-
ing that ZIKV infection in DENV-immune people may behave in a
similar manner to heterotypic DENV infection.

In humans, congenital microcephaly and additional birth defects
result in part from infection of the fetal neuronal stem cells40,41. Our
recent research showed that ZIKV can also infect adult mouse
neural progenitor cells, resulting in reduced cell proliferation and
cell death39. Therefore, in addition to minimizing viraemia, ZIKV
vaccine candidates should protect from brain infection (ZIKV ence-
phalitis). In the present study, we selected six immunodominant
HLA-B*0702-restricted epitopes for peptide immunization
because (1) these peptides were positive in both IFN-γ ELISPOT
and ICS assays for both ZIKV FSS13025 and ZIKV MR766 infec-
tion; (2) all six peptides were conserved in both ZIKV FSS13025
and ZIKV SPH2015, while five peptides were also shared by
ZIKV MR766; and (3) four peptides were cross-reactive with
DENV2, as confirmed by IFN-γ ELISPOT and ICS assays. We
then divided these peptides into two groups for immunization:
the ZIKV peptide group (two ZIKV-specific peptides and one
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Figure 4 | HLA-B*0702-restricted ZIKV peptide immunization-mediated protection is mediated by CD8+ T cells. a–g, Five-week-old Ifnar−/− HLA-B*0702
transgenic mice were divided into four groups: mock + isotype antibody (Ab) versus mock + anti-CD8 Ab versus peptide-immunized + isotype Ab versus
peptide-immunized + anti-CD8 Ab. Peptide-immunized Ifnar−/− HLA-B*0702 transgenic mice were immunized with a cocktail of six peptides, as described in
the Methods. Mock-immunized mice and peptide-immunized mice were injected i.p. with isotype control Ab and anti-mouse CD8 Ab 3 days and 1 day
before ZIKV challenge. All groups were challenged r.o. with 1 × 104 FFU of ZIKV FSS13025 for 3 days. CD3+ CD8+ CD44+ CD62L− T cells were gated and the
percentages of IFN-γ+ and/or TNF-α+ cells in mock and peptide groups were determined by ICS. Levels of infectious ZIKV in tissues were measured via FFA.
Data are expressed as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Two-tailed Mann–Whitney test. Supplementary Tables 2 and 3 give
exact n and P values.
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ZIKV/DENV cross-reactive peptide) and the ZIKV/DENV cross-
reactive peptide group (four ZIKV/DENV cross-reactive peptides).
As expected based on our recent studies demonstrating a protective
role for DENV serotype-specific and cross-reactive HLA-B7-
restricted T cell response in mice38, both ZIKV peptide and
ZIKV/DENV cross-reactive peptide immunization elicited signifi-
cant CD8+ T cell responses and reduced infectious ZIKV levels in
mouse sera and brains, revealing the potential of these epitopes
for preventing ZIKV encephalitis. CD8+ T cell depletion assays in
mice immunized with 6 HLA-B*0702- or 5 HLA-A*0101-restricted
epitopes further confirmed epitope-specific CD8+ T cell-mediated
protection. The finding of cross-reactive peptides, combined with
protection against ZIKV seen in our study, raises the possibility of
developing a single vaccine that can confer protection against mul-
tiple strains of ZIKV and DENV. Although recent studies have
demonstrated that vaccination with subunit and inactivated ZIKV
strains provides protection42,43, a waning vaccine-induced antibody
response, at least in theory, may cause ADE. In domestic mammals,
attenuated virus vaccine strains such as the Rift Valley fever vaccine,
when administered during pregnancy, have caused teratogenesis

and fetal demise44,45. This also highlights the potential importance
of using epitope-based ZIKV vaccines as a risk-reduction strategy.

Among the pathogenic human flaviviruses, ZIKV is most closely
related to DENV, and these viruses share a high level of amino-acid
sequence homology. Accordingly, similar to our recent DENV study
with HLA-B*0702 transgenic Ifnar−/− mice38, results of this study
implicate a protective role for cross-reactive memory T cells. Despite
several decades of research, no study to date has provided direct evi-
dence supporting a pathogenic role for T cells during DENV infec-
tion. Instead, consistent with our mouse findings20,35–38,46–48, recent
studies have begun to support a protective role for DENV-specific
T cells in humans. Specifically, recent studies have revealed that the
magnitude and breadth of DENV-specific CD8+ and CD4+ T cell
responses are HLA-linked and correlate with clinical disease; and
HLA-B*0702 and HLA-A*0101, respectively, represent DENV-pro-
tective (that is, associated with resistance to dengue disease) and
DENV-susceptible alleles26,28,49. Our identification of a greater
number of ZIKV-derived HLA-B*0702-restricted epitopes than
HLA-A*0101-restricted epitopes, and identification of ZIKV/DENV
cross-reactive HLA-B*0702-restricted but not HLA-A*0101-restricted
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Figure 5 | HLA-A*0101-restricted ZIKV peptide immunization-mediated protection is mediated by CD8+ T cells. a–g, Five-week-old Ifnar−/− HLA-A*0101
transgenic mice were divided into four groups: mock + isotype Ab versus mock + anti-CD8 Ab versus peptide-immunized + isotype Ab versus peptide-
immunized + anti-CD8 Ab. Peptide-immunized Ifnar−/− HLA-A*0101 transgenic mice were immunized with a cocktail of five peptides as described in the
Methods. Mock-immunized mice and peptide-immunized mice were injected i.p. with isotype control Ab and anti-mouse CD8 Ab 3 days and 1 day
before ZIKV challenge. All groups were challenged r.o. with 1 × 104 FFU of ZIKV FSS13025 for 3 days. CD3+ CD8+ CD44+ CD62L− T cells were gated
and the percentages of IFN-γ+ and/or TNF-α+ cells in mock and peptide groups were determined by ICS. The levels of infectious ZIKV in tissues were
measured via FFA. Data are expressed as mean ± s.e.m. *P < 0.05, **P < 0.01. Two-tailed Mann–Whitney test. Supplementary Tables 2 and 3 give exact
n and P values.
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epitopes, suggests that, similar to DENV, the CD8+ T cell response to
ZIKV may be HLA-linked.

In summary, this study of ZIKV T cell immunity has identified
HLA-B*0702 and HLA-A*0101 epitopes that are conserved between
ZIKV lineages and cross-reactive with a DENV serotype. Our HLA
transgenic mouse model results show that pre-existing DENV immu-
nity modulates ZIKV-specific CD8+ T cell response development and
that ZIKV-specific and ZIKV/DENV cross-reactive CD8+ T cells play
protective roles against ZIKV. These results in transgenic mice are
probably relevant to human infection, as the same mouse models
have been validated in DENV infection by several independent
observations. Our results suggest that ZIKV vaccination approaches
should include the induction of both ZIKV-specific and ZIKV/DENV
cross-reactive CD8+ T cell responses.

Methods
Mice and ethics statement. Ifnar−/− HLA-B*0702 and Ifnar−/− HLA-A*0101
transgenic mice were previously generated by intercrossing of HLA-B*0702 and
HLA-A*0101 transgenic mice with Ifnar−/− C57BL/6 mice21. Mice were bred at the
La Jolla Institute for Allergy and Immunology under standard pathogen-free
conditions. All experiments involving these mice were approved by the Institutional
Animal Care and Use Committee under protocol no. AP028-SS1-0615. Sample sizes
were estimated based on experiments in similar studies. Animal experiments were
not randomized and blinded.

Epitope prediction and peptide synthesis. The HLA-B*0702- and HLA-A*0101-
binding peptides were predicted using the IEDAR website (www.iedb.org) online
software. Peptides were chosen if their predictive scores ranked in the top 2% of all
candidates. A total of 107 HLA-B*0702-binding and 90 HLA-A*0101-binding
epitope candidates were synthesized by Synthetic Biomolecules as crude materials,
which were confirmed by mass spectrometry analysis. Six immunodominant HLA-
B*0702-binding peptides, five HLA-A*0101-binding peptides and a hepatitis C virus
(HCV)-core helper peptide (TPPAYRRPPNAPIL, restricted by mouse MHC
molecule I-Ab) were synthesized with a purity of >99% and used for immunizing
mice. All peptides were dissolved in DMSO with a concentration of 40 mg ml–1 and
stored at −20 °C.

Viral strains and mouse infection. Two ZIKV strains, MR766 (Uganda, 1947) and
FSS13025 (Cambodia, 2010), were obtained from the World Reference Center for
Emerging Viruses and Arboviruses (WRCEVA). The mouse-adapted DENV2 strain
S221 is a triple-plaque purified clone derived from DENV2 D2S10 (ref. 36). Both
ZIKV and DENV2 were amplified in C6/36 mosquito cells, and viral titres were
measured using baby hamster kidney (BHK)-21 cell-based focus forming assay
(FFA)20. For epitope screening, 5-week-old mice (female or male) were infected
retro-orbitally (r.o.) with either 1 × 102 focus forming units (FFU) of ZIKV
FSS13025 or ZIKV MR766, or 2 × 104 FFU of DENV2 S221 in 200 µl 10% FBS/PBS.
Seven days after infection, CD8+ T cells were isolated from splenocytes and used for
ELISPOT assay, and the splenocytes were directly used for ICS assay. Additionally,
5-week-old mice were inoculated intraperitoneally (i.p.) with 2 × 103 FFU of DENV2
S221 for 4 weeks. DENV2 S221-immune mice were challenged r.o. with 1 × 104 FFU
of ZIKV FSS13025 for 3 days or 7 days and the percentages of peptide-specific
IFN-γ+ and/or TNF-α+ CD8+ T cells were detected by ICS.

ZIKV challenge of peptide-immunized mice. Two HLA-B*0702-binding ZIKV-
specific peptides (FSS-NS2A133–141 and FSS/MR766-NS2B68–75) and four ZIKV/
DENV cross-reactive peptides (FSS/MR766-NS4B426–435, FSS/MR766-NS2A75–84,
FSS/MR766-NS3206–215 and FSS/MR766-NS3574–582) were chosen for synthesis. Five
HLA-A*0101-binding peptides (FSS/MR-E159–167, FSS/MR-E195–203, FSS/MR-
NS123–31, FSS/MR-NS4B231–239 and FSS/MR-NS5509–517) were chosen for synthesis.
Mice (both female and male, 5–6 weeks of age) were immunized subcutaneously
with a mixture of HCV helper peptide (100 µg per mouse) and three or four HLA-
B*0702-binding peptides (50 µg peptide per mouse) emulsified in Complete
Freund’s Adjuvant (CFA). Mock group mice received the same immunization
strategy but without any ZIKV-specific or ZIKV/DENV cross-reactive peptide. On
the 21st day, mice were boosted with the same peptide mixtures emulsified in
Incomplete Freund’s Adjuvant (IFA). On the 30th day, all mice were challenged r.o.
with 1 × 104 FFU of ZIKV FSS13025. Three days post ZIKV infection, mice were
killed and serum and spleen were harvested. The splenocytes were used for ICS
assay. After cardiac perfusion with PBS, brain was harvested. The levels of infectious
ZIKV in serum and brain were measured using FFA.

ZIKV challenge of CD8+ T cell-depleted, peptide-immunized mice. Both six
HLA-B*0702- and five HLA-A*0101-binding peptides were used to immunize
corresponding mice using the method as described above. Mock and peptide-
immunized mice were injected i.p. with either anti-mouse CD8 monoclonal antibody
(250 µg per mouse, rat anti-mouse CD8, clone YTS 169.4, Bio X Cell) or isotype

control monoclonal antibody (250 µg per mouse, rat IgG2, clone LTF-2, Bio X Cell) at
3 days and 1 day before ZIKV challenge. Mice were injected r.o. with 1 × 104 FFU
ZIKV FSS13025. Three days after infection, mice were killed, and spleen and serum
were used for ICS assay and FFA, respectively. After cardiac perfusion with PBS, liver
and brain were harvested. ZIKV titres in tissues were measured using FFA.

LPS-Blast preparation. LPS-Blasts were prepared as previously described50. Briefly,
spleens were harvested from Ifnar−/− HLA-B*0702 or Ifnar−/− HLA-A*0101
transgenic mice and homogenized through a 70 µm cell strainer. A single-cell
splenocyte suspension was placed into a non-vented culture flask with RPMI-1640
complete medium supplemented with 6 µg ml–1 lipopolysaccharide (LPS) and
7 µg ml–1 dextran sulfate. Cells were incubated for 3 days at 37 °C with 5% CO2.
Cells were collected and washed three times with RPMI-1640 medium and adjusted
to 4 × 106 per ml.

IFN-γ ELISPOT assay. CD8+ T cells were isolated from splenocytes using magnetic
bead positive selection (Miltenyi Biotec) 7 days after virus infection. A total of
2 × 105 CD8+ T cells were stimulated with 1 × 105 LPS-blasts loaded with 10 µg of
individual peptide in 96-well flat-bottom plates (Immobilon-P, Millipore) that were
coated with anti-IFN-γ mAb (clone AN18, Mabtech) in triplicate. Concanavalin A
(ConA) was used as positive control. After 20 h of incubation, biotinylated anti-
mouse IFN-γ mAb (R4-6A2; Mabtech), followed by ABC peroxidase (Vector
Laboratories) and then 3-amino-9-ethylcarbazole (Sigma-Aldrich) were added into
the wells. Responses are expressed as number of IFN-γ SFCs per 1 × 106 CD8+ T cells
and were considered positive if the magnitude of response was >20 SFCs and had a
stimulation index (SI; ratio of test SFCs to control SFCs) of >2. A peptide inducing a
magnitude of >500 SFCs per 106 CD8+ T cells was considered an
immunodominant peptide.

ICS assay. Spleens were harvested from virus-infected, mock-immunized or
peptide-immunized mice. A total of 1 × 106 splenocytes were plated in each well of
96-well U-bottom plates and stimulated with individual peptide (10 µg crude
peptide or 1 µg pure peptide per well) for 6 h. Five hours before the end of
incubation, Brefeldin A (GolgiPlug, BD Biosciences) was added to the cells.
Splenocytes stimulated with PMA-ionomycin were used as a positive control, while
cells without any stimulation were used as negative control. After incubation, cells
were first stained with PerCpCy 5.5-conjugated anti-CD3 mAb (Clone 145-2C11,
TONBO), PE-Cy7-conjugated anti-CD8 mAb (clone 53–67, BD Biosciences), eFluor
450-conjugated anti-CD44 mAb (clone IM7, eBioscience) and APC eFluor 780-
conjugated anti-CD62L mAb (clone Mel-14, eBioscience). Cells were then fixed and
permeabilized using Cytofix/Cytoperm solution (BD Biosciences), followed by staining
with FITC-conjugated anti-IFN-γ mAb (clone XMG 1.2, TONBO) and APC-
conjugated anti-TNF-αmAb (clone MP6-XT22, eBioscience). Samples were run using
an LSR II (BD Biosciences) and analysed using FlowJo software X 10.0.7 (Tree Star).

Statistical analyses. All data were analysed with Prism software version 6.0
(GraphPad Software) and expressed as mean ± s.e.m. Grubbs’ test was performed to
determine whether any of the values was a significant outlier from the rest. Statistical
significance was determined using the non-parametric Mann–Whitney test to
compare two groups. P < 0.05 was considered significant.

Data availability. The entire panel of peptides that was screened has been submitted
to the Immune Epitope Database and Analysis Resource (IEDB) and can be accessed
at IEDB_SUBMISSION_ID_1000716. Other data that support the findings of this
study are available from the corresponding author upon request.
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