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SUMMARY

The underlying mechanisms by which prior immunity to dengue virus (DENV) affords cross-

protection against the related flavivirus Zika virus (ZIKV) are poorly understood. Here, we 

examine the ability of DENV/ZIKV-cross-reactive CD4+ T cells to protect against versus 

exacerbate ZIKV infection by using a histocompatibility leukocyte antigen (HLA)-DRB1*0101 

transgenic, interferon α/β receptor-deficient mouse model that supports robust DENV and ZIKV 

replication. By mapping the HLA-DRB1*0101-restricted T cell response, we identify DENV/

ZIKV-cross-reactive CD4+ T cell epitopes that stimulate interferon gamma (IFNγ) and/or tumor 

necrosis factor (TNF) production. Vaccination of naive HLA-DRB1*0101 transgenic mice with 

these peptides induces a CD4+ T cell response sufficient to reduce tissue viral burden following 

ZIKV infection. Notably, this protective response requires IFNγ and/or TNF secretion but not 

anti-ZIKV immunoglobulin G (IgG) production. Thus, DENV/ZIKV-cross-reactive CD4+ T cells 

producing canonical Th1 cytokines can suppress ZIKV replication in an antibody-independent 

manner. These results may have important implications for increasing the efficacy and safety of 

DENV/ZIKV vaccines and for developing pan-flavivirus vaccines.
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Graphical Abstract

In Brief

Wen et al. show that dengue and Zika virus cross-reactive CD4+ T cells reduce Zika viral burden 

in interferon α/β receptor-deficient HLA-DRB1*0101 transgenic mice in an IFNγ- or TNF-

dependent, antibody-independent manner.

INTRODUCTION

Zika virus (ZIKV) is a positive-sense, single-stranded, enveloped RNA virus of the 

Flavivirus genus, which includes the closely related dengue virus (DENV), Japanese 

encephalitis virus (JEV), West Nile virus (WNV), and yellow fever virus (YFV) (Choumet 

and Despres, 2015; Lazear and Diamond, 2016; Ngono and Shresta, 2018). ZIKV and 

DENV share similar amino acid sequences, with 43% overall homology and up to 68% 

identity for the non-structural proteins (Lazear and Diamond, 2016; Wen and Shresta, 2019). 

Additionally, ZIKV and DENV use the same vectors for transmission and have overlapping 

geographical ranges. Anti-DENV and anti-ZIKV immune responses have been shown to 

cross-react at the antibody (Ab) level (Castanha et al., 2017; Charles and Christofferson, 

2016; Dejnirattisai et al., 2016; Kawiecki and Christofferson, 2016; Paul et al., 2016; 

Priyamvada et al., 2016; Swanstrom et al., 2016) and CD4+ and CD8+ T cell levels (Grifoni 

et al., 2017; Lim et al., 2018; Paquin-Proulx et al., 2017). These cross-reactive immune 

responses may contribute to both protection and pathogenesis during ZIKV and DENV 

Wen et al. Page 2

Cell Rep. Author manuscript; available in PMC 2020 May 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



infections (Ngono and Shresta, 2018). In particular, cross-reactive Abs produced during a 

primary infection with one DENV serotype can exacerbate, rather than protect, against 

secondary infection with a different DENV serotype (Katzelnick et al., 2017; Salje et al., 

2018). This occurs through a process known as Ab-dependent enhancement (ADE) of 

infection and can lead to a potentially life-threatening infection with hemorrhagic fever and 

shock (known as severe dengue) (Halstead, 2007). Accordingly, studies using mouse models 

have shown that DENV/ZIKV-cross-reactive Abs play a dual role in mediating protection 

and pathogenesis during infection with DENV or ZIKV (Bardina et al., 2017; Fernandez et 

al., 2017; Fowler et al., 2018; Kam et al., 2017; Slon Campos et al., 2017). Although there is 

limited epidemiologic evidence demonstrating ZIKV-ADE in humans (Robbiani et al., 

2019), three recent epidemiologic studies have demonstrated that prior DENV exposure 

provides cross-protection against ZIKV infection in humans (Gordon et al., 2019; Pedroso et 

al., 2019; Rodriguez-Barraquer et al., 2019). At present, the mechanisms responsible for the 

cross-protection in humans is poorly understood. Because natural infection and/or 

vaccination against these viruses could have either beneficial or disastrous consequences, it 

is crucial that we deepen our understanding of the mechanisms by which DENV/ZIKV-

cross-reactive immunity can mediate these distinct outcomes.

A variety of mouse models have been used to investigate anti-DENV and anti-ZIKV T cell 

responses, including wild-type (WT) mice, mice deficient in the type I interferon (IFN) 

receptor on macrophages (LysMCre+Ifnar1−/−mice) or all cells (Ifnar1−/−mice), WT mice 

with Ab-mediated blockade of the type I IFN receptor, and—of particular importance for the 

human response—Ifnar1−/−histocompatibility leukocyte antigen (HLA) transgenic mice 

(Wen and Shresta, 2017; Wen and Shresta, 2019). Studies using these mouse models have 

demonstrated a critical role for CD8+ T cells in protecting against primary ZIKV infection 

(Elong Ngono et al., 2017; Huang et al., 2017) and for DENV-elicited CD8+ T cells in 

mediating cross-protection against subsequent ZIKV infection (Huang et al., 2017; Regla-

Nava et al., 2018; Wen et al., 2017a, 2017b). Additionally, studies with Ifnar1−/−HLA-

B*0702 and HLA-A*0101 transgenic mice, which express two of the most common HLA 

class I alleles in countries where ZIKV is endemic, showed that ZIKV-specific and DENV/

ZIKV-cross-reactive CD8+ T cells from mice vaccinated with peptides can control the viral 

burden during subsequent ZIKV infection (Wen et al., 2017b). These findings suggest an 

important role for DENV-elicited CD8+ T cells in cross-protecting against ZIKV infection in 

humans.

More recent studies using mouse models have also identified a protective role for ZIKV-

specific CD4+ T cells. In particular, ZIKV-specific CD4+ T cells are required for generation 

of a protective anti-ZIKV Ab response (Elong Ngono et al., 2019; Hassert et al., 2018; 

Lucas et al., 2018). A comparison of unmanipulated WT mice and anti-Ifnar1 Ab-treated 

WT mice demonstrated an important role for CD4+ T cell responses in controlling ZIKV 

infection in both mouse models (Liang et al., 2019). DENV/ ZIKV-cross-reactive CD4+ T 

cells have been described in HLA transgenic mice and in humans (Grifoni et al., 2017; Lim 

et al., 2018; Paquin-Proulx et al., 2017; Reynolds et al., 2018). Thus, CD4+ T cells primed 

by vaccination of HLA class II transgenic mice with purified ZIKV proteins show reactivity 

in vitro not only to the priming ZIKV peptides but also to variants of the same peptides 

present in the four DENV serotypes (DENV1–4), WNV, and YFV (Reynolds et al., 2018). 
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Conversely, CD4+ T cells isolated from DENV-vaccinated individuals display cross-

reactivity to ZIKV peptides in vitro (Grifoni et al., 2017; Lim et al., 2018; Paquin-Proulx et 

al., 2017). However, at present, the protective versus potentially pathogenic roles of DENV/

ZIKV-cross-reactive CD4+ T cells are unknown.

In the present study, we investigated whether CD4+ T cells with cross-reactivity to HLA-

class-II-restricted DENV2/ZIKV epitopes are protective versus pathogenic during ZIKV 

infection in the Ifnar1−/−HLA-DRB1*0101 transgenic mouse model. We identified a panel 

of ZIKV peptides predicted to bind to HLA-DRB1*0101 and then characterized the in vitro 
response to the peptides of CD4+ T cells from ZIKV- or DENV-infected HLA-DRB1*0101 

mice. Of the 30 ZIKV peptides screened, 7 induced interferon gamma (IFNγ) and/or TNF 

production by ZIKV-primed CD4+ T cells and 4 induced IFNγ and/or TNF production by 

cross-reactive DENV2-primed CD4+ T cells. Vaccination of HLA-DRB1*0101 mice with 

DENV2/ZIKV-cross-reactive CD4+ T cell epitopes induced a protective response upon 

ZIKV infection, and viral control required IFNγ and/or TNF secretion but not anti-ZIKV 

immunoglobulin G (IgG). These findings suggest a mechanism by which prior DENV 

exposure cross-protects against ZIKV infection in humans and may, therefore, have 

important implications for vaccine development.

RESULTS

Identification of ZIKV-Derived HLA-DRB1*0101-Restricted CD4+ T Cell Epitopes

WT mice are highly resistant to DENV and ZIKV infection due to the inability of the 

viruses to inhibit the host IFN system (Aguirre et al., 2012; Ding et al., 2018; Grant et al., 

2016; Yu et al., 2012). Because the antigenic load dictates the magnitude and quality of 

antiviral T cell responses (Earl et al., 2004; Panagioti et al., 2018; Salek-Ardakani et al., 

2011), Ifnar1−/−mice have been widely used to investigate T cell responses to DENV and 

ZIKV (Ngono and Shresta, 2018; Tang et al., 2015). We previously showed that vaccination 

of Ifnar1−/−mice with DENV2 peptides elicited CD4+-T-cell-mediated protective immunity 

against reinfection with the DENV2 homotype (Yauch et al., 2010). HLA-DRB1*0101 is a 

commonly expressed HLA molecule in humans (Marsh et al., 1999), and human studies 

have confirmed the relevance of DENV-reactive CD4+ T cells identified using the HLA-

DRB1*0101 transgenic mouse model (Ngono and Shresta, 2018; Weiskopf et al., 2011, 

2014). Therefore, for the present study, we used the Ifnar1−/−HLA-DRB1*0101 mouse 

model. We selected a total of 30 ZIKV peptides from the top 2% of epitopes predicted to 

bind HLA-DRB1*0101 by the predictive database Immune Epitope Database and Analysis 

Resource (IEDB-AR) (Table 1). The 30 peptides were distributed in 9 ZIKV proteins: 3 in 

C, 2 in M, 4 in E, 1 in NS1, 6 in NS2A, 3 in NS3, 2 in NS4A, 7 in NS4B, and 2 in NS5. To 

test the reactivity of ZIKV-primed CD4+ T cells, Ifnar1−/−HLA-DRB1*0101 mice were 

infected with ZIKV SD001 strain for 7 days, and splenocytes were isolated, stimulated with 

the candidate epitopes for 6 h, and analyzed for production of canonical Th1 (IFNγ, TNF, 

and interleukin-2 [IL-2]), Th17 (IL-17), and Th2 (IL-4, IL-5) cytokines by intracellular 

staining and flow cytometry (ICS assay). This analysis identified eight peptides (C27–41, 

C53–67, C81–95, E134–148, E450–464, NS2A66–80, NS3601-NS4A12, and NS5222–236) as Th1 

epitopes (Figure 1), of which NS5222–236 stimulated CD4+ T cells to produce IFNγ, TNF, 
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and IL-2; and E134–148 stimulated CD4+ T cells to produce only IL-2; and the other six 

epitopes stimulated CD4+ T cells to produce IFNγ and/or TNF (Figure 1; Table 1). Notably, 

none of the 30 peptides tested induced CD4+ T cells to produce IL-17, IL-4, or IL-5 (Figure 

S1). These data indicate that the primary response to ZIKV infection in Ifnar1−/−HLA-

DRB1*0101 transgenic mice is dominated by Th1 cytokine-secreting CD4+ T cells 

responding to eight peptides in ZIKV structural and non-structural proteins.

Identification of ZIKV-Derived CD4+ T Cell Epitopes That Stimulate DENV-Primed CD4+ T 
Cells

To determine the suitability of Ifnar1−/−HLA-DRB1*0101 mice for investigating the DENV/

ZIKV-cross-reactive CD4+ T cell response, we assessed whether DENV-primed CD4+ T 

cells respond to cross-reactive ZIKV peptides in vitro. Splenocytes were isolated from 

Ifnar1−/−HLA-DRB1*0101 mice on day 7 after infection with the DENV2 S221 strain, 

stimulated in vitro for 6 h with the 30 ZIKV-derived candidate epitopes, and then analyzed 

for cytokine production by the ICS assay. Five ZIKV-derived CD4+ T cell epitopes elicited 

cross-reactive responses by DENV2-primed CD4+ T cells: NS2A184–198 and NS4B40–54 

induced only TNF-producing cells; NS2A66–80 and NS5222–236 induced cells producing 

IFNγ plus TNF; and E134–148 and NS5222–236 induced cells producing IL-2, although their 

Benjamini-Hochberg adjusted p values (0.41 and 0.14, respectively) were higher than our 

target false discovery rate (FDR) of 10% (Figure 2; Table 1). Thus, in this mouse model, the 

non-structural proteins NS2A, NS4B, and NS5 in ZIKV contain epitopes that stimulate 

cross-reactive DENV-primed CD4+ T cells to produce the canonical Th1 cytokines IFNγ 
and TNF.

Influence of DENV2 Immunity on the CD4+ T Cell Response to ZIKV Infection

Based on our previous finding that prior DENV immunity affords cross-protection against 

ZIKV (Regla-Nava et al., 2018; Wen et al., 2017a), we assessed the effect of pre-existing 

DENV2 immunity on the outcome of ZIKV infection in this mouse model. Naive 

Ifnar1−/−HLA-DRB1*0101 mice were inoculated with DENV2, followed by infection of the 

DENV2-immune or naive Ifnar1−/−HLA-DRB1*0101 mice with ZIKV 4 weeks later. ZIKV 

viral loads in the serum, liver, and brain were examined at 3 and 7 days post-infection (dpi). 

As expected, these experiments revealed near-complete suppression of ZIKV replication in 

DENV2-immune mice compared with naive mice (Figures 3A–3C and 3F). To investigate 

the influence of DENV2 immunity on the CD4+ T cell response, Ifnar1−/−HLA-DRB1*0101 

mice or naive mice were primed with DENV2 and infected with ZIKV 4 weeks later, and 

splenocytes were isolated 3 or 7 dpi. Splenic CD4+ T cells were then evaluated for 

expression of IFNγ, TNF, or IFNγ plus TNF after in vitro stimulation with DENV2/ZIKV-

cross-reactive peptides (NS2A66–80, NS4B40-54, and NS5222–236) and ZIKV-specific 

peptides (C27–41, C53–67, C81–95, E450–464, and NS3601-NS4A12). CD4+ T cells from naive 

mice harvested at 3 dpi showed no response to the peptides (Figure 3G), whereas cells 

harvested from DENV2-primed mice displayed a strong response to the DENV2/ZIKV-

cross-reactive peptide NS5222–236, with expansion of CD4+ T cells producing IFNγ, TNF, 

and IFNγ plus TNF (Figure 3H). By 7 dpi, CD4+ T cells from both naive mice and DENV-

immune mice showed responses to ZIKV-specific and DENV2/ZIKV-cross-reactive peptides 
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(Figures 3I and 3J). These results show that the memory CD4+ T cell response elicited by 

prior DENV infection recognizes ZIKV in Ifnar1−/−HLA-DRB1*0101 mice.

Protective Effect of Vaccination with ZIKV-Specific and DENV2/ZIKV-Cross-Reactive 
Epitopes in ZIKV-Infected Mice

Next, we asked whether the ZIKV-derived CD4+ T cell epitopes elicited a protective or 

pathogenic response during ZIKV infection. Ifnar1−/−HLA-DRB1*0101 mice were injected 

subcutaneously (s.c.) with adjuvant alone (mock vaccinated) or with a mixture of five ZIKV-

derived peptides: two ZIKV specific (C27–41 and NS3601-NS4A12), and three DENV2/ZIKV 

cross-reactive (E134–148, NS2A66–80, and NS5222–236). Four weeks later, all mice were 

infected with ZIKV. At 3 dpi, blood, spleen, liver, and brain were harvested to determine 

viral titers by using a focus-forming assay (FFA). We found that infectious ZIKV titers were 

significantly lower in the serum, spleen, and brain of peptide-vaccinated mice than in mock-

vaccinated mice (12-, 17-, and 12-fold, respectively), whereas no significant differences 

were observed between the liver viral titers in mock- and peptide-vaccinated mice (Figure 

S2). Thus, ZIKV-derived peptides (ZIKV specific and DENV2/ZIKV cross-reactive) elicit a 

protective response against subsequent ZIKV infection.

We then examined whether vaccination with DENV2/ZIKV-cross-reactive peptides alone 

could elicit a protective CD4+ T cell response upon ZIKV viral infection. We vaccinated 

Ifnar1−/−HLA-DRB1*0101 mice with the DENV2/ZIKV cross-reactive peptides E134–148, 

NS2A66–80, NS4B40–54, and NS5222–236 (targeting four different ZIKV proteins) or with 

four irrelevant (influenza hem-agglutinin derived) peptides and infected the mice with ZIKV 

4 weeks later. At 3 or 7 dpi, the frequency of peptide-specific CD4+ T cells in the spleen was 

determined using the ICS assay, and ZIKV titers in the serum, liver, and brain were 

measured using the FFA. We found that the frequencies of peptide-specific IFNγ-, TNF-, 

and IFNγ plus TNF-producing CD4+ T cells were significantly higher in the DENV2/ZIKV-

cross-reactive peptide-vaccinated mice than in the irrelevant-peptide-vaccinated mice at 3 

dpi, whereas the response had waned by 7 dpi, at which time the frequencies of DENV2/

ZIKV-cross-reactive CD4+ T cells were similar in the mice vaccinated with DENV2/ZIKV-

cross-reactive peptides and irrelevant peptides (Figures 4A–4C). Because we previously 

showed that the development of a ZIKV-specific CD4+ T cell response develops later than 3 

dpi (Elong Ngono etal., 2019), these results suggest that vaccination with DENV2/ZIKV-

crossreactive peptides induced a memory CD4+ T cell response that expanded rapidly 

(within 3 days) upon ZIKV infection. Consistent with this finding, the level of infectious 

ZIKV was significantly lower in the serum, liver, and brain of mice vaccinated with 

DENV2/ZIKV-cross-reactive peptides than that of the mice vaccinated with irrelevant 

peptides at 3 dpi (7.6-, 3.6-, and 4.5-fold, respectively; Figures 4D–4F). At 7 dpi, the viral 

burden in the serum and liver of both mouse groups was completely cleared, likely because 

the primary T cell response to ZIKV developed by 7 dpi and contributed to 

ZIKVclearance;however, although the ZIKV burden in the brain of irrelevant-peptide-

vaccinated mice remained high, it was significantly lower (21.7-fold) in DENV2/ZIKV-

cross-reactive peptide-vaccinated mice (Figures 4D–4F).
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To determine whether the ZIKV-protective response could be elicited in mice vaccinated for 

a longer period than 4 weeks, we also examined the CD4+ T cell response and viral burden 

in mice infected with ZIKV at 6 weeks after peptide vaccination. Notably, the results were 

comparable to those obtained at 4 weeks post-vaccination. Thus, significantly higher 

frequencies of cytokine-producing CD4+ T cells were detected in the spleens from mice 

vaccinated with DENV2/ZIKV-cross-reactive peptides than from mice vaccinated with 

irrelevant peptides at 3 dpi (Figures S3A–S3C), and ZIKV infection was effectively 

controlled, with viral titers in the liver reduced by 4.8-fold in the DENV2/ZIKV-cross-

reactive peptide-vaccinated compared with the irrelevant-peptide-vaccinated mice (Figures 

S3D–S3F). We note that ZIKV was not detectable in the serum samples from either mouse 

group at 3 or 7 dpi. This may be because the 11-week-old (6-week-immunized) mice are 

more resistant to ZIKV infection than 9-week-old (4-week-immunized) mice.

Collectively, these results demonstrate that vaccination with DENV2/ZIKV-cross-reactive 

CD4+ T cell epitopes can induce a memory CD4+ T cell response that expands after ZIKV 

infection and contribute to the reduction of viral load at 4 and 6 weeks post-vaccination.

Protection Induced by Vaccination with DENV2/ZIKV-Cross-Reactive CD4+ T Cell Epitopes 
Is Mediated by IFNγ and/or TNF in the Absence of Antibodies

To confirm that protection conferred by 4-week vaccination with DENV2/ZIKV-cross-

reactive epitopes was mediated by CD4+ T cells and the canonical Th1 cytokines, we 

depleted the vaccinated mice of CD4+ T cells, IFNγ, or TNF. Ifnar1−/−HLA-DRB1*0101 

mice were vaccinated with four DENV2/ZIKV-cross-reactive peptides (as described above), 

and 4 weeks later, they were treated with a CD4+-T-cell-depleting Ab or isotype control Ab 

before (days −3 and −1) and after (day +1) ZIKV infection. Blood and tissues were then 

harvested and evaluated for infectious ZIKV titers at 3 dpi. Although the serum ZIKV titers 

were not significantly different between the two mouse groups (Figure 5A), ZIKV titers 

were markedly higher in the spleen, liver, and brain of CD4+-T-cell-depleted mice than 

isotype control Ab-treated mice (5.7-, 12.2-, and 1.5-fold, respectively; Figures 5B–5D), 

confirming that CD4+ T cells elicited by the DENV2/ZIKV-cross-reactive peptides 

contributed to protection against ZIKV infection.

To examine the contribution of IFNγ and/or TNF to the protection against ZIKV infection, 

we performed the same experiments as for CD4+ T cell depletion, except that mice were 

instead treated with neutralizing Abs against either IFNγ or TNF before (days 3 and 1) and 

after (day +1) ZIKV infection. DENV2/ZIKV-cross-reactive peptide immunization elicited 

IFNγ- and/ or TNF-producing CD4+ T cell response to individual peptide stimulation 

(Figures 6A–6C). Compared with the mice treated with the isotype control Ab, infectious 

ZIKV titers were significantly higher in the serum and brain of mice treated with the 

neutralizing anti-TNF Ab (6.6- and 35-fold, respectively) or anti-IFNγ Ab (59.2- and 26.4-

fold, respectively) (Figures 6D and 6F), whereas ZIKV titers in the liver were significantly 

higher in mice depleted of IFNγ (82.1-fold) but not of TNF activity (Figure 6E). The same 

experiment performed in mice vaccinated with DENV2/ZIKV-cross-reactive peptides for 6 

weeks before ZIKV infection confirmed that IFNγ was required for the reduction of ZIKV 

viral load in serum, liver, and brain (Figures S3G–S3I). No significant role for TNF was 
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observed in this experiment, although the levels of infectious ZIKV trended to be higher in 

the liver and brain, but not the serum, of mice with TNF blockade than mice treated with the 

isotype control mAb. These results indicate that both IFNγ and TNF contribute to the cross-

reactive peptide vaccine-induced protection against ZIKV depending on the tissue and 

vaccination regimen.

Finally, we assessed whether an anti-ZIKV Ab response contributed to the protection against 

ZIKV infection in mice vaccinated with DENV2/ZIKV-cross-reactive peptides. 

Ifnar1−/−HLA-DRB1*0101 mice were vaccinated with four DENV2/ZIKV-cross-reactive 

peptides, infected with ZIKV, and bled at 3 and 7 dpi for analysis of serum ZIKV E-reactive 

IgG titers. At 3 dpi, anti-ZIKV IgG titers were undetectable in mice vaccinated with either 

DENV2/ZIKV-cross-reactive peptides or irrelevant control peptides, whereas at 7 dpi, a low 

titer of anti-ZIKV IgG was detected in both mouse groups. Notably, however, there was no 

significant difference between the IgG titers in irrelevant-peptide-vaccinated and DENV2/

ZIKV-cross-reactive peptide-vaccinated mice (Figure 6G). Thus, an anti-ZIKV IgG response 

had not developed in the vaccinated mice at 3 dpi, indicating that Abs do not contribute to 

the cross-reactive peptide vaccine-induced protection seen at 3 dpi.

Taken together, the results of this study demonstrate that protection against ZIKV after 

vaccination with DENV2/ZIKV-crossreactive epitopes is mediated by CD4+ T cells and 

IFNγ- and/or TNF in an Ab-independent manner.

DISCUSSION

Recent epidemiologic studies have shown that prior DENV exposure provides protection 

against subsequent ZIKV infection in humans (Gordon et al., 2019; Pedroso et al., 2019; 

Rodriguez-Barraquer et al., 2019), but the mechanisms responsible for this cross-protection 

have yet to be defined. Evidence from mouse models supports roles for both Abs and CD8+ 

T cells as mediators of cross-protective immunity (Fernandez et al., 2017; Huang et al., 

2017; Kam et al., 2017; Regla-Nava et al., 2018; Wen et al., 2017a, 2017b), and more recent 

studies support a protective role for CD4+ T cells in primary and secondary ZIKV infection 

(Elong Ngono et al., 2019; Hassert et al., 2018; Liang et al., 2019; Lucas et al., 2018; Pardy 

et al., 2017). However, the pathogenic versus protective functions of DENV-elicited CD4+ T 

cells during ZIKV infection have not previously been investigated. Using Ifnar1−/−HLA-

DRB1*0101 transgenic mice, we identified DENV2/ZIKV cross-reactive CD4+ T cell 

epitopes and showed that vaccination with the peptides induced a CD4+ T cell response that 

protected against ZIKV infection in a manner dependent on CD4+ T cells and IFNγ and/or 

TNF but not on anti-ZIKV Abs. Thus, in addition to Abs and CD8+ T cells, the results of the 

present study establish that CD4+ T cells and the canonical Th1 effector cytokines act in an 

Ab-independent manner to confer cross-protective immunity against ZIKV in mice. These 

results have important implications for ZIKV infections in humans previously exposed to 

DENV.

Our previous finding that the same epitopes and immunodominance patterns are detected in 

Ifnar1−/−HLA transgenic mice and humans (Elong Ngono et al., 2016; Weiskopf et al., 2011, 

2013, 2014, 2015b) validate the use of the Ifnar1−/−HLA-DRB1*0101 transgenic mouse 
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model to evaluate human-relevant DENV/ZIKV-cross-reactive CD4+ T cell responses 

against ZIKV infection. One of the ZIKV-specific epitopes identified here (C27–41) shares a 

13-amino acid sequence with a 15-mer (SPFGGLKRLPAGLLL) identified as a CD4+ T cell 

epitope in humans by Koblischke et al. (2018), who examined the IL-2 response of CD8+-T-

cell-depleted peripheral blood mononuclear cells from ZIKV-infected individuals. The 

E134–148 peptide, which we demonstrated here induces IL-2-producing CD4+ T cells, shares 

a 14-amino acid sequence with another human CD4+ T cell epitope 

(ENLEYRIMLSVHGSQ) reported in the same human study (Koblischke et al., 2018). 

Given that C27–41 and E134–148 were identified based on their predicted binding to HLA-

DRB1*0101, it seems likely that the two epitopes identified by Koblischke et al. (2018) are 

also HLA-DRB1*0101 restricted.

Our results demonstrating that the DENV2/ZIKV-cross-reactive CD4+ T cell response 

expanded early (day 3) after ZIKV infection and remained in the later phase of the response 

(day 7) is in agreement with data showing that ZIKV cross-reactive CD4+ T cells are 

immunodominant and rapidly activated in DENV-immune individuals (Grifoni et al., 2017). 

This finding is also consistent with studies on the responses of cross-reactive CD8+ T cells 

during sequential infections with DENV and ZIKV (Grifoni et al., 2017; Wen et al., 2017b) 

or with heterologous DENV serotypes (Weiskopf et al., 2014) in humans and Ifnar1−/−HLA 

transgenic mice. Thus, prior DENV infection shapes both CD4+ and CD8+ T cell responses 

during subsequent ZIKV infection in humans and Ifnar1−/−HLA transgenic mice. As DENV 

and ZIKV infection in Ifnar1−/−HLA transgenic mice evoke T cell responses that are similar 

to those in humans with respect to timing, antigen specificity, and immunodominance 

patterns, Ifnar1−/−HLA transgenic mouse models represent a valuable model for examining 

key features of human-relevant T cell responses in various DENV and ZIKV infection and 

vaccination settings.

Consistent with publications reporting cross-reactivity of pre-existing DENV-elicited CD4+ 

T cell responses to ZIKV (Grifoni et al., 2017; Lim et al., 2018; Paquin-Proulx et al., 2017; 

Reynolds et al., 2018), we identified five HLA-DRB1*0101-restricted ZIKV epitopes 

(E134–148, NS2A66–80, NS2A184–198, NS4B40–54, and NS5222–236) that were cross-reactive 

on DENV-primed CD4+ T cells. The five DENV2/ZIKV-cross-reactive epitopes identified 

here share 33%–100% homology with the corresponding DENV2 sequences and 27%–

100%, 33%– 93%, and 33%–100% homology with variants in DENV1, DENV3, and 

DENV4, respectively (Table S1). Notably, NS5222–236 is a conserved T cell epitope among 

multiple flaviviruses; the identical sequence is present in DENV1, 2, and 4 and YFV, and the 

homologous sequences in DENV3 and JEV differ by one and two residues, respectively. 

Similarly, we previously identified an HLA-B*0702-restricted CD8+ T cell epitope that is 

conserved among many flaviviruses, including ZIKV, DENV1–4, WNV, JEV, Usutu virus, 

Murray Valley encephalitis virus, and Kunjin virus (Wen et al., 2017b). The identification of 

conserved CD4+ T cell and CD8+ T cell epitopes among flaviviruses supports the feasibility 

of developing flavivirus vaccines that elicit both CD4+- and CD8+-T-cell-mediated cross-

protective immunity.

In line with studies suggesting a protective role for serotype-cross-reactive CD4+ T cells in 

DENV immunity (Weiskopf et al., 2015a, 2016), the present study provides evidence in 
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support of a role for CD4+ T cells in conferring cross-protection against ZIKV in DENV2-

immune mice. CD4+ T cells from DENV2/ZIKV-cross-reactive peptide-vaccinated mice 

produced IFNγ and TNF upon cognate peptide restimulation in vitro, and depletion of CD4+ 

T cells and neutralization of IFNγ and/or TNF disrupted the protection induced by peptide 

vaccination in mice. Thus, the protective roles of CD4+ T cells elicited by peptide 

vaccination are likely to be mediated by ZIKV-induced secretion of IFNγ and/or TNF. 

Taken together with studies identifying important roles for CD8+ T cells in cross-protecting 

against DENV (de Alwis et al., 2016; Elong Ngono et al., 2016; Weiskopf et al., 2013, 

2015b; Zellweger et al., 2015) and ZIKV infections (Huang et al., 2017; Regla-Nava et al., 

2018; Wen et al., 2017a, 2017b), our results suggest that a pan-flavivirus vaccine that 

induces CD8+ T cell responses and canonical Th1-cytokine-producing CD4+ T cell 

responses may not only be broadly effective against both DENV and ZIKV but also avoid 

ADE. This is a crucial point because the DENV- and ZIKV-specific vaccines that are 

currently licensed or in clinical trials aim to elicit Ab responses and may, at least in theory, 

cause ADE if the vaccine-induced Ab response is inefficient or wanes.

In summary, our results demonstrate that vaccination with DENV2/ZIKV-cross-reactive 

peptides elicits a Th1 CD4+ T cell effector response that promotes protection against ZIKV 

infection in an IFNγ/TNF-dependent, Ab-independent manner. These findings suggest that 

the cross-reactive CD4+ T cell response is one mechanism by which humans with prior 

DENV exposure are protected against ZIKV. Inclusion of cross-reactive CD8+ T cell and 

CD4+ Th1 cell epitopes could not only enhance the efficacy of ZIKV-specific vaccines but 

also pave the way for the development of a pan-flavivirus vaccine that simultaneously 

protects against both DENV and ZIKV and minimizes ADE.

STAR★METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Sujan Shresta (sujan@lji.org).

This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Ifnar1−/−HLA-DRB1*0101 mice have been described in our previous study of 

anti-DENV responses (Weiskopf et al., 2011). Mice were bred under specific pathogen-free 

conditions with a 12 hour on/off light cycle at the La Jolla Institute for Immunology. Mouse 

experiments were approved by the Institutional Animal Care and Use Committee (protocol 

no. AP028-SS1–0615). Sample sizes were estimated based on experiments in similar 

studies, and the experiments were not randomized or blinded.

Cell Lines—Baby hamster kidney (BHK)-21 cells (ATCC, CCL-10) were grown in MEM-

α medium containing 10% FBS and 1 3 penicillin/streptomycin. Growing cells were allowed 

to proliferate until 90% confluency and then split for propagation.
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Virus Strains—ZIKV strain SD001 was isolated from the urine of a ZIKV-infected 

individual who traveled to Venezuela during the 2016 ZIKV epidemic. PCR sequencing 

showed that ZIKV SD001 belongs to the Asian lineage and is phylogenetically related to 

ZIKV isolates circulating in South American countries (Carlin et al., 2018). The mouse-

adapted DENV2 strain S221 is a triple-plaque-purified clone derived from DENV2 D2S10 

(Yauch et al., 2009). Both ZIKV and DENV2 were grown in C6/36 mosquito cells, and viral 

titers were measured using an FFA with the baby hamster kidney (BHK)-21 cell line as 

described below.

METHOD DETAILS

Peptide prediction and synthesis—The online software Immune Epitope Database and 

Analysis Resource (IEDB-AR) (http://www.iedb.org) (Vita et al., 2019) was used to predict 

HLA-DRB1*0101-binding peptides from ZIKV strain FSS13025 (Cambodia, 2010; Asian 

lineage). Thirty predicted epitope candidates were synthesized by Synthetic Biomolecules as 

crude peptides (> 75% purity) for use in in vitro experiments. Two ZIKV-specific (C27–41 

and NS3601-NS4A12), four DENV2/ZIKV-cross-reactive (E134–148, NS2A66–80, NS4B40–54, 

and NS5222–236) (ZIKV sequence numbering; Table 1), and four irrelevant peptides 

(influenza hemagglutinin-derived HLA-DRB1*0101-restricted epitopes: H1221–235 

[SRYSKKFKPEIAIRP], H1225–239 [KKFKPEIAIRPKVRD], H1305–319 

[TSLPFQNIHPITIGK], and H1441–455 [ELLVLLENERTLDYH]) (DiPiazza et al., 2017) 

were synthesized at high purity (> 99%) for use in vitro and in mouse vaccination 

experiments. All peptides were dissolved in dimethyl sulfoxide (DMSO) at a concentration 

of 40 mg/ml and were stored at −20°C.

ZIKV infection of mice and peptide screening—For the 30-peptide epitope 

screening, 5-week-old female or male mice were infected retro-orbitally (r.o.) with either 1 × 

102 focus-forming units (FFU) of ZIKV SD001 or 2 × 103 FFU of DENV2 S221 in 200 μL 

of 10% fetal bovine serum in phosphate-buffered saline (FBS/PBS). At 7 dpi, spleens were 

harvested and single-cell splenocyte suspensions were prepared. A total of 1 × 106 

splenocytes was plated in each well of a 96-well U-bottom plate and stimulated with 

individual peptides (20 μg crude peptide/well) for 6 h, with brefeldin A added for the final 5 

h (GolgiPlug, BD Biosciences). Positive and negative controls were splenocytes stimulated 

with phor-bol-12-myristate-13-acetate (PMA, 0.1 μg/ml) and ionomycin (1 μg/ml) (Thermo 

Fisher Scientific) or incubated with medium alone, respectively. Cells were harvested, 

washed, and processed for the ICS assay as described below.

ZIKV infection of DENV2-immune mice—Five-week-old female or male mice were 

inoculated intraperitoneally (i.p.) with 2 × 103 FFU of DENV2 S221. Four weeks later, the 

mice were infected r.o. with 1 × 104 FFU of ZIKV SD001, and on day 3 or 7 after infection, 

all mice were sacrificed and blood samples were collected for serum preparation. After 

cardiac perfusion with PBS, the spleen, liver, and brain were harvested. Splenocytes were 

stimulated in vitro with 20 μg crude peptide (C27–41, C53–67, C81–95, E450–464 or NS3601-

NS4A12) or 1 μg purified peptide (E134–148, NS2A66–80, NS4B40-54 or NS5222–236) per well. 

Positive and negative controls were included in all experiments. Cells were processed for the 
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ICS assay as described below. ZIKV viral titers in serum and tissues were measured using 

the FFA as described below.

ZIKV infection of peptide-vaccinated mice—Several protocols were employed. 

Mixtures of five ZIKV-specific and DENV2/ZIKV-cross-reactive peptides (C27–41, E134–148, 

NS2A66–80, NS3601-NS4A12, and NS5222–236; 50 μg of each peptide/mouse) were 

emulsified in complete Freund’s adjuvant and injected subcutaneously (s.c.) into 5-week-old 

female or male mice. Mock-vaccinated mice received the adjuvants in DMSO without 

peptides. Two weeks later, the mice were boosted by injection of the same peptides in 

incomplete Freund’s adjuvant. Two weeks after the boost, mice were infected r.o. with 1 × 

104 FFU of ZIKV SD001. Three days later, all mice were sacrificed and blood, spleen, liver, 

and brain were harvested. ZIKV viral titers in serum and tissues were measured using the 

FFA as described below.

The four DENV2/ZIKV-cross-reactive peptides (E134–148, NS2A66–80, NS4B40–54, and 

NS5222–236; 50 μg of each peptide/mouse) were emulsified in complete Freund’s adjuvant 

and injected s.c. into 5-week-old female or male mice. Mock-vaccinated mice received the 

adjuvants in DMSO without peptides, and the irrelevant peptide-vaccinated mice received 

the adjuvants with four influenza-derived peptides (H1221–235, H1225–239, H1305–319, and 

H1441–455; 50 μg of each peptide/mouse). Two weeks later, the mice were boosted by 

injection of the same peptides in incomplete Freund’s adjuvant. Two or 4 weeks after the 

boost, mice were treated by one of three protocols as follows. (i) Mice were infected r.o. 

with 1 × 104 FFU of ZIKV SD001. Three or 7 days later, all mice were sacrificed and blood, 

spleen, liver, and brain were harvested. Splenocytes were stimulated in vitro with individual 

or pooled DENV2/ZIKV-crossreactive peptides (E134–148, NS2A66–80, NS4B40–54, and 

NS5222–236) (1 μg purified peptide/well) and processed for the ICS assay as described below. 

ZIKV-reactive IgG in serum was measured using a capture ELISA assay, and ZIKV viral 

titers in serum and tissues were measured using the FFA as described below. (ii) Mice were 

infected r.o. with 1 × 104 FFU of ZIKV SD001 and injected i.p. with 250 μg of a CD4+ T 

cell-depleting Ab (clone GK1.5, Bio X Cell) or isotype control Ab (LTF-2, Bio X Cell) on 

days 3 and 1 before and 1 day after ZIKV infection. Three days later, all mice were 

sacrificed and blood, spleen, liver, and brain were harvested. ZIKV viral titers in serum and 

tissues were measured using the FFA. (iii) Mice were infected r.o. with 1 × 104 FFU of 

ZIKV SD001 and injected i.p. with 100 μg of neutralizing anti-TNF monoclonal Ab (mAb; 

clone XT3.11, Bio X Cell), anti-IFNγ mAb (clone XMG1.2, Thermo Fisher Scientific), or 

isotype control mAb (clone HPRN, Bio X Cell) on days 3 and 1 before and 1 day after 

ZIKV infection. At 3 dpi, all mice were sacrificed and blood, spleen, liver, and brain were 

harvested. ZIKV viral titers in serum and tissues were measured using the FFA.

ICS assay—After incubation of splenocytes with peptides or PMA/ionomycin, cells were 

harvested, washed, and incubated with Fc Block (CD16/CD32 mAb 2.4G2; BD 

Biosciences), stained with fixable Live/Dead blue viability stain (Thermo Fisher Scientific), 

and then stained with the following Abs: PerCP-Cy5.5-conjugated anti-CD3 mAb (clone 

145–2C11, Tonbo Biosciences), APC-eFluor780-conjugated anti-CD4 mAb (clone GK1.5, 

Thermo Fisher Scientific), Brilliant Violet (BV) 785-conjugated anti-CD44 mAb (clone 
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IM7, BioLegend), Alexa Fluor 700-conjugated anti-CD62L mAb (clone MEL-14, Thermo 

Fisher Scientific), PE-conjugated anti-CD11a (clone M17/4, BioLegend), BV605-

conjugated anti-CD49d (clone R1–2, BD Biosciences), PE-conjugated anti-CD25 mAb 

(clone PC61, BioLegend), PE-conjugated or biotin-conjugated anti-CD185 mAb (CXCR5, 

clone SPRC15; Thermo Fisher Scientific), BV 605-conjugated anti-CD279 mAb (PD1, 

clone 29F.1A12; BioLegend), and/or BV 421-conjugated streptavidin (#405225, 

BioLegend). Cells were then fixed and permeabilized using Cytofix/Cytoperm solution 

(#554722, BD Biosciences), followed by staining with FITC-conjugated anti-IFNγ mAb 

(clone XMG1.2, Tonbo Biosciences), Alexa Fluor 700- or APC-conjugated anti-TNF mAb 

(clone MP6-XT22, Thermo Fisher Scientific), PE-, BV 421-, or BV 711-conjugated anti-

IL-2 mAb (clone JES6–5H4, BioLegend), APC-conjugated anti-IL-4 mAb (clone 11B11, 

BioLegend), PE-conjugated anti-IL-5 mAb (clone TRFK5, Thermo Fisher Scientific), 

BV510-conjugated anti-IL-17A mAb (clone TC11–18H10.1, BioLegend), and/or Alexa 

Fluor 700-conjugated anti-FoxP3 mAb (clone FJK-16S, Thermo Fisher Scientific). Data 

were collected using an LSR Fortessa flow cytometer (BD Biosciences) and analyzed using 

FlowJo software X 10.0.7 (Tree Star).

ELISA—To quantify ZIKV-reactive IgG, 96-well high-affinity ELISA plates (Costar) were 

coated with ZIKV E protein (1 mg/ml ZIKVSU-ENV, The Native Antigen) in 100 μl coating 

buffer (0.1 M NaHCO3) overnight at 4°C and then blocked for 1 h at room temperature (RT) 

with 5% Blocker Casein in PBS (Thermo Fisher Scientific). Mouse serum samples were 

serially diluted three-fold from 1:30 to 1:65,610 in 1% bovine serum albumin (BSA)/PBS 

and added to the coated wells. As a positive control, 10 μg of the pan-flavivirus envelope 

protein-specific mAb 4G2 (Absolute Antibody) was diluted in 1% BSA/PBS and titrated 

three-fold in the same manner as for the sera. After 1.5 h incubation at RT, the wells were 

washed with washing buffer (0.05% Tween 20 in PBS) and then incubated with HRP-

conjugated goat anti-mouse IgG (1:5000 in 1% BSA/PBS) for 1.5 h at RT. TMB chromogen 

solution (Thermo Fisher Scientific) was added to the wells, the reaction was stopped by 

addition of 2N sulfuric acid, and the absorbance at 450 nm was read on a Spectramax M2E 

microplate reader (Molecular Devices). The ZIKV-specific IgG endpoint titers were 

calculated as the reciprocal of the highest serum dilution that gave a reading twice the cutoff 

absorbance of the negative control (1% BSA/PBS).

Focus-forming assay—BHK-21 cells (2 × 105/well) were plated in 24-well culture 

plates and incubated at 37°C in a CO2 incubator overnight. Mouse spleen, liver, and brain 

were homogenized using TissueLyser II (QIAGEN) and centrifuged at 6000 rpm for 10 min. 

Aliquots of the supernatants (100 μl) were serially diluted 10-fold in medium, added to the 

BHK-21 cells, and incubated at 37°C for 1 h. The viral supernatant was aspirated, and a pre-

warmed solution of 1% carboxymethyl cellulose medium was added to each well. After 2.5 

days incubation, the cells were fixed with 4% paraformaldehyde solution for 30 min at RT, 

washed with PBS, permeabilized with 1% Triton X-100 for 20 min at RT, and washed again 

with PBS. Plates were blocked with 10% FBS/PBS for 40 min at RT and incubated with the 

pan-flavivirus envelope protein-specific mAb 4G2 (1 μg/ml) for 1 h at RT. Plates were 

washed with PBS and incubated with horseradish peroxidase-conjugated goat anti-mouse 

IgG mAb (1:1000 dilution) for 1.5 h at RT. Finally, the plates were washed with PBS and 
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developed with TrueBlue peroxidase substrate for 20 min at RT. Foci were counted and the 

viral titers were expressed as FFU/ml serum or FFU/g tissue.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics and graphs—Statistics and graphs were prepared using Prism software version 

6.0 (GraphPad Software) and are expressed as the mean ± standard error (s.e.m.). 

Statistically significant differences between two groups were determined using the non-

parametric Mann– Whitney test followed by Benjamini-Hochberg (B-H) correction in R 

studio (v3.6.1), fixing the false discovery rate (FDR) at 10% or Kruskal–Wallis one-way 

ANOVA with Dunn’s correction for multiple comparisons. p < 0.05 was considered 

significant. Further details on statistical analysis are listed in the figure legends.

DATA AND CODE AVAILABILITY

This study did not generate any unique datasets or code.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Vaccination with DENV/ZIKV-cross-reactive peptides elicits a Th1 CD4+ T 

cell response

• Peptide vaccine-elicited cross-reactive CD4+ T cells protect against ZIKV 

infection

• Cross-reactive CD4+ T-cell-mediated protection is dependent on IFNγ or 

TNF

• Cross-reactive CD4+ T-cell-mediated protection occurs in the absence of 

antibodies
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Figure 1. Cytokine Secretion Pattern of ZIKV-Peptide-Specific HLA-DRB1*0101-Restricted 
CD4+ T Cells
Ifnar1−/−HLA-DRB1*0101 mice were infected retro-orbitally with 1 × 102 focus-forming 

unit (FFU) of ZIKV strain SD001 for 7 days. Splenocytes were isolated and stimulated in 

vitro for 6 h with the indicated ZIKV-derived peptides that were predicted to bind HLA-

DRB1*0101, and the frequencies of cytokine-producing cells were detected using the ICS 

assay.

(A) Representative flow cytometry contour plots.

(B and C) Quantification of CD4+ T cells producing IFNγ, TNF, or IFNγ plus TNF (B) or 

IL-2 (C). Data represent the mean ± SEM of four independent experiments (n = 3–5 mice/

experiment; total 16 mice). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-
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tailed Mann-Whitney test with a Benjamini-Hochberg (B-H) adjusted p value (FDR) < 10%. 

Negative and positive refer to cells incubated in medium alone or with phorbol-12-

myristate-13-acetate (PMA) and ionomycin, respectively.

Wen et al. Page 21

Cell Rep. Author manuscript; available in PMC 2020 May 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Cross-Reactivity of DENV2-Primed CD4+ T Cells to HLA-DRB1*0101-Binding ZIKV 
Peptides
Ifnar1−/−HLA-DRB1*0101 mice were infected intraperitoneally with 2 × 103 FFU of 

DENV2 strain S221 for 7 days. Splenocytes were stimulated in vitro for 6 h with the 

indicated ZIKV-derived peptides that were predicted to bind HLA-DRB1*0101, and the 

frequencies of cytokine-producing cells were detected using the ICS assay.

(A) Representative flow cytometry contour plots.

(B and C) Quantification of CD4+ T cells producing IFNγ, TNF, or IFNγ plus TNF (B) or 

IL-2 (C). Data represent the mean ± SEM of three independent experiments (n = 3–4 mice/

experiment; total 10 mice). **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-tailed Mann-
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Whitney test with a B-H adjusted p value (FDR) < 10%. Negative and positive refer to cells 

incubated in medium alone or with PMA and ionomycin, respectively.
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Figure 3. Reduction in Viral Load in DENV-Immune Mice after ZIKV Infection
Ifnar1−/−HLA-DRB1*0101 mice were infected intraperitoneally with 2 × 103 FFU of 

DENV2 S221 for 4 weeks. Naive mice and DENV2-immune mice were infected retro-

orbitally with 1 × 104 FFU of ZIKV strain SD001 for 3 (A–C and G–H) or 7 (D–F and I–J) 

days.

(A–F) Mouse blood (A and D), liver (B and E), and brain (C and F) were harvested, and 

levels of infectious ZIKV were determined using the FFA. Each point represents an 

individual mouse.

(G–J) Splenocytes were isolated from mice at 3 dpi (G and H) or 7 dpi (I and J) and 

stimulated in vitro for 6 h with the indicated ZIKV-specific and DENV2/ZIKV-cross-

reactive peptides, and the frequencies of CD4+ T cells producing IFNγ, IFNγ plus TNF, or 
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TNF were detected using the ICS assay. Negative and positive refer to cells incubated alone 

or with PMA and ionomycin, respectively. Data represent the mean ± SEM of two 

independent experiments (n = 3–5 mice/experiment).

(A–F) ***p < 0.001, ****p < 0.0001 by two-tailed Mann-Whitney test.

(G–J) *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-tailed Mann-Whitney 

test with a B-H adjusted p value (FDR) < 10%.
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Figure 4. Expansion of CD4+ T Cells and Suppression of Viral Burden in Mice Infected with 
ZIKV 4 Weeks after Vaccination with DENV2/ZIKV-Cross-Reactive Peptides
Ifnar1−/−HLA-DRB1*0101 mice were injected subcutaneously with four irrelevant peptides 

or four DENV2/ZIKV-cross-reactive peptides (E134–148, NS2A66–80, NS4B40–54, and 

NS5222–236) and boosted in the same manner 2 weeks later. Two weeks after boosting, all 

mice were infected by retro-orbital injection with 1 × 104 FFU of ZIKV strain SD001. Three 

or 7 days later, mice were sacrificed.

(A–C) Splenocytes were isolated and stimulated for 6 h in vitro with the indicated DENV2/

ZIKV-cross-reactive peptides, and the frequencies of CD4+ T cells producing IFNγ (A), 

TNF (B), or IFNγ plus TNF (C) were detected using the ICS assay.

(D–F) Blood (D), liver (E), and brain (F) were harvested, and levels of infectious ZIKV were 

determined using the FFA. Data represent the mean ± SEM of two independent experiments 

(n = 3–6 mice/experiment). *p < 0.05, **p < 0.01, ***p < 0.001 by two-tailed Mann-

Whitney test.
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Figure 5. Reduction in Protective Immunity against ZIKV Infection in Mice Vaccinated with 
DENV2/ZIKV-Cross-Reactive Peptides and Depleted of CD4+ T Cells
Ifnar1−/− HLA-DRB1*0101 mice were injected subcutaneously with four DENV2/ZIKV-

crossreactive peptides (E134–148, NS2A66–80, NS4B40–54, and NS5222–236) and boosted in 

the same manner 2 weeks later. Two weeks after boosting, all mice were infected by retro-

orbital injection with 1 × 104 FFU of ZIKV strain SD001. Mice were injected 

intraperitoneally with isotype control Ab or anti-CD4 Ab days 3 and 1 before and day 1 after 

ZIKV infection. At 3 dpi, levels of infectious ZIKV in serum (A), spleen (B), liver (C), and 

brain (D) were determined using the FFA. Each point represents an individual mouse. Data 

represent the mean ± SEM of two independent experiments (n = 5–6 mice/experiment). *p < 

0.05, **p < 0.01, ****p < 0.0001 by two-tailed Mann-Whitney test.
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Figure 6. Anti-ZIKV Immune Response in Mice Depleted of IFNγ or TNF and Infected with 
ZIKV 4 Weeks after Vaccination with DENV2/ZIKV-Cross-Reactive Peptides
Ifnar1−/−HLA-DRB1*0101 mice were injected subcutaneously with adjuvant alone (mock) 

or four irrelevant peptides or four DENV2/ZIKV-cross-reactive peptides (E134–148, 

NS2A66–80, NS4B40–54, and NS5222–236) and boosted in the same manner 2 weeks later. 

Two weeks after boosting, mice were infected by retro-orbital injection with 1 × 104 FFU of 

ZIKV strain SD001. Three days later, mice were sacrificed and blood and tissues were 

harvested.

(A–C) Splenocytes were stimulated for 6 h in vitro with the indicated DENV2/ZIKV-cross-

reactive peptides, and the frequencies of CD4+ T cells producing IFNγ (A), TNF (B), and 

IFNγ plus TNF (C) were detected using the ICS assay.

(D–F) Mice were injected intraperitoneally with a neutralizing Ab against TNF or IFNγ or 

an isotype control Ab on days 3 and 1 before and 1 day after ZIKV infection. Levels of 

infectious ZIKV in the serum, liver, and brain at 3 dpi were determined using the FFA. Each 

point represents an individual mouse.

(G) Sera were tested for the presence of ZIKV E-reactive IgG by ELISA. Data represent the 

mean ± SEM of two independent experiments, with a total of 10 mice per group (A–C) or 

with 10 mice (8 females, 2 males) for a-TNF, 8 mice (2 females, 6 males) for α-IFNγ, 8 

mice (1 female, 7 males) for isotype, or 8 mice (8 males) for mock (D–F) groups. *p < 0.05, 
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**p < 0.01, ***p < 0.001, ****p < 0.0001 by two-tailed Mann-Whitney test (A–C) or 

Kruskal-Wallis one-way ANOVA with Dunn’s correction (D–F).
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Table 1.

Zika-Virus-Derived Potential HLA-DRB1*0101-Restricted Epitopes

IEDB Prediction % 
CD4+

CD44+ T Cells 
(ZIKV)

% 
CD4+

CD44+ T Cells 
(DENV2)

Peptides
a Sequences Percentile_Rank INFγ

+
TNF+ INFγ

+TNF
+

IL-2+ INFγ
+

TNF+ INFγ
+TNF
+

IL-2+

C27–41* FGGLKRLPAGLLLGH 0.25 0.19 0.12 0.10 0.08 0.11 0.11 0.09 0.06

C53–67 FLRFTAIKPSLGLIN 0.19 0.27 0.10 0.03 0.02 0.15 0.09 0.07 0.04

C81–95 IKKFKKDLAAMLRII 3.02 0.19 0.25 0.06 0.06 0.15 0.16 0.10 0.07

M39–53 NPGFALAAAAIAWLL 0.13 0.09 0.13 0.02 0.03 0.11 0.11 0.09 0.05

M63-E2 YLVMILLIAPAYSIR 0.96 0.07 0.11 0.02 0.01 0.08 0.14 0.07 0.03

E134-148*† NLEYRIMLSVHGSQH 2.27 0.06 0.13 0.02 0.19 0.11 0.19 0.07 0.46

E309–323 TAAFTFTKIPAETLH 1.58 0.10 0.08 0.02 0.02 0.09 0.09 0.08 0.06

E460-464 GAAFKSLFGGMSWFS 2.51 0.18 0.09 0.08 0.03 0.18 0.20 0.08 0.07

E492-NS11 GGVLIFLSTAVSADV 1.99 0.08 0.11 0.01 0.02 0.15 0.14 0.10 0.07

NS1206–220 NDTWRLKRAHLIEMK 2.73 0.06 0.09 0.02 0.02 0.14 0.14 0.08 0.05

NS2A18-32 TTKIIISTSMAVLVA 3.72 0.07 0.10 0.03 0.02 0.10 0.13 0.09 0.07

NS2A66-80*† LALIAAFKVRPALLV 1.81 0.17 0.11 0.06 0.03 0.39 0.20 0.34 0.20

NS2A122-136 ALAWLAIRAMWPRT 1.24 0.08 0.09 0.02 0.02 0.13 0.14 0.11 0.08

NS2A138–152 NITLAILAALTPLAR 2.51 0.07 0.09 0.02 0.02 0.11 0.12 0.07 0.06

NS2A167-181 GGFMLLSLKGKGSVK 2.27 0.07 0.07 0.03 0.03 0.10 0.12 0.09 0.07

NS2A184-198 LPFVMALGLTAVRLV 0.28 0.06 0.21 0.02 0.05 0.14 0.40 0.09 0.06

NS3126–140 CGRVIGLYGNGWIK 4.77 0.06 0.11 0.02 0.03 0.18 0.13 0.18 0.09

NS3199–213 RLRTVILAPTRWAA 1.81 0.11 0.11 0.04 0.03 0.14 0.12 0.11 0.06

NS36O1-
NS4A12*

GAAFGVMEALGTLPG 3.95 0.20 0.14 0.10 0.04 0.10 0.08 0.06 0.03

NS4A64-78 GIFFVLMRNKGIGKM 0.42 0.05 0.08 0.03 0.02 0.16 0.18 0.15 0.10

NS4A13O-144 QMAIIIMVAVGLLGL 0.96 0.10 0.12 0.02 0.03 0.17 0.17 0.10 0.06

NS4B40-54† WAIYAALTTFITPAV 3.95 0.09 0.20 0.05 0.03 0.22 0.37 0.10 0.06

NS4B64-78 NYSLMAMATQAGVLF 1.71 0.06 0.07 0.01 0.02 0.14 0.12 0.08 0.03

NS4B98-112 IGCYSQLTPLTLIVA 0.25 0.06 0.13 0.01 0.02 0.14 0.15 0.10 0.04

NS4B124-138 IPGLQAAAARAAQKR 1.06 0.05 0.08 0.02 0.02 0.11 0.12 0.04 0.04

NS4B170-184 MGQVLLIAVAVSSAI 2.05 0.06 0.11 0.04 0.02 0.14 0.15 0.07 0.07

NS4B227-241 FRGSYLAGASLIYTV 4.77 0.08 0.14 0.06 0.02 0.16 0.13 0.07 0.05

NS4B337-351 GWSYYAATIRKVQEV 1.53 0.07 0.12 0.03 0.02 0.12 0.12 0.11 0.06

NS5222–236*† RAIWYMWLGARFLEF 0.88 0.61 0.57 0.33 0.21 0.82 0.80 1.45 0.64

NS5519–533 HRRDLRLMANAICSS 1.9 0.10 0.11 0.04 0.01 0.19 0.15 0.13 0.06

Negative no peptide 0.06 0.14 0.03 0.03 0.11 0.12 0.09 0.07

Positive PMA/ionomycin 35.69 8.14 18.28 9.40 32.13 6.21 40.02 19.54
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a
The position of the peptides was determined according to the amino acid sequences of ZIKV strain FSS13025. The peptides denoted with an 

asterisk (*) were identified as ZIKV epitopes using the ICS assay. The peptides denoted with a dagger (†) were identified as DENV2/ZIKV-cross-
reactive epitopes. The peptides underlined were used to immunize mice.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monoclonal anti-mouse CD16/CD32 (clone 2.4G2) 3D Biosciences Cat#553141; RRID:AB_394656

Rat monoclonal anti-mouse CD49d (clone R1–2), Brilliant Violet 605 3D Biosciences Cat#740341; RRID:AB_2740074

Rat monoclonal anti-mouse CD3 (clone 145–2C11), PerCP-Cy5.5 Tonbo Biosciences Cat#65–0031; RRID:AB_2621872

Rat monoclonal anti-mouse IFNg (clone XMG1.2), FITC Tonbo Biosciences Cat#35–7311; RRID:AB_2621724

Rat monoclonal anti-mouse CD44 (clone IM7), Brilliant Violet 785 BioLegend Cat#103041; RRID:AB_11218802

Rat monoclonal anti-mouse CD11a (clone M17/4), PE BioLegend Cat#101107; RRID:AB_312780

Rat monoclonal anti-mouse CD25 (clone PC61), PE BioLegend Cat#102008; RRID:AB_312857

Rat monoclonal anti-mouse IL-2 (clone JES6–5H4), PE BioLegend Cat#503807; RRID:AB_315301

Rat monoclonal anti-mouse IL-2 (clone JES6–5H4), Brilliant Violet 421 BioLegend Cat#503825; RRID:AB_10895901

Rat monoclonal anti-mouse IL-2 (clone JES6–5H4), Brilliant Violet 711 BioLegend Cat#503837; RRID:AB_2564225

Rat monoclonal anti-mouse IL-4 (clone 11B11), APC BioLegend Cat#504105; RRID:AB_315319

Rat monoclonal anti-mouse CD279 (clone 29F.1A12), Brilliant Violet 
605 BioLegend Cat#135219; RRID:AB_11125371

Rat monoclonal anti-mouse IL-17A (clone TC11–18H10.1), Brilliant 
Violet 510 BioLegend Cat#506933; RRID:AB_2562668

Rat monoclonal anti-mouse CD185 (CXCR5) (clone SPRCL5), PE Thermo Fisher Scientific
Cat#12–7185-82; 
RRID:AB_11217882

Rat monoclonal anti-mouse CD185 (CXCR5) (clone SPRC15), biotin Thermo Fisher Scientific Cat#13–7185-82; RRID:AB_2572800

Rat monoclonal anti-mouse CD4 (clone GK1.5), APC-eFluor780 Thermo Fisher Scientific
Cat#47–0041-82; 
RRID:AB_11218896

Rat monoclonal anti-mouse CD62L (clone MEL-14), Alexa Fluor 700 Thermo Fisher Scientific Cat#56–0621-82; RRID:AB_494003

Rat monoclonal anti-mouse TNF (clone MP6-XT22), Alexa Fluor 700 Thermo Fisher Scientific
Cat#56–7349-42; 
RRID:AB_10671335

Rat monoclonal anti-mouse TNF (clone MP6-XT22), APC Thermo Fisher Scientific Cat#17–7321-82; RRID:AB_469508

Rat monoclonal anti-mouse IL-5 (clone TRFK5), PE Thermo Fisher Scientific Cat#12–7052-82; RRID:AB_763587

Rat monoclonal anti-mouse FoxP3 (clone FJK-16 s), Alexa Fluor 700 Thermo Fisher Scientific Cat#56–5773-82; RRID:AB_1210557

Rat monoclonal anti-mouse IFNg (clone XMG1.2), neutralizing antibody Thermo Fisher Scientific Cat#16–7311-81; RRID:AB_469242

Rat monoclonal anti-mouse CD4 (clone GK1.5), CD4+ T cell-depleting 
antibody

Bio X Cell Cat#BP0003–1; RRID:AB_1107636

Rat isotype control monoclonal antibody (clone LTF-2) Bio X Cell Cat#BP0090; RRID:AB_1107780

Rat monoclonal anti-mouse TNF (clone XT3.11), neutralizing antibody Bio X Cell Cat#BP0058; RRID:AB_1107764

Isotype control monoclonal antibody (clone HPRN) Bio X Cell N/A

Pan-flavivirus envelope protein-specific monoclonal antibody 4G2 (clone 
D1–4G2–4-15)

Absolute Antibody Cat#Ab00230–2.0; 
RRID:AB_2715504

Goat polyclonal anti-mouse IgG, horseradish peroxidase Sigma-Aldrich Cat#A0168; RRID:AB_257867

Bacterial and Virus Strains

ZIKV strain SD001 Carlin et al., 2018 N/A

DENV2 strain S221 Yauch et al., 2009 N/A

Chemicals, Peptides, and Recombinant Proteins

Live/Dead blue viability stain Thermo Fisher Scientific Cat#50-112-1524

Cell Stimulation Cocktail (containing phorbol-12-myristate-13-
acetate(PMA)/ionomycin) Thermo Fisher Scientific Cat#00-4970-93
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REAGENT or RESOURCE SOURCE IDENTIFIER

TMB chromogen solution Thermo Fisher Scientific Cat#00-202-3

Brilliant Violet 421-conjugated streptavidin BioLegend Cat#405225

Cytofix/Cytoperm solution BD Biosciences Cat#554722

Protein transport inhibitor (containing Brefeldin A) BD Biosciences Cat#555029

Carboxymethyl cellulose Sigma-Aldrich Cat#9004-32-4

TrueBlue peroxidase substrate KPL Cat#5510-0030

ZIKV E protein The Native Antigen N/A

Experimental Models: Cell Lines

Baby hamster kidney (BHK)-21 cells ATCC CCL-10

Mouse: Ifnar1−/− HLA-DRB1*0101 mice Weiskopf et al., 2011 N/A

Software and Algorithms

Immune Epitope Database and Analysis Resource (IEDB-AR) Vita et al., 2019 http://www.iedb.org/home_v3.php
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