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Japanese encephalitis virus–primed CD8+ T cells
prevent antibody-dependent enhancement of Zika
virus pathogenesis
Dong Chen1,2*, Zhiliang Duan1,3*, Wenhua Zhou1, Weiwei Zou4, Shengwei Jin5, Dezhou Li3, Xinyu Chen5, Yongchao Zhou4, Lan Yang4, Yanjun Zhang6,
Sujan Shresta7, and Jinsheng Wen1,4

Cross-reactive anti-flaviviral immunity can influence the outcome of infections with heterologous flaviviruses. However, it is
unclear how the interplay between cross-reactive antibodies and T cells tilts the balance toward pathogenesis versus
protection during secondary Zika virus (ZIKV) and Japanese encephalitis virus (JEV) infections. We show that sera and IgG
from JEV-vaccinated humans and JEV-inoculated mice cross-reacted with ZIKV, exacerbated lethal ZIKV infection upon
transfer to mice, and promoted viral replication and mortality upon ZIKV infection of the neonates born to immune mothers. In
contrast, transfer of CD8+ T cells from JEV-exposed mice was protective, reducing the viral burden and mortality of ZIKV-
infected mice and abrogating the lethal effects of antibody-mediated enhancement of ZIKV infection in mice. Conversely,
cross-reactive anti-ZIKV antibodies or CD8+ T cells displayed the same pathogenic or protective effects upon JEV infection, with
the exception that maternally acquired anti-ZIKV antibodies had no effect on JEV infection of the neonates. These results
provide clues for developing safe anti-JEV/ZIKV vaccines.

Introduction
Zika virus (ZIKV), a member of the Flaviviridae family, Flavi-
virus genus, shares a high degree of amino acid similarity with
other flaviviruses, including yellow fever virus (YFV), dengue
virus (DENV), Japanese encephalitis virus (JEV), and West Nile
virus (WNV). ZIKV was initially isolated from a rhesus monkey
in Uganda in 1947, and subsequently caused large outbreaks in
French Polynesia (2013–2014) and South America (2015–2016).
By early 2017, ZIKV had been reported in 84 countries or ter-
ritories worldwide (World Health Organization, 2017). Most
ZIKV infections cause mild symptoms of fever and headache but
can also induce the neurological autoimmune disease Guillain–
Barré syndrome (Monsalve et al., 2017). Moreover, infection of
pregnant women has been linked to severe fetal defects, in-
cluding microcephaly (Li et al., 2016a; Mlakar et al., 2016). JEV
circulates mainly in Western Pacific, East Asian, Southeast
Asian, and South Asian countries (Centers for Disease Control
and Prevention (CDC), 2013). Like ZIKV infection, JEV pre-
dominantly causes mild or no symptoms, but ∼67,900 cases

annually progress to Japanese encephalitis, which has a case
fatality rate of 20 to 30% (Campbell et al., 2011; Centers for
Disease Control and Prevention (CDC), 2013).

Current evidence suggests that exposure to one flavivirus can
either protect against or exacerbate secondary infections with a
heterotypic serotype or flavivirus (Bardina et al., 2017; Dejnirattisai
et al., 2010, 2016; Fowler et al., 2018; George et al., 2017; Ngono and
Shresta, 2018; Tesh et al., 2002; Vázquez-Calvo et al., 2017). The
mechanisms by which flavivirus cross-reactive immune responses
contribute to protection or pathogenesis are not fully understood
but may be influenced by the degree of sequence homology, the
sequence of infections, and the interval between infections (Elong
Ngono and Shresta, 2019; Ngono and Shresta, 2018). Given that
many countries routinely vaccinate against JEV (Campbell et al.,
2011) and that ZIKV is rapidly spreading to JEV-endemic regions,
including heavily populated countries such as China and India
(Khaiboullina et al., 2018; Kutsuna et al., 2014; Quyen et al., 2017;
Ruchusatsawat et al., 2019; World Health Organization, 2017;
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Zhang et al., 2016), there is an urgent need to understand the ef-
fects of prior immunity to JEV on the outcomes of ZIKV infection.

Antibody (Ab)-dependent enhancement (ADE) of infection
can influence the severity of illness following flavivirus in-
fections (Ngono and Shresta, 2018). ADE describes a phenome-
non whereby cross-reactive, sub-neutralizing Abs induced
during infection with one flavivirus promote infection of Fcγ
receptor–bearing cells upon secondary infection by a hetero-
typic virus, thereby exacerbating the disease (Katzelnick et al.,
2017; Salje et al., 2018). ADE was first experimentally charac-
terized for DENV in studies showing that passive transfer of
DENV-immune sera can enhance subsequent DENV infection
and disease severity in naive mice (Balsitis et al., 2010;
Zellweger et al., 2010). A growing body of evidence suggests
that prior infection with DENV may have both positive and
negative implications for the clinical consequences of ZIKV
infection, depending on the context and balance of humoral
and cellular immunity (Elong Ngono and Shresta, 2019; Wen
and Shresta, 2019). For instance, recent studies using mice
and human placental explants have demonstrated that DENV-
specific Abs can mediate ADE of ZIKV infection and patho-
genesis (Bardina et al., 2017; Brown et al., 2019; Rathore et al.,
2019; Zimmerman et al., 2018). Although preexisting anti-DENV
Abs may exacerbate ZIKV infection via ADE, cross-reactive anti-
DENV cellular immunity appears to play a protective role during
ZIKV infection. Mouse models of sequential DENV-ZIKV infec-
tion have revealed that DENV-elicited CD8+ T cells mediate
short-term cross-protection against subsequent ZIKV infection
in both nonpregnant and pregnant mice (Regla-Nava et al., 2018;
Wen et al., 2017a, b). Consistent with these findings in mice,
recent epidemiological studies indicate that prior DENV immu-
nity confers cross-protection against ZIKV infection in humans
(Gordon et al., 2019; Pedroso et al., 2019; Rodriguez-Barraquer
et al., 2019). Thus, interplay between preexisting cross-reactive
Ab and T cell responses likely determines the outcome of a
subsequent ZIKV infection.

In contrast to sequential DENV-ZIKV and ZIKV-DENV in-
fections, no studies have yet examined the impact of interplay
between prior JEV humoral and cellular immunity on ZIKV in-
fection, or vice versa. In hamsters and mice, immunization with
a live-attenuated vaccine strain of JEV confers protection against
encephalitis and/or death upon WNV and DENV challenge (Li
et al., 2016c; Tesh et al., 2002). In addition, sera from JEV-
vaccinated individuals can mediate ADE of DENV infection in
Fcγ receptor–positive baby hamster kidney (BHK)–21 cells (Saito
et al., 2016), and preexisting JEV Abs have been shown to in-
crease the severity of symptomatic dengue illness in children
and adults (Anderson et al., 2011; Sato et al., 2015). Pre-existing
JEV Abs also enhance subsequent infection with live-attenuated
YFV, thereby improving its immunogenicity (Chan et al., 2016).
Thus, while the prevailing evidence suggests that coexisting
JEV-elicited cross-reactive Abs and T cells are likely to affect
ZIKV infection, this has not yet been investigated.

In the present study, we sought to address these knowledge
gaps by modeling sequential infections with JEV and ZIKV or
vice versa. We determined how transfer of serum, serum-
derived IgG, and CD8+ T cells from mice or humans exposed to

one flavivirus affects the development and outcome of a sub-
sequent infection with the heterologous flavivirus in mice. We
also assessed the effect of maternally acquired anti-JEV Abs on
ZIKV infection in neonatal mice, and vice versa.We show that (i)
JEV-immune human and mouse sera mediate ADE of ZIKV in-
fection in vitro and in vivo and decrease the survival of recipient
mice following ZIKV infection; (ii) maternally acquired anti-JEV
Abs increase the mortality of neonatal mice challenged with
ZIKV; (iii) CD8+ T cells from JEV-primed mice cross-react with
immunodominant ZIKV epitopes, and transfer of such T cells
protects against lethal ZIKV infection; and (iv) cotransfer of JEV-
primed CD8+ T cells with JEV-immune serum to naive mice
abrogates ADE of ZIKV infection. Importantly, most, but not all,
of these results are also observed in the context of preexisting
ZIKV immunity and subsequent JEV infection. Collectively,
these results suggest that cross-reactive CD8+ T cells can protect
against ADE of heterologous flaviviral infections, and thus imply
that a precise balance between cross-reactive Ab and T cell re-
sponses determines the outcome of subsequent infection with a
heterologous flavivirus.

Results
Sera from JEV- and ZIKV-immunemice and humans cross-react
with heterologous flaviviral EDIII proteins
The amino acid homology between ZIKV and JEV ranges from
∼38 to 55% in the structural proteins (capsid [C], premembrane/
membrane [prM/M], and envelope [E]) and ∼36 to 68% in the
nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5; BLAST search; data not shown). Flaviviral
protein E contains three extracellular domains, I, II, and III, and
is the main target for Ab responses to flaviviruses (Luca et al.,
2012; Sirohi et al., 2016). E protein domain III (EDIII) encodes
epitopes that bind to host cellular receptors and can generate
potently neutralizing Abs (Luca et al., 2012). Notably, JEV and
ZIKV EDIIIs are ∼54% identical at the amino acid level (BLAST
search; data not shown).

We first tested sera from JEV-naive infants or JEV-naive, JEV-
vaccinated children and young adults (aged 7–20 yr, with no
history of DENV, ZIKV, or YFV infection or vaccination) for their
ability to bind recombinant ZIKV-EDIII or JEV-EDIII using
indirect ELISAs. As shown in Fig. 1, sera from JEV-vaccinated
individuals contained comparably high titers of IgG to both
JEV-EDIII and ZIKV-EDIII, suggesting strong antigenic cross-
reactivity between the two proteins (Fig. 1, A–C). Moreover,
the anti–JEV-EDIII and anti–ZIKV-EDIII titers did not differ
markedly between the sera from JEV-immune individuals of
different ages (Fig. 1, A and B), suggesting that JEV vaccina-
tion induced long-lasting Ab responses to both viruses. A
cross-reactive IgG response to JEV-EDIII and ZIKV-EDIII was
also observed in sera from WT C57BL/6 mice inoculated with
JEV (Fig. 1, D and E). Analysis of sera from ZIKV-inoculated
WT mice gave similar results, with high IgG titers to both
ZIKV-EDIII and JEV-EDIII (Fig. 2, A and B). These data indi-
cate that exposure of humans or mice to JEV or ZIKV elicits
an Ab response that strongly cross-reacts with ZIKV or JEV,
respectively.
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Sera from JEV-immune mice and humans contain modest
neutralizing activity and can enhance ZIKV infection in vitro
The ADE paradigm of viral infection proposes that failure to
elicit a fully neutralizing Ab response during a primary viral
infection can render the host susceptible to enhancement of
subsequent infections. Therefore, we determined the ability of
JEV-elicited ZIKV-reactive Abs to mediate protection vs. en-
hancement of ZIKV infection. We first performed a micro-
neutralization assay to assess the ability of JEV-immune sera to
block ZIKV infection of Vero cells in vitro. Naive mouse and
human sera failed to neutralize ZIKV infection, as expected;
however, mouse and human JEV-immune sera had only modest
neutralizing activity (Fig. S1, A and B). As expected, both mouse
and human JEV-immune sera efficiently neutralized JEV (Fig. S1,
C and D). The 50% neutralizing titers for mouse and human JEV-
immune sera were 1:112 and 1:25–1:79, respectively. To deter-
mine whether JEV-immune sera could mediate ADE of ZIKV

infection in vitro, we performed infection enhancement assays
with the human macrophage cell line U937, which is relatively
resistant to infection by ZIKV without ADE (Dejnirattisai et al.,
2016). Interestingly, sera from JEV-immune humans or mice
caused significant enhancement of ZIKV infection of cells (12–31-
fold and 17-fold, respectively) compared with JEV-naive sera
(Fig. S1, E and F). Thus, JEV-elicited human and mouse sera with
modest ZIKV-neutralizing activity are able to enhance ZIKV
infection of cells in vitro.

Sera from JEV- or ZIKV-immune mice and humans promote
lethal infection with the heterologous virus
Next, we examinedwhether JEV-immune sera could promote ADE
of ZIKV infection in vivo as well as in vitro. For these experiments,
we selected 1-d-old WT mice because ZIKV infection is lethal
in neonates but not in adults (Li et al., 2018; Manangeeswaran
et al., 2016). Although the precise reasons for this differential

Figure 1. Sera from JEV-exposed humans and mice contain JEV-EDIII- and ZIKV-EDIII-reactive IgG. (A–C) Human serum samples were prepared from
JEV-naive 6-mo-old infants (n = 8) or JEV-naive, JEV-vaccinated children or young adults aged 7 (n = 6), 8 (n = 6), 9 (n = 6), 10 (n = 6), 11 (n = 6), and 20 (n = 6) yr.
(D and E)Mouse serum samples were prepared from JEV-naive (mock-immune, n = 8) and JEV-immune (n = 8) mice. Mouse anti-His mAb was used as positive
control (n = 6). JEV-EDIII– and ZIKV-EDIII–reactive IgG levels were measured by indirect ELISA. Data are presented as the mean ± SEM. *, P < 0.05; **, P < 0.01
by two-tailed Mann–Whitney U test.
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susceptibility are unclear, it may be due to the immaturity of the
neonatal immune system, including the antiviral type I IFN re-
sponse, as shown for herpes simplex virus and respiratory syn-
cytial virus infections (Remot et al., 2016; Wilcox et al., 2015), and
the antiviral CD8+ T cell response, as shown for Hantaan virus
(Araki et al., 2004). In the present study, 1-d-old mice were in-
jected s.c. with 3, 15, or 75 µl of pooled JEV-naive or JEV-immune
human sera, and then challenged with ZIKV (102 focus-forming

units [FFU] s.c.) 6 h later. Mice that received 3 or 15 µl of JEV-
immune serum lost more weight (Fig. 3, A and C) and succumbed
more rapidly to ZIKV infection than mice receiving JEV-naive
serum (100% vs. 50–60% death, respectively; Fig. 3, B and D). A
higher volume of sera (75 µl) was not markedly more pathogenic
than 15 µl (Fig. 3, E and F). Similar results were observed when
mice were injected with JEV-immune or mock-immune mouse
serum before ZIKV infection; in this case, mortality was 100%,

Figure 2. Transfer of ZIKV-immunemouse sera increases the survival of ZIKV-infectedmice but decreases that of JEV-infectedmice. (A and B)Mouse
serum samples were prepared from ZIKV-naive (mock-immune, n = 6) and ZIKV-immune (n = 6) mice. ZIKV-EDIII– and JEV-EDIII–reactive IgG levels were
measured by indirect ELISA. Mouse anti-His mAb was used as positive control. Data are presented as the mean ± SEM. (C–F) 1-d-old naive C57BL/6 mice were
injected s.c. with 0.05 µl (C and D) or 10 µl (E and F) of mock-immune (n = 19, n = 7, respectively) or ZIKV-immune (n = 16, n = 7, respectively) mouse sera, and
6 h later, the mice were injected s.c. with JEV (12 PFU). Mouse weights and survival were recorded daily for 14 d. Data are presented as the mean ± SD and are
pooled from two experiments, each with 3–10 mice per group. (G–J) 1-d-old naive C57BL/6 mice were injected s.c. with 0.05 µl (G and H) or 10 µl (I and J) of
serum from mock-immune (n = 12, n = 13, respectively) or ZIKV-immune (n = 13, n = 12, respectively) mice, and injected s.c. with ZIKV (102 FFU) 6 h later.
Weights and survival were recorded daily for 28 d. Data are presented as the mean ± SD and are pooled from two experiments, each with six or seven mice/
group. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by two-tailed Mann–Whitney U test (B, C, E, G, and I) or log-rank test (D, F, H, and J).
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100%, and 60% for mice receiving 3, 15, and 75 µl JEV-immune
mouse serum and 70%, 75%, and 64% for mice receiving 3, 15, and
75 µl mock-immune mouse serum, respectively (Fig. 4). Taken
together, these results suggest that preexisting JEV Abs may
confer an increased risk of severe disease upon infection with
ZIKV. To confirm that the pathogenic effects of JEV-immune sera
were mediated by IgG, we injected 1-d-old mice s.c. with either
12 µg mouse IgG (purified from naive or JEV-immune mouse se-
rum; equivalent to 3 µl of serum) or 75 µg of human IgG (purified

from naive or JEV-immune human serum; equivalent to 15 µl of
serum), and infected the mice 6 h later with ZIKV. As shown in
Fig. S2, purified mouse and human IgG from JEV-immune sera
had the same effect as the originating sera, accelerating both
weight loss and mortality of ZIKV-infected mice. These data in-
dicate that IgG mediates the lethal ADE of ZIKV pathogenesis in-
duced by JEV-immune human and mouse sera.

We then determined whether ZIKV-immune sera could
accelerate the pathogenesis of JEV infection in vivo using the

Figure 3. Transfer of JEV-immune human sera increases the survival of JEV-infected mice but decreases that of ZIKV-infected mice. (A–J) 1-d-old
naive C57BL/6 mice were injected s.c. with the indicated volumes of JEV-naive or JEV-immune human sera. 6 h later, the mice were injected s.c. with (A–F) ZIKV
(102 FFU) or (G–J) JEV (12 PFU). Mouse weights and survival were recorded daily for up to 28 d. Data are presented as the mean ± SD and are pooled from two
experiments, each with 5–10 mice per group (A–F) or 3–6 mice/group (G–J). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by two-tailed
Mann–Whitney U test (A, C, E, G, and I) or log-rank test (B, D, F, H, and J).
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same experimental model. 1-d-old mice were injected s.c. with
0.05 or 10 µl of pooled mock-immune or ZIKV-immune mouse
sera, and then challenged with JEV (12 PFU s.c.) 6 h later. Here,
too, we observed that, compared with mock-immune sera, the
smaller volume of ZIKV-immune serum induced greater
weight loss and earlier death upon JEV infection (100% within
6 d vs. 95% within 9 d; Fig. 2, C and D). As also observed for
anti-JEV effects on ZIKV infection, a larger volume of ZIKV-

immune sera did not further increase the pathogenicity of JEV
infection (Fig. 2, E and F).

Sera from JEV- or ZIKV-immune mice and humans protect
against lethal infection with the homologous virus
Having shown that JEV- and ZIKV-immune sera enhanced the
lethality of ZIKV and JEV infection, respectively, we next per-
formed similar experiments to determine whether the sera

Figure 4. Transfer of JEV-immune mouse sera increases the survival of JEV-infected mice but decreases that of ZIKV-infected mice. (A–J) 1-d-old
naive C57BL/6 mice were injected s.c. with the indicated volumes of mock- or JEV-immune mouse sera, and 6 h later, the mice were injected s.c. with (A–F)
ZIKV (102 FFU) or (G–J) JEV (12 PFU). Mouse weights and survival were recorded daily for up to 28 d. Data are presented as the mean ± SD and are pooled from
two experiments, each with five to eight mice per group (A–F) or two or three mice per group (G–J). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by
two-tailed Mann–Whitney U test (A, C, E, G, and I) or log-rank test (B, D, F, H, and J).
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could also mediate ADE of infection with the same virus. Mice
receiving serum from JEV-naive humans (Fig. 3, G–J) or mock-
immune mice (Fig. 4, G–J) died within 8 d of JEV infection, as
expected. However, mice receiving JEV-immune human sera
showed a dose-dependent and significant reduction inmortality,
with ∼33% and ∼86% survival of mice receiving 3 and 15 µl sera,
respectively (Fig. 3, G–J). Similarly, ∼60% and 100% of mice
receiving 3 and 15 µl, respectively, of JEV-immune mouse sera
survived a lethal JEV infection (Fig. 4, G–J). We observed the
same pattern of protection by ZIKV-immune mouse sera
against ZIKV infection, namely, reduced weight loss and
protection against ZIKV-induced death in mice receiving
ZIKV-immune compared with mock-immune sera (54–92% vs.
8–30% survival, respectively; Fig. 2, G–J). These results indi-
cate that JEV- or ZIKV-elicited Abs protect against subsequent
infection with the homologous virus, in striking contrast to
the detrimental effect of the Abs on subsequent infection with
the heterologous virus.

Maternally acquired anti-JEV Abs, but not anti-ZIKV Abs,
promote lethal infection with the heterologous virus in
neonates
Because ADE of ZIKV infection in pregnant women could have
devastating effects on the developing offspring, we next inves-
tigated whether maternally acquired anti-JEV Abs could enhance
the severity of ZIKV infection in newborn mice. Sera from 1-d-
old naive pups born to JEV-immune mothers contained moder-
ate-to-high titers of IgG reactive to JEV-EDIII and cross-reactive
with ZIKV-EDIII (Fig. 5, A and B). The titer of ZIKV-reactive IgG
in 1-d-old pups born to JEV-immune mothers was similar to that
in the serum ofmice receiving 3 µl of mouse JEV-immune serum,
and lower than that in mice receiving 75 µl of mouse JEV-
immune serum (Fig. S3 and Fig. 5, A and B). ZIKV infection of
1-d-old mice was more lethal for pups born to JEV-immune
mothers than pups born to naive mothers (65% vs. 30% mor-
tality; Fig. 5, C and D), suggesting that the maternally acquired
anti-JEV Abs could mediate ADE of ZIKV infection. Consistent
with this, ZIKV levels at day 3 after infection were significantly
higher in the serum (25-fold, P < 0.01) and slightly higher in
the brain (threefold, P = 0.1667) of pups born to JEV-immune
mothers compared with those born to naive mothers (Fig. 5, E
and F). These data indicate that maternally acquired anti-JEV Abs
mediate ADE of ZIKV infection and increase the severity of
disease in 1-d-old mouse pups. We performed similar experi-
ments to determine whether the maternally acquired anti-JEV
Abs similarly increased the lethality of JEV infection in neonates.
However, in this case, pups born to JEV-immune mothers were
protected against JEV infection (Fig. 5, G and H). Thus, whether
passively transferred or maternally acquired, anti-JEV Abs pro-
tect against JEV infection but exacerbate ZIKV infection.

Intriguingly, we did not find the same results when we ex-
amined the effects of maternally acquired anti-ZIKV Abs on the
severity of JEV infection in newborn mice. Thus, although sera
from 1-d-old naive pups born to ZIKV-immune mothers con-
tained low-to-moderate titers of ZIKV/JEV-EDIII cross-reactive
Abs (Fig. S4, A and B), they did not mediate ADE of JEV infection
in neonates (Fig. S4, C and D). These data indicate that

maternally acquired anti-JEV Abs, but not anti-ZIKV Abs, me-
diate ADE of heterologous virus infection in mouse pups. This
suggests that ADE occurs in a context-dependent manner and
varies based on the heterologous virus infection and the ma-
ternal vs. nonmaternal origin of the preexisting Abs.

CD8+ T cells from JEV- or ZIKV-primed mice cross-react with
immunogenic ZIKV or JEV epitopes in vitro
Our previous work suggested that the balance between preex-
isting Ab and T cell immunity to DENV, particularly CD8+ T cell
immunity, determines the outcome of subsequent infections
with heterotypic DENV serotype or ZIKV (Regla-Nava et al.,
2018; Wen et al., 2017a; Zellweger et al., 2013, 2014, 2015).
Moreover, we previously identified numerous H-2b-restricted
CD8+ T cell epitopes in the ZIKV proteome (Elong Ngono et al.,
2017) and demonstrated that at least five of these ZIKV-derived
epitopes elicit cross-reactive CD8+ T cell responses to DENV
(Wen et al., 2017a). Therefore, we next assessed whether JEV
or ZIKV immunization may elicit cross-reactive CD8+ T cells, as
observed for the Ab response. To this end, we tested the in vitro
response to eight immunodominant H-2b-restricted ZIKV epito-
pes (prM44-52, E4-12, E57-65, E420-428, NS3276-284, NS3347-355, NS568-77,
and NS5222-229) and the corresponding JEV variants (prM47-55, E4-12,
E57-65, E416-424, NS3293-301, NS3364-372, NS5320-329, and NS5474-481;
Table 1) using an IFN-γ ELISpot assay (Wen et al., 2017b). CD8+

T cells were purified from the spleens of 6-wk-old WT mice in-
fected with ZIKV (103 FFU) or JEV (103 PFU) 7 or 28 d earlier, and
then incubated with antigen-presenting cells prepulsed with
peptides in vitro. After 24-h incubation, IFNγ–secreting CD8+

T cells were enumerated. CD8+ T cells from JEV-primed mice (7-d
infection) mounted significant responses to seven of the eight JEV
peptides tested (the exception being NS5320-329) and to five of the
corresponding ZIKV peptides (except NS3276-284, NS568-77, and
NS5222-229; Fig. 6, A and B). The number of CD8+ T cells re-
sponding to the ZIKV and JEV peptide analogues was similar for
most peptides (Fig. 6 A). Conversely, CD8+ T cells from ZIKV-
primed mice were reactive against seven of the eight ZIKV pep-
tides (except E420-428) and six of the corresponding JEV peptides
(except E416-424 and NS3364-372; Fig. 6 B). Although the magnitude
of the CD8+ T cell responses to analogous ZIKV and JEV peptides
was more variable in mice primed with ZIKV compared with JEV,
these data demonstrate that many of the immunodominant epit-
opes in ZIKV and JEV elicit cross-reactive CD8+ T cells. Of note, the
frequencies of peptide-specific CD8+ T cells decreased between 7
and 28 d after infection (Fig. 6, A–D), indicating that 28 d was
sufficient time for the virus-elicited CD8+ T cell response to
contract and develop memory.

JEV-elicited CD8+ T cells protect against ADE of infection
with ZIKV
Recent studies from our group and others have demonstrated
that preexisting anti-DENV CD8+ T cells contribute to cross-
protection against subsequent infection with ZIKV or hetero-
typic DENV (Elong Ngono et al., 2016; Regla-Nava et al., 2018;
Wen et al., 2017a, b; Zellweger et al., 2015), and similarly, ZIKV-
elicited CD8+ T cells can mediate cross-protection against DENV
infection (Huang et al., 2017). We therefore determined whether
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JEV-elicited CD8+ T cells protect against ZIKV infection. CD8+

T cells were purified from the spleens of 6-wk-old WTmice 28 d
after infection with JEV and transferred to 1-d-old mice, which
were infected 2 h later with a lethal dose of ZIKV. In sharp
contrast to the effects of JEV-immune Abs, JEV-elicited CD8+

T cells significantly increased the survival of ZIKV-infected mice
compared with CD8+ T cells from control enterovirus 71 VP1
protein (EV71-VP1)–immunized mice (78% vs. 28% survival;
Fig. 7, A and B). Moreover, we found that CD8+ T cells purified
from ZIKV-infected mice and transferred to 1-d-old mice could
also significantly protect against a subsequent lethal infection

with JEV, compared with EV71-VP1–elicited CD8+ T cells (33% vs.
89% death; Fig. 8, A and B). These data indicate that cross-
reactive CD8+ T cells elicited by either JEV or ZIKV could pro-
tect against infection with the heterologous virus.

We next investigated whether JEV-elicited CD8+ T cells could
rescue or attenuate the lethal effects of JEV-immune Abs on ZIKV
infection. We cotransferred serum and CD8+ T cells from EV71-
VP1–immune or JEV-immune mice at the same time and infected
the mice with ZIKV 6 h later. Remarkably, JEV-elicited CD8+ T cells
significantly protected the mice against ADE of infection mediated
by JEV-immune Abs (47% vs. 11% survival; Fig. 7, C and D). Thus,

Figure 5. Pups born to JEV-immune mothers have decreased survival and increased viral burden upon ZIKV challenge compared with pups born to
naive mothers. 6-wk-old female C57BL/6 mice were i.p. injected with 1 mg anti-Ifnar1 mAb (MAR1-5A3) 1 d before r.o. injection with JEV (102 PFU). 4 wk later,
naive or JEV-immune females were mated with 10-wk-old naive male mice. (A and B) 1-d-old C57BL/6 pups were sacrificed, and sera were prepared. JEV-EDIII
and ZIKV-EDIII–reactive IgG were measured by indirect ELISA. Mouse anti-His mAb was used as positive control. Data are presented as the mean ± SEM. (C–H)
1-d-old pups were injected s.c. with (C–F) ZIKV (102 FFU) or (G and H) JEV (12 PFU). (C, D, G, and H)Mouse weights and survival were recorded daily for up to
28 d. Data are presented as the mean ± SD and are pooled from three experiments totaling 20 infected mice born to 3 naive mothers and 17 infected mice born
to 3 JEV-immune mothers (C and D), or two experiments totaling 16 infected mice born to 2 naive mothers and 12 infected mice born to 2 JEV-immune mothers
(G and H). (E and F) Mice were sacrificed 3 d after ZIKV infection, and blood and brains were collected for measurement of viral burden using the FFA. *, P <
0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by two-tailed Mann–Whitney U test (B, C, E, and G) or log-rank test (D and H).
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JEV-elicited cross-reactive CD8+ T cells not only are protective in
their own right but also abrogate ADE of ZIKV infection by JEV-
immune Abs. To confirm these results, we examined the viral
burden in serum and brain samples of these mice. As expected,
ZIKV titers were significantly higher in the sera of mice receiving
JEV-immune serum compared with naive serum, on both day 3
(Fig. 9 A) and day 8 (Fig. 9 D) after infection, consistentwithADE. In
contrast, the titers were significantly lower in mice receiving JEV-
elicited CD8+ T cells comparedwith EV71-VP1–elicited cells (Fig. 9, B
and E). Notably, mice receiving both JEV-immune serum and JEV-
elicited CD8+ T cells had significantly lower serum ZIKV levels than
mice receiving JEV-immune serum and EV71-VP1–elicited CD8+

T cells, although this difference was statistically significant only at
day 8 after infection (Fig. 9, C and F). A comparable analysis of ZIKV
titers in brain tissue mirrored the results of the serum analyses on
day 8 after infection (Fig. 9, D–F). Thus, ZIKV titers in serum and
brain correlated with the survival outcomes of ZIKV-infected mice
in that transfer of JEV-immune serum increased ZIKV titers and
promoted mortality, whereas transfer of JEV-elicited CD8+ T cells
had the opposite effects.

Taken together, these data indicate that the quality of the
humoral vs. cellular immunity to JEV dictates the outcome of a
subsequent infection with ZIKV.

Discussion
A convergence of factors has revitalized interest in developing
new flaviviral vaccines; they include the emergence of ZIKV in
DENV-endemic regions; the ease of global travel, which increases

not only the spread of disease but also the likelihood that in-
dividuals may be exposed to multiple flaviviruses; and the finding
that flaviviral proteins share significant amino acid homology.
These observations have stimulated the exploration of humoral
and cellular immunity to primary flaviviral infections and their
beneficial and detrimental effects on subsequent infections with
heterologous flaviviruses. In particular, the spread of ZIKV into
JEV-endemic countries underscores the need to understand how
interplay between humoral and cellular immunity to JEV modu-
lates the severity of disease caused by ZIKV infection and vice
versa. In this study, our major goals were to examine whether
JEV-elicited Abs enhance ZIKV infection via ADE, and, if so, to
determine whether anti-JEV CD8+ T cell immunity transfer could
abrogate JEV Ab-mediated ADE of ZIKV infection. Indeed, the
results of this study have uncovered critical roles for JEV-elicited
cross-reactive CD8+ T cells in protecting against ADE of infection
with ZIKV. Our investigation of the reverse infection scenario
revealed that ZIKV-elicited Abs and CD8+ T cells affected the
outcome of JEV infection by mediating ADE and contributing to
protection, respectively. These data have important implications
for the design of safe and effective anti-JEV/ZIKV vaccines.

Many adult mouse models are now available for investigating
ZIKV infection and pathogenesis, including mice deficient in IFN-
α/β receptor 1 and/or IFN-γ receptor 1 (Ifnar1−/−, Ifngr1−/−Ifnar1−/−),
IFN regulatory factors (Irf3−/−Irf5−/− Irf7−/−), and IFN signaling
proteins (Stat2−/−); as well as WT SJL mice and anti-Ifnar1 mAb-
treated WT C57BL/6 mice (Li et al., 2016b, 2018). Two recent
studies demonstrated that ZIKV can replicate in the brain and
spinal cord and cause death in 1- to 3-d-old neonatal C57BL/6 mice
in a viral dose- and host age-dependent manner (Li et al., 2018;
Manangeeswaran et al., 2016). In the present study, we used a
model in which 1-d-old C57BL/6 mice are infected with 102 FFU of
ZIKV, a dose that causes ∼40% of animals to die within 28 d. The
neonatalWTmousemodel was selected for this study because ADE
of ZIKV pathogenesis cannot be modeled in adult WT mice, which
rapidly clear ZIKV infection, likely due to heightened Ifnar1 sig-
naling in adult compared with neonatal WTmice. Additionally, the
interplay between Ab and CD8+ T cell responses to ZIKV may be
more faithfully recapitulated in mice with an intact antiviral IFN
response because the Ifnar1 deficiency could limit the adaptive
immune response (Kolumam et al., 2005; Wang et al., 2012). We
also strived to ensure that our findings were as relevant as possible
to humans by using both mouse and human JEV-immune sera.
However, in some experiments involving the transfer of human
JEV-naive serum, 60–80% (instead of the expected 40%) of animals
succumbed to ZIKV infection, suggesting that this mouse model
may be better suited for studies with mouse than human sera.

We found that mice infected with live JEV produced Abs that
strongly cross-reacted with purified ZIKV-EDIII protein but had
modest ZIKV-neutralizing activity. Cross-recognition of JEV-
EDIII by ZIKV-induced Abs was also detected. Transfer of JEV-
immune serum protected mice against lethal infection with JEV
but enhanced disease severity and promoted mortality following
ZIKV infection, and vice versa with ZIKV-immune sera and JEV
infection. These data are in line with recent studies showing
ADE of DENV and YFV infections by anti-JEV Abs (Anderson
et al., 2011; Chan et al., 2016; Saito et al., 2015, 2016) and ADE

Table 1. ZIKV-derived H-2b-restricted epitopes and JEV variants

Peptidesa Sequencesb Homologyc

ZIKV-prM44-52 ATMSYECPM 56%

JEV-prM47-55 DTITYECPK

ZIKV-E4-12 IGVSNRDFV 56%

JEV-E4-12 LGMGNRDFI

ZIKV-E57-65 RSYCYEASI 78%

JEV-E57-65 RSYCYHASV

ZIKV-E420-428 RMAVLGDTA 78%

JEV-E416-424 RLAALGDTA

ZIKV-NS3276-284 SSIAARGYI 89%

JEV-NS3293-301 ASIAARGYI

ZIKV-NS3347-355 PSVRNGNEI 67%

JEV-NS3364-372 ASVKMGNEI

ZIKV-NS568-77 SSLVNGVVRL 90%

JEV-NS5320-329 SSLVNGVVKL

ZIKV-NS5222-229 RAIWYMWL 88%

JEV-NS5474-481 RAIWFMWL

aPeptide position is determined according to the amino acid sequence of ZIKV
strain and JEV strain.
bThe shared amino acid residue is underlined.
cThe percentage of shared amino acid between ZIKV epitope and JEV variant.
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of DENV infection by anti-ZIKV Abs (Fowler et al., 2018; George
et al., 2017). We also observed that maternally acquired anti-JEV
Abs accelerated ZIKV infection and increased the mortality of
1-d-old mice after ZIKV challenge. These results are in accordance
with studies showing that anti-DENV Abs and anti-WNV Abs
enhance ZIKV infection in cells and exacerbate ZIKV patho-
genesis in mouse models (Bardina et al., 2017; Brown et al., 2019;
Rathore et al., 2019). Thus, preexisting humoral immunity to JEV
or ZIKV may increase the risk of developing severe disease upon
infection with ZIKV or JEV, respectively. At present, the evi-
dence to support ADE of ZIKV or JEV in humans is weak, al-
though ZIKV-immune human sera have been shown to mediate
ADE of ZIKV infection in Ifnar1−/− mice (Shim et al., 2019), and
maternal anti-ZIKV Abs are associated with ADE of ZIKV in-
fection and fetal microcephaly in humans (Robbiani et al., 2019).
Future epidemiological studies may provide evidence to support
ADE of both viruses.

In contrast to our finding that anti-JEV Abs enhanced ZIKV
pathogenesis, a recent report showed that passive transfer of
anti-JEV Abs from mice vaccinated with the live-attenuated JEV
vaccine SA14-14-2 had no effect in adult Ifnar1−/− mice infected

with ZIKV (Zhang et al., 2020). This discrepancy between
studies is likely due to differences in the quality of anti-JEV Abs
used for passive transfer, namely, sera from JEV SA14-14-2–
vaccinated mice in the study by Zhang et al. (2020) vs. Abs from
JEV-vaccinated humans or JEV-immune mice in our study. We
also confirmed the results of our passive transfer experiments
using a model in which maternal anti-JEV Abs were transferred
to mouse pups before infection with ZIKV. However, based on
our finding that passive transfer of nonmaternal anti-ZIKV Abs
mediated ADE inmice with JEV infection, whereas maternal Abs
had no effect, we hypothesize that the influence of preexisting
humoral immunity may be highly context-dependent and sub-
ject to modulation by multiple factors, including Ab quality,
mouse strain, and virus. In fact, two studies have found that Abs
have no effect on infection with heterologous flavivirus. One
study showed that sera from individuals inoculated with tick-
borne encephalitis virus vaccine did not affect the mortality of
ZIKV-infected Stat2−/− mice (Duehr et al., 2018), and the second
study found that sera from macaques inoculated with a YFV
vaccine did not enhance ZIKV infection in vitro (Bardina et al.,
2017). Phylogenetic analysis of the E protein amino acid

Figure 6. Identification of cross-reactive responses to JEV or ZIKV epitopes by CD8+ T cells from primed mice. 6-wk-old female C57BL/6 mice were i.p.
injected with 1 mg anti-Ifnar1 mAb (MAR1-5A3) 1 d before r.o. injection with (A and C) JEV (103 PFU) or (B and D) ZIKV (103 FFU). 7 or 28 d later, splenocyte-
derived CD8+ T cells were isolated and stimulated in vitro with the indicated CD8+ T cell epitopes from ZIKV or the corresponding JEV variants. The frequencies
of IFN-γ–producing CD8+ T cells (SFCs) were detected using IFN-γ ELISpot assays. Data are presented as the mean ± SEM and are pooled from two inde-
pendent experiments, each with three or four mice per group. Dotted lines represent the cutoff value. Asterisk indicates a positive response, as defined in the
Materials and methods.
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sequences shows that JEV, WNV, and DENV are more closely
related to ZIKV than are YFV and tick-borne encephalitis virus
(Duehr et al., 2018); therefore, the phylogenetic relationship
between flaviviruses may determine how the Ab response to one
flavivirus affects the pathogenesis of a secondary heterologous
flavivirus infection. It seems likely that the capacity to elicit
ADE is attributable to the close phylogenetic distance between
flaviviruses.

We observed that JEV-elicited CD8+ T cells protected against
lethal ZIKV infection, and vice versa. This is consistent with the

results of studies examining the protective effects of CD8+ T cells
cross-reactive with various flaviviruses. In several mouse
models, DENV-reactive CD8+ T cells have been found to cross-
protect against heterotypic DENV infection (Elong Ngono et al.,
2016; Zellweger et al., 2015), reduce tissue viral loads and
mortality of ZIKV-infected mice (Wen et al., 2017a, b), and
protect fetuses upon ZIKV infection of pregnant mice (Regla-
Nava et al., 2018). ZIKV-elicited CD8+ T cells were also re-
ported to protect against DENV infection (Huang et al., 2017),
and JEV SA14-14-2–primed CD8+ T cells were recently shown to

Figure 7. Transfer of JEV-elicited CD8+ T cells increases the survival of ZIKV-infected mice in the absence or presence of JEV-immune serum. (A and
B) 1-d-old naive C57BL/6 mice were r.o. injected with 2 × 106 CD8+ T cells from EV71-VP1–immunized mice (n = 18) or JEV-exposed mice injected r.o. with JEV
(102 PFU) 28 d earlier (n = 18). 2 h later, the neonates were injected s.c. with ZIKV (102 FFU). Weights and survival were recorded daily for 28 d. (C and D)Mice
were treated as described for A and B except that immediately following infusion of neonatal mice with CD8+ T cells isolated from EV71-VP1–immunized mice
(n = 18) or JEV-exposed mice (n = 17), recipient mice were s.c. injected with 3 µl of JEV-immune mouse sera and then s.c. inoculated with ZIKV (102 FFU) 6 h
after the infusion of T cells and sera. Data are presented as the mean ± SD and are pooled from two experiments, each with nine mice/group (A and B) or from
two experiments, each with 8 or 9 mice per group (C and D). *, P < 0.05; **, P < 0.01; ***, P < 0.001 by two-tailed Mann–Whitney U test (A and C) or log-rank
test (B and D).
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Figure 8. Transfer of ZIKV-elicited CD8+ T cells increases the survival of JEV-infectedmice. (A and B) 1-d-old naive C57BL/6 mice were r.o. injected with
2 × 106 CD8+ T cells from EV71-VP1–immune mice that had been s.c. immunized with EV71-VP1 (50 µg/mouse/each; twice, 2 wk apart) 28 d earlier (n = 9) or
ZIKV-exposed mice injected r.o. with ZIKV (102 PFU) 28 d earlier (n = 9). 2 h later, the neonates were injected s.c. with JEV (12 PFU). Mouse weights (A) and
survival (B) were recorded daily for 14 d. Data are presented as the mean ± SD and are pooled from two experiments, each with four or five mice/group. *, P <
0.05; ***, P < 0.001 by two-tailed Mann–Whitney U test (A) or log-rank test (B).

Figure 9. Transfer of JEV-elicited CD8+ T cells modulates anti-JEV Ab-mediated ADE of ZIKV infection. (A and D) 1-d-old C57BL/6 naive mice were s.c.
injected with 3 µl of mock-immune or JEV-immune mouse serum. 6 h later, mice were injected s.c. with ZIKV (102 FFU). (B and E) 1-d-old C57BL/6 naive mice
were r.o. injected with 2 × 106 CD8+ T cells from EV71-VP1–immune or JEV-exposed mice and injected s.c. with ZIKV (102 FFU) 2 h later. (C and F)Mice were
treated as described for B and E except that the CD8+ T cells were from EV71-VP1–immune or JEV-exposed mice injected s.c. with 3 µl of JEV-immune mouse
sera before s.c. injection of ZIKV (102 FFU). ZIKV viral loads in serum and brain were measured using the FFA at 3 or 8 d after infection. Data are presented as
the mean ± SEM and are pooled from two experiments, each with three to six mice/group. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by two-tailed Mann–Whitney
U test.
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protect against ZIKV infection (Zhang et al., 2020). Importantly,
we demonstrated that JEV-elicited CD8+ T cells protected against
ZIKV infection even in the presence of pathogenic levels of JEV-
immune Abs. These findings are in line with studies demon-
strating that DENV-elicited CD8+ T cells protect against ADE
induced by an inactivated DENV vaccine in adult mice (Zellweger
et al., 2014) and against ADE induced by maternal Abs in infant
mice (Lam et al., 2017). Taken together, these observations suggest
that interplay between the Ab and CD8+ T cell responses to pri-
mary flavivirus infection dictates the outcome of a secondary
heterologous flavivirus infection, and they additionally emphasize
the key role of cross-reactive CD8+ T cell responses in mediating
protective immunity in this setting.

The majority of JEV-exposed individuals develop long-lasting
immunity that may wane in later life (Solomon and Winter,
2004). In this context, our results suggest that JEV infection or
vaccination may have a deleterious effect on subsequent heter-
ologous viral infections. Moreover, an inadequate CD8+ T cell
response may contribute to ADE and the development of severe
dengue, which has been observed in individuals vaccinated for
JEV (Anderson et al., 2011) or infected with heterologous DENV
serotypes (Hadinegoro et al., 2015). Given that ZIKV may be
spreading and JEV and DENV are already endemic in large areas
of the globe, the development of JEV vaccines engineered to
induce robust CD8+ T cell and Ab responses is likely to be critical
for maximal efficacy and safety.

At present, three types of JEV vaccines (based on inactivated
mouse brain–derived JEV, live-attenuated SA 14–14-2 strain, and
inactivated Vero cell–derived JEV) are used in national immuniza-
tion programs in 11 of the 24 countries currently considered at high
risk for JEV endemicity. The inactivated mouse brain–derived JEV
vaccine has been available for more than 50 yr and is used in six
countries or territories. The live-attenuated SA14-14-2 vaccine be-
came available in 1988 and is now used in five countries (mainland
China, Cambodia, India, Nepal, and Sri Lanka). The inactivatedVero
cell–derived JEV vaccine is mainly used in mainland China and Ja-
pan (Centers for Disease Control and Prevention (CDC), 2013; Gao
et al., 2014).Millions of people currently carry JEV-immuneAbs and
CD8+ T cells resulting from either inoculation with JEV vaccines or
natural infectionwith JEV. Thus, there is a pressing need for human
cohort studies in JEV-endemic areas to clarify how the interplay
between cellular and humoral immunity to JEV influences ZIKV/
DENV disease severity, and vice versa.

In summary, we demonstrate here that JEV- or ZIKV-elicited
human and mouse sera drive ADE of infection with the heter-
ologous virus, and conversely, CD8+ T cells elicited by one virus
mediate cross-protection against infection with the heterologous
virus. Strikingly, JEV-elicited CD8+ T cells are able to attenuate
the pathogenic effects of JEV-immune Abs in exacerbating ZIKV
infection. These results underscore the importance of a balanced
humoral and cellular response to the primary infection, which
has crucial implications for vaccine design. Our finding that
maternally acquired anti-JEV Abs can enhance the pathogenicity
of ZIKV suggests that the developing fetuses and neonates of
women with natural or vaccine-acquired JEV immunity may be
at even higher risk of developing disease upon ZIKV infection.
This knowledge should be taken into account in the design of

vaccines to avoid exacerbation of disease. Encounters with
multiple flaviviruses in a lifetime seem increasingly likely in
many regions of the world, and our study provides new models
of Ab-enhanced ZIKV and JEV pathogenesis inWTmice and sets a
framework for investigating how the interplay between humoral
and cellular immunity to one flavivirus modifies the development
of immunity and clinical outcome to another flavivirus.

Materials and methods
Peptide synthesis
Eight previously identified H-2b-restricted CD8+ T cell epitopes in
ZIKV (ZIKV-prM44-52, ZIKV-E4-12, ZIKV-E57-65, ZIKV-E420-428, ZIKV-
NS3276-284, ZIKV-NS3347-355, ZIKV-NS568-77, and ZIKV-NS5222-229;
Elong Ngono et al., 2017) and their variants in JEV (JEV-prM47-55,
JEV-E4-12, JEV-E57-65, JEV-E416-424, JEV-NS3293-301, JEV-NS3364-372, JEV-
NS5320-329, and JEV-NS5474-481) were synthesized by ChinaPeptides
with a purity >95% (Table 1). All peptideswere dissolved in dimethyl
sulfoxide at 20 mg/ml.

Cell lines, viruses, and reagents
Vero, U937, and BHK-21 cells were purchased from the American
Type Culture Collection and were maintained in RPMI-1640
(Vero and U937 cells) or MEM-α (BHK-21 cells) medium (Gibco).
JEV strain ZJ14-52 (GenBank accession no. MK558811) was
originally isolated from the serum of a patient with Japanese
encephalitis in July 2014. ZIKV strain Zhejiang04 (GenBank ac-
cession no. KX117076.1) was originally isolated from the serum of
a ZIKV-infected patient who lived in Wenzhou, China, and
traveled to the Republic of Suriname in February 2016 during
the ZIKV South American epidemic. ZIKV and JEV viral stocks
were produced by propagating in Vero cells for two passages
followed by titering in a BHK-21 cell–based focus-forming assay
(FFA) in the case of ZIKV (Elong Ngono et al., 2017) or plaque-
forming assay (PFA) in the case of JEV. Complete Freund’s ad-
juvant, incomplete Freund’s adjuvant, carboxymethyl cellulose
(CMC), and PMA were purchased from Sigma-Aldrich. Dextran
sulfate and LPS were from Merck. Abs and mAbs were as fol-
lows: Ifnar1-blocking Ab MAR1-5A3 (BP0241, BioXCell), mouse
anti-ZIKV E protein mAb (ARG66286, clone SQab1749, Arigo
Biolaboratories), mouse anti-JEV E protein mAb (clone C926M,
Creative Diagnostics), mouse anti-hexahistidine (His) mAb
(ab001, MultiSciences Biotech), and HRP-conjugated goat anti-
mouse IgG and anti-human IgG (SA00012-1 and SA00001-17,
respectively, Proteintech). Magnetic beads for positive selection
(480076) and negative selection (480035) of mouse CD8+ T cell
were purchased from BioLegend. Mouse IFN-γ ELISpot kits were
from DAKEWE. Protein-G affinity column and nickel-nitrilotriacetic
acid column were from Phygene. TrueBlue and 3,39,5,59-tetrame-
thylbenzidine (TMB) peroxidase substrates were from KPL
and Sigma-Aldrich, respectively.

Human sera and mice
This study was approved by the ethical committee of Zhejiang
Provincial Center for Disease Control and Prevention, and
written informed consent was obtained from all subjects. Blood
was collected from healthy JEV-vaccinated donors (7-, 8-, 9-, 10-,
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11-, and 20-yr-old individuals who had been vaccinated with
live-attenuated JEV vaccine SA14-14-2 twice; once each at 8 mo
and 2 yr of age) and JEV-naive donors (7-, 8-, 9-, 10-, 11-, and 20-
yr-old individuals who had not been vaccinated against or in-
fected by JEV or exposed to DENV or ZIKV; 6-mo-old infants
born to JEV-naive mothers [never vaccinated or infected with
JEV]) at the Second Affiliated Hospital and Yuying Children’s
Hospital of Wenzhou Medical University. Serum samples were
prepared and inactivated by heating for 30 min at 56°C before
use in experiments. IgG was purified from 6-mo-old JEV-naive
and 8-yr-old JEV-vaccinated donors using protein-G affinity
columns according to the manufacturer’s instructions.

6-wk-old male and female WT C57BL/6 mice were purchased
from the Animal Model Research Center at Nanjing University,
China, and were maintained and bred in the Animal Center of
Zhejiang Provincial Center for Disease Control and Prevention,
China. The experiments were performed in strict accordance
with the animal welfare act and public health service policy on
humane care and use of laboratory animals and were approved
by the ethical committee of Zhejiang Provincial Center for Dis-
ease Control and Prevention (no. LCKY2019-03). Sample sizes
were estimated based on previous similar studies. Animal ex-
periments were not randomized or blinded.

FFA and PFA
For ZIKV titering, the BHK-21 cell–based FFA was performed as
described previously (Wen et al., 2017a). In brief, the ZIKV viral
stock was serially diluted 10-fold, added to BHK-21 cells, and
incubated for 2 h. The supernatant was then discarded, the cells
were overlaid with 1% CMC MEM-α medium, and the plates
were incubated for 4–5 d. The cells were then fixed with 4%
paraformaldehyde, permeabilized with 1% Triton X-100, blocked
with 5% FBS/PBS, and incubated with 1 µg/ml mouse anti-ZIKV
E protein mAb (ARG66286) for 1 h at 25°C. After washing, the
cells were incubated with HRP-conjugated goat anti-mouse IgG
mAb at 1:1,000 for 1 h at 25°C. Finally, the cells were incubated
with TrueBlue substrate, and the foci were counted manually.
ZIKV viral titers are expressed as FFU per milliliter.

For JEV titering, a BHK-21 cell–based PFA was performed. 10-
fold serially diluted JEV viral stock was added to BHK-21 cells
and incubated for 2 h. The supernatant was then discarded, the
cells were overlaid with 1% CMCMEM-αmedium, and the plates
were incubated for 4–5 d. The cells were then fixed with 4%
paraformaldehyde and stained with 1% crystal violet. After
washing, the plaques were counted. JEV viral titers are ex-
pressed as PFU per milliliter.

For measurement of ZIKV burden in serum and tissues, mouse
brains were homogenized in 0.5 ml medium using a TissueLyser
24 (Jingxin) and then centrifuged for 8 min at 400 g. Aliquots of
the resulting tissue supernatant (200 µl) or mouse serum samples
(10 µl) were serially diluted 10-fold and added to BHK-21 cells. The
remaining steps are as described above. ZIKV viral burden is ex-
pressed as FFU per milliliter serum or per gram tissue.

Expression of JEV and ZIKV EDIII proteins
Gene sequences encoding the viral (JEV and ZIKV) EDIII proteins
and EV71-VP1 protein were synthesized by Genewiz and cloned

into plasmid pET21a downstream of a 6× His-tag. The plasmids
were transfected into Escherichia coli BL21, expression was in-
duced, and the recombinant proteins were purified using a
nickel-nitrilotriacetic acid column according to the manu-
facturer’s instructions.

Viral infection of adult mice
Three protocols were employed. In the first, 6-wk-old male WT
micewere i.p. injectedwith 1 mg of the anti-Ifnar1 AbMAR1-5A3
1 d before retro-orbital (r.o.) injection with 103 PFU of JEV or 103

FFU of ZIKV in 200 µl 10% FBS/PBS. 7 or 28 d later, naive and
virus-infected mice were sacrificed, and the spleens were col-
lected. CD8+ T cells were isolated from splenocytes by positive
selection with magnetic beads and used for the IFN-γ ELISpot
assays.

In the second protocol, 6-wk-old female WT mice were in-
jected i.p. with 1 mg of the anti-Ifnar1 Ab MAR1-5A3 1 d before
r.o. injection of 103 PFU of JEV or 103 FFU of ZIKV in 200 µl 10%
FBS/PBS. Mock-immunemice were injected r.o. with 200 µl 10%
FBS/PBS. As additional controls, EV71-VP1 was emulsified in
complete Freund’s adjuvant and injected s.c. into the backs of
6-wk-old female mice (50 µg/mouse). After 2 wk, mice were
boosted with the same amount of EV71-VP1 in incomplete
Freund’s adjuvant. 28 d later, themock-immunemice, EV71-VP1-
immune mice, JEV-immune mice, and ZIKV-immune mice were
sacrificed, blood samples were collected and processed, and sera
were used for ELISA, microneutralization assays, in vitro ADE
assays, and passive transfer experiments. IgG was purified from
mock-immune and JEV-immune sera using protein-G affinity
columns and used for passive transfer experiments. CD8+ T cells
were purified from splenocytes by negative selection with
magnetic beads and used for adoptive transfer experiments.

In the third protocol, 6-wk-old femaleWTmice were injected
i.p. with 1 mg of the anti-Ifnar1 Ab MAR1-5A3 1 d before r.o.
injection of 102 PFU of JEV or 102 FFU of ZIKV in 200 µl 10% FBS/
PBS. 28 d later, the naive, JEV-immune, and ZIKV-immune mice
were mated with 10-wk-old naive male mice. 1-d-old pups born
to naive, JEV-immune, or ZIKV-immune mice were sacrificed,
blood was collected and prepared, and sera were used for ELISA.

Anti-EDIII IgG capture ELISAs
Anti-JEV-EDIII– and anti-ZIKV-EDIII–reactive IgG in human and
mouse sera were detected by indirect capture ELISAs. In brief,
96-well plates were coated with 1 µg/ml recombinant JEV-EDIII
or ZIKV-EDIII proteins overnight at 4°C, and the wells were then
blocked with 10% FBS/PBS for 1 h at 25°C. Human sera and
mouse sera (mock-, JEV-, and ZIKV-immune) were serially di-
luted threefold starting from 1:9 dilutions. Sera from 1-d-old
pups born to naive, JEV-immune, or ZIKV-immune mice were
serially diluted threefold starting with 1:15 dilutions. Threefold
serially diluted mouse anti-His mAb (starting with 6 µg/ml) was
used as a positive control. Diluted serum samples (100 µl) were
added to the wells of JEV-EDIII or ZIKV-EDIII protein-coated
ELISA plates and incubated for 1.5 h at 25°C. After washing
the wells, bound IgG was detected by incubation with HRP-
conjugated goat anti-human or mouse IgG mAb (1:5,000) for
1 h at 25°C. The plates were then developed with TMB for 10 min
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at 25°C, and the absorbance at 450 nm was measured. Endpoint
titers were defined as the reciprocal of the serum dilution that
gave twice the average OD value obtained with naive serum.

Microneutralization assay
ZIKV- and JEV-neutralizing activities of human and mouse sera
were determined using a microneutralization assay as described
previously (Abbink et al., 2016) with slight modifications. In
brief, 50 µl of twofold serially diluted (from 1:4 to 1:256) serum
samples was incubated with 50 µl of ZIKV (102 FFU) or JEV (102

PFU) at 37°C for 1 h. The mixture was then added to Vero cell
monolayers that had been cultured overnight in 96-well plates,
and the cells were incubated for 1 h. Samples containing virus
but not serum were included as controls. The viral supernatants
were removed, and the cells were overlaid with 1% CMCmedium
and incubated for 2 d at 37°C. Cells were then fixed with 4%
paraformaldehyde/PBS, permeabilized with 1% Triton X-100,
and incubated withmouse anti-ZIKV E protein mAb (1 µg/ml) or
mouse anti-JEV E protein mAb (1 µg/ml) followed by HRP-
conjugated goat anti-mouse IgG (1:5,000). Color development
was achieved by the addition of TMB substrate, and the absor-
bance at 450 nm (OD450) was recorded. Percent neutralization of
infection was calculated as (OD450 in control wells – OD450 in
serum-containing wells)/OD450 in control wells. The 50% neu-
tralizing titer was calculated as the reciprocal of the average
serum dilution yielding 50% inhibition of the OD450 compared
with naive serum values.

In vitro ADE assay
To assess ADE in vitro, we developed an assay similar in prin-
ciple to the previously described microneutralization assay
(Abbink et al., 2016). Human and mouse sera were serially di-
luted twofold from 1:4 to 1:256 in PBS and added to 96-well plates
at 50 µl/well. Aliquots of ZIKV (104 FFU/50 µl/well) were added,
and the plates were incubated for 1 h at 37°C. The well contents
were transferred to wells containing 104 U937 cells that had been
pretreated with 0.5 µg/ml PMA for 2 d, and the plates were
incubated for 2 h at 37°C. Viral supernatants were removed, and
the cells were overlaid with 1% CMC medium and incubated for
2 d at 37°C. Cells treated in the same manner but without serum
served as controls. After incubation, the U937 cells were fixed
with 4% paraformaldehyde/PBS, permeabilized with 1% Triton
X-100, and incubated with mouse anti-ZIKV E protein mAb
(1 µg/ml) followed by HRP-conjugated goat anti-mouse IgG
(1:1,000). Color development was achieved by addition of TMB,
and the absorbance at 450 nm was measured. ADE of infection
was expressed as the fold increase compared with control wells:
(OD450 in serum-containing wells – OD450 in control wells)/
OD450 in control wells.

IFN-γ ELISpot assay
IFN-γ–producing CD8+ T cells were enumerated using an IFN-γ
ELISpot assay as previously described (Wen et al., 2017b). In brief,
CD8+ T cells were isolated from splenocytes from JEV- or ZIKV-
infected mice by positive selection using magnetic beads. LPS
blasts (antigen-presenting cells) were prepared by stimulation of
naive C57BL/6 splenocytes with LPS and dextran sulfate as

described previously (Wen et al., 2017b). CD8+ T cells (2 × 105), LPS
blasts (105), and 10 µg of JEV or ZIKV peptides were added to each
well of ELISpot plates precoated with anti–IFN-γ mAb (CT655-10,
U-CyTech Biosciences). After 24 h incubation, the wells were in-
cubated sequentially with biotinylated anti-mouse IFN-γ mAb
(CT655-10, U-CyTech Biosciences), HRP-conjugated streptavidin,
and 3-amino-9-ethylcarbazole color development solution. The
results are expressed as the number of peptide-reactive spot-
forming cells (SFCs) per 106 CD8+ T cells. The presence of >20
SFCs/well with a stimulation index of >2 (index = ratio of test SFCs
to control SFCs) was considered a positive response.

Viral challenge of mice transferred with serum and/or CD8+

T cells
For the serum transfer experiments, two protocols were used. In
the first protocol, 1-d-old C56BL/6 mice were injected s.c. with
3 µl, 15 µl, or 75 µl of pooled human sera (from JEV-naive or
8-yr-old JEV-vaccinated donors) or mouse sera (mock- or JEV-
immune); or with 75 µg IgG purified from human JEV-naive or
JEV-immune sera (8-yr-old JEV-vaccinated donors); or with
12 µg IgG purified from mouse mock-immune or JEV-immune
sera. Transfer of 75 µl of sera was accomplished with two in-
jections of 37.5 µl each, administered 3 h apart. 6 h later, mice
were injected s.c. with 12 PFU of JEV or 102 FFU of ZIKV in 30 µl
10% FBS/PBS. In the second protocol, 1-d-old C56BL/6 mice were
injected s.c. with 0.05 µl or 10 µl of pooled sera from mock- or
ZIKV-immune mice. 6 h later, mice were injected s.c. with 12
PFU of JEV or 102 FFU of ZIKV in 30 µl 10% FBS/PBS.

For the cell transfer experiments, three protocols were used.
CD8+ T cells were isolated from the spleens of EV71-VP1-, JEV-,
or ZIKV-immune C57BL/6 mice, as described above. For the first
protocol, aliquots of 2 × 106 CD8+ T cells in 10 µl of 10% FBS/PBS
were injected r.o. into 1-d-old naive mice, and 2 h later, the mice
were injected s.c. with 102 FFU of ZIKV in 30 µl 10% FBS/PBS.
For the second protocol, 1-d-old naive mice were injected r.o.
with 2 × 106 CD8+ T cells in 10 µl of 10% FBS/PBS and s.c. with
3 µl mouse JEV-immune serum. 6 h later, the mice were injected
s.c. with 102 FFU of ZIKV in 30 µl of 10% FBS/PBS. For the third
protocol, 1-d-old naive mice were injected r.o. with 2 × 106 CD8+

T cells in 10 µl of 10% FBS/PBS and injected s.c. with 12 PFU of
JEV in 30 µl 10% FBS/PBS 6 h later. For all experiments, mouse
weights and deaths were recorded daily for up to 28 d. In se-
lected experiments, ZIKV viral burden in serum and brain was
measured on days 3 and 8 after ZIKV challenge.

ZIKV/JEV challenge of pups born to JEV/ZIKV-immune mice
Three protocols were used. In the first, 1-d-old pups born to
naive and JEV-immune mice were injected s.c. with 12 PFU of
JEV or 102 FFU of ZIKV in 30 µl of 10% FBS/PBS. Mouse weights
and deaths were recorded daily for up to 28 d. In the second
protocol, 1-d-old pups born to naive and JEV-immune mice were
injected s.c. with 102 FFU of ZIKV in 30 µl of 10% FBS/PBS. 3 d
after infection, the mice were sacrificed, and blood and brain
were collected for measurement of viral burden. In the third
protocol, 1-d-old pups born to naive and ZIKV-immune mice
were injected s.c. with 12 PFU of JEV in 30 µl of 10% FBS/PBS.
Mouse weights and deaths were recorded daily for up to 14 d.
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Statistics
All data were analyzed using Prism 6 software (GraphPad Soft-
ware). Data are expressed as themeans ± standard errors. Grubbs’s
test was performed to detect outliers. Two-group comparison was
performed using the two-tailed Mann–Whitney U test, and sur-
vival data were analyzed using a log-rank test. P < 0.05 was con-
sidered statistically significant.

Data availability
Data supporting the findings of this study are available from the
corresponding authors upon request.

Online supplemental material
Fig. S1 shows the neutralizing and enhancing activity of mouse
and human JEV-immune serum against ZIKV and JEV infection
in vitro, which is related to Fig. 3 and Fig. 4. Fig. S2 shows the
effect of mouse and human JEV-immune serum-derived IgG on
the outcome of ZIKV-infectedmice, which is related to Fig. 3 and
Fig. 4. Fig. S3 shows the level of ZIKV-reactive IgG in the serum
of mice receiving different volume of mouse JEV-immune se-
rum, which is related to Fig. 5. Fig. S4 shows the effect of ma-
ternally acquired anti-ZIKV Ab on the outcome of JEV-infected
mice, which is related to Fig. 5.
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Supplemental material

Figure S1. Modest neutralization but efficient enhancement of ZIKV infection in vitro by JEV-neutralizing, JEV-immune sera from humans and mice.
(A–D) Human serum samples isolated from JEV-naive infants (6 mo of age, n = 6) or JEV-immune subjects (n = 6 for all age groups), and mouse serum samples
(n = 6 for all groups) were tested for neutralization of ZIKV (A and B) or JEV (C and D) infection of Vero cells. Mouse ZIKV-immune serum was used as the
positive control. (E and F) Enhancement of ZIKV infection by JEV-immune sera from humans and mice was evaluated in U937 cells. Data are expressed as the
mean ± SEM.
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Figure S2. Transfer of JEV-immune IgG exacerbates lethal ZIKV infection in mice. (A–D) 1-d-old naive C57BL/6 mice were injected s.c. with (A and B) 75
µg of IgG purified from JEV-naive (n = 12) or JEV-immune (n = 8) human sera or (C and D) 12 µg of IgG purified from mock-immune (n = 15) or JEV-immune (n =
13) mice and injected s.c. with ZIKV (102 FFU) 6 h later. Weights and survival were recorded daily for up to 28 d. Data are presented as the mean ± SD and are
pooled from two experiments, each with four to eight mice/group. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by two-tailed Mann–Whitney U test
(A and C) or log-rank test (B and D).

Figure S3. JEV- and ZIKV-reactive IgG in the serum of mice 6 h after transfer of mouse JEV-immune serum. (A–F) 1-d-old naive C57BL/6 mice were
injected s.c. with 3, 15, or 75 µl of mock- or JEV-immunemouse sera (n = 5 for all groups). 6 h later, the mice were sacrificed, and sera were collected. JEV-EDIII–
and ZIKV-EDIII–reactive IgG levels were measured by indirect ELISA. Data are presented as the mean ± SEM. **, P < 0.01 by two-tailed Mann–Whitney U test.
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Figure S4. Maternally acquired anti-ZIKV Abs have no effect on the survival of JEV-infected pups born to ZIKV-immune mothers. 6-wk-old female
C57BL/6 mice were i.p. injected with 1 mg anti-Ifnar1 mAb (MAR1-5A3) 1 d before r.o. injection with ZIKV (102 FFU). 4 wk later, naive or ZIKV-immune females
were mated with 10-wk-old naive male mice. (A and B) 1-d-old C57BL/6 pups were sacrificed, and sera were prepared. ZIKV-EDIII and JEV-EDIII–reactive IgG
were measured by indirect ELISA. Mouse anti-His mAb was used as positive control. Data are presented as the mean ± SEM. (C and D) 1-d-old C57BL/6 pups
were injected s.c. with JEV (12 PFU). Mouse weights and survival were recorded daily for 14 d. Data are presented as the mean ± SD and are pooled from four
experiments totaling 23 infected mice born to 4 naive mothers and 25 infected mice born to 4 ZIKV-immune mothers. *, P < 0.05; ****, P < 0.0001 by two-
tailed Mann–Whitney U test.
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