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SUMMARY

As vaccine-induced non-neutralizing antibodies may cause antibody-dependent enhancement of
Zika virus (ZIKV) infection, we test a vaccine that induces only specific cytotoxic T lymphocytes
(CTLs) without specific antibodies. We construct a DNA vaccine expressing a ubiquitinated

and rearranged ZIKV non-structural protein 3 (NS3). The protein is immediately degraded

and processed in the proteasome for presentation via major histocompatibility complex (MHC)
class | for CTL generation. We immunize /fnarZ~'~ adult mice with the ubiquitin/NS3 vaccine,
impregnate them, and challenge them with ZIKV. Our data show that the vaccine greatly reduces
viral titers in reproductive organs and other tissues of adult mice. All mice immunized with the
vaccine survived after ZIKV challenge. The vaccine remarkably reduces placenta damage and
levels of pro-inflammatory cytokines, and it fully protects fetuses from damage. CD8" CTLs are
essential in protection, as demonstrated via depletion experiments. Our study provides a strategy to
develop safe and effective vaccines against viral infections.
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Non-neutralizing antibodies have been shown to enhance viral infection in flaviviruses. Gambino
et al. sought a vaccine strategy that protects against ZIKV without inducing antibodies. They
demonstrate that a ZIKV vaccine inducing solely NS3-specific CTLs provides full protection
against ZIKV challenge and protects against fetal damage in pregnant mice.

INTRODUCTION

Dengue virus (DENV) and Zika virus (ZIKV) belong to the family Flaviviridae (Lazear
and Diamond, 2016). DENV has four serotypes that differ by 30%—-35%, with their viral
envelope (E) protein sequences differing from ZIKV E protein only by 41%-46% (Screaton
et al., 2015). DENV infection usually does not cause severe symptoms but may lead to
life-threatening complications such as dengue hemorrhagic fever (DHF) and dengue shock
syndrome (DSS) (Khetarpal and Khanna, 2016). Primary infection by DENV leads to
lifelong immunity to the infecting serotype, but not to the other serotypes (Murphy and
Whitehead, 2011). Secondary infection by other serotypes is often responsible for DHF
and DSS (Kalayanarooj, 2011). It is believed that the antibodies generated during primary
DENV infection are unable to neutralize another serotype of the virus during secondary
infection. These non-neutralizing antibodies instead bind to the virus and opsonize it into
monocytes and macrophages via Fc-receptor-mediated endocytosis, leading to antibody-
dependent enhancement (ADE) of infection. Similar to DENV infection, ZIKV infection
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causes mild symptoms, if any, such as fever, myalgia, arthralgia, headache, conjunctivitis,
and thrush in most infected people. However, severe symptoms such as microcephaly and
other neurological abnormalities have been associated with ZIKV infection (Brasil et al.,
2016; Cao-Lormeau et al., 2016; Driggers et al., 2016). Furthermore, it has been shown that
human monoclonal antibodies generated from DENV-infected subjects cross-reacted with
ZIKV (Priyamvada et al., 2016). Importantly, DENV-specific antibodies have been shown
to enhance ZIKV pathogenesis and ZIKV-induced microcephaly-like syndrome in mice
(Bardina et al., 2017; Dejnirattisai et al., 2016; Rathore et al., 2019). In addition, maternally
acquired ZIKV-specific antibodies enhanced DENYV infection and heightened disease states
in mice (Fowler et al., 2018). It has also been demonstrated that preexisting high-antibody
titers to DENV were associated with reduced risk of ZIKV infection and symptoms in
humans (Rodriguez-Barraquer et al., 2019). Although it is unclear if the antibodies to
DENV enhance ZIKV infection or provide protection against ZIKV infection, it may be
prudent to design a vaccine that does not induce antibodies that may enhance either disease.
Furthermore, vaccination with Dengvaxia, which expresses the precursor of membrane
(prM) and E proteins from four serotypes of DENV, has led to more hospitalization of
DENV-uninfected children than infected ones (a possible consequence of ADE) (Dans et al.,
2018; Halstead, 2017; Martinez-Vega et al., 2017). This alarming result has prompted us to
design a vaccine that does not induce potentially disease-enhancing antibodies.

A conventional vaccine is expected to induce neutralizing antibodies. However, it also
induces non-neutralizing antibodies, which are responsible for ADE of DENV or ZIKV
infection when neutralizing antibodies wane (Dejnirattisai et al., 2016; Langerak et al.,
2019; Shim et al., 2019). It is very difficult to induce only neutralizing antibodies without
non-neutralizing antibodies. We hypothesize that a ZIKV vaccine that elicits only ZIKV-
specific cytotoxic T lymphocytes (CTLs), but not ZIKV-specific antibodies, will prevent
ZIKV infection without the risk of ADE-mediated consequences. It is unknown whether
CTLs are sufficient for full protection against a viral infection. It is traditionally believed
that both neutralizing antibodies and CTLs are essential for prevention of a viral infection.
Because humans mount significant T cell responses to ZIKV nonstructural protein 1 (NS1),
NS3, and NS5 (Delgado et al., 2018; Herrera et al., 2018a, 2018b) and dominant CTL
responses to NS3 and NS5 (Edupuganti et al., 2017; EI Sahly et al., 2018; Waggoner et al.,
2017), we designed a vaccine that targets ZIKV NS3. Furthermore, we used a ubiquitination
and gene rearrangement strategy to enhance the degradation of NS3 in the proteasome with
the goal of inducing only NS3-specific CTLs. We tested the efficacy of this vaccine in
protection against ZIKV challenge in animal models.

TCI ZIKV vaccine design

Great efforts have been made to develop vaccines to prevent ZIKV infection. These vaccine
candidates range from live-attenuated viruses to viral vectors, mRNA, and DNA (Abbink
etal., 2016, 2017; Brault et al., 2017; Bullard et al., 2018; Dowd et al., 2016; Gaudinski

et al., 2018; Griffin et al., 2017; Grubor-Bauk et al., 2019; Jagger et al., 2019; Larocca

et al., 2016, 2019; Pardi et al., 2017; Richner et al., 2017a, 2017b; Van Rompay et al.,
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2019; Shan et al., 2017; Tebas et al., 2017). In several of these studies, prM and E proteins
have been targeted, albeit with considerably differing amino acid sequences across strains.
A predictive epitope analysis found that all CD8* T cell epitopes on the NS3 amino acid
sequence were conserved across 54 different ZIKV genomes (Dar et al., 2016; Mirza et

al., 2016). Normally, the NS3 protein is covalently bonded to NS2B, an anchor protein that
functions as a cofactor to promote the productive folding and activity of NS3 (Phoo et al.,
2016). The N-terminal region of the NS3 protein encodes for a serine protease, while the
latter region encodes for a helicase. This ZIKV NS2B-NS3pro complex is responsible for
the cleavage of the ZIKV polyprotein precursor and the generation of the other proteins in
the ZIKV viral genome (Hilgenfeld et al., 2018; Lei et al., 2016; Li et al., 2017; Phoo et
al., 2018). As the NS3 protein is essential for the functionality of every other ZIKV viral
protein, and its CD8* T cell epitopes are conserved across 54 different ZIKV genomes (Dar
et al., 2016), this protein serves as an attractive target for vaccine therapy. Thus, we used
NS3 as the target protein in our T-cell-inducing (TCI) ZIKV vaccine.

First, we split the NS3 gene (PRVABC59/2015 strain of ZIKV in Homo sapiens) into

three parts and rearranged them (Figure 1A) in order to disrupt NS3’s viral functions.
Furthermore, this rearrangement may produce an unstable protein, which will be likely
targeted to the proteasome for degradation. In constructing this sequence, the 30 nucleotide
bases before and after any cleaved sites were placed back to preserve any CTL epitopes
that may have been disrupted. The open reading frame (ORF) encoding for a mouse/human
monomer of ubiquitin (Ub) was placed immediately upstream of the rearranged NS3 DNA
sequence. A glycine at the 76th residue was modified to encode an alanine to enhance

the stability of the Ub/NS3 complex (Figure 1A), which has been shown to promote
protein degradation in the proteasome (Rodriguez et al., 1997). In order to ensure efficient
transcription, a Kozak sequence was placed upstream of this combined Ub/NS3 sequence.
The rearranged Ub/NS3 sequence was inserted into pVAX1, an FDA-approved vector for
use in DNA vaccines in humans.

To determine the expression of the rearranged NS3, the plasmid DNA was used to transfect
293T cells. RNA was isolated, and RNA reverse transcription was conducted. Quantitative
reverse transcription PCR (qRT-PCR) was conducted using primers specific to the Ub/NS3
sequence. NS3 gene transcription was confirmed (Figures S1A and S1B). We further
determined expression of the NS3 protein. Naturally, there comes a problem with visualizing
a protein that is innately ubiquitinated. It is widely known that many proteins are targeted for
degradation by covalent ligation to ubiquitin (Schrader et al., 2009). Therefore, any protein
that is innately ubiquitinated is targeted for immediate destruction. To address this issue,

we used proteasome inhibitor MG132. Thus, 293T cells were transfected overnight with

the plasmid DNA delivered in polyethylenimine (PEI) transfection reagent. The 293T cells
were allowed to stably express the transfected protein for 36 h. After this period, cells were
treated with 50 pM MG132 overnight. A western blot was then conducted to determine the
production of the rearranged Ub/NS3 protein (Figure 1B), and band intensity was quantified
via ImageJ (Figure 1C). In transfected cells not treated with MG132, there is very low

band intensity at 70 kDa, indicating that the Ub/NS3 protein is either not translated or it

is targeted for immediate degradation. When cells are treated with MG132, however, band
intensity increases tremendously. These data not only confirm the translation of the Ub/NS3
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protein, but by inhibiting the proteasome, also demonstrate that the translated protein would
have been targeted for immediate degradation otherwise (Figure 1C).

ZIKV TCI-DNA vaccine protected female pregnant BALB/c mice and their fetuses against
ZIKV challenge

To investigate the efficacy of our ZIKV TCI-DNA vaccine in protecting pregnant mothers
and their fetuses against ZIKV infection, we first tested the immunogenicity of this vaccine
in immunocompetent mice, as interferon (IFN)-a./p receptor (IF-NAR)-knockout mice

(the current mouse model for ZIKV challenge) may have a reduced ability to generate
CTLs. Thus, we immunized immunocompetent female BALB/c mice (non-lethal to ZIKV
infection) with TCI-DNA in the presence of Imiquimod adjuvant, ZIKV E ectodomain,
EDI/II peptides in the presence of aluminum hydroxide (Alum) and monophosphory! lipid
A (MPL) adjuvants, or PBS. We used E ectodomain (Aviva Systems Biology) as a control
immunogen because it is expected to induce E-protein-specific antibodies that may result in
ADE. E ectodomain should be recognized by B cells and processed in antigen-presenting
cells for presentation to CD4* and CD8* T cells. The peptide control immunogen (EDI/II
peptides) is made of long peptides that contain major histocompatibility complex (MHC)-
class-1-restricted epitopes including H-2 DP, KP-, and K9-restricted epitopes (no MHC-class-
I1-restricted epitopes), which are confirmed in animal studies. EDI/II peptides are expected
to induce only CTLs but are less immunogenic than our TCI vaccine. Ten days after the
second immunization, the female mice were mated with males. It took 2—-3 weeks for the
mice to be impregnated. After the female mice were impregnated (embryonic day [E]5-E7),
they were injected with anti-IFNAR1 antibody (to make the mice susceptible to ZIKV

by blocking IFNARs) (Gorman et al., 2018; Morrison and Diamond, 2017; Wang et al.,
2019). One day later, mice were challenged with a high dose of ZIKV (R103451, 2 x 10°
plaque-forming unit [PFU]) and examined for morphological changes of uteri 6 days after.
Mouse placenta and amniotic fluid were also evaluated for ZIKV titers via plaque-forming
assay (Figure S2A).

The uteri (E11-E13) from TCI-DNA and E-ectodomain-immunized pregnant BALB/c mice
exhibited normal morphology without obvious fetal death, indicating complete protection
against uteri damage and fetal death; in contrast, EDI/II-peptide- or PBS-injected pregnant
mice had either slightly or severely damaged uteri with reduced size, indicating fetal death
and incomplete protection against ZIKV infection (Figure S3A). Investigation of viral
titers in ZIKV-infected placenta and amniotic fluid revealed undetectable or significantly
lower titer of ZIKV in placenta (Figure S3B) and amniotic fluid (Figure S3C) of mice
receiving TCI-DNA vaccine than in those of mice receiving E ectodomain, EDI/II peptides,
or PBS. In addition, there were significant but slightly lower viral titers in the placenta

of mice immunized with E ectodomain than in those of mice injected with PBS (Figure
S3B). Collectively, these results suggest that the TCI-DNA vaccine completely protected
immunocompetent pregnant mice and their fetuses against high-dose challenge of ZIKV
R103451, a human strain responsible for the recent ZIKV outbreaks (Tai et al., 2018).
Because we challenged the pregnant mice with ZIKV >30 days after the last immunization,
we concluded that the protection was due to the vaccine-induced immune memory.
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ZIKV TCI-DNA vaccine protected ZIKV-susceptible adult or pregnant Ifnar1™~ mice and
their fetuses against two different strains of ZIKV challenge

Because there is no disease pathology in wild-type adult mice challenged with the ZIKYV,
we used a lethal mouse model to test our vaccine efficacy. Thus, we immunized /fnar1~!~
mice, an IFNAR-deficient mouse model lethal to ZIKV (Marzi et al., 2018; Tai et al., 2018,
2019a), with TCI-DNA, ZIKV E ectodomain, EDI/II peptides, or PBS as described above
and performed the following three challenge experiments (Figure S2A).

First, we challenged IFNAR-deficient immunized adult (male and female) mice with ZIKV
(strain R103451, 103 PFU) 10 days post-last dose and monitored their weight and survival
changes for 14 days. We found that mice immunized with TCI-DNA had only slight weight
loss during days 7-9 post-challenge, followed by constantly increased weight until 14 days
(Figure 2A), and all mice from this group survived ZIKV challenge (Figure 2B). In contrast,
the mice immunized with E ectodomain or EDI/II peptides showed reduced survival rates (to
about 83% and 50%, respectively), and their weight either slightly or moderately decreased
(Figures 2A and 2B). Mice injected with PBS had continuously decreased weight, and all
mice died at 8 days post-challenge (Figures 2A and 2B). These data confirm complete
protection of TCI-DNA vaccine against ZIKV-caused death and weight loss.

Second, we challenged immunized adult (male and female) /fnarz~/~ mice with ZIKV
PAN2016 (10° PFU/mouse), another human strain causing recent ZIKV outbreaks (Gao et
al., 2019; Tai et al., 2018), and measured ZIKYV titers in sera and tissues via plaque-forming
assay 6 days later. We noted undetectable viral titers in the lung, muscle, and testis of

mice immunized with TCI-DNA, and viral titers in the sera and most tissues of these mice
were also significantly lower than in those of mice immunized with E ectodomain, EDI/II
peptides, or PBS (Figure 2C). In addition, ZIKV titers in sera, brain, lung, spleen, muscle,
or testis of mice receiving E ectodomain or EDI/II peptides were also significantly lower
than in those of mice injected with PBS (Figure 2C). These data indicate that the TCI-DNA
vaccine significantly enhanced this protection, resulting in undetectable or significantly
decreased viremia and viral titers in key organs, including reproductive organs such as testis.

Third, immunized female /f7arZ~/~ mice were mated with male /f7arZ~'~ mice for pregnancy
(E5-E7) and were challenged with ZIKV (strain R103451; 104 PFU/mouse) as we did for
BALB/c mice. Mice were then examined for morphological changes of uteri and fetuses, as
well as viral titers in sera, amniotic fluid, fetal brain, and tissues at 6 days post-challenge.
The uteri from TCI-DNA-immunized pregnant /fnarZ~~ mice had intact morphology and
normal fetuses without demise, whereas the uteri from mice immunized with E ectodomain
or EDI/II peptides exhibited slight or severe damage, with moderate and severe fetal
resorption or fetal death in uteri, respectively (Figure 3A). Different from other groups,
almost all fetuses survived from uteri of TCI-DNA-immunized pregnant mice after ZIKV
challenge (Figure 3B). Importantly, viral titers in the placenta, amniotic fluid, and fetal brain
(Figures 3C and 3D) of mice receiving the TCI-DNA vaccine were either undetectable or
significantly lower than in those of mice receiving E ectodomain, EDI/II peptides, or PBS.
Also, there were significantly lower titers of ZIKV in the placenta, amniotic fluid, and fetal
brain of mice immunized with E ectodomain and EDI/II peptides than in those of mice
injected with PBS (Figures 3C and 3D). Notably, ZIKV titers in the muscle, brain, heart,
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liver, and spleen of mice immunized with TCI-DNA were undetectable or significantly lower
than in those of mice immunized with E ectodomain, EDI/II peptides, or PBS, and viral
titers in the sera and kidney of TCI-DNA-immunized mice were also significantly lower
than in those of mice receiving EDI/II peptides or PBS (Figures 3C and 3D). Moreover, the
results also denoted significantly lower viral titers in the sera and tissues (kidney, heart, liver,
spleen, and muscle) of mice vaccinated with E ectodomain than in those of mice injected
with PBS (Figures 3C and 3D).

Collectively, the above data confirm that the TCI-DNA vaccine completely protected adult
or pregnant /fnarl~'~ mice and their fetuses against two different strains of ZIKV infection.

ZIKV TCI-DNA vaccine prevented ZIKV-caused apoptosis, vascular damage and
inflammation, and ZIKV-associated ADE

ZIKV infection may cause apoptosis and fetal blood vessel damage in placenta, leading to
severe inflammation with increased cytokines and chemokines (He et al., 2018; Miner et al.,
2016; Rabelo et al., 2018; Souza et al., 2016; Tripathi et al., 2017). It is reported that ZIKV
E protein, including fusion loop (FL) region, may induce cross-reactive antibodies that
enhance ZIKV or DENV infection, resulting in ADE (Barba-Spaeth et al., 2016; Barbosa et
al., 2018; Fowler et al., 2018).

To evaluate whether the ZIKV TCI-DNA vaccine can prevent apoptosis and vasculature
damage associated with ZIKV, we performed immunofluorescence staining using placental
tissues of vaccine-immunized and ZIKV-challenged pregnant /frarZ~'~ mice (as described
above) and stained for active caspase-3, an apoptotic marker (Yuan et al., 2017), and
vimentin, a marker for fetal blood vessels and fetal capillary endothelium (Miner et al.,
2016; Sapparapu et al., 2016). There were significantly lower numbers of caspase-3* and
ZIKV* signals in the placenta of mice immunized with the TCI-DNA vaccine than in those
of mice immunized with E ectodomain, EDI/II, or PBS (Figures 4A-4C), suggesting nearly
no ZIKV-associated cell death in the TCI-DNA-immunized mouse placenta. In contrast,
there was moderate to strong staining of caspase-3 and ZIKV in the placenta from other
groups (E ectodomain, EDI/II, or PBS) (Figures 4A-4C), illustrating that E ectodomain

or EDI/Il may not fully prevent ZIKV-related cell death. Furthermore, there was strong
staining for vimentin in the placenta of mice immunized with TCI-DNA (Figure S4A),
with significantly higher numbers of vimentin™ signals than those of mice receiving E
ectodomain, EDI/II, or PBS (Figures S4B and S4C), suggesting intact vasculature in the
TCI-DNA-vaccinated mouse placenta but partially or completely damaged vasculature in the
placenta of other groups.

To examine whether ZIKV TCI-DNA vaccine can prevent ZIKV-caused inflammation, we
measured inflammatory cytokines and chemokines in the placenta of immunized and ZIKV-
infected pregnant /fnarZ~'~ mice using Multi-Analyte ELISArray kits. Significantly lower
levels of cytokines (interleukin [IL]-1a, IL-1B, IL-6, IL-10, G-CSF, and GM-CSF) (Figure
5A) and chemokines (MCP-1, SDF-1, IP-10, MIG, Eotaxin, KC, and 6Ckine) (Figure 5B)
were identified in the TCI-DNA-immunized mouse placenta than in the placenta of mice
immunized with EDI/II, E ectodomain or PBS. These results indicate that TCI-DNA is
effective in preventing ZIKV-associated inflammation.
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To investigate whether the ZIKV TCI-DNA vaccine may induce ZIKV-specific antibodies
and, if so, whether these antibodies can cause ZIKV-associated ADE, we measured
antibodies by ELISA and plaque-forming assay and tested for ADE /n vitro using
immunized sera of BALB/c and /fnar1™'~ mice. Clearly, no or a very low level of
immunoglobulin G (IgG) antibodies was detected against ZIKV E ectodomain, NS3
peptides, and/or ZIKV lysates in the sera of both mice immunized with TCI-DNA (Figures
6A and 6B), and there were no neutralizing antibodies detected against ZIKV infection in
these sera (Figure 6C). Moreover, similar to the sera collected from PBS-injected mice,
TCI-DNA-immunized mouse sera did not present any ADE (Figure 6D). In contrast, ZIKV
E ectodomain elicited high-level E- and ZIKV-specific 1gG antibodies with neutralizing
activity against ZIKV infection, exhibiting strong ADE of ZIKV infection (Figure 6).
However, the ADE showed up only when the sera was diluted until the neutralizing activity
was gone. These data demonstrate that TCI-DNA did not induce ZIKV E-specific antibodies
but only elicited very weak NS3-specific antibody responses, eliminating the possibility of
causing ZIKV-associated ADE.

Collectively, the above results confirm that the ZIKV TCI-DNA vaccine demonstrated the
ability to prevent ZIKV-associated apoptosis, vascular damage, and inflammation without
leading to ADE.

ZIKV TCI-DNA-vaccine-induced CD8* T cells play a key role in protecting adult or pregnant
mice and their fetuses against ZIKV infection

Since ZIKV TCI-DNA induced very low to no antibody responses, we then tested whether
the T cell responses elicited by this vaccine were essential in protecting against ZIKV
infection. As such, we performed the following two experiments (Figure S2B).

First, we immunized immunocompetent male and female BALB/c mice with TCI-DNA or
PBS control and then depleted their CD4* and CD8* T cells, respectively (using anti-CD4
or anti-CD8a antibody), followed by ZIKV challenge. There were minimal numbers of
CD4" or CD8* T cells in the peripheral blood cells and splenocytes of anti-CD4- or anti-
CD8a-treated, TCI-DNA-, or PBS-immunized mice compared to those of mice treated with
isotype antibody control (Figures S5A and S5B), confirming complete depletion of CD4* or
CD8™ T cells in these mice. Compared to PBS control, the mice immunized with TCI-DNA
have significantly more CD8* T cells, as seen in the mice receiving anti-CD4 or isotype
control antibody (no CD8* T cell depletion) (Figures S5A and S5B). In contrast, the mice
immunized with TCI-DNA have similar numbers of CD4" T cells as control mice, as seen
in the mice receiving anti-CD8a or isotype control antibody (no CD4* T cell depletion)
(Figures S5A and S5B). In addition, high viral titers were detected in the sera and tissues
(lung, eye, and muscle) of mice immunized with the TCI-DNA vaccine, and CD8* T cells
depleted, which were significantly higher than those of TCI-DNA-immunized mice injected
with anti-CD4 or isotype control antibody (no CD8" T cell depletion) (Figure S5C). In
contrast, there were no significant differences in viral titers in the mice immunized with
TCI-DNA who received either anti-CD4 (CD4* T cell depletion) or isotype control antibody
(Figure S5C). These data suggest that CD8* T cells in TCI-DNA-immunized adult mice are
essential in the prevention of ZIKV infection.
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Second, we evaluated the role of CD8* T cells induced by TCI-DNA in protecting pregnant
mice and their fetuses against ZIKV challenge. As such, we immunized female BALB/c
mice with TCI-DNA or PBS control, mated them with male BALB/c mice for pregnancy,
and then depleted their CD8" T cells before ZIKV challenge. Depletion of CD8* T cells was
confirmed by flow cytometry analysis in the whole blood of mice 6 h before and 3 days after
ZIKV challenge.

We compared the uteri status, fetal damage, and virus titers in the mice with or without
CDS8™* T cell depletion. In the mice immunized with the TCI-DNA vaccine, we found
significantly damaged uteri and severe fetal demise when their CD8* T cells were depleted,
whereas intact uteri and fetuses without any damage were found when the mice were
injected with isotype control antibody (no CD8* T cell depletion) (Figure 7A). The mice
receiving PBS and injected with anti-CD8a or isotype control antibody exhibited different
degrees of uteri damage and/or fetal death (Figure 7A). In addition, at least half of the
fetuses died in the uteri of CD8" T-cell-depleted mice, whereas almost all fetuses survived
in those of TCI-DNA-immunized mice receiving isotype control antibody (Figure 7B).
Moreover, CD8* T cell depletion led to significantly increased ZIKV titers in the placenta,
amniotic fluid, and fetal brain, as well as day 3 or day 6 post-infection (p.i.) in sera

(Figure 7C) in the TCI-DNA-immunized pregnant mice and their fetuses. These data showed
enhanced infection of TCI-DNA-vaccinated pregnant mice to ZIKV after their CD8" T cells
were depleted.

We further evaluated ZIKV-specific CD8* T cell responses using flow cytometry analysis
in the TCI-DNA-immunized and ZIKV-challenged pregnant mice without CD8* T cell
depletion (i.e., mice receiving isotype antibody). To do this, splenocytes were isolated from
these mice 6 days post-challenge and stimulated with ZIKV NS3 overlapping peptides.
Remarkably, TCI-DNA elicited ZIKV-specific CD8* T cell responses (Figure 7D, left),
being able to secrete high-level IL-2, IFN-y, and TNF-a cytokines; however, PBS control
induced only a background level of these cytokines (Figure 7D, right).

Collectively, the above data demonstrate that ZIKV TCI-DNA-vaccine-induced CD8* T
cells play an essential role in protecting adult, pregnant mice and their fetuses against ZIKV
infection and/or ZIKV-associated fetal damage and death.

DISCUSSION

Since a ZIKV vaccine targeting prM and E proteins may induce ADE, investigators

have tested an innovative approach to use NS1 as a ZIKV vaccine target antigen for the
prevention of ZIKV infection (Brault et al., 2017; Grubor-Bauk et al., 2019; Rodriguez

et al., 1997). Immunization with ZIKV NS1 expressed by an MVA vector protected
immunocompetent mice against a lethal intracerebral dose of ZIKV challenge (Brault et

al., 2017). However, it is unclear whether the protection was dependent on T cells or
antibodies. It has been shown that T cell immunity induced by a DNA vaccine expressing
ZIKV NS1 played a crucial role in the early control of viral titers in immunocompetent

mice (Grubor-Bauk et al., 2019); however, the contribution of NS1-specific antibodies in
controlling the viremia throughout the infection was not ruled out in that study. Furthermore,
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the NS1 vaccine did not provide full protection for ZIKV-susceptible /f7ar’~ mice because
most of the immunized mice did not survive the challenge (only about 20% survival rate)
with ZIKV (Grubor-Bauk et al., 2019). Both studies have not yet determined whether
NS1-specific immune responses are sufficient for the prevention of ZIKV from transmission
through placenta to fetuses and consequent damage.

We have made a vaccine that expressed Ub and rearranged ZIKV NS3 protein to generate
CTLs without ADE-mediating antibodies. This NS3 design is expected to lead to rapid
degradation in the proteasome. Our western blot result showed negligible amounts of the
rearranged NS3 protein in the cells transfected with the plasmid expressing the NS3. In
contrast, large amounts of NS3 can be seen with a proteasome inhibitor, indicating that the
Ub/rearranged NS3 protein is rapidly degraded in the proteasome. We did not expect that
large numbers of NS3-specific antibodies would be induced due to a lack of intact NS3,
which was confirmed by ELISA. There was not much concern that even small numbers

of antibodies to NS3 were induced, as NS3 is not on ZIKV virion surface. Indeed, sera
from mice immunized with our vaccine did not show any ADE activity. As expected, the
vaccine induced a strong NS3-specific CTL response. This is most likely due to the use of
Ub upstream of the rearranged NS3 sequence, which promotes protein degradation in the
proteasome, where antigenic peptides are loaded on MHC class | to induce CTL response
(Rodriguez et al., 1997). Furthermore, we rearranged the NS3 sequence to avoid potential
harmful effects of an intact NS3 protein. Although transfection of 293T cells with a plasmid
expressing non-rearranged ZIKV NS3 did not show any obvious toxic effects, this strategy
could be used to construct vaccines expressing viral proteins with harmful activity such as
an oncoprotein HPV E6/7.

This study demonstrated that a ZIKV vaccine inducing NS3-specific CTLs provided full
protection against ZIKV challenge, particularly against fetal damage in pregnant mice.

Our data suggest that the CTLs controlled the virus infection in the placenta so that
virus-induced inflammation was greatly reduced and fetal damage was prevented. Our data
indicate that CTLs alone are sufficient to provide protection against viral infection.

It is believed that neutralizing antibodies and CTLs were needed to clear viruses (Grifoni et
al., 2017; Hassert et al., 2019; Osuna and Whitney, 2017; Regla-Nava et al., 2018). The most
devastating consequence of ZIKV infection is congenital syndrome, which may develop in
DENV-endemic countries. DENV and ZIKV are very similar and share CTL epitopes, as
determined in /fnarZ~"~ HLA-transgenic mice (Wen et al., 2017b). It has been shown that
DENV-specific antibodies enhance transmission of ZIKV from mother to fetuses (Brown et
al., 2019; Langerak et al., 2019; Rathore et al., 2019) and that these antibodies cross-reacted
with ZIKV but did not neutralize the virus (Bardina et al., 2017; Dejnirattisai et al., 2016).
The passive transfer experiments showed no role for DENV-immune sera in the protection
against ZIKV challenge (Grifoni et al., 2017; Regla-Nava et al., 2018; Wen et al., 2017a).
However, it has been shown that preexisting high-antibody titers to DENV were associated
with a reduced risk of ZIKV infection and symptoms in humans (Rodriguez-Barraquer
etal., 2019). Thus, it is unclear if the DENV-specific antibodies promote or prevent

ZIKV infections (cross-neutralizing antibodies, if present, may prevent ZIKV infection).

It is unknown if DENV-specific CTLs are sufficient in protecting against ZIKV infection.
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In mice, both CD8* T cell depletion and adaptive transfer of CD8* T cell experiments
demonstrated that the ZIKV protection was provided principally by DENV-specific CTLs
(Grubor-Bauk et al., 2019; Huang et al., 2017; Elong Ngono and Shresta, 2019; Regla-Nava
et al., 2018; Wen et al., 2017a). However, it is unclear if DENV immunity prevents or
reduces fetal ZIKV infection in humans. It has been shown that there is an 11%-13% risk of
microcephaly born to Brazilian women infected with ZIKV during pregnancy, particularly in
the first trimester of pregnancy (de Araljo et al., 2018; Brady et al., 2019; Johansson et al.,
2016; Regla-Nava et al., 2018). A recent study showed that the ZIKV-induced microcephaly
occurred in the DENV-immune mothers (Reynolds et al., 2020), suggesting that T cell
immunity does not provide sufficient cross-protection among ZIKV and DENV serotypes.
The protection may be dependent on the numbers of cross-reacting CTLs and neutralizing
antibodies (if any) at the time of ZIKV infection. It is likely that DENV-immune individuals
presenting large numbers of CTLs cross-reacting with ZIKV and high titers of neutralizing
antibodies cross-reacting with ZIKV will be protected, whereas those with small numbers
of CTLs and low titers of neutralizing antibodies cross-reacting with ZIKV will suffer from
congenital syndromes such as microcephaly. Thus, it is safe to design a vaccine expressing
NS3 from ZIKV and DENV to induce a large number of memory CTLs to prevent against
their infections.

Vaccines for humans usually induce neutralizing antibodies, an expected goal for many
vaccines against infectious agents. However, these vaccines also induce non-neutralizing
antibodies. Non-neutralizing antibodies may also protect the host from diseases such as
HIV, CMV, and influenza (Alter and Barouch, 2018; Nelson et al., 2018; Sutton et al.,
2017; Winarski et al., 2019) via antibody-mediated cell cytotoxicity, antibody-dependent
cell phagocytosis, and antibody-dependent complement-mediated lysis (Jegaskanda, 2018;
Jegaskanda et al., 2013; van der Lubbe et al., 2018; Winarski et al., 2019). The non-
neutralizing antibodies, however, can augment the infection of viruses such as influenza
virus and coronaviruses in addition to DENV and ZIKV (Bardina et al., 2017; Shim

et al., 2019; Vanderven et al., 2018; Wang et al., 2014). The most alarming concern is
that the DENV vaccine, Dengvaxia, has led to more severe consequences in individuals
without DENV infection than in those with prior DENV infection, most likely due

to ADE (Halstead, 2017; Martinez-Vega et al., 2017). Furthermore, non-neutralizing or
suboptimal antibodies may also cause tissue damage, as anti-SARS-CoV full-length spike
IgG antibodies induced by a vaccine have caused acute lung inflammation via activating
macrophages by Fcvy receptor (FcyR) (Liu et al., 2019). This raised concerns if anti-SARS-
CoV-2 full-length spike protein induced by vaccines would enhance lung inflammation
when the neutralizing antibodies wane over time. Our study demonstrates that a vaccine
inducing solely CTLs can fully protect from viral infection, which provides a strategy

for developing safe and effective vaccines for viral infections without inducing antibody-
mediated pathology.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for the supporting data, resources, and
reagents should be directed to and will be fulfilled upon request by the lead contact, Liang
Qiao (Igiao@luc.edu).

Materials availability—Plasmids generated in this study are stored in the lab of L.Q. and
are available upon request. No samples have been submitted/banked in a public facility.

Data and code availability—This study did not generate datasets/code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Four-to-10-week-old female BALB/c mice and 4-6-week-old male and female
interferon-a/p receptor (IFNAR)-deficient (/fnarZ—/-) mice were used in the studies. The
animal studies were performed in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals, National Research Council (National Academy
of Sciences, 2011). The protocols were approved by the Institutional Animal Care and Use
Committee of the New York Blood Center (Permit Numbers: 344 and 345).

Cell lines—\Vero E6, K562 and 293T cells were purchased from ATCC. The Vero E6 were
cultured with DMEM containing 1% carboxymethyl cellulose and 2% FBS, at 37°C with
5% CO». The 293T and K562 cells were cultured with DMEM containing 10% FBS at 37°C
with 5% CO,.

Viruses—Zika virus (human strain R103451 (2015/Honduras)) and Zika virus (human
strain PAN2016 (2016/Panama)) were from BELI.

METHOD DETAILS

Construction of the vaccine plasmid—ZIKV NS3 sequence was rearranged and a
ubiquitin monomer sequence was added to the front of the rearranged NS3 (see Results
section). A Kozak sequence was placed ahead of the Ub/NS3 open reading frame to

ensure efficient transcription of the plasmid. Upstream the Kozak sequence, linker DNA

as well as an EcoRl restriction site was placed to facilitate proper cloning of the gene
segment into the vector of interest. Downstream the rearranged Ub/NS3 gene sequence, a
stop codon was placed along with linker DNA and a Notl restriction site. This nucleotide
sequence was ordered through the GeneArt program (Thermo Fisher Scientific). The NS3
gene was delivered in a proprietary Thermo Fisher Scientific vector in a lyophilized form.
Plasmid DNA was resuspended in Molecular Biology Grade water (Fisher Scientific) to a
concentration of approximately 200 ng/uL. DNA was digested with FastDigest (FD) EcoRl
and Notl for 15 min in a 37°C heat block. The digested DNA was then loaded directly onto
a 1 % Agarose gel and allowed to run for 40 min at 80V. The 2.2 kb Ub/NS3 DNA was
exposed to 440 nm UV light in the imaging room and excised. The gel slice was placed into
a clear, 1.5 mL microcentrifuge tube and the purified DNA was extracted using a QlAquick
Gel Extraction Kit (QIAGEN). This gene fragment was stored in a —20°C freezer as the
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pVAX1 vector (Thermo Fisher Scientific) was digested with FD EcoRI and FDNotl, run on
a gel, and extracted using the same kit. The Ub/NS3 gene fragment was ligated using a 3:1
ratio of insert DNA (Ub/NS3) to vector DNA (pVVAX1) at room temperature in the presence
of T4 DNA ligase.

Bacterial transformation—~Previously made Chemically Competent DH5a. £. coli was
removed from —80°C freezer and thawed on ice for 25 min. Ligated Ub/NS3/pVAX1 was
introduced to the £. coliand remained on ice for 30 more min. Heat shock transformation
occurred by placing the tube into a 42°C heat block for 45 s and back on ice for 2 min. 1 mL
of SOC media was added to the £. coli and was grown in a shaking incubator at 37°C for 45
min. The £. coliwas then spun down at 9,000 rpm for 2 min, resuspended in 200 uL SOC
media, and streaked on an LB Kanamycin (Kan*) plate. Once dry, the plate was inverted
and incubated overnight at 37°C. Colonies from the plate were inoculated into 2 mL LB
Kan* media, and a Miniprep was conducted using a QlAprep Spin Miniprep Kit according
to the manufacturer’s instructions (QIAGEN). Plasmid was subsequently re-digested with
FD EcoRI and Notl. Upon observance of correct band digestion, the plasmid was sent out
for sequencing (ACGT, Inc) for confirmation of correct insertion.

Plasmid transfection—293T cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with 10% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin. Cells

were split upon reaching 90% confluence (every 2-3 days). Upon sufficient generation

of 293T cells, 10 pg of Ub/NS3/pVVAX1 plasmid was transfected using PEI transfection
reagent overnight. Media was removed the next morning and cells were cultured in DMEM.
For subsequent experiments using proteasome inhibitor, MG132 was added to cell culture
medium in a 1:1,000 ratio overnight at either 12, 36, or 60 h after transfection.

qRT-PCR—After 293T cells were transfected as described above, purification of

total RNA was conducted using a RNeasy Mini Kit according to the manufacturer’s
instructions (QIAGEN). First-Strand cDNA was then synthesized using a GoScript Reverse
Transcription System according to the manufacturer’s instructions (Promega). In a PCR
tube, the RNA harvested from transfected 293T cells was incubated with NS3-specific
primers along with GAPDH primers (negative control) in a heat block at 70°C for 5 min.
Tubes were immediately placed on ice for 10 min. RNA/primer mix was mixed with
GoScript Reverse Transcription mix in a 3:1 ratio for each reaction. Tubes were placed

on a heat block at 25°C for 5 min, then placed on a heat block at 42°C for 1 h. Reverse
transcriptase was inactivated by placing tubes in a heat block at 70°C for 15 min. The
gRT-PCR was conducted using iTag Universal SYBR Green Supermix (Bio-Rad) using
NS3-specific primers as well as GAPDH specific primers (negative control). Fold induction
was measured as 27AACT,

Western blot—293T cells were cultured, transfected, and treated with proteasome
inhibitor as described above. After overnight treatment with 50 mM MG132, 293T cells
were treated with 0.25% trypsin for 5 min at 37°C in 5% CO,. 293T cells were resuspended
in DMEM, centrifuged at 1,200 rpm for 5 min, and cell pellets were resuspended in RIPA
buffer with freshly added proteinase inhibitor. Total protein concentration was calculated via
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Bradford Assay (Bio-Rad) and 6x SDS Loading Buffer was added to 20 pg of total protein.
Protein was denatured at 100°C for 10 min and then placed on ice for 2-3 min. Proteins
were run on a 12% polyacrylamide gel for 20 min at 80V and for 40 minutes at 120V, or
until the dye line reached the bottom of the gel. Bands from the polyacrylamide gel were
transferred to a nitrocellulose membrane using an iBlot Gel Transfer Device (Thermo Fisher
Scientific). Membrane was blocked in 5% blocking buffer (5% non-fat milk in PBS) for 1

h. Membrane was washed in PBS-Tween 20 (PBS-T) and blocked in 5% blocking buffer
containing a 1:1,000 dilution of anti-ZIKV NS3 antibody (Genetex) overnight. The next day,
the membrane was washed with PBS-T for 20 min, and the membrane was blocked in 5%
blocking buffer with secondary horseradish peroxidase (HRP)-conjugated goat anti-rabbit
antibody for 1 h. Membrane was washed in PBS-T for 20 min, and then exposed to 10

mL Chemiluminescent substrate for 3 min devoid of light. Proteins were visualized using a
FluorChem E system (ProteinSimple).

Immunization of mice with vaccines—ZIKV E ectodomain, EDI/EDII peptides, and
TCI-DNA vaccines were used to immunize mice as previously described (Tai et al., 2019a).
Briefly, groups of six female BALB/c (4-6-week old), female /fnar1™'~ (4-week old), or
mixed-sex /fnarZ~'~ (3 female and 3 male, 5-6-week old) mice were intramuscularly (i.m.)
immunized with ZIKV E ectodomain (Aviva Systems Biology; 10 pg/mouse) or EDI/EDII
peptides (50 ug/mouse) in the presence of Alum (500 pg/mouse) and MPL (10 pg/mouse)
adjuvants (InvivoGen), or with TCI-DNA (10 pg/mouse) in the presence of Imiquimod
adjuvant (20 pg//mouse, InvivoGen). Mice injected with PBS were included as a control.
The immunized mice were boosted once at three weeks, and sera were collected 10 days
post-last dose to detect IgG antibodies, neutralizing antibodies, and/or ADE. The immunized
mice were further processed for subsequent challenge experiments as described below. In
two additional experiments, groups of five to six male or female BALB/c mice (6-10-week
old) were immunized with TCI-DNA (10 ug/mouse) or PBS (control), depleted for CD4* or
CDS8™T cells, and subjected to subsequent challenge experiments, as described in Figure S2.

ELISA—ZIKV-, E-, or NS3-specific IgG antibodies were detected by ELISA in the
immunized mouse sera (Du et al., 2016; Tai et al., 2019a). Briefly, ELISA plates were
pre-coated with ZIKV E ectodomain (1 pg/ml), NS3 peptides, or ZIKV (human strain
R103451 (2015/Honduras))-infected Vero E6 cell lysates at 4°C overnight and blocked

with PBS-T containing 2% non-fat milk at 37°C for 2 h. After three washes with PBS-T,

the plates were then sequentially incubated at 37°C for 1 h with serially diluted mouse

sera and HRP-conjugated anti-mouse 1gG-Fab antibody (1:5,000, Sigma). The substrate
3,3’,5,5"-tetramethylbenzidine (TMB) (Sigma) was added to the plates, and the reaction was
stopped after addition of 1N H,SO4. Absorbance at 450 nm (A450) was measured using
ELISA plate reader (Tecan).

In vitro ADE assay—ADE potentially induced by immunized mouse serum antibodies
was measured in K562 cells using a flow cytometry-based assay (de Alwis et al., 2014).
Briefly, 100 PFU of ZIKV (strain R103451) was mixed with sera at 4-fold serial dilutions,
and incubated at 37°C for 1 h. The virus-serum mixture was then added to K562 cells (5 x
10%well), and incubated at 37°C for 2 h in DMEM containing 10% FBS and 1% Penicillin/
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Streptomycin, followed by washing the cells with fresh DMEM, and culturing them for

3 days. The cells were then fixed, permeabilized, and sequentially stained with mouse
anti-flavivirus 4G2 monoclonal antibody (mAb, 2 pg/ml) and FITC-conjugated anti-mouse
antibody (1:100, Biolegend). The percent of infected cells was calculated based on the
fluorescence signals in the presence or absence of serially diluted mouse sera.

ZIKV challenge studies and evaluation of vaccine efficacy in mice—The
following five experiments were designed to evaluate the efficacy of vaccines in the
immunized mice (Figure S2; Richner et al., 20173; Tai et al., 2019a). (1) At 13 days post-last
dose of E ectodomain, EDI/EDII peptides, TCI-DNA vaccine, or PBS control, /fnarl™~
mice (male and female) were challenged (I.P.) with ZIKV (human strain R103451; 103 PFU;
200 pl/mouse), and investigated for survival and weight daily for 14 days. (2) Immunized
Ifnar1™'~ mice were challenged (1.P.) with ZIKV (human strain PAN2016 (2016/Panama),
103 PFU/mouse; 200 ml/mouse) as in (1), and 6 days later, sera and tissues were collected
for detection of viral titers by plaque-forming assay (described below). (3) Ten days post-last
dose of E ectodomain, EDI/EDII peptides, TCI-DNA, or PBS control, female BALB/c and
IfnarI™!~ mice were mated with respective naive male mice for pregnancy. The pregnant
mice (E5-E7 for BALBI/c, and E10-E12 for /fnarZ”~ mice) were challenged (I.P.) with
ZIKV (strain R103451, 2 x 105 PFU/mouse for BALBI/c, and 104 PFU/mouse for /fnarl™!~
mice). Six days p.i., sera and tissues of adult mice, as well as placenta, amniotic fluid, and/or
fetal brain, were collected for detection of viral titers, and uteri and/or fetuses were collected
for analysis of morphological changes. (4) Ten days post-last dose of TCI-DNA or PBS
control, male and female BALB/c mice were injected (I.P.) with or without anti-mouse-CD4
(1gG2b) mAb, anti-mouse-CD8a (1gG2b) mAb (200 pg/mouse) or 1gG2b isotype control
mADb (Bio X Cell) at -2, -1, and 1 days post-ZIKV challenge, and the mice were (1.P.)
challenged with ZIKV (strain R103451, 2 x 10° PFU/mouse). The challenged mice were
sacrificed at 3 days p.i., peripheral blood cells and splenocytes were evaluated for CD4*

and CD8* T cell depletion by flow cytometry analysis, and sera and tissues were examined
for viral titers by plaque-forming assay. (5) Ten days post-last dose of TCI-DNA or PBS
control, female BALB/c mice were mated with naive male BALB/c mice for pregnancy.

The pregnant mice (E10-E12) were injected (I.P.) with or without anti-CD8a (IgG2a) mAb
(200 pg/mouse, for TCI-DNA) or 1gG2a isotype control mAb (for PBS) (Bio X Cell) at

-2, -1, and 3 days post-ZIKV challenge, and peripheral blood cells (collected at 6 h before
infection and 3 days p.i.) and splenocytes (collected at 6 days p.i.) were evaluated for CD8*
T cell depletion by flow cytometry analysis (Zhong et al., 2017). The pregnant mice with

or without CD8" T cell depletion were then (I.P.) challenged with ZIKV (strain R103451, 2
x 10° PFU/mouse). Sera (collected 3 and 6 days p.i.), amniotic fluid, and tissues (placenta
and fetal brain) (collected 6 days p.i.) were detected for viral titers by plague-forming

assay, fetuses and uteri (collected 6 days p.i.) were observed for morphological analysis, and
splenocytes (collected 6 days p.i.) were used to detect ZIKV-specific CD8* T cell responses
by flow cytometry analysis, as described below. For all groups in (1) to (5), the challenged
mice with greater than 25% weight loss and significant clinical symptoms were humanely
euthanized. For all BALB/c mice with ZIKV challenge, an anti-IFNAR1 blocking mAb
(MAR1-5A3, 2 mg/mouse; Leinco) were injected into mice 1 day before ZIKV infection.
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Plague reduction neutralization test (PRNT) and plaque-forming assay—PRNT
and plaque-forming assays were performed to detect neutralizing antibodies in the
immunized mouse sera and viral titers in the challenged mice, respectively (Tai et al., 2018,
2019a, 2019b). For PRNT assay, ZIKV (strain R103451, 100 PFU/mouse) was incubated
with 2-fold serially diluted mouse sera at 37°C for 1.5 h, which was added to Vero E6

cells and culture of the cells at 37°C for 1 h. The cells were further overlaid with DMEM
containing 1% carboxymethyl cellulose and 2% FBS, and cultured at 37°C for 4-5 days,
followed by staining with crystal violet (0.5%). 50% PRNT titers (PRNTsg) were calculated
based on 2-fold serial dilutions of individual mouse serum at 50% plaque reduction using
the CalcuSyn computer program (Chou, 2006; Tai et al., 2019a). For plaque-forming assay,
sera, amniotic fluid, and tissue lysates of ZIKV-challenged mice were serially diluted and
transferred to Vero E6 cells, followed by similar procedures as described above. Viral titers
were calculated as PFU/g or PFU/mI of test samples.

Immunofluorescence staining—This was performed as previously described (Tai et
al., 2019h). Briefly, maternal placental tissues were harvested from the challenged pregnant
IfnarI™!~ mice, and fixed in 4% paraformaldehyde (MilliporeSigma), which were further
embedded in paraffin and sectioned. For vimentin staining, the deparaffinized tissue slides
were blocked with 2% BSA (MilliporeSigma) for 30 min at room temperature, and then
sequentially incubated with ZIKV EDIII-specific human mAb (ZV-64, 1:200, Absolute
Antibody) and rabbit anti-vimentin antibody (1:300, Abcam). For caspase-3 staining, the
tissue slides were fixed and permed with FIX and PERM Cell Permeabilization Kit (Thermo
Fisher Scientific), before being blocked as described above and incubated sequentially

with ZV-64 and rabbit anti-active caspase-3 antibody (1:200, Abcam). The slides were
washed with PBS, and incubated for 1 h at room temperature with anti-human FITC

(1:300, Sigma; for ZIKV)- or anti-rabbit Alexa Fluor® 647 (1:300, Abcam; for vimentin
and caspase-3)-conjugated antibodies, which were counter-stained for nuclei for 5 min with
DAPI (4’ ,6-diamidino-2-phenylindole, 300 nM; Thermo Fisher Scientific), and mounted in
a Mounting Medium (VectaMount Permanent; Vector Laboratories). The stained slides were
imaged on a confocal microscope (Zeiss LSM 880), and prepared for images using ZEN
software. The fluorescence signals were quantified by ImageJ software for relative intensity
(particle analysis) as described previously (Tai et al., 2019b).

Detection of inflammatory cytokines and chemokines—Maternal placental tissues
collected from the challenged pregnant /fnarZ~/~ mice were measured for inflammatory
cytokines and chemokines using Mouse Inflammatory Cytokines Multi-Analyte ELISArray
Kit and Mouse Common Chemokines Multi-Analyte ELISArray Kit (QIAGEN) (Tai et

al., 2019b). Briefly, ELISA plates were pre-coated with cytokine or chemokine capture
antibodies, followed by incubation with tissue lysates for 2 h at room temperature. After
three washes, the plates were sequentially incubated with detection antibody for 1 h, and
Avidin-HRP conjugates for 30 min at room temperature, followed by incubation with
development and stop solutions, respectively. A450 value was measured using ELISA plate
reader (Tecan).
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Flow cytometry—Flow cytometry analysis was performed to evaluate CD4* and CD8* T
cell depletion and ZIKV-specific CD8* T cell responses in the challenged mice (Guerrero
et al., 1986; Zhang et al., 2016). For analysis of CD4* and CD8* depletion in whole

blood and splenocytes, peripheral blood cells and splenocytes were treated with 1 x Red
Blood Cell Lysis Buffer (Biolegend), and stained with FITC-anti-mouse CD4 or PerCP-
Cy5.5-anti-mouse CD8 antibody (BD Biosciences), followed by flow cytometry analysis
using BD LSRFortessa 4 system. For analysis of ZIKV-specific CD8" T cell responses, the
above-treated splenocytes (2 x 10° cells/well) were incubated with ZIKV NS3 overlapping
peptides (0.25 nM/peptide, final concentration 5 pg/ml) in the presence of 5 ug/ml brefeldin
A (Biolegend), and cultured at 37°C for 5 h. After stimulation, the cells were washed with
PBS and stained for surface marker using PerCP/Cy5.5 anti-mouse CD8a. After fixation
and permeabilization, the cells were stained for intracellular markers using FITC-anti-mouse
IL-2, PE-anti-mouse IFN-y, and Brilliant Violet 421-anti-mouse TNF-a antibodies (BD
Biosciences), followed by analysis using flow cytometry as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

All values are expressed as mean with standard error (SEM). Statistical significance

of antibody titers among different groups was calculated using the Mann-Whitney test.
Statistical significance of viral titers, fluorescence intensity, cytokines and chemokines, as
well as CD8" T cell responses, among various groups was calculated using a Student’s two-
tailed t test. Statistical significance of survival rates among different groups was calculated
using the Log-Rank test. The data were analyzed using GraphPad Prism Statistical Software.
*, ** and *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Vaccine of modified ZIKV NS3 induces specific CTLs with little antibody
response

The vaccine fully protects adult mice against ZIKV and greatly reduces viral
titers

The vaccine protects fetuses against ZIKV challenge and reduces placental
damage

Depletion of CD8+ T cells abrogates vaccine protection in animal models
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Figure 1. ZIKV TCI vaccine design and antigen expression
(A) Schematic diagram of plasmid design. The gene sequence encoding for the NS3 protein

was split into three parts (denoted 1, 2, and 3). The 30 nucleotide bases before and after any
cleaved sequence were placed in front of each region to preserve any epitopes that may have
been disrupted. The ORF gene encoding for a mouse/human monomer of ubiquitin (Ub) was
placed immediately upstream of the rearranged NS3 sequence. A glycine at the 76th residue
was modified to encode an alanine to enhance the stability of the Ub/NS3 complex.

(B) 293T cells were transfected with the rearranged Ub/NS3 plasmid overnight. The cells
were allowed to stably express plasmid for 36 h. After this period, MG132 was added
overnight. The cell lysate was analyzed via western blot for the expression of NS3 and
beta-actin. A representative blot from three experiments is shown.

(C) Total band density of western blot was quantified using ImageJ and analyzed using
GraphPad (Prism). The data are represented as mean + SEM (n = 2 for each experiment,
three experiments total). *p < 0.05; **p < 0.01.
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Figure 2. ZIKV TCI-DNA vaccine protected adult male and female Ifnar1™~ mice against ZIKV
challenge with complete survival and reduced viral titers, including reproductive organs

Equal numbers of male and female /fnarZ~/~ mice were immunized with ZIKV E
ectodomain, EDI/II peptides, TCI-DNA, or PBS control, and sera were collected at 10 days
post-second immunization.

(A and B) At 13 days post-second immunization, the mice were challenged (i.p.) with ZIKV
(strain R103451, 103 PFU/mouse) and recorded for weight (A) and survival (B) daily for 14
days (n = 6).

(C) In a separate experiment, the immunized /fnarZ~'~ mice were challenged with ZIKV
(strain PAN2016, 103 PFU/mouse), and 6 days later, sera and tissues (including brain,
kidney, lung, heart, liver, spleen, muscle, and testis) were collected for detection of viral
titers using plaque-forming assay. The detection limit was 25 PFU/mlI (for sera), 12.5 PFU/g
(for brain), 20 PFU/g (for kidney, spleen, and muscle), and 25 PFU/g (for lung, heart, liver,
and testis).

The data are represented as mean + SEM (n = 3 for testis and n = 6 for other groups). *p <
0.05; **p < 0.01; ***p < 0.001.
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Figure 3. ZIKV TCI-DNA vaccine protected female pregnant Ifnar1™~ mice and their fetuses
against ZIKV challenge

Female /fnar1™'~ mice were immunized with ZIKV E ectodomain, EDI/II peptides, TCI-
DNA, or PBS control and mated with male /f7arZ~/~ mice for pregnancy at day 10
post-second immunization. The pregnant mice (E10-E12) were challenged with ZIKV
(strain R103451, 10* PFU/mouse), and 6 days later, uteri and fetuses were collected

to evaluate morphological changes as well as sera, body fluid, and tissues (including
placenta) to measure viral titers using plague-forming assay. Placenta was also observed for
apoptosis and vascular damage and examined for inflammatory cytokines and chemokines as
described below.

(A and B) Representative image of morphology of uteri (E16—-E18) and fetuses from
pregnant mice challenged with ZIKV at E10-E12 (A), among which total numbers and
dead fetuses from each group are shown (B).

(C-E) Viral titers in placenta, fetal brain (C), as well as sera and amniotic fluid (D) and
tissues (including brain, kidney, liver, spleen, heart, and muscle) (E), 6 days post-challenge.
The detection limit was 12.5 PFU/g (for placenta and fetal brain), 20 PFU/g (for heart), 25
PFU/mI (for sera and amniotic fluid), and 25 PFU/g (for brain, kidney, liver, spleen, and
muscle).

The data are represented as mean + SEM (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 4. ZIKV TCI-DNA vaccine prevented ZIKV-caused apoptosis in placenta of female
pregnant Ifnar1™/~ mice

Placenta collected from above ZIKV-challenged pregnant (E10-E12) /fnarZ™~ mice was
stained for activated form of caspase-3 (an apoptotic marker) by immunofluorescence assay.
(A) Representative images of immunofluorescence staining of activated caspase-3 in
placenta. ZIKV (green), activated caspase-3 (red), and nuclei (blue) were stained with
anti-ZIKV antibody, anti-active caspase-3 antibody, and DAPI, respectively. The images
were magnified at 63%, with a scale bar of 10 pm.

(B and C) Quantification of ZIKV* (B) and activated caspase-3* (C) staining in (A) by
ImageJ software.

The data are presented as mean + SEM of fluorescence intensity for ZIKV* or caspase-3*
staining in each field (n = 6; n indicates numbers of images from different placentas). *p <
0.05; **p < 0.01; ***p < 0.001.
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Figure 5. ZIKV TCI-DNA vaccine prevented ZIKV-caused inflammation in placenta of female
pregnant Ifnar1™~ mice

Placentas collected from above challenged pregnant (E10-E12) /fnar1™'~ mice were
examined for inflammatory cytokines (A) and chemokines (B) by Mouse Inflammatory
Cytokines Multi-Analyte ELISArray Kit and Mouse Common Chemokines Multi-Analyte
ELISArray Kit, respectively. The data are presented as mean = SEM (n = 6). *p < 0.05; **p
<0.01; ***p < 0.001.
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Figure 6. ZIKV TCI-DNA vaccine induced low to no ZIKV-, E-, and NS3-specific antibodies
without ADE effect

Mouse sera collected at 10 days post-second immunization were detected for ZIKV E-,
NS3-, and ZIKV-specific IgG antibody, neutralizing antibodies, and ADE of ZIKV infection.
ZIKV strain R103451 was used for the neutralization and ADE tests.

(A and B) ELISA was used for detection of 1gG antibody specific to ZIKV E ectodomain,
NS3 peptides, and ZIKV (R103451 strain) in sera of BALB/c (A) or /frarI™'~ (B) mice
immunized with ZIKV E ectodomain, EDI/II peptides, TCI-DNA, or PBS control. 1gG
antibody titers are presented as positively detectable endpoint serum dilutions.

(C and D) Detection of neutralizing antibodies (C) by plague-reduction neutralization test
(PRNT) and ADE (D) by flow cytometry-based assay in sera of immunized BALB/c (left)
or /fnar1™~ (right) mice. Neutralizing antibody titers are presented as 50% PRNT titer
(PRNTs5q) of 2-fold serially diluted sera. The ADE is presented as percent of infected cells,
which was calculated based on fluorescence signals in the presence or absence of serially
diluted sera.

The data are expressed as mean = SEM (n = 6). *p < 0.01.
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Figure 7. CD8" T cell immune responses induced by ZIKV TCI-DNA vaccine played a key role
in protecting pregnant mothers and their fetuses against ZIKV infection

Female BALB/c mice were immunized with ZIKV TCI-DNA or PBS control for two doses
and mated with male BALB/c mice for pregnancy at 10 days post-second immunization. The
pregnant (E10-E12) mice were then injected (i.p.) with anti-CD8a (for depleting CD8* T
cells) or 1gG2a isotype control (i.e., Iso con; without depleting CD8* T cells) antibody (200
ug/mouse) for three times (=2, —1, and 3 days p.i.). One day before challenge, the mice were
also injected with anti-IFNAR1 blocking antibody (for depleting type I IFN; 2 mg/mouse)
and then infected with ZIKV (strain R103451, 106 PFU/mouse).

(A-C) Six days post-challenge, the mice were euthanized, recorded for morphology of

uteri and fetuses (A), and counted for dead and total fetuses (B), and viral titers were
determined by plaque-forming assay in placenta, amniotic fluid, and fetal brain, as well as
sera collected at 3 and 6 days post-challenge (C). The detection limit was 20 PFU/g (for
placenta), 40 PFU/g (for fetal brain), and 50 PFU/mI (for sera and amniotic fluid). Six

days post-challenge, splenocytes were isolated from the mice injected with isotype control
antibody (i.e., Iso con) and analyzed for ZIKV-specific CD8" T cell responses by flow
cytometry analysis.

(D) Quantification of the frequencies of CD8* T cells (left), as well as IL2*, IFN-y*, and
tumor necrosis factor (TNF)-a secretion in CD8* T cells (right) in splenocytes.

The data are represented as mean + SEM (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse CD4 (IgG2b) antibody Bio X Cell BP0003-1; RRID:AB_1107636
Anti-mouse CD8a (IgG2b) antibody Bio X Cell BP0061; RRID:AB_1125541
Rat 1gG2b isotype control antibody Bio X Cell BP0090; RRID:AB_1107780
Anti-mouse-CD8a (1gG2a) antibody Bio X Cell BE0004-1; RRID:AB_1107671
Rat 1gG2a isotype control antibody Bio X Cell BEO0089; RRID:AB_1107769
Anti-mouse IFNAR1 (MAR1-5A3) antibody Leinco 1-401; RRID:AB_2491621

ZIKV EDIII-specific human antibody, ZV-64
Rabbit anti-vimentin antibody

Rabbit anti-active caspase-3 antibody
FITC-anti-human antibody

Anti-rabbit Alexa Fluor® 647 antibody
FITC-anti-mouse antibody

Anti-flavivirus 4G2 antibody
PerCP-Cy5.5-anti-mouse CD8 antibody
FITC-anti-mouse IL-2 antibody
FITC-anti-mouse CD4 antibody
PE-anti-mouse IFN-y antibody

Brilliant Violet 421-anti-mouse TNF-a antibody
HRP-conjugated anti-mouse 1gG-Fab antibody
Anti-ZIKV NS3 antibody

Absolute Antibody
Abcam

Abcam

Sigma

Abcam
Biolegend

BEI Resources
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Biolegend
Sigma

Genetex

Ab00811-10.0

Ab92547; RRID:AB_10562134
Ab2302; RRID:AB_302962
9512-1mL; RRID:AB_259808
Ab150075; RRID:AB_2752244
406001; RRID:AB_315029
NR-50327

551162; RRID:AB_394081
554427, RRID:AB_395385
553729; RRID:AB_395013
554412; RRID:AB_395376
506328; RRID:AB_2562902
a9917-1mL; RRID:AB_258476
GTX133309; RRID:AB_2756864

Bacterial and virus strains

Zika virus (human strain R103451 (2015/Honduras)) BEI Resources NR-50355
Zika virus (human strain PAN2016 (2016/Panama)) BEI Resources NR-50210
Chemicals, peptides, and recombinant proteins

Zika virus full-length envelope (E) protein Aviva Systems Biology OPMAO04848
Zika virus EDI/EDII peptides (see below peptide 1-5) BEI Resources NR-50553
Peptide 1: IGVSNRDFVEGMSGG BEI Resources N/A
Peptide 2: TWVDVVLEHGGCVTV BEI Resources N/A
Peptide 3: MAQDKPTVDIELVTT BEI Resources N/A
Peptide 4: VDRGWGNGCGLFGKG BEI Resources N/A
Peptide 5: VVLGSQEGAVHTALA BEI Resources N/A

Zika virus NS3 overlapping peptides (see below peptide 6-15)  GenScript N/A
Peptide 6: AETDEDHAHWLEARM GenScript N/A
Peptide 7: HAHWLEARMLLDNIY GenScript N/A
Peptide 8: ARMLLDNIYLQDGLI GenScript N/A
Peptide 9: NI'YLQDGLIASLYRP GenScript N/A
Peptide 10: GLIASLYRPEADKVA GenScript N/A
Peptide 11: YRPEADKVAAIEGEF GenScript N/A
Peptide 12: KVAAIEGEFKLRTEQ GenScript N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Peptide 13: GEFKLRTEQRKTFVE GenScript N/A

Peptide 14: TEQRKTFVELMKRGD GenScript N/A

Peptide 15: FVELMKRGDLPV GenScript N/A

Alum (Aluminum hydroxide gel) InvivoGen vac-alu-250
MPL (Monophosphory! Lipid A) InvivoGen vac-mpla
Imiquimod InvivoGen vac-imq
Tween-20 Sigma P1379-1L
Non-fat milk Bio-Rad 1706404
TMB (3,3°,5,5 -tetramethylbenzidine) Sigma T0440-1L
DMEM cell culture medium Thermo Fisher Scientific 12430062
Fetal bovine serum (FBS) ATLANTA biologicals S11550
Penicillin/Streptomycin Thermo Fisher Scientific 15140163
Carboxymethyl cellulose Sigma MO0512-250G
Crystal violet Sigma C0775-100G
DAPI (4’ ,6-diamidino-2-phenylindole) Thermo Fisher Scientific 62247

Red Blood Cell Lysis Buffer Biolegend 420301
Brefeldin A Biolegend 420601
Molecular Biology Grade Water Fisher BP2819100
FastDigest EcoRI Thermo Fisher Scientific ~ FD0274
FastDigest Notl Thermo Fisher Scientific  FD0593
Certified Molecular Biology Agarose Bio-Rad 1613102

T4 DNA Ligase New England Biolabs M0202T
DH5a E. coli In House N/A

SOC Medium Sigma S1797-100mL
Kanamycin Solution Sigma K0254
Polyethylenimine Solution Millipore Sigma P3143
(R)-MG132 Millipore Sigma M8699-1IMG
Trypsin-EDTA (0.25%), phenol red Thermo Fisher Scientific 25200056
Bio-Rad Protein Assay Dye Reagent Bio-Rad 5000006
Concentrate

12% Mini-PROTEAN TGX Precast Protein Bio-Rad 4561043
Gels

SuperSignal West Pico PLUS Thermo Fisher Scientific 34579
Chemiluminescent Substrate

Critical commercial assays

FIX and PERM Cell Permeabilization Kit Thermo Fisher Scientific ~ GAS004
Mouse Inflammatory Cytokines Multi- QIAGEN 336161
Analyte ELISArray

Mouse Common Chemokines Multi-Analyte QIAGEN 336161
ELISArray

Qiaquick Gel Extraction Kit QIAGEN 28704
Qiaprep Spin Miniprep Kit QIAGEN 27104
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REAGENT or RESOURCE SOURCE IDENTIFIER
RNeasy Mini Prep Kit QIAGEN 74104
GoScript Reverse Transcription System Promega A5003
iTaq Universal SYBRGreen Supermix Bio-Rad 1725121
Experimental models: cell lines

K562 ATCC CCL-243
Vero E6 ATCC CRL-1586
Experimental models: organisms/strains

BALB/c mice The Jackson Laboratory 651
Interferon-a/p receptor-deficient (Ifnarl ") mice The Jackson Laboratory ~ 32045-JAX
Software and algorithms

GraphPad Prism 5 Graphpad Software N/A
SigmaPlot 13.0 SigmaPlot Software N/A

ZEN 2 Zen Software N/A
ImageJ NIH, USA N/A
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