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Summary

Zika virus (ZIKV) infection of the mother during pregnancy causes devastating Zika congenital 

syndrome in the offspring. A ZIKV vaccine with optimal safety and immunogenicity for use in 

pregnant women is critically needed. Towards this goal, we have developed a singledose live-

attenuated vaccine candidate that infects cells with controlled, limited infection rounds. The 

vaccine contains a 9-amino acid deletion in the viral capsid protein, and replicates to titers of >106 

focus-forming units (FFU)/ml in cells expressing the full-length capsid protein. Immunization of 

A129 mice with one dose (105 FFU) did not produce viremia, but elicited protective immunity that 

completely prevented viremia, morbidity, and mortality after challenge with an epidemic ZIKV 

strain (106 PFU). A single-dose vaccination also fully prevented infection of pregnant mice and 

maternal-to-fetal transmission. Intracranial injection of the vaccine (104 FFU) to one-day-old mice 

did not cause any disease or death, underscoring the safety of this vaccine candidate.

In Brief

A ZIKV vaccine for use in pregnant women requires an optimal balance between safety and 

immunogenicity. Xie et al. developed a live-attenuated vaccine candidate that can infect cells with 

controlled, limited infection rounds. A single-dose immunization of the vaccine prevents vertical 

transmission of ZIKV in pregnant mice.
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Introduction

Zika virus (ZIKV) is a newly emerged flavivirus that is primarily transmitted by mosquitoes, 

but can also be acquired through sexual, vertical, and blood transfusion routes (Aliota et al., 

2017). Besides ZIKV, many flaviviruses are significant human pathogens, including dengue 

(DENV), yellow fever (YFV), Japanese encephalitis (JEV), West Nile (WNV), and 

tickborne encephalitis (TBEV) viruses (Shan et al., 2016a). Flaviviruses have a single-

stranded, positive-sense RNA genome containing a 5’ untranslated region (UTR), a single 

open-readingframe, and a 3’UTR. The open-reading-frame encodes three structural [capsid 

(C), premembrane (prM), and envelope (E)] and seven nonstructural (NS1-NS2A-NS2B-

NS3-NS4ANS4B-NS5) proteins. The structural proteins together with viral RNA form 

virions, while the nonstructural proteins participate in viral replication, assembly, and 

evasion of the host immunity (Pierson and Diamond, 2013).

The most devastating manifestations of ZIKV infection are Guillain-Barré syndrome in 

adults (Cao-Lormeau et al., 2016) and congenital Zika syndrome (CZS) in infants born to 

women infected during pregnancy (Brasil et al., 2016; Rasmussen et al., 2016). Currently, no 

licensed vaccines or drugs are available to prevent ZIKV infection (Shan et al., 2018a; Xie et 

al., 2017b). Several ZIKV vaccine candidates have been developed, including inactivated, 

subunit (prM-E proteins expressed from DNA, RNA, or viral vectors), and live-attenuated 

vaccines (LAVs) (Abbink et al., 2016; Betancourt et al., 2017; Dowd et al., 2016; Larocca et 

al., 2016; Li et al., 2018b; Pardi et al., 2017; Richner et al., 2017b; Shan et al., 2017a; Shan 

et al., 2017b; Shan et al., 2018a; Xie et al., 2017a), several of which have already entered 

phase I/II clinical trials (Gaudinski et al., 2017; Modjarrad et al., 2017; Tebas et al., 2017). 

Different vaccine platforms have their intrinsic strengths and weaknesses. Inactivated and 

subunit vaccines are safe, but often require multiple initial doses and periodic boosting. 

LAVs typically require only a single dose, induce rapid and durable immunity, can be 

manufactured at a low cost, but have potential safety liabilities, particularly when used in 

immune-deficient and pregnant individuals. However, since ZIKV is endemic primarily in 

developing countries, a vaccine with single-dose efficacy is of practical importance, 

particularly when immunizing mass populations in remote areas.

The flavivirus C is a positively charged protein containing an N-terminal unstructured 

region, a pre-α1 loop, and four helices (Fig. 1a). The four helices facilitate the dimerization 

of the C protein (Dokland et al., 2004; Li et al., 2018a; Ma et al., 2004; Shang et al., 2018). 

Helices α2 and α3 are hydrophobic and can bind lipid-membrane, while helix α4 forms the 

main RNA-binding interface. Previous studies showed that deletions of helices α2 and α3 

impair virion production in TBEV, YFV, WNV, and DENV-2 (Kofler et al., 2002; Patkar et 

al., 2007; Schlick et al., 2009; Zhu et al., 2007). The length and position of the C deletion 

determine the level of virion assembly, ranging from a slight decrease to complete 

abolishment of infectious virus assembly. These findings have informed two vaccine 

approaches. Approach I uses C-deletion mutants that are reduced in forming infectious 

viruses; these mutant viruses infect cells for multiple rounds, but at reduced levels than the 

wild-type (WT) virus (Kofler et al., 2004; Schlick et al., 2010). Approach II uses C-deletion 

mutants that could not form infectious viruses; such mutant RNAs can be packaged into 

pseudo-infectious particles (PIP) by trans supplying full-length C proteins; the PIPs can 
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infect cells for single round (due to the C-deletion in viral genome) to elicit protective 

immunity (Chang et al., 2008; Widman et al., 2008; Widman et al., 2009). In this study, we 

analyzed the function of the C protein in ZIKV assembly and rationally developed a C-

deletion ZIKV with controlled infection rounds as a potent and safe vaccine.

Results

Characterization of C-deletion ZIKVs in cell culture

Since previous studies showed that helices α2 and α3 of the C protein are important for 

flavivirus assembly, we probed the function of the ZIKV C protein by introducing various 

deletions, located mainly at these two helices, into a cDNA clone of Cambodian strain 

FSS13025 (Shan et al., 2016b). We chose this pre-epidemic ZIKV strain because, compared 

with epidemic American isolates, the FSS13025 strain is attenuated in neurovirulence, 

immune antagonism, and mosquito infectivity (Liu et al., 2017; Xia et al., 2018; Yuan et al., 

2017), making it a safe starting point for vaccine development. Three panels of deletion 

mutants were prepared (Fig. 1b): Panel I contains six mutants (C1 to C6) with deletions of 

residues 7–20 in the α2 helix; panel II contains seven mutants (C7 to C13) with deletions of 

residues 4–9 in the α3 helix; and panel III contains three mutants (C14 to C-16) with larger 

deletions of residues 25–74 spanning the entire capsid. To examine the effect of these 

deletions on virion assembly, we transfected equal amounts of viral RNAs into Vero cells 

and monitored viral NS3 protein expression (Fig. 1c and Fig. S1). All deletion RNAs 

generated NS3-positive cells. However, none of the transfected cells showed increasing 

numbers of NS3-positive cells from day 1 to day 3 post-transfection (p.t.), suggesting no 

spread of infectious viruses. When supernatants from the transfected cells were used to 

infect naïve Vero cells, only mutant C12 generated infectious virus with a low titer (1.5×102 

IFU/ml). No other mutants produced detectable infectious viruses (Fig. 1d, e). To examine if 

mutant RNAs were packaged into virions that were not infectious, we quantified the viral 

RNA in culture medium using real-time RT-PCR. All mutants from panel II, but none from 

panels I or III, secreted viral RNAs into culture medium (Fig. 1f); RNase A treatment of the 

supernatant from the panel II RNA-transfected cells did not reduce the real-time RT-PCR 

signals (data not shown), suggesting that viral RNAs were enclosed in the form of virions. 

As controls, ZIKV replicon RNA-transfected cells did not generate any infectious or non-

infectious viruses in the supernatant, whereas WT viral RNA-transfected cells produced 

5×106 IFU/ml infectious virus (Fig. 1d, e). Collectively, these results indicate that, except for 

C12, other C deletions abolished infectious virus production, among which panel II mutants 

may form non-infectious virions. It should be noted that the ZIKV data presented here are in 

contrast to the previously reported C-deletion results for TBEV, YFV, and WNV, all of 

which could tolerate C deletions and produce infectious viruses (Kofler et al., 2002; Patkar 

et al., 2007; Schlick et al., 2009).

Effects of C deletion on virion assembly and infection

To further define the effects of C deletions on ZIKV assembly and release, we performed 

experiments outlined in Fig. S2a. We chose the C7 deletion for this analysis because this 

mutant generated the highest level of non-infectious virions, as evidenced by the highest 

level of extracellular viral RNA (Fig. 1f). Equal amounts of C7 viral RNA, WT viral RNA, 
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and replicon RNA were electroporated into Vero cells. At 48 h p.t., intracellular and 

extracellular viral RNA levels were measured by real-time RT-PCR. Although the 

intracellular level of C7 RNA was lower than that of replicon RNA (Fig. S2b, left panel), the 

extracellular level of C7 RNA was >100-fold higher than that of replicon RNA (Fig. S2b, 

right panel), indicating that C7 RNA was assembled into virions and released into the 

supernatant. Notably, although both the intracellular and extracellular levels of C7 RNA 

were significantly lower than those of WT RNA, the ratios of extracellular to intracellular 

RNA levels were comparable for C7 and WT (Fig. S2c), suggesting that the C7 deletion 

does not significantly reduce the efficiency of virion assembly and release.

To identify which steps were blocked during C7 virion infection, Vero cells were infected 

with equal amounts of C7 and WT virions (quantified by viral RNA levels) recovered from 

the viral RNA-transfected Vero cells (P0 virus; Fig. S2a). The infected cells were quantified 

for levels of intracellular and extracellular viral RNAs (Fig. S2d). At 1 h post-infection (p.i.), 

comparable levels of intracellular viral RNAs were detected for C7 and WT virion infections 

(Fig. S2d, left panel), suggesting that both virions could enter cells at a similar efficiency. 

Corroboratively, C7 and WT virions bound to Vero cells at equivalent efficiencies at 4°C 

( Fig. S2e). At 24 and 48 h p.i., the intracellular C7 RNA did not increase and the 

extracellular C7 RNA was below the limit of detection; in contrast, intracellular WT RNA 

levels increased by >1,000 fold (compared with the viral RNA level at 1 h p.i.), generating 

>107 copies/ml of extracellular WT RNA (Fig. S2d). These results suggest that the C7 virion 

can attach and enter cells, but cannot initiate RNA synthesis afterwards, possibly due to 

defects in membrane fusion and/or nucleocapsid un-coating. As expected, incubation of 

naïve Vero cells with P1 supernatant did not yield any intracellular C7 RNA replication (Fig. 

S2f).

Production of infectious C-deletion virus through trans complementation

To rescue infectious viruses for the C deletion mutants, we prepared a stable BHK-21 cell 

line that constitutively expressed a full-length C protein fused with an N-terminal HA tag 

(BHK-HA-C; Fig. S3a). Each BHK-HA-C cell expressed the HA-C fusion protein located in 

both the cytoplasm and nucleus (Fig. S3b). We compared the trans complementation 

efficiencies of all deletion mutants by transfecting equal amounts of viral RNAs into the 

BHK-HA-C cells. The transfected cells were monitored for viral E-positive cells from day 1 

to day 3 p.t. (Fig. S3c-e). A slight increase of E-positive cells was observed on C1–5 (Fig. 

S3c) and C14–16 (Fig. S3e) RNA-transfected cells, suggesting marginal restoration of virion 

infectivity and spread. In contrast, C6–13 deletion RNA-transfected cells showed significant 

increases in E-positive cells from day 1 to 3 p.t. (Fig. S3c, d), suggesting efficient rescue of 

virion infectivity and spread. Given that C7 contained the largest deletion (thus a lower 

chance of reverting to WT) and retained efficient replication in the BHK-HA-C cells 

(beneficial for virus production), we decided to focus on this mutant in the following 

experiments.

We characterized the trans complementation of the C7 mutant in more details. In agreement 

with Fig. S3, transfection of C7 RNA into BHK-HA-C cells generated increasing numbers 

of viral E protein-positive cells from day 1 to 4 (Fig. 2a, third panel), and produced C7t virus 
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(“t” representing “trans complemented”) that can infect naïve BHK-21 cells (Fig. 2b, third 

panel). The C7t virus could form small infectious foci on BHK-HA-C cells (Fig. 2c, third 

panel), but not on naïve BHK-21 cells (Fig. 2c, first panel). The trans complementation 

produced 1.4×104 FFU/ml of C7t virus (Fig. 2d). As a positive control, WT RNA generated 

infectious virus that could infect and spread on both naïve BHK-21 and BHK-HA-C cells 

(Fig. 2a-d).

To improve the yields of trans complementation, we passaged the C7t virus on BHK-HAC 

cells for 8 consecutive rounds (P0 to P8; Fig. 2e). Compared with P0 C7t virus, P8 C7t virus 

produced larger infectious foci (compare Fig. 2f with 2c, third panel) and a ~100-fold higher 

infectious titer to 1.2×106 FFU/ml (Fig. 2g). Sequencing the whole genome of P8 C7t virus 

revealed three adaptive mutations in addition to the original C7 deletion: E21K in prM, 

E27G in NS2B, and one synonymous mutation in NS5 (Fig. 2h). These results demonstrate 

that (i) an adaptive C7t virus (i.e., C7a/t virus, “a/t” representing “adaptive/trans 
complemented”) can be selected and (ii) such C7a/t virus could be produced to a high yield 

on BHK-HA-C cells through trans complementation.

Analysis of adaptive mutations in cell culture

To validate the role of adaptive mutations in C7a/t production, we engineered both prM 

E21K and NS2B E27G into the infectious clone of ZIKV strain FSS13025 (Shan et al., 

2016b). We first compared the specific infectivity of C7 and C7a (containing the two 

adaptive mutations) RNAs on BHK-HA-C cells (Fig. 3a, upper-left panel). The specific 

infectivity is defined as the number of infectious viruses produced after transfecting 1 μg of 

viral RNA into cells. The specific infectivity of C7a RNA was similar to that of WT viral 

RNA, which was 2-fold higher than that of C7 RNA (Fig. 3a, upper-right panel). Notably, 

the specific infectivity assay showed plaque sizes in the order of WT ZIKV > C7a virus > 

C7 virus (Fig. 3a, lower panel). These results suggest that the two adaptive mutations 

improve the specific infectivity of C7 mutant, leading to a higher yield of C7a/t virus on 

BHK-HA-C cells.

Next, we characterized the replication of C7a RNA on Vero, BHK-21, and BHK-HA-C cells 

(Fig. 3b, c). As expected, after transfecting C7a RNA into Vero cells, no increase in viral E-

positive cells was observed from day 1 to 4 p.t., yielding no detectable infectious virus (Fig. 

3c, left panel). On BHK-HA-C cells, increasing numbers of E-positive cells were observed, 

yielding 1.6×106 FFU/ml of infectious C7a/t virus on day 4 p.t. (Fig. 3b, right panel). 

Surprisingly, on naïve BHK-21 cells, an increasing number of E-positive cells was also 

observed, producing 1.2×105 FFU/ml of C7a virus (Fig. 3b, c, middle panels). Congruently, 

the C7a/t virus formed infectious foci on BHK-21 and BHK-HA-C cells, but not on Vero 

cells (Fig. 3d). Furthermore, the C7a/t virus replicated to a titer of 3×105 FFU/ml on 

BHK-21 cells, but only to a titer of 300 FFU/ml on Vero cells (using BHK-HA-C cells for 

quantifying infectious viruses); as a positive control, WT ZIKV replicated to higher titers of 

8×105 FFU/ml and 7×106 FFU/ml on BHK-21 and Vero cells, respectively (Fig. 3e). These 

results demonstrate that C7a/t virus is fully infectious on BHK-21 cells, but not on Vero 

cells.
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To examine if C7a/t virus is also fully infectious on other cell types, we tested five more 

human cell lines (A549, alveolar epithelial cell; Hela, cervix epithelial cell; JEG-3, placenta 

epithelial cell; HTB-8/SVneo, placenta trophoblast cell; and HTB-15, brain glioblastoma 

cell) and one mouse cell line (myoblast C2C12). As a positive control, WT ZIKV infected 

all cell lines and spread to more cells from day 1 to 3, although the percentages of E-positive 

cells varied among different cell lines (Fig. 3f). The C7a/t virus also infected all cell lines 

with varied efficiencies, but the percentages of E-positive cells decreased from day 1 to day 

3 p.i. (Fig. 3g), suggesting no spread of the C7a/t virus on these cells. Collectively, these 

results demonstrate that these adaptive mutations (prM E21K and NS2B E27G) confer full 

infection only on BHK-21 cells (where the adaptive mutations were selected from), but not 

on the other tested cell lines.

To understand the restricted spread of C7a/t infection, we examined the viral entry, RNA 

synthesis, and virion production of C7a/t on Vero or A549 cells. At 1 h p.i., comparable 

levels of viral RNAs were detected in cells infected with C7a/t and WT virus (Fig. S4a, c), 

suggesting that C7a/t virus is not defective in viral entry. In the C7a/t virus-infected cells, 

intracellular viral RNA increased from 4 to 16 h, and plateaued from 16 to 48 h p.i.; low 

levels of progeny C7a virus (<4×102 FFU/ml when measured on BHK-HA-C cells) were 

released to supernatant (Fig. S4b, d). Compared with the C7a/t infection, WT ZIKV 

produced significantly more intracellular viral RNA and extracellular virus, both of which 

increased continuously from 4 to 48 h post-infection. These results indicate that C7a/t virus 

could efficiently enter cells, replicate its viral RNA, and produce a low level of C7a virus; 

however, the progeny C7a virus cannot launch a productive infection cycle after entering 

cells, as demonstrated in Fig. S2.

Requirement of complete ZIKV C protein in C7a/t virus for productive infections

We analyzed the composition of C protein variants in C7a/t virus using Western blot. As 

shown in Fig. 3h, the C7a/t virus contained two C variants: HA-C (~12.5 kDa) and C7 

(~10.5 kDa) proteins with an estimated molecular ratio of 1:30, whereas the WT ZIKV had 

only full-length C protein (~11.4 kDa). As expected, both C7a/t and WT viruses contained 

mature M and E proteins. As controls, supernatant from replicon-transfected cells contained 

only NS1 protein, with no detectable structural proteins (C, M, or E). The data suggest that 

(i) C7a/t ZIKV contains both HA-C and C7 proteins and (ii) the presence of HA-C protein 

may facilitate viral replication after entry.

Next, we asked if C7a/t virus could be rescued through trans complementation from cells 

that are co-infected with other flaviviruses. Vero cells were co-infected with C7a/t virus and 

DENV-2 (MOI of 5.0). At 48 h p.i., supernatant (P1) was collected to infect naïve Vero cells. 

After 48 h of P1 infection, supernatant (P2) was harvested and tested for ZIKV RNA by 

real-time RT-PCR. No ZIKV RNA was detected in the P2 supernatant (data not shown). This 

result suggests no trans complementation between ZIKV C7a and DENV-2 C protein in the 

co-infected cells.
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Stability of C7a/t virus

We evaluated the genetic stability of C7a/t virus when produced on BHK-HA-C cells. After 

10 rounds of consecutive culturing on BHK-HA-C cells, the C7a/t virus did not change its 

focus morphology on BHK-HA-C cells (Fig. S5a). Sequencing the complete genome of P10 

virus revealed the engineered C7 deletion and the two adaptive mutations (prM E21K and 

NS2B E27G) without any additional changes (Fig. S5b). The results indicate that the C7a/t 

virus is stable when propagated on the BHK-HA-C cells.

Minimal dose of C7a/t virus and neutralizing antibody titer required for protection against 
ZIKV infection in A129 mice

We evaluated the virulence and immunogenicity of C7a/t virus in A129 mice, defective in 

type-I interferon receptors (Rossi et al., 2016). Fig. 4a outlines the experimental design. 

Three-week-old mice were infected with 105 FFU of C7a/t or WT virus (strain FSS13025). 

The infected mice were evaluated for weight loss (Fig. 4b), viremia (Fig. 4c), and survival 

(Fig. 4d). Compared with the DPBS sham group, no weight loss was observed in the C7a/t 

virus-infected group, whereas the WT virus-infected animals exhibited a significant weight 

loss on day 7 and afterwards (Fig. 4b). The WT virus-infected mice developed robust 

viremia with a peak titer of 3×106 PFU/ml on day 3; in contrast, the C7a/t virus-infected 

mice did not produce any detectable viremia when assayed on BHK-HA-C cells (Fig. 4c). 

Neither morbidity nor mortality was observed in the C7a/t virus-infected mice, whereas 40% 

mortality was observed in the WT virus-infected animals (Fig. 4d). To increase the test 

sensitivity, we repeated the above experiment using RT-PCR to quantify the viral RNA levels 

in serum (RNAemia), brain, and testis from the C7a/t-infected mice. On day 3 post-

immunization, 22% (n=2/9) of the C7a/t-infected animals displayed RNAemia that barely 

reached the detection limit of RT-PCR; all other mice exhibited undetectable RNAemia. On 

day 8 post-immunization, none of the animals yielded detectable RNAemia (Fig. S6a). No 

viral RNA was detected in the brain (Fig. S6b) or testis (Fig. S6c) on days 8 and 49 post-

immunization, indicating no neuroinvasion or persistent infection. Collectively, the results 

demonstrate that the C7a/t virus is highly attenuated in A129 mice.

On day 28 post-vaccination, mice were bled (to measure neutralizing antibody titers) and 

subcutaneously challenged with 106 PFU of the epidemic ZIKV PRVABC59 strain. The 

C7a/t virus-immunized mice produced a neutralizing titer of 2.8×103 (the highest dilution 

folds of sera that reduced 50% of mCherry ZIKV infection on Vero cells), which was 2.3-

fold lower than that of the WT virus-immunized mice (Fig. 4e). On days 2 and 3 post-

challenge, no viremia was detected from the WT ZIKV-infected or C7a/t virus-vaccinated 

mice; in contrast, the DPBS-vaccinated mice produced high viremia (Fig. 4f). All mice 

survived after challenge, including the mock-vaccinated and challenged animals (data not 

shown); this is not surprising because these A129 mice were challenged at the age of seven-

week old, which were too old to succumb to ZIKV infection (Rossi et al., 2016). To examine 

if ZIKV challenge boosted immune responses, we measured neutralizing activity on day 14 

post-challenge. The C7a/t virus-vaccinated mice showed a 23-fold increase in neutralizing 

titers from 2.8×103 to 6.3×104 after challenge (Fig. 4e), demonstrating an anamnestic 

response and suggesting a low level of viral infection after challenge that was not detected 
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by plaque assay of serum. In contrast, the WT virus-infected mice did not boost neutralizing 

titers after challenge (Fig. 4e), suggesting a sterilizing immunity.

Using the same experimental scheme (Fig. 4a), we tested lower doses of C7a/t virus (103 

and 104 FFU) and ultraviolet (UV)-inactivated C7a/t virus (105 FFU-equivalent) in A129 

mice. Eighty percent (n=4/5) of the 104 FFU C7a/t-vaccinated animals seroconverted (Fig. 

S7a); two seroconverted animals with higher neutralizing antibody titers (280 and 1,016) 

were fully protected against viremia upon challenge, whereas the other two seroconverted 

animals with lower neutralizing antibody titers (108 and 123) generated viremia (Fig. S7b). 

None of the A129 mice vaccinated with 103 FFU C7a/t virus or DPBS seroconverted; only 

one mouse vaccinated with 105 FFU equivalent UV-inactivated C7a/t virus seroconverted 

with a low neutralizing antibody titer of 108 (Fig. S7a); all of these animals developed 

viremia after challenge (Fig. S7b). However, it is noticed that mice vaccinated with the UV-

inactivated C7a/t virus exhibited significantly lower viremia than the DPBS- or 103 FFU 

C7a/t virus-vaccinated animals (Fig. S7b). A strong correlation (R2=0.753) was observed 

between the levels of neutralizing titers and viremia (p<0.0001) (Fig. S7c, d). Seven out of 

27 mice with neutralizing titers ≥280 were protected against viremia, all other mice with 

neutralizing titers ≤123 developed viremia after challenge (Fig. S7c). These results 

demonstrate that (i) a minimal dose of 105 FFU of C7a/t virus can confer 100% 

seroconversion and protection against viremia; (ii) a neutralizing antibody titer of ≥280 is 

sufficient for protection against viremia in A129 mice.

Protection from in utero transmission during pregnancy

We tested if vaccination with C7a/t virus could prevent in utero transmission during 

pregnancy. Fig. 5a outlines the experimental design. Three-week-old female mice were 

immunized with 105 FFU of C7a/t virus or DPBS sham. No viremia was detected on days 3 

to 7 post-immunization (Fig. 5b). On day 28 post-immunization, the mice generated an 

average neutralizing antibody titer of 1.2×103 (Fig. 5c). The female mice were then mated 

with male mice during days 30 to 33 post-vaccination, and monitored for vaginal plugs when 

embryonic day 0.5 (E0.5) was defined. At E10.5, dams were bled (to measure neutralizing 

titers) and subcutaneously challenged with 106 PFU of ZIKV epidemic strain PRVABC59. 

At E10.5, the average neutralizing titer reached 3.8×103, 2-fold higher than that detected on 

day 28 post-immunization (Fig. 5c). At E12.5, no viremia was detected from the C7a/t virus-

immunized animals, whereas a high viremia of 9×105 PFU/ml was detected from the DPBS-

immunized mice (Fig. 5d). At E18.5, animals were sacrificed and measured for viral loads in 

maternal organs (brain, spleen, and placenta) and fetal heads. Infectious ZIKV was detected 

in 50% of the spleens (n=3/6) and 83% of the brains (n=5/6) from the DPBS-immunized 

group, but none (n=0/8) from the C7a/t virus-immunized group (Fig. 5e). High viral loads 

(average 8×105 PFU/g) were detected in every placenta (n=25/25) from the DPBS-

immunized dams, whereas no infectious virus was detected in any placentas (n=0/36) from 

the C7a/t virus-immunized dams (Fig. 5f). Infectious virus (1×105 and 4×105 PFU/g) was 

detected in 8% of the fetal heads (n=2/25) from the DPBS group, whereas no infectious 

virus was detected in any fetal heads (n=0/36) from the C7a/t virus-immunized group (Fig. 

5g). In addition, fetal weights from the C7a/t virus-immunized group were similar to those 

from the uninfected control group, whereas fetal weights were significantly lower in the 
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DPBS group (Fig. 5h). Interestingly, high neutralizing antibody titers of about 1.3×103 were 

detected in the fetal blood from the C7a/t virus-immunized group (Fig. 5i). Together, these 

results demonstrate that (i) vaccination with C7a/t virus can prevent maternal infection and 

in utero transmission of ZIKV during pregnancy, and (ii) maternal neutralizing antibodies 

(most likely IgGs, since IgM is not known to cross the placenta) can be transferred to fetuses 

from the immunized dams.

T cell response after C7a/t virus immunization in A129 mouse

T cell immunity plays an important role in preventing ZIKV infection (Elong Ngono et al., 

2017). We analyzed the T cell responses in A129 mice subcutaneously inoculated with 105 

FFU C7a/t viruses. Mouse spleens were harvested on days 8 and 49 post-immunization. 

Splenocytes were cultured ex vivo, stimulated with live ZIKV or a previously reported ZIKV 

E peptide (Elong Ngono et al., 2017), and analyzed by both an intracellular cytokine staining 

(ICS) assay and a Bio-Plex immunoassay. The C7a/t-immunized mice showed significantly 

more IFN-γ+ and IFN-γ+TNF-α+ ZIKV-specific CD4+ and CD8+ T cells than the sham-

vaccinated animals on days 8 (Fig. 6a, b and Fig. S8a-c) and 49 post-immunization (Fig. 6f, 

g and Fig. S8g-i). Consistently, the splenocytes from C7a/t-immunized mice produced 

significantly higher levels of interleukin-2 (IL-2), IFN-γ, and TNF-α than those from the 

sham group on days 8 (Fig. 6c-e and Fig. S8d-f) and 49 (Fig. 6h-j and Fig. S8j-l) post-

immunization. These data indicate that the C7a/t immunization induces robust CD4+ and 

CD8+ T cell responses in mice.

Neurovirulence of C7a/t virus

To evaluate the neurovirulence of the C7a/t virus, we intracranially inoculated C7a/t virus 

into one-day-old CD-1 mice. We chose CD-1 mice because they have been used for 

neurovirulence analysis for other ZIKV LAV candidates (Shan et al., 2017a). In agreement 

with previous results (Shan et al., 2017b), 67% (n=6/9) of pups succumbed to 102 PFU of 

WT ZIKV FSS13025 infection. In contrast, no death was observed when neonates were 

injected with 104 PFU C7a/t virus or DPBS (Fig. S9). The results indicate that the C7a/t 

virus is highly attenuated in murine neurovirulence.

Discussion

Both LAVs (YFV 17D, JEV SA14–14-2, and Dengvaxia) and inactivated vaccines (JEV and 

TBEV) have been developed for flavivirus prevention in human use. A safe and efficacious 

ZIKV LAV is an attractive vaccine approach, particularly when the goal is to immunize 

general populations living in ZIKV-endemic areas. A number of ZIKV LAV candidates have 

been reported, including the 3’UTR deletion LAV (Shan et al., 2017a; Shan et al., 2017b), 

NS1 glycosylation knockout LAV (Richner et al., 2017a), E glycosylation knockout LAV 

(Fontes-Garfias et al., 2017), chimeric DENV-2 virus (Xie et al., 2017a), and chimeric JEV 

SA14–14-2 (Li et al., 2018b). Compared with these LAVs, our current C-deletion LAV has 

two major advantages.

First, the C-deletion LAV retains all ZIKV non-structural genes. Clinical studies of licensed 

YFV 17D and Dengvaxia suggest that T cell immunity is crucial for safe, efficacious, and 
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durable protection against flavivirus infection. Many T cell epitopes have been mapped to 

nonstructural proteins of flaviviruses, including ZIKV (Elong Ngono et al., 2017; Halstead, 

2017; Lima et al., 2017; Rivino et al., 2013). Therefore, LAVs containing the authentic 

structural and non-structural proteins should elicit stronger viral specific CD4+ and CD8+ T 

cell responses than the chimeric flavivirus LAVs, inactivated vaccines, and subunit vaccines, 

all of which contain only the structural proteins of ZIKV. Although neutralizing antibodies 

have been recognized as correlates of protection against ZIKV and other flavivirus infections 

(Abbink et al., 2016; Abbink et al., 2017; Hombach et al., 2007; Hombach et al., 2005; 

Modjarrad et al., 2017), T cells play an essential role in mediating the quality and longevity 

of vaccine response. It is currently unknown if protection against in utero transmission of 

ZIKV during pregnancy requires both humoral and cellular immunity.

Second, the C-deletion LAV infects cells with limited, controlled infection rounds, 

representing an important safety feature, particularly when immunizing 

immunocompromised and pregnant individuals. Due to the presence of complete HA-C in 

virions, the C7a/t virus can launch one productive cycle of infection; during this single-

round of replication, it generates prM/M-E empty particles and C7a virions (with 

nucleocapsid containing the C7 protein). Both the prM/M-E particles and C7a virions could 

elicit immune responses. However, the C7a virions cannot launch another round of 

replication after entry into cells, possibly due to defects in membrane fusion or nucleocapsid 

un-coating. Limited rounds of infection of C7a/t virus were observed in 7 out of 8 tested 

naïve cell lines. Only BHK-21 cells, from which the two adaptive viral mutations (prM 

E21K and NS2B E27G) were originally selected, could support multiple rounds of C7a/t 

viral infection. Future studies are needed to define the specific factor(s) in BHK-21 cells that 

accounts for the full infection cycle of C7a/t virus. We currently cannot exclude the 

possibility that other cell types are also able to support multiple rounds of C7a/t infection in 
vivo, which warrants future investigation. Given the subcutaneous route of administration, 

ZIKV-permissive cells around the injection site (e.g., skin fibroblast, epidermal 

keratinocytes, and immature dendritic cells) may support restricted rounds of infection of 

C7a/t in mice (Hamel et al., 2015). Such limited rounds of infection (observed in cell 

culture) translated into an excellent safety profile in vivo. First, no viremia was detected 

(using focus-forming assay on BHK-HA-C cells) after vaccinating A129 mice with 105 FFU 

C7a/t virus. Second, no morbidity or mortality was observed in one-day-old CD-1 mice after 

intracranial infection with 104 FFU of C7a/t virus. Despite this excellent safety profile, a 

single-dose vaccination of C7a/t virus elicited a robust immune response and fully protected 

against ZIKV infection and in utero transmission in pregnant mice. Besides C-deletions, 

mutations in other genes that modulate viral assembly may also be utilized to develop safe 

and efficacious vaccines (Shan et al., 2018b).

It remains to be determined how the two adaptive mutations (prM E21K and NS2B E27G) 

enhance the trans complementation efficiency of C7a RNA on BHK-HA-C cells by ~100 

fold. The genetic interaction between prM and C identified in this study is supported by the 

cryo-EM structure of the immature ZIKV showing that (i) a partially ordered C protein shell 

is located immediately below the base of the prM-E trimeric spikes and (ii) the prM E21K 

mutation is located at the interface between pr domains and are involved in the interactions 

within trimeric prM/E spikes (Prasad et al., 2017). NS2B of DENV and JEV is known to 
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modulate virion assembly (Li et al., 2016; Peng et al., 2018), supporting the role of NS2B 

E27G mutation in enhancing the production of C7a/t virus in the trans complementation 

system.

In summary, we developed a C-deletion ZIKV as a single-dose LAV with exceptional safety 

and immunogenicity. Our results suggest that further preclinical development of the 

Cdeletion LAV is warranted. The C-deletion ZIKV platform complements other promising 

vaccine platforms currently under development.

STAR Methods

Contact for Reagent and Resource Sharing

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

fulfilled by Lead Contact, Dr. Pei-Yong Shi (peshi@utmb.edu)

Experimental Model and Subject Details

Cell Lines—The Baby hamster kidney fibroblast (BHK-21) cells, mouse myoblast 

(C2C12) cells, African green monkey kidney epithelial (Vero) cells, human brain 

glioblastoma cells (HTB-15) and human placenta epithelial cells (JEG-3) were purchased 

from the American Type Culture Collection (ATCC, Bethesda, MD) and maintained in a 

high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS) (HyClone Laboratories, South Logan, UT) and 1% penicillin/

streptomycin (P/S). Human placenta trophoblast cells (HTR-8/SVneo) were purchased from 

ATCC and maintained in a RPMI medium with 5% FBS and 1% P/S. BHK-HA-C cells were 

grown in DMEM medium with additional 0.5 mg/ml Geneticin. Human alveolar basal 

epithelial cells (A549) were purchased from ATCC and cultured in DMEM supplemented 

with 10% FBS, 1% P/S and 1% HEPES. All cells were cultured at 37°C with 5% CO 2. All 

culture medium, NEAA, HEPES and antibiotics were purchased from ThermoFisher 

Scientific (Waltham, MA).

Animals—CD-1® IGS outbred mice were purchased from Charles River Laboratories 

(Wilmington, MA). A129 mice (Ifnar1tm1Agt, IFN type I receptor knockout) were purchased 

from Jackson laboratories (Bar Harbor, ME). Both mice were housed in specific pathogen-

free conditions in the Animal Resource Center at the University of Texas Medical Branch 

(UTMB; Galveston, TX). For neurovirulence studies, pregnant CD-1® IGS females were 

housed individually in microisolator cages. One day after delivery, neonates were used for 

intracranial injection. After injection, neonates were housed together with corresponding 

dams. Three-week old A129 mice (about 50% females and males) were used for vaccination 

studies. Female and male A129 mice were separated and housed in microisolator cages at no 

more than 5 mice/cage. For pregnancy studies, an individual male (2–3-month old) and 

female (7-week old) were introduced to the same cage for mating. At the time vaginal plug 

was confirmed, the females were separated into microisolator cages. Animals had access to 

water and food ad libitum. All animal procedures were performed as approved by the 

University of Texas Medical Branch (UTMB) Institutional Animal Care and Use Committee 

(IACUC).
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Method Details

Antibodies—The following antibodies were used in this study: mouse monoclonal 

antibody (mAb) 4G2 (which is cross-reactive with flavivirus E protein) produced from a 

mouse hybridoma cell line D1–4G2–4-15 (ATCC), rabbit anti-ZIKV prM (Alpha Diagnostic 

Intl Inc., San Antonio, TX), anti-ZIKV E and NS3 antibodies (GeneTex, Irvine, CA), mouse 

polyclonal antibody against ZIKV NS1 (in-house generated using the recombinant ZIKV 

NS1 antigen purified from E.coli.), rabbit anti-HA antibody (Abcam, Cambridge, MA), 

mouse polyclonal antibody against ZIKV capsid (inhouse generated using the recombinant 

ZIKV capsid antigen purified from E.coli.), ZIKV-specific HMAF (hyper-immune ascitic 

fluid; obtained from the World Reference Center of Emerging Viruses and Arboviruses 

[WRCEVA] at the University of Texas Medical Branch), goat antimouse or anti-rabbit IgGs 

conjugated with horseradish peroxidase (HRP) purchased from KPL (Gaithersburg, MD) 

and Sigma-Aldrich (St. Louis, MO), and goat anti-mouse IgGs conjugated with Alexa 488 

(Thermo Fisher Scientific). Antibodies used for intracellular cytokine staining (see 

description below) were purchased from Thermo Fisher Scientific.

Plasmid Construction—The ZIKV full-length cDNA infectious clone pFLZIKV (Shan 

et al., 2016b) was used as the backbone for engineering capsid deletion mutants. Standard 

overlap PCR was performed to amplify the DNA fragment between unique restriction 

enzyme sites NotI and AvrII that contained the corresponding capsid deletion mutants. 

Afterwards, the fragments were cloned into the infectious clone pFLZIKV through NotI and 

AvrII sites. Two unique restriction sites ApaLI and KasI were used to engineer the NS2B 

E27G mutation into pFLZIKV or C7 clone. Plasmids were propagated in E. coli strain Top 

10 (ThermoFisher Scientific). All restriction enzymes were purchased from New England 

BioLabs (Ipswitch, MA). The plasmids were validated by restriction enzyme digestion and 

Sanger DNA sequencing. All primers were synthesized from Integrated DNA Technologies 

(Skokie, Illinois) and are available upon request.

RNA Transcription and Electroporation—Plasmids were linearized by restriction 

enzyme ClaI. RNA transcription and electroporation were performed as described previously 

(Shan et al., 2016b). Briefly, 10 μg RNA was electroporated into 8 × 106 cells in a 4-mm 

cuvette using the GenePulser apparatus (Bio-Rad) at settings of 0.45 kV (Vero cells) or 0.85 

kV (BHK-21 and BHK-HA-C cells) and 25 mF, pulsing three times, with 3 s intervals. After 

a 10-min recovery at room temperature, transfected cells were suspended in culture media 

and incubated at 37°C wi th 5% CO2.

Immunofluorescence assay (IFA)—Cells were seeded in an 8-well Lab-Tek II chamber 

slide (Thermo Fisher Scientific). At given time points, cells were fixed in 100% methanol at 

−20°C for 15 min. After 1 h incubation in blocking buffer containing 1% FBS and 0.05% 

Tween-20 in PBS, cells were treated with primary antibodies for 1 h and washed three times 

with PBS (5 min per wash). Cells were then incubated with goat anti-mouse or rabbit IgG 

conjugated with Alexa Fluor 488 (Thermo Fisher Scientific) for 1 h in blocking buffer. After 

three PBS-washes, cells were mounted in a Vectashield mounting medium with DAPI 

(Vector Laboratories). Fluorescence images were acquired under Eclipse Ti2 inverted 

fluorescence microscope (Nikon Instruments Inc.).
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SDS-PAGE and Western Blot—After transfection, culture medium was clarified by 

centrifuging at 500×g for 5 min to remove cell debris. Supernatants were collected and 

mixed with 4×LDS sample buffer (Thermo Fisher Scientific). After denaturing at 70°C for 

15 min, 3 0 μl samples were loaded onto to a 12% or 15% SDS-PAGE gel (Bio-Rad 

Laboratories). After electrophoresis, proteins were resolved and transferred onto a 

polyvinylidene difluoride (PVDF) membrane using the Bio-Rad TransBlot Turbo Blotting 

System. Blots were soaked for 1 hour in a blocking buffer containing TBST (10 mM Tris-

HCl [pH 7.5], 150 mM NaCl, and 0.1% Tween 20) and 5% skim milk, followed by 1 h 

incubation with primary antibodies (1:1,000 diluted in blocking buffer). After three washes 

with TBST buffer, blots were incubated with goat anti-mouse or rabbit antibodies 

conjugated to HRP (1:10,000 diluted in blocking buffer. After three thorough washes with 

TBST buffer, blots were incubated with SuperSignal™ West Femto Maximum Sensitivity 

Substrate (Thermo Fisher Scientific). Chemiluminescence signals were detected in 

ChemiDoc System (Bio-Rad).

Focus-forming assay and Immunostaining—Focus-forming assay and 

immunostaining was performed to determine the amount of infectious viruses in the culture 

medium and mouse sera. 2×105 Vero, BHK-21 or BHK-HA-C cells per well were seeded in 

24-well plates. At 16–20 h post-seeding, 100 μl virus samples (serial tenfold dilutions: 

101−106 in DMEM) were prepared and inoculated into each well of 24-well plates with 

100% cell confluence. After incubation at 37°C for 1 h, the inoculum was replaced with 0.6 

ml of overlay medium containing 0.8% methylcellulose. Plates were incubated at 37°C for 5 

days. Afterwards, immunostaining was performed as described previously (Shan et al., 

2017b).

Virus replication Kinetics—Cells (8×105 cells/well) were seeded in a 6-well plate. One 

day after seeding, cells were infected with WT or mutant ZIKV at an MOI of 0.1–0.5. 

Infection was performed in triplicates at 37°C. After 1 h of infection, inoculums were 

removed and cells were washed extensively with PBS to eliminate unbound viruses. 

Afterwards, 3 ml of fresh medium was added to each well. From day 1 to 4 post-infection, 

200 μl of supernatants was collected daily and clarified by centrifugation at 500×g for 5 min 

prior to storage at −80°C. Virus ti ters in the culture fluids were determined by focus-

forming assay.

RNA extraction and qRT-PCR—At given time points, culture fluids were harvested and 

clarified by centrifugation at 500×g for 5 min. Culture fluids (140 μl) were used for 

extracellular viral RNA extraction by QIAamp viral RNA mini kit (Qiagen). After infection 

or electroporation, cells from 6-well plates were washed thoroughly with PBS. Intracellular 

RNAs were isolated using an RNeasy mini kit (Qiagen). Quantitative reverse transcription 

PCR (qRT-PCR) assays were performed using the QuantiTect Probe RT-PCR kit (Qiagen) or 

iScript SYBR Green One-Step kit (BioRad) in a LightCycler 480 system (Roche, Basel, 

Switzerland) following the manufacturer’s protocols. Primers ZIKV-6878V (5’-

CATGGTAGCAGTGGGTCTTC-3’), ZIKV-6980R (5’-

CTCCTCTCTCCTTCCCATTAGA-3’) and probe ZIKV-6908-FAM (5’-FAM/TA CCG CCA 
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A/ZEN/T GAA CTC GGA TGG TT/3IABkFQ-3’) were used in this study. Detailed 

procedures were described before (Yang et al., 2017).

Selection of stable BHK-HA-C cell line—The plasmid pXJ-HA-C (containing a 

neomycin resistance gene) was used for establishing cell lines constitutively expressing HA-

C fusion protein. The HA-C gene cassette was amplified by overlap PCR and cloned into a 

pXJ vector (Xie et al., 2015) using NotI and XhoI restriction enzyme sites. About 1×105 

BHK-21 cells per well in a 6-well plate were transfected with 1 μg of plasmids using the X-

tremeGENE 9 DNA transfection reagent (Roche, Basel, Switzerland). At 24 h post-

transfection, G418 (ThermoFisher Scientific) was added to a final concentration of 1 mg/ml. 

The culture medium was replaced with fresh medium containing 1 mg/ml G418 every three 

days. After about 2 weeks, G418-resistant colonies were formed, harvested and further 

expanded. Cells were characterized by fluorescence microscopy using rabbit anti-HA 

antibodies.

ZIKV/mcherry Neutralization Assay—Titers of neutralizing antibody in mouse serum 

were determined by using an mCherry ZIKV infection assay as described previously (Shan 

et al., 2017b). Briefly, sera were 2-fold serially diluted (starting at 1:25 dilution) in culture 

medium and then incubated with equal volume of ZIKV/mCherry reporter viruses at 37°C 

for 1 h. Afte rwards, antibody-virus complexes were added to Vero cell monolayers in a 96-

well plate. At 48 h post-infection, mCherry fluorescencepositive cells were quantified by the 

Cytation 5 Cell Imaging Multi-Mode Reader (Biotek). Fluorescence-positive cells from 

serum-treated wells were normalized to those of non-treatment controls (set as 100%). The 

effective dilution of sera to reduce percentage of mCherry-positive cells by 50% (NT50) was 

calculated using nonlinear regression analysis in GraphPad Prism 7 software (La Jolla, CA).

Mouse Experiments—Virulence and immunogenicity of vaccine candidates were 

evaluated using 3-week-old A129 mice (a model susceptible to ZIKV infection) (Rossi et al., 

2016). A129 mice were subcutaneously injected with 100 μl WT or mutant virus with 

desired concentrations. Mockinfected mice were given DPBS by the same route. Mice were 

monitored for weight loss and signs of disease daily. At given time points, mice were bled 

via the retro-orbital sinus (RO) and viremia was determined by plaque assay on BHK-HA-C 

cells. On day 28 post-immunization, mice were bled and neutralizing antibodies were 

measured using ZIKV/mCherry infection assay. Mice were challenged on day 28 post-

immunization with parental ZIKV strain PRVABC59 (106 PFU) via subcutaneous injection. 

On day 2 post-challenge, mice were bled and viremia was determined by plaque assay on 

Vero cells.

For the mouse pregnancy study, immunization was done according to the same procedure as 

described above. On day 28 p.i., mice were bled to measure NT50. Mice were mated starting 

on day 30 post-immunization. Mouse embryonic development started (E0.5) once mouse 

vaginal plugs were observed. At E10.5, mice were bled to quantify neutralizing antibodies, 

and immediately challenged with parental ZIKV strain PRVABC59 (106 PFU) via 

subcutaneous injection. Two days after challenge, mice were bled to measure viremia. At 

E18.5, all dams were euthanized and maternal tissues (brain, spleen and placenta) and fetus 

were harvested. Fetal weight was measured immediately. After decapitation, fetal heads and 
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blood were collected. Tissues were homogenized in 500 μl of DMEM medium using the 

TissueLyser II (Qiagen) for 5 min at 30 Hz. After centrifugation at 15000×rpm for 10 min, 

supernatants were harvested. Plaque assays were performed on Vero cells to determine virus 

loads in maternal brain, spleen and placenta and fetal head. Neutralizing antibodies in fetal 

blood were measured using ZIKV/mCherry infection assay as described above.

Intracellular cytokine staining (ICS)—Approximately 2.5×106 splenocytes were 

stimulated with 1×105 IFU live ZIKV (strain FSS13025) for 24 h or 10 μg/ml E peptide 

(Sequence 294–302 in ZIKV polyprotein) (Elong Ngono et al., 2017) for 5 h. Live ZIKV 

was used as a stimulant to measure both CD4+ and CD8+ T cell response (Shan et al., 

2017b). The E peptide was used as a stimulant to measure CD8+ T cell response (Elong 

Ngono et al., 2017). During the final 5 h of stimulation, BD GolgiPlug (BD Bioscience) was 

added to block protein transport. Cells were stained with antibodies for CD3 (APC-

conjugated), CD4 (FITC-conjugated), or CD8 (FITC-conjugated). Afterwards, cells were 

fixed in 2% paraformaldehyde and permeabilized with 0.5% saponin. Cells were then 

incubated with PE-conjugated anti-IFN-γ and PE-Cy7-conjugated anti-TNF-α antibodies or 

control PEconjugated rat IgG1. Samples were processed with a BD Accuri™ C6 Flow 

Cytometer instrument. Dead cells were excluded on the basis of forward and side light 

scatter. Data were analyzed with a CFlow Plus Flow Cytometer (BD Biosciences).

Bio-Plex immunoassay—Approximately 3×105 splenocytes were plated in 96-well 

plates and stimulated with 2 × 104 FFU ZIKV strain FSS13025 for 2 days or 10 μg/ml E 

peptide for 3 days, respectively. Culture supernatants were harvested and frozen at −80°C. 

Cytokines IL-2, IFN-Υ and TNF-α in the culture supernatants were measured using a Bio-

Plex Pro Mouse Cytokine Assay (Bio-Rad, Hercules, CA) according to the manufacturer’s 

instructions.

Neurovirulence in Newborn CD-1 Mice—Groups of 1-day-old outbred CD-1 neonates 

(n=8 to 9) were intracranially injected with WT ZIKV strain FSS13025 (100 PFU) or mutant 

viruses (10,000 FFU). Mice were monitored daily for morbidity and mortality over 20 days.

Quantification and Statistical Analysis

The amino acid alignment was performed with default settings using the CLC main 

workbench software (Qiagen). IFA images processing and cell counting was performed in 

software ImageJ (NIH). At least three different IFA images were used to estimate the mean 

and standard deviations of percentage of viral protein staining positive-cells in Figure 1e and 

3f-g. Densitometry analysis was performed using Image lab version 6.0 (Bio-Rad 

Laboratories, Hercules, CA). All numerical data are presented as the mean ± SEM (standard 

error of mean).

Group comparisons were performed using multiple t-tests, unpaired nonparametric Mann-

Whitney unpaired test or two-way ANOVA with a multiple comparisons correction in 

GraphPad Prism 7.0 software. Log-rank (Mantel-Cox) test was performed for analyzing 

statistical significance of survival. *p<0.05, significant; **p<0.01, very significant; 

***p<0.001, highly significant; ****p<0.0001, extremely significant; n.s., not significant. 
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The size of each study or number of replicates, along with the statistical tests performed can 

be found in corresponding Figure Legends.

Supplementary Material

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

• A 9-residue capsid protein deletion (C7) limits ZIKV infection to one to two 

rounds

• Single-dose immunization of mice with C7 elicits robust protective responses 

to ZIKV

• Single vaccination with C7 prevents vertical transmission of ZIKV in 

pregnant mice

• Intracranial injection of C7 to neonates did not cause any disease or death
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Figure 1. 
Characterization of C-deletion mutants. (a) Sequence alignment of flavivirus C protein. The 

alignment was performed using the CLC main workbench software (Qiagen). The structural 

features of ZIKV C protein are indicated. Below are the virus strains with the corresponding 

GenBank access numbers: ZIKV strain FSS13025 (KU955593), DENV-2 strain New Guinea 

C (AF038403), DENV-1 strain Westpac (U88535), DENV-3 strain H87 (M93130), DENV-4 

strain H241 (AY947539), JEV strain SA14–14-2 (JN604986), WNV strain NY99 

(AF196835), YFV strain 17D (JX949181), and TBEV strain A104 (KF151173). (b) 

Diagram of C-deletion mutants in the context of ZIKV genome. Dashed boxes indicate the 

deleted segments. Amino acid positions are indicated. (c) Immunofluorescent assay (IFA) of 

RNA-transfected Vero cells. At given time points post-transfection, Vero cells were fixed 

and stained with NS3 antibody for viral protein expression (green). Nuclei were 

counterstained by DAPI (blue). (d) IFA of infected Vero cells. Naive Vero cells were 

infected with the supernatant that was harvested from the RNAtransfected cells at 72 h post-

transfection. At 24 h p.i., cells were analyzed by IFA for viral NS3 expression. (e) Summary 

of C-deletion mutants after transfecting viral RNA into Vero cells. Percentages of NS3-

expressing cells (NS3+) were calculated as follow: (NS3+ cell number) / (DAPI+ cell 

number)×100%. Supernatants at 72 h p.t. were used to infect naive Vero monolayers in 8-

well chamber slides. At 24 h p.i., cells were fixed and monitored for NS3 expression by IFA. 

NS3+ cells were counted and the virus titers (IFU/ml) were calculated. Limit of detection, 10 

IFU/ml; N.D., not detectable. (f) Amounts of extracellular viral RNA post-transfection. At 

indicated time points, viral RNA levels in supernatant were quantified by RT-PCR. The 
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maximum amount of extracellular viral RNA from replicon RNA-transfected cells was set as 

the cutoff.

Xie et al. Page 23

Cell Host Microbe. Author manuscript; available in PMC 2019 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Trans complementation of the C7 mutant. (a) IFA after transfection. BHK-21 or BHKHA-C 

cells were transfected with C7 or WT RNA. On day 1 and 4 p.t., cells were fixed and stained 

for E protein expression (using 4G2 antibody). (b) IFA after infection. Supernatant from the 

RNA-transfected cells on day 4 p.t. was used to infect naive BHK-21 cells. At 24 h p.i., cells 

were fixed and stained for viral E protein expression. (c) Focus morphology. Viruses (C7t 

and WT) in the supernatants from transfected BHK-HA-C cells were subjected to focus-

forming assay on BHK-21 and BHK-HA-C cells. On day 5 p.i., focus-forming units (FFU) 

were determined by immunostaining. (d) Virus titers in supernatants of transfected cells on 

day 4 post-transfection. The limit of detection is 10 FFU/ml. (e) Diagram of passaging C7t 

virus on BHK-HA-C cells. The C7t virus was continuously passaged on BHK-HA-C cells 

for 8 rounds, resulting in adaptive P8 C7t virus. (f) Focus morphology of P8 C7t virus on 
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BHK-HA-C cells. Focus-forming units were assayed on day 5 post-infection. (g) Virus titer 

of P8 C7t virus. (h) Summary of the whole genome sequence of P8 C7t virus. The sequence 

of ZIKV strain FSS13025 (KU955593) was used as a reference.
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Figure 3. 
Characterization of the C7 mutant with adaptive mutations (C7a). (a) Comparison of specific 

infectivity between C7 and C7a (with adaptive prM E21K and NS2B E27G mutations). 

Upper-left panel outlines the experimental procedures. Infectious cDNA clone-derived C7 

and C7a RNAs were transfected into BHK-HA-C cells. Transfected cells were serially 

diluted and seeded onto BHK-HA-C cell monolayers. Focus-forming units were detected by 

immunostaining on day 4 post-transfection. PFU/μg RNA values were calculated and 

presented in the upperright panel. The lower panel shows the morphology of the foci after 

immunostaining. Statistically significant differences were determined using a t-test. (b) IFA 

of RNA-transfected Vero, BHK-21, and BHK-HA-C cells. C7a RNAs (containing the C7 

deletion plus prM E21K and NS2B E27G mutations) were electroporated into BHK-21 or 

BHK-HA-C cells. The viral E protein expression was monitored by IFA. (c) Virus titers in 

supernatants on day 4 p.t. determined by focus-forming assay. (d) Focus morphology. C7a/t 

viruses were harvested from the C7a RNA-transfected BHK-HA-C cells on day 4 post-

transfection. Focus morphology of C7a/t virus was determined on Vero, BHK-21, and BHK-

HA-C cells. (e) Viral replication kinetics. BHK-21 or Vero cells were infected with C7a/t or 

WT ZIKV at an MOI of 0.5. Virus titers were measured by focus-forming assay on BHK-

HA-C cells. Statistical significance was determined using multiple t-test. (f) IFA for 

monitoring the spread of WT ZIKV infection. (g) IFA for monitoring the spread of C7a/t 
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virus infection. Cells were infected with WT or C7a/t virus (MOI 0.25). Viral E protein 

expressing cells were quantified by IFA using 4G2 antibody. Percentages of E-positive cells 

are presented. CPE, viral infection-mediated cytopathic effect; +, mild; ++, moderate; +++, 

severe. (h) Western blot analysis of C7a/t virus. Supernatants from replicon RNA-transfected 

BHK-HA-C cells (day 4 p.t.), WT RNA-transfected Vero cells (day 4 p.t.), and C7a RNA-

transfected BHK-HA-C cells (day 4 p.t.) were analyzed for viral proteins (HA-C, C, M, E, 

and NS1) using Western blotting.
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Figure 4. 
Single-dose immunization of C7a/t protects A129 mouse from ZIKV infection. (a) 

Experimental design. Three groups (n=5) of three-week-old A129 mice were subcutaneously 

injected with C7a/t virus, WT ZIKV, or DPBS (sham). Viremia was monitored from days 2 

to 4 post-infection. Following immunization, mice were monitored for weight loss over 12 

days. On days 28 and 42 post-immunization, mice were bled and quantified for pre- and 

post-challenge neutralizing antibody titers (NT50). Mice were subcutaneously challenged 

with 106 PFU of ZIKV PRVABC59 strain on day 28 post-immunization. On days 2 and 3 

post-challenge (equivalent to days 30 and 31 post-immunization), mice were bled to measure 

viremia post-challenge. (b) Mouse weight post-immunization. Two-way ANOVA was used 

to determine the statistical significance in weight change among groups. (c) Viremia post-

immunization. Viremia was determined by focus-forming assay on BHK-HA-C cells. Limit 

of detection (L.O.D.), 100 PFU/ml. (d) Survival after immunization. (e) Pre-and post-

challenge neutralizing antibodies. NT50s were determined by ZIKV/mCherry neutralization 

assay (see details in Methods). L.O.D., 100 reciprocal sera dilution. (f) Viremia post-

challenge. Viremia on days 2 and 3 post-challenge were measured by plaque assay. An 

unpaired nonparametric Mann-Whitney test was used for analyzing the statistical 

significance of viremia and NT50s.
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Figure 5. 
Prevention from in utero transmission of ZIKV in pregnant mice. (a) Experimental design. 

Three-week-old female A129 mice were subcutaneously inoculated with 105 FFU of C7a/t 

(n=8) or DPBS (sham; n=6). (b) Viremia post-immunization. The viremia was measured on 

BHK-HA-C cells. (c) Neutralizing antibodies in serum on day 28 post-immunization and 

E10.5 during pregnancy. (d) Maternal viremia at E12.5 after ZIKV challenge. The pregnant 

mice were challenged at E10.5 with 106 PFU of ZIKV PRVABC59. (e) Viral loads in 

maternal organs at E18.5. (f) Viral loads in placenta at E18.5. (g) Viral loads in fetal heads at 

E18.5. (h) Fetal weight at E18.5. (i) Neutralizing antibodies in fetal serum. Viremia was 

determined by plaque assay. The NT50s were determined by an mCherry ZIKV 

neutralization assay. An unpaired nonparametric Mann-Whitney test was used for analyzing 

statistical significance. The L.O.D.s for viremia, tissue virus load, maternal NT50s, and fetal 

NT50s are 100 FFU/ml, 100 PFU/g tissue, 100 dilution, and 10 dilution, respectively.
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Figure 6. 
Robust T cell response in A129 mice after C7a/t immunization. Three-week old A129 mice 

were subcutaneously inoculated with C7a/t viruses (105 FFU) or DPBS (sham). Splenocytes 

were harvested on days 8 (a-e) and 49 (f-j) post-immunization, cultured ex vivo with ZIKV 

for 24 h or ZIKV E peptide for 5 h, and stained for IFN-γ, TNF-α, and T cell markers. 

Cytokines (IL-2, IFN-γ, and TNF-α) in splenocyte culture medium were measured by a 

Bioplex assay following ex vivo stimulation with ZIKV for 2 days. (a, f) Total numbers of 

CD4+ T cell subsets per spleen. Splenocytes were stimulated by ZIKV. (b, g) Total numbers 

of CD8+ T cell subsets. Splenocytes were stimulated by ZIKV (left panel) or E peptide 

(right panel). IL-2 (c, h), IFN-γ (d, i), and TNF-α (e, j) in cell culture were measured after 

splenocytes were stimulated by ZIKV. An unpaired nonparametric Mann-Whitney test was 

used for analyzing statistical significance.
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