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Abstract

In this study, we described the generation and immunogenicity of the Zika Virus (ZIKV) envelope 

protein (E) domain III (DIII) as a protein subunit vaccine candidate. ZIKV EDIII (zEDIII) was 

rapidly produced in E. coli in inclusion bodies. ZIKV EDIII was solubilized, refolded and purified 

to >95% homogeneity with a one-step Ni2+ affinity chromatography process. Further analysis 

revealed that zEDIII was refolded properly and demonstrated specific binding to an anti-zEDIII 

monoclonal antibody that recognizes a zEDIII conformational epitope. Subcutaneous 

immunization of mice with 25 and 50 μg of zEDIII was performed over a period of 11 weeks. 

zEDIII evoked ZIKV-specific and neutralizing antibody response with titers that exceed the 

threshold that correlates with protective immunity against ZIKV. The antigen-specific IgG isotypes 

were predominantly IgG1 and splenocyte cultures from immunized mice secreted IFN-gamma, 

IL-4 and IL-6. Notably, zEDIII-elicited antibodies did not enhance the infection of dengue virus in 

Fc gamma receptor (FcγR)-expressing cells. This study provided a proof of principle for the 

further development of recombinant protein-based subunit vaccines against ZIKV.
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Introduction

Zika virus (ZIKV) belongs to the genus Flavivirus in the family Flaviviridae, and is closely 

related to the four serotypes of dengue virus (DENV), West Nile virus (WNV), tick-borne 

encephalitis virus (TBEV), and yellow fever virus (YFV) [1]. Recent ZIKV outbreaks have 

been linked to the development of severe fetal abnormalities that include microcephaly and 

Guillain-Barre’ syndrome [2, 3]. In 2015, over 1.5 million people were infected with ZIKV 

in Brazil and the World Health Organization has warned that ZIKV is “spreading 
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explosively” and four million people could be infected in American countries within next 12 

months [4]. However, currently there is no approved vaccine for human use. Therefore, there 

is an urgent need for the development of an effective prophylactic vaccine to prevent ZIKV 

infection.

Like other flaviviruses, the ZIKV Envelope (E) glycoprotein mediates viral assembly, 

attachment to cellular receptors, and is essential for the subsequent membrane fusion 

involved in viral entry [1]. It is also a major target of host antibody responses [1]. Studies 

have revealed that ZIKV E shares a three-domain architecture with the E proteins of DENV 

and other related flaviviruses [5]. The domain III of flavivirus E protein (EDIII) contains the 

cellular receptor-binding motifs and importantly, the majority of the type-specific 

neutralizing epitopes that induce strong host antibody responses and/or protective immunity 

are mapped to this domain [6, 7]. Recently, EDIII of ZIKV (zEDIII) has been found to be 

targeted by several different ZIKV-specific antibodies with distinct yet potent neutralizing 

activities [8]. Since neutralizing antibodies have been considered to be correlate with 

protection for approved vaccines against YFV and TBEV, as well as having been 

demonstrated to play important roles in the protection against infection by many flaviviruses 

[9, 10], the potential of zEDIII in inducing potent neutralizing antibodies renders it a prime 

candidate as an effective subunit vaccine against ZIKV. Hence, we investigated the potential 

of zEDIII as an effective subunit vaccine against ZIKV in this study.

Material and methods

Construction of DIII expression vectors

The coding DNA sequence of ZIKV E protein of strain PRVABC59 (amino acid 1-403, 

Genbank Acc.No. AMC13911) was synthesized using the original Genbank sequence 

(Integrated DNA Technologies, IA). The EDIII coding sequence was amplified by PCR and 

cloned into the pET28a bacterial expression vector with restriction enzymes BamH1 and 

XhoI (MilliporeSigma, MA). The pET28a vector provides the start codon and an N-terminal 

hexa-histidine tag (His6) tag for Ni2+ affinity chromatography-based purification (Fig 1A). 

The resulting plasmid, pET28a-His6-zEDIII was transformed into E. coli BL-21 cells for 

expression as previously described [11].

Expression, refolding and purification of ZIKV EDIII from E. coli

zEDIII was expressed in E. coli, refolded using an oxidative protocol, and purified by 

immobilized metal anion chromatography (IMAC) with a Ni His.Bind column as described 

previously [12]. Details of these methods are provided in Supplementary material.

SDS-PAGE, Western blot, and ELISAs

SDS-PAGE and western blot were used to characterize the size, identity, and purity of the 

recombinant zEDIII. The specific recognition of refolded zEDIII by mAbs that bind to 

ZIKV EDIII-specific conformational epitopes was determined by ELISA as described 

previously [13]. The titers of zEDIII-specific total IgG and the IgG1 and IgG2c subtypes in 

mouse serum were also determined by ELISAs as previously published [14]. Endpoint titers 

were defined as the highest reciprocal serum dilution that yielded an OD450 >2-fold over 
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background values. Geometric mean titer (GMT) was calculated for each group at various 

time points, and was used to express the titers of the zEDIII-specific IgG. Details of the 

SDS-PAGE, western blot and ELISA methods are provided in Supplementary material.

Neutralization and antibody-dependent enhancement Assay

A plaque reduction neutralization test (PRNT) was used to measure ZIKV-specific 

neutralizing antibodies as previously published [15]. Neutralizing antibody titers were 

expressed as the reciprocal of the highest dilution of serum that neutralized ≥ 50% of ZIKV. 

The enhancing activities of zEDIII-elicited antibodies for DENV infection was determined 

by an antibody-dependent enhancement (ADE) assay as previously described [16]. Details 

of the PRNT and ADE method are provided in the Supplementary material.

Mouse immunization

All animal work was approved by the institutional animal care and use committee and 

carried out in accordance with the NIH guide for the care and use of laboratory animals. Six-

week old female C57BL/6 mice were divided into 5 groups (n = 6 per group). Mice in group 

1 received PBS with TiterMax Gold (TMG, MilliporeSigma, MA) as mock immunized 

control. Groups 2 and 3 received 25 μg and 50 μg of zEDIII with TMG per dosage, 

respectively. Group 4 received PBS with aluminum hydroxide gel (alum, InvivoGen, CA) as 

another mock control. Group 5 received 25 μg of zEDIII with alum. On Day 0, each mouse 

was injected subcutaneously with 100 μl of material containing saline, 25 μg or 50 μg 

purified zEDIII protein in PBS with TMG or alum as adjuvant (zEDIII Protein solution: 

TMG or alum volume ratio = 1:1). Mice were boosted on days 21, 42 and 63 using the same 

dosage and immune protocol as in the 1st immunization. Blood samples were collected from 

the retro-orbital vein on Day -7 before the immunization (pre-immune sample) and on days 

14 (2 week), 35 (5 week), 56 (8 week) and 77 (11 week) after the 1st immunization. On day 

84 (12 week), mice were euthanized and the spleens aseptically removed for in vitro 
splenocyte cultures.

Spleen cell culture and cytokine production measurement

Single-cell suspensions of the spleens from immunized mice were prepared by mechanical 

dissociation and splenocyte culture supernatants were collected 48 hr after stimulation to 

determine cytokine production as described previously [17]. Details of these methods are 

provided in Supplementary material.

Statistical analyses

Analysis of biochemical and immunological data was performed using GraphPad Prism 

software version 6.07 (GraphPad, CA). Kd of zEDIII binding to ZV54 was determined by 

non-linear regression analysis using a one-site binding model. Comparisons of zEDIII-

specific total IgG, IgG1 and IgG2c titers, cytokine concentrations, and neutralization 

potency between groups was performed using t-tests. Comparison of IgG1/IgG2c ratio 

between samples collected at various time points was performed by one-way ANOVA. A p 
value of <0.05 indicated statistically significant differences.
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Results

Expression and refolding of ZIKV E DIII

The coding sequence of zEDIII (from amino acid 303 to 403 of E protein) was cloned into 

expression vector pET28a (Fig 1A) and transformed into E. coli cells. To determine the 

optimum time for zEDIII accumulation, E. coli samples were taken every 4 hr after adding 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) to the bacterial culture and zEDIII induction 

was analyzed by Coomassie blue staining analysis of SDS-PAGE of total E. coli protein. 

Expression of a protein with the predicted molecular weight of His6-zEDIII (14.5 kDa) was 

detected 4 hr after IPTG induction and a higher level of accumulation of this protein was 

achieved after 12 hr incubation (Fig 1B). Further analysis with both SDS-PAGE and western 

blotting indicated that zEDIII was produced in the inclusion bodies (data not shown). 

Sarcosine was used to solubilize inclusion bodies and zEDIII was refolded to recover its 

native conformation by consecutive dialysis with buffers containing reduced/oxidized 

glutathione.

Purification and characterization of ZIKV E DIII

The availability of an efficient purification scheme is an essential component for zEDIII to 

become a viable vaccine candidate. Since zEDIII was tagged with a His6 tag on its N-

terminus, we developed a one-step purification procedure based on Ni2+-based IMAC. 

Samples from various purification steps were analyzed by SDS-PAGE (Fig 2A) and Western 

blot analysis (Fig 2B). The result confirmed that zEDIII was produced in the inclusion 

bodies of E. coli cells (Fig 2A and B, Lane 3). Ni2+ affinity chromatography efficiently 

removed the remaining E. coli host proteins (Fig 2A and B, Lane 4), and purified zEDIII to 

greater than 95% homogeneity (Fig 2A and B, Lane 5). A cross-reactive band was detected 

in fractions of total protein lysate and solubilized inclusion bodies (Fig 2B, Lanes 2 – 3), 

suggesting a potential zEDIII-containing protein complex. However, this cross-reactive 

protein/protein complex was successfully removed by Ni2+ affinity chromatography and 

only the expected zEDIII band with the predicted molecular mass was detected in the 

purified zEDIII fraction (Fig 2A and B, Lane 5).

To confirm the authenticity and proper folding of the purified zEDIII, we examined its 

binding to ZV54 mAb generated against ZIKV EDIII and E16 mAb against WNV EDIII. 

E16 has been shown to be WNV specific and only bind a conformational epitope on the 

lateral ridge of WNV EDIII [18]. Similarly, ZV54 is ZIKV specific and binds a lateral ridge 

conformational epitope on zEDIII that consists of 4 discontinuous structural elements of the 

native zEDIII [8]. Therefore, recognition of a recombinant zEDIII by ZV54 will be 

indicative of its proper folding. Indeed, ELISA analysis demonstrated that zEDIII bound 

ZV54 specifically with high affinity (Kd = 0.2nM) but did not show any binding to E16 (Fig 

2C). Additionally, zEDIII did not bind to 6D8, an anti-Ebola IgG isotype control (data not 

shown). Together, these results demonstrated that zEDIII can be purified to high 

homogeneity and purified zEDIII was folded into a conformation that resembles the native 

viral zEDIII on the surface of ZIKV.
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Immune responses evoked by immunization of zEDIII

C57BL/6 mice were injected subcutaneously with four doses of zEDIII with TMG or alum 

as adjuvant over an 11-week time period (Fig 3A). Mice were divided into 5 groups (n = 6 

per group), with groups 1 and 4 as the negative control groups injected with PBS with TMG 

and alum adjuvant, respectively, groups 2 and 3 with 25 μg and with 50 μg of zEDIII with 

TMG, and group 5 with 25 μg of zEDIII with alum, respectively. Individual serum zEDIII-

specific antibody responses were measured by ELISA and GMT was calculated for each 

group at various time points. Samples collected from the control adjuvant group throughout 

the entire experiment course and pre-immune sera for all groups taken prior to the first 

immunization (day 0) were negative for the presence of anti-zEDIII IgG (titer < 10) (Fig 

3B). All mice in groups immunized with 25 μg and 50 μg of zEDIII with TMG responded 

after the first administration and IgG titers increased after each of the first three antigen’s 

delivery and reached its peak at week 8, two weeks after the third immunization (Fig 3B). 

Antibody titers at week 11 (two weeks after the fourth dose) were similar to those of week 8 

for groups 2 and 3 (Fig 3B). This suggests that the last immunization did not significantly 

further boost the zEDIII-specific antibody response. The amplitude of the zEDIII-specific 

IgG response did not show a dose-dependent trend between the two dosages throughout the 

immunization scheme (p = 0.71) (Fig 3B), possibly due to the high dosage used. The pattern 

of zEDIII-specific IgG response with alum as adjuvant is almost identical to that with TMG 

(Fig S1). In addition, the antigen-specific IgG titers from mice injected with zEDIII + alum 

are similar or higher than that of mice received zEDIII + TMG throughout the immunization 

course (p = 0.41) (Fig S1).

Antigen-specific IgG1 and IgG2c subtypes were evaluated by ELISA for serum samples 

from mice that were immunized with 25 and 50 μg of zEDIII. As shown in Figure 4, zEDIII 

induced robust IgG response of both IgG1 (Fig 4A) and IgG2c (Fig 4B) subtypes with 

higher titers of IgG1 at week 8 (Fig 5C), suggesting a Th2-type biased response stimulated 

by zEDIII antigen with TMG as the adjuvant. Similar results were also obtained for sera 

collected at weeks 5 and 11 (data not shown). Statistical analysis indicates that there is no 

significant difference between the two dosage groups in IgG1 (p = 0.18) or IgG2c (p =0.33) 

titers, or in ratios of IgG1/IgG2c (p = 0.5). In addition, the ratio of IgG1/IgG2c for both 

dosage groups did not vary significantly between weeks 5, 8, and 11 (p = 0.52 for the 25 μg 

group, p = 0.47 for the 50 μg group). The ratio of IgG1/IgG2c in mice that received zEDIII 

with alum as the adjuvant is also similar to that of zEDIII + TMG-injected mice (data not 

shown).

Th1- and Th2-type cytokine (i.e. IFN-γ, IL-4 and IL-6) production by splenocytes from 

immunized mice was also measured 48hr after in vitro stimulation with zEDIII or CoA 

(positive control). IFN-γ, IL-4 and IL-6 production was robustly stimulated by Con A, 

indicating the competency of splenocytes in producing cytokines upon stimulation in vitro 
(data not shown). No significant cytokine titers were detected from splenocytes of mice 

receiving PBS after in vitro stimulation with zEDIII (Fig 5). In contrast, splenocytes from 

zEDIII-injected mice produced significant levels of IFN-γ (Fig 5A), IL-6 (Fig 5B), and IL-4 

(Fig 4C) with that of IL-6 and IL-4 being higher (TMG as the adjuvant) or similar (Alum as 

the adjuvant) to that of IFN-γ. These results indicate that zEDIII induced a balanced cellular 
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immune response probably with a more Th2-type bias, corroborating the results of the 

humoral response above.

The ability of induced antibodies in response to zEDIII immunization to confer protection 

against ZIKV infection was examined by a PRNT assay. Incubation of ZIKV with 

preimmune sera or sera from mice inoculated with PBS and adjuvant did not reduce ZIKV 

infection (Fig 6A). In contrast, incubation of anti-zEDIII serum with ZIKV conferred potent 

neutralizing effects (p <0.0001 comparing anti-zEDIII serum versus adjuvant alone sera). 

Specifically, ZIKV infection was reduced by > 50% and >80% when incubated with sera of 

1/16 and 1/4 dilutions, respectively with TMG as the adjuvant; and reduced by > 66% and 

>94% with sera of equivalent dilutions when alum was used as the adjuvant (Fig 6A).

Antibody-dependent enhancement activity of IgGs from zEDIII-injected mice

One of the challenges of vaccine development for ZIKV is the risk of antibody-dependent 

enhancement (ADE) of heterologous flavivirus (e.g. DENV) infection. As such, we 

investigated if zEDIII-based antigen would induce IgGs that have a different ADE profile in 
vitro compared to that of 4G2, an anti-DENV-2 E domain II (EDII) mAb that cross-reactive 

with E of other flaviviruses [19]. 4G2 efficiently promoted ADE of DENV-2 infection in 

K562 cells that express the human FcγR (Fig 6B). In contrast, IgGs isolated from zEDIII-

injected mice (50 μg with TMG, week 11) displayed no significant ADE activity for 

DENV-2 similar to IgGs from the negative control mice that received PBS and adjuvant (Fig 

6B). PRNT analysis revealed that high concentrations of zEDIII-evoked IgGs used in the 

ADE assay have neutralizing activity (data not shown), confirming the lack of ADE is not 

due to insufficient amount anti-zEDIII IgGs in the assay.

Discussion

The widespread epidemics of the current ZIKV outbreak and its clinical effects on fetuses in 

pregnant women call for the urgent development of vaccines. Recently, three types of ZIKV 

vaccine candidates were evaluated in animal models [20, 21]. These studies demonstrated 

that a purified inactivated ZIKV and a plasmid DNA that expresses an optimized ZIKV 

premembrane (prM) and E protein (prM-E) provided complete protection against ZIKV 

challenges in both mouse and rhesus monkey models [20, 21]. In addition, a recombinant 

rhesus adenovirus serotype 52 vector vaccine candidate that expresses the same ZIKV prM-

E protein as in the naked plasmid vaccine candidate also protected non-human primates 

against ZIKV challenge [21]. While these studies have laid the foundation for ZIKV vaccine 

development, risk factors associated with these vaccine candidates including incomplete 

inactivation, unfavorable host responses to viral vectors, and the potential of ADE for 

heterologous flavivirus (e.g. DENV) infection, call for the development of safer ZIKV 

vaccines, particularly for pregnant women.

Here, we demonstrate for the first time that immunization of recombinant zEDIII protein 

elicited a strong antigen-specific response with a ZIKV neutralization titer that has been 

shown to correlate with protection in mice against challenges of both Brazil and Puerto Rico 

strains of ZIKV [20]. zEDIII has been recently revealed as the domain of the E protein that 

binds cellular receptor and contains epitopes of potently neutralizing antibodies against 
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ZIKV [8]. These zEDIII-specific antibodies have been shown to be ZIKV specific and 

recognize three spatially distinct epitopes in zEDIII. Furthermore, they have shown 

neutralizing potency against African, Asian and American strains of ZIKV and some of 

them protected mice against a lethal ZIKV challenge [8]. These results and the ability of 

EDIII of flaviviruses to independently fold into a functional domain [12] suggest that 

recombinant zEDIII is an appealing vaccine candidate. In this study, zEDIII was facilely 

produced in large quantity in E. coli. The distribution of zEDIII in the inclusion bodies 

offered an advantage in separating zEDIII from most of E. coli soluble proteins. In addition, 

the inclusion bodies were solubilized effectively and zEDIII was refolded to display its 

native conformation. This is supported by that the refolded zEDIII was specifically 

recognized by ZV54, a protective anti-ZIKV mAb that binds a large conformational epitope 

spanning 4 distinct regions of zEDIII [8]. This result also indicates that key ZIKV 

neutralization determinants at the lateral ridge region are preserved in our zEDIII protein 

preparations. Furthermore, zEDIII can be purified to >95% homogeneity by a simple and a 

scalable purification scheme.

The proof-of-principle of inducing protective immunity against ZIKV by vaccination was 

demonstrated in mice by immunization with inactivated ZIKV or a plasmid DNA that drives 

the expression of ZIKV prM-E proteins [20]. The results of this groundbreaking research 

revealed the mechanism of immune protection against ZIKV. Specifically, protective efficacy 

against both Brazil strain (Brazil ZKV2015) and Puerto Rico strain (PRVABC59) was found 

to correlate with E-specific antibody titers (log titers > 2.35–3.2) and neutralization antibody 

titers (>10, established against strain PRVABC59), and protection can be mediated by 

vaccine-evoked IgG alone [20]. Furthermore, the same ZIKV E-specific IgG-mediated 

protective mechanism was confirmed in a non-human primate model [21]. Our results 

indicated that zEDIII also induced potent antigen-specific humoral response, as well as 

ZIKV-neutralizing antibody response. Specifically, zEDIII with TMG adjuvant elicited high 

antigen-specific IgG titers at week 2 (log titer > 2.8) and week 5 (log titer > 3.9). The 

zEDIII-specific IgG titer and ZIKV neutralization titer (which was established with the same 

ZIKV PRVABC59 strain as in previous studies [20, 21]) at week 8 were >170,000 (log titer 

>5.23) and 16, respectively, exceeding the minimal threshold of E-specific and neutralizing 

antibody titers required for protection against both ZKV2015 and PRVABC59 strains in the 

mouse model. In addition, when alum, an adjuvant that has been approved for human 

applications was used in place of TMG, it elicited a stronger IgG response with a zEDIII-

specific IgG log titer and ZIKV neutralization titer ( >4.58 and >16, respectively) that also 

exceed the threshold required for protection as early as at week 5. Together with the findings 

that (1) the EDIII of flavivirus contains the majority of epitopes that induce protective 

immunity [6, 7] and (2) zEDIII-specific antibodies protect mice effectively against lethal 

challenges of several strains of ZIKV [8], our results suggest that our vaccination regime 

with EDIII has at least equivalent potency in eliciting humoral response against ZIKV in 

mice as the reported DNA or inactivated virus-based vaccines and may also provide 

protective immunity in mice. Since vaccine-elicited antibody responses, especially those 

with neutralizing titers > 10, have been found to correlate to protection in humans against 

YFV and TBEV [22–24], our data suggest the possibility of developing zEDIII-based 

vaccines against ZIKV for humans.
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It is interesting that zEDIII with TMG or alum adjuvant evoked both Th1 and Th2 types of 

IgGs and cytokines, suggesting the induction of specific and potent balanced humoral and 

cellular immune responses with a Th2 bias in immunized mice. These results are not totally 

unexpected, as studies with flavivirus antigens showed that TMG and alum tends to induce a 

Th2 type-biased responses [25]. Generally, Th1 response is more preferable for treating viral 

infection, however, the evidence of protective immunity provided by DNA and inactivated 

virus-based vaccine formulated with alum - a Th2-biased adjuvant, suggests a Th2-biased 

response is also just effective.

In our vaccination regime, the protective titer was reached after the delivery of zEDIII boost, 

suggesting this formulation may gave a lower immunogenicity than that of the inactivated 

ZIKV in spite of the relatively high dosage of the zEDIII antigen [20]. This is not 

unexpected because it has been observed that soluble protein-based subunit vaccines, 

especially those formulated with sub-optimal adjuvants, generally have relatively lower 

immunogenicity than those based on inactivated or live-attenuated viruses [26]. Further 

experiments are warranted to identify more immunogenic zEDIII-based antigen formats 

such as zEDIII-presenting virus-like particles (VLPs) and the optimal adjuvant to enhance 

the potency of zEDIII so that protective immunity can be provided with a minimal amount 

of zEDIII dosage and minimal number of antigen delivery. Further study of the protective 

potency in animal models especially with the optimized form of zEDIII antigen and adjuvant 

combination is also warranted in the future. The current construct of zEDIII carries a His tag 

for facile purification. Although the His tag is a short and poorly immunogenic sequence 

[27], its attachment to zEDIII might interfere with the immunogenicity of zEDIII or raise 

concerns for His tag-specific immunogenicity if the current zEDIII construct were used for 

human applications. Even though no His-tagged vaccine has been licensed for human use, 

vaccine candidates with His tag have successfully made through Phase I and Phase II 

clinical trials, showing no safety concerns [28]. We project that the aforementioned EDIII 

optimization process for enhancing its immunogenicity will lead to zEDIII-displaying 

formats (e.g. VLPs) that eliminate the need of the His tag for purification, as well as enhance 

the potency of the zEDIII antigen so that it will be safe and potent enough for potential 

human applications.

The use of zEDIII-based ZIKV vaccines offers several advantages over the published DNA, 

inactivated virus or adenovirus vector-based vaccine candidates. First, as a recombinant 

protein-based subunit vaccine, zEDIII will have the best safety profile compared with 

inactivated virus and viral vector-based subunit vaccines, due to the virtual nonexistence of 

possible incomplete inactivation or unfavorable host responses to viral vectors. Additionally, 

carefully chosen recombinant protein-based subunit vaccines including zEDIII have the 

advantage of specifically targeting well-defined neutralizing epitopes and avoiding epitopes 

with pathological effects. This point is particularly crucial for vaccines against ZIKV and 

other flaviviruses due to the risk of ADE. ADE occurs because cross-reactive but sub-

neutralizing antibodies (including vaccine elicited antibodies) can form complexes with the 

infecting flavivirus that bind to Fc gamma receptor (FcγR)-bearing myeloid cells, resulting 

in increased viral uptake and infection [29]. ADE has been implicated for DENV. 

Individuals who were previously infected or vaccinated against one serotype of DENV may 

be more at risk to develop the more severe dengue hemorrhagic fever/dengue shock 
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syndrome (DHF/DSS) through ADE if they are exposed to another serotype of DENV 

during secondary infection [30]. In addition, antibodies against DENV and ZIKV have been 

found to cross-react with each other and can enhance the replication of the other virus in 
vitro, strongly indicating ADE may occur between these two geographically co-circulating 

viral diseases [31–33]. Therefore, minimizing the risk of ADE of heterologous flavivirus 

infection in people vaccinated against ZIKV should be an important consideration for ZIKV 

vaccine development. Recent structural studies indicate that the majority of the exposed 

residues that are conserved between ZIKV and other flavivirus E proteins are located in the 

fusion loop and the adjacent region of domain II (zEDII) [34]. Similarly, the majority of 

DENV cross-reactive antibodies in human humoral response to ZIKV E protein have modest 

neutralizing activity and are targeted to epitopes on domain I (zEDI) or zEDII [33], which 

corroborate the findings in other flaviviruses [35, 36]. Also in consistent with the results 

from other flaviviruses, antibodies against zEDIII epitopes are ZIKV-specific and are overall 

highly potent in neutralizing ZIKV and protective against ZIKV challenge in mice [8, 33]. 

Furthermore, while it was shown that zEDI/zEDII-specific antibodies enhanced DENV 

infection both in vitro and in vivo, zEDIII-specific antibodies did not show ADE activity for 

DENV infection [33]. Indeed, our results revealed that antibodies elicited by zEDIII antigen 

did not exhibit ADE activity for DENV-2 infection. These results indicate that our protein-

based zEDIII vaccine candidate may offer additional safety advantages over the current 

candidates based on inactivated virus, adenovirus vector or DNA, which all produce the full-

length ZIKV E protein, and thereby, have the potential to induce zDI/zDII-targeted 

subneutralizing antibodies and enhance DENV infection in vaccinated subjects. This safety 

issue is particularly important for ZIKV vaccines as pregnant women are the focus of the 

target population.

Overall, the robust production of zEDIII, its effective refolding and purification, its potent 

immunogenicity that induces IgG titers that correlates with protective immunity, and the lack 

of ADE for DENV infection indicate that zEDIII is a promising vaccine candidate against 

ZIKV. Collectively, our study has provided the proof of principle and suggested the 

feasibility for the further development of recombinant protein-based subunit vaccines against 

ZIKV with potency and potentially enhanced safety.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of zEDIII in E. coli
(A) zEDIII expression is driven by the T7 promoter (PT7) under the control of the lac 

repressor. A ribosomal binding site (RBS) is provided upstream of the zEDIII coding 

sequence to enhance its translational efficiency. The coding sequence of zEDIII is fused to 

an 18-bp sequence that codes for a hexa-histidine tag (His6) at its N-terminus for efficient 

purification and detection of the target protein. (B) Samples of the E. coli BL-21 culture 

were collected at various time points after induction with IPTG and total cellular proteins 

were analyzed by a 15% SDS-PAGE under reducing condition, followed by Coomassie blue 

staining. Lane 1, Total protein sample from non-induced E. coli as a negative control; Lanes 

2 and 3, total protein samples from E. coli collected 4 and 12 hr post IPTG induction.
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Figure 2. Purification and characterization of recombinant zEDIII
zEDIII was purified from E. coli and analyzed on 15% SDS-PAGE gels and either visualized 

with Coomassie blue staining (A), or transferred to a PVDF membranes followed by 

Western analysis with HisDetector™ Ni-HRP (B). Lane 1: non-induced E. coli protein 

control; Lane 2: total protein after IPTG induction; Lane 3: Solubilized inclusion bodies; 

Lane 4: Ni2+ IMAC flow through; Lane 5: Ni2+ IMAC elute; Lane 6: E. coli-produced WNV 

EDIII as a reference sample. Purified zEDIII was further analyzed by ELISA to access its 

specific binding to monoclonal antibodies that recognize EDIII conformational epitopes (C). 
Serial dilutions of ZV54 and E16 mAbs that recognize a conformational epitope on EDIII of 

ZIKV and WNV, respectively, were incubated in microtiter wells coated with zEDIII and 

detected with an HRP-conjugated anti-mouse gamma antibody. Mean ± SD of samples from 

three independent experiments is presented.
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Figure 3. Time course of zEDIII-specific IgG responses in mice upon subcutaneous delivery of 
recombinant zEDIII
C57BL/6 mice (n = 6 per group) were immunized subcutaneously with four doses of zEDIII 

with TMG as the adjuvant over an 11-week time period (A). Antigen was injected on weeks 

0, 3, 6 and 9 with the indicated dosage. Blood samples were collected on weeks -1 

(preimmune bleed), 2, 5, 8, and 11 (2 weeks after each antigen injection) and serum zEDIII-

specific antibody was measured by ELISA (B). The y axis shows the geometric mean titers 

(GMT) and the error bars show the 95% level of confidence of the mean.
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Figure 4. Anti-zEDIII IgG subtypes of serum samples from immunized mice
Serum samples collected at week -1 and 8 from mice that were immunized with the 

indicated antigen (TMG adjuvanted) were analyzed by ELISA for zEDIII-specific IgG1 (A) 

and IgG2c (B) titers. Geometric means titers (GMT) and 95% level of confidence of the 

mean of mice in each immunization group from several independent measurements are 

presented. The ratio between specific IgG1 and IgG2c antibody responses was calculated for 

each individual mouse in treatment groups and the mean IgG1/IgG2c ratio and the standard 

deviation of the mean (SD) from several independent measurements are presented (C).
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Figure 5. Cytokine production of splenocytes from Immunized mice
Spleen cells from mice immunized with PBS + adjuvant, 25 μg zEDIII protein + TMG 

adjuvant, or 25 μg zEDIII + alum adjuvant (Al) were stimulated with zEDIII for 48 hr. The 

production of IFN-γ (A), IL-6 (B), and IL-4 (C) was quantitated by ELISA. Mean 

concentration (pg/ml) and SD from three independent experiments with technical triplicates 

for each sample are presented. Compared with the control mice received PBS + adjuvant 

alone, significant differences (p < 0.02) in the induction of cytokines are observed.
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Figure 6. Neutralization of ZIKV and enhancement of DENV infection by antibodies in anti-
zEDIII serum. (A) Neutralization
Pooled sera from week -1 (preimmune bleed) or week 11 of mice received PBS + Adjuvant 

or 25 μg of zEDIII + TMG, or week 5 of mice received 25 μg of zEDIII + alum (Al) were 

serially diluted and incubated with 100 PFU of ZIKV prior to infection of Vero cells. A 

PRNT assay was performed as described in Materials and Methods to assess ZIKV-specific 

neutralizing antibodies in the sera. Mean neutralization% and SD from three independent 

experiments with technical triplicates for each sample are presented. **** indicates p values 

< 0.0001 of zEDIII-immunized serum compared to that of PBS + adjuvant control, which 

were determined by unpaired t-test. (B) Antibody-dependent enhancement of DENV 
infection. Serial dilutions of IgGs from week 11 pooled sera of mice received PBS + 

Adjuvant (adjuvant control) or 25 μg of zEDIII + TMG were mixed with DENV-2 and added 

to FcγR expressing K562 cells. Anti-DENV2 E mAb 4G2 was used as an ADE positive 
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control. Cells were then fixed, permeabilized and analyzed by flow cytometry for DENV 

infection of cells after 48hr incubation.
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