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Immunization with truncated 
envelope protein of Zika virus 
induces protective immune 
response in mice
Jian-Feng Han1, Yang Qiu1,3, Jiu-Yang Yu2, Hong-Jiang Wang1, Yong-Qiang Deng1,  
Xiao-Feng Li1, Hui Zhao1, Han-Xiao Sun2 & Cheng-Feng Qin  1,3

The global spread of Zika virus (ZIKV) as well as its unexpected link to infant microcephaly have 
resulted in serious public health concerns. No antiviral drugs against ZIKV is currently available, and 
vaccine development is of high priority to prepare for potential ZIKV pandemic. In the present study, 
a truncated E protein with the N-terminal 90% region reserved (E90) from a contemporary ZIKV strain 
was cloned and expressed in Escherichia coli, purified by a Ni-NTA column, and characterized by 
Western blotting assays. Immunization with recombinant E90 induced robust ZIKV-specific humoral 
response in adult BALB/c mice. Passive transfer of the antisera from E90-immunized mice conferred 
full protection against lethal ZIKV challenge in a neonatal mice model. Our results indicate that 
recombinant ZIKV E90 described here represents as a promising ZIKV subunit vaccine that deserves 
further clinical development.

Zika virus (ZIKV), family Flaviviridae, genus Flavivirus, which was discovered in the Zika forest in Uganda in 
1947, is a newly emerging pathogen related to microcephly since 2015 in South America1. The first large outbreak 
of ZIKV occurred on Yap Island, Federated States of Micronesia, North Pacific, in 2007, with 12,000 people 
affected by the virus2. ZIKV caused a major epidemic in the French Polynesia, South Pacific, in 2013–2014, which 
affected 28,000 people3. Not only hundreds of cases of Guillain-Barré syndrome have sprung up in the epidemic 
of Zika infection, but also an explosion of microcephaly cases among infants born to infected women in Brazil 
were recorded. Brazil’s Health Ministry has reported more than 3,530 case of microcephaly, including 46 deaths 
in January 20164. Currently, no specific treatment or licensed vaccine is available for prevention against this path-
ogenic virus. There is an urgent need for the development of an effective prophylactic vaccine to prevent ZIKV 
infection5.

ZIKV has an approximately 10 kb positive-sense RNA genome, containing a single ORF flanked by the 
untranslated regions (UTR) at both ends. The ORF is made up of three structural proteins, the nucleocapsid 
protein (C), envelope protein (E), and membrane protein (M) and seven non-structural proteins (NS1, NS2A, 
NS2B, NS3, NS4A, NS4B and NS5). The envelope protein (E) of ZIKV is a receptor binding protein, which is 
the primary determinant of host range, cell tropism and virulence and a major antigen in eliciting neutralizing 
antibodies during the immune response6. The E protein consists of three domains: a structurally central amino 
terminal domain (domain I, DI), a dimerization domain (domain II, DII) and a carboxyl terminal Ig-like domain 
(domain III, DIII)7, 8. Functional antibody and epitope mapping studies demonstrated that all three domains are 
antigenic and recognized by neutralizing antibodies that inhibit viral entry process7.

The development of flavivirus vaccine has lasted for decade years for some species such as yellow fever virus, 
Japanese encephalitis virus, west Nile virus, and dengue virus9. Live-attenuated vaccine and subunit vaccine are 
the most effective forms for most flaviviruses till now. The subunit vaccines are more confirmative on preventive 
effect and time saved because of the successful examples based on the virus protein10. For the ZIKV vaccines, 
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different forms of vaccine candidates had been developed recently such as DNA vaccine, inactivated virus vac-
cine and recombinant adenovirus vector vaccine11–13. Larocca et al. reported the immunogenicity and protection 
profile of recombinant DNA and purified inactivated vaccines in murine model11. Recently, Kim et al. developed 
another subunit ZIKV vaccines encoding the extracellular portion of the ZIKV envelope gene (E), while the pups 
born to dams immunized with this subunit vaccine were partially (50%) protected13.

Here, we described the fast development of a recombinant subunit vaccine candidate ZIKV E90 based on the 
most convenient and economic Escherichia coli (E. coli) expression system. The antigenicity, immunogenicity, 
and protection efficacy in mice of recombinant E90 profiled in our study suggest further clinical development as 
promising vaccine candidate against ZIKV.

Results
Expression and purification of the recombinant E90 protein. The recombinant E90 contained the 
N-terminal 90% of the whole E protein (Fig. 1A), which removed the 3′-end transmembrane domain which 
probably prevent efficient expression in prokaryotic cells. The corresponding gene fragment was amplified from 
ZIKV-infected cell cultures and was then cloned into the pET28a expression vector by using standard protocol. 
E. coli BL21 (DE3) was transformed with the engineered plasmid and positive clones were identified by enzyme 
digestion and PCR-based sequencing. The expression of recombinant E90 protein fused with a His-tag at the 
N-terminus was induced upon 1 mmol/L of isopropy-b-D-thiogalactoside (IPTG) at 20 °C or 37 °C (Fig. 1B), 
and the recombinant E90 protein was mainly expressed in inclusion bodies at both temperatures (Fig. 1B). The 
recombinant protein was approximately 49.3 kDa, which corresponds to the predicted size. Then, the inclusion 

Figure 1. Expression, purification, and characterization of recombinant E90 protein in E. coli. (A) Schematic 
diagram of recombinant E90 of ZIKV. The Domains I, II, and III of E protein were shown in green, blue, and 
yellow, respectively. The stem region and the transmembrane region were in red and purple, respectively. (B) 
SDS-PAGE analysis of the recombinant protein. Lane 1: bacterial lysate before IPTG induction; Lanes 2–3: 
supernatants and pellets from bacterial lysates at 20 °C; Lanes 4–5: supernatants and pellets from bacterial 
lysates at 37 °C. The arrow indicated the recombinant E90 protein. (C) Purification with a Ni-NTA column. 
Lane 1: loading samples; Lanes 2: effusion samples; Lanes 3–4: 10 mM Imidazole elution; Lanes 5–6: 50 mM 
Imidazole elution; Lanes 7–8: 500 mM Imidazole elution. (D) SDS-PAGE analysis of the purified ZIKV E90 
protein. (E,F) Western blot analysis of ZIKV E90 using anti-His and anti-flavivirus monoclonal antibodies. M, 
protein marker. Lane 1, the ZIKV E90 protein.
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bodies were solubilized in 8 mol/L urea and the recombinant protein was purified on a Ni-NTA column (Fig. 1C), 
and the final concentration of purified E90 prepared in our system reached 0.55 mg/ml (Fig. 1D). The further rec-
ognized by anti-His tag (Fig. 1E) or anti-flavivirus monoclonal antibody 4G2 (Fig. 1F) by Western blotting assay.

Immunization of recombinant E90 elicited ZIKV-specific neutralizing antibodies in mice. The 
immunogenicity of the recombinant E90 protein of ZIKV was further assayed in mice that received three doses of 
immunization according to the specific procedure as shown in Fig. 2A. Indirect Immunofluorescence Assay (IFA) 
results showed that the sera from mice immunized with E90 could react with viral E protein in ZIKV-infected 
Vero cells (Fig. 2B). As expected, ZIKV-specific antibodies were not detected from mice immunized with PBS 
(Fig. 2B). Then, the IgG titers against ZIKV were assayed by standard ELISA, and the results showed that ZIKV 
E-specific antibodies reached up to 1:10000 at 35 days post immunization, and maintained at least till 42 day 
post first immunization (Fig. 2C). We also assayed the cross reactivity to DENV, and the antisera from ZIKV 
E90-immunized mice could also react with DENV with reduced antibody titers (Fig. 2C).

Further, plaque reduction neutralization tests were performed to assay the neutralizing antibody titers in mice 
immunized with ZIKV E90. As shown in Fig. 2D, the ZIKV-specific neutralization antibodies was detected on 35 
days post first immunization and maintained at 42 days after the first immunization. Interestingly, the antisera 
from ZIKV E90-immunized mice could also neutralize DENV at the tested condition. These results indicated that 
immunization of ZIKV E90 in mice could induce strong antibody response against ZIKV.

Immunization of ZIKV E90 confers full protection against ZIKV challenge in neonatal mice.  
Finally, to investigate the in vivo protection efficacy of ZIKV E90, a passive transfer experiment was performed 
using a well established neonatal mouse model as described previously14. The antisera from mice immunized with 
ZIKV E90 or PBS were and mixed with 100 PFU of ZIKV before i.p. administration in 1-day-old neonatal mice. 
The results showed that the mice administrated with antisera from PBS-immunized mice became sick at day 10 
post-inoculation with typical neurological signs, including hind limb paralysis, and died within 20 days post 
challenge. Mice inoculated with antisera from ZIKV E90-immunized mice had 100% survival rate, none of the 
infected animals developed any clinical symptoms (Fig. 3). These findings suggested that the ZIKV E90 immuni-
zation confers full protection against ZIKV challengeg in the neonatal mouse model.

Discussions
In this study, we developed and evaluated a truncated version of subunit vaccine of ZIKV, and the promis-
ing results warrants further development. Coller et al.15 demonstrated that the truncated E protein of DENV 

Figure 2. Immunogenicity of recombinant ZIKV E90 in mice. (A) Schematic diagram with a timeline of mice 
experiment. Mice were immunized intraperitoneally (i.p.) with ZIKV E90 with aluminum adjuvant and boosted 
twice every two weeks. Mice sera were collected 35 and 42 days after the first immunization for antibody 
assays. (B) Indirect immunofluorescence assays were performed by using the sera from the PBS or ZIKV E90-
immunized mice. ZIKV-infected Vero cells were incubated with antisera collected at the indicated time points 
followed by incubation with FITC conjugated goat anti-mouse IgG antibody. (C) The IgG antibody titers against 
ZIKV and DENV were determined by ELISA, respectively. (D) The neutralization antibody titers against 
ZIKV and DENV were determined by a standard plaque reduction neutralization assay, respectively. ND: not 
determined. Dotted line: the detection limits.
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(DEN-80E) induced protective immune responses in both mouse and non-human primate models. Especially, a 
proof-of-principle Phase I clinical trial showed that DEN1–80E induced neutralizing antibodies in the majority 
of subjects with ideal safety proflie16. Recently, Kim et al.13 used codon-optimized E gene as the immunogen and 
the result from C57BL/6 mice showed that the anti-ZIKV neutralizing titer was up to 1:64. We used an immu-
nocompetent BALB/c neonatal mouse challenge model of ZIKV infection for the in vivo protection experiment, 
which was widely used for DENV and EV71 vaccine evaluation14. The importance of E-specific antibodies during 
protection agaisnt ZIKV has been well demonstrated. Sapparapu et al.17 recently showed that human monoclonal 
antibodies isolated from ZIKV patients recognized a panel of unique epitopes on the E protein dimer-dimer 
interface, and passive transfer of antibodies reduced tissue pathology, prevented placental and fetal infection 
in mice. Cross reactivity and neutralization between ZIKV and DENV has been well described. For instance, 
Swanstrom et al.18 reported human monoclonal antibodies and immune sera derived from dengue patients could 
neutralize various ZIKV strains, which suggested that ZIKV and DENV share epitopes that are targeted by neu-
tralizing antibodies. Our results showed the antisera from ZIKV E90-immunized mice could also cross reacted 
and neutralized DENV.

Overall, our preliminary report showed that recombinant ZIKV E90 prepared in E. coli expression system 
could induce protective humoral immune response in mice and protects neonatal mice from wild type ZIKV 
challenge. In the absence of commercial ZIKV vaccines, this finding may provide a useful strategy in the fast 
development of a protein-based subunit vaccines against ZIKV19. Thinking of antibody-dependent enhancement 
(ADE) phenomenon existed in both ZIKV and DENV infection, more vaccine candidates need to be rationally 
designed and evaluated based on current understanding of ZIKV and DENV pathogenesis20–22.

Materials and Methods
Cells and viruses. Vero and BHK-21 cells were maintained in DMEM containing 10% inactivated fetal calf 
serum (FCS) plus 100 μg ml/L of penicillin/streptomycin, which were grown at 37 °C in an atmosphere of 5% CO2. 
ZIKV strain SZ01 (GenBank No. KU866423) was isolated from a patient returning from Samoa in 201623. Viral 
stocks were propagated in Vero cells and titrated in BHK-21 cell by plaque forming assay, and stored as aliquots at 
−80 °C until use. Experiments with infectious ZIKV were conducted under Biosafety Level 2 facilities at Beijing 
Institute of Microbiology and Epidemiology.

Plasmid construction and protein expression. The gene fragment of E90 was amplified by RT-PCR 
using in vitro synthesized genome cDNA of ZIKV strain FSS13025 (GenBank No. JN860885)24 as template. The 
PCR product of 1500 bp was digested with the restriction enzymes Nde I and Xho I and ligated into the pET28a 
vector digested with the same restriction enzymes. The resulting construct was confirmed by DNA sequencing. 
Escherichia coli BL21 (DE3) transformed with the plasmid was grown in LB media with shaking at 37 °C. IPTG 
was added to a final concentration of 1 mmol/L for additional 1–6 h.

Purification of recombinant ZIKV E90 protein. Inclusion bodies were solubilized in 8 mol/L urea and 
the proteins were purified by Ni-NTA Agarose. The purity of purified protein was examined by SDS-PAGE and 
confirmed by Western blot with rabbit anti-His antibody (1:500) or mice anti-flavivirus antibody 4G222 (1:300) as 
the detection antibodies. The final concentration of the ZIKV E90 protein was determined by using BCA protein 
assay kit.

Mice immunization. The mice were obtained from the Laboratory Animal Center, AMMS, China. All of 
the animal experiments were approved by and performed according to the guidelines of the Animal Experiment 
Committee of Beijing Microbiology and Epidemiology Institute. A total of 50 μg of recombinant ZIKV E90 pro-
tein was mixed with an equal volume of Imject Alum (Thermo, USA). The antigen-adjuvant mixture was admin-
istered to 6-week-old female BALB/c mice intraperitoneally and boosted twice at a 14-day interval after the first 
immunization. The mice sera were collected 7 and 14 days after the last booster and stored at −20 °C.

Figure 3. In vivo protection against ZIKV challenge in suckling mice model. The antisera from mice 
immunized with ZIKV E90 or PBS were incubated with an equal volume of ZIKV. Groups of one-day-old 
BALB/c mice were inoculated intraperitoneally with the mixture described above. Mortality was monitored 
and recorded daily for 21 days. Kaplan-Meier survival curves were used to display mortality data, and log rank 
analyses were performed to determine statistical significance between different groups.
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Indirect immunofluorescence assay (IFA). Indirect immunofluorescence assays were performed by 
using the sera from the PBS or ZIKV E90-immunized mice. Briefly, ZIKV-infected Vero cells were incubated 
with antisera collected at the indicated time points at a dilution of 1:100 followed by incubation with FITC con-
jugated goat anti-mouse IgG antibody at a dilution of 1:1000. The cells were then examined under fluorescence 
microscope.

ELISA. Quantification of serum ZIKV E-specific IgG antibodies25 was performed by indirect ELISA, as 
described previously using 96-well plates coated with 100 ng of E protein per well12. The purified protein E of 
ZIKV or DENV were used as capture antigens and HRP-conjugated goat-anti-mouse IgG was used as detection 
antibody respectively. Different dilutions of serum (1:100–1:10000) were used to measure the titre of serum by 
indirect ELISA.

Neutralizing antibody assays by PRNT. The serum neutralizing antibody titers were determined by 
plaque reduction neutralization test (PRNT) in Vero cells cultured in 6-well plates as described before12. Serum 
samples were tested in duplicate at two-fold dilutions in DMEM starting from 1:10 and mixed with an equal vol-
ume of 100 PFU/well of the ZIKV or DENV and incubated at 37 °C for 1 h. Determination of PRNT50 end-point 
titers was based on the serum dilution that led to 50% reduction of the number of plaques compared with the 
virus control wells.

In vivo protection assay. In vivo challenge experiments were performed as previously described14. Briefly, 
the antisera from mice immunized with ZIKV E90 or PBS were incubated with 100 PFU of ZIKV at 37 °C for 
1 h. One-day-old BALB/c mice (n = 10 per group) were inoculated intraperitoneally with the virus-sera mix-
ture described above. All mice were monitored daily for clinical symptoms and death for up to 21 days after 
inoculation.

Statistical analysis. The antibody titers were log transformed for analysis using GraphPad Prism v5 
(GraphPad Software, CA, USA). Kaplan-Meier survival curves were used to display mortality data, and log rank 
analyses were performed to determine statistical significance between different groups.

References
 1. Musso, D. & Gubler, D. J. Zika Virus. Clin Microbiol Rev 29, 487–524 (2016).
 2. Duffy, M. R. et al. Zika virus outbreak on Yap Island, Federated States of Micronesia. N Engl J Med 360, 2536–43 (2009).
 3. Cao-Lormeau, V. M. et al. Zika virus, French polynesia, South pacific, 2013. Emerg Infect Dis 20, 1085–6 (2014).
 4. Petersen, L. R., Jamieson, D. J., Powers, A. M. & Honein, M. A. Zika Virus. N Engl J Med 374, 1552–63 (2016).
 5. Li, X. F., Han, J. F., Shi, P. Y. & Qin, C. F. Zika virus: a new threat from mosquitoes. Sci China Life Sci 59, 440–2 (2016).
 6. Ye, Q. et al. Genomic characterization and phylogenetic analysis of Zika virus circulating in the Americas. Infect Genet Evol 43, 43–9 

(2016).
 7. Kostyuchenko, V. A. et al. Structure of the thermally stable Zika virus. Nature 533, 425–8 (2016).
 8. Sirohi, D. et al. The 3.8 Å resolution cryo-EM structure of Zika virus. Science 352, 467–70 (2016).
 9. Manoff, S. B. et al. Preclinical and clinical development of a dengue recombinant subunit vaccine. Vaccine 33, 7126–34 (2015).
 10. Liu, G. et al. Immunogenicity and efficacy of flagellin-envelope fusion dengue vaccines in m ice and monkeys. Clin Vaccine Immunol 

5, 516–25 (2015).
 11. Larocca, R. A. et al. Vaccine protection against Zika virus from Brazil. Nature 536, 474–8 (2016).
 12. Abbink, P. et al. Protective efficacy of multiple vaccine platforms against Zika virus challenge in rhesus monkeys. Science 353, 

1129–32 (2016).
 13. Kim, E. et al. Preventative Vaccines for Zika Virus Outbreak: Preliminary Evaluation. EBioMedicine pii: S2352–3964(16)30451-0 

(2016).
 14. Li, H. Y., Han, J. F., Qin, C. F. & Chen, R. Virus-like particles for enterovirus 71 produced from Saccharomyces cerevisiae potently 

elicits protective immune responses in mice. Vaccine 31, 3281–7 (2013).
 15. Coller, B. A., Clements, D. E., Bett, A. J., Sagar, S. L. & Ter Meulen, J. H. The development of recombinant subunit envelope-based 

vaccines to protect against dengue virus induced disease. Vaccine 29, 7267–75 (2011).
 16. Manoff, S. B. et al. Preclinical and clinical development of a dengue recombinant subunit vaccine. Vaccine 33, 7126–34 (2015).
 17. Sapparapu, G. et al. Neutralizing human antibodies prevent Zika virus replication and fetal disease in mice. Nature 540, 443–7 

(2016).
 18. Swanstrom, J. A. et al. Dengue Virus Envelope Dimer Epitope Monoclonal Antibodies Isolated from Dengue Patients Are Protective 

against Zika Virus. MBio 7, pii: e01123-16 (2016).
 19. Tripp, R. A. & Ross, T. Development of a Zika vaccine. Expert Rev Vaccines 6, 1–3 (2016).
 20. Durbin, A. P. Dengue Antibody and Zika: Friend or Foe? Trends Immunol 37, 635–6 (2016).
 21. Dejnirattisai, W. et al. Dengue virus sero-cross-reactivity drives antibody-dependent enhancement of infection with zika virus. Nat 

Immunol 17, 1102–8 (2016).
 22. Dai, L. et al. Structures of the Zika Virus Envelope Protein and Its Complex with a Flavivirus Broadly Protective Antibody. Cell Host 

Microbe 19, 696–704 (2016).
 23. Deng, Y. Q. et al. Isolation, identification and genomic characterization of the Asian lineage Zika virus imported to China. Sci China 

Life Sci 59, 428–30 (2016).
 24. Heang, V. et al. Zika virus infection, Cambodia, 2010. Emerg Infect Dis 18, 349–51 (2012).
 25. Pardi, N. et al. Zika virus protection by a single low-dose nucleoside-modified mRNA vaccination. Nature 543, 248–51 (2017).

Acknowledgements
This work was supported by the NFSC-NRF joint research grant (No. 81661148054), the National Key Research 
and Development Project of China (No. 2016YFD0500304), National Natural Science Foundation of China 
(NSFC) (No. 31770190) and the special grant from State Key Laboratory of Pathogen and Biosecurity (PBS2006-
01). C.-F.Q. was supported by the NSFC Excellent Young Scientist (No. 81522025), Innovative Research Group 
(No. 81621005), and Newton Advanced Fellowship from the UK Academy of Medical Sciences and the NSFC of 
China (No. 81661130162).



www.nature.com/scientificreports/

6ScIentIfIc RepORTS | 7: 10047  | DOI:10.1038/s41598-017-10595-5

Author Contributions
C.F.Q. and J.F.H. designed the research, J.F.H., Y.Q., J.Y.Y., H.J.W., and Y.Q.D. performed the experiments and 
drafted the paper, J.F.H., X.F.L. H.X.S. and H.Z. analyzed the data. J.F.H., and C.F.Q. wrote the paper with all 
authors.

Additional Information
Competing Interests: CFQ and JFH are inventors for the pending patents related to the vaccine products 
described in the manuscript.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Immunization with truncated envelope protein of Zika virus induces protective immune response in mice
	Results
	Expression and purification of the recombinant E90 protein. 
	Immunization of recombinant E90 elicited ZIKV-specific neutralizing antibodies in mice. 
	Immunization of ZIKV E90 confers full protection against ZIKV challenge in neonatal mice. 

	Discussions
	Materials and Methods
	Cells and viruses. 
	Plasmid construction and protein expression. 
	Purification of recombinant ZIKV E90 protein. 
	Mice immunization. 
	Indirect immunofluorescence assay (IFA). 
	ELISA. 
	Neutralizing antibody assays by PRNT. 
	In vivo protection assay. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Expression, purification, and characterization of recombinant E90 protein in E.
	Figure 2 Immunogenicity of recombinant ZIKV E90 in mice.
	Figure 3 In vivo protection against ZIKV challenge in suckling mice model.




