
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

약학석사학위논문 

 

Development of DNA vaccine against  

Zika virus 

 

지카 바이러스에 대한 DNA 백신 개발 

 

 

2019년 2월 

 

 

서울대학교 융합과학기술대학원 

분자의학 및 바이오제약학과 분자의학 및 바이오제약전공 

 

안 혜 빈 

  



 

Development of DNA vaccine against 

Zika virus 

지카 바이러스에 대한 DNA 백신 개발 

 

지도교수 신 영 기 

이 논문을 약학석사 학위논문으로 제출함. 

 

2018 년 11 월 

 

서울대학교 융합과학기술대학원 

분자의학 및 바이오제약학과 분자의학 및 바이오제약전공 

안 혜 빈 

 

안혜빈의 약학석사 학위논문을 인준함 

2018 년 12 월 

위 원 장                      (인) 

부위원장                      (인) 

위    원                      (인) 



 

i 

 

Abstract 

 

Development of DNA vaccine against 

Zika virus 

 

Hye Bin Ahn 

Department of Molecular Medicine and Biopharmaceutical Science, 

The Graduate School of Convergence Science and Technology, 

Seoul National University 

 

Zika virus (ZIKV) is an enveloped (+) strand RNA virus belonging to the Flavivirus 

genus that has been known to cause fever, rash and mild headache. However, the 

recent reports have shown that ZIKV infection can cause Guillain-Barre syndrome, 

congenital malformations such as microcephaly, and other severe neurological 

disorders. Due to these risks and rapid spread, the World Health Organization (WHO) 

declared a global health emergency in February 2016. However, there is no approved 

therapeutics and vaccines so far, so a development of vaccine against ZIKV is 

urgently needed. In this study, we aimed to develop the DNA vaccine agains ZIKV. 

We first and set up the optimal conditions of DNA vaccine against Botulinum 

neurotoxin type E (BoNT/E) for development of DNA vaccine platform. 

BoNT/HCR (E) DNA vaccine was constructed to encode a heavy chain fragment of 

the toxin which is validated as an antigen in preliminary study. As improving in vivo 
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efficacy, the production of toxin-specific antibody was confirmed in immunized 

Balb/c mice, and T-cell immunity inducing ability was also confirmed. In addition, 

we evaluated the protective ability of the vaccine by toxin challenge, and set up the 

optimal immunization schedule based on these data. From these results, we 

suggested the potential of DNA vaccine technology against BoNT/E, furthermore, 

we aimed to develop ZIKV DNA vaccine on the basis of this technology. Three 

vaccine candidates were designed for ZIKV DNA vaccine. We designed 

“Monovalent”, “Bivalent”, “Dual” plasmid DNA vaccine coding pre-membrane and 

envelope protein of ZIKV based on the same backbone construct with used above. 

ZIKV-specific antibody production was evaluated in each immunized group. 

Compared with the other two groups, the titer of ZIKV-specific antibody was 

significantly higher in the Monovalent vector immunized mice. Furthermore, not 

only the inducing of humoral immunity but also inducing of cellular immunity by 

the vaccine was confirmed. In addition, we suggested the possibility of protection 

against ZIKV by demonstrating that the neutralizing antibody which has known to 

be critical in protection against Flaviviridae was induced by Monovalent vector. In 

conclusion, we developed the ZIKV DNA vaccine which induced virus-specific 

immune response including humoral and cellular immunity. Our study suggests that 

DNA vaccines could be a possible approach for developing vaccines that protect 

against infectious diseases. 

 

Key words: DNA vaccine, DNA vaccine platform technology, Zika virus, Immune 

response 

Student number: 2017-24758 
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Introduction 

 

Zika virus (ZIKV) is an enveloped positive-strand RNA virus belonging to the 

Flavivirus genus that spread primarily through the bite of infected Aedes mosquitos 

(1-3). Historically, infection with ZIKV was regarded as a mild illness with rash, 

headache, myalgia and conjunctivitis, and just few ZIKV infections were reported 

globally (4). In 2015, however, a ZIKV pandemic began in South America, Central 

America, the Caribbean and the USA, suddenly becoming global public health issue 

(5). As a result of the sudden rise in congenital abnormalities and occurrences of 

Guillain-Barre syndrome, the scientific community established a causal association 

between ZIKV infection and these neurological diseases (2, 6). Finally, the World 

Health Organization declared the association between neurological syndromes 

including microcephaly and ZIKV infection to be a global public health emergency 

in 2016. However, vaccines and therapeutics for ZIKV have not been 

commercialized so far, so vaccine development is urgently needed. Therefore, in this 

study, we aimed to develop a ZIKV DNA vaccine. 

DNA vaccine is a technique which is intended to induce an immune response 

against the antigen expressed in vivo by injected gene of a bacteria or virus. 

Advantages of the DNA vaccine include the ability to rapidly test multiple candidates 

and rapidly produce GMP material. So it needs not much time to be deployed on a 

large scale in response to bioterrorism emergencies and pandemic infectious diseases 

(7). In addition, DNA vaccine can stimulate both humoral and cellular immunity 
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unlike almost other traditional vaccines. Therefore, DNA vaccines were regarded as 

the third generation of vaccines after the traditional live-attenuated and inactivated 

vaccines, and the recombinant protein or subunit vaccines (8). Prior to main study, 

we aimed to set up optimal platform technology through development of DNA 

vaccine against botulinum neurotoxin. 

Botulism is a neuroparalytic disease caused by toxins produced by Gram-positive, 

anaerobic spore forming bacteria, Clostridium botulinum (C. botulinum). Botulism 

is also rarely induced in human naturally, but has the potential to be used in 

bioterrorism (9, 10). BoNT is expressed as a poorly active single polypeptide chain, 

which is proteolytic cleaved to an active dichain that consists of a light chain 

(~50kDa) and heavy chain (~100kDa) which are covalently linked together by a 

disulfide bond (11, 12). The toxin is composed of three functional domains, an 

internal translocation domain (N-terminus of heavy chain), a receptor binding 

domain (C-terminus of heavy chain), and a catalytic domain (light chain). After 

internalization into the target neuronal vesicle triggered by C-terminal fragment of 

the heavy chain, the light chain is translocated into the cytoplasm of the neuron. The 

light chain cleaves one of three proteins which composed SNARE complex; 

synaptobrevin, SNAP-25, and syntaxin which have a determinant role in 

neuroexocytosis. Especially, BoNT(E) cleaves SNAP-25 among three proteins (13-

15). Thus, BoNTs block the release of acetylcholine, leading to flaccid paralysis. 

The botulinum neurotoxins (BoNTs) are the most poisonous substances for 

humans and animals which is listed on category A select agents by CDC (16-18). 

There are seven distinguishable serotypes, A through G. Neurotoxin types A, B, E 
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and F are commonly related with human diseases. Though neurotoxin A is the 

deadest of the seven toxin types and most outbreaks resulted from it (19), type E also 

caused the considerable content of the outbreaks, especially in Canada, Alaska, and 

United State (20). Historically, a toxoid vaccine composed of inactivated BoNT 

serotypes A, B, C, D, and E has been developed for military purpose and used in 

vaccination (21). However, this toxoid vaccine was discontinued for using because 

of declining potency (22). After that, the non-toxic BoNT heavy chain fragment was 

developed as a subunit vaccine which demonstrated the neutralizing activity against 

toxin (23). 

 Several types of ZIKV vaccine candidates have undergone rapid development, 

including nucleic acid, subunit, inactivated virus, live attenuated, and VLP vaccines 

(24-30). These candidates can induce a formation of neutralizing antibody and short-

term protection in mice against virus challenge. Among them, DNA vaccines, mRNA 

vaccines, inactivated virus vaccines, and adenovirus vectored vaccines have also 

demonstrated protection in monkey. And also these candidates have been initiated 

for clinical trials (31, 32). 

According to prior knowledge of flaviviruses, the envelope protein (E) mediated 

host-cellular attachment and membrane fusion, and also is the target for most 

neutralizing antibody. The pre-membrane protein (prM) is considered to be 

important for folding of E protein and formation of heterodimers (33, 34). Therefore, 

prM and E proteins have been selected as antigens of subunit and recombinant 

flavivirus vaccines. The purpose of this study was to construct ZIKV DNA vaccine 

using these antigens and evaluate an immunogenicity of this vaccine.  
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Materials and methods 

 

DNA vector constructs 

HCRE DNA vaccine plasmid BoNT/HCR (E) was based on the Clostridium 

botulinum E1 strain (GenBank EES49627.1). The insert encodes the C terminal 

domain (859-1251 amino acids(aa)) of heavy chain of BoNT E Beluga fused with an 

immunoglobulin M (IgM) signal sequence from pUC57 vector to increase secretion. 

Its codons were optimized for expression in human cells using Genescript 

OptimumGene™ and then chemically synthesized (GeneScript, NJ, USA). The 

insert was cloned into the expression vector pcDNA(t) which is modified from 

pcDNA3.1(Zeo+). And also this modified vector contains SV40 enhancer to improve 

the expression and was truncated the unnecessary region of original vector by PvuII 

enzyme cutting. 

ZIKV DNA vaccine plasmid pcDNA(t)-IgM-prME named as Monovector(Mono) 

was based on the H/PF/2013 French Polynesian virus isolate (GenBank accession 

KJ776791.1). The plasmid encodes the parts of ZIKV structural proteins prM; pr 

(93aa), M (75aa) and E (504aa) under the control of the CMV immediate early 

promoter and SV40 enhancer. The insert was chemically synthesized (GeneScript, 

NJ, USA) using human codon-optimized ZIKV virus sequence and fused with IgM 

signal sequence. Two additional DNA vaccines were also constructed as vaccine 
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candidates. Bivalent vector system(Bivalent)is composed of two plasmid vector, 

pcDNA(t)-IgM-prM and pcDNA(t)-IgM-Env. Dual vector encodes both IgM-prM 

and IgM-Env, which insert is controlled respectively by each set of CMV promoter 

and SV40 enhancer. 

 

DNA preparation 

The plasmids were expressed in Escherichia coli (strain DH5α) for 16 h and purified 

by NucleoBond® Xtra Midiprep kit (Machery-Nagel, Duren, Germany) following 

the manufacturer’s protocol. 

 

In vitro expression in mammalian cells 

293T cells were transiently transfected with BoNT/HCR (E) using Vivagen (Seoul, 

Korea) according to the manufacturer’s instruction. 48hours post-transfection, 

cultured supernatant and cells were harvested separately. Cells were rinsed with PBS, 

and lysed by RIPA buffer (Biosesang, Gyeonggi-do, South Korea) with protease 

inhibitor (Roche, Basel, Swiss). After lysis, cells were centrifuged at 13,000rpm for 

20 min. The cultured supernatant was subjected to sandwich ELISA to quantify. 

Expi293F cells were transiently transfected with plasmid DNA using 

Expifectamine™ 293 transfection kit (Thermofisher scientific, MA, USA). Culture 

supernatant was collected at 1 and 4days post-transfection. Each of cultured 

supernatant were mixed with 5X SDS-PAGE loading buffer (Biosesang, Gyeonggi-
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do, South Korea). 

Expi293F cells were transiently transfected with each plasmid DNA vaccine 

against ZIKV using Expifectamine™ 293 transfection kit (Thermofisher scientific, 

MA, USA). Cultured supernatant was collected, and cells were lysed on 1 and 4days 

post-transfection as described above. Each of cell lysate and cultured supernatant 

was mixed with 5X SDS-PAGE loading buffer (Biosesang, Gyeonggi-do, South 

Korea). 

 

Capture ELISA 

The quantity of HCR/E protein secreted from transfected cells was determined using 

cultured supernatant previously collected. Anti-HCR/E monoclonal antibody (10 

μg/ml) were added to 96 well microtiter plates and incubated at 4℃ for overnight 

and washed with PBS-T (0.05%). The plates were blocked with 1% skim milk for 1 

h. Cell supernatants were diluted serially in blocking buffer and then applied to the 

plates for 1 h at 37℃. After another wash, mouse anti-HCR(E) antibody (10 μg/ml) 

were added to plates and then incubated at 37℃ for additional 1 h. After one more 

wash step, the assay was developed using 3,3’,5’,5-Tetramethylbenzidine HRP 

substrate (TMB) (SurModics, MN, USA), stopped by the addition of 0.5M H2SO4 

and then measured at 450nm (SpectraMax 340pc, Molecular Devices, CA, USA). 

The amount of secreted HCR(E) protein was determined using standard curve. 
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Western blotting 

Each expressed protein samples that were separated by 10% SDS-PAGE were 

transferred to PVDF membranes for electroblotting. The membrane was treated with 

6% skim milk in phosphate-buffer containing 0.1% Tween-20 to block non-specific 

biding sites. The membrane was probed with a 1:5000 dilution of BoNT HCR/E-

immunized mouse serum or with a 1:10000 dilution of mouse anti-ZIKV-Env 

antibody (MyBioSource, CA, USA) in dilution buffer at 25℃ for 1 h. After repeated 

washing, the membranes were incubated with HRP conjugated goat anti-mouse IgG 

(H+L) (Thermofisher scientific, MA, USA) for 1 h at 25℃, and washed again three 

times for removing unbounded secondary antibodies. The membrane was developed 

by Amersham ECL western blotting detection kit (GE Healthcare, MA, USA), and 

the image was taken by LAS4000 (GE Healthcare, MA, USA). 

 

Animal 

Female Balb/c mice (5 weeks old) were obtained from Orientbio (Gyeonggi-do, 

South Korea), and housed in specific pathogen-free animal housing in individually 

ventilated cages (IVC) with access to sterilized food and water ad libitum. The mice 

were maintained on a 12-h light/dark cycle in a temperature and humidity-controlled 

animal research facility. All experimental procedures and protocols for animal study 

has been approved by the Seoul National University Institutional Animal Care and 

Use Committee. All efforts were made to minimize suffering of animals. 
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Immunization of mice with BoNT/E DNA vaccine 

The mice were immunized by an intradermal (ID) injection followed by 

electroporation (BTX AgilePulse, MA, USA) with 50 or 100 μg of plasmid DNA at 

week 0, 2, 4 or 2, 4. As a control, mice (n=5) were immunized with control vector 

(pcDNA3.1) as above. Electroporation experiments were performed in following 

description after anesthetization with Zoletil (2 mg/kg): 90 V/mm distance between 

the electrodes, 25-ms pulse length, 3 pulses with reversal of polarity after each pulse 

applied by tweezertrodes (BTX AgilePulse, MA, USA). Sera were prepared by 

centrifugation from blood on each time point and used to determine antibody 

properties. 

 

Immunization of mice with ZIKV DNA vaccine 

The mice were immunized intradermally (ID) or intramuscularly (IM) injected 

followed by electroporation with 100 μg of plasmid DNA on week 0, 2, and 4. The 

electroporation after intradermal injection was performed as mentioned above. 

Unlike the former, the other applicator, ECM830 (BTX AgilePulse, MA, USA) was 

used to administration of electroporation after intramuscular injection. Sera were 

prepared by centrifugation from blood and used to determine antibody properties. 
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Measurement of antibody titer by ELISA 

HCR/E protein (1 μg/ml) were coated to 96 well Nunc MaxiSorp plates and 

incubated at 4℃ overnight and washed with PBS-T (0.05%). Non-specific binding 

was blocked by treatment of 2% skim milk blocking buffer for 1 h at 37℃. Serial 

dilutions of sera from BoNT/HCR (E) immunized mice in PBS were added to the 

plate and incubated at 37℃ for 1 h. HRP conjugated goat anti-mouse IgG H&L 

(Abcam, Cambridge, UK) was added to the plates after washing, and the plates were 

incubated at 37℃ for 1 h, followed by wash step. The assay was developed using 

TMB substrate (SurModics, MN, USA), stopped by the addition of 0.5M H2SO4 and 

then measured at 450nm (SpectraMax 340pc, Molecular Devices, CA, USA). 

Endpoint titers were determined as the highest dilution point with an A450 ≥ 0.1 after 

subtraction of the absorbance of the serum sample from control mice. 

1 x 105 PFU of ZIKV(KU820897) were added to 96 well Nunc MaxiSorp plates 

and incubated at 4℃ overnight and washed with 0.05% PBS-T. Non-specific binding 

was blocked by treatment of 5% BSA blocking buffer for 1 h at 37℃. Serial dilutions 

of sera from ZIKV DNA vaccine-immunized mice in PBS were added to the plated, 

and incubated at RT for 3 h and washed. HRP conjugated goat anti-mouse IgG H&L 

(Abcam, Cambridge, UK) was added to the plates, and the plates were incubated at 

37℃ for 1 h and washed again. The assay was developed using TMB substrate 

(SurModics, MN, USA), stopped by the addition of 0.5M H2SO4 and then measured 

at 450nm (SpectraMax 340pc, Molecular Devices, CA, USA). 
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Measurement of IgG isotype by ELISA 

Immunoglobulin class of immunized mouse was identified by mAb isotyping kit 

(Thermofisher scientific, MA, USA) based on the manufacturer instruction. Briefly, 

96-well plates were coated. Test sera collected 2 weeks after the last immunization 

were added to plated with 1:10000 dilution in TBS buffer (Tris 25mM, NaCl 1.15M, 

pH7.2) and added the Goat Anti-Mouse IgG+IgA+IgM HRP conjugate to each well 

and incubated for 1 h at 37°C. The plates were washed three times with wash buffer 

and TMB was added to each well. The reaction was stopped by the addition of H2SO4, 

and the optical density (OD) was measured at 450nm (SpectraMax 340pc, Molecular 

Devices, CA, USA). 

 

Challenge of BoNT/HCR (E) immunized mice 

Mice were injected intraperitoneally with different dosages of BoNT/E 2 weeks after 

the last vaccination for determination of vaccine efficacy. The mice were monitored 

for 7 days for any intoxication symptom or death. After monitoring, surviving mice 

were euthanized 1week post-challenge. 

 

Expression and purification of Env(partial) 

Env(partial) expression vector pBT7-Env(partial) encodes truncated form of Env 

(300-506 aa of Env). The insert was synthesized by GeneScript (NJ, USA) and 

cloned into pBT7 (ATCC, VA, USA). The plasmid pBT7-Env(partial) was 
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transformed into E. coli, strain BL21 DE3. The cells were grown at 37℃ shaking 

incubator in 2 liters of LB medium with ampicillin (50 μg/ml). Env(partial) 

expression was induced by the addition of 0.4 mM isopropyl-β-D-

thiogalactopyranoside(IPTG). After grown for additional 16 h at 30℃, cultured cells 

were harvested by centrifugation at 4,000 x g for 30 min.  

The pellets were resuspended in 50 ml of lysis buffer (50 mM Na2HPO4, 300 mM 

NaCl, 10 mM imidazole, 10 mM β-mercaptoethanol, 1% Tween-20 and 5% glycerol, 

pH 8.0) containing 1 mg/ml lysozyme and incubated on ice for 30 min. The 

suspended cells lysed by high pressure fluid processor (Picomax, Seoul, South Korea) 

and clarified by centrifugation at 10,000 x g for 30 min at 4℃. The pellets were 

resuspended with 80ml of equilibration buffer (30 mM Sodium phosphate, pH 8.0) 

and clarified by centrifugation at 4,000 rpm for 20 min at 4℃. The clarified lysate 

was transferred and added nickel-nitrilotriacetic acid (Ni-NTA) slurry. The mixture 

was mixed by shaking for 2 h on ice. The mixture was loaded into a column with 

bottom valve. After removing the flow through, it was washed with 30 ml of 

equilibration buffer and eluted with 30 ml elution buffer (30 mM Sodium phosphate, 

300 mM NaCl, 6 M urea, 150 mM imidazole, pH 8.0). The eluted protein was 

refolded by slowly adding 100 ml of refolding buffer (50 mM Sodium phosphate, 

pH 8.0). After refolding, the protein was concentrated by Vivaspin 20 (Sartorius, 

Gottingen, Germany) and dialyzed overnight against PBS at 4℃. The protein 

concentration was determined by BCA protein kit (Pierce, IL, USA) 
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mIFN-γ ELISPOT assay 

Vaccinated mice were sacrificed 4 days after the last immunization. The splenocytes 

were subjected to ELIPSOT assay using a commercial kit (Mouse IFN-γ, EL485, 

R&D Systems, USA). The mouse splenocytes (2 x 105 cells) were prepared in the 

plates after mixing with 10 μg of BoNT HCR/E or Env(partial) protein, or equal 

volume of culture media. Plates were incubated for 48 h at 37℃ with 5% CO2 and 

washed four times with wash buffer and incubated for 16 h at 4℃ with biotinylated 

monoclonal antibody specific for mouse IFN-γ. Development of ELISPOT was 

performed by 2 h incubation with streptavidin-AP at RT after washing four times, 

followed by additional washing steps and incubation with BCIP/NBT Chromogen 

for 1 h at RT. Spots were counted using an ELISPOT reader system (AID EliSpot 

Reader, AID, Germany). 

 

Neutralization assay of ZIKV DNA vaccine 

The 1/20 diluted sera from immunized mice on week 8, four weeks after the last 

immunization were used to analyze the formation of neutralizing antibody. Pre-

immunized mice sera of each group was pooled and used as negative control. 50 

PFU of live-ZIKV were incubated with the sera overnight at 4℃. Then, the antibody-

virus mixture was added to 96well plate which coated with 107 cells/well of Vero cell 

and incubated for 96 h at 37℃ with 5% CO2. After that the culture medium were 

removed and the plates were washed gently with PBS. Crystal violet were added to 

each well and stained for 20 min at RT. After incubation, the staining solution was 



 

13 

removed and washed with PBS. Then optical density of the plate was measured at 

595 nm (SpectraMax 340pc, Molecular Devices, CA, USA).  

The PRNT(Plaque reduction neutralizing assay) was also performed for 

confirmation. Same antibody-virus mixture was incubated as mentioned above and 

then treated on 6 well plate coated with 60-70% confluency of Vero cells for 2 h at 

37℃ with 5% CO2. After incubation, the mixture was removed completely and 

overlayed with 1.5% low-melting agar mixed with DMEM medium. The plate was 

incubated for 96 h at 37℃ with 5% CO2 and stained with crystal violet for 20 min 

at RT. The staining solution and solidified agar-layer were removed after incubation 

and dried completely at RT. 

  



 

14 

 

Results 

 

I. Development of DNA vaccine platform using BoNT/E DNA 

vaccine 

Construction and in vitro expression of BoNT/E DNA vaccine 

The codon-optimized C-terminal fragment of the heavy chain of BoNT/E sequence 

(Figure 1A) was cloned into the modified vector, pcDNA(t) (Figure 1B). To confirm 

the in vitro antigen expression inducing from BoNT/HCR (E), the vector transfected 

to mammalian 293T cells and expression was detected by Western blot analysis. As 

a result, the transfected cell expressed BoNT/HCR (E) protein of approximately 48 

kDa which is corresponding to size of the target antigen fused with IgM signal 

peptide (Figure 2A). 

In order to confirm the secretion of expressed antigen, the cultured supernatant 

was harvested and subjected to Sandwich ELISA as described (Figure 2B). 

BoNT/HCR (E) protein was found in cultured supernatant and the level of the protein 

was approximately 770 ng/ml (Figure 2C). The secreted BoNT/HCR (E) protein was 

also confirmed by Western blot analysis. The secreted protein was detected in the 

cultured supernatant of transfected cell on 1day and 4days post- transfection (Figure 

2D). As expected, no BoNT/HCR (E) protein was detected in the supernatant of 

control cells which was transfected with a pcDNA 3.1 vector backbone. 
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Immunization and humoral immune response 

To investigate the ability of this DNA vaccine to induce humoral immune response, 

Balb/c mice were immunized two or three times of 50ug doses with BoNT/HCR (E) 

by an intradermal injection, followed by electroporation (Figure 3A, 3B). The 

antibody response in mice vaccinated with three 50 μg doses was 2.2 x 104, which 

was about 10 fold higher than that of mice group vaccinated two times, 1.9 x 104 

(Figure 3C). These results suggested that strong humoral immunity was effectively 

induced by this DNA vaccine. 

Also, the serum samples of each individual were subjected to analyze the specific 

IgG subtypes. The antibody level of IgG1 and IgG2a, 3 which indicate Th1 and Th2 

immune response respectively increased after immunization with DNA vaccine 

(Figure 3D). Especially, there was statistical significant induction of IgG1 (p = 

0.053). Induction of IgG2a and IgG3 were also observed though there were not 

statistical significance. 

Cell-mediated immune response 

We evaluate whether BoNT/HCR (E) DNA vaccine could induce a cell-mediated 

immunity in mice. Splenocytes from vaccinated and control mice were re-stimulated 

with HCR (E) protein and followed IFN-γ secretion was detected by ELISPOT assay. 

As a result, significantly high level of IFN-γ was obtained from vaccinated mice 

compared to control mice (p < 0.01) (Figure 4A, B). These data suggested that 

BoNT/HCR (E) DNA vaccine can effectively induce the cell-mediated immune 

response. 



 

16 

Protection against challenge with BoNT/E 

In order to evaluate the protective ability of this DNA vaccine, vaccinated mice were 

administered 50LD50 of active BoNT/E toxin (Figure 5A). Three groups of mice 

were vaccinated with two or three 50 μg doses of vaccine, or two 100 μg doses of 

vaccine (Figure 5B). After challenge of toxin, mice group immunized three times of 

50 μg vaccine fully protected against 50LD50 of toxin, though the other group 

immunized two times provided only 20% protection. In addition, 100 μg doses of 

vaccine protected 80% mice of the group (Figure 5C). 

To further assess this protective ability, mice serum from each immunized group 

were collected and the antibody titers were analyzed by ELISA as mentioned above. 

When compared by geometric mean titers of each group, the antibody titer of the 

group with highest protection rate, which immunized with three 50 μg doses of DNA 

vaccine was 2.9 x 104. In comparison, mice vaccinated with two 100 μg doses 

produced an antibody response of 1.5 x 104. In addition, two 50 μg doses of DNA 

vaccine induced 6.8 x 103 of antibody, which obtained the lowest protection rate 

against the active toxin challenge (Figure 5D). These results imply that a correlation 

exists between survival rate against toxin challenge and antibody level. In addition, 

the results also suggest that the most effective vaccination schedule was three 50 μg 

doses of BoNT/HCR (E) given 2 weeks apart. 

In order to further evaluate this vaccine’s potency for protection, various amounts 

of BoNT/E were used in toxin challenge. Three 50 μg doses of BoNT/HCR (E) fully 

protected against 50 and 100LD50 of active toxin and 80% protected against 200LD50 
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(Figure 6). To confirm whether the vaccine vector has any toxicity itself, body 

weights of immunized mice were compared to control mice. As a result, body 

weights of immunized mice group demonstrate the tendency that sustained at similar 

level with that of the control group (Figure 7). This data indicates that three doses of 

50 μg could provide the sufficient protection against active BoNT/E toxin without 

any toxicity itself. 

By BoNT/HCR (E) DNA vaccine study, we evaluated that this DNA vaccine 

vector and immunization techniques were able to induce proper immune response 

and finally established the optimal DNA vaccine platform technology. Thus, we 

aimed to develop a DNA vaccine against Zika virus based on this technology. 

 

 

II. Development of ZIKV DNA vaccine 

Construction and in vitro expression of ZIKV DNA vaccine 

To construct ZIKV DNA vaccine vector, ZIKV’s premembrane(prM) and 

envelope(E) protein were selected as antigens and coding sequences of each antigen 

were optimized for mammalian expression (Figure 8A). Vector backbone was 

pcDNA(t) which is mentioned at the previous study of BoNT/HCR(E) DNA vaccine. 

We designed three vector candidates. The first one is “Monovalent vector” which is 

coding integrated form of two antigens fused with IgM signal sequence at an 

upstream (Figure 8B). Next, we designed the second strategy, “Bivalent set”, which 
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is co-transfection with two vectors coding each of the antigen fused with IgM signal 

sequence (Figure 8C). Then, the last one is “Dual vector” coding each of these 

cassettes of Bivalent set in one vector (Figure 8D). 

The expressions and secretions of Env protein by vaccine vectors were evaluated 

by an immunoblot assay. Mammalian Expi293F cells were transfected with each 

DNA vaccine vector candidates and cell lysates and supernatant were harvested 

separately. Performing Western blot assay with these samples, we confirmed that 

Env protein was expressed and secreted from each transfected cells, though Dual 

vector showed the lowest level of protein expression and secretion than that of the 

others (Figure 9). As expected, no Env protein was detected in samples of the control 

cell which transfected with pcDNA3.1 vector backbone. 

Immunization and humoral immune response 

To assess the ability of ZIKV DNA vaccines to induce a proper humoral immune 

response, Balb/c mice were immunized with three 100 μg doses of each candidate 

given two weeks apart (Figure 10A). At this time, we tested two injection routes for 

each groups. One is an intradermal injection and the other one is an intramuscular 

injection, both followed by electroporation (Figure 10B). 

Mice sera of each group on week 6, 2 weeks after the last immunization, were 

collected and subjected to virus-coated indirect ELISA to detect antibody formation. 

All mice immunized with Monovalent vector had developed virus-specific antibody 

regardless of an injection routes. In comparison, the other two candidates were 

revealed to induce lower level of antibody than that of the Monovalent vector 
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immunized groups (p < 0.01) (Figure 10C). And also the production of antibody in 

Monovalent vector immunized groups showed a tendency that saturated on week 6, 

2 weeks after the last immunization (Figure 10D). The geometric mean of the 

antibody titer induced by Monoid and Monoim immunization was 4.1 x 103 and 4.4 x 

103 respectively. However, there was no significant difference between the level of 

antibody formation by two different injection routes (Figure 10E). 

To investigate the immune response elicited in Monoid and Monoim groups, serum 

samples from each group were collected to analyze the IgG subtypes as mentioned 

before. Statistical significant induction of IgG1, 2a, 2b and 3 were observed in both 

two groups (Figure 10F, G). The increase in these isotypes after immunization 

indicated that both Th1 and Th2 mediated immune responses were stimulated. 

Cell-mediated immune response 

We purified the antigen, partial form of Env protein produced by E. coli to re-

stimulate the splenocytes for ELISPOT assay for evaluating the cellular immunity. 

Samples of each purification steps were separated by SDS-PAGE and a protein of 

approximately 33kDa which corresponding to the Env(partial) protein was shown in 

the lane of post-elution sample (Figure 11A). And also the purification of Env(partial) 

protein was confirmed by Western blot assay (Figure 11B). 

Finally, in order to evaluate whether Monovalent vector can induce antigen-

specific cellular immune response, we performed the mIFN-γ assay using 

splenocytes from immunized mice. Splenocytes from two groups of mice vaccinated 

with Monoid or Monoim were re-stimulated in vitro with purified Env(partial) protein 
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mentioned above. Followed IFN-γ secretion was detected by ELISPOT assay. As a 

result, significant inducement of an antigen-specific cellular immune response 

observed in both Monoid and Monoim groups compared to control group which 

immunized with pcDNA3.1 vector backbone (***p < 0.001) (Figure 12A, B). In 

addition, there was no significant difference of IFN-γ secretion between these two 

groups. 

Neutralization against live-ZIKV 

We next investigate the neutralizing antibody inducing ability of Monovalent vector. 

Neutralization assay by analyzing the viability of cell infected with complexes of 

live-ZIKV and immunized mice sera on week 6 was performed. Some individual of 

each mice group showed higher proportion of cells alive than that of the control 

group which demonstrated the production of ZIKV-specific NAb (Figure 13A). 

However, there was no significance due to an individual variation. 

To confirm the activities of NAb by another assay, PRNT was also performed 

(Figure 13B-F). The number of plaques reduced when mixed with sera from each 

Monovalent vector immunized group and the average of plaques-reduction rate were 

71% and 70% respectively (Figure 13G). In addition, to confirm that Monovalent 

vector does not have any toxicity itself, body weight change of immunized mice was 

checked as mentioned above, and a similar tendency with control group was 

observed in both two immunized groups demonstrating non-toxicity of Monovalent 

DNA vaccine (Figure 14). 
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Figure 1. BoNT/HCR (E) DNA vaccine design. Codon optimization of BoNT/HCR 

(E) was performed for improving the mammalian expression (A). Schematic 

representation of BoNT/HCR (E) vector construction (B).  
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Figure 2. In vitro expression and secretion of BoNT/HCR (E). HCR (E) 

expression in 293T cell transfected with BoNT/HCR (E) was detected by Western 

blot assay (A). Schematic explanation of sandwich ELISA to determine the quantity 

of secreted HCR (E) protein (B). Amount of secreted HCR(E) protein from cultured 

supernatant from transfected 293T cell was detected by ELISA (C). Secreted HCR 

(E) proteins from transfected Expi293F cell were also determined by Western blot 

assay (D).  
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Figure 3. Humoral immunity induced by BoNT/HCR (E) DNA vaccine. 

Immunization schedule of BoNT/HCR (E) DNA vaccine (A). A table of mice group 

for in vivo immunization test (B). HCR (E)-specific antibody production in 

immunized mice (C). Determination of immunoglobulin isotype in immunized mice 

(D). The sera were collected 2 weeks after the last immunization and analyzed for 

the isotype of antibody. Sera were diluted 1:10000. Each symbol represents data 

from individual mice and the bar and box represent the mean of the data ± standard 

deviation. P-value for each panel by Student’s t-test: **p = 0.053. 
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Figure 4. Induction of IFN-γ in mice immunized with BoNT/HCR (E) DNA 

vaccine. Splenocytes from immunized mice were collected on 4 days after the last 

immunization and re-stimulated with HCR (E) protein. Secreted IFN- γ were 

detected by ELISPOT assay. Actual appearance of mIFN-γ assay (A). IFN-γ spots 

per 2 x 105 splenocytes of mice were obtained (B). Each box represents the mean of 

the data ± standard deviation. P-value by Student’s t-test: **p = 0.0026. 
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Figure 5. Survival and antibody titers following various doses of immunization with 

BoNT/HCR (E) DNA vaccine. Immunization schedule of BoNT/HCR (E) DNA vaccine 

(A). A table of mice group for in vivo immunization test (B). Mice immunized with 

various dosages BoNT/HCR (E) DNA vaccine, followed by challenged with 50LD50 of 

active BoNT/E toxin. Survival curves show the percentage of mice alive after the 

challenge. (C). HCR(E)-specific antibody production in these immunized mice groups 

(D). The sera collected on week 5, one week after the last immunization and one week 

before the toxin challenge. Each symbol represents data from individual mice and the 

bar represents the mean of the data. 
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Figure 6. Protection against various amounts of BoNT/E challenged in 

immunized mice group with three 50 μg of doses of HCR (E) DNA vaccine. The 

three different doses of active toxin were challenged week 6, two weeks after the last 

immunization and survival curves show the percentage of mice alive. Control group 

were injected only vector, pcDNA. 
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Figure 7. Body weight change of mice immunized with BoNT/HCR (E) DNA 

vaccine compared to control group. Control group were injected only vector 

backbone, pcDNA. 
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Figure 8. ZIKV DNA vaccine design. Codon optimization of prME (A). Vector 

construction of pcDNA(t)-IgM-prME, referred to as Monovalent vector (B). Vector 

construction of pcDNA(t)-IgM-prM (left) and pcDNA(t)-IgM-Env (right), referred 

to as Bivalent set (C). Vector construction of pcDNA(t)-IgM-prM/IgM-Env, referred 

to as Dual vector (D).  
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Figure 9. In vitro expression and secretion of Env protein by ZIKV DNA vaccine. 

Expression and secretion of Env protein from Expi293F cell transfected with 3 types 

of ZIKV DNA vaccine candidate were detected by Western blot assay using mouse 

anti-Env polyclonal antibody. 
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Figure 10. Analysis of ZIKV-specific antibody in mice immunized with ZIKV 

DNA vaccine. Immunization schedule of ZIKV DNA vaccine (A). A table of mice 

group for in vivo immunization test (B). ZIKV-specific antibody production in 

immunized mice with 3 types of ZIKV DNA vaccine via two routes of administration 

on week 6, two weeks after the last immunization. (C). ZIKV-specific antibody 

production for 10 weeks after the start of immunization with Mono vector (D) and 

comparison of antibody titer between two injection routes on week 6 (E). 

Determination of immunoglobulin isotypes in immunized mice with an intradermal 

injection (F) and an intramuscular injection (G). P-value in from left to right for each 

panel by Student’s t-test: (C) **p < 0.01, (F) *p = 0.0204, **p = 0.0024, *p = 0.0121, 

***p = 0.0007, (G) **p = 0.0039, **p =0.0097, *p = 0.0191, **p = 0.0029 
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Figure 11. Production and purification of Env(partial). Samples of each 

purification step (pre-purification, flow-through, wash, and elution) were 

electrophoretically separated by 10% polyacrylamide gel and then stained with 

Coomassie brilliant blue (A). Purified Env(partial) detected by Western blot using 

mouse anti-Env polyclonal antibody (B). 
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Figure 12. Induction of IFN-γ in mice immunized with Monovalent ZIKV DNA 

vaccine. Splenocytes from immunized mice were collected on 4 days after the last 

immunization and re-stimulated with purified Env(partial) protein. Secreted IFN-γ 

were detected by ELISPOT assay. An actual appearance of mIFN-γ assay (A). IFN-

γ spots per 2 x 105 splenocytes of mice were obtained (B). Each box represents the 

mean of the data ± standard deviation. P-value in from up to down by Student’s t-

test: ***p = 0.0002, ***p < 0.0001. 
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Figure 13. Production of ZIKV-specific neutralizing antibody in mice 

immunized with Monovalent ZIKV DNA vaccine. Neutralization assay was 

performed by analyzing viability of the cell infected with complexes of virus and 

immunized mice sera (A). Actual appearance of PRNT using pre-immunized sera as 

negative control (B), intradermally immunized mice sera (C, D) and intramuscularly 

immunized mice sera (E, F). Reduction rate of the number of plaques from PRNT 

compared with negative control (G). Each bar represents the mean of the data. 
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Figure 14. Body weight change of mice immunized with Monovalent ZIKV DNA 

vaccine compared to control group. Control group were injected only vector 

backbone, pcDNA. 
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Discussion 

 

Recent spread of ZIKV has emerged as a potential threat to human health worldwide. 

However, there are no licensed therapeutics and vaccines for this infectious agent 

though many candidates are on clinical trials (31). Thus, there is an urgent need for 

developing a safe and effective vaccine against this virus. Prior to the development 

of ZIKV DNA vaccine, we established DNA vaccine platform technology through 

BoNT(E) DNA vaccine. 

A number of previous studies about DNA vaccine have focused on intramuscular 

electroporation delivery rather than intradermal electroporation (35). In this study, 

our DNA vaccine was evaluated its immunogenicity through intradermal injection, 

followed by electroporation. Skin is a proper target for DNA vaccine, because there 

are not only dense keratinocytes, but also rich in potent antigen-presenting cells such 

as Langerhans cells and dendritic cells (36).  

Carboxy-terminal fragments of BoNT heavy chains have already proven to be 

efficient antigen as mentioned above and there are several studies for DNA vaccine 

against other subtypes of BoNT (37). Therefore, this study developed the BoNT(E) 

DNA vaccine coding this defined antigen with a novel vector construct. We 

evaluated the humoral and cellular immunity induce by BoNT/HCR(E) DNA 

vaccine. The result demonstrated that there was positive correlation between the 

level of toxin-specific antibody and protective ability. Mice immunized with three 
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50 μg doses of DNA vaccine fully protected against 50LD50 of toxin and provided 

the highest antibody titer (2.9 x 104) among the other groups. In addition, two 100 

μg doses of DNA vaccine which induced slightly lower antibody titer than the first 

group (1.5 x 104) and protected four out of five mice. From these results, we also 

elicited the conclusion that the number of immunization is a more important factor 

than total dose of vaccine in inducing antibody response and protection. 

There is a previous study demonstrating that IgG2a, 2b and 3 are associated with 

a Th1 like response, while induction of IgG1 associated with a Th2 response. To 

understand the aspects of inducing immune response, IgG isotypes were analyzed. 

There was an induction of both IgG2a and IgG1 with a skew toward IgG1 

demonstrating strong Th2 immune response. In addition, we also confirmed the 

BoNT/HCR(E) DNA vaccine’s ability of inducing cell-mediated immunity by IFN-

γ ELISPOT assay.  

To sum up the first part of this study, we developed the DNA vaccine against 

BoNT(E) inducing antibody production and protective effect against lethal toxin. 

Finally, we established the optimal DNA vaccine platform technology inducing 

proper immune response. We aimed to develop ZIKV DNA vaccine based on this 

preliminary study. 

Three ZIKV DNA vaccine candidates were designed using premembrane and 

envelope protein of ZIKV as antigens. We constructed the vector with IgM-fused 

form of antigen to enhance the secretion of expressed protein. However, polyprotein 

structure including prM and E protein has known to be cleaved by the signal 

peptidase of host (38). Thus, we designed the second strategy, Bivalent set, which is 
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co-transfection with two vectors coding each of the antigen fused with IgM signal 

sequence. In addition, Dual vector was constructed for one vector system due to the 

issue of co-transfection with two vectors of Bivalent set. 

As shown in the Western blot data of in vitro expression of E protein, expression 

from Dual vector was definitely lower than the others. It is assumed that this result 

caused from less expression of one gene in dual vector system which is commonly 

observed in other study (39). In the further evaluation of antibody production, not 

only the Dual vector provided relatively low level as expected, but also Bivalent set 

did. One possible explanation about weak immunogenicity of Bivalent set is failure 

to formation of virus-like particle(VLP). We were not able to control the transfection 

by injection technique, though we intended to transfect Bivalent set in one cell. 

However, an assembly of immature flavivirus particles containing prM and Env is 

performed in the ER lumen (38). Thus, even though two vectors transfected in one 

cell, a formation of VLP by Bivalent set is not reasonable because its antigens are 

expressed and secreted separately. Therefore, we suggested that Monovalent vector 

which has possibility of VLP formation was able to induce the proper antibody that 

binds to genuine construct of virus. 

To further assess the antibody responses elicited by Monovalent vaccine, IgG 

isotypes were analyzed and significant Th1 immune response which indicated by 

induction of IgG2 and 3 was observed accompanied by induction of IgG1 which 

associated with Th2 immunity. Furthermore, an inducement of cellular immunity 

was re-confirmed by mIFN-γ ELISPOT assay. The truncated form of Env protein 

covering domain III of Env(EDIII) which has known to be a cellular receptor-binding 
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motif of ZIKV was purified and used for re-stimulating immunized splenoctytes (40). 

From these data, it is worth noticing that a proper cellular immunity was induced by 

Monovalent vector because cell-mediated immune response is necessary in viral 

infection. 

There are many previous study about critical role of neutralizing antibody for 

protection against flaviviruses (41, 42). We confirmed that the neutralizing 

antibodies were partially induced by Monovalent vector prior to evaluation of 

protective ability. Based on this result, we expect that Monovalent vector can provide 

antibody-mediated protection. In addition, overall results from this study, there was 

no significant difference of immunogenicity between two injection routes, 

intradermal injection and intramuscular injection.  

In conclusion, we developed the ZIKV DNA vaccine induced ZIKV-specific 

immune response including humoral and cellular immunity. Our study suggests that 

DNA vaccines could be a possible approach for developing vaccines that protect 

against infectious diseases. 
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국문초록 

 

지카 바이러스는 플라비바이러스속에 속하는 외피보유 양성가닥 RNA 

바이러스로 인체 감염 시 발열 및 발진, 가벼운 두통 등을 일으킬 수 

있는 바이러스로 알려져 있었다. 하지만 2015-2016년에 발생한 

에피데믹을 통하여, 지카 바이러스 감염에 의한 소두증 등의 선천성 

기형과 길랑-바레증후군등의 유발가능성이 입증 되었다. 이러한 

위험성과 빠른 전파 속도로 인해 2016년 2월, 세계보건기구(WHO)에서는 

국제비상사태를 선포하였지만, 현재까지 지카 바이러스에 대해 백신이나 

치료제는 상용화되어 있지 않은 실정으로 이에 대한 백신 개발이 시급한 

상황이다. 

본 논문에서는 보툴리눔 독소 E 타입에 대한 면역유도능이 검증된 

항원을 이용하여 DNA 백신을 개발함으로써 DNA 백신의 최적 조건을 

설정하고자 하였다. 해당 항원을 발현하는 플라스미드 DNA 벡터를 

제작하여 이의 생체내 효능 평가로 플라스미드를 면역한 마우스에서 

독소 특이적인 항체 생성을 확인하였고, T세포 면역 유도능과 독소에 

대한 방어능을 입증함으로써 이를 기반으로 최적화된 면역 스케줄을 

설정하였다. 이러한 결과를 통해 본 연구에서는 보툴리눔 독소 E 타입 

항원에 대한 DNA 백신 기술의 활용 가능성을 입증하였고, 이를 플랫폼 
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기술로서 활용하여 지카 바이러스에 대한 DNA 백신을 개발하고자 

하였다. 

동일한 플라스미드 구조를 바탕으로 지카 바이러스의 막 전구체(pre-

membrane)와 외피(envelope)를 발현하는 1가(Monovalent), 2가(Bivalent), 

혼합(Dual) 플라스미드 DNA 백신을 제작하였다. 이들의 효능 평가를 

위한 면역 유도능 연구를 진행한 결과, 면역한 마우스에서 지카 

바이러스 특이적인 항체 생성을 확인하였다. 세 벡터 중 1가 벡터의 

경우 나머지 두 벡터와 비교하였을 때 면역 마우스에서 지카 바이러스 

특이적 항체의 역가가 높게 유도되는 것을 확인하였다. 더 나아가 1가 

벡터에 의해 이와 같은 체액성 면역뿐만 아니라 항원 특이적인 세포성 

면역 또한 유도됨을 확인하였다. 추가적으로, 플라비바이러스에 대한 

방어에 있어 핵심적인 역할을 한다고 알려져 있는 중화 항체 생성을 

입증함으로써 1가 벡터의 지카 바이러스에 대한 방어능의 유도 가능성을 

확인하였다. 위 결과를 통해 본 논문은 세포성, 체액성 면역을 포함한 

적절한 면역반응을 유도하는 지카 바이러스 DNA 백신을 개발하였으며 

더 나아가 감염성 질병에 대한 DNA 백신 기술의 활용 가능성을 

입증하였다. 

 

주요어: DNA 백신, DNA 백신 플랫폼 기술, 지카 바이러스, 면역반응 
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