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Abstract 

 

     We examined whether a vesicular stomatitis virus (VSV) pseudotype bearing the 

hantavirus envelope glycoproteins (GPs) G1 and G2 (VSV∆G*HTN) could be used as a safe 

and effective alternative to native hantavirus. Mice were immunized with purified particles of 

VSV∆G*HTN.  After the second immunization, all mice produced anti-GP antibody as 

detected in ELISA and a neutralization test. After the third immunization, the mice were 

challenged with Hantaan virus. Neither anti-NP antibody production nor Hantaan 

virus-specific CD8 T-cell reactions were detected in these mice. The present study 

demonstrated the potential of using a pseudotype VSV system as a tool for developing a 

hantavirus vaccine. (102 words) 
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1. Introduction 

 

Hemorrhagic fever with renal syndrome (HFRS) and hantavirus pulmonary syndrome 

(HPS) are rodent-borne viral zoonoses caused by viruses in the Hantavirus genus of the 

Bunyaviridae family. Among the 22 currently registered virus species within the genus, the 

Hantaan virus (HTNV), Seoul virus (SEOV), Dobrava virus, and Puumala virus (PUUV) 

are causative agents of HFRS in Eurasia, while the Sin Nombre virus, Andes virus, New 

York virus, and other related viruses are known to cause HPS in North and South America 

[1]. 

Each virus species is carried by a specific rodent species in nature, thus restricting the 

virus’ prevalence to the regions populated by these rodents [1,2]. HFRS has been reported 

throughout Eurasia and particularly in China, where tens of thousands of cases are reported 

annually [3]. In addition, thousands of cases have been reported in Europe and Far East 

Asia [4], and several hundred have been reported in both North and South America [1]. 

The mortality rates of HFRS and HPS patients are 0.1–10% and around 40%, respectively 

[1]. Thus, both HFRS and HPS are important zoonoses from a public health perspective. 

Hantaviruses contain a single-stranded, negative-sense RNA genome that is divided 
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into three segments, designated large (L), medium (M), and small (S) [5]. The L segment 

encodes RNA-dependent RNA polymerase. The S segment encodes nucleocapsid protein 

(NP), and the M segment encodes a glycoprotein (GP) precursor that is cotranslationally 

cleaved into the envelope proteins G1 and G2 [5]. The G1 and G2 proteins form 

projections on the virion surface, induce low-pH dependent cell fusion [6], and are the 

targets of neutralizing antibodies [7,8]. 

Inactivated HTNV, SEOV, or PUUV vaccines prepared from the viruses grown in 

suckling mouse brain or tissue culture cells have been developed in Korea and China 

[9–11]. Although limited efficacy has been observed, attempts have been made to develop 

recombinant protein-based vaccines that reduce or eliminate biohazard risks during 

preparation as well as achieve higher efficacy. Immunizations with recombinant G1 and 

G2 proteins expressed by baculovirus and vaccinea virus induce very low or negligible 

amounts of neutralizing antibody [12–14]. Although the antibody titers are high, this low 

efficacy for inducing neutralizing antibody may be attributable to the incorrect 

conformation of the recombinant G1 and G2 compared to the native proteins. 

We recently expressed the G1 and G2 of HTNV using a mammalian cell expression 
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vector. In addition, by supplying the G1 and G2 proteins in trans to the infected cells with 

recombinant vesicular stomatitis virus (VSV), whose envelope G protein was altered to 

enhanced green fluorescent protein (eGFP), we generated the pseudotype VSV (pVSV), 

which possesses the HTNV envelope proteins G1 and G2 (VSV∆G*HTN) [15]. Infection 

by VSV∆G*HTN was inhibited by neutralizing monoclonal antibodies (MAbs) and patient 

sera. The neutralizing antibody titers were virtually identical to those measured with native 

virus. These results indicated that the structure and function of the expressed G1 and G2 

effectively mimics the native viral proteins. Based on these results, we examined the 

applicability of pVSV as a possible tool for producing inactivated vaccine that may induce 

neutralizing antibody more efficiently than the previously examined recombinant proteins. 

 

2. Materials and methods 

 

2.1. Viruses and cells 

 

     HTNV strain 76-118 was propagated in the Vero cell E6 clone (ATCC C1008). The 

293T cell is derived from the human embryonic kidney cell line 293 and contains the 
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simian virus 40 large T antigen.  The 293T cells were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM; Nissui, Tokyo, Japan) supplemented with 0.45% glucose and 

10% heat-inactivated fetal calf serum (FCS). The recombinant baculovirus for expressing 

HTNV viruses G1 and G2 was kindly supplied by Dr. C. S. Schmaljohn [12] and was 

propagated in High Five™ cells. 

 

2.2. Mice 

 

     Specific-pathogen-free, six-week-old female BALB/c/slc mice were obtained from 

SLC (Hamamatsu, Japan). All mice were treated in accordance with the laboratory animal 

control guidelines of our institute, which conform to those of the U.S. National Institutes of 

Health. All experiments were conducted in a BSL class P3 facility. 

 

2.3. Production of pseudotype VSV 

 

     Pseudotype VSV containing HTNV G1 and G2 (VSV∆G*HTN) or the G protein of 

VSV (VSV∆G*G) was prepared in 293T cells as previously described [15]. Briefly, 36 h 
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after the transfection of 293T cells with expression vectors based on pCAGGS/MCS 

containing the coding information of the glycoproteins of Hantaan virus, Seoul virus, or 

G protein of VSV, the cells were infected with VSV∆G*G at a multiplicity of infection 

(MOI) of 1 for 1 h at 37°C. VSV∆G*G, whose genome had the enhanced GFP gene 

instead of the G protein, was kindly provided by Dr. Michael A. Whitt. The 293T cell 

monolayer was then washed with 1% heat-inactivated FCS–PBS three times, and culture 

medium was added. After a 24-h incubation at 37°C in a CO2 incubator, the culture 

supernatant was clarified by low-speed centrifugation and stored at –80°C. 

  

2.4. Purification of pseudotype VSV 

 

     The culture supernatant containing pseudotype VSV was purified by ultracentrifugation 

at 100,000 rpm for 1 h through a 20–60% sucrose cushion in TNE buffer (10 mM Tris, 135 

mM NaCl, 2 mM EDTA) with a type-50 titanium rotor in a Beckman L-80 ultracentrifuge 

(Beckman Instruments, Palo Alto, CA). Virions were recovered from the sucrose cushion 

and measured as the hemagglutination (HA) activity of goose erythrocytes [16,17]. 
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2.5. Titration of pseudotype VSV 

 

     Vero E6 cells grown on eight-well slides were infected with 50 µL of serially diluted 

virus stock. After a 1-h adsorption period, the inoculum was removed; fresh culture 

medium was added, and the cells were incubated at 37°C in a CO2 incubator. At 16 h 

postinfection, the cells were fixed with 10% formalin in PBS for 10 min at room 

temperature, washed with distilled water, and air-dried. Fluorescent GFP-expressing cells 

were counted under a fluorescence microscope. Because pseudotype VSV is unable to 

produce infectious progeny, the numbers of GFP-positive cells were regarded as infectious 

units (IU). 

 

2.6. Immunization and sample collection 

 

     Eight mice were immunized subcutaneously three times at intervals of 3 and 2 weeks 

after the first immunization (Fig. 1) with purified particles of VSV∆G*HTN (1 X 107 IU/ 
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mouse/50 μl) mixed with 50 μl of CpG DNAadjuvant (ImmunEasy Mouse Adjuvant; 

Qiagen GmbH, Hilden, Germany). The adjuvant contained immunostimulatory CpG™ 

DNA short oligonucleotides that had unmethlylated cytosine–guanine dinucleotides within 

a certain base context. Four mice were immunized with VSV∆G*G as controls. Fifty 

microliters of blood was collected from the mice under ether anesthesia, at the intervals 

described in Fig. 1 by retro-orbital plexus puncture. The blood was immediately mixed 

with 200 µL of PBS and centrifuged to remove blood cells. The supernatant represented an 

approximately 1:10 dilution of serum. The sera were inactivated by exposure at 56°C for 

30 min. All serum specimens were stored at –30°C prior to antibody titration. After 3 

weeks of HTNV inoculation, the spleen was collected under ether anesthesia. Spleen 

single-cell suspensions were obtained using previously published methods [18] and stored 

at –80°C in freezing medium (Cell Banker; Jujin, Tokyo, Japan) prior to CD8 T cell 

analysis. 

 

2.7. HTNV infection 

 

     Seven groups of six, six-week-old female BALB/c mice were inoculated 
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intraperitoneally with various doses (10–3–10–8 dilution) of HTNV diluted in PBS, and the 

antibody responses were examined 3 weeks after inoculation. Based on the ratio of 

seropositive mice, the ID50 of HTNV was determined as 0.127 focus-forming units (FFU). 

Mice were inoculated with 4.0 FFU of HTNV in the challenge experiment. 

 

2.8. Purification and papain digestion of MAb clone 11E10-2-2 

 

     MAb clone 11E10-2-2, which recognizes G2 of HTNV [7], was purified by protein A 

column chromatography (Affi−Gel, MOPS II kit; Bio-Rad, Hercules, CA). To prepare the 

Fab fragment of the MAb, purified IgG was digested with papain (P-3125; Sigma–Aldrich, 

St. Louis, MO) as previously described [19]. Briefly, papain digestion was performed with 

an enzyme-to-antibody ratio of 1:400 in standard PBS buffer containing 3 mM EDTA and 

10 mM-cysteine at 37°C. The reaction was stopped with the addition of fresh 

iodoacetamide solution to a final concentration of 10 mM followed by incubation in the 

dark at 4°C for 30 min. The digested MAb was then passed through Protein A columns 

under the same experimental conditions used for the purification of IgG. The unbound 
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fraction (Fab fragment) and bound fractions (Fc fragment and undigested IgG) were 

analyzed by SDS–polyacrylamide gel electrophoresis (SDS–PAGE). 

 

2.9. ELISA 

 

     To detect antibody specific to HTNV GP, ELISA was performed using the Fab fraction 

of MAb 11E10-2-2, which was directed to HTNV GP as the capture antibody. The 96-well 

microtiter plates (FALCON 3915; Falcon, Franklin Lakes, NJ) were coated with Fab of 

MAb 11E10-2-2 (50 µg/ml) in PBS and incubated at 4°C overnight. After three washes 

with PBS containing 0.05% Tween-20 (PBS-T; Wako, Osaka, Japan), High Five™ cell 

lysate containing recombinant GP as previously described [20] was added to the plates for 

1 h at 37°C. After washing three times with PBS-T, the wells were filled with Block Ace 

(Yukijirushi, Tokyo, Japan), incubated at room temperature for 30 min, and washed again. 

The mouse sera were diluted at 1:200 with ELISA buffer containing PBS-T with 0.5% BSA 

(A-4503; Sigma–Aldrich) and were then added to the wells. The plates were incubated at 

37°C for 1 h and washed three times with PBS-T. Bound antibodies were detected with 0.5 
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µg/ml Protein A-horseradish peroxidase conjugate (Biogenesis, San Leandro, CA) in 

ELISA buffer. Wells were developed with 100 μl of substrate solution, which contained 

10 mg o-phenylenediamine (Sigma–Aldrich) plus 6 ml of 0.02% H2O2 (Wako). After a 

15-min incubation in the dark at room temperature, the absorbance at 450 nm was read 

using a microplate spectrophotometer (Spectra Max 340; Molecular Devices, Sunnyvale, 

CA). For ELISA to detect antibody specific to NP, recombinant HTNV NP was used as the 

antigen. The ELISA procedure was as previously described [21]. 

 

2.10. Focus reduction neutralization test 

 

     The focus reduction neutralization test (FRNT) using HTNV and Vero E6 cells was 

performed as previously described [22]. The FRNT titer was expressed as the reciprocal of 

the highest dilution that gave a reduction of greater than 80% in the number of infected cell 

foci. 
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2.11. Detection of HTNV-specific CD8+ T cells 

 

     To detect HTNV-specific CD8+ T cells, we used flow cytometry to assay for 

intracellular gamma interferon (IFN-γ) of CD8+ T cells stimulated by incubation with 

HTNV-infected antigen-presenting cells, as previously described [18].  

 

3. Results 

 

3.1. ELISA and FRNT antibody responses in mice immunized with pseudotype VSV 

 

     The antibody responses of mice immunized with pseudotype VSVs were measured by 

ELISAs for specific antibodies to HTNV GP (Fig. 2) or to HTNV NP (Fig. 3). Although 

FRNT antibody was not detected in any mice except one at 3 weeks after the first 

immunization with VSV∆G*HTN, a low level of anti-GP antibody was detected in a few 

mice compared to control mice immunized with VSV∆G*G or PBS (Table 1, Fig. 2). After 

the second immunization, all mice immunized with VSV∆G*HTN possessed both FRNT 
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antibody and anti-GP antibody as detected by ELISA (Table 1, Fig. 2). However, 

NP-specific antibody induction was not detected in any of the mice inoculated with 

VSV∆G*HTN, VSV∆G*G, or PBS alone (Fig. 3). These results indicated that 

VSV∆G*HTN was able to induce GP-specific antibody in mice. 

     The neutralizing activity of the GP-specific antibody was measured using the 80% 

FRNT. As summarized in Table 1, all eight mice immunized with VSV∆G*HTN 

developed FRNT antibody at titers ranging from 1:40 to 1:160 within 2 weeks after the 

second immunization. All control mice inoculated with either VSV∆G*G or PBS alone 

were negative for FRNT antibody. 

 

3.2. Evaluation of protective immunity induced by pseudotype VSV for preventing HTNV 

challenge in mice 

 

     To assess the protective immunity, mice were challenged with HTNV at 1 week after the 

third immunization (Fig. 1). Although exceptional fatal infection models in adult mice 

have been reported [23,24], hantavirses are generally nonpathogenic to mature rodents. In 
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this study, we used a general Hantaan virus strain. Therefore, it is difficult to evaluate 

protective immunity. To differentiate the antibody response induced by immunization from 

that induced by HTNV infection, seroconversion against NP accompanied with the 

establishment of infection was used as an index for protection (Fig. 2). In addition, the 

HTNV-specific CD8+ T cell response was also measured as an index of protection. All 

mice immunized with VSV∆G*HTN remained negative for anti-NP antibody in ELISA, 

and no detectable level of HTNV-specific CD8+ T cells was observed in spleen cells at 3 

weeks after the challenge (Fig. 4), indicating that the mice were protected from HTNV 

infection. In contrast, seroconversion was detected in VSV∆G*G-immunized mice and in 

PBS control mice. Furthermore, a significant number of HTNV-specific CD8+ T cells was 

observed only in the control mice. These results indicate that protective immunity was not 

induced in these mice, confirming that immunization with VSV∆G*HTN conferred 

protective immunity. 

 

4. Discussion 

 

     In general, virus proteins that are targeted by vaccines are observed on the outer 
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surfaces of the virions or the envelope proteins. In addition, it is well-known that the 

structure of viruslike particles (VLPs) in combination with envelope proteins strengthens 

their immunogenicity. Therefore, the combination of VLPs and envelope proteins was 

expected to be an effective material for vaccine development. VLPs with recombinant 

hepatitis B surface proteins expressed in yeast provided a remarkably successful 

application for vaccine development [25]. Chimeric HBc particles with the hantavirus NP 

sequence have been reported to induce high antibody titer to NP, as well as to confer 

protective immunity in mice models [26]. However, similar applications have not been 

reported with hantavirus GPs. 

     In our previous study, we succeeded in producing VSV pseudotypes bearing hantavirus 

GPs, and these GPs were considered to have structures similar to those of native hantavirus 

GPs based on neutralization pattern profiling of Mabs and polyclonal antibodies [15]. 

Furthermore, because the pseudotype VSV lacks a gene for GP, it also lacks replication 

activity. Therefore, we anticipated that the pseudotype virion could be applicable as a safe 

alternative to authentic virion for use in vaccines. In this study, we used the particle of 

pseudotype VSV∆G*HTN as a type of VLP and examined its antigenicity in a mouse 
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model. 

     Epitope analyses of GPs using MAbs against G1 and G2 showed that both G1 and G2 

were associated with the FRNT-related epitope. The FRNT-related epitope was composed 

of partially overlapping epitopes on G1 and G2 [7,27,28] and might be related to the 

inhibition of the membrane fusion step [6]. In this study, we measured only anti-GP2 

antibody in the ELISA because of the difficulty with the methodology. Because the FRNT 

epitopes on G1 and G2 overlap each other, it was expected that anti-G2 antibody was 

related to the rise in anti-G1 antibody. Actually, anti-G2 antibodies were correlated to 

FRNT titers as shown in Table 1. 

     As observed in this study, the pseudotype VSV∆G*HTN was able to induce 

neutralizing antibody with titers comparable to those reported for inactivated vaccines in 

humans as well as for recombinant proteins in the mouse model [10,11,29]. Furthermore, 

the pseudotype VSV∆G*HTN conferred protective immunity for hantavirus challenge in 

the mouse model. The fact that an HTNV-specific CD8 T-cell response was not observed in 

immunized mice after challenge also confirmed that the induced neutralizing antibody 

alone was effective for protection from the challenge inoculation. This is the first 
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successful application of pseudotype VSV as a type of VLP for the induction of protective 

immunity. Few studies on the application of pseudotype virus as a vaccination antigen have 

been reported. In hepatitis type C virus (HCV), pseudotype virus was developed and 

applied to analyze virus–cell interactions and the assembly of virus particles [30,31]. 

Beynes et al. [32] tried to apply pseudotype VSV incorporating the envelope glycoprotein 

of HCV to vaccine development. In their experiment, neutralization antibody against 

pseudotype virus was successfully induced; however, there is no system for detecting 

neutralizing and protective activity against authentic HCV in vitro or in vivo [32]. 

     Although an inactivated hantavirus vaccine has been developed and a protective 

efficacy comparable to those of other virus vaccines has been reported, low efficacy for the 

induction of neutralizing antibody remains an important aspect to be overcome [9–11,29]. 

Further studies are needed to clarify the potential of the pseudotype VSV with HTNV GPs 

as a useful tool for the development of hantavirus vaccine. It has been reported that the M 

protein of VSV strongly induces budding. The characteristics of VSV M protein suggest 

that the pseudotype VSV system could be applied to other viruses for which VLP 

development has been unsuccessful. 
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     Owing to the structural complexity of HTNV GP, a component vaccine made from 

recombinant GP proteins has not been developed. However, DNA vaccine trials have been 

reported [8] in which the DNA vaccine was able to induce a significantly high level of 

FRNT antibody in animals; this indicates that the recombinant GP expressed in 

mammalian cells possesses sufficient antigenicity to induce FRNT antibody. These results 

also imply that the fixation step during the preparation of inactivated hantavirus vaccine 

may be responsible for the preservation of antigenicity of the inactivated vaccine. The 

pseudotype virion used here could be developed as a useful tool with which to evaluate 

fixation methods for virus particles. By comparing the immunogenicity of unfixed and 

fixed pseudotype virions, we were able to estimate the damage done to GP molecules by 

fixation during the preparation of the hantavirus vaccine. Careful examination of the 

appropriate fixation conditions for inactivated vaccines may lead to higher efficacy. 

     The pseudotype VSV used in this study can replicate to express reporter genes, such as 

GFP, and exhibit a cytopathic effect. Therefore, for the practical application of pseudotype 

virion to vaccine, the development of VLPs lacking a replication system and containing 

HTNV Gps or VSV M protein should be pursued. 
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Table 1 

Neutralizing antibody responses of mice immunized with VSV∆G*HTN 

 

 

    Titer for 80% FRNT   

 Antigen Mouse ID 1st imm. 2nd imm. Post-challenge Protection 

 

 VSV∆G*HTN 1 <40 40 40 Yes 

  2 <40 40 80 Yes 

  3 <40 40 80 Yes 

  4 <40 40 80 Yes 

  5  40 80 80 Yes 

  6 <40 160 160 Yes 

  7 <40 160 80 Yes 

  8 <40 80 40 Yes 

 

CONTINUED  
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VSV∆G*G 1 <40 <40 40 No 

  2 <40 <40 160 No 

  3 <40 <40 160 No 

  4 <40 <40 80 No 

 

PBS  1 <40 <40 80 No 

  2 <40 <40 80 No 

  3 <40 <40 80 No 

  4 <40 <40 80 No 
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Figure legends 

Fig. 1. Schedule of experiment. Immunizations with VSV∆G*HTN, VSV∆G*G, or PBS are 

shown as closed triangles. The collection of serum samples is shown as open triangles. 

 

Fig. 2. Antibody responses against hantavirus GP before challenge inoculation. Anti-GP 

antibodies were measured using ELISA; the recombinant GP was expressed in insect cells by 

the baculovirus vector system as described in the Materials and methods section. The 

positive control was serum from a hyperimmune mouse experimentally inoculated with 

HTNV. The negative control was serum from an uninfected mouse. 

 

Fig. 3. Antibody responses against HTNV N protein after challenge inoculation. Anti-N 

protein antibodies were measured using ELISA; recombinant NP was expressed in 

Escherichia coli as described in the Materials and methods section. The positive control was 

serum from a hyperimmune mouse experimentally inoculated with HTNV. The negative 

control was serum from an uninfected mouse. 
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Fig. 4. HTNV-specific CD8+ T cell responses after challenge inoculation. HTNV-specific CD8+ T cells 

were counted as IFN-gamma-producing cells; values are expressed as percent of total splenic CD8+ T cells. 

A horizontal broken line indicates the limitation of the background level in this assay. 
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