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Abstracts
The Hantaan virus (HTNV) and Seoul virus (SEOV) mutants have accumulated over time. It is important to determine

whether their neutralizing epitopes have evolved, thereby making the current vaccine powerless. However, it is impossible

to determine by using traditional plaque reduction neutralization test (PRNT), because it requires large numbers of live

mutant strains. Pseudovirus-based neutralization assays (PBNA) were developed by employing vesicular stomatitis virus

(VSV) backbone incorporated with HTNV or SEOV glycoproteins (VSVDG*-HTNVG or VSVDG*-SEOVG). 56 and 51

single amino acid substitutions of glycoprotein (GP) in HTNV and SEOV were selected and introduced into the reference

plasmid. Then the mutant pseudoviruses were generated and tested by PBNA. The PBNA results were highly correlated

with PRNT ones with R2 being 0.91 for VSVDG*-HTNVG and 0.82 for VSVDG*-SEOVG. 53 HTNV mutant pseu-

doviruses and 46 SEOV mutants were successfully generated. Importantly, by using PBNA, we found that HTNV or SEOV

immunized antisera could neutralize all the corresponding 53 HTNV mutants or the 46 SEOV mutants respectively. The

novel PBNA enables us to closely monitor the effectiveness of vaccines against large numbers of evolving HTNV and

SEOV. And the current vaccine remains to be effective for the naturally occurring mutants.
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Introduction

Hantaviruses are enveloped RNA viruses in the family

Hantaviridae (Maes et al. 2019). So far, 41 hantavirus

species have been found (Maes et al. 2019). Although

mostly found in rodents, hantavirus can cause severe illness

with high mortality rates in humans. These diseases include

hemorrhagic fever with renal syndrome (HFRS) and han-

tavirus cardiopulmonary syndrome (HCPS); the mortality

rates vary from 0.3%–10% for HFRS and 30%–40% for

HCPS (Schmaljohn and Hjelle 1997; Meyer and Sch-

maljohn 2000; Bi et al. 2008; Jonsson et al. 2010; Vaheri

et al. 2013; Watson et al. 2014). HFRS is mainly found in

Europe and Asia, while HCPS is endemic in the Americas

(Muyangwa et al. 2015). Notably, about 90% of HFRS

cases have been reported in China (McCaughey and Hart

2000; Lin et al. 2014; Zhang et al. 2014). Data so far

indicate that HFRS is mainly caused by six hantavirus

species including Hantaan virus (HTNV), Seoul virus

(SEOV), Dobrava-Belgrade virus (DOBV), Puumala virus
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(PUUV), Thailand virus (THAIV), and Luxi virus

(LUXV). Of these viruses, HTNV and SEOV are the major

causative agents of HFRS in China (Khaiboullina et al.

2005; Jonsson et al. 2010; Zou et al. 2016). Moreover,

HCPS is mainly caused by infections of Sin Nombre virus

(SNV) and Andes virus (ANDV).

HTNV and SEOV caused two types of HFRS in China

with different clinical presentations, regional distributions,

and epidemiologic features. HTNV-associated cases have

been reported in more than 21 provinces, with sporadic

cases observed in the winter; the fatality rate of HTNV

infection is about 5%. Yet, SEOV infection cases have

been reported in Henan and Shanxi provinces in the spring,

with slightly lower fatality rate (\ 1%). Moreover, it was

found that the major reservoir for SEOV is the house rat

(Rattus norvegicus) and back-striped mouse for HTNV

(Apodemus agrarius) (Song et al. 1984; Tang et al. 1991).

As of today, there is no WHO-approved hantavirus

vaccine available. However, some inactive vaccines were

approved in South Korea and China, where vaccines are

being used. Cases of HFRS in the South Korea resulted in

the development of Hantavax�, a formalin-inactivated

vaccine prepared by HTNV grown in suckling mouse

brain. The vaccine has been used in South Korea since

1990 (Song et al. 2016). To date, three inactivated bivalent

HTNV/SEOV vaccines, produced in golden hamster kid-

ney cells or African green monkey kidney cells, have been

licensed and widely used in China (Chen et al. 2000; Liu

et al. 2000; Kruger et al. 2011), with efficacy being close to

100% (Liu et al. 2000). Nevertheless, it is important to

closely monitor the circulating viral strains so as to ensure

the current vaccines remain to be highly effective.

Hantavirus genome consists of three negative-strand

RNA segments, the large (L), medium (M), and small

(S) segments; major viral proteins expressed by the viral

genes include RNA-dependent RNA polymerase (L pro-

tein), two surface glycoproteins (G1 and G2), and nucle-

ocapsid protein (NP). Previous studies demonstrated that

GP is the main target of neutralizing antibodies (Zhang

et al. 1989). For vaccine evaluation, plaque reduction

neutralization test (PRNT) is used. However, drawbacks

are clearly associated with PRNT, including the lengthy

procedure (1–2 weeks) and handling of the deadly patho-

gens (Lee et al. 1985; Chu et al. 1995). Furthermore, it is

not possible to timely monitor the neutralization property

of the large numbers of evolving HTNV and SEOV viruses

with traditional methods due to limited strains obtained in

one laboratory.

Here, we reported a reproducible pseudovirus (PsVs)-

based neutralization assays (PBNA) employing vesicular

stomatitis virus (VSV) as the backbone carrying the GP of

HTNV or SEOV. Results generated by PBNA were highly

in agreement with those by PRNT but with clear

advantages in terms of rapidity, safety and high throughput

capacity.

Materials and Methods

Cells

293T (ATCC, CRL3216), MDCK (ATCC, CCL34), Vero

(ATCC, CCL81), A549 (ATCC, CCL185), Hela (ATCC,

CCL2), and Vero E6 (ATCC, CRL1586) cells were

maintained in DMEM supplemented with 10% FBS, 2%

HEPES, and 1% penicillin/streptomycin. All cells were

maintained at 37 �C in a 5% CO2 humidified incubator.

Viruses, HFRS Bivalent Vaccine, Rabbit Immune
Sera, and VSV DNA Vaccine

VSVDG*-G was kindly provided by Prof. M. A. Whitt

(University of Tennessee). HTNV 76-118 and SEOV UR

were maintained at Arboviruses Vaccine Division,

National Institutes for Food and Drug Control (NIFDC),

Beijing, China. Three HFRS bivalent vaccines were kindly

provided by Changchun Institute of Biological Products

Co., Ltd. (Changchun, China), Aimei Weixin Biopharma-

ceutical Co., Ltd. (Zhejiang, China), and Royal (Wuxi)

Bio-pharmaceutical Co., Ltd. (Jiangsu, China), respec-

tively. Four monovalent rabbit antisera against HTNV and

four against SEOV were kindly provided by Aimei Weixin

Biopharmaceutical Co., Ltd. (Zhejiang, China). Codon-

optimized version of VSV (Indiana strain) GP was syn-

thesized and cloned into pcDNA3.1(?) vector by GENE-

WIZ, generating the VSV DNA vaccine pcVSVG.

Preparation of Sera

The animal study was approved by the Institutional Animal

Care and Use Committee of National Institutes for Food

and Drug Control. All animals were housed in accordance

with institutional guidelines. Three aforementioned HFRS

bivalent vaccines were provided as described by the man-

ufacturer. In short, 1 mL of the vaccines were injected

intramuscularly into one New Zealand white rabbits

(2.0 kg). PcVSVG, was used as the DNA vaccine, 200 lg

of which was inoculated intramuscularly into guinea pig by

electroporation. Immunization was repeated twice at

2-week intervals, while sera were obtained 1 day before

first immunization and 2 weeks after the second immu-

nization. All serum samples were inactivated at 56 �C for

30 min before use.
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Generation of PsVs Harboring HTNV or SEOV GP

Codon-optimized versions of HTNV (76-118 strain), and

SEOV (80-39 strain) GP were synthesized and separately

cloned into pcDNA3.1(?) vector by GENEWIZ, generat-

ing expression plasmids pcHTNVG, and pcSEOVG.

Expression plasmids containing HTNV or SEOV GP genes

were used to create VSV-based PsVs (VSVDG*-HTNVG

or VSVDG*-SEOVG). Briefly, 293T cells were cultured to

form monolayer and then transfected with 24 lg of

expression plasmids. Twenty-four hours later, the cells

were infected with VSVDG*-G at a multiplicity of infec-

tion of 1.0. The viruses were allowed to adsorb for 1 h at

37 �C, and the cells were washed three times with DMEM

without FBS and cultured in DMEM containing 10% FBS.

In addition, the control was simultaneously generated by

infecting cells with VSVDG*-G only.

After overnight incubation at 37 �C, the PsVs-contain-

ing supernatant was harvested by centrifugation at 1800

9g for 10 min. The culture supernatants were then ali-

quoted and stored at -80 �C until use. Vero E6 cells were

infected with serially diluted PsVs stocks; the infectivity

based on the relative luciferase activity (RLA) was defined

as 50% tissue culture infective dose (TCID50), according to

the method of Reed and Muench (Matumoto 1949).

Pseudotype Virus-Based Neutralization Assay
(PBNA)

PBNA assay was conducted as described (Pastrana et al.

2004). Briefly, PsVs were mixed with antibodies for 1 h at

37 �C before added with the freshly trypsinized cells, fol-

lowed by incubation for 24 h. Afterwards, RLA was

measured according to the instruction manual provided by

PerkinElmer (Waltham, MA). Inhibition percentage was

calculated as the following: (RLA in virus challenge con-

trol-RLA in test samples)/RLA in virus challenge control.

Serum neutralization titers were defined as the 50% max-

imal inhibitory dilution (ID50) and calculated with the

Reed-Muench method (Matumoto 1949).

Plaque Reduction Neutralization Test (PRNT)

PRNT was performed as described previously (Chu et al.

1995). Briefly, serial dilutions of the sera by twofold

(1:8–1:64) were mixed with HTNV or SEOV to yield a

mixture of * 100 PFU/200 lL. After 1 h incubation at

37 �C, 100 lL of the virus-antibody mixture was placed

onto confluent monolayers of Vero E6 cells. The plates

were incubated at 37 �C in the presence of 5% CO2 for

1.5 h, after which they were overlaid with growth medium

containing 0.6% agarose. To visualize plaques, a second

overlay identical to the first but with additional neutral red

stain, was added, 7 days after infection. Plaques were

observed 1–2 days after staining, with the neutralizing

antibody titer calculated using the Reed-Muench method

(Matumoto 1949).

HTNV and SEOV GP Sequence Analysis and Site-
Directed Mutagenesis

The GP sequences derived from HTNV strain 76-118 and

SEOV strain 80-39 were chosen in the study. All previ-

ously published GP sequences of HTNV and SEOV iso-

lated from human before 30th June 2018 were downloaded

from National Center for Biotechnology Information

(NCBI). All HTNV or SEOV GP sequences were sepa-

rately aligned with their corresponding reference using

Bioedit software in conjunction with manual editing. We

removed duplicate sequences from this data set, generating

a total of 182 HTNV GP sequences and 119 SEOV GP

sequences. Oligonucleotides were designed using NEBa-

seChanger to introduce non-synonymous mutations into the

reference expression plasmids pcHTNVG (Supplementary

Table S1) and pcSEOVG (Supplementary Table S2) by

site-directed mutagenesis.

Results

Generation and Characterization of VSV
Pseudotyped with HTNV and SEOV GP

We created the VSVDG* viruses pseudotyped with HTNV

or SEOV GP (VSVDG*-HTNVG or VSVDG*-SEOVG).

As shown in Fig. 1, VSVDG*-HTNVG or VSVDG*-

SEOVG had extremely higher infectivity compared to the

control (generated by infecting cells with VSVDG*-G

only). To ascertain that the VSVDG*-HTNVG or

VSVDG*-SEOVG preparations were free from

Fig. 1 Generation and infectivity analysis of pseudotyped Hantaan

virus (VSVDG*-HTNVG) and Seoul virus (VSVDG*-SEOVG).
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contamination with the VSVDG*-G helper virus, they were

tested by guinea pig sera immunized with pcVSVG. The

VSVDG*-G infectivity was almost abolished by the anti-

sera whilst VSVDG*-HTNVG or VSVDG*-SEOVG was

not affected by the sera (Fig. 1), indicating that no

VSVDG*-G was detected in VSVDG*-HTNVG or

VSVDG*-SEOVG preparations.

Establishment of an In Vitro PsVs-Based
Neutralizing Assay (PBNA)

To choose a sensitive cell line for the neutralization assay,

we tested the cellular tropism of the VSVDG*-HTNVG and

VSVDG*-SEOVG, together with their corresponding con-

trol. All of the cell lines (293T, MDCK, Vero, A549, Hela,

and Vero E6) tested could be infected by the two PsVs,

suggesting that the PsVs had a wide range of cellular

tropism. Along with the control generated by infecting cells

with VSVDG*-G only, Vero E6 cells were found to be

most susceptible to PsVs infection; as such, they were

chosen as the best cell substrates for the neutralization

assay (Fig. 2A, 2B). We also tested Vero E6 cell numbers

ranging from 2500 to 100,000 per well, and found that the

30,000/well was the most desirable cell density (Fig. 2C,

2D). In addition, the amount of the virus used in the neu-

tralizing assay was further optimized, with 400–1600

TCID50 finally chosen as the optimal virus dose to ensure

both sensitivity and accuracy of the neutralizing assay

(Fig. 3A, 3B). With such optimization, we were able to

establish a sensitive and specific PsVs-based neutralization

assay for HTNV and SEOV.

Fig. 2 Optimization of the cells

used in the in vitro pseudovirus-

based neutralization assay

(PBNA). A, B Cell tropism of

VSVDG*-HTNVG (A) or

VSVDG*-SEOVG (B).

Different cells were seeded at

30,000/well in 96-well plates

and infected with PsVs at a MOI

of 1600 TCID50. After 24 h, the

bioluminescence was tested and

RLU calculated. C, D Cell

inoculum density of Vero E6

cells. Optimization of the cells

used in the in vitro VSVDG*-

HTNVG (C) and VSVDG*-

SEOVG (D) neutralization

assay.

Fig. 3 Optimization of virus dose for neutralization. The ID50 value

of the serum from an immunized rabbit was determined using

different VSVDG*-HTNVG (A) and VSVDG*-SEOVG (B) doses.
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Sensitivity, Reproducibility and Correlation
of PBNA with the PRNT

As the PBNA is intended to be used for the analysis of both

rabbit and guinea pig samples, a panel of 15 negative rabbit

and 20 negative guinea pig sera were used to evaluate the

limit of detection (LOD) in PBNA assay. For both

VSVDG*-HTNVG and VSVDG*-SEOVG, the guinea pig

serum samples were found to have higher background

compared to the rabbit serum samples. When the mean titer

value of the negative samples plus 1.96 standard deviation

(SD) was used to calculate the limit of detection (LOD) for

VSVDG*-HTNVG, the LOD was 13.5 for the rabbit serum

and 23.0 for the guinea pig serum samples. In addition,

LOD for VSVDG*-SEOVG was 11.5 for the rabbit serum

and 10.3 for the guinea pig serum samples, respectively.

Finally, we chose LOD at 30 as the cut-off value of the

PBNA assay to ensure the assay specificity (Fig. 4A).

Reproducibility of the PBNA was determined by testing

rabbit antisera against HTNV or to SEOV in three inde-

pendent runs, with the two samples in each run being tested

3 times on nine individual plates (each in duplicate wells).

For VSVDG*-HTNVG, the coefficient of variation (CV)

ranged from 6.5%–12.1% for the intra assay and 1.7%–

7.4% for the inter assay, while for VSVDG*-SEOVG, CV

ranged from 6.9%–16.6% for the intra assay and 1.5%–

13.1% for the inter assay (Fig. 4B).

We next determined the correlation between the PBNA

and PRNT in terms of quantitative analyses of HTNV or

SEOV-specific antibodies; to this end, 62 rabbit sera

immunized with HFRS bivalent vaccines were tested

(Fig. 4C, 4D). The linear equations were

Y = 4.648X - 1.956 for VSVDG*-HTNVG and

Y = 7.524X - 5.263 for VSVDG*-SEOVG. The calibra-

tion curves showed excellent linearity with the correlation

coefficient R2 of 0.91 for VSVDG*-HTNVG and 0.82 for

VSVDG*-SEOVG. Notably, based on the linear equations,

493 (VSVDG*-HTNVG) and 183 (VSVDG*-SEOVG) in

PBNA were equal to the critical protective value of 10 in

PRNT. Collectively, these data indicate that there is a

statistically strong correlation between PBNA and PRNT in

quantitative analysis of the serum samples.

Identification of Mutants

To study the antigenic epitopes in GP of HTNV isolates,

182 GP sequences from Genbank were analyzed, with nine

mutations with frequencies higher than 40% being

Fig. 4 Evaluation of PBNA. A Determination of cut-off value in

PBNA. A panel of 15 negative rabbit and 20 negative guinea pig sera

were used to determine the limit of detection (LOD). B Reproducibil-

ity. The reproducibility of the PBNA was determined by testing rabbit

antisera either to HTNV or to SEOV in three independent runs, with

each run the two samples being tested 3 times on 9 individual plate.

C, D Correlation between PBNA and PRNT for the 62 positive

samples based on VSVDG*-HTNVG (C) and VSVDG*-SEOVG (D).

The solid line represents the fitted regression line, while the dashed

line indicates the corresponding value in PBNA which were equal to

the critical protective value of 10 in PRNT.
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designated as ‘‘hot’’ substitutions. Previous studies found

that 35 mutants at 28 aa positions of the GP may affect

antigenic epitopes (Arikawa et al. 1989; Horling and

Lundkvist 1997; Kikuchi et al. 1998; Koch et al. 2003; Lu

et al. 2009; Yan et al. 2012; Guardado-Calvo et al. 2016;

Li et al. 2016; Willensky et al. 2016). These 35 mutants

were selected and designated here as epitope-related sub-

stitutions. Moreover, we used PROVEAN program to

predict point mutations and 15 mutants were found to have

the potential of altering neutralizing activity of the anti-

bodies. 56 mutants at 49 aa in HTNV GP were selected to

construct PsVs and their Genbank sequence numbers were

listed in Supplementary Table S1. Similarly, through

analysis of 119 SEOV GP sequences, 8 hot substitutions,

28 epitope-related substitutions, and 16 prediction-related

substitutions were selected using the same rationale as that

for HTNV. 51 mutants at 49 aa positions in SEOV GP were

selected to construct PsVs and their Genbank sequence

numbers were listed in Supplementary Table S2.

Analysis of Neutralization Properties of HTNV
and SEOV GP Mutants

To determine whether single mutations could alter anti-

genicity, we generated a panel of GP mutants based on the

reference HTNV 76-118 strain or SEOV 80-39 strain, and

tested their reactivity to the corresponding monovalent

rabbit antisera in the optimized PBNA.

Three of 56 HTNV mutants, including A55I, N821D,

and E905G, could not form infectious PsVs and thus

excluded from subsequent PBNA testing. The remaining

53 HTNV mutants were generated and titrated for subse-

quent neutralization assay (Fig. 5A). As shown in Fig. 5B,

all single amino acid substitutions except K816I mutant

were similar to HTNV reference strain in terms of their

sensitivity to neutralizing antisera; the K816I mutant dis-

played a decreased sensitivity by fivefold to the neutraliz-

ing antisera. It is of note K816I is known to contribute to

antigenic sites of PUUV glycoprotein (de Carvalho et al.

2000).

As shown in Fig. 6A, five of 51 SEOV mutants, C883R,

K893T, T899S, E903G, and I958T, were not infectious and

thus excluded from subsequent PNBA tests. The remaining

46 SEOV mutants were generated and titrated for PNBA

assay (Fig. 6A). As shown in Fig. 6B, all mutants were

effectively neutralized by the antisera, with no significant

difference found between them.

Fig. 5 Analysis of HTNV PsVs with single amino acid substitution. A Generation and infectivity analysis of PsVs with single amino acid

substitution. B ID50 differences between variant PsVs and the reference PsVs against guinea pig sera.
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Discussions

Hantavirus mutants are known to emerge with time,

potentially reducing the effectiveness of the current HFRS

vaccines used in humans. The neutralizing capability of

antisera against hantavirus is mainly determined by PRNT.

Other methods such as microneutralization test (MTN) (Li

et al. 2017) and replication reduction neutralization test

(RRNT) (Maes et al. 2009) were also used. Yet, some

drawbacks are associated with these traditional assays.

Specifically, the gold standard PRNT is time-consuming

and laborious with the need to handle live virus. MTN is

simpler (Li et al. 2017), but live virus is still required in

this assay. Moreover, RRNT based on q-RT-PCR is more

sensitive, but with relatively higher costs to run the assay

and the need to handle live virus, make it less desirable for

routine screening (Maes et al. 2009). Importantly, all the

aforementioned traditional assays require large numbers of

live mutant strains to analyze their neutralization property

change. This substantially reduces the efficiency for rapid

antigenic characterization of circulating/emerging mutants.

In this study, we created novel pseudotype virus

VSVDG* possessing hantavirus GP (VSVDG*-HTNVG

and VSVDG*-SEOVG) and subsequently developed the

PBNA assay. The single-round PsVs are much safer than

high-pathogenic hantaviruses. The optimized PBNA takes

only 1–2 days and is reproducible. Moreover, the large

numbers of mutant strains could be easily generated based

on the VSVDG* pseudotyping system so that the neutral-

ization property change of evolving strains will be timely

analyzed and monitored, which significantly overcomes the

drawback of the traditional methods. To our knowledge,

this is the first report on the VSVDG* pseudotype virus for

the characterization of hantavirus antigenicity. As PBNA

results are highly correlated to those obtained with PRNT,

it represents a viable alternative assay for virus character-

ization and vaccine evaluation.

Using the developed PBNA assay, we analyzed mutants

of HTNV and SEOV. Specifically, substitutions introduced

into the GP of HTNV and SEOV were selected based on

substitutions within the predicted antigenic sites of han-

tavirus or on substitutions predicted to affect antigenicity

by PROVEAN program. Our results showed that antisera

immunized with HTNV or SEOV vaccine had neutralizing

reactivity against all their corresponding mutants except in

the case of K816I; this mutant showed a decreased sensi-

tivity by fivefold compared with the reference strain. The

biological relevance of K816I mutation needs to be further

Fig. 6 Analysis of SEOV PsVs with single amino acid substitution. A Generation and infectivity analysis of PsVs with single amino acid

substitution. B ID50 differences between variant PsVs and the reference PsVs against guinea pig sera.
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investigated, given that this aa contributes to the known

antigenicity of PUUV recognized by the monoclonal anti-

body 1C9 (de Carvalho et al. 2000). Considering the

humoral immune system between rabbit or other animal

with human is different, the fivefold change, if substanti-

ated by future studies using vaccinated human sera, may

have important implications for the future design of

effective broad-protective vaccines.

In summary, we have established a safe, simple, and

rapid PBNA based on the modified recombinant VSV and

demonstrated several advantages over the currently used

assays for HTNV and SEOV. The availability of this assay

could facilitate rapid characterization of newly emerged

viral isolates against the licensed vaccines.
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