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.  recombinant HEP-Flury strains to evaluate the effect of mutations in 
HEP-10V 

Virus titers (log10FFU/ml)

rHEP rHEP-10V(P) rHEP-10V(G) rHEP-10V(L)
rHEP-
10V(P,G)

rHEP-
10V(P,L)

rHEP-
10V(G,L)

rHEP-10V

1 3.03±0.55 4.81±0.48 3.28±0.45 2.83±0.46 5.04±0.36 4.77±0.21 3.10±0.39 5.25±0.30
2 4.08±0.68 5.96±0.31 4.43±0.35 3.89±0.63 6.35±0.43 5.75±0.40 4.45±0.36 6.47±0.36
3 4.28±0.67 6.39±0.37 4.88±0.36 4.16±0.72 6.85±0.32 6.23±0.34 4.73±0.31 6.90±0.32
4 4.23±0.64 6.47±0.42 5.07±0.53 4.21±0.70 7.13±0.34 6.31±0.36 4.78±0.29 7.16±0.33



éï 

Virus titers (log10FFU/ml)
rHEP-10V rHEP-10V+G3 rHEP-10V+L1 rHEP-30V

1 5.35±0.37 5.69±0.10 5.13±0.26 6.00±0.09
2 6.92±0.36 7.64±0.39 6.87±0.23 7.90±0.37
3 7.83±0.57 8.31±0.06 7.66±0.18 8.40±0.32
4 7.96±0.31 8.57±0.09 7.88±0.31 8.65±0.16



éî 

.  with the substitutions in rHEV-30V 
Virus titers (log10FFU/ml)

rHEP-10V
rHEP-
10V+V164E

rHEP-
10V+L183P

rHEP-
10V+A286V

rHEP-
10V+V164E, 
L183P

rHEP-
10V+V164E, 
A286V

rHEP-
10V+L183P, 
A286V

rHEP-
10V+G3

rHEP-30V

1 4.69±0.13 4.61±0.05 4.35±0.20 4.58±0.17 4.5±0.14 5.12±0.10 4.26±0.03 5.14±0.25 5.23±0.31
2 6.14±0.14 6.21±0.15 5.89±0.19 6.21±0.08 6.16±0.04 6.68±0.11 5.96±0.15 6.86±0.08 7.08±0.08
3 6.91±0.09 6.96±0.14 6.70±0.27 6.97±0.20 7.04±0.19 7.40±0.14 6.86±0.05 7.68±0.22 7.84±0.05
4 7.24±0.10 7.41±0.20 7.00±0.21 7.13±0.14 7.49±0.17 7.72±0.13 7.28±0.06 7.93±0.11 8.13±0.23



éí 

. of the rHEP-PG4 with only five 
substitutions 

Virus titers (log10FFU/ml)
rHEP rHEP-10V rHEP-10V+G3 rHEP-PG4 rHEP-30V

1 3.31±0.15 5.50±0.14 5.75±0.18 5.77±0.22 6.06±0.15
2 4.28±0.31 6.69±0.20 7.28±0.16 7.25±0.05 7.62±0.14
3 4.43±0.08 7.10±0.17 7.89±0.10 7.91±0.10 8.13±0.08
4 4.35±0.25 7.42±0.22 7.99±0.12 8.12±0.11 8.12±0.03
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3.3

3.3.1 Cells and Viruses 

MNA and BHK- minimum essential medium 

(MEM) (Nacalai Tesque, Kyoto, Japan) supplemented with 10% heat-inactivated fetal 

bovine serum (FBS) (Gibco, Grand Island, NY, USA). Chicken embryo fibroblast cells 

(DF-1) (CRL-12203; American Type Culture Collection (ATCC), Manassas, VA, USA) 

(DMEM) (Nacalai Tesque) supplemented with 10% heat-inactivated FBS. 

The RABV used in this study was a laboratory strain of HEP-Flury (HEP) (Accession 

Number: LC785439), which was originally stocked in our laboratory after two rounds of 

propagation in MNA cells. Cloned HEP (cHEP) and cHEP-M(D80N) were cloned 

following the limiting dilution method using the supernatant of HEP-infected MNA cells 

at 2 d.p.i. 

3.3.2 Reverse transcription-polymerase chain reaction (RT-PCR) 

RABV RNA was extracted from the supernatant of infected cells using the QIAamp 

protocol. To generate cDNA, reverse transcription was performed as previously 

described53, and this cDNA was used for subsequent PCR amplification of RABV 
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genome fragments. The cDNA templates were subjected to PCR using Prime STAR GXL 

(TaKaRa Bio, Shiga, Japan) and the respective primer sets (Supplementary Table S1). 

Purified PCR products were analyzed using the Sanger sequencing method. Sequence 

assembly and further analysis were conducted using GENETYX Ver.15 software 

(GENETYX, Tokyo, Japan) and Sequence Scanner (Thermo Fisher Scientific, Waltham, 

MA, USA). 

3.3.3 Constructing and rescuing recombinant RABVs 

54
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3.3.4 Virus titration 

MNA cells were seeded (4.0×104 cells/well) in 96-well plates and incubated 

overnight at 37 °C with 5% CO2. Subsequently, serial 10-fold dilutions of the virus or the 

10% brain emulsion in phosphate-buffered saline (PBS) were inoculated into the cells, 

which were then incubated at 37 °C for 2 days. The cells were fixed with 80% acetone 

for 30 min and stained with fluorescein isothiocyanate (FITC) anti-rabies monoclonal 

globulin (FUJIREBIO, Tokyo, Japan). Antigen-positive foci were counted under a 
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fluorescence microscope (Nikon, Tokyo, Japan) and quantified in focus-forming units 

(FFU) per milliliter. 

3.3.5 Comparing viral growth 

MNA and DF-1 cells in 6-well plates were inoculated with each RABV strain at a 

multiplicity of infection (M.O.I.) of 0.05. After 1 h of adsorption, the cells were washed 

three times with MEM or DMEM, and 2 mL of MEM or DMEM supplemented with 10% 

heat-inactivated FBS was added to each well. The supernatant was collected at the 

indicated time points. Each experiment was independently repeated two or three times. 

3.3.6 Animal experiments 

The animal study protocol was approved by the Committee for Animal 

Experimentation at our institute (NIID) (Approval Number: 123129). All possible efforts 

were made to minimize the suffering of laboratory animals. The mice were housed in the 

animal facility of the NIID. Six-week-old ICR (adult) mice (5/group) or suckling mice 

(10/group) (Japan SLC, Shizuoka, Japan) were inoculated intracerebrally with 105

FFU/mouse of rHEP, rHEP-

weights of adult mice were monitored until 20 d.p.i., and mortality was recorded daily at 
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10 d.p.i. for suckling mice. The brains of the suckling mice were collected after death or 

euthanasia. Additionally, six-week-old ICR (adult) mice (3/group) were intracerebrally 

inoculated with 105 FFU/mouse of the recombinant strains, and brain samples were 

collected at 5 and 7 d.p.i. for DFAT and virus titration. Brain samples from suckling mice 

(10/group) and adult mice (3/group) were applied with a toothpick to a 3-well microslide 

glass (Matsunami, Osaka, Japan), and each well was air-dried. Slides were fixed in 10% 

formalin supplemented with 0.4% TritonX-100 (Merck, Darmstadt, Germany) for 1 h and 

stained with FITC Anti-Rabies Monoclonal Globulin. The cells were counterstained with 

Evans Blue (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan). 

3.3.7 Statistical analysis 

Data are presented as mean ± standard deviation (S.D.). Statistical analyses were 

conducted using the two-

-comparison tests. Unpaired t-tests were two-tailed. The log-rank test 

was used to analyze the Kaplan Meier survival curves. Statistical analyses were 

performed using GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). Values 

of p < 0.05 were considered statistically significant.  
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In conclusion, this novel finding demonstrates that the M protein is associated with 

neurovirulence in mice owing to adaptation to mouse neuronal cells. The amino acid 

substation, that is, M(D80N) may play a crucial role in this adaptation. 



çì 

3.6



çë 



çê 



çé 

3.7



çè 



çç

3.8



ïðð



ïðï 



ïðî



ïðí 

Primer name Orientation Sequence (5 3 ) Position* 

RABV 1 
Forward ACGCTTAACAACAAAACCAAAGAAG 1 25 
Reverse TGAGCGATCTCAGCCTCYACTGATAG 2121 2096 

RABV 2 
Forward CTTCCGTTCACTAGGCTTGAGTGGG 934 958 
Reverse GGACCAAGTTTGTCTGGTATCG 3412 3391 

RABV 3 
Forward CTATGGTCTGACATGTCTCTTCAG 3033 3056 
Reverse GACTTGGAATAGAAATGGGCCAAGTC 5790 5765 

RABV 4 
Forward TGTCCCCAACATCTTGAGGAACTC 5488 5511 
Reverse CGCATTGGTGGATACTGTAGA 7912 7892 

RABV 5 
Forward TACTAGCTCAAGGAGACAACCAGGT 7581 7605 
Reverse AGCTGCATGGCGCACCTCTTGATC 10249 10226 

RABV 6 
Forward CAGCTCAGGGGCTCTTATACTCAATC 9555 9580 
Reverse ACGCTTAACAAATAAACAATAAAGAT 11925 11900 

HEP-M_D80N 
Forward ATCATTCAACGAGATATACTCTGGGAA 2726-2752 
Reverse ATCTCGTTGAATGATCTCAGAATATGC 2740-2714 

Kpn_HamRz_HEP Forward 1 30 

Pst_HdvRz_HEP Reverse 11925 11905 
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Primer name Orientation Sequence (5 3 ) Position* 

N protein 
Forward ATAGGTACCATGGATGCCGACAAG 67 85 
Reverse CGGCTGCAGTTATGAGTCACTCG 1423 1410 

P protein 
Forward ATAGGTACCATGAGCAAGATCTTTG 1511 1529 
Reverse CGGCTGCAGTTAGCATGATGTGTAG 2408 2392 

G protein 
Forward ATAGGTACCATGGTTCCTCAGGTTC 3318 3333 
Reverse CGGCTGCAGTCACAGTCTGGTCTCG 4892 4877 

L protein 
Forward ATAGGTACCATGCTGGATCCGGGA 5411 5425 
Reverse CGGCTGCAGTTACAAACAACTGTAG 11794 11779 
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