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Construction and immunogenicity of recombinant rabies
virus expressing S gene of SARS-CoV-2

LUO Jun®, LIU Qing®, ZHANG Boyue, ZHANG Yue, CHEN Yutong, GUO Xiaofeng"
College of Veterinary Medicine, South China Agricultural University, Guangzhou 510642, Guangdong, China
Abstract: [Background] The coronavirus disease 2019 (COVID-19) pandemic has lasted for nearly
three years in the globe, which has not only caused serious harm to humans but also affected companion
animals. The COVID-19 vaccines for human have been used globally, while those for animals are rarely
reported. [Objective] To develop a bivalent vaccine against both severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and rabies virus (RABV) for animal use. [Methods] We cloned the S and
S1 genes of SARS-CoV-2 into the region between G and L genes of the attenuated RABV vaccine strain
rHEP-Flury to construct the recombinant plasmids pHEP-nCOV-S and pHEP-nCOV-S1, respectively.
The two plasmids were respectively co-transfected into BHK-21 cells with the helper plasmids and
finally the recombinant viruses tHEP-nCOV-S and rHEP-nCOV-S1 were rescued. The recombinant
viruses were confirmed by RT-PCR and direct fluorescent antibody staining against RABV N protein.
Western blotting was employed to detect the expression of S and S1 proteins in the cells infected with
the recombinant viruses. The growth curves, pathogenicity, and immunogenicity of recombinant viruses
were confirmed in NA cells and mice. [Results] The rescued recombinant viruses rHEP-nCOV-S and
rHEP-nCOV-S1 respectively carrying the S and S/ genes of SARS-CoV-2 were confirmed by direct
fluorescent antibody assay based on the green fluorescence from the supernatants 7 days post infection.
rHEP-nCOV-S1 rather than rtHEP-nCOV-S showed stronger proliferation and diffusion abilities than the
parental virus rHEP-Flury in NA cells. The specific bands at 72 kDa and 144 kDa in the Western
blotting confirmed the efficient expression of S and S1 in the recombinant viruses, respectively. The
mice vaccinated with the recombinant viruses did not show significant changes in the body weight
compared with those vaccinated with rHEP-Flury, and the recombinant viruses induced the production
of neutralizing antibody against RABV in mice. [Conclusion] The production of the recombinant RABV
carrying the S/SI gene of SARS-CoV-2 provides a foundation for the development of the bivalent

vaccine against both SARS-CoV-2 and rabies virus for animal use.

Keywords: SARS-CoV-2; rabies virus; S gene; vaccine; immunogenicity

TR EE Al 4 (coronavirus disease 2019,
COVID-19), J& fh #r I 5%t 1R 955 B (severe acute
respiratory syndrome coronavirus-2, SARS-CoV-2)
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SARS-CoV-2 K MR % 72 FF(Coronaviridae)
B-7eE AR 5 7% J& (Betacoronavirus), &5 7 FiEEME
SR N e R 12 ) 00 B AN 4T B
M IE4E RNA G, AN, 20w 4 Fhd
FJEE 1, BB ZE 1 (membrane protein, M). £
% £E [ (envelope protein, E). #% K 5¢ & H
(nucleocapsidprotein, N)Afil| % 25 [ (spikeprotein,
S)l, S Y e HE A LA A e I A A
ekt E e, Horp S1 WA R R 2 ARG
4 X 5 (receptor binding domain, RBD)Z 5 A 5
B ) A SR 2K I B R K R R 2

(angiotensin-converting enzyme 2, ACE2)%%5 5 1Y

FHEIRE X k7T, Hh UE ST v B R T e
W Z ARG A B,

KR IR B (rabies virus, RABV)J& T 5URG
7% F}(Rhabdoviridae) 1 K % J% 7% J& (Lyssaviruses)
Ao B i R fE RNA 7. B RABV
R A e R g Lok RABV B ALK
FRHMEE AW R IF AN RABV 1N #A
N R IR T H R PR R G LR A e IR i A
SARS SR EER) S A, MHAES A4 THE
5 BT BB el PR 2 B 1 v A AR
124 R, RABV G #il L B K 22 ] R 5 R X
EH T RIBAMEEN, WRIEHIEEER
H & AU R4/ VP2 V% F I,
AWFFELL RABV AL SARS-CoV-2 HY
S M S1EH, FHathreMImerelsit, LN
il 25 3 Wy A R s 5 0 o 1By e B4 5 kAl

WEERE

1.1 RAFFEES
pcDNA-3.0 (¥ RABV HEP-Flury 4= [H 4]
cDNA)fil pH-N, pH-P. pH-G Fll pH-L J&iki K

H A [ 57 A% G s W 55 P AR A 204 S, RABV
CVS-11 M NEFEFRFEHEEF B EO
T B A Be -+ B, RABV 557 rHEP-Flury ¢
B AR R 2 8 BE IR ) 2 5 R R B E
pcDNA-3.0 Tk PR RS
1.2 FERFI LR

Y43 5F] Super Fect Transfection Reagent
FFRL 150 &, Qiagen A F); RNA iR
WGR G A TORL R GR &, T H SE R AR WA
H B H] 3 RNA S5 S50 65 il 2x Tag Master
Mix R, w50 vn MERE A R R A A BR 2
] ; Phusion Hf£H DNA RAEHF, T3k it
REHE (P EDA R/ F . PCR 1Y, Bio-Rad 2
w); ECL b2, FifFReetEmplsf
BRAH]
1.3 HREFIHR

JINERPR 22 B4 9 JRE 1 g (mouse neuroblastoma,
NA). %1 ' (baby hamster kidney, BHK-21)
i . KIAFEH DHSo Al XL10-Gold A2 2541
JEL 5 P A Rl Al R B B A B A W S
FHWEE A . HRP ARiCH PR 1gG L 1l
FHiR IgG WA L= REWEARARL
;3 SARS-CoV-2 S £ 1S5 A Jb o SO
WA ] SARS-CoV-2 S 2 [ BRI P L 5 £l
TN BR 245 M0 A PR 2> wl B 5 S UER 2 O06 R
(fluorescein isothiocyanate, FITC)T/ﬁiE RIPTAE R
Wi aE N 28 BT A FUIIREBIO A ] .
1.4 & 8/S1 EFERIERHE R B RRTE

45 NCBI A i ) SARS-CoV-2 Wuhan-Hu-1
(GenBank % 55 MN908947.3)#k S KL A% IR
Fea  TeA: T A TR (1 1) By A7 PR w5
S FEFN S1 HEH . & SARS-CoV-2 S BRIl S1
BRI e KB A g an & 1 R .

Wik 2 X5 HFY e S f ST 3L, 7
2 X510 55553 BE A BsiW 1 Fl1 Nhe 1 BN
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HOFRIZ). 519750k S1-F: 5'-GGGGCGT
ACGATGTTTGTTTTTCTTG-3' (FRIZ K BsiW 1
EEUI 5 7 41), S1-R : 5-AGTCGCTAGCAGAA
TAAACACGCCAAG-3' (N X1k} Nhe 1 BV
MF4);S-F: 5-ACACCTCTCGTACGATGTTT
GTTTTTCTTG-3' (FRIZ N BsiW 1 Y7 5 7
51); S-R: 5-ACCGGTCCTGCTAGCTTATGT
GTAATGTAATTTGACTCC-3' (F X%k K Nhe 1
BV SSF 1)

DIA Y S KL DNA F B iR, F1 &
{4 L Phusion i PCR ¥ 34 S F1 S7 3£ [H .PCR
JZ W% . 5xPhusion GC Buffer 10.0 pL,

Phusion /5 £ B DNA R4 (2 U/ul) 0.5 uL,
dNTPs (2.5 umol/L) 4 pL, F . Fi#5 [#(10 pmol/L)
& 1.5 pL, FURIBEAR 20 ng, #B24HKENE 50 uL.
PCR [ &F: 98 °C 2 min; 98°C 10s, 62 °C
20's, 72 °C 3 min, 30 ME¥H; 72 °C S min, ¥
PCR /=¥ pcDNA 3.0 435 BsiW 1 Fl Nhe 1
YT, [l DNA, R T4 i e B el 45
W WA 11 W 4 O Ak B ORI AT T
XL10-Gold /#&3Z &4 . i@ 4 PCR %78 (%8
IO 1, % SR UL 2) 1 t BH A Ok,
Wy %2 J5, EHE Y R AT 4 8 pSARS-
CoV-2-S Hl pSARS-CoV-2-S1,

rHEP-Flury—{ N H P H M H G I—{ I3 l,
BsiW I Nhe

HEPnCOVSs — N H P |H M G }—‘{ S M—{ L -
BsiW I Nhe

HEP-nCOV-ST — N H P H M | G }J—{ S }J—{ L -

E1 FEHRWNEEE
Figure 1

#F1 PCREZESIVFT

Construction diagram of recombinant plasmid.

Table 1  Primers sequence used for identification

Primer name Primer sequences (5'—3’) Length of products (bp) Location
G-S-F TCGACCAGAATCTACACAAAGC 690 G gene
G-S-R CGCACTAGAATAAACTCTGAACTC S gene
S-L-F CAGTTTATGATCCTTTGCAACC 673 S gene
S-L-R AGAGTCCTCAATCAAAGGAG L gene

Epncovs — v H P H m G H s H L -
G-SF GS-R BIF SIR
—> <« —> <«

iEpncovst —[ v M p H v H ¢ H si f— L =

B2 PCREERME
Figure 2 PCR identification strategies.
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1.5 wmERK

4K cDNA Bk pSARS-CoV-2-S . pSARS-
CoV-2-S1 43 5l 5 5t B Bk (pH-N . pH-P . pH-G .
pH-L)L46 YL BHK-21 400, S5 SUR 2
REMC P RIGHR 8 N & A BT 8 e fL 1)
VT AR R OO, BRSPS I
BR[17-18]HE 4T - HUPR R 95 25 40 M b 3 W 4%
40 pL, 42T 96 fLAlHIGEER NA 40, T
Rrefah 37 °CIE 48 hm, LW, &4l
A 150 uL Fiv& i 80% Al 5 , it A—20 °CH5E
30—-60 min. 7+ %G A PBS ¥k 3 Ik, fL
WEETNA 30 L FITC BRI HTAE KRG N &
HoOEPiikR, T4 CREWE IR . 290k
PiiAk, H PBSIH¥E 3 G o0 e N MR
LR o B A B A 45 4 tHEP-nCOV-S F
rHEP-nCOV-S1,
1.6 FHFHWERRETE

W 22 50 3 DS R B PR T A M 5 5%
AT NA 410 1, Hi% 4 0 RIEHREEKR
R B rHEP-nCOV-S F1 rHEP-nCOV-S1 ¥
RNA, 1K RNA S 543400 & 56 G % cDNA,
P2 1 095193647 PCR %5 ,PCR W 1A %
2xTag Master Mix 10 uL, b Fi#5147(10 pmol/L)
£ 0.5 uL, cDNA #&4g 4.0 pL, #B4E/K 5.0 uL.
PCR S 4c1F: 95°C 5min; 95°C30s, 55°C
30s, 72°C 1 min, 30 /ME¥; 72 °C 10 min,

W E AR EEER T NA 4001, T 37 °C. 5%
CO, KM FUkLe 1557 72 h, FHHT SARS-CoV-2 S1
T REAPL SARS-CoV-2 S & 1 Bl I FHE 1fiL
181517 Western blotting %7€
1.7 ZEHEREEKHZ%

Shy 0 E 20 55 B 5 SR AS # Ak tHEP-Flury 7E
NA 4t FryE sl J1%, ¥ rHEP-nCOV-S,
rHEP-nCOV-S1 I tHEP-Flury 43 % MOI=0.01 .
MOI=1 (13 Ys 2 HHAD NA 4L, F 37 °C. 5%

CO, i+ E 1 h 55k BIiEW, AT 5%
FBS i DMEM, J:F 24, 48, 72 1 96 h I£E4
Ml b3, DERGRE TCIDsy, 2:Hilimae K2R,
1.8 EHFEFY EEE AN

¥ 4% 7% tHEP-nCOV-S Hl tHEP-nCOV-S1
Ll MOI=0.05 Ay e i 5, H:80 NA 4L, & T
37 °C. 5% CO, WA FMithss. #%aE
24, 36, 48 1 60 h 54 g FIE W, X 40 ik
17 B3 e R
1.9 EHFEBHEEMEITN

¥ 6 IS MENE KM /N R 4 41, H41
5HC L 20 3 AINLATEA 1.0x10° FFU
i) rtHEP-nCOV-S1 , rtHEP-nCOV-S , rHEP-Flury,
55 4 UL ST PBS AE 23 U0 R, 45 H 100 plLo
B2k 21 d W/ IR . TRE . okE, &
Tl A AR A, PPAL 2 P B A
1.10 /R A FIIIARE

HEH 4% 7% tHEP-nCOV-S1 . rHEP-nCOV-S .
rHEP-Flury 43 I WL VEST 6 Fis MM KM /)
L(1.0x10° FFU/H, %X 100 pL), [FIEFES7
PBS 25 AN HRZ . 7 d IS5 1ESE 2 Wb, T
55 21 RHRAE R i e A /NSRRI, 29 IR
LA FAVN J7 360 45 20 /0N BRUFE R 95 95 25 Hh RN L
IR

2 X504

21 ESHMSIEREZHRNHHESERE

H G-S 519 4 ER 5 G FHFI S KL, S-L
Sl R4y S FEIH M L 3N 45 BoR, G-S
P3P RN S I Y 690 bp AT A (8 3 (19K
i 1. 2); S-L 5|¥¥ ) pSARS-CoV-2-S
YR /ANS TR 673 bp AHAF(E 3 IITKIE 3); 10
b, AT KBMAMA S-L 519k #H
pSARS-CoV-2-S1, Ui W8 20 Jiokr R JE g
X5 YL 3 fikiE 4).
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bp M 1 2

NM 3 4 N

2000

1000
750

500

250
100

3 EYHRF PCR £F  M: DL2000 DNA
Marker; 1. 3: pSARS-CoV-2-S; 2. 4: pSARS-
CoV-2-S1; N: FEx}HE

Figure 3 Identification of recombinant plasmid
with PCR. M: DL2000 DNA Marker; 1, 3:
pSARS-CoV-2-S; 2, 4: pSARS-CoV-2-S1; N:
Negative control.

22 EHRSHIRHER

A4 G B 5T okz 43 ) 5 FE 41 BT KL pSARS-
CoV-2-S1 % pSARS-CoV-2-S 4% 4L 2z BHK-21
AR, TEFRYLSE 7 RUCHEANM b, it e
PEOCKEE , PR AT ety ST A S FLPH iy =
H RABV #:tk, 434lar4 4 tHEP-nCOV-S1 Fi
rHEP-nCOV-S, st ta 2 R UKl 4,
2.3 F4{H%S RT-PCR £ E

A3 BCE 4L HE ) RNA, S §% 5% cDNA
J&, LA G-S fil S-L 5| #ik47 PCR %7€ , 55
N, LA G-S A5[#4 1 rtHEP-nCOV-S #il rHEP-
nCOV-S1, F=# K/ I 690 bp HAAF4 (K 5

rHEP-nCOV-S

4 EARBRERLERE
Figure 4

rHEP-nCOV-S1

MITKIE 1. 2); LA S-L 5144 1 rHEP-nCOV-S [
FEMI R/ NS TG 673 bp MIAF(E 5 FIIKGE 4).
ok, BATEBL S-L 519K M rHEP-nCOV-S1
P14 673 bp 1) DNA, Ui 2 N aE R T i 58
S5 R (K 5 BTKIE 3). TR G-L 514909 8619 A
By, 555 WA /MESE
2.4 EiHf%F Western blotting £ F

SR EE AL B AT RUERIA S B 11(144 kDa)
5 S1#&11(72 kDa), ¥ EAINEETE NA 4
R, WURANM, REET, DTS Bk T
Western blotting #uilll . 54 /<, tHEP-nCOV-S1
TEZ) 72 kDa 4b 3R 5 5545 (B 6 JKiE 1),
rHEP-nCOV-S KZJ1E 144 kDa Ab i 31— 4545 5
PE 445 (8 6 JKIE 2), 1fif tHEP-Flury & ¥4 5+
PEZAE (] 6 KA 3).
25 HAFSHEKMEER

JTHEGE ST 8% S SR )E AN RABV 1
FERRENR , XF 2 MREE L B R AR T AE K
HHZR 2 . 45 - 4anE 7 fF, tHEP-nCOV-S1
16 MOI=0.01 (A)F1 MOI=1 (B)i, it
BEETE 24 h J5¥ W T AR, 1 rHEP-
nCOV-S W& il 5EAMIC i E 25
2.6 FHFRST EEENENER

P T ARG TR RN T NA 40, K AE NA
HH b RLRE DT A5 AR NIE 8 FR, ARG
AR 2405, PROCEEER, (HRERER

Cells control

Identification of recombinant virus using direct fluorescent assay.
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1 2 PN

bp M M3 4 PN

2000

1 000
750

500

250
100

B 5 RT-PCREFEEZHHfFH  M:DL2000 DNA
Marker; 1. 2: G-S 5#4 4 rHEP-nCOV-S1 #il
rHEP-nCOV-S; 3 .4: S-L 5|4 1 rHEP-nCOV-S1
A tHEP-nCOV-S; P: PHMEXFHE (ki pSARS-
CoV-2-S); N: Bt H]

Figure 5 Identification of recombinant virus using
RT-PCR. M: DL2000 DNA Marker; 1, 2:
Amplification of rHEP-nCOV-S1 and rHEP-
nCOV-S with G-S primer; 3, 4: Amplification of
rHEP-nCOV-S1 and rHEP-nCOV-S with S-L primer;

P: Positive control (plasmid pSARS-CoV-2-S); N:
Negative control.

kDa M 1 2 3
250 —

150 — &= —
100 —

70 — S —

50 — .. -
40 —.

s -
25—

6 EMHHEEZ WBHM  M: &1 Marker; 1:
rHEP-nCOV-S1 (—#i FHif S #ii); 2:
rHEP-nCOV-S (—¥Hi M REM S ZH); 3:
rHEP-Flury

Figure 6 Identification of recombinant virus using
WB. M: Protein Marker; 1: rtHEP-nCOV-S1 (primary
antibody is goat anti-rabbit S monoclonal antibody);

2: rtHEP-nCOV-S (primary antibody is S polyclonal
antibody from mice); 3: rHEP-Flury.

>
o0

&~ rHEP-nCOV-S

2 | - rHEP-ICOV-SI

;:3 ~ rHEP-Flury

B,

5 4

g

£ o

=
0 1 1 1 1
0 12 24 48 72 96

Hours post infection (h)
B g-

—

~@- rHEP-nCOV-S
-#- rHEP-nCOV-S1
~#— rHEP-Flury

lg (virus titer) (FFU/mL)
N

00 12 24 48 72 96

Hours post infection (h)

7 rHEP-nCOV-S1 #1 rHEP-nCOV-S & NA
M ERYE % A DL MOI=0.01 YL 4H i

JaAERKEZ; B: L MOI=1 YL 4i i J5 i A= K
i &

Figure 7 Growth curves of rHEP-nCOV-S1 and
rHEP-nCOV-S in NA cells. A: Cells were infected

at an MOI of 0.01; B: Cells were infected at an MOI
of 1.

YLJ5 36, 48 11 60 h, rHEP-nCOV-S1 AYZ¢ YA
E KT EAR, i tHEP-nCOV-S B 564t
FARIL B EZER
2.7 FHFESIIERBBUREE
BEAREEM/NARG, R/
PIRE . WS/ NI E KB, ELE 21 d.
gE R BN, EANEE rHEP-nCOV-S1 #1 rHEP-
nCOV-S #H5, /NRMIRE AL 56000
rHEP-Flury 21 TG & /9 22 55 (/1 9), Ui B S A1 S1
FE PR (R 3 A A B i B 0 B0 1
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rHEP-nCOV-S1

24 h

36 h

48 h

60 h

8 ELHREHTE NA R Eav 8iae

rHEP-nCOV-S

rHEP-Flury

Figure 8 Spread ability of recombinant virus in NA cells.

130
=@~ rHEP-nCOV-S
- rHEP-nCOV-S1
S —4— rHEP-Flury
< 120¢
on
g
<
Q
5
2
>
<)
o)
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100
123456738
D

9 MRIFEEKETL

Figure 9 Change in weight gain of mice.

2.8 EHFHIFSF RABV HHIIKAIGE N

FEHRTRESS 2 RPEAE/INR 21 d 5, SR
Sy ESIMYE . LA FAVN (AN ST RABV (1 Al
FoA iy o 45 5 B/ , tHEP-nCOV-S . tHEP-nCOV-

Tel: 010-64807511

8192021

910111213141516171

ays post infection (d)

S1 24 REASI 2 R AL, EARPUATH BEART 2%
Akk rHEP-Flury, {HJ&JCR#EME2E 5 (P>0.05),
rHEP-nCOV-S ZHH iRz =i 1.5 TU, tHEP-
nCOV-S1 4 HHTIARUN e iy 3.42 1U (& 10),
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T 1
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—
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T
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antibody (IU/mL)

=
W
T

Anti-RABYV neutralizing

0.0 HHEHH
5 S e oo
OV N BT 9P

C
«\?’Q A\«\@? A

Groups

Bl 10 ZARSZFINRSE RABV RAHLK
Figure 10 Anti-RABYV neutralizing antibody induced
by recombinant virus in mice.

3 L& #

RABV H S 3845 H 1994 4£ 77 DOk,
4 KEMRER N AR R INEEA ., B
E RABV BEUEAFE Ny R AT A AR IR SN 1T,
RSS2 T 1 E 40 5 0 RE A A o 4k R 20
RAFFEEFK SARS-CoV-2 S JLPRFI ST KL 4
AZF| RABV [ G #l L FEH 2 [A], A ole A8 Hofth 2%
FEAMIEEEIR. S &EF/ERN SARS-CoV-2
(I 28 A B TR BRI SR AR | o IR
%8, SARS-CoV-2 S Hl ST FLMH (4 A F- A5
M) RABV [4&K, I BB e E 6l S fi St
EAPEEUEIL, B, ST REMEA
i 8 THEP-nCOV-S1, HAE 4 i b 13 2 5 41K
e 1348 T 254Kk rtHEP-Flury, 1fii tHEP-nCOV-S
5 EAMR 2 F R K o tHEP-nCOV-S1 s 5t
1t B &5 T tHEP-nCOV-S W ik—4100] S1 1y
AR T RABV & Hil34 % . Wang 5K,
BT E al JLfE % HEP-Flury B9 G #il L 3L K 2z
], EEALEETE NA 41 F0 BSR 4 b i ik
REARY, SRIMK R AN/ 851 VP2 JER ik F
HEP-Flury R IEH X )5, FALMEEE BHK-21
A0 A R B S TR AR, Bk, R
115 HAL = E B HGIE, RABYV G5 L [Al#H

NEH I AMIEEL R T £ % RABV (1, {HH:
K AR BR A5 1 — 2B Y

BT A2 HIACRMUE, RABV JEH4 Hi A
HMIE I RR 23 5201 RABV (B0, 7EAHF
e, B4 EE rtHEP-nCOV-S1 il tHEP-nCOV-S
YRR, DR RE AL SRR E
rHEP-Flury JEA—F(, Uil S A1 ST (46 AFFA
38 A R O M o X TR B 4
rHEP-nCOV-S1 I rHEP-nCOV-S F T~ 45 9% 1
JEUAN

AWFFIR KA T #7 SARS-CoV-2 § 3
PRUFN S 1 35k R A T 4 AE R B , X R AR 2 1]
FARIR S M ST A, IR R/ N E RO AR BT
RABV HfI$iik, FHit, B4 RABV HA il &
B AT R BB AT T
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