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Artificial synthesis and applications of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) replicons

WAN Lichuan, WANG Xuejun, WANG Shengqi
( Bioinformatics Center of Academy of Military Medical Sciences, Beijing 100850, China)

Abstract: From its first report in late 2019 to September 2023, the Corona Virus Disease 2019 (COVID-19)
pandemic had accumulatively infected at least 770 million people worldwide, and caused a death toll surpassing
6.96 million. The super-spreading of COVID-19 posed a huge challenge to healthcare systems all over the world,
and led to a global economic recession. Later research confirmed that the causative agent is a novel coronavirus,
nomenclature Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). This virus possesses a similar
genomic structure, and displays many common harmful characteristics of SARS-CoV and Middle East Respiratory
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Syndrome Coronavirus (MERS-CoV). Due to its acute contagiousness, relevant genetic research and antiviral drug
development must be carried out in laboratories with the biosafety level 3 or above, which is insufficient
worldwide. Moreover, cost for such experiments is very high, and the processes are tedious, time-consuming and
laborious. To overcome these limitations and enable relevant research work conducted in laboratories with the
biosafety level 2, global researchers have constructed a series of SARS-CoV-2 replicons using cutting-edge reverse
genetic techniques. By in vitro transcription and electroporation or liposome-related transfection, mRNAs or
plasmids carrying replicons can be delivered into diverse susceptible host cells. These replicons can replicate,
transcribe, and translate inside permissive cells through their transcription and translation machines. With one or

more structural genes deleted, no functional virion can form to lose virus infectivity. At the same time, reporter
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genes, such as green fluorescent protein (GFP) and/or luciferase gene, can be inserted into the replicons to report
the levels of virus replication and transcription, indicating the functions of genes or the effectiveness and efficacy
of antiviral compounds. By co-transfection with trans-complemental proteins, such as stomatitis virus glycoprotein,
virions can be formed with a feature of the single infection of cells without SARS-CoV-2 receptors, such as
angiotensin-converting enzyme 2 (ACE2), or transmembrane serine protease 2 (TMPRSS2). Resistance-selecting
genes can be introduced into the proper position of replicons to select stable cell lines expressing replicons. Thus,
cell lines stably expressing replicons can be obtained through multiple passages in the presence of selectable drugs,
such as G418. In this article, we summarize synthesis methods for constructing SARS-CoV-2 replicons, such as in
vitro ligation by type I or II S restriction enzymes, Bacterial Artificial Chromosome (BAC), yeast transformation-
associated recombination (TAR), and cyclic polymerase extension reactions (CPER). Moreover, we review single-
cycle and stably expressed SARS-CoV-2 replicon systems, which provide a solid foundation for studying the SARS-
CoV-2 gene function, pathogenesis, virus-host interactions, vaccine assessment, and large-scale high-throughput

screening of antiviral drugs to contain transmission of this pandemic.
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WER R (SARS-CoV-2) [ 2019 4F JEE 4%
RILLLR ™, CFE At S B g R T KA
e 2202349 H5H, FramBEEeRe s
HTTACNYIRG,, 696 71 NBET: (https: //covid19.
who.int/) .

552002—2003 4 [A] #8 & 1) 7™ 5 2RI 25 5
fiE (SARS) 1 2012 4 i AT 1 H 28 W W 25 & 4
(MERS) AL, e 7 2 Jak G 2 3 2% HH I
BV 28 PR, R MR . RZ . R O
95« FIL IR 08 9 g A0 I R R e S E R B KT
65 % FHEN. AIFA IR E (ot v i & 9%
Wi BESRIR AR S ) . ek R GG 2 N
e OEREGE (R %=30) g, HEEREMNE
TOH T . 30% 7o A7 K G 2 et bR s B 1) R R
HH COVID-19 JF e 1o,

R — R I R E KR D)
ik mle A T Ay AR % D O T s e B
EEMER, S EREZHHE T AD B AR,
0,45 A& G 1) KT % A0 BT B mRNA B B 5%, %
BEL 0BT 3 7 975 25 1) A 4 RN s S kT T AN AT B R VR FH
AT, BT R R R E R B T (spike, S) A
AL AN T RO R AR, A 43 2 1 B AR 3 250 2 2|
TRgm UL R, BRI A RIER T — Sk X
S 2R A XS JE I H RN PO A R X6t s B 2R 1 I 2N 4y
FACEY s £ 7 5 A B8 LR 55 X e

BT IR P

PR HFRT 0 Nas By yASH4NE. H
HE T B R 3 RO B AR 5 R N ™ S R
J#i, 35 SARS-CoV-2. ™ 2 IR 25 45 4iF jeb IR
i 8 (SARS-CoV) Al H AR I W 25 & Ak i K 5 75
(MERS-CoV).

ORI R T O IEBE RNA R RE (+ssRNA),
HEEREAKE N 26~32 kb, J& H #T & %15 K
RNAJEE ™o Hr et 15 5 R 4 RNA K229 870 bp.
BT mRNA S5 AL, A SR TR 2 R
fRHE [ploy(A)] FEELEEH . Hr e 5 2L K 2H RNA
AT 2 R0 JE PN TR 2 P AT IR 5" 38 43 £ o
ANFERHAKFER) 2/3, & 2 AN 45 5 B (1 B B AE
(ORFla/lab) ZH ik, eI miL2 12 RKEH
pplaflpplab, J&53& HIEIE &l /£ ORFla 4 11 %
- EE 1A A (2 P P A A A A 28 8 A 3
L. XWANEARBE, HA &SRR
73 A 45 ) 2 14 NSP3 AT NSPS 2548 S A1 V) E) pl 16 4~
JELE B (NSPs) 27, JX B 2 (40 45 25 A i
RNA & #i i) RNA & & (RNA-dependent RNA
polymerase, RdRp, NSP12) HI I fih 2% it & il - 5%
K HE AW (replication-transcription complexe, RTC)
Fras i E, T I SCEUR S0 B 5 PR 25 0 7 5k
D ZH RNA &l ™o 5 TH 1 335 356 40 5 AN K 1)
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H. fEEA (envelope, E). [ (membrane,
M) FZAFEE (nucleocapsid, N)J ™,

Wk B2 LA A2 3 . ¥ B i F 2
ORI SZ A2 ek, P JE O LSRRI S ] (1 RN 32 4
4 BB b A R TR K A B 2 (ACE2) M4 G-
S & [ HHEROIR LB ST A=K S2 WM k. S1
I 7 B0 E IR, T S2 WV 3 A 5 5 A 1 3 40
Jil K F & . 5 SARS-CoV [ S & H 32 & 45 & 15,
(RBD) #tt, SARS-CoV-2 S [/ RBD %} ACE2
4546 M 1 . SARS-CoV-2 [ SE I LB M
ANYJEINL A, S1/S2H1S2" . SARS-CoV-2 (1 S &
FESUS2 AL i T F R EE LI )&, ¥ SE A
WRTRRES o 16 MRS - (1 B8 5 22 20 1 2 11 1l 2
(TMPRSS2) B ZH 434 1 li§ B A1 L &5 &5 (1 g /& S2”
P YIEIS B A LA LB ST I, [FIN Kk S2 3k
RGP, (F5HEME FMRERRE, N
T E N 20 i e B

TERENSZARGIMfS , 3 B RNA JE R 20 8 2 A
KRR R, R TE AR AR i R 4
X7 HE mRNA TR R, 2 T BRI, 7~
A R T T JE 4L RNA A ANEESE S BT
BUBE B MR FH T 2 2[R 41 RNA  (subgenomic RNA,
sgRNA) (W&, Hord 4 NS5 A1 94N B &R
P sgRNA FH3E P00 3 B B 8E BE [F1 41 RNA #0235
ERERMHEHINERZ T, BREZKTEW,
SR DLH 28 0 77 2N P9 JoE ) - g R 2 A A ) A
EREEHS. MAMESEAKRRXS T2,
T R I A TG g R B RORL, BT AR R — R0
A A BT

BT 3% et 0 25 HL A R SR AR Qe ik, B DA R
AL AN N CNIE L Y Vi (R T e o
6 T A H ZUAE A ) 22 A = 2 S UL B (1 S 56 =5
JBIF. B, AWML =5 KL ErSes =/l
BRI m &, SER O FEB, X AR &R
{15 SARS-Co V-2 i # AH < I 78 TAEZ 2 7K
1 BR ) B

b R LT IR R E, FHEER
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FEL PN (0 5200 o s R R S 1 0 DA R B B 2 )
PEAN A 3 g BEAR T L 0,

R, — AN B R R B S TR
PR PUAS R 43 1

OEsh ¥ WEZEMKTT B8 EZA
Y CMV J3 31 F, o0 W TAEAR S Tode ik &
FH T7 RNA &G 8§ AT % s sre 4R 8 el T 2 40 e
RNA & 153 R0 287 51 R 5%

@tk 5% 8 43 45 #4) 5 K] [¥) DNA 8¢ cDNA J7 41 :
T R R — A B LA 2 R TR A B A K
DNA & cDNA J¥ 41

@ & 1L FF 5 poly(A): I T4 L9 25 571
()% 5% o

@R 5 FLF . T 7 {8 2R 0 55 16 40 M A Y
] MBS O, G R AR A R
1 S BN FE R G R 3 7 ) R R N R R A
g G L 9O 3 B P 4 ) AR
& RGP

B J I dst AL 22 R R 5E 3, BHIF N R 2R
T Z MR RNA W 8 B T 7, Wik A E
ek JE W 8 3R L . BAC (bacterial artificial
chromosome) #ifAik. MERHANEAE (TAR). ¥
T 56 A B 28 ) 3232 (circular polymerase extension
reaction, CPER) 5. B} 5 HIX LT iEME 11
FEH/NRNATREERL (Picornaviridae) ™, #ARJF 2R}
(Caliciviridae) *, #{ Wi F} (Flaviviridae) ' i
Wi EEEL (Coronaviridae) "™ ZE1E 4 I AR 2 (195 B
S Hd—N A T T Y 58 EE
S, EONPUR R R R A IRk R T
A FEMRE Y L7l

W R & 7 mRNA 5N A% 40 Bl 1 5 72
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HWFh: —Fh RPN TICA % RS, ¥R
Wb ()38 e P 0 S B mRNA, Pk
dEUEBE N ST, K mRNA S NS AHEN
5 M OTVE R A BAZ S BT B BT R B
PR YL, R B A0 M A B 0 B S R B R
gr, AR R R S H R S s R
mRNA 731, RS ES . 5 —MHH
AN T, R R L EER B DRt SE
#il 7 mRNA, {HE A = — BRI RN
mRNA & 5 [ ¥, wmRKME
AL, 15 24K mRNA Ll & b,
8 R RO AR TS o 102 AR 485 =2 R
JoRE R L e e UL A 7, ANMBEER GL Tk
PLEC R 2, T H mRNA 1A /K Fi8 thismy, H
7] — J& 3l 1 1E A [5) 48 i 1) )3 30 % 5% 1) 7K1 1T R
SHES, U TAFRFERMM, FERE
M pRRERHAEGENE . XM
qPCR #1 Western blot 55 J7 ¥ >R Wl i€ Jii &5 J& 5] 1)
mRNA Fl [ 2238 7K 1 0T DAHE I 95 25 5 1] 7 48
Mo e s SRR RS OL . Ak, S IE
WA ERERE, EdMRERAGEREEAD
2 o 1 £ B E RO TR AR R R A TS T &
Ok 17 2 M 2 0 7 A2 o) () 2 A N S 175 400

et e 1 R R B BLAE IR 3 4F 22 ) [A] HL, At
FERFE R DR T 2 Bk ek i 5 AN [R) 45 40 2R A
sRAR BRG], AT T R B BB E B YA R 4
ZRHIBEFE . X L8 5T | 1 IR 208 e I B 1 2 R 1)
RE W EEAE E BAENLE] . BRI PR R 2
W IR 75 308 A VTN S BT T IR SR AR A . R I
A 3 L0 DY Bk e s B B N LA RUITE. —
ONE B ] 7 ARG E Rk B i1 S H B R AT 8 —

wig.

1 B e S5 T IA

1.1 @ I Bk [ S BIRHI A IESHITIRINERR

1 B0 e 5 75 cDNA 7 51 (K8 49 30 kb, fil L
e it 2 DR T B DR B, AR ROk 5 AR
o8 NG WNIAB NG i aa sl D ke on NG 2 11
BT B AERSNE 5 i EE i RT-PCR 15

FJF, @ik I A IS 24 PR i v 4 U] B il U] 7 26 A
I 1) 2 P R iy, I S M R i RE A5 08— ELARNEC X
T B AN 6] B A% W 7 B ok, T B4 K (19
BEMT A FE, BHT 0 R R gl i %
THRI B 1) B R i AR B ANEC X, AT AR A K
397 e s B 7 A LB EEUA . BTSN A
B b B v, AR T M v T 3 L% 2 cDNA
HBAERBIEAA TS NILR . 85 ET
TR, MR B R, RN B — 2 R
A HERF, g esotEl (GFP) B8R LR
LR &, T 5 5 20 52 1) A2 R A S ) WL %
R EE . ARSI RE AR, ARES 72
i T7 RNA R &/, RIS 4290 5 RNA & il
T, PR AR R T VR G A R s A Y
ST 7R K TR R A A, 7E 4 P R S
I 7 RNA &l 1

2022 4, U 2% B8 K % Ik % B 58 g V5 B9 1A
BA B R X o 7 VA T AN R B IR T
BEMT. EWHANEHFNAEESEHED
ORFla/lab MIN & H 541, Ho—A 44 T7 53
T, BRAE A e 5% 0 8 2 i mRNA, 11 53—
AN RN CMV Ja 31 T BAC ik, 74N & il 7 #1
WA R RBEIRE L . M RO AN R T FLS
F2. F3. F41X 4y Bt Bsal B V) JFRLA3 2, 1
F5 Fr BEALbN J By it Esp3I B U0 MK . X 6 N B,
mFa a5 bR B UCED 1 86 MoK i, 7E T4
DNA EHREA T, %7 EESE T 2KW
IVT-CoV2-Rep ¢cDNA J7 41, Ff WP oe [ 21 7] 5 2 1k
i) pCC1BAC Jii ¥/ 75 % BAC-CoV2-Rep Jii Fi . 5K
B 3W, W T7 RNA R & B4 545 2 1 mRNA
TERG YL F UG, RIK M 98O0 2= B S MR B A
FasE, TRER 4K mRNA SE B R R . 1E
FH 52| 3 Fh SARS-CoV-2 ¥ 75 5 il 31 1) 751 —— Fit
18 74 5 Al EIDD-1931 (% # > RdRyp B 41 1 71D <
GC376 (3CL & B 71D X0 & i) 1 &2 il 41 i)
YER o ABATT & BRAE 5 pmol/L ¥k BE I, = 0 ] 551
#B it 58 4 i 2 H) 7 mRNA 7E CHO-K 1 41 ffg 1)
S, SHYEH T mRNAME, %7 wET
BAC J5i ki 7 (14 5 ) 1 10 40 P = A T o 2R A R
JE R MGG . BAC JiukL &2 ] 1% 4« CHO-K 1 41 il
J&, [FIFER S umol/L f¥13X 3 Fiops #4077 b 22, B
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BFAIK 70% [N R (IR L, HnfE 35 H aERR KL
10% (19 7%¢ ) 2 B i& 1%, i GC376 #1 EIDD-1931 43
e FEAR 15% 1 50% H 286 R EgiE . Bril, i
TN, H BAC ki & il 75 40 e 4 7= 4 mRNA
Fb AR A1 5 3677 4 mRNA T 24 1) i 18 25 512 36 v 250 R
Wt KMz, TSR B T 2 AR AR
¥ e R W 7 RS, U AT TR R
WA R HAEMPUR R A AR . 1% TAEM
T2 W AE T, TEXHA KRR E 67, R
557 T ek 9 B AR ) AN A ik 0 T 1 AR B SR g A
WEMNED, MMER T4 K8 o 450 & 1Ak
WEEH, —HmfEN TR, BT sk
ML, H— AR T AL E R A R T,
A — 215

[F 4, 295 Bk =2 50 bk B2 BL K % 1) Johnny
He PR 7 R F FIRE I 7 v M 7 455 XUR 3l 7
HXUHR 5 FE A ) SARS-CoV-2 E il 7o 3X ANk 1%
i T HIVEK R EE P AR 30, EH 3 293T Ml
Vero E6 4l 0 J= , 8 HIV Tat & AR PREY, AT LAE
AT B 5 RNA o R  Ath AT A ) 28] 4
AR SR (5 K B OG & B (FLue) £ GFP]
MRIE. HAb, ZEH T 0 T7 )8 31 o] LAE
T7 RNA REBEAE T, Mo s 7= A K 19 7
RNA. £ idiJG, tHAJ7E Vero E6 F1293T 41 fitg
ST, IR DU B R 2 R ) Rk . 2P O I S
B2, 10 pmol/L Fify 5 75 =5 b ¥ B 1 2 > 40 i &
IR AR T R TR 3R TE R B 70%. X SESRIR R B, %
77 & a] BT SARS-CoV-2 % 5 & Hil Bf 78 AT
WAL, B4, . PR R
MRE e BFAIS W HURI T HIV K K i 8 57 5
BB, AMUBB S, 1 H 2 A [F]
Jep= A W HIV Tat 2 (0B R A RE G 3, HEBR T
sclERE R B ST, (SRR R TR, 54,
PRI & 2 G0, — 75 T Af LA B W b W 58 5 e 1
B, J7 AT DO R Qe R S 8 A
B ZE RO AT 2 AT

gk BRTIR, 38 I A A 3 U7 VR R R e
S FRIMRA R R GAT, FEARBM. TR
JHORL T e # DUB 48 DL, B A 5] N AR R AR
Gy o RIS IX AN TR W A0 1R G b RIEE T T e 9 B
cDNA 4 & it BAC # 4k R A A BR ¥ B U) A7 0 1) B

filo IR SES, FATAT LA W, RSN
T7 J% ¥ 5% 72 48 %0 87 e i 7% cDNA 1 % 5% i 4 K
RNA FfI0ME, 33X b S 56 5% g 75 Z2AR 2 B4 1 40 B3R
MEBWLRRER, It H R4 1 RNA 57
PEAGE, PRSI BT 3 A 78R 58 4 7Y 95 75 &2 il
TR . 1A H BAC %0448 2 1 5 R
& DNA, fEMIMEFETRE, I HA R E g L5
AUINmE & R se it #2, —stkdr, BrUARE
A T B AR R R SR AR R B A T I E & LR
AT R0 5 245 4 1Y) v 1 R 0k A o

1.2 ETFHARAIREFEE

97 7 DNA B cDNA J7 51 o [ it i 4% DU A
R AREER RN EEERFR. R, H
T3 495 B DNA 5% cDNA 7 51| [ #1305 75 K g #F
B A AN REAS E AR TE, & AT TE b R L A K B
J5 D] £ Bf PR e B

BAC Jfi ki pBeloBAC11 [ H 8l Dy dth figt v 73X
AN, XA FREFEFEF. B P 2wk
B, AEFERPUHIEE . LoxP £ 55 Acos f7 256
o HTEREHZE T KA EFE T34 R
¥, E1FRA G R 9 R B AR 1~2 N85 DL R
WL, DRI ORAE 1 AR B 7 51 2L K W A B A A ) AR
JEAFAE. 20004F, Enjuanes %515 56N H pBeloBAC11
KL v BT A KR AL e tE B g R e IR g B
(TGEV) ", Bfif5, %75k N th iz F 2 eIk
J% B OC43 (HCoV-OC43) . i e i i 5 05 75
(FIPV). SARS-CoV. MERS-CoV £l SARS-CoV-2
2 AN A e R W # 4 K cDNA 8 K T RE R g
T HX AN R AR R R DU, SR
KL, 255 1E K AT R DNA 5 4.

N T AR PIXAN ], Wild 248 oriV E H] T 58
BE i3k Jii K pBeloBACI11, #4 & T pCC1-BAC #
P B Z AR oriV R T 52 TrfA S 8 A
Ve, FEMEBEZEFWIET P, H M
AraCEEHAMAE. @FFE, oriV E |7l {415
o R pCC1-BAC 1) #% D% R 14N 38 31 100 4>,
DA b R AR K 355 0 S L (1 4% DU, Al % S ot P B 75
IR ERARZE 53R 1. 53— A% I e B K B
Al %5 S BAC 344 /& Lucigen A & [ pSMART BAC
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Bk, wld R A E RPN A R T A,
WE G T P DR SR OGN DNA R BTS2

2021 4F, BRVD AR A A I He & R # R ™ 40
SARS-CoV-2 i B cDNA J¥ 51| 73 B 5 /™ B, 7R 4k
SMEE G R, T Gibson £ S48 e 1A EE V) )5 1)
i N LY iR 25 /4& pSMART BAC #4741, J&
ThAS 208 o 5 B 00 B ) T 8 0 Ak A0 L SR HL B
fERNA Gl F EAAFR IR R S5, FIAH GFP 8
9 2 B M SR LS R 58 5 4 A B R A s s
FEFEYL 12 h JG I 293 T AT AS49 4B ffarh, B& 7 vl LA
%2 3| GFP R 1A 46, & 7] LU Ml 3] Luc/GFP sg
mRNA [(J#5¢t. T 48 h)5, 5293T4MLL,
AS549 41 i i) GFP FHME 40 B B R IR sE B, RIHE
il 7 7E 293 T 40l b BE NS € o XA GFP Rk 4Rk 5
RO FRW, EHMHMM RS, W Calu-1
Huh-7.5, Sl 7 WaeEAT M. X T 293T 400,
G 380% & 1.3%, 1 %F A549. Calu-1 A1 Huh-7.5
SEANM, HEE R ATIA R 3% ~4%. N T ¥E GFP
USSR A TS I RNA,  7E 4 i RNA Kt
) RNA % & B /9 NSP12 1 5] N 2 A4S S =A%,
D760N A1 D761N. 1X P4~ 5842 (KA 1T LA RNA
I RNA KA B R L D)6, SFERNANRS
o AE B L 3X AN AR R ) 1) AS49. Calu-1
A Huh-7.5 401, #ARERIE GFP. X LLHRE £
B, S TS R RIE KB TA SR &
S F RNA R EH, Rz RS H T 1T
SARS-CoV-2 Jp & & il g 4 1l 77 e M vP A o A
2, ZWICHISER A R, B E TR
TEAN [F) 41 B 2 v A2 1) AN 5, ELTE 3 e R R 3R
K EEBRRKWZER. RIS FR H 2 4 SR
ARSI AT RNA [ RNA AR iE T, K5
L) RNA B SE R HE T W s M D ge, AT A4k
ST PUR EE 2V BEE T IR S B PR B

F4F, LR B K21 Zhang Yang S5 6F 52 A
Y, LUBAC A #E, % T — > SARS-CoV-2
S+, KA TTEINT WK IEKER
FEER LN, HMER TS, MAERER . M7
A A1 e S e J5 1) & 1T mRNA 5 N & [ mRNA
JL#5 Huh-7. Huh-7.5. Vero A1 BHK-21 %5 A [5] 4H il
Z, [A L RNA K # 1f RNA R A B (1 548 14
(759-SAA-761) APITEXTHR . S5 KK, ZEHH

T-7E BHK-21 i g v i 52 ) 5 PR BB, T AE Veero
A Huh-7.5 40 b R HITE A = . 2990 b 3 S50 3R
BH, 7E1~100 nmol/L iR FEYE [ N,  Hfi {8 P = v 14 ek
&, POGRBRNEEM L. HoTE TFN-0)
W PRSI S, HR O RS TE L SAA TRABA )
FICR G VIR B " 0T HAL T YU B EE TR
T HKF M (long isoform of zinc-finger antiviral
protein, ZAPL, %¥ 45 Hi & & A e H ol 3F B 3
RNA 1] C,G Z#ZH IR & Him & 1/EAD 1) Huh-7
S, A R R IR A ) 1/10, B %
SR E HIX ZAPL (il RIS R BUK . [N, 7E
BIF 70 A & B S A R R A . R AR
5 R0 SRR R LTS BE R TR 5 0 2 I 1 B0
WO B E VA o, U R & RO
bR kA OE G IR TR O S S a2 0 A i = o
RNA KR RNA A B A FifEri 4. IFN-a.
BEFR DU 5 8 AP R 2 40 5000 8 e B R
il - 52 M R0 A S UE MR s, X TR R B4R S
Wl R IR IR A EE NS M.

2022 4F, PREFFARMAR K S Bukh 5552 3 B
1 SARS-CoV-2 i 8 73 A 4 N B, R A R B IR
FE & R OB S 8 RNA, 4R PCRAZ3]; F@
AR TR, 4y 3R RIS A K RN
BAC UKL, FF4r IR 1 A6 Bege e s 25 A1 0 B 4
PRI S o FG R R A R G 1 B A A R
NSP12F: R 54 SURAE (L323P, A97V, N491S,
F480L F1 V557L), LA & 7£ ORF7a "1 [i] &5 43 B 4
B Gk % i 47 B 16 N GFP. Fluc BY 48 K ¢ % 3 Wiy
(nLuc) FERZEIRE IR, £ nLuc IR 5 IR
iR~ i P i B U7 =15 AN B - = S 7 ) Ao NN
EFI M 1 5 7 5145 21 2 A 02 G 1 1w 735 2 bl 1
K2 TIRG R R s E 7, QA E,
AR nLuc (s SERK G4 h 5 AW Hm, #124~30h
FA g, HE72h 5 IUFANAR . B B
JEL T (1) Vero E6 40 L, 15 d P ¥ H B 40 R s
PG, [RBTG5 G B A R B N B B R IE
KFENIARE=AEA/IE MW R,
FFIX 2 Ao G 7 )5 15 5 1 I L A R ARt
PFNHIPER, 25 pmol/L SR AR VS 5 5 72 6 2=l
TR AR T B AL 1/100, TR 2.5 umol/L )
Ab B 8 A4S ¢ 2R BTG M T KT IR 1/5~
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110 22, ZWFFTBIAA R & T sk R ANF B
BT e B BT, T HAE R T AN R R i R
FEAS[F) L B 2 15 R AR B2 ), % 5 ok g 52
B N LR R BORL B Bt T R B 25
BRI, LLBAC R A 5 Al (48T 76 7
B R TR I R R AT KIA 30 kb 3k R 473 B
6 NEL B B B BUR R HIAE S kb LT,
BRI KT 5 kb (5 BN 5 o [ it b i ik, IF
LB [ Ui mT R oz BT 2R o v T e O o B T
BEAT W7 36 0E,  LAB PCR i SR AN 0 B 9848 . AH
[WFr B ol e — ) Bl DDA AT R, DAR
UE 5 [ 5 ) B IR A . G SR BT 4 0 B B DAL R
AL S PTERR A, PR VI A, [F
I 2% 5% A2 B W] H T 25 Te B 3 AR AR D . AR,
Z ST REA 22 RN Fr i il 720 BRI, AR E K
[, S 26 B 7 BUE K AP AR A A fa e, X
LEHRE BAC SE BE T iR ISR . O T e IRIX 2L SR R
P, BRI TR T AR E A T R 4

1.3 FAESEAAXEAHTRE

FH B R BORE B 4 K B 5 81 32 A S I
M — R AHEAN T BOR/N IR ) s R L
FPHNE KAt B A Fa g . MRIGHFEAHEL, TR
W E2EE (Saccharomyces cerevisiae) X AMNJ& I B 7
UM AU, H RN TR ik ik (YAC
7 S L K, mlik 250 kb ™. #F 5t A 51 R H
T RELE R A e B4 R R i A3 AH [A] e 51 AN [7] DN A
MR B, KT — M AR G A R
(transformation-associated recombination, TAR) -
B KA LA E LA K A R AH [F]
FIE) P BRI BF N TG AR B4k 5 R AR, B4
BN W AUEE DNA 73 . K[ HL 41 DNA 431
KWL 110 kb BA F o TAR Mk — R OFHE —1F
LR P B — S B BEH R TR IR B AR ID . TAR 84k
10 e B Ao A9 B8 21 5 (10 R P 41 30~110 bp
T, ORI REEREREAR N A, 4%
T B — A AT TR o

TAR (¥ SR B2, I B R AT 1 28 RN L
A B AR 2L B 75 511 7 1) 2 A BUE & Tk
FE 1 PEG/ L RRERVE W, 30 °Cili ¥4 30 min 5, 7E

— %€ WK JF DMSO &b B A 42 °C A 20 min 2514,
A [R) B A 350 40 B BRI R NAR N o BEREAR YR SR
H 2 R G R IR BRI T AR B R Y
TR — B TR . B E B T 0 S Bk
s HH BT R B AL I BE R T = AR R
FRIIRE )T, AR KB T, ks T 4
VRS T R AT B RE, BT RS AR
B A R 11, ReWs AR KB e . Rl PCR
AT DA% 5 PEE & B RE R ol I A A
FB, AT LUK I RE b 5 1) SR 5 21K A B
T K o AT B R ) & R R T A, WA T
YR eSS . HET, TAR ERERAR S KL
S T 50 B K () DNA R %, 20 540 0% 2 A0 1
R A2 EE (HSV-1) 48 U7 TAR 7] DLi% %
(19 7 BEAS LA M AR F8 35 B b 23 BS 1 RNA 42 )%
¥ 5 PCR 15 2| [t cDNA 741, 3 L 55995 2% (1 i U)
F B« PCR ¥ i Bt 8l ik %% & B 1) DNA Jv
Brdg bl

2020 4F, Fi - AA /R Jé K 2= Jores Al Thiel S5/
FEN G PYARAE 2020 45 1 H 10 H A A (113587 76 95 5 5
A7 51, 488 43 i 12 AN 8 R oK i A 36 40 AH [R5
FIM A B (B 1D, BRTESMETHBRZFHMN—
AN 5L JE B E R N 4 B8 1) SARS-CoV-2 i # itk 47
RT-PCR A3 #41, Al B2 & ifg 8. 25
7P e RE A0 AH o6 3 20 T R 4 R KX 12 4 B
FT KL 8 A& pVC604 AT E 4, T AF £ 6 A7
3 Fl A [\ 5735 7 51) 1) 52 B SARS-CoV-2 i 7 1 A
GFP HUX ORF7a [ 52 4E 42 P4 2 40~282 bp /7 41 1)
SARS-CoV-2 Jiii # . M3 B % & i) i B G
e, M A KT A R AERT 7 do X7
43 3% B IS0 T B 1 A R o 35 21 58 P R AT DA P
RN R KR IENE . R T7 RNA A A4 5 R 4
AR A E 0 # RNA, 5 40 037 5 B8 N &2
mRNA 6 9L BHK-21 41 g, 5k 5 phs% Jefa e R ik
W7 0% 7 N K 11 BHK-21 20 /0. Fi 2 /5 10 40 M 4
7F Vero E6 4l ffl I, 2 dfG M3 T 4tk Hf5 5,
B AE T S BE, RN R AT T R SRR
B, [ A AL S 1 58 R B R AR TR IR I
WitE. EHIBN =R, A E GFP = 4H i 55 AT
A B B A ZE M B TSR B, {HAE ORF7a
£ GFP [ 5% 8 1] 7 (10 A= A0 87 A 74 14995 25 40 L
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BIL T BRSO G 3 21 o e A 1 9 7 0 2 S o) g e
Fig.1 SARS-CoV-2 genome organization and construction of SAS-CoV-2 replicon using the TAR technology

BETR. myFhAsLRRy, HESZHEHEM
TEAMLEMRE 1 2 320 LAY, B 4H 5 25 0 424N 3 GFP
P, MITE 1 : 640 FRE IS AT DLW %2 Bl 55 9% % .
FIIS, SRR U 7 L FI & (TCID,) 70 it
TR AN [F) 94 B ) 3 1% 76 =5 % SARS-CoV-2-GFP [ 3£
EANHIE AT TRAE, 4 AR R N B R
IR G H S T PO B2 . w2, fEFd
FROVIM, SR GEFIH T N T E R
FiEMEER PR E A RS, L7 datiREME T
A T R AN A R AR IR R R, AR 4RI
W 356 0 L LE 2 1 ) S R T B Y TR
2021 4, ¥ 0 3EH) K 2% i) Inna Ricardo-Lax %5
WEFEN O 1 R R I g% A R0, A a
THL T SE AN SARS-CoV-2 il 7. AhA1RH
Phi29 & B X ORI HEAT R IR Y 3, B 32
JRARLI = R AiRE, 13 B RIEGARICE A MM
JABEIN T 20 2 £ . A% G0 S SR g I el T
i 5 DNA 7P A L, — Mo SR FIHE DLk,
PRI R DNA AR B D, ZIR SRR R
G HL R T Phi29 5 A B ) AR BRI A )
P, AREEHTHRENE S TR RS T —
g K. DGR, BRSEAM
SARS-CoV-2 & il n] DL g6 2 P 11 48 7 2 b 2R
FI(VSV-G) 3%, TR &R Rt AT — X

1]

PR GY, H5 B3 2 A0 A O T SARS-CoV-2 [
24K, 0 ACE2 # ([ M TMPRSS2 ® H, Kbk K
AR T AT A B A YE . T IR AR G R 2
— KRR Y, WA RFESAZ Y, W LUR 7 f b
TEA W) 24 e = AT B . [RIA, AT
P SEEG R RIZ N T R T ULH TR H A
(R 58 UE AN R I -5 8 et s 2 e R BT

2 ERTiR, 53T BACHIKME . fRkohis
LITIEMLE, TAR L RA 2 Biig— ki
Be. MR E. EREEVIML S &Ry fa e f
BB IR e MRAMNE R T IR E I B
IRBUR, F BB Z AR SR, —MRETE 104
LR, 1 TAR [ 759, — kAT LLE &R 10 4> LA
R B, RO TR T B0R e 23 3X FE K RNA
B I L . R BAC Bk AT B ek 078 35 1) s b
BN EIE W V) A7 s A A LL B, T TAR J7 1%
ANTREMYIA A, AE B EE 2 8 A 221
HREE B30~50 bp £ A HIMFE TS, JTETA
) AR A B R SR AR s SR A A B I .
Gb, TEREREARPY, EEA 1 4K OH e T 4 AT b
POsY %, IF s iR KA B R R, R
B Gy A A KR e 5 T A (1 R A B
ANKIG R, 5 (8 PR 7= A8 % & i R )5
SR YE L Ye s B . M2, TAR J5 V76 % 55 2
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TR A SR ) R B AR A ) R S R R
SR EE A

1.4 MNAFEREEITEHRNTE

RT3 B =Fp 71k (MAhiER:. £ BAC
AR A BE TAR R 40) #5530 47 51 B A% %
cDNA ¥ # . &8, FALsiEH, DLIYNEE FIEER)
(1) 5% 7% R0 FORL (W S B S 2D 3R, PR 2R ). BH A R
REG=F AR R E, FIFPCR B AMK B DNA
BABEAT LY 1 40 kb () DNA, i 75 BELEEY 1 b 4R
R R O T RE, B EZ A BE
A% P, 2013 4F, Edmonds 25 UV 7E K B B
RGP TR, TR T IXFP DL PCR N, R
i B2 TR I B IR S ) 18 RS, ARATTRR 2 N T
KA AR SN o IX R 7 VAR TH 3 Fh v AR ABL )
M7 A, e EE E T cDNA P41 4 A T B,
BN BORIAR AT I e B 2 TR) A 43 S K v
B®ir &N BRMR RS, @l PCRY H. A
A b 2, RS BORAIBK, LLEHS1ERN
IR, ERE RS X
T VE R R PR A R Sk AT DAL T R e A
HA POE A R E R R

2021 4%, HAL ALK % 1) Torii S 05T A 51
IS I o 7 kA T W R R A R E . N
FIX A5, AR 2 8 2 P w15 20 e 3 R 8 el
R, (AR 0B N T e R M 2 7 3 e 0 2
S, e ROGR BN S R R
B AR IR], 1R A e ARG e 0 1 52 1) 1) 400
VeroE6/Rep3 #l B8 7= A2 M1 2 [ 4 RNA FlJ 8 &5
FEAG I B 56 e KBS . RS 2, RR2EE A
CPER (17 i e PR 18t A8 38 et s 23 1 &l 7, 152
FoE RAA W T 040 bk, B A B 3k AT B
B B A TR

[F4FE, BORRI B4 2% K2 Amarilla 25 Fl 27
F " FIH CPER W 77 LM T B e R 85 A BR IR
EE. PEWRE. AMRGEWHRETS. RBER
B, IR SR R R S R . A e
HEK293T 4 i AH L, % 4 5 32 15 ACE2 ) ACE2-
HEK293T #iiffi 2 id JLARKE 77 /5, SARS-CoV-2 Jii 7
1E 3f MR R 1B U B A B T P AR I R A i D

Y AN S Sz s6 R W], Bl CPER J7 .45 B 9% 75 Al
AR 99 B B A A R 0 W BE /N R B A . S
Ab, FIH CPER LA L 75 5 75 4 B R 40 A 5] N 5%
B NSRS, IR A
i CPER i st @ — KNSR B EZ 6+, K
K58 7 CPER J5 ¥EAE K AN [R5 25 A0 28 = 1)+
J5 T (1) 2

R CPER J7 ik ] LAPRIE 7 = AR B AR A o
A RURI S A et B R #E R, (HEdA —
SCH S R Bk A, Holn: fEARSNPCRIS, DNA RS
Pt AN AT 3 Gt 2> 755 75 A1 g1 N TR AS 21 1) R
A% s[RI 7 AR A TR 0 B 45 (R 4 cDNA [ R 52 et
(&P A 18 KRN AS [F) 415 30 i A Hp AN 5
LR K. Bk, 7 E s R AR R SR AR
RUGEE A S H 5H, CPER 5 iEA LT BAC i kL
BT B -2 TR 27 4 SR RO B

2 WA R G

HH 1R 2 40 i 72 40 g JiE 1 6k = SARS-CoV-2
B ACE2EE AN T, Bid AN E 2 Bk
e AT SR AN A, e s 2 2 ] o] s
gAY A7 BE AR 1 (KR 1 4 7 B R AR
FD SR S Y, A0 R A5 G B e P 1 B A
T, MM AENR T ACE2 Z AR 4 3= 2 1l . %38
RUBe % 588 2 1t T 2 B L B S BN, TE
WA LR AN SR E O SO, L ERsE
PG, AREEATRFEE MR G, DR 2 4 1t
e, AT DAEE AR A T RS S T AR ST .

2021 4F, JHHERFEBE T iR Y g
T 1 GFP BUAR N 2 1 138 ek i 58 017, 7E 40
5 [ B 5% YL 9 R 15 1) SARS-CoV B SARS-CoV-2
N EAN, TR Fe M i e 77 12K SARS-
CoV-2Ji B FERUNL . [FIINF, B 95 38 3049 B N B A
o B B AN MOL ) BAA, EREEE R RN & AT
VLAE o 55 AF f JE 0 R 3R D Re, AT — 2B ORAIE
TR R A vt A, fATE
TER T 96 fLim i@ EHUR T 4L &, IRk
FYMHER. ERETL ERERN. SERN
JE K& HI T NS — BT SARS-CoV-2 B4 1 58 S0 0
A



184 GRAENE $55

[F4F, 19 5 B" M K57 B2 2% 43 Shi Pei-Yong ¥R
M g T — MR BEANRG, ERerE AT R
BRG] SARS-CoV-2 i F« 1R A HAN RGECHE
P ORF3 Al E FE R 6k 2% (1) i DA 2H cDNA DL J 3% 55
W% 7 5 AR TR, PA S 3R I8 1K R AN R 2K 2k [
AR &R o e o E b7 A 1 2 b 1 R BB TR e 4
f—%¢, (EA SRR SARS-CoV-2. M H
ANET A9 F R T 1B BT K18-hACE2 5 L [K] /)N Bl
B R AT AS I B B . [F R SRER R, Atk
ATTHA 2 1 5 ) A T4 4 1) SARS-Co V-2 & il 7 1] JBf
- v R R 00 AN 0 24 ) 0 I

2022 4, %% fuf 42 K 2 ) Malicoat 5524 3 1 |
I BAC 24t # % T — 4~ SARS-CoV-2 % 5 & il -+,
Horp S & A B FF IR R S AL T A K K R R
i Fll neonGFP XUk 7 R G AR . il L e iz 5
il BAC Jo b A1 Ey 7K 98 M 11 98 975 B 18 28 1 R IA T
Fi#) 293T/Huh-7.5 FIR S 4 rf,  $RRAS 214G ke
PR B9 B )T BURL, TR ARSI B 0E O R B
PR R0V 82 3 0k GFP 4N il . 43554 Je & i 7 A
BEEE 1 (1) Huh-7.5 40 i 135 %% 20587 6 1) Huh-7.5 48
JL e, AN BE A I 38 7 % 2R Bl 14 A 5¢ 3 GFP {3
T, XRBHEESH T RGBS —K. PLVSV L
T8 50 BRI EE AT AR 25 #1141 AS-VRP (G) X} Huh-
7.5 40 MBI YY, SIE B AS-VRP (G [ 8 4L 2% 3 i
VSV-G EHHE MM F . ENF/NRI E R4, 5
YA FAZAHAR . R EL A . A R AR SR
0o, AS-VRP(G) #SREAR b iz e A i), {H
RIBEKFEA—, RPEHILME TS5 T ZH
T2 o [ BF 7 /) BRL R 8 SR R 11 155 W6k 41 PR R0 R IR 48
MuH, w5 SR ERZI PR R AR RE, W
o THE. pTIE UEN-B). Mxl. Isgl5 FlfiJw
IBER T a( TNF-0) [IRIE . 1%L ST 3R B % Uk
& R4 0] LR I b B T 75 32 B 00 55 R BRI AT
7E AS-VRP (G) 12 4% Huh-7.5 41 ffd F1 A549 41 i )5 ,
TN [ 94 B2 () 3 48 78 45 F GC376, M8 3 %
F VG PR AICRN GFP R IR A gk, Wi 1 1C,, 1
43 5 2N 26.7 nmol/L 1 17.3 nmol/L. [7] i 4 82 2] A
[F] (4 240 PR XS T 400 2 24 4 B BRURR P A T

Mz, I S T A ANIR B BE B B
AMER, TR A R B R R R, AR
MR T AR e A VS L, D A

I DRE o B A4 I B B, DA R Lo 25 25 W U
M ATVEAN SR 4L TR 1 R A & o [, X b
*h ARG R BETE I — IRME AT R B 28, 110 A REJE AR
FRO R B, R, SR SEI W FE AR
G TR E BT . RJa, XM R E TR
Qe a5 7 AW _EIE AT LR AE R B2, B RIFI
FEME. —SMEMERNE, KUILE & KSR
B I3 -

3 REREMER RS

FH T 1% 5 % 08 (1) RNA & il 7 X 4 fig 5 9 75 55
PE, SECTEARRIEA M R T ], & RS
A SR AT T [R) 5, AN R Btk ok 2 TR A FeoE
DAL AN 3 T e ol B 0 e KA & W0 e . DRI, )
A AEFa E & SARS-CoV-2 & il 7 4T Hu bk i 73X
AN ST TR 7 T 2 —

2022 4F, 1L ALK 2K Kohji Moriishi B 41 1
O T R O R AU B R R R R I A
B DR P e85 23 2 1) 1 e B E BAC #fk, i
Jedti B, LT AT RIA e B S BT R 40 e
o SR, Z40MAkBERRE RIA KL EKEG, I
PR TR BRI R ZH RNA . RIS S2ib e 1, P B
VG F5 R B-TF- 4R 2 AL R P AR, R EE A )5 7 2 A
MZOCRBE L, MRSEEME (—F TMPRSS2
PO R0, 0w e B RN AH B AL UL R
(— Mz E R, G imE ) WA XM
RO o BEHS LGB 5 02 — iR R8T e 0% 2 RNA R A
W41 751, LA VeroE6 41 HE  FE it ) Bk B % 4% A4
k., & XF VeroB6/Rep3 4l il 2 A 5 4f fr) $01 i1l B3 9
PEVE J1 . AT TAER B, A8 i Y el o 2
ST R0 R 2 s B R R PR B AN )
TH.

[ 4F, Tony Wang 258} 22 5% " My T H 4K
WG ST, 55 2% 10l IR A 4 Il ik R A
E F M B[RRI 77 NSP1 & A K164A/H165A XU AR
1) SARS-CoV-2 & il ¥ (B 2). &E |75 i
HENEIBHK-21 40 (i e RN G RiE S
RIENEAMBRKD J5, BelBER REPIRK A ER
. 7E G418 HIIEFEIE T, 33 1 127G HI 40
MFR. 220045, KRFEARHIREES
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S"UTR

: 670 8 o JUTR
ik : - 7. SARS-CoV-2-Rep-NanoLuc-Neo
TRS-L | | TRS-B TRS-B
K164A/H165A

Hel  NendoU/NSPI5

2-OmT/NSP16

SARS-CoV-2-Rep-NanoLuc-Neo-Nsp [ ¥le4aHIesA
SARS-CoV-2-Rep-NanoLuc-Neo-Nsp | R1248/KI2E
SARS-CoV-2-Rep-NanoLuc-Neo-Nsp | N12s5KI2E

B2 e e = Tt 0
Fig.2 Optimization of the SARS-CoV-2 replicon""”

FE . A 408 AN 17 £ SARS-CoV-2 [ RNA & il
THNGERE S B, AT A% S Sk T
273 FhAS [FALG G Pk 35 AR H . XA
L/ GBI 1Y v A= s | el T I i )
NSP5 (3CLpro). NSP3 (PLpro). NSP12 (RdRP).
NSP15. NSP16 M1 X [X . 75 pmol/L FJ/KF, it
PR RICRBEE N 2, 9 MEEWH 50% 1 #0H
R . DLEG PG 5 R GC376 N FH X IR, 2 A
T Darapladib. Genz-123346 il INJ-5207852 %%
3IMEEYIAE R SRR, 3MLEWE
It A0 1 SR R S R AR 1 . X 6 S 4 il AR
1T GC376 /b3, KILEATHIIC, METE5.9~13 pmol/L
e B2, ZRSCIEH T 0 o o 5 A B e i 5
() NSP1 25 H FRACHT & 200 40 PR ) B3 1k, IS
B 7 FaE RIEEH T IR A IS B Ak, [
ISR AT FH 317 DR HASE (R 080 et o 75 245 40 2 )
%, JERE T — SRR U oo 25 25 M R L

MERE BRG] TRk, BRI
I R A, AH H T 52 1] R AE 40 o R 2 ) 52 A
AR, DRI A B A I ) B B s F0 Rl
BESE MR I . RN, AR Btk vk 2 1) &5 S L A
g, —BEMES L, DR R A o
PR B KA AW PE B AIE 9T A A B Ok
2RI .

4 RAEEMIEE

xR AR R R AR, AR
W T 0 A H 2 AW 2 4 = e UL B R 1] SERR
AT, JFHAP R, SR A, S PR

73, IR EEAFI R 2 BHAT T AR S0 B A R R
) A AE B KRR TR R BT AN B A B0 A &L
b ) R 17 R ) fE . B Bl L SR B
BEE AR KR, Bl S AT M R — A 5L
JUA R RS R B R, R 4 N — AN EU LA R
A FE DR AN [ 1) ek A 4 o i, RIR 29 7 R
T, JEHERBYARCAN ML, FH T 55 5L R A 1
FAHRIER DIReW 7L, L ACHUR B & 1 7 1
XA — 5T, WA M N EITE
fil . SR FEIEE: H—Jrm, HmTEhz —AEL
MNEREER, AR A BB R T, M
S E T AL et (R 2k o I B 4 A A 19 X 95 2 1
FH G IR A 5T APURE 55 W0 K v] DLAE AR e 4
TE MR kAT, BA A, . SR
R A A R T P R . IR R B R ELS R
AR R Sy i ) K P8 15 T A% 96 AR sk 2D 9 25 1 f
FH T ERTTER .

B T IR AREE LML RS
BT POE KR RAMERE . T BAC ALK
. B AR OC B 4V CPER V42 H T M 2 3
R R A B k. Ho, MRAhER:
ARG T BAC IR A #9827,
JREE AT, (PR, dETK, AAHRE
ZOG HE LA RE, T R 1 SE 560 /K Rl
FoI5. [EE, &5 0 5 7 I KA B AR R A R
SE, BN T MR HMERE . B S R R BT REA Y
Wik, P ESE s e P B, —05
R Z A I EZE LA 8 R A G M T8
(1) DNA v BUFHEE BE-20 B 57 AR MG Bl R, — IR
BT AR B K R E S T T 8. X R T IE
UFRLAE T 25—, BEREXTMJE [R5 ) DNA 5 20 5%
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RIRE B, LR RO, 5=,
I FH T BE-4H B8 AR N T e iR 34k, B
J7 VAR AR 5 R B BE R K AT B, XA
KU 8 T KA SR BOR 2 2 )7 ik, AT
—ID AN e s B o I SR A 8 15 ORI 2 1)
B 70N 57 R BiZ 45 R (g 28 ok ) S 3 et o5 2 A0 L Ath
FIREEI A T Fels KB 1 CPER J7 v H 75 Bl
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A F P 5 DNA B E R IR, RBEIEA
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ML) e o IXFp iR TR BT, AN TR E R AL
U e R T R R I 2R DA R R AR A T KD
B, W RHATE T AN E . (Hl T PCRA Y
R — LR, FE BT T IAE, I H oA
VIR FRER B, BN T SR M . S
TEARXFP AR SR E 2 IR

FEES B G Al b, B R R T R AR
faE RIAEH T AHMMKE A B GFMREE, —8%
PEFIE GV, AR S KM s &P & 2
VTR E G . AHAh, 5 G A
T RGBS AT F0R e 0 15 1R G 20 M b A R e
I3 B 52 AR PR 4T i M T R

BT 3 4F B DL bR R I R A e R KR T
2y, B BE T N I B g R e ORI
P o AR, H TR ek 0 B I A G A R
PEIF A KAEWA LA, fERKUH T RERAT,
TR o — B G g SRR R RN T R ™
SO, PRI, AE DG IR AT 6 200 4k SR T i ATIR N AR
Fo BT H SR R S T B R A R A e
BN B AL R I RE ), [FIE AT LS
N AR5 5 R JE 7 40 i b A e R IA, T HLRETE AR
A THIEREFZZANE, FRELRRE
AT A2 ok 25 ST SR WF 058 e s 25 1) o 261 25 B 1)
RE - B B LA K 77 38 v R e AV B R FH 00 B8
T 20 B T BB

B, N3 R el 5 P &
IS FH 6 Bt 08T el 0 i I BUR AL . BRI ThRE. 1E
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() R R AL 18+ 980 3 et s 23 0 N 2 B 1) fa 55
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(1]

[2]

[3]

(4]

(3]

[6]

(7]

(8]

]

[10]

[11]

[12]

[13]

[14]

[15]

& £ x W

ZHOU P, YANG X L, WANG X G, et al. A pneumonia
outbreak associated with a new coronavirus of probable bat
origin[J]. Nature, 2020, 579(7798): 270-273.

PIRET J, BOIVIN G. Pandemics throughout history[J].
Frontiers in Microbiology, 2021, 11: 631736.

HU B, GUO H, ZHOU P, et al. Characteristics of SARS-CoV-2
and COVID-19[J]. Nature Reviews Microbiology, 2021, 19(3):
141-154.

GORBALENYA A E, BAKER S C, BARIC R S, et al. The
species severe acute respiratory syndrome-related coronavirus:
classifying 2019-nCoV and naming it SARS-CoV-2[J]. Nature
Microbiology, 2020, 5(4): 536-544.

CUI J, LI F, SHI Z L. Origin and evolution of pathogenic
coronaviruses[J]. Nature Reviews Microbiology, 2019, 17(3):
181-192.

ZHU N, ZHANG D Y, WANG W L, et al. A novel coronavirus
from patients with pneumonia in China, 2019[J]. The New
England Journal of Medicine, 2020, 382(8): 727-733.

CAO X T. COVID-19: immunopathology and its implications
for therapy[J]. Nature Reviews Immunology, 2020, 20(5):
269-270.

HUANG C L, WANG Y M, LI X W, et al. Clinical features of
patients infected with 2019 novel coronavirus in Wuhan, China
[J]. The Lancet, 2020, 395(10223): 497-506.

ZHANG G M, ZHANG J, WANG B W, et al. Analysis of
clinical characteristics and laboratory findings of 95 cases of
2019 novel coronavirus pneumonia in Wuhan, China: a
retrospective analysis[J]. Respiratory Research, 2020, 21
(1): 74.

THYE AY K, LAW J W F, TAN L T H, et al. Psychological
symptoms in  COVID-19  patients:  insights  into
pathophysiology and risk factors of long COVID-19[J].
Biology, 2022, 11(1): 61.

THALLAPUREDDY K, THALLAPUREDDY K, ZERDA E,
et al. Long-term complications of COVID-19 infection in
adolescents and children[J]. Current Pediatrics Reports, 2022,
10(1): 11-17.

MEHANDRU S, MERAD M. Pathological sequelae of long-
haul COVID[J]. Nature Immunology, 2022, 23(2): 194-202.
JOSHEE S, VATTI N, CHANG C. Long-term effects of
COVID-19[J]. Mayo Clinic Proceedings, 2022, 97(3): 579-599.
HAN Q, ZHENG B, DAINES L, et al. Long-term sequelae of
COVID-19: a systematic review and meta-analysis of one-year
follow-up studies on post-COVID symptoms[J]. Pathogens,
2022, 11(2): 269.

DESAI A D, LAVELLE M, BOURSIQUOT B C, et al. Long-



%5% www.synbioj.com

187

[16]

[17]

[18]

[19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

term complications of COVID-19[J]. American Journal of
Physiology-Cell Physiology, 2022, 322(1): C1-C11.

SHIU E Y C, LEUNG N H L, COWLING B J. Controversy
around airborne versus droplet transmission of respiratory
viruses: implication for Current
Opinion in Infectious Diseases, 2019, 32(4): 372-379.

WANG C C, PRATHER K A, SZNITMAN J, et al. Airborne

infection prevention[J].

transmission of respiratory viruses[J]. Science, 2021, 373
(6558): eabd9149.

COLLIER D A, DE MARCO A, FERREIRATA T M, et al.
Sensitivity of SARS-CoV-2 B.1.1.7 to mRNA vaccine-elicited
antibodies[J]. Nature, 2021, 593(7857): 136-141.

HARVEY W T, CARABELLI A M, JACKSON B, et al. SARS-
CoV-2 variants, spike mutations and immune escape[J]. Nature
Reviews Microbiology, 2021, 19(7): 409-424.

CHOY K T, WONG A Y L, KAEWPREEDEE P, et al
Remdesivir, lopinavir, emetine, and homoharringtonine inhibit
SARS-CoV-2 replication in vitro[J]. Antiviral Research, 2020,
178: 104786.

BAKOWSKI M A, BEUTLER N, WOLFF K C, et al. Drug
repurposing screens identify chemical entities for the
development of COVID-19
Communications, 2021, 12: 3309.
RECOVERY Collaborative Group. Lopinavir-ritonavir in

patients admitted to hospital with COVID-19 (RECOVERY): a

interventions[J].  Nature

randomised, controlled, open-label, platform trial[J]. Lancet,
2020, 396(10259): 1345-1352.

YANG H T, RAO Z H. Structural biology of SARS-CoV-2 and
implications for therapeutic development[J]. Nature Reviews
Microbiology, 2021, 19(11): 685-700.

CHEN Y, LIU Q Y, GUO D Y. Emerging coronaviruses:
genome structure, replication, and pathogenesis[J]. Journal of
Medical Virology, 2020, 92(4): 418-423.

SNIJDER E J, DECROLY E, ZIEBUHR J. The nonstructural
proteins directing coronavirus RNA synthesis and processing
[J]. Advances in Virus Research, 2016, 96: 59-126.

KIM D, LEE J Y, YANG J S, et al. The architecture of SARS-
CoV-2 transcriptome[J]. Cell, 2020, 181(4): 914-921.¢10.
RASHID F, DZAKAH E E, WANG H Y, et al. The ORF8
protein of SARS-CoV-2 induced endoplasmic reticulum stress
and mediated immune evasion by antagonizing production of
interferon beta[J]. Virus Research, 2021, 296: 198350.

SOLA I, ALMAZAN F, ZUNIGA S, et al. Continuous and
discontinuous RNA synthesis in coronaviruses[J]. Annual
Review of Virology, 2015, 2: 265-288.

RASKIN S. Genetics of COVID-19[J]. Jornal de Pediatria,
2021, 97(4): 378-386.

TOYOSHIMA Y, NEMOTO K, MATSUMOTO S, et al. SARS-

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

CoV-2 genomic variations associated with mortality rate of
COVID-19[J]. Journal of Human Genetics, 2020, 65(12): 1075-
1082.

SUBISSI L, POSTHUMA C C, COLLET A, et al. One severe
acute respiratory syndrome coronavirus protein complex
integrates processive RNA polymerase and exonuclease
activities[J]. Proceedings of the National Academy of Sciences
of the United States of America, 2014, 111(37): E3900-E3909.
ALMAZAN F, GALAN C, ENJUANES L. The nucleoprotein
is required for efficient coronavirus genome replication[J].
Journal of Virology, 2004, 78(22): 12683-12688.

ZUNIGA S, CRUZ J L G, SOLA 1, et al. Coronavirus
nucleocapsid protein facilitates template switching and is
required for efficient transcription[J]. Journal of Virology,
2010, 84(4): 2169-2175.

ZAKHARTCHOUK A N, VISWANATHAN S, MAHONY J
B, et al. Severe acute respiratory syndrome coronavirus
nucleocapsid protein expressed by an adenovirus vector is
phosphorylated and immunogenic in mice[J]. Journal of
General Virology, 2005, 86(1): 211-215.

HOFFMANN M, KLEINE-WEBER H, SCHROEDER 8§, et al.
SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and
is blocked by a clinically proven protease inhibitor[J]. Cell,
2020, 181(2): 271-280.e8.

V’KOVSKI P, KRATZEL A, STEINER S, et al. Coronavirus
biology and replication: implications for SARS-CoV-2[J].
Nature Reviews Microbiology, 2021, 19(3): 155-170.
MASTERS P S. The molecular biology of coronaviruses[J].
Advances in Virus Research, 2006, 66: 193-292.

WANG J M, WANG L F, SHI Z L. Construction of a non-
infectious SARS coronavirus replicon for application in drug
screening and analysis of viral

protein  function[J].

Biochemical and Biophysical Research Communications,
2008, 374(1): 138-142.

GE F, LUO Y H, LIEW P X, et al. Derivation of a novel SARS-
coronavirus replicon cell line and its application for anti-SARS
drug screening[J]. Virology, 2007, 360(1): 150-158.

SOUZA TM L, MOREL C M. The COVID-19 pandemics and
the relevance of biosafety facilities for metagenomics
surveillance, structured disease prevention and control[J].
Biosafety and Health, 2021, 3(1): 1-3.

JU X H, ZHU Y K, WANG Y Y, et al. A novel cell culture
system modeling the SARS-CoV-2 PLoS
Pathogens, 2021, 17(3): €1009439.

ZHANG X W, LIU Y, LIU J Y, et al. A trans-complementation
system for SARS-CoV-2
replication without virulence[J]. Cell, 2021, 184(8): 2229-2238.

el3.

life cycle[J].

recapitulates  authentic  viral



188

BREDF

£5%

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

RICARDO-LAX I, LUNA J M, THAO T T N, et al
Replication and delivery of SARS-CoV-2
replicons[J]. Science, 2021, 374(6571): 1099-1106.

FRENCH R, AHLQUIST P. Intercistronic as well as terminal

single-cycle

sequences are required for efficient amplification of brome
mosaic virus RNA3[J]. Journal of Virology, 1987, 61(5): 1457-
1465.

BREDENBEEK P J, FROLOV I, RICE C M, et al. Sindbis
virus expression vectors: packaging of RNA replicons by using
defective helper RNAs[J]. Journal of Virology, 1993, 67(11):
6439-6446.

LOHMANN V, KORNER F, KOCH J O, et al. Replication of
subgenomic hepatitis C virus RNAs in a hepatoma cell line[J].
Science, 1999, 285(5424): 110-113.

BLIGHT K J, KOLYKHALOV A A, RICE C M. Efficient
initiation of HCV RNA replication in cell culture[J]. Science,
2000, 290(5498): 1972-1974.

THIEL V, HEROLD J, SCHELLE B, et al. Viral replicase gene
products suffice for coronavirus discontinuous transcription[J].
Journal of Virology, 2001, 75(14): 6676-6681.

CURTIS K M, YOUNT B, BARIC R S. Heterologous gene
expression from transmissible gastroenteritis virus replicon
particles[J]. Journal of Virology, 2002, 76(3): 1422-1434.
KAPLAN G, RACANIELLO V R. Construction and
characterization of poliovirus subgenomic replicons[J]. Journal
of Virology, 1988, 62(5): 1687-1696.

ZHANG H, FISCHER D K, SHUDA M, et al. Construction
and characterization of two SARS-CoV-2 minigenome replicon
systems[J]. Journal of Medical Virology, 2022, 94(6): 2438-
2452.

HE X, QUAN S, XU M, et al. Generation of SARS-CoV-2
reporter replicon for high-throughput antiviral screening and
testing[J]. Proceedings of the National Academy of Sciences of
the United States of America, 2021, 118(15): €¢2025866118.
LUO Y W, YU F, ZHOU M, et al. Engineering a reliable and
convenient SARS-CoV-2 replicon system for analysis of viral
RNA synthesis and screening of antiviral inhibitors[J]. mBio,
2021, 12(1): €02754-20.

ALMAZAN F, DEDIEGO M L, GALAN C, et al
Construction of a severe acute respiratory syndrome
coronavirus infectious cDNA clone and a replicon to study
coronavirus RNA synthesis[J]. Journal of Virology, 2006, 80
(21): 10900-10906.

VIKTOROVA E G, KHATTAR S, SAMAL S, et al. Poliovirus
transfection, and

replicon RNA generation, packaging,

quantitation  of Current  Protocols  in
Microbiology, 2018, 48(1): 15H.4.1-15H.4.15.

THUMFART J O, MEYERS G. Feline calicivirus: recovery of

replication[J].

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

wild-type and recombinant viruses after transfection of cRNA
or ¢cDNA constructs[J]. Journal of Virology, 2002, 76(12):
6398-6407.

LILJESTROM P, GAROFF H. A new generation of animal cell
expression vectors based on the semliki forest virus replicon
[J]. Biotechnology, 1991, 9(12): 1356-1361.

KHROMYKH A A, WESTAWAY E G. Subgenomic replicons
of the flavivirus Kunjin: construction and applications[J].
Journal of Virology, 1997, 71(2): 1497-1505.

KHAN S, SONI S, VEERAPU N S. HCV replicon systems:
workhorses of drug discovery and resistance[J]. Frontiers in
Cellular and Infection Microbiology, 2020, 10: 325.

BEHRENS S E, GRASSMANN C W, THIEL H J, et al.
Characterization of an autonomous subgenomic pestivirus
RNA replicon[J]. Journal of Virology, 1998, 72(3): 2364-2372.
PANG X, ZHANG M, DAYTON A I. Development of Dengue
virus type 2 replicons capable of prolonged expression in host
cells[J]. BMC Microbiology, 2001, 1: 18.

SHI P Y, TILGNER M, LO M K. Construction and
characterization of subgenomic replicons of New York strain of
West Nile virus[J]. Virology, 2002, 296(2): 219-233.

HERTZIG T, SCANDELLA E, SCHELLE B, et al. Rapid
identification of coronavirus replicase inhibitors using a
selectable replicon RNA[J]. Journal of General Virology, 2004,
85(6): 1717-1725.

FENG X L, ZHANG X F, JIANG S Y, et al. A DNA-based non-
infectious replicon system to study SARS-CoV-2 RNA
synthesis[J].
Journal, 2022, 20: 5193-5202.

GE F, XIONG S, LIN F S, et al. High-throughput assay using a

Computational and Structural Biotechnology

GFP-expressing replicon for SARS-CoV drug discovery[J].
Antiviral Research, 2008, 80(2): 107-113.

ALMAZAN F, SOLA I, ZUNIGA S, et al. Coronavirus reverse
genetic systems: infectious clones and replicons[J]. Virus
Research, 2014, 189: 262-270.

ZHANG Q Y, DENG C L, LIU J, et al. SARS-CoV-2 replicon
for high-throughput antiviral screening[J]. The Journal of
General Virology, 2021, 102(5): 001583.

PIETSCHMANN T, BARTENSCHLAGER R. The hepatitis C
virus replicon system and its application to molecular studies
[J]. Current Opinion in Drug Discovery & Development, 2001,
4(5): 657-664.

CHEN M X, XU Y, LI N, et al. Development of full-length
cell-culture infectious clone and subgenomic replicon for a
genotype 3a isolate of hepatitis C virus[J]. Journal of General
Virology, 2021, 102(12): 1704.

HANNEMANN H. Viral replicons as valuable tools for drug
discovery[J]. Drug Discovery Today, 2020, 25(6): 1026-1033.



%5% www.synbioj.com

189

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

(81]

(82]

[83]

LIU Y, LI L, TIMANI K A, et al. A unique robust dual-
promoter-driven and dual-reporter-expressing SARS-CoV-2
replicon: construction and characterization[J]. Viruses, 2022, 14
(5): 974.

ALMAZAN F, GONZALEZ J, PENZES Z, Engineering the
largest RNA virus genome as an infectious bacterial artificial
chromosome[J]. Proceedings of the National Academy of
Sciences of the United States of America, 2000, 97(10): 5516-
5521.

ORTEGO J, ESCORS D, LAUDE H, et al. Generation of a
replication-competent, propagation-deficient virus vector based
on the transmissible gastroenteritis coronavirus genome[J].
Journal of Virology, 2002, 76(22): 11518-11529.

MASTERS P S, ROTTIER P J M. Coronavirus reverse
genetics by targeted RNA recombination[J]. Current Topics in
Microbiology and Immunology, 2005, 287: 133-159.

LAI M M, BARIC R S, MAKINO S, et al. Recombination
between nonsegmented RNA genomes of murine coronaviruses
[J]. Journal of Virology, 1985, 56(2): 449-456.

VAN DER MOST R G, HEIJNEN L, SPAAN W ] M, et al.
Homologous RNA recombination allows efficient introduction
of site-specific mutations into the genome of coronavirus
MHV-AS59 via synthetic co-replicating RNAs[J]. Nucleic Acids
Research, 1992, 20(13): 3375-3381.

MASTERS P S, KOETZNER C A, KERR C A, et al
Optimization of targeted RNA recombination and mapping of a
novel nucleocapsid gene mutation in the coronavirus mouse
hepatitis virus[J]. Journal of Virology, 1994, 68(1): 328-337.
KUO L, GODEKE G J, RAAMSMAN M J, et al. Retargeting
of coronavirus by substitution of the spike glycoprotein
ectodomain: crossing the host cell species barrier[J]. Journal of
Virology, 2000, 74(3): 1393-1406.

HAIJEMA B J, VOLDERS H, ROTTIER P J M. Switching
species tropism: an effective way to manipulate the feline
coronavirus genome[J]. Journal of Virology, 2003, 77(8): 4528-
4538.

WILD J, HRADECNA Z, SZYBALSKI, W. Conditionally
amplifiable BACs: switching from single-copy to high-copy
vectors and genomic clones[J]. Genome Research, 2002, 12(9):
1434-1444.

ZHANG Y, SONG W H, CHEN S Y, et al. A bacterial artificial
chromosome (BAC)-vectored noninfectious replicon of SARS-
CoV-2[J]. Antiviral Research, 2021, 185: 104974.

XIA H J, CAO Z G, XIE X P, et al. Evasion of type |
interferon by SARS-CoV-2[J]. Cell Reports, 2020, 33(1):
108234.

LEI X B, DONG X J, MA R Y, et al. Activation and evasion
of type | interferon responses by SARS-CoV-2[J]. Nature

(84]

[85]

[86]

(87]

(88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

Communications, 2020, 11: 3810.

FAHNOE U, PHAM L V, FERNANDEZ-ANTUNEZ C, et al.
Versatile SARS-CoV-2 reverse-genetics systems for the study
of antiviral resistance and replication[J]. Viruses, 2022, 14
(2): 172.

WIRTH N T, KOZAEVA E, NIKEL P I. Accelerated genome
engineering of Pseudomonas putida
CRISPR-Cas9  counterselection[J].
Microbial Biotechnology, 2020, 13(1): 233-249.

RICE C M, GRAKOUI A, GALLER R, et al. Transcription of

by I-Scel-mediated

recombination  and

infectious yellow fever RNA from full-length cDNA templates
produced by in vitro ligation[J]. The New Biologist, 1989, 1
(3): 285-296.

YOUNT B, DENISON M R, WEISS S R, et al. Systematic
assembly of a full-length infectious cDNA of mouse hepatitis
virus strain A59[J]. Journal of Virology, 2002, 76(21): 11065-
11078.

YOUN S, LEIBOWITZ J L, COLLISSON E W. In vitro
assembled, recombinant infectious bronchitis  viruses
demonstrate that the 5a open reading frame is not essential for
replication[J]. Virology, 2005, 332(1): 206-215.

YOUNT B, CURTIS K M, FRITZ E A, et al. Reverse genetics
with a full-length infectious cDNA of severe acute respiratory
syndrome coronavirus[J]. Proceedings of the National
Academy of Sciences of the United States of America, 2003,
100(22): 12995-13000.

BECKER M M, GRAHAM R L, DONALDSON E F, et al.
Synthetic recombinant bat SARS-like coronavirus is infectious
in cultured cells and in mice[J]. Proceedings of the National
Academy of Sciences of the United States of America, 2008,
105(50): 19944-19949.

THAO T T N, LABROUSSAA F, EBERT N, et al. Rapid
reconstruction of SARS-CoV-2 using a synthetic genomics
platform[J]. Nature, 2020, 582(7813): 561-565.

DONALDSON E F, YOUNT B, SIMS A C, et al. Systematic
assembly of a full-length infectious clone of human
coronavirus NL63[J]. Journal of Virology, 2008, 82(23): 11948-
11957.

BARIC R S, FU K S, SCHAAD M C, et al. Establishing a
genetic recombination map for murine coronavirus strain A59
complementation groups[J]. Virology, 1990, 177(2): 646-656.
EDMONDS J, VAN GRINSVEN E, PROW N, et al. A novel
bacterium-free method for generation of flavivirus infectious
DNA by circular polymerase extension reaction allows
accurate recapitulation of viral heterogeneity[J]. Journal of
Virology, 2013, 87(4): 2367-2372.

TAMURA T, FUKUHARA T, UCHIDA T, et al
Flaviviridae  viruses

Characterization of recombinant



190

BREDF

£5%

[96]

[97]

(98]

[99]

[100]

[101]

[102]

possessing a small reporter tag[J]. Journal of Virology, 2018, 92
(2): €01582-17.

PIYASENA T B H, NEWTON N D, HOBSON-PETERS 1J, et
al. Chimeric viruses of the insect-specific flavivirus Palm
Creek with structural proteins of vertebrate-infecting
flaviviruses identify barriers to replication of insect-specific
flaviviruses in vertebrate cells[J]. Journal of General Virology,
2019, 100(11): 1580-1586.

SETOH Y X, AMARILLA A A, PENG N Y G, et al
Determinants of Zika virus host tropism uncovered by deep
mutational scanning[J]. Nature Microbiology, 2019, 4(5):
876-887.

TORII S, ONO C, SUZUKI R, et al. Establishment of a reverse
genetics system for SARS-CoV-2 using circular polymerase
extension reaction[J]. Cell Reports, 2021, 35(3): 109014.
AMARILLA A A, SNG J D J, PARRY R, et al. A versatile
reverse genetics platform for SARS-CoV-2 and other positive-
strand RNA viruses[J]. Nature Communications, 2021, 12:
3431.

MALICOAT J, MANIVASAGAM S, ZUNIGA S, et al.
Development of a single-cycle infectious SARS-CoV-2 virus
replicon particle system for use in biosafety level 2 laboratories
[J]. Journal of Virology, 2022, 96(3): e0183721.

TANAKA T, SAITO A, SUZUKI T, et al. Establishment of a
stable SARS-CoV-2 replicon system for application in high-
throughput Antiviral Research, 2022, 199:
105268.

LIU S F, CHOU C K, WU W W, et al. Stable cell clones

screening[J].

harboring self-replicating SARS-CoV-2 RNAs for drug screen
[J]. Journal of Virology, 2022, 96(6): €0221621.

EiVESE: LJHE961—), 5, 1
G AR BT A A
Wiz s SRR .

E-mail: sqwang@bmi.ac.cn

BIRAEE: E¥F981—), 5,/
BT, AL R AR . TR
95 2 Y S AR 5 A B R 2
i

E-mail: xjwang@bmi.ac.cn

F—1EH: HENA973—), 5,1
+, TAE NG WEFT 7 13 A5 073 A 56 Bk
AN T A o

E-mail: wlichuan@sina.com




