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Development and in vitro application of a recombinant influenza
A virus expressing enhanced green fluorescent protein

LI Jial’Z#, WANG DonghongZ#, JIANG Yujiel’z, HAN Ruiwenl’z, CHU Qiaohongz, WANG Tangqil’z,
LIU Guanya*’, ZHANG Xuejie™*, HUANG Baoying’, DENG Yao’, TAN Wenjie'*"

1 Zhejiang Provincial Key Laboratory of Medical Genetics, School of Laboratory Medicine and Life Science,
Wenzhou Medical University, Wenzhou, Zhejiang, China

2 National Key Laboratory of Intelligent Tracking and Forecasting for Infectious Diseases (NITFID), NHC Key
Laboratory of Biosafety, National Institute for Viral Disease Control and Prevention, Chinese Center for Disease
Control and Prevention, Beijing, China

3 School of Public Health, Baotou Medical College, Baotou, Inner Mongolia, China

4 School of Public Health, Xinxiang Medical University, Xinxiang, Henan, China

Abstract: [Objective] To develop a recombinant influenza A virus (IAV) expressing a reporter
(enhanced green fluorescent protein, EGFP), study its biological characteristics in vitro, and
explore its application in antiviral drug screening and neutralizing antibody (nAb) detection.
[Methods] The EGFP gene was inserted into the C-terminus of NA (derived from HINI1-PRS) by
reverse genetics of influenza virus, and the recombinant IAV was successfully constructed, rescued,
and named PRENAEGFP/WSN. The EGFP insertion position and genetic stability were analyzed
by RT-PCR and sequencing. PRSNAEGFP/WSN and the control virus (PRENA/WSN, without
EGFP insertion) were identified based on EGFP reporter gene expression, replication kinetics, and
plaque morphology. The in vitro antiviral efficacy of favipiravir, a positive drug for influenza virus,
was evaluated by focus-forming assay (FFA), qPCR, and EGFP fluorescence detection. The focus
reduction neutralization test (FRNT) and reporter gene activity detection were conducted for IAV
nAb detection. [Results] PRSNAEGFP/WSN remained genetically stable after five passages in
chicken embryos. Compared with PRENA/WSN, PRESNAEGFP/WSN showed a slightly declined
titer at the time point of 48 h and similar crystal violet plaque morphology. The ECs of favipiravir
measured with the recombinant virus is consistent with that with the control virus, and the ECs
values obtained through various detection methods, including FFA, qPCR, and EGFP fluorescence,
show good correlations. The correlation coefficient » of the nAb titer determined by FRNT and
EGFP fluorescence was 0.930 4, which indicated good consistency. [Conclusion] PRENAEGFP/
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WSN, a recombinant IAV carrying the reporter gene, might be used as a real-time visualization tool
for the basic research on IAV and the evaluation of antivirals and vaccines for IAV.
Keywords: influenza A virus; reverse genetics; reporter gene; in vitro application; antiviral drugs;

neutralizing antibodies
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B AR IR RS R B 3R L (Dulbecco’s
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fit} (neuraminidase, NA) 1) C ¥iij i A4 £ H g 5
2A fik (GSGATNFSLLKQAGDVEENPGP, P2A
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¥ 293T F1 MDCK 4l ffif 2:1 B EL B A,
BiZE 6 fLtk, T 37 °C K53e 2 4NM% FE iR F] 80%
JE AT R Y . BB UL, % PRENAEGFP J5i i il
WSN 1y 7 A~ Bt ki Ff B8 2 100 ng/uL, ff H
jetPRIME #% 4% 58] (Polyplus /A 7))5 Opti-MEM
(Gibeo 28 Rl FHV- i 2 % . FEREAS EP 45
A 0.5 pg FURLAT 300 pL jetPRIME 2% tlifk ,
2 1:2 B N A jetPRIME® Reagent, %44 1E
1A ERE 10 min, FEAIA 1 mL Opti-MEM. ¥
JR - PRI A O A A S, & F 37 °C.
5% CO, WA 5 9% 8 h, ZJaHFfLAM7E 1.3 mL
B L-1- FF S P P - 2- M o P G R A 1 R (-
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TPCK)-Trypsin (Sigma-Aldrich 2% #]) A9 Opti-
MEM, #kEE7E 37 °C. 5% CO, 51 FHi3% 72 he,
WL 21 248 B s 28 T HEA T I BRI J , WO B
YL AE R PO AR EE . B PO A B B JS 2
F 29— 12 H & 1 JC R & 7 B 1K (specific
pathogen-free, SPF)Afift, 37 °C i 48 h 5, Uk
EEXOIRIRBENT , 51 EMRA T T-80 °C VKFf
1.3 RT-PCR ¥£E

Z BB A5, i H QlAamp Viral
RNA Mini Kit [FUZAA Y TGN A R A 14
B PRSNAEGFP/WSN H4Hj#: P1-P5 fUHEEFINT
I 7E PRENA/WSN [ RNA, f#iF] SuperScript™
IV VILO™ Master Mix (ThermoFisher Scientific
)R RNA — 20 [ 5% ) ¢cDNA. 51478 NA-
F (5'-TCAAATGGGACTGTTAAGGA-3")Fl NA-
R (5'-CTTGTCAATGCTGAATGGC-3" ). PCR
VR Z (20 pL): 2xPrimeSTAR Mix 10 uL, I,
TUFESIP)(10 pmol/L) 4% 1 pL, cDNA itk 1 pL,
ddH,0 7 uL. PCR JZ i &5/ : 98 °C A& 10s,
55°CiRk 15s, 72°C ZEff 10s, 330 4MFFR.
FH 1% BEIERHREER T PCR P T 458 .
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forming unit, FFU) (FFA %) %28, JH7E 37 °C
AT 1 he BERS, BT (favipiravir,
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2 RG RV R
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YEANR . ¥ RDE 5 IiE% 3:1 LGRS, &
T 37 cCHER/KIBFET I F K. BE, FHRG
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100 pL 3 4T 4E & (avice ) )2, BT 37 °CH:
FEAR RS 18 h J5, SR 1.6 9 FTIRMY FFA 1%
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# 65 (TaKaRa 2 B TAV JEFRE A M FLHA
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MR 48 he 4 4% A e 2H 2 15 7 U 1 2
A0 40 min, PEATEEAEGE, BT R,
WEBE AL Image] AT E 2o
110 Zit5rih

A B s 43 B ¥4 FH GraphPad Prism 9.5.1
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RT-PCRAG B iF T 2H R B A it A B ;. C: 9G A EXEGFPHR & 3L I i 735 .

Figure 1

Construction and validation of PRENAEGFP/WSN. A: Schematic diagram of NA-EGFP in the

recombinant virus PRSNAEGFP/WSN; B: RT-PCR verification of the genetic stability of the recombinant virus;

C: Observation of EGFP reporter gene expression under a fluorescence microscope.

2.3 PRSNAEGFP/WSN #1 PRSNA/
WSN fRE R ARINE I F

5 T P 4 PRSNAEGFP/WSN #l PRSNA/
WSN HIRSME Wbt RS 22 5, AR0F
5% LA MOI 4 0.001 /&4 MDCK 4 fifl, W% T
2 MRIRFEAE 0. 12, 24, 48 A1 72 h WY& Hl5h )
2 EGFP 936361k X 48 h R HFE (K 2).
B SR R, 2 BRIR R IR YT 48 h
K EE A H B4, {H PRSNAEGFP/WSN f
95 B T J & PRSNA/WSN 2 5.96 1%, 1Ak,
PRSNAEGFP/WSN Jji #E7E UL 5 12 h B Al g%
2N B EGFP 206315, HFEA N a] AR
FORTR T B W, £ 48 h kBN, T AE
72 h IQBEIH@J% S 7% xfﬁ?&ﬁﬁﬁﬁ/ﬂz%‘%(rﬂ
24), X—BR5EHsh ) w4 R — (K 2B),
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kb R T L2 W)~ A0CR RA0HR BB (B Cso) SR G
PEFEAT B0 (B 3). FFA 345 REM, BEE
PR BEIRAR, e EE DR AR S N (B 3A).
TEVEHIF % PRSNAEGFP/WSN F1 PRENA/WSN Jj
BEMY ECso 734110 0.608 9 pg/mL %n 0.5353 pg/mL,
T HZ A TC R 3% 22 5 (K 3D). ilid qPCR
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B2 PRSNAEGFP/WSN{AIMNEZ4ME. A: PRENAEGFP/WSN 5 PR8NA/WSNJ & [ EGFP o 5 41
J 5 A% 7 I (EGFP 24 O 5 40 Jfd 9% 48, I [§] 2 PRSNAEGFP/WSN, T & i PRSNA/WSN); B:
PRSNAEGFP/WSN-5PRE8NA/WSNJHHE Y & il 8 J1 2 i ZXf s C: PRSNAEGFP/WSN5PRENA/WSNJ
HMZE LB AR E; D: PRSNAEGFP/WSN-5PRENA/W SN #1145 it 58 YL (s BE 1 PR S 1 -2
SMr(ns: P>0.05, 225G X)),

Figure 2 In vitro biological characteristics of PRSNAEGFP/WSN. A: Schematic diagram of EGFP fluorescence
and cytopathic effect of PRENAEGFP/WSN and PR8NA/WSN viruses (Top: PRENAEGFP/WSN; Bottom:
PR8NA/WSN); B: Comparison of replicative kinetics curves of PRENAEGFP/WSN and PRENA/WSN viruses;
C: Schematic diagram of crystal violet plaque morphology of PRSNAEGFP/WSN and PRENA/WSN viruses; D:
Statistical analysis of crystal violet staining plaque area of PRENAEGFP/WSN and PRENA/WSN viruses (ns: P>

0.05, no statistically significant difference).
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3 PRSNAEGFP/WSNHFEMIMUR BB EHMFEFMPBINA . A RITFFATEA I L VTR T
PRSNAEGFP/WSN 5 PRSNA/WSN3J & [ 9% k17~ 2 8] (L K1 W PRSNAEGFP/WSN, T[] PRENA/WSN);
B: RHEGFPZ AL fit i A6 75 DT 7 5 HU PRSNAEGFP/WSNY 8 (0 9 m & &l s €. D: 405k
qPCRIEFIFFA LA % VL7 45 L PRENAEGFP/WSN-5 PRENA/WSNYG 1%, TR ECs MBI & K ; E: %
FHEGFPZE AL i A VT 437 5 Hi PRSNAEGFP/WSNYK 7%, A ECso & L& 8 ; F: RHIqPCRE:
SFFAi% /) T PRSNAEGFP/WSN 5 PRSNA/WSNY 7 Z [l AU A G 5 G H: R EGFPIOLA E ik 5
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Figure 3 Application of PRSNAEGFP/WSN in the pharmacodynamic evaluation of anti-influenza virus agents
in vitro. A: Schematic diagram of foci detected by FFA method for favipiravir against PRENAEGFP/WSN and
PRENA/WSN viruses (Top: PRENAEGFP/WSN; Bottom: PRENA/WSN); B: Fluorescence diagram of EGFP foci
quantification method for favipiravir against PRENAEGFP/WSN virus; C, D: Detection of favipiravir against
PRENAEGFP/WSN and PRSNA/WSN viruses using qPCR and FFA methods, with ECsy curve fitting; E: Curve
fitting graph for calculating ECsy using EGFP foci quantification method for favipiravir against PRENAEGFP/
WSN virus; F: Correlation analysis between PRENAEGFP/WSN and PRSNA/WSN viruses using qPCR and FFA
methods; G, H: Correlation analysis of PRENAEGFP/WSN virus using EGFP foci quantification method with

gPCR (G) and FFA (H) methods.
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Table 1
serum of vaccinated mice detected by two different

Virus-neutralizing antibody titers in the

methods

ML FHEA S >

Serum number

By IN BRUMLYR ARG
Virus-neutralizing titers in immunized
mouse serum”

FRNT EGFP
1 307.2 272.1
2 744 .4 636.8
3 5727 2163
4 438.5 208.5
5 1603.0 2516.0
6 196.6 2723
7 208.3 254.6
8 880.9 1692.0
9 526.2 1 046.0
10 1285.0 2336.0
NC*® <10 <10

 HPHIS0% FFU; °: BAEXT BRI . A5 0055 100 i i e
JER1:200 R T PRGBS R AR A
ILAE M 10,

% 50% FFU neutralization; ®: Negative control serum. The
initial dilution of the serum samples to be tested in this study
was 1:20. For the purpose of graphing and statistical analysis,

negative serum samples were assigned a value of 10.

12 ¢
-o- =0.930 4 P<0.000 1
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% O
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E
& 6Ff
a9
3Le :
6 9 12
EGFP (log,x)

El4 FMARETTERN % & /R ILE S AU
JE4: kP Sk

Figure 4 Correlation of neutralizing antibody titers
in immune mouse serum detected by two different

methods.
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