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Abstract: Influenza A viruses (IAVs) exhibit rapid mutation and high infectivity, leading to a considerable
number of cases and deaths globally. Thus, the development of broad-spectrum inhibitors is of paramount
significance. In this study, targeting the hemagglutinin (HA) of IAVs, a set of high-affinity and specific aptamers,
namely Apt(HA)-1, Apt(HA)-4, Apt(HA)-9, Apt(HA)-25, and Apt(HA)-93520, were obtained through CE-SELEX.
The dissociation constants (K,)) of this group of aptamers [Apts(HA)] with the HA protein were determined by the
SPR method to be 25.9, 44.8, 50.7, 54.0, and 45.2 nmol-L", respectively. Apts(HA) can recognize and detect the
internationally common influenza virus strains A/PR/8/34 (HIN1) and A/FM/1/47 (HIN1), as well as the clinically
isolated Tamiflu-resistant strain A/Liaoningzhenxing/1109/2010 (HIN1), amantadine-resistant strains A/Hunanzhuhui/
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1222/2010 (H3N2) and A/Fujiantongan/196/2009 (H3N2), and possess broad-spectrum inhibitory effects on

influenza viruses. These aptamer inhibitors feature strong in vitro accessibility, good stability, simple structure, and

small size. This study not only developed novel broad-spectrum aptamers against [AVs, exerting extensive

inhibitory effects on various [AVs, but also paved the way for an effective strategy in the development of universal

virus inhibitors.

Key words: nucleic acid aptamer; systematic evolution of ligands by exponential enrichment; influenza A;

hemagglutinin; broad-spectrum anti-influenza virus
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SPR FE 714 M  SPR 43 H7 7E Reichert4 SPR 1%
a8 BEAT o A 518 FH M\ Master Touch-S15uvf4fi
KA B GEARAT IR AlK ] %, 1847 22 MPUN PBST
(pH 7.6 PBS £ M ¥ + 0.05% Tween-20), 1 ] &5 A A
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Table 1  Oligonucleotides used for real-time fluorescence
quantitative PCR (qRT-PCR)

Oligonucleotide
5" M2 (influenza)
3’ M2 (influenza)

Sequence (5'-3")
GACCRATCCTGTCACCTCTGAC
GGGCATTYTGGACAAAKCGTCTACG

5" GAPDH GGTGGTCTCCTCTGACTTCAACA
3' GAPDH GTTGCTGTAGCCAAATTCGTTGT
5" NP (PR8) TGCTTCAAAACAGCCAAGTG

3’ NP (PR8) GATGCCCTCTGTTGATTGGT

FF DM K GraphPad Prism 7.0 # A4 1E H,
TR AR AT G it o i, TR B D x + s KR, 24
[F) 35 K LE R 5 DR 3R 07 72 53 BT (one-way ANOVA)
AT Z R . P<0.05 € A REEER.

#R
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DR DR 38 T A A R P AR e, A O e R R
2 LRIk SR AT S BB ) — B . AT CE-
SELEX", #2371 R 1 S5 v 0 0k s 77388 %6 166 38 1) 9
W7 FITEGIN T NREE R (IEH N ) 1
N R, BN R A AR RAA I . EBHE
HLUK K B, AR R Oy 1 2 S AT R0
B 4Rk, SR —HEA RGP HA R H
T B AR 1% 7 4

TESS 1R e L # v, ¥ H2H HA R (A/Puerto
Rico/8/1934 HA trimer protein) 5 7% & 4 10° K BE HL i
R S (ssDNA library) 78 MV 0 AH B.4F
TV 14 — i B P AR &R, IR B g X KB
3\ (capillary zone electrophoresis, CZE) 73 2 HA-ssDNA
E&W. fEE 1%+ (K 1A), 1.0 pmol- L' HA &
15 FAM bRiC ) ssDNA library 7£ 40 135 5% B ) 15 A
WY 45 6, CE 04 ¥ 1% 2R HA 25 5 )46 ssDNA
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library 7F 3.4~4.2 min J& il 5 T 2 42 17 25 X, (H R4S
R AW, U HA & H 5 ¥ 46 ssDNA library 2
T8 55, EEMR AR E . I HA-ssDNA fif 5 X
(3.4~4.2 min) #17 PCR ¥ 14 5 2lifk, k15 T —Feiiiit
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500 nmol L™ DM IRk He 77 (B 1B), (7] 3 iy 5t e
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ssDNA) ‘2. 2 T %, fif 2 X W T AL 3, 18 B 5 HA &
FI45 4 1 ssDNA [P 15 2 & 4L 10 J5 2RI 56 3.4 581
i (B 1C. D), 4k 2L IR CHE B LR 2 (o ) P &
200 5 100 nmol-L™), [A] B 38 i 75 S5 M 9K FE 22 10 £
P RE, TEBG N7 1% 1 T3 1 264, 5 HA AR UM AR
EE AN EWFEG T, HAEE 4505 1EH 2.3 min
Ak HH BAR E ) 5EA W, BA o R D B A A —
WE R MR R0 E AT IR M ) %, K,
EREAS T 2/ MR R, PRI B E, 8RR E
AT o Ko 45007 1% X PE PCR Y1 5% 2 4E
TAY TR (Rifg) B A R A R AT ms T

TE [ R V8 A 07 6 A% 198 3 e Ak, 0 A 5 3 A4 11
SEA AL AR 1A, B ssDNA 1] DL&E & 76 #E 2R 1111
EREEN S e mlE Ny 45 R h kB R A RE
PE I 38 7 1) EAT RAE, B L5EF BT 510 s 578

FE G750 5 3L 450 CRFAE motif) . R, ARHFF 7T
36 B 45 SR v i s IRBIIR R 600 5% ssDNA #E4T7 75
H motif 9731, M ik B E A A [FRFAE motif 1) 1%
& A (B 1E). AW FT i — 0 i it — g 45 M 14l
WO S 2% B 5 R 3B B JE Bh R IO T 4
(E 1F).
2 HABEGMEMAOSHERMELERE

i3 CE Al SPR 5256 44 Ml Apts(HA) 55 HA ¥ 55 Al
71. CEif IR T HA 5i& B4k 45 & R & ok
F%, £5.2 min &b H LU B9 IS AR g . 5 HA R ELAE
FH 5, i 9 3 T A 06 4 93 /N B %, T 7E 2.3~4.8 min
B LA T LA — I 2 AR M E A Y, UL Apts
(HA) 5 HA 455800, TR ifa € ME &Y (K 2A). i3t
— 3D Hh, 3@ 1 SPR € VP % A i 1 2 A T (18 2B),
gt LR B Apts(HA) Xt HA (¥ 55 F1 77 43 A 45 44 BE IR 3
W, H'5 CE ki it K (2 A — 5 (R 2). H
H, Apt(HA)-1 1) 56 Fl 77 AL K 15 29 759 25.9 nmol L™
(SPR), 1fi H 5 4 4 3@ B Ak K, {8 W 4 Aii 7€ 452~
50.4 nmol-L" (SPR). N T P4 Apts(HA) HIHRF Sk, A
W FE 51N 10 £G5B 1 IE 0 N MRV, I3 P 0 v 3 R T
Pt 1 HSA, LA K F fth % 55 4K 56 R M & [ RSV F.
SARS-CoV-2 S.HBV capsid 5 Apts(HA) ] H 1F i «

A 400 B 400 E
40-fold diluted saliva 20-fold diluted saliva Nam. Seq./ 5~ copies 20 A WSS Tmic
] A 350_ al-mol cal-mol cal-mol
350 free ssSDNA A AGCCGAGAGGGCGA
N Al Apt(HA)-1 CGGACGTACAGGGTA 2692 -8.78 -124.80 -374.0 60.4
300 300 ATTGCATGGCG
250 250 TACGTACGCCGACGT
5 5 Apt(HA)-4 CGGGCATACTGGGGT 175 -9.03 -170.10 -519.3 543
ACACTGAAGA
E’ 200+ TR 2 200+ AGCCGAGAGGGCGA
J| LU il Apt(HA)-9 CGGACGTACGGGGTA 9 -7.78 -120.00 -361.8 58.5
1507 ssDNAyyq 150 subl-ssSDNAyyg ATTGCATGGCG
100 A 1004 AGCCGAGAGGGCGA
HA-ssDNA. free sSDNA Apt(HA)-25 CGGACGTACAGGGTA 3 -8.67 -145.50 -441.1 56.6
i | ATTGCATGGCC
50 HA‘SSDQ‘IA 50 N A TCCCCCATTACAGCC
04 04 N‘ Apt(HA)-93520 TCACGTCTCCGGATA 1 -4.73 -128.80 -400.0 48.8
+1.0 umol-L HINI HA +500 nmol-L HINT HA CTTGTAGGAC
T T T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Time / min Time / min o o
C 400 D 400 ra \;‘;’:} P S { o \e’;P*}
10-fold diluted saliva 10-fold diluted saliva g % ﬁ . p gJ e
350 A 350+ A « % Apt(HA)1 © - § -4 Apt(HA)-9
300 300 ‘\.‘w Ap(HA}4 .3 1'.\"
250+ 250 P s = T
D 200 = 2004 ; ; LA,
e
& 150 sub2-ssDNAyg 150 sub3-ssDNAy . : f‘“\w
100+ 1004 A free ssDNA ooey 3 A
- HA'SSDNAN free sSDNA 50 HA=DNA P A
g 1 +f bat 2 : :
0 p 0- ApI(HA)-25 o .
4200 nmol-L-! HINI HA +100 nmol-L-! HIN1 HA
T T T T T T T T - Apt(HA)-93520
0 2 4 6 8 10 0 9) 4 6 8 10 3
Time / min Time / min
Figure 1 Identification of hemagglutinin (HA)-targeting aptamers by capillary electrophoresis based systematic evolution of ligands by

exponential enrichment (CE-SELEX) and characterization of their binding affinity. A—D: Capillary electrophoresis chromatograms of 1—

4 rounds aptamer screening. FAM-ssDNA random library was detected by capillary electrophoresis (CE) equipped with laser induce

fluorescence (CE-LIF). Since the protein is not labeled with fluorophores, only ssDNA is detected. The triangle symbol indicates the free

ssDNA, and the arrow refers to the complex formed by the combination of ssDNA and HA; E: Candidate aptamers sequence; F: Secondary

structure of Apts(HA)
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g R IR, Apt(HA)-1/9/25 76 5 L3R TPt 414 #H B A
JH 3 % o U THT AR O 2 2 1R A (] 2€), 6B IX 3 4% 0
kS FIMEANRAELZ XSS, FeF R L. T
Apt(HA)-S 454, 1t B Apt(HA)-4/9320 #£ 5 HA R %] 55
SE G It 5 2 BRI EE DL R H A B B A T

Table 2 K of Apts(HA) evaluated by CE and SPR

K, CE/mol-L" SPR/mol-L"
Apt(HA)-1 2.89E-08 2.59E-08
Apt(HA)-4 5.57E-08 4.48E-08
Apt(HA)-9 6.14E-08 5.07E-08
Apt(HA)-25 5.21E-08 5.40E-08
Apt(HA)-93520 5.76E-08 4.52E-08

HA SR 3T 1AV B945 F M IR B 54650

BN RAREASEAEARAERNRER.
HA J& T3 75 0 58 85 11, 30 43 &5 1 del 4 O\ 28 0 75 51
T E IR b T O TG A 2 75 R 8 A 45 S HA 1 4k
Sh M & e O EE PH T D R R DG B . DN, JE I CE U
VR TSR AN 5 e 1 s L Apt(HA)-1 5 5 81K
RN BN S . 2T CERM IR AN

BN TS um B A 8= OB E R AT, EREN
100~300 nm [ it /&5 2 Bk 5 Apt(HA)-1 BLR SRR
ATE = 4EM B B WA BLAE R, IR AS 52 [ 5 10 B
il (AR 53 (B R 45 G VPAN SE L AR N RS . ARSI 5T
KH T RO 5986 CE &L (CE-LIF) A4
B WKL 5 98 YR IC 1 Apt(HA)-1 Z A A AR . |
T B R AS 5 9, DR IR 7E LIF A I 2% HORE W 52
E| Apt(HA)-1 F1 Apt(HA)-1-95 5 2 &9, HEbx 7 HAth
Hor T

g R 3A Frow, Ui B 1) Apt(HA)-1 /£ 4.5 min
IS S0, #4570 000 TU-mL™" ) K3 i B0 28 it
IEH MR (10 536 B8 HEAT 2 £ B0 BE A e, 78 43391 on
NS RIS R B J5, U B F Apt(HA)-1 U6 IR b 3%
Pk, R Apt(HA)-1 5 KT B R 4G HEEE
TR B RIORLEL ) 38 0, Ui 25 1 Apt(HA)- 13 8 ik /b,
2 RIS LR B T 35 000 TU-mL i, H AT 4G
WZI Apt(HA)- 1R 8 B 6. € &R Row, Ui 2%
P22 W T AR A1 5 RS 9 B AORL £ (547~35 000 TU-mL"!
W) 2RISR R (RPHIKT0.95) (K 3B).

A ol 30 ol
Apt(HA)-1 Apt(HA)-4 Apt(HA)-9 A Apt(HA)-25 Apt(HA)-93520
1404 APEHA) 1404 APIHAY 704 APIEA) 70 AptEHA) . 70 APLHA) N
1204 1204 A 60 60 60
100 1004 504 50+ 504
o 804 o 804 D 404 > 404 D 401
& 6o 60 304 304 304
40 40 Y 0 20 20 h
A
20 N A 204 N 10 10 A 10
x Yal @y pe . L34 N
0 0 0 0 0 1
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Time / min Time / min Time / min Time / min Time / min
B 204 201 201 201 20
B 157 & 151 & 151 g 151 & 151
= 104 & = 101 = 101 = 101 = 104
- 3 s & - & - & =
< < < <
& o] E‘) P - G oo S—... & o} B oo
7 s 7 s 7 s A s 7 s
0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300
Time /s Time /s Time/s Time /s
13108 8x107+ 6x107+ 5%107+
C - ns ns ns oS s ns ns ns
8x1074 ns rms ns ns NS ns ns 4x1074
o o 6x107+
7 -
6x107- 5 1o o 3x107+
E B 4x107 5
4x1074 2x1074
2x1074
2x107- 2A0H 1x1074
0 0 04 04
S Bl S D S PPl S D S PR D D I SRR Y SIRCIN R
& s F R S & s F b4 S DT SRS RGRT PFEL S
Ve T SN Mo XX Mo XX S TSP H & TS
L S S N S & N & e
%YS-Q” & £ g [t & &

Figure 2 Characterization of the affinity and specificity of aptamers of HIN1 HA protein [Apts(HA)] and identification of Apts(HA) by
CE-SELEX and surface plasmon resonance (SPR). A: Affinity characterizations between Apts(HA) and HA were performed via CE (n = 3).
The lower spectral line is the only FAM-Apts(HA) (final concentration 0.2 pmol-L™"), and the upper spectral line is the FAM-Apts (HA)
interacting with HA with the final concentration of 0.1 umol-L". The arrow indicates the complex formed by the combination of Apts (HA)
and HA; B: Affinity characterizations between Apts(HA) and HA were performed via SPR; C: FAM-Apts(HA) (final concentration
0.2 umol-L™) were respectively incubated with 10xSalive, HSA, RSV F, SARS-CoV-2 S and HBV capsid (final concentration 2 pumol-L™") in
a metal bath at 37 °C for 10 min and then injected into CE for analysis (n = 3). The signal peak area change (RFU) of the unbound Apts (HA)
was used to evaluate its binding to the specific reference protein. n =3, x+s. "P < 0.05, "P < 0.01 vs PBS (CON)
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Figure 3 Characterization of stable complexes formed by aptamer recognition and binding of inactivated IAVs (HINI and H3N2) virus

via CE. A: FAM-aptamer Apt(HA)-1 (0.2 umol-L") was added to HA inactivated virus in 10-fold diluted saliva. CE analysis was performed

after incubation at 37 °C for 10 min (n = 3). The spectral lines from top to bottom corresponded to inactivated virus at final concentrations of

0, 547,1458,2917, 8 750, 17 500, and 35 000 TU-mL"; B: Linear curve of Apt(HA)-1 for detecting TAVs (547-35 000 TU-mL"™")
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Figure 5 Inhibitory activities of Apts(HA) against influenza virus in A549 cells. A-D: A549 cells were infected with A/Puerto Rico/8/34
(MOI = 0.02, A and B) or A/Fort Monmouth/1/1947 (MOI = 0.02, C and D) for 2 h in the presence of Apts(HA) with different concentration.
Baloxavir 10 nmol-L" was added after infection. After 24 h of infection, the total RNA extracts were used for qRT-PCR analysis; E:
Anti-IAV activity of Apts(HA) in A549. CC,, were determined by CCK-8 assay. IC,, were determined by qRT-PCR assay. The SI values
were calculated as the ratio of CC,/IC,; F: Effects of Apt(HA)-1 against drug resistant strains of influenza virus. A549 cells were infected
with influenza virus A/Hunanzhuhui/1222/2010 (MOI = 0.2), A/Fujiantongan/196/2009 (MOI = 0.02), A/Liaoningzhenxing/1109/2010
(MOI = 0.2), for 2 h and treated with Apt(HA)-1 for 24 h at the same time. After treatment, viral M2 mRNA were analyzed by qRT-PCR. n = 3,
X+s. "P<0.05 "P<0.01,""P<0.001 vs CON. OC: Seltamivir carboxylate; AH: Amantadine
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