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Abstract: With the widespread use of antibiotics, drug-resistant bacterial infections have become a significant
threat to human health. Finding new antibacterial strategies that can effectively control drug-resistant bacterial
infections has become an urgent task. Unlike small molecule drugs that target bacterial proteins, antisense
oligonucleotide (ASO) can target genes related to bacterial resistance, pathogenesis, growth, reproduction and
biofilm formation. By regulating the expression of these genes, ASO can inhibit or kill bacteria, providing a novel
approach for the development of antibacterial drugs. To overcome the challenge of delivering antisense
oligonucleotide into bacterial cells, various drug delivery systems have been applied in this field, including cell-
penetrating peptides, lipid nanoparticles and inorganic nanoparticles, which have injected new momentum into the
development of antisense oligonucleotide in the antibacterial realm. This review summarizes the current
development of small nucleic acid drugs, the antibacterial mechanisms, targets, sequences and delivery vectors of
antisense oligonucleotide, providing a reference for the research and development of antisense oligonucleotide in
the treatment of bacterial infections.
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Table 1

Summary of information on small nucleic acid drugs marketed by the end of 2023. ASO: Antisense oligonucleotide; CMVR:

Cytomegalovirus retinitis; HoFH: Homozygous familial hypercholesterolemia; SMA: Spinal muscular atrophy; DMD: Duchenne muscular

dystrophy; hATTR: Hereditary transthyretin amyloidosis; FCS: Familial chylomicronemia syndrome; AHP: Acute hepatic porphyrias; pH1:

Primary hyperoxaluria type 1; FP: Familial hypercholesterolemia; AMD: Age-related macular degeneration; ALS: Amyotrophiclateralsclerosis;
GA: Geographicatrophy; PS: Phosphorothioate; 2'-F: 2'-Fluorine; 2'-O-MOE: 2'-O-Methyloxyethyl; PMO: Phosphorodiamidate morpholino

oligomers; 2'-O-Me: 2'-O-Methyl; IVI: Intravitreal injection; SC: Subcutaneous injection; IT: Intrathecal injection; IV: Intravenous injection

. Time-to-market/place Therapeutic Retouching/ Mode of
No. Drug name/commercial name  Type Owner . . . .
of approval indication delivery administration
1 Formivirsen/Vitravene ASO  Ionis/Novartis 1998, FDA (Delisted) CMVR PS VI
2 Mipomersen/Kynamro ASO  Ionis/Kastle Therapeutics 2013, FDA (Delisted) HOFH PS, 2'-O-MOE SC
3 Nusinersen/Spinraza ASO  Ilonis/Biogen 2016, FDA SMA PS, 2’-O-MOE 1T
4 Eteplirsen/Exondys 51 ASO  Sarepta Therapeutics 2016, FDA DMD PMO v
5 Inotersen/Tegsedi ASO  Ionis 2018, FDA hATTR PS, 2'-O-MOE SC
6  Golodirsen/Vyondys 53 ASO  Sarepta Therapeutics 2019, FDA DMD PMO v
7  Volanesorsen/Waylivra ASO  Ionis 2019, EU FCS PS, 2’-O-MOE SC
8  Viltolarsen/Viltepso ASO  Nippon Shinyaku 2020, FDA DMD PMO v
9  Casimersen/Amondys 45 ASO  Sarepta Therapeutics 2021, FDA DMD PMO v
10 Patisiran/Onpattro siRNA  Alnylam 2018, FDA hATTR PS, 2'-F, 2'-O-Me/ v
LNPs
11 Givosiran/Givlaari siRNA  Alnylam 2019, FDA AHP PS, 2'-F, 2'-O-Me/ SC
GalNAc
12 Lumasiran/Oxlumo siRNA  Alnylam 2020, FDA PH1 PS, 2'-F, 2'-O-Me¢/ SC
GalNAc
13 Inclisiran/Leqvio siRNA  Alnylam/Novartis 2020, EU FP PS, 2'-F, 2'-O-Me/ SC
2021, FDA GalNAc
14 Pegaptanib/Macugen Aptamer Pfizer/Eyetech, 2004, FDA (Delisted) AMD — VI
15 Vutrisiran/Amvuttra siRNA  Alnylam 2022, FDA hATTR PS, 2'-F, 2'-O-Me/ SC
GalNAc
16  Eplontersen/Wainua ASO Ionis/Astra Zeneca 2023, FDA hATTR PS, 2'-O-Me/ SC
GalNAc
17  Tofersen/Qalsody ASO  Ionis/Biogen 2023, FDA ALS PS, 2'-O-Me IT
18 Nedosiran/Rivfloza siRNA Dicerna (Novo Nordisk)/ 2023, FDA PH1 PS,2'-F, 2'-O-Me/ SC
Alynlam GalNAc
19 Avacincaptad pegol/Lzervay Aptamer Lveric Bio/Archemix 2023, FDA GA — VI
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Figure 1 Two mechanisms of designing antisense antimicrobial agents to inhibit gene expression and the antimicrobial pathways of ASO
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Table 2

Summary and analysis of antisense antibacterial target, delivery carrier and antibacterial efficacy. MRSA: Methicillin-resistant

Staphylococcus aureus; GP-SiNPs: Glucose polymer-silicon nanoparticles; MIC: Minimum inhibitory concentration; CPPs: Cell-penetrating

peptides; PNA: Peptide nucleic acids; ZIF-8: Zeolite imidazole framework-8; 6HB: Six-helical bundle; PEI: Polyethylenimine; AuNPs: Au

nanoparticles; MLAuNPs: Multi-layer coated Au nanoparticles; CTX: Cefotaxime

. . Delivery
No. Strain Target Mechanism . Result Ref.
carrier
1 E. coli, MRSA acpP mRNA Inhibition of fatty acid synthesis GP-SiNPs 100% Kill human-derived resistant bacteria; [4]

the uptake efficiency (51.6%) surpassed that of
CPPs. The MIC for E. coli and S. aureus was
reduced to 0.8 pmol-L"'

2 E. coliK12 The start codon Inhibition of fatty acid synthesis CPPs The MIC of anti-acpP peptide-PNAs was [5]
region of acpP reduced to 0.2 pmol-L"
mRNA
3 S. aureus fmhB mRNA Inhibition of peptidoglycan synthesis CPPs The growth of S. aureus was effectively [6]
Inhibition of DNA replication inhibited in a dose-dependent using PNAs
4 E. coli, ftsZ genes Inhibition of the fisZ gene, thereby ZIF-8 Synergistic, broad-spectrum antibacterial; the [7]
S. aureus, inhibiting bacterial division biofilm removal efficacy reached 88.2%, while
MRSA the MIC exhibited a reduction to 16 pg-mL"
5 S. aureus ftsZ genes Inhibition of the fisZ gene, thereby 6HB ASO and Ag” exhibit a synergistic effect in [8]
inhibiting bacterial division antimicrobial therapy, providing a broad-
spectrum antimicrobial activity
6 S. aureus yyeF mRNA Regulation negatively of yycF GO The onset of the log phase was delayed by a [9,10]
transcription by the two-component duration of 3h; there was an approximate
system, regulates formation of biofilm twofold reduction in biofilm formation
7 MRSA, mecA genes Inhibition of mecA gene expression ~ AuNPs, PEI, The uptake efficiency was observed to be [11]
Staphylococcus MLAuNPs  74%; when combined with oxacillin, a
epidermidis significant reduction of 29% in MRSA was
achieved
8 MRSA mecA genes Inhibition of mecA gene expression  Anionic The expression of penicillin-binding protein 2a  [12]
liposome is inhibited, thereby enhancing the affinity of
antibiotics; combined with oxacillin, the MIC
was reduced to 0.13 ug-mL™"
9 E. coli f-Lactamase Inhibition of the expression of Tetrahedral ~ Reinstatement of cefotaxime susceptibility in [13]
CTX-M-group 1 p-lactamase CTX-M-group 1 framework  strains exhibiting susceptible phenotypes. The

MIC of cefotaxime (CTX 16 mg-L™") was
reduced from 35 to 16 mg-L"
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A2 B AEFNSE K B, A AR A B . AN, B
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Figure 2 Delivery vectors for ASO in the field of antimicrobial
therapy
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JIg 35 77 2k T 1) mecd 335 BE AR 45%~93%, FF ] T
MRSA FJAEK, IRE T i i W B E. coli ) HTAE 28
B BbAb, wE kAL E) Lipofectamine™ 2000 t1 B2 A &
HF ASO H. A1) 241 B L R0 77, FXT R 7L 3 470 48 . ¥
7~ t B S BT B I R R B, AR B R RO . PRk, A
T3 5 FF K B8 F ASO = 250k 1% 21 40 B FLAI 4 Mg
FEMEAI LNPs.
3.3 DNAZKEEH

Bl & DNA 90K BRI PUE R J&, — e B A =484
JE G K 25 K () DNA G4 KM BLRT AR N 25 Wi, F T
EZ MR HEAT NG T . ThRERZ R 2 — 2R Th R
A R LT8R 1 AR IR, 2 B R AR A I
(RNAzymes) A% BE H ¢, PL R ARS8 I 8 20 S e 14
R G HEE BRI 1 1) aptamers RN Azymes F1 i 520 4% g
B 38 i Watson-Crick B 2% BE 5 350000, 5 o 15
MG R T — &5 BA B RST JRAR R AL 2= D Re
[ H 2023 DNA 42K 25 895, 1% 2838 i B4R P 271 1) 2%
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ARG B M 2H 2% 1 25 Bl DNA 22 10 4k 28 #E 28, 451 4n Y T
i (tetrahedral DNA nanostructure, TDN). 37 J5 /& 1 —
AR A, R A S A USRI A L TR, I B LR E]
TEAR 1) DNA 942K 45 ¥ 75 128 1% siRNA 1 ASO /i 715
VIR CAH T .

TDN H T HAZ M 16 B | RS e 4 v A0 A 0 40 25 1%
B, AR AT 20 A% R 25 W R0 AR BRI A,
HEER AR BITMEERERAE THRE.
Readman 50 0] {1 #1] E. coli T BT CTX 3 K 3R 3L 1)
PNA fii-T- TDN 4 54 %57 53 E. coli #1201 Jf3 BE , AIE B £
TDN # 1i PNA4 (40 pumol-L™") 1) % 1F F, CTX %} E.
coli [ MIC M35 mg-L"' F& & 16 mg-L"'. I, (VA7
PNA I} A WL %2 3 MIC ) F#IC . 7E Setyawati 5[] 5
— U FE R, B 4 B 2 D 4T TDN A 4% 3 2% K 4H
PRI, 53X L g K 5 7 3k N 20 T 4 S A W 4 3] 2 5 1)
N HETS, WA R H 25 D A TDN A K AL Je M 40 1 24
AR T BT B R Do IX W T 5 AT LLUE B TDN
AT LA 25028 325 4 TR 40 ELBE A D9 A0 B N R 1R I OURX TR
AR -

DNA 442K 25 #4318 v] DAAE 3% [ SURZ R I R I, 3%
1838 HAR BT oy, SEILPRRIPTE o Long S 72
L B XAE ] 6HB 4 2K 45 F4 ok 3L 3 3K ASO 1 AgT.
Ag -6HB B BX W X} E.coli F1 S. aureus # 3 YL H A 5+
B B0 B 2R, {2 ASO-6HB {5 B 47) 7 LA ik ¢ 4 4171 il
S. aureus, Ag'-6HB-ASO L AB BT S. aureus F1 91
ROREE 58 . WAL T 5, Ag™-6HB fi% I 4 3 1 A 4 41
B T A 2% 240 B AR A, TTEE 7] S, aureus 1) fisZ 25 DR 1)
ASO 5 6HB B¢ i, W3 it 30 1 frsz 2 DR 1) 3K 10 A
R HE A ) 40 R CE X HUE KA A K. DU Ag”
TE S aureus WA KA EF WLiB1E H, ASO 78X} £
AR b, 3k B AR AR IR N R I AR
AL T i 1, R IE R LB A MV A R, T A
N S HE BT FE 2 4514 T A 2 bR T 40 T 40 A A 1 2H B AN ()
SIS . X Fh B DNA 442K 45 0 4L [\ 356 3% 1) R 5o L
RYEIT AL T — NI &, A FTE A DNA 44
K45 K 48 AN [) 44T T 240 5 ) 28806 J 2 75 40 ] 4 e R
HILE M ANTEAE, B Rk — B A .

3.4 FTHLEARFRL

341 SHAEK GOEAMNEMAE LRFE Tk
HIEMRL, T AER T K% Bl K& &AL H,
AT TE 7KV e B M 8 75 v A e A7 ERY, L LA R
RATFAN 2 T e () 4k 2= A A WA 25 4%, mT DA R
SO T M R S R AR R AE W, TR s 1k
JHE R R 428 4 B 9 A I R AR, B B EORR | E l
o e AR EE Y. GO A 5 B A PiE I RE,

JHUARE P A e 3 DR RS KA T 45 R RH FL i 2 b R A
FRIL SR K EE A, v AR 5 6 BT L B8 1 0 W DNA S5 1)
W51 AR EAE R, 5 S AN SR T G 7 40 M
T,

Wu SR T — PR B PR R A A
J#BE1L % P R (hyaluronic acid methacryloyl, HAMA)/
R HE A BE (carboxymethyl chitosan, CMCS) % 71l
B R, B GO NEAR AL E S X yyeF 22, il ¥ 5% e
TS A ER )OS i R R B PR o AR R 2 AR
VIR S , FLAUEr 586 W0 50 o B8 Ao 5 T AR iy 87 L 1) 48
R 4 L EE, GO AT X yyeF i PR 23 37 BV 43 B0 31 A P it
W, 1 GO PR T 3808 AN S yyeF 55 TR ) 3% 5 i 1 719
FEE RIEME « WENE S, aureuw TR X yyeF-GO,
25 il 85 yyeF (1) 3 35 ME B TR B 1 b, e
HAMA T I B i . [FIES, GO AR B — ik R
BA R RCR B 18 A, 1 5 PR A 2o
B, PR R I 5
3.42 EYKEFHKL (Aunanoparticles, AuNPs) AuNPs
se I8 Au (1) B Au (IID) 38 J5 % Au (0) i i 2% (1 48 K
SRR, (R K I LR AR IZ 259, SR R
W AEMAENEY ., £ LWL, BA R
JT 1) AuNPs T 1IF BH & 5 30 25 9 346 1 204k, AN [
ASO 5 AuNPs I &5 5 B 4T 2 H T ES R H .
AuNPs B A WrB il & 1, X 284 B ] DAL Ff 7E
S Hf R RO A4 i b, AR 2 4 T I B AR, B
FRF PR 55— T DA e 4 A o B 0 1 5 B A R )
WEIREY ., 2L SR SN 28 6 5 A% B I B Bl [F) A5 1
Ji o 2 R G I I s A SR A % 2 B AuNPs i 0 I
I 3% B FL RO AR, T DLIE Ik A= A N S R B AR O S
2 1) A% R 24 W R R 8™ A2 97 RABY . Beha S A £
JZ AuNPs 1 8k, £ %% 51 X MRSA i 25 % B )
ASO, Jf Db ASO i#1% 3 MDR 4 & H, 75 FHi bk
FLDRUUER, BUE Rk 74% 11 mecA F: R DL s & £ 771
BB TT AN RIS, AT K S H B A2 2 I B0
KA A AR . BRI AuNPs A 5 (14 240
SEUEME, SO IR B A AN R A R, S AR sh
HIZAM AT AL E R it — D EE] AuNPs
A Byt B AT HUE RE 7, 1T 520 40 T AT N 48 B AR D
REATA K, AT DAAE 0 rh FR 2R IRl O 4 B, 51 AR I
PUAE DT 1R
3.5 DUYERERARDRIRIE N BB IE A

FLLE 20 20 80 AFAR, b Fm 42 th RGN 245 414
R R AR L7 5w, 12 5K i 0] ] B A v GNB Al
2% [CBH P (Gram-positive bacteria, GPB) #E 1] LL5&
FUHA B e R E g7, R R
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PE T P64 4 ks B BB S MY 0T S R A 4R A
2B, T SR A B o A R R S B s R G
DU YR 512 B AN AN P9, PR A R S0 Bk
R M RPUER, LA R Sk kA E
&, Il Bz ig it Al s E MM AN . Wang 55
B — P OOUE IR IR A SR, LRI AT AR 9Bk
BV AR 2R AR IR 0 OF T B BRI, AR - Bk
G YR kB R 2 R s s A, DA
BV FIPURACR, Rk B R S PiE
R 15, “RE R B I 3R SR RENE K 25 0y
TA i B R € 2 B E5 W) oy  BURE AL A, R
T e

LR B, & FRARMANLER D T, 25
YA b 0 78 SR B T R R B, N REAE
N B R, DR G 2000 35 AR AR, S A P 200 T e
W LETRZE AR T R R B, K 2 B A R
iR B, A e K, AR P AP B AR B,
SR, X AEAF 4R R B, BN — M 5 T IF K I 25%)
PR ™. 4EA K B, O IR I 2L 3 P 4 i o
fRrid Ik Bk, 9 1 A 4EAE R B, RARWRISCRF 1, A T
TRZ o FAEMIIF S & £ PNA SERY) b, 1R 52 fr B
28 2 25 O T AL A 4R K B, IS &
R, BT LA, WAl 7F PNA %% 3z b sl oh A 48 A
B, (I & 42, H A0 PNA 5 HFE R 8 H1 HAE

° MORE. :o‘l
GP-SINPs-asPNA

Control 250 500 1mnmol)g1 01

L

o5 I
16s

SONA gos-‘ HI
. —— — — B i

'@&m»«w,

SETF I i . Rownicki S5*R FH 4 i A6 1 1,3- 15 A
R0 R S B A il PNA-4E2E 2 B, B, 1EH T E.
coli M1 S. typhimurium. Ff 55 K I 4E £ 2= B, ol LAt
PNA #%I2 3| E. coli P, H.LL]™ 2 A8 HI Y] CPPs B2 47 %,
£ E. coli #1 S.typhimurium ™ 8 Jg SCHN ] 2 S ASF], 1%
T E R BT 40 M BE g ) R4 AR R B, B EUHL I A7 AR
F o

ABC #: 12 % [ (ATP-binding cassette transporter,
ABC transporter) »& — K & ATP 7K fift 42 fIt 5e & %5 i
¥ 15 I 8 B 5 500R, A 4 R R ORI AR S a(1-4)- 4
HHOER W E GRS B, HAREICER
FH 20 B R e Ve ABC %32 88 [ 1 D b 48 1 A 1 26 0
541 (glucose polymer, GP) 44K L % 12 1411
Ho Liu 25908 S SCPNA R ERTE GP 1 22 11 5 6 k4K
WKL |, 240K BU0RL R F 240 B o 7 e ABC #%is B 1 i&
TR 22 P 4 B 0k B MR A, ko = B 3 TR
B 5L I8 3E— 3D AIE B, ABC W% % 32 14 578 11 200 14 1R HE Py
A K BURL . ASO #E N )5, 2 5 50 f7 51l 45
B, VBRI A A B ) B DR R A, A AR R SR T
o, CPNA H P AN 3 2 340 il Ec108 acpP il
SaulOl fmhB. Ecl108 acpP WALEIE. colidifiN )5, 5
acpP % 5T ) mRNA [ 46 % 65 XA 25 &, BOE N
JEPE RNA B F% fif mEc108 acpP, $ il A Fi B 1) & BY o
Saul01 finhB WAL E S. aureus MW 5, &5 finhB ¥

Side view

GP-SiNPs
MOR E.coll *‘PNA
¢MRSA

@EML‘

OP-S&NP‘

@m S Slomon)

Figure 3 Schematic of the selective delivery of the antisense peptide nucleic acids (asPNA) into bacterial cells'). Adapted from Ref. 4 with

permission. Copyright © 2023 Wiley-VCH GmbH, Weinheim
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SETE BT mRNA (1) 2 46 %505 [X A 45 A, B0s P9 IR Pk
RNA i % fi# Saul01 finhB, 10141 PG 14 -
4 RESHE

Y T T 24 P 1 RO 9R T A R IR e 1) T RS, S
FRIT T FREIE FH /N BIPUBR IR YT S, AT Ik B AR
YT I 241 1) B 2 S BT S s . R U IR 81 A
Y B O AT 2 S 25 I A B R, DA T T 24 L B
93~ AR BB R AR BT Pl A R R g A P A A, J e B
b7 ] G 5 R 2 A SR o B R K A B, B R R B
R JEAE AR o 8 I L 4R 72, ASO it 30U
PR P A0 75 255 R i 24 255 DR 452 266 DR 3Rk 1 400 4 4 FH
AN FET 32 00 52, & i 1% 4k, W1 CPPs. LNPs.
DNA 92K 4544 . TEHL G K &5 ¥ 25, ¥ 48 fA v T I 3L
RIS 1% FIRIT T HORIRER . ARLER SR L 4F /)
TZBR I R FE DR, R SCHUER I B i AL A A5 R
B, PA R AE JRSUR R 7t 1 38 326 A 5 D7 TH HEAT T KA 25
4.

SR, 855 HEREAE AT TR 00 4 1R I 24 1
L7 TV IAS T AT I R, (R k= A SC BRI 1
PR T R0 B8 10 S 3% . 7R ARk TAE T, TRANR
W SCHE 2 5 50 B L 2 8D R B R, R 43 A 2
S H AR TR FUA [F) 41 18 6 AN (7] e SOAZ B 30 47 1 3 AL
i, Tz R TS () . SR, 2T ASO [T 25
YRI5 I RARAFAEAR 2 1) 8, anidik Rtk
1 R ZG VeV Al 25 . DRk, 47598 7 AN W 4 0t S SO
FR B0 B I PRI 9, DA S SO 1 A8 I DR . FH 2 it 7 40
H ISP A S I R

V5 TTBR: 2% AT SR R I L 1 52 RO B AR S R A 5
S ARG 2R R R IO 5 R W AN R R B 58 O FR S L F
R ORS00 58 SCFE 7 ) B P9 25 2H A K 2 0 SC 4R T i
BEAT IR AL

FUTR S SCF N B AP B KRN 28 vh 5, R AT AT
IR ARG U H 2 B B mk R B2 (W & B s 2 i # Bh
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