2025, 65(11): 4780-4799 G =i
CSTR: 32112.14.j.,AMS.20250317 Acta Microbiologica Sinica
DOI: 10.13343/j.cnki.wsxb.20250317 http://journals.im.ac.cn/actamicrocn

Review EE5S

MR E A SIE RIX AT A WE R PRIATR
Vi

®EF ", FmE#l, AR KW, FARA

1 TR R 2R B TIRIR R 2B, T T R 2G 5 I m R R, TR AR
2 TR EEBEA I R, TR B A TR 2y TR R T PR 2 S, KRN T S Rl A - A R T 24 T
SEeEE, R RN

BT, P, A /NE, RV, 20 WA S P0E RIS YRR B R R T T R S R (]. R AR, 2025,
65(11): 4780-4799.

REN Xuefang, LU Ruici, YOU Xiaojuan, ZHU Rui, LI Yongwei. Recent advances in phage-antibiotic combination therapy for
bacterial infections[J]. Acta Microbiologica Sinica, 2025, 65(11): 4780-4799.

o B RAZASRNE LS @A MERERADHRALETAE G, A FSTEEEX
P, BEF LA AIE G T K%, va%m#%%%%#i“%%m%%ﬁ,l ﬁ%%ﬁ@
WHRIABSIT 18 T H G EF — M, RERFTERA LTI R AR LN ETZERTEZ—. A&
m, —HHAKRTENERANZRTEELCEE. HFALRARRE @A FEMR. LFR, EH
IR-ILE FIRE T R & KRIE, iza??ifti%f’é’%nﬂﬁﬁi}i\ ) 4 ) S E FLEAALE] . KB 50 E .
BIRAE M IEVAB G T A e B 7 @ R IE BAFRHE, TR T F—ERIRTT R 6 B RtE, )&)
H % EGEHRENETRET HER., KM AE ‘H?Mi\ WA Z BRA T % BB AR R AU

BYMEET. AGERKBEMCKEF T mRATZRGEE, AZARENAR S & K%%%’mﬁi&‘l
AR A= K IR AE T

KR HBARST R ERAR-ARIRA;, MAMRAE;, AWK

VNI H « R A RHE IO H (242102310148): T R A H AR FL 5 42(242300420437); 7 R 44 TR A5 AL ORI I H
(24A310007, 25A320042); S B~ B= 52 3k 4 2> B & 4 43 (320.6750.2024-03-27)

This work was supported by the Henan Provincial Science and Technology Research Project (242102310148), the Natural Science
Foundation of Henan Province (242300420437), the Key Scientific Research Project of Henan Higher Education Institutions
(24A310007, 25A320042), and the Wu Jieping Medical Foundation Research Special Fund (320.6750.2024-03-27).

*Corresponding authors. E-mail: LI Yongwei, lyw@hactcm.edu.cn; ZHU Rui, zr448793891@163.com

Received: 2025-04-16; Accepted: 2025-07-09; Published online: 2025-09-02



EEFF 5 | MY, 2025, 65(11) 4781

Recent advances in phage-antibiotic combination therapy for
bacterial infections

REN Xuefangl, LU Ruici', YOU Xiaojuanl, ZHU Rui"*, LI Yongweil’z*

1 The Second Clinical Medical College of Henan University of Chinese Medicine, The Second Affiliated Hospital of
Henan University of Chinese Medicine, Zhengzhou, Henan, China

2 Inspection Center of Henan Province Hospital of TCM, Zhengzhou Key Laboratory of Pathogenic Microorganisms
and Bacterial Drug Resistance Monitoring, Key Laboratory of Henan Province of Resistant Pathogen Infections

Prevention and Therapy by Traditional Chinese Medicine, Zhengzhou, Henan, China

Abstract: The spread of antibiotic resistance has made bacterial infections a global public health
crisis, posing serious challenges to conventional antibiotic therapy and creating an urgent need to
develop novel antibacterial strategies. As viruses are capable of specifically lysing bacteria, phages
represent a promising alternative therapeutic strategy due to their unique killing mechanisms and
high host specificity. Nevertheless, they face limitations in monotherapy due to their narrow host
ranges and the emergence of phage-resistant bacteria. In recent years, phage-antibiotic combination
therapy has garnered significant attention. It demonstrates unique advantages in enhancing
bactericidal effects, synergistically inhibiting dual-resistance mechanisms, broadening the host
range, disrupting biofilms, and treating complex infections. This therapy not only overcomes the
limitations of single phage therapy but also paves new avenues for treating multidrug-resistant
bacterial infections. This review systematically summarizes the synergistic mechanisms, key
influencing factors, current challenges, and optimization strategies of phage-antibiotic combination
therapy, aiming to provide a theoretical foundation and practical guidance for further research and
clinical translation in this field.
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Schematic diagram of the process of host bacterial lysis by phage-antibiotic combination therapy.

Figure 1
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Figure 2 Mechanism of action of phage-antibiotic synergistic eradication of biofilm infections. A: Phage-
derived enzymes disrupt cell wall structures, enhancing antibiotic permeability and suppressing the QS system;

B: Phages and antibiotics collaboratively lyse active bacteria; C: Phage-released peptidoglycan fragments activate

dormant bacteria, enabling antibiotics to effectively clear the activate dormant bacteria.
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FFaE, B AERRI RO P BRI, KRS
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23 FIEFEE
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(R, oA 200 s a T e S 0 A R AR
FEARWE AR Z IR0 Rz, FlmAS 2 Nn]
RESFECR AR, BNt 25 XS, — 5,
AR 8 SN o0 ) e B P e A 2R T e % A R R
T AS S8 A A LA IT A Ik P (R 1R S R 22 i 4
BRI, R T TE RO RS B /e 72
Wang %P2 o K Ah 5256 & B, M B K
HZY2308 58 ¥ 2 76 /I MOI (0.01) F1E #1 i
W (1/32 MIC) ] I s I R AR, 24 h B9 P
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BEYIEEE B, SIS R H AR R
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Table 1 Effect of administration sequence in phage-antibiotic combination therapy on biofilm clearance

Sequence Mechanism of action Experimental evidence
Phage— Phage-mediated lysis disrupts biofilm integrity, (1) Effectively eradicates MRSA biofilms of varying
Antibiotic enhancing antibiotic penetration robustness!'”!

Antibiotic—  Antibiotic pretreatment disrupts biofilm architecture,
Phage phages target matrix-embedded bacteria

Simultaneous Phage-mediated real-time EPS disruption, enhanced
antibiotic penetration depth, and accelerated
synergistic antibacterial kinetics

(2) Complete eradication with ciprofloxacin addition 612 h
post-phage!®®]
(3) 4.8 Ig reduction in Pseudomonas aeruginosa biofilm;

2.3 Ig reduction in Staphylococcus aureus biofilmP”

(1) After 48 h treatment, bacterial density decreased by 2 1g[®”

(2) Significantly improves survival in the Galleria
mellonella infection model and is effective against strong,

moderate, and weak biofilms!”

(1) Reduce biofilm viability by approximately 4-5 lg in
long-term treatment>*)

(2) 6.2 Ig reduction in Pseudomonas aeruginosa biofilm
burden; 5.7 1g reduction in Staphylococcus aureus biofilm

burden””

AW AR A

ZR LT, WREEAR S YA R A E ARt
Aefai gL &, AR PR FAR TR bR . mE AR BT
HE R B ) 2R SR I 0 S B AR DRI L
LI A TIE 57 250 1 ) 5 A L 3 i 20> 245 490
E AR RIVER
24 HBHHHR

FERR AT L vh o 25 =X s 13 2 S BN A
TRIT I OCHEIR T o IR L 2R FH 22 sl s iy i
RS 25 AR (3R 2), HUAGE kRSt R
Sal ol A AT R AN R 24517
& TESCERMTIY B B i IR YL A v IR s
BB B EBEA R, BHRRTEHD
YA PGSO 2 A 5 T W TR A Rk
LI SR R . BUAE 200 28 2538 4 R
Jok i G w1 AR A T = 45 24 T = 3k 45 AR B
JRGLHY | g kb AL B L AR DL R
FWMRIEREEZME R /IR, 455 AN
25 2GR 3, SCEANMARAL L SR Al
PMRIATT IR (1K 3),

2.5 SfZia

M PRI A2 AR Sy ST 400 T itk A AR I 2 1 T
fih 2 1 0 R PEB A R GE, X C L Fo ik R
R EERGZ — 6 ENRARERSEE L
YEH N . FrVEA(E MEAN L . BSR40 B ) e
BEAEA R AITERR; TR ME T Foy 52
PPN W PR - BT 1A S 5 W, a3 T i e o UL S5
R, BTG M 4R (reactive oxygen species, ROS) &
Pk 1 9 I 28175 di Y (neutrophil extracellular
traps, NETs), #F— 5 i sk wes G AR B i 5 #MA R
SERUEOS HA B — T, AR R
HRENRESIETHERLEESY
(membrane attack complex, MAC), 1} [&] 5% K%
R 5 — 5, AMASE H C3b YURRTEME K
P 23 ELAEBH W L 18 T, B AA R
s A, WERR DNA #% Toll FE3ZAA 9 A5
FIE TR A SR 2 4 BRI 1 40 ) 2 (interleukin, IL)-
12, IL-8 SE R M 5 &8 43 Wik 141 4K 38 AT 3 ik
TLR3/TRIF i@ #%i5F 1 B FHLR =k, 254
il B W T AR L A i SR (A5 i bk T
{18 W T A AR P 2 e B 6 (B 3 A 2-6 ),
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Table 2 Analysis of administration routes and efficacy of phage-antibiotic combination therapy

Administration Pathogenic Indication Pathogenic ~ Combined Antibiotic ~ Result
route bacteria bacteria antibiotics administrati-
on routes
Local Klebsiella Wound infection, vB_KpnM_ Meropenem, Intravenous  Significant clinical and
Injection pneumoniae fracture-related M1 colistin, injection imaging
infection ceftazidime- improvement!®!]
avibactam
Aerosol Pseudomonas ~ Pulmonary infection  vFB297 Amikacin, Intravenous Reduced sputum
inhalation aeruginosa meropenem injection bacterial load,
improved lung
function’”™
Pleural+ Serratia Infected pleural Spe5P4 Amikacin, Intravenous Resolution of chest
aerosol marcescens effusion meropenem injection pain and dyspnea,
imaging recovery!’®
Bladder Klebsiella Urinary tract infection Kp152, Trimethoprim- Oral Complete pathogen
irrigation pneumoniae Kp154, sulfamethoxazole clearance, no
Kp155, recurrence in 6 mot’”?
Kpl64,
Kp6377,
HDO01
Intravenous Pseudomonas  Systemic infection Pa53 Meropenem Intravenous  No relapse in 2 al*!}
injection aeruginosa injection
Mpycobacterium Infection in Muddy Omadacycline, Oral Significant skin lesion
chelonae immunocompromised bedaquiline, improvement!’®!
patient trimethoprim-
sulfamethoxazole
Oraltbladder  Klebsiella Urinary tract infection Anti- Meropenem Intravenous Symptom relief in 24 h
irrigation pneumoniae Klebsiella injection negative urine culture
pheumoniae for 1417
phages
Intraperitoneal Pseudomonas  Severe infection JGO0S, Meropenem Intraperiton- Reduced alveolar-
injection aeruginosa requiring rapid 1G024 eal injection capillary permeability

control

index (P=0.030 1) and
100% survival (96 h
post-infection)®”

MEATEGRER A 41

A8 PRk AR A RO
%Wﬁﬁﬁ%wﬁ?T%ﬁTEﬁ?@%%

R 871

AN, PO 2N R] e A PR |
[ S

56k B ) 0 B 1

AR, BMEREZE PTHY

o R A iw%WW%%EMWFimﬁ
JE B RE SR TR AR . IR IRIER R BLL 25% 1Y
R (5/20) [H 7= L 11 %w$ﬁmwﬁaﬁrmﬁ
AR e T 2 A TR ) 2 — 2 T e X —
). i B A R TE ) R B W AR S, 21 d
DA B AT R 0 38 A S M AR R PR v A B T
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A MIC (S/IR)
LPS —
Flagella
‘ ,1

N FIC>4  © 0.5<FIC<I
- Eili I<FIC<4 ®FIC<0.5*

S _ —— .
Antimicrobial susceptibility testing thﬁzc?etrlgéz?g :Z;l;;gy

B ; Aminoglycosides :
B-lactams Fluoroquinolones 5:yC0sl Macrolides

Subinhibitory B-lactams promote

: Subinhibitory fluoroquinolones ~ Aminoglycosides inhibit Enhanced phage lysis via
ﬁfaﬁ%ﬁggﬁgossgii‘ggaﬁllly accelerate phage infection by SOS- phage adsorption through macrolide-mediated protein
¢ mediated premature lysis induction  early-stage blockade synthesis inhibition

elevating phage adhesion rates

2 R\
4 Tk

— i —y

Phage administration prior to Concurrent administration of Antibiotic administration prior to
antibiotic administration phage and antibiotics phage administration
Galleria mellonella ~ Mouse Infection Clinical phage administration routes
model model L
-\ = I
= ," \ —_— e

Intraperitoneal injection,
tracheal intubation,
intranasal administration

Oral, aerosol inhalation, local injection

B3 MEE-MERKATENEBTITER. A: BREERE; B: 42550ER S0 EKRA PN
il C: ZZGMUFHNG; D: ShPSes Siln R 25iRAe.

Figure 3  Schematic diagram of core processes in phage-antibiotic combination therapy. A: Synergistic
screening; B: Synergy mechanisms between four antibiotic classes and phages; C: Drug sequencing; D: Animal

and clinical administration routes.

R X % BE Bk R, B 2 B (polyethylene  PEG Ak 38 3o 75 Wk T4 44 2 THI T il 3 7K 5 P 8. 22 Ul
glycol, PEG)BHifE —Fh A BORMS ) Z i H . DR s U AN B, 9E K H AR I RAE 2R )2
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I TR AN FE TS 5 0y B 3R K B i 1% R 4t
PRANSZ G 78 % R B R A RS I B MRSA
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