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Abstract

Carbapenem-resistant Gram-negative bacteria (CRGNB) pose a severe threat to global public health
due to their multidrug resistance and high pathogenicity. Recent studies have revealed that outer
membrane vesicles (OMVs)—nanosized bilayer lipid structures secreted by Gram-negative bacteria
during growth—play a critical role as dynamic mediators in bacterial survival, resistance dissemina-
tion, and host-pathogen interactions. This paper systematically reviews the latest research progress
on CRGNB-derived OMVs (CRGNB-OMVs). First, we elucidate the close association between OMVs and
CRGNB resistance mechanisms, including the encapsulation of resistance plasmids to mediate non-
contact horizontal gene transfer, the enrichment of carbapenemases acting as extracellular “decoys”
and directly hydrolyzing antibiotics, and the dynamic remodeling of outer membrane porins/proteins
(such as OmpK36, OprD, and OmpA) under antibiotic pressure to strengthen the bacterial barrier. Sec-
ond, a horizontal comparison was conducted focusing on the unique characteristics of the main CRGNB
(CRKP, CRAB, and CRPA). Their similarities and differences in terms of specific biological components,
pathophysiological functions, and clinical relevance were discussed in detail. Third, we discuss the
multifaceted roles of OMVs in pathogenesis, highlighting how they highly enrich and intracellularly
deliver virulence factors, trigger macrophage pyroptosis and mitochondrial damage via the activation
of host TLR4/TLR2 pathways and cytoplasmic NLRP3 inflammasomes, induce systemic inflammatory
response syndrome (SIRS), exhibit the capacity to cross the blood-brain barrier, and facilitate bacte-
rial immune evasion through complement consumption. Finally, we summarize the exploration of
CRGNB-OMV-based clinical applications, such as their modification into bioengineered nanovaccine
vectors, early infection-specific biomarkers, organ-targeted drug delivery systems, and cancer immu-
notherapy regulators, while pointing out current challenges in standardized large-scale production
and toxicity mitigation. Shifting the research focus of CRGNB-OMYVs from basic mechanisms to clinical
precision translation will offer novel biomedical strategies to combat the escalating carbapenem re-
sistance crisis.
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Table 1. Drug resistance and epidemiological characteristics in different types of CRGNB
#F* 1. FREIF CRGNB BIM 25 B THHHIE
P RS TN 2505 LA 2R Y AT Bk REETERE Tt
CRKP UKL/ 3 IR DB K e KPC-2, NDM-1, OXA-48 =i 5 £ R (IncFII, IncL/M)  ST11, ST258

PAREENE + 3SR +
i 7T 5

CRAB NDM, OXA-23/24 Yot 48 N T 51 (ISAbal) CC92, GC2

KPC, VIM-2, IMP-1;
OprD #k2k

CRE SR + FSME KPC-2, NDM-1, NDM B LR (IncFII, IncL/M) ST11, ST258

CRPA AWML + SR FRIE BETEAERIA TR ST235

HRIRFEHL(OMV )t 4 =% IR B PR R AE AR I R 7 WA I AR S OUZ SIR TR 44, 3 s R IR SR
JREEAEDIENE YT o IEAERIEFE R I, OMVs 7E CRGNB [N 2P/ 7 B 118 73 S el e b
FERSEEI[4] [5]- [RINF, OMVs fE B s d A AIZ Wibs EVI7E CRGNB JERGLBIG Hh R I B R T
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Figure 1. Brief schematic diagram of the mechanisms associated with drug resistance in GNB. This figure illustrates the
various biological strategies bacteria use to develop resistance to antimicrobial drugs and the ways resistance genes spread.
Resistance mechanisms include decreased permeability, enhanced efflux pumps, enzymatic inactivation, target modification,
metabolic bypass, target overexpression, and target protection. The left side shows the three main routes by which resistance
genes spread among different bacterial individuals (conjugation, transformation, transduction)
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2. = CRGNB kjE OMVs B934t SiEHRE X

FEI R i SE &G v, TR TS 25 4 i 58 5 55 11 B (CRKP) | i 1k 75 55 ) 2560 52 A5 FF 1 (CRAB) A i ik
TR S 2R AB B TR (CRPA) 72 = A% 0 SR AR . IX = AR B R VR 1) OMVs ZE4) i 1%+ i B )y fig DA S
BT I R T b R B 2 i et

2.1. CRKP-OMVs: EH55FERAENSHE F

CRKP K] OMVs 5 ¢ H IIRFE A& 5 K (B A2 B 480 5 v B =5 RSB 23 o B0l ) 2 2
AW ITAESE, B TN S EZ I T I CRKP 20 W7 B3 U 1) OMVs, X BSFE0 &
B£T5 p-MBEREN 24 [ g 2 BE(LPS) A= 6 BUMH G (1) 22 S 3R Ik Tiid 245 1€ 7% (4 KPC-2 B NDM-1 i), wJ
B AN R EUK R TA R [6]. BE4h, ®FE 7] CRKP (hvCRKP)RJEHT OMVs & KB E AR
SRS 2, IR R 10 A A 8 g o AR A R AR I I A Y B 85 v L A AR ) A A
REJ, FRRILH m I RIS W A S I[7].

2.2. CRAB-OMVs: RIRIRE S S5MEELRHEST

L5 CRKP A [A], CRAB A A7 Sl i ] T- PRI S2 AN HE B [ B 41 . CRAB-OMVs HE & OmpA
AMEEE . CarO FLIE 8 [ LA AR A (136 AT 51 (ISAbal)Fl 5% Fr BL . WF7t %W, CRAB il ¥ 3k 4s
OMVs [{IfIE i B Y F1 OmpA FIFFE, SRNXTFHE. miBE e &) S RIBE A . T CRAB #7]
JEL IR 5 PN SRAH I fili 98 RTRP I T8 e A8, E OMIVs #5415 (1) OmpA i A 7E 401 CaMKK2 B AL
1) L 5 W3 B (AMIPK -U L K1) R P Bl 240 B 7 M el Sl 5 b KSR P 5 ki [8]

2.3. CRPA-OMVs: 4 YIiEE Rt SEE RN A0

CRPA-OMVs 7£ =F R I H iR “16 £ - ZWHE” IR . CRPA HIAMNEA B i# AR (I N
KIGEA B 8%/ A7), HEZAKMH OprD FLIE & A Bk R BN K HE bk s BN 21 . CRPA-OMVs
AMUEE T RS E . S E AR ER A, IIRES S TS R 8 v U R (5 5 (PQS) %
REAREN(QS) 70 T i ki . CRPA-OMVs RS ELIE R N AN AE VIR A B AN SE IS oy, AR WSS SOOI 78 24

“HrAERAEREE T, AR HIBG SR 1 I 2 I A MR R R Bk 56 B e I EL B i S BB IE U

=% CRGNB RJi OMVs [ B2 il PR FE 1k, W 2.

Table 2. Horizontal comparative analysis of the composition, function, and clinical specificity of OMVs derived from major
CRGNB

52 2. =Z CRGNB 3Kif OMVs BY4E4y . ThRERIRFRS R m LR

[ ¥ S AN R TES R i AT 0 BAE L T E I PRI 5 2 B #E A A Rk

4 KPC-2/NDM-1 B 3REk MUK IANRTE B 02K251; KL Mg BS) S A% 5 1%
CRKP HE. WEREA. FEXES HiEER IR TIR FAEEMAE RRE T RES S5 R &
Bl REE mIRNARIZER T BEhik ki IZREHE(SIRS)

OmpA 4MEE H . CarO H kAl

K JIE 5T . OXA-23/24 Fi . ISAbal

PRI TCHE . mDNA B

A=l

SRE . FMEEER AL OprF/OprD 7o 4BEMRIRRL “TRIZFMRAL” 5 N 1B MBI (B L 4.

CRPA BHLBEEA . FARBRNES RN, Rt RS Ko i) &AL 5
2 F(PQS). MR Al PAERYEBIE S8R SR SE

FESRPAEE 1S cGAS-STING ICU I HLHH 3 1 fili 48 (VAP) &
T 0HITE B CaMKK2- E PEE A AR K T AR AN IR
AMPK-ULK1 F EQIWN AR

CRAB
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3. CRGNB i Z5##]5 OMVs BI<EE

CRGNB MM Z5 AL 2 A 2 4, BEAERE SO A AR b T 0k 5 B IR I 7 A« AN FLIE B A ok 4
HER I S0, OMVs fEN“Tiz £k, NIXLEHLHFRHE T 20 FIOAEE 2= M S FE, 7E4H5E - T8 21
FHELAE F T BSR4 R e 24 28 1) 2 B0/ T BE[9]-[11] - TR W, OMVs Refis I ORI i 24 ok (U
P blanom B8 blaoxa-24 2 R R HRL) b0 52 PR SR BRI I M, DA SIZIULIRR 24 B (R R /K S5 R [12], 340 T —F
e A 1% 77 0. CRGNB i 70 OMV's K i 24 5 R 4% 1 45 25 W) BUR TR I B bk, 2 38 00 1 ik
B M LIPS 2V N B P B BRER Y8 I FLA Ak g it 24 7R 40 B8] P 52 A5 BRI s ol ik 7 8 M il i R ik [
LAt b S i 25 5k DR AR AHAA BT, 32— 2l OMV's A% 36 JSURE B AH DG AT R DR i 17 T 24 B IR P 4 % 2 6 [13]
[14].

OMVs K H & LR RS HMM. LPUEZAYHE NI MRS, OMVs al{E NI 1H & M5 3
HHORT AR 1F 245 9 S B A VR T A B AN, BOTE BV IS N BB /K T B R 2, R R T e e A A
T RS B AT 200 T AN PR 2 R B A 25 T2 B S B IR P o B B M 25 25 T {2 iE OMVs 11
BRI, T B IR S OMVS 1) B 20 o R A2 98 PEAE T [15] o FERSHE R 4 B e v, OMIVs i
{5 25 BUB TR 35 A B SR S AR PR B TR E 4 AR N 2 26 B ma VR 9T G AE s, HIX2E4%77 NDM-1 1
FEVOTE RS 40 B J7 T LU I 25 (K TV M NDM-1 SO 88, HLISCKI TRy A TP [16], I ESEH5HF B 28
NDM-1 ] OMV's & JiL X & [l 2454 sk 28 4 22 I 99 1 B PR B [ £ 3 e

TEPLH 3P J1 N CRGNB &7 OMVs [18 [14H 45, JEIEmE AR AMHECE FH 3 55 DL & #
AR 2 s SRS PR 25 RO 251 . CRE. CRKP it J&/> OMVs R FLIEE A& &, 4540+ OmpK36-
L3 4 ANRAZ[17], fEfLIE S AR E WA, S m A 23 i MR R BE(MIC) [18], Al ik — P aidl [
XTI BRI BEREVER s OprD JEF fHk k8 R A& T80 CRPA F=A: I 24 PR 1= LIRS R %,
OprD [k 235 S M U X B 75 BRI R 20 IE B E[19], H B R 45 A5 19-3 (PBP3) K17 41148 57t 45 P
SRR M BT T B- N BRSSP AE R BB, 0TI 55 25035 14 [20] . CarO AN FL AR [ Bk 2k A1
FABE IR CRAB FIEZNLE], B LR AT OmpA SME R [ i 48 51 S A B #8[21], AL se Bk
(1) AR ] R 22 S M A B T B A R, IR AR i 25 R B AR 4 [22] . 27 b, A[EFZEE CRGNB
b RERT B 25 22 T B S OMVs gy 1A B4 .

4. OMVs #F CRGNB Eim R g9/EA

OMVs RefS S R 2 R MBS EYIEVEDI I, 8 3L 552 1E ENLAR N IR PE B BRI B R, 2
— P E AN AR 4T A 41 A AT PR A A At ph A I R 43 ST T R T R X T 45

B BRI AT R, OMVs Beds 2 Fhag ) I 7 s iRk B s AR T — MK BRI . CRKP (1)
OMVs H A S KRR E QAR 2, B4 7518 32 BB b A A7 [23] . 7EUCIIAE A8 35 43 25 1)
CRKP Wt h R B, H OMVs B4 7 KERAFEAMBEME, HhEAMENTIESE, RFETREER
FZGWIA LR () CRKP 240 WAy 3 B8 (1) OMVs, X BB B8 AE & T 0 (1 A\ S0 b B 4 0E I
Ri[6]. [RIEF, OMVs I e ik 4t i A fik -G B i 7 11 FH 5025 i 7y =X L3000 P9 28 0 N T = 4 40 A it LA
{8 T SCILEE ) R 7 A TR S R A 3k

J5T CRGNB [1] OMVs @Rt 2 Rl ¥, X2 FEU IR E IR R B ) E 25 K . OMVs %
THI 1) i 22 W% (LPS) A1 T £ 1 A AN B 1 R 70 il (R IR IS 1 32 4 i 3R T TLR4 A1 TLR2 324K, CRGNB 7£
WE BIRRAASEIVER R, LPS S5 MfEE R AE MBI, 1B 1) LPS 518 40 F 1) TLR4-
MD2 & &456 15 5k, FECN I NF-xB {5 5185 M d E G [24]. OMVs [RI K& s 8 A R/ 5
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(tn OmpA), XE4 7B E0E TLR2 324K, 5 TLRA P2A M EI RN, fofds sy 18 48 0 K 1 i A5 B [25] -
[27]. #ENAHMIA ) OMVs 25 (U N 25 R) AT B BT A ) Sz 4R, filZ NLRP3 Z8E/MA[28]. — Bk
ANMLE, OMVs BB i o BT A B 2 AR B ELRE IR0 LPS [29]. IX PR BIFEGE T NLRP3 285 /)
RHIZH%E, SE Caspase-1 HIIE[30], MIMI{EHRE T IL-18 A1 IL-18 HIREE R, B2 % PRk 4
TZ[31] o SR AR T JE RSO B PN W2 ik — 0 0 R RO 58 1) 28 R S 7, eI e R T =6 ) S e e e, ik
2B MR AR . CRGNB (1) OMVs #E T8 E40 (i EVE4i i) 5, TR IEH DIfE. OMVs
LT FERR P A B TE P A(ROS), ROS 1ENEE (548, i — itk T NF-xB HIiE1L, &4 NLRP3
FORE/IMA 2SR AL T B R 305 S [32] . ™ I ZRRL R B0 5 B R 7R DNA (mtDNA)BE R i i
KWy RGN “ERAE S, TR SR SRS RF SR 58 1 BRI IR [8] [33] [34]. 4 4% I F# K
BRI, WA RT R AR 20 B DR 7 XU, 5 R AR B3 1 4 B P 98 RF IR N 25 A 1iE(SIRS) [35]. OMVs
(IR Y B AR L R J0E N 20 B A B Mk DA A LR R JZ 221, JEtk CRGNB R 1) OMV's 1T DA% 2 fif
b R B BN LRGN, LSRR B R, B AR A RN D e RS [36]-[38], fEs TN E
CRGNB il /& gu 1 B SIRS BiH2 R S00EIR[39] [40].

CRGNB i& 7] LAF| FH OMVs #ESZAHXT 58 1K S e B A R 4, T4 T 50521 & )% R4 4T o . OMVs
R EA 5 RN BE AU PUERAE, 18 S5 KRG AMATE B (A0 C3b)45 &, THFERMARLSY, AT
B AT AT B A PR AR AMA A SRR TLER [41]. OMVs &A% S B4 P~ 28 i B s P4 1 (m 1L-10),
MRS T 40 B PTG R Bi[42] o

5. &TF OMVs HlER R AR &

FETHAMEFRRUZ MRS M « RIRIAE MR 251t L S 5Bk A= M B B Y BE 77, OMVs #£ CRGNB [
HESIT SHEACER S IE SO RIS TARGE R & o IRk, i B2 TAR . WE b 28 0 LA R4l
KEARMZE XA, 3T CRGNB-OMVSs [l PRI AARZR CAERE T TR RRTEAS . [ 3ef 16 % iy 4
925 L IH S 22 AR IR S U S T Rkt g .

OMVs RIREAT AR R ) 2 PR M BHUE,  SMURAT RIS R e 5 AR 5 M B2 S BT R RE % o B
T OMVs #5717 R 4T 5 S R IR A S5 AH 9% 7 1152 3 (Pathogen-Associated Molecular Patterns, PAMPS),
AR OMV TEN ARG RN, B TR b TR 2. OMVs A Ay 5% i 530 1
A RISV AR S, R4S OMVs W EXCATiR 2 5 7w EuR it 2, HlmTHASAAE%K
BHIGE ST, TCERMBIERER[43]. SR, KIR OMVs 8 IR i a4k b i s TR B Bk, HH:
B I E A BN 2 BB (LPS) 2 51 R LA BE 4 B M R S RS . it TR F B, A RIF B OMVs
AT AR TREOE 5, AIRI S FRORTEOR B R AR ARG VE 5 0 1) R e 1tk () il B, SEIR D) ReAsE
il R A O B A TSR AR B A ) TR A, ARy e 1 N T 7i[44]. [RItk, OMVs REE1E A
T A A SRk e 1) B LT B —, ANAUSEIL T kS 28 2% B TR AR Gt 9 B R I D B IAR [45], B4 S T K
KA F ) OMVs ZE |, FE B AL 48 OMV S v RGN K BURL I AR 55, BENS 175 B SR 2 PR e S e e 1 e B M 255
B, FEH& T 2A 5, AR EBELEHNZEA KP-OMV §14 18 B i N T4 w05 £ 3 i[46], %4
I E IR = 1258 KP-OMV J P [ A e OR AP RICR, g 1 BCIILE A i 28 S B B ) /N BRAF IS 60 I
MEZ, T OMVs [Ig4 K% v vl 4 B oA 17E TF R Bt 2595 & 07 T I ALEY, DAY Bt e 28 CRGNB 7] 2
(L o

RSB, WG IR 2 Gy 2 MR TR OMVs B Ha i M 25, 7l {4 CRGNB FEAE [
R E bR B, HRBUZSM TG M. PUEAYIRITIE, OMVs FIEasiis 2k i i AmAs
b, AT RE VTS A8 BRI 24 P 6 IR G PRIATT RCR TS PR SR A FIEYE . OMVs 2 T e R A K
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Z5F RR I K BB S LT o DR AR e HLARR S I A s A fRiE— B 9T, (H OMVs
R NI R e A6 I - 2 W ok 7 AR 2T B AR . Bl 18 AR AR 4L 2AWE RN T OMVs (1)
FEAEM 252 Wit 4t 7 B EEIEHE, Kang S5E4 HOehIR 1 IR 50 2858 I 20 25 1) CRKP HEAT 28V 8 i 40 %
M, RMHEEEETE -WBLIEISHT 25 K G 2 B A6 B R 0 2 7 R IE TN 25k e 1%, AT AE IR RS
o B AR e A AR E[6] . BEAE, HEVREE DR B BRI OMVs HENTE ¥ )5, ot
VA TE 4 A T RNA (MIRNAS) 12818 1 - 8 428 S0 B b0 9% 18 1 [46] « @k B SAT MPE RS R G H () OMVs
M ZG4AE, T B SIS CRGNB B - R 502 T 5 sh P4

i} 24 B A5 ARSI T B DA B T 5 3% P R A e S5 A BB B, S B0 G I T 5 0 TR 24 P A SR
PR S5 308 R 58 A DI B4 R e /MM IR . B OMVs (R 88 B S A0 1, R 70 3 0 ey L pleadh i ik
BGURE A, PLE BB ER T Bl 25 i [47]. D9 1k — D an U AR A S 1, B FE A AR
MTREFEMET Y- GR7 Bk 24, B ERSO a7 KAIEETREEW—ZON,
A LT R B R [AT] [48] 0 X Ff Dy SR MK A 159 35 24 B AR 08 27 i il b 7 o o P o i e, o o
TR T (R 285 s Ve 5 r 2% 5 T 245 T VR T 05 ek PR B [48] o XA I 7 470 1 24 0355 B T T o e o 5 i [
VIR 2%, (R RERIRRGEA A RRIERMFER, 16T CRGNB T /MEFLIE & [ R AR R 1Y)
BB EDUE .

B T ARG BRI TT R R G R T Ah, OMVs I8 BES Sl A e N2, [RILAE PR #E VAT S
G FIE P AR B BRI 71 [48] [49] - TEIEA- R Z B MR A IR ITIE i, 5T CRGNB-OMVs (1]
YUK FES 7R R 5 S 2SR RN RIET-(ICD): AF7# Luo Bit 1 H7 AL RE 4K IR
e, K HMNEIET A SR E T41H OMVs I, FIH OMVs 4143 % 15 4 P i JE 4 sl ) by, fih
R IR 20 i A i S A L G S ) RS BETS, R g% A IR R AR BRI[49]; TR
HPERLA R TR A 5 “PEE L7 36k Liu 4% 1 ANZ2 B4 OMVs PRI, Rt R H OMVs
e sty/E S SR O R S Rh 3 i) AR I Qi3 (L Sl W e S R A S S T D RS R e
iR R 55 e ) R MR R A A B IR 1) N 628, B T 4 By e Rg s I S0 [48] [50] .

6. IS RE

IR OMVs BT SIS 1 K2 RED, (EHAE IR PR AL P 5 i i 1 2 Bkl . OMVs 51 140 A 2 (8] 1
MEAEIIRZ — AR AEH . TFERAG TR R AR TREA T OMVs IR 72 Rk, iR we
S RIS A bR, TOVEIE BN GE— ORI AL PR R, I HLIR T 28T A Tk AR K-, ek sEEl
m e BARE N7 B S AR . OMVs A7 1 LPS AT RE 51 SR AN IR 42 B SO0 SR, ] e it i R T
e AR ARG HL 2 M 2 v A LA T s PR T P 42

H R 26K 2 20t 7o OMVs il 92 B 8 IR AR R g —Fb “ 300t ” 47709, FH AT IR A4
BN A1 [43] . SRTAT, AT BB S PR T AR R I s ——FE I R R IR LR B I R T
R R A AN 7 A B SR AR, LN P WCSR B FIT A “ OMVS ™ HR AT ARCK — B 73 SEFR b /R A R AL T -3¢
e R H AL B R BRI [51]. “ EBhFI” 5 RYRIEIR £ 24 Bk
AR T 53 I il A 203 EAFAE B 22 53, BB AR AT AR R A8 R I o SR 3, T 8 S50 — ML B 2
F BT AR T B (g 2500 5 FEAR L 8 D) IR AEAE 20 57K T BRI X P X 70T 13108, CRGNB
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