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Abstract19

Infections frequently persist despite appropriate antibiotic therapy against susceptible20

pathogens. While unexplained treatment failure is typically linked to the pathogen21

itself or the local infection environment, we show that spatially distinct colonized22

resistant populations can undermine systemic therapy. In a 1,028-patient cohort, fecal23

colonization with carbapenem-resistant Escherichia coli (CREC) independently24

compromised carbapenem efficacy against susceptible extraintestinal25

Enterobacterales. Mechanistically, CREC secretes the carbapenemase NDM26

exclusively via outer membrane vesicles (OMVs). Following intestinal barrier injury,27

NDM-loaded OMVs translocate into the circulation. These circulating vesicles resist28

plasma inactivation and accelerate systemic carbapenem clearance, dropping effective29

drug exposure below therapeutic thresholds to rescue distant susceptible pathogens30

without genetic transfer. This protection requires porin-mediated antibiotic entry into31

OMVs and is amplified by carbapenem exposure, which increases vesicle release and32

enriches NDM cargo. NDM-stable aztreonam-avibactam and non-β-lactam amikacin33

bypass this vesicle sink and retain in vivo efficacy. Thus, gut microbiota resistance34

acts as a remote pharmacological sink via circulating bacterial vesicles, compromising35

antibiotic therapy against distant susceptible pathogens.36

37



Enterobacterales, particularly Escherichia coli and Klebsiella pneumoniae, are among38

the leading causes of healthcare-associated infections1,2. While antimicrobial39

susceptibility testing routinely guides therapy, infections can persist despite in vitro40

susceptibility and appropriate antibiotic treatment. Such clinical failure is typically41

attributed to antibiotic persistence3, biofilm formation4, or poor drug penetration at the42

site of infection5. However, these mechanisms rely entirely on the infecting bacterial43

population or the local infection environment. Whether colonizing resistant44

populations outside the infection site can alter systemic antibiotic exposure to45

compromise the treatment of a distant, susceptible pathogen remains poorly46

understood.47

The human gut is a major reservoir of antimicrobial resistance, particularly in48

hospitalized patients6. Resistant Enterobacterales can persist in the intestine for49

months7, and the clinical importance of intestinal carriage has mainly been studied in50

relation to transmission and subsequent infection by the colonizing bacteria8,9. It51

remains unclear whether a resistant gut population can alter systemic antibiotic52

activity and compromise treatment of a distant susceptible pathogen, without directly53

causing infection or transferring resistance genes.54

One potential bridge between the gut and systemic compartments is the release of55

bacterial outer membrane vesicles (OMVs) by Gram-negative bacteria. These56

membrane-bound particles deliver bacterial proteins, including antibiotic-degrading57

enzymes, into the extracellular environment10,11. β-lactamases packaged into OMVs58

retain their catalytic activity and can protect neighboring susceptible bacteria through59



extracellular drug hydrolysis121314. New Delhi metallo-β-lactamase (NDM) is highly60

prone to this packaging because it is a lipidated, membrane-anchored61

carbapenemase12. Previous work has shown that NDM-containing OMVs can62

hydrolyze β-lactams and protect susceptible bacteria in vitro and in an invertebrate63

infection model13,14. Bacterial vesicles of gut origin have also been detected in human64

blood15,16. However, whether carbapenemase-loaded OMVs released from65

gut-colonizing bacteria can reach the circulation and alter systemic antibiotic66

exposure, remains unknown.67

Here, we show that intestinal colonization with carbapenem-resistant Escherichia68

coli (CREC) is independently associated with the clinical failure of carbapenem69

therapy against susceptible extraintestinal Enterobacterales, based on a retrospective70

cohort of 1,028 patients. We found that fecal CREC uniformly carried the blaNDM gene71

and secretes NDM exclusively via OMVs. Following intestinal barrier injury,72

NDM-loaded OMVs could enter the circulation, accelerate systemic carbapenem73

degradation, and reduce effective drug exposure below therapeutic thresholds. These74

results define a vesicle-mediated mechanism where antimicrobial resistance in the gut75

microbiota acts as a remote pharmacological sink, compromising systemic antibiotic76

therapy against fully susceptible pathogens.77

Fecal CREC colonization drives persistent extraintestinal infection and confers78

OMV-mediated carbapenem protection79

To understand why seemingly appropriate antibiotic therapy fails in some patients, we80

analyzed a cohort of 1,028 hospitalized individuals with carbapenem-susceptible81



Enterobacterales infections, comprising 262 persistent and 766 non-persistent cases82

(Fig. 1a). We first asked if intrinsic pathogen properties could explain this persistence.83

Phylogenetic analysis of the infecting Klebsiella pneumoniae and Escherichia coli84

strains showed either clonal replacement or minimal single-nucleotide polymorphism85

(SNP) accumulation within a single clone, indicating that pathogen microevolution86

does not drive clinical persistence (Extended data Fig. 1 and Fig. 2). Furthermore,87

isolates from both clinical groups exhibited similar minimum inhibitory concentration88

(MIC) distributions for standard antibiotics and comparable meropenem-mediated89

killing in vitro (Extended data Fig. 3). These findings rule out reduced pathogen90

susceptibility as the primary cause of treatment failure.91

Multivariate analysis of host and infection variables identified fecal colonization92

with carbapenem-resistant E. coli (CREC) as the strongest independent risk factor for93

persistent infection (Fig. 1b, Extended data Fig. 4a, b, and Table 1 and 2). Genomic94

analysis of fecal CREC isolates from this cohort revealed a polyclonal population95

structure where all isolates harbored the carbapenemase gene blaNDM, predominantly96

blaNDM-5 (92.9%) (Fig. 1c). Because NDM can hydrolyze nearly all β-lactam97

antibiotics17, we hypothesized that gut-colonizing CREC might release NDM to98

protect susceptible pathogens.99

Unlike soluble periplasmic β-lactamases, NDM is a lipidated lipoprotein100

anchored to the outer membrane12. Subcellular fractionation of CREC cultures101

confirmed that NDM is released into the extracellular environment exclusively via102

outer membrane vesicles (OMVs) (Fig. 1d-h). Both NDM protein and103



carbapenem-hydrolyzing activity partitioned strictly with the >100 kDa vesicle pellet104

and density-gradient-purified OMVs, and were undetectable in vesicle-depleted105

soluble fractions (Fig. 1d-h, Extended data Fig. 4c-h). This OMVs-dependent106

secretion was conserved across all tested CREC sequence types isolated from our107

cohort (Extended data Fig. 4h).108

We then tested whether these NDM-loaded OMVs could protect susceptible109

bacteria from carbapenems. Similar to a free recombinant NDM-5 control, adding110

CREC-derived OMVs to susceptible clinical isolates of E. coli, K. pneumoniae,111

Enterobacter cloacae, Citrobacter freundii, and Proteus mirabilis substantially112

increased meropenem MICs (Fig. 1i). In time-kill assays, NDM-loaded OMVs113

shielded these strains from meropenem-induced bactericidal activity, enabling114

sustained bacterial growth (Fig. 1j-m). Direct measurements confirmed that OMVs115

degraded extracellular meropenem as efficiently as the purified free NDM (Fig. 1j-m).116

Thus, gut-colonizing CREC release active NDM exclusively through OMVs, which117

degrade local carbapenems and protect otherwise susceptible infecting pathogens.118



119

Fig. 1. Fecal CREC colonization is associated with persistent extraintestinal infection and120

confers OMV-mediated protection in vitro. a, Flow diagram detailing the inclusion and121

exclusion criteria for the clinical cohort, which comprised 1,028 patients with122

carbapenem-susceptible Enterobacterales infections (262 persistent and 766 non-persistent cases).123

b, Multivariate analysis of risk factors for persistent infection. Data show the adjusted odds ratios124

(OR) and 95% confidence intervals (CI). c, Core-genome phylogenetic tree of fecal CREC isolates125

from the cohort, annotated with sequence types (ST), NDM variants, and extended-spectrum126

β-lactamase (ESBL) genotypes. d, Schematic of the density-gradient ultracentrifugation workflow127

used to isolate and purify outer membrane vesicles (OMVs) from CREC cultures. e, f, Relative128

NDM carbapenemase activity across fractionated CREC cultures, demonstrating that enzymatic129



activity partitions strictly with the >100 kDa fraction (e) and the vesicle pellet rather than the130

vesicle-depleted supernatant (f). g, Representative transmission electron microscopy image of131

purified CREC OMVs. Scale bar, 100 nm. h, Relative carbapenemase activity of the control,132

purified free NDM, and density-gradient-purified OMVs. i, Heatmap showing meropenem (MEM)133

minimum inhibitory concentrations (MICs) for carbapenem-susceptible clinical isolates (E. coli134

[eco], K. pneumoniae [kpn], E. cloacae [ecl], C. freundii [cfr], and P. mirabilis [pmi]) in the135

presence of control, free NDM, or NDM-loaded OMVs. j, l, Time-kill curves for136

carbapenem-susceptible E. coli (j) and K. pneumoniae (l) treated with meropenem alone or137

combined with free NDM or NDM-loaded OMVs. k, m, Meropenem hydrolysis percentages138

measured during the respective time-kill assays for E. coli (k) and K. pneumoniae (m). All error139

bars represent standard deviation (SD). Statistical significance was determined by unpaired140

two-tailed t-tests (f), or one-way ANOVAwith appropriate post-tests (e, h, k, m).141

NDM-loaded OMVs impair in vivo carbapenem efficacy by accelerating drug142

degradation143

We established a mouse intra-abdominal infection model using144

carbapenem-susceptible K. pneumoniae to evaluate in vivo OMVs-mediated145

protection (Fig. 2a). Meropenem treatment alone significantly improved survival and146

reduced bacterial burdens in the liver and spleen. Co-administration of NDM-loaded147

OMVs abolished these therapeutic effects, resulting in high mortality and severe148

organ bacterial loads comparable to untreated controls (Fig. 2b-d). In contrast,149

administering purified free NDM-5 did not impair meropenem efficacy, indicating150

that the free enzyme lacks sufficient in vivo activity to compromise treatment.151



Histopathological analysis mirrored these outcomes: tissues from untreated mice and152

those receiving meropenem plus OMVs exhibited extensive inflammatory infiltration,153

multifocal necrosis, and disrupted architecture, whereas tissues from mice treated with154

meropenem alone or meropenem plus free NDM-5 were largely preserved (Fig. 2e).155

To track circulating OMVs, we set up a single-vesicle nano-flow cytometry assay156

using antibodies against lipopolysaccharide (LPS) and NDM, since we confirmed that157

NDM is localized both inside the lumen and exposed on the vesicle surface via158

immuno-electron microscopy and hydrolysis assays (Extended data Fig. 5a-h).159

LPS-positive extracellular vesicles were present in all mice and peaked in the160

untreated and OMVs-treated groups (Fig. 2e, f). However, NDM-positive vesicles161

were found exclusively in mice administered NDM-loaded OMVs, representing162

roughly 7% of their total circulating vesicle pool (Fig. 2e, f). Ex vivo plasma163

incubation revealed that free NDM-5 rapidly lost its hydrolytic activity and164

immunodetection signal in mouse plasma, whereas OMV-associated NDM-5165

remained remarkably stable and active (Extended data Fig. 5i, j). Therefore, vesicle166

packaging protects NDM from plasma-mediated degradation, preserving its systemic167

carbapenemase activity.168

We next evaluated how this circulating enzyme activity altered drug169

pharmacokinetics. Meropenem concentrations in the plasma, liver, and lung declined170

significantly faster in mice receiving NDM-loaded OMVs compared to those171

receiving meropenem alone or meropenem plus free NDM-5 (Fig. 2g). Consequently,172

the critical pharmacokinetic parameter for efficacy, the fraction of the dosing interval173



where free meropenem remains above four times the minimum inhibitory174

concentration (f%T > 4×MIC)18, collapsed in the OMVs-treated group (Fig. 2h). This175

confirms that circulating NDM-loaded OMVs actively accelerate in vivo meropenem176

degradation, dropping effective drug exposure below therapeutic thresholds.177

Finally, we ruled out horizontal gene transfer as an alternative mechanism of178

protection. Although blaNDM gene was detectable by PCR in purified OMVs,179

incubating OMVs with susceptible bacteria failed to produce meropenem-resistant180

transformants in vitro, whereas standard conjugation readily transferred the resistance181

plasmid (Extended data Fig. 6a-d). Crucially, surviving K. pneumoniae recovered182

from the organs of the meropenem-plus-OMVs mouse group failed to grow on183

meropenem-supplemented agar, confirming the bacteria remained phenotypically184

susceptible to the antibiotic (Extended data Fig. 6e). Together, these findings185

establish that circulating OMVs protect systemic pathogens strictly through186

extracellular drug hydrolysis, not by transferring genetic resistance.187



188

Fig. 2. NDM-loaded OMVs impair in vivo carbapenem efficacy by accelerating drug189

degradation. a, Schematic of the mouse intra-abdominal infection model using a190

carbapenem-susceptible Klebsiella pneumoniae isolate and the corresponding treatment regimens:191

untreated (PBS), meropenem alone (MEM), MEM with free NDM, or MEM with NDM-loaded192

OMVs. b, Kaplan-Meier overall survival curves for the infected mice over a 48-hour period. c,193

Bacterial burdens recovered from the liver and spleen of mice at 48 hours post-infection. d,194

Representative hematoxylin and eosin (H&E) stained tissue sections of the liver (top row) and195

spleen (bottom row) showing inflammatory infiltration and tissue architecture across the treatment196



groups. Scale bars, 50 µm. e, Schematic workflow of the nano-flow cytometry assay used to detect197

and quantify circulating extracellular vesicles from mouse plasma. f, Nano-flow cytometry198

quantification showing the percentage of circulating LPS-positive and NDM-positive extracellular199

vesicles in mouse plasma. g, Pharmacokinetic profiles tracking meropenem concentrations in the200

plasma, liver, and lung over an 8-hour window. Dashed horizontal lines indicate four times the201

minimum inhibitory concentration (4×MIC) of the infecting pathogen. Profiles were calculated202

using an 8-hour dosing interval to model standard clinical regimens. h, The fraction of the dosing203

interval where free meropenem concentrations remained above the therapeutic target (f%T >204

4×MIC) across different treatment groups. Data points represent individual mice. Error bars205

denote the standard deviation (SD), except in h, where they represent the interquartile range (IQR).206

Statistical significance was determined using one-way ANOVAwith Tukey’s post hoc test (c, f), or207

the Kruskal-Wallis test with Dunn’s post hoc test (h).208

Intestinal barrier disruption promotes systemic translocation of NDM-loaded209

OMVs and reduces meropenem exposure210

We next investigated how gut-derived OMVs reach the systemic circulation. Using a211

Caco-2 Transwell model, we found that dextran sulfate sodium (DSS)-induced212

disruption of epithelial tight junctions, which was indicated by reduced ZO-1 staining,213

dose-dependently increased OMVs translocation into the basolateral compartment214

(Extended data Fig. 7a-c). To track this process in vivo, we orally administered215

fluorescent OMVs derived from an OmpF-mCherry CREC reporter strain to mice216

with or without DSS-induced intestinal injury (Extended data Fig. 7d, e). While217

control mice restricted OMVs dissemination, DSS treatment, which caused218



pronounced colonic shortening and mucosal damage, dramatically increased mCherry219

fluorescence in extraintestinal organs including the liver, lung, kidney, and ovary220

(Extended data Fig. 7f-h). This indicates that mucosal barrier injury directly221

facilitates the systemic translocation of luminal OMVs.222

To determine how this barrier injury affects systemic antibiotic exposure, we223

evaluated a mouse model combining intestinal CREC colonization with DSS-induced224

colitis (Fig. 3a). Mice were colonized with wild-type CREC or an isogenic ΔblaNDM225

mutant for 14 days, administered DSS during the second week, and then given a226

single intravenous dose of meropenem. Fecal plating confirmed stable gut227

colonization across groups (Fig. 3b). Although DSS caused significant local colonic228

injury (Fig. 3c, e), plasma procalcitonin (PCT) levels remained baseline and blood229

cultures were negative, ruling out overt bacteremia or systemic inflammation as230

confounding factors (Fig. 3d, f). Using nano-flow cytometry, we observed an overall231

increase in circulating LPS-positive vesicles following DSS exposure; however,232

NDM-positive vesicles specifically accumulated only in mice both colonized with233

wild-type CREC and subjected to DSS (Fig. 3g, h). Consequently, meropenem234

concentrations in the plasma, liver, and lung declined more rapidly in the235

CREC-plus-DSS group compared to controls, severely compressing the critical236

pharmacokinetic parameter for efficacy, the fraction of the dosing interval where free237

meropenem remains above four times the minimum inhibitory concentration (f%T >238

4×MIC) (Fig. 3i, j). Crucially, this accelerated drug clearance was absent in mice239

colonized with the ΔblaNDM mutant, confirming that the systemic pharmacokinetic240



failure relies strictly on translocated NDM-loaded OMVs.241

We found parallel evidence for this gut-to-blood translocation in our human242

cohort. Hospitalized patients with intestinal CREC colonization harbored a243

significantly higher proportion of circulating NDM-positive vesicles than244

non-colonized controls, despite maintaining similar overall levels of LPS-positive245

vesicles (Fig. 3k, l). Furthermore, the abundance of circulating NDM-positive246

vesicles correlated positively with plasma zonulin, a proposed marker of intestinal247

permeability19 (Fig. 3m). Retrospective analysis of patient records confirmed that248

intestinal CREC carriers frequently presented with clinical conditions known to249

compromise mucosal barrier integrity, such as chemotherapy20, radiotherapy21, recent250

broad-spectrum antibiotic use22, and aging23 (Extended data Table 1). Together, these251

results demonstrate that intestinal barrier injury enables NDM-loaded OMVs from252

gut-colonizing CREC to infiltrate the bloodstream, where they act as a systemic drug253

sink that undermines carbapenem therapy at distant infection sites.254



255

Figure 3. Intestinal barrier disruption facilitates the systemic translocation of NDM-loaded256

OMVs and reduces therapeutic carbapenem exposure. a, Experimental timeline for the mouse257

model combining intestinal CREC (or isogenic ΔblaNDM) colonization, DSS-induced colitis, and258

meropenem (MEM) administration. b, Fecal CREC bacterial burdens on days 7 and 14 confirming259

stable intestinal colonization across groups. c, e, Colon length (c) and representative hematoxylin260



and eosin (H&E) stained colon sections (e) demonstrating local mucosal tissue injury following261

DSS exposure. Scale bar, 50 µm. d, f, Plasma procalcitonin (PCT) levels (d) and schematic of262

blood culture results (f) confirming the absence of systemic inflammation or overt bacteremia. g,263

Nano-flow cytometry quantification of circulating LPS-positive and NDM-positive extracellular264

vesicles in mouse plasma. h, Pharmacokinetic profiles tracking meropenem concentrations in the265

plasma, liver, and lung. Dashed horizontal lines indicate four times the minimum inhibitory266

concentration (4×MIC) of the infecting pathogen referenced in Fig. 2, and 0.25 µg/mL, which is267

the most common meropenem MIC for carbapenem-susceptible Enterobacterales in our cohort.268

Profiles were calculated using an 8-hour dosing interval to model standard clinical regimens. i,269

The fraction of the dosing interval where free meropenem remains above four times the minimum270

inhibitory concentration (f%T > 4×MIC) across the mouse treatment groups. j, Schematic271

outlining the analysis of circulating plasma vesicles in hospitalized patients with or without272

intestinal CREC colonization. k, Proportion of circulating LPS-positive and NDM-positive273

extracellular vesicles in the plasma of these hospitalized patients. l, Correlations between plasma274

zonulin levels (a biomarker of intestinal permeability) and circulating vesicle abundance in human275

patients. Associations were assessed using Pearson correlation analysis. The effect size,276

represented by Pearson’s correlation coefficient (r) was calculated from the coefficient of277

determination (r2) derived via simple linear regression. Plotted data points represent individual278

mice or human patients, with error bars showing the standard deviation (SD), except in i, where279

they represent the interquartile range (IQR). Statistical significance was determined using280

unpaired two-tailed t-tests (b, k), one-way ANOVA with Tukey’s post hoc test (c, d, g), or the281

Kruskal-Wallis test with Dunn’s post hoc test (i).282



Porin-mediated antibiotic entry determines the protective activity of283

carbapenemase-loaded OMVs284

To understand how NDM-loaded OMVs could protect the susceptible bacteria, we285

first tested whether these vesicles transfer functional NDM directly to recipient cells.286

We incubated carbapenem-susceptible E. coli and K. pneumoniae with NDM-loaded287

OMVs for up to 8 h. After removing the OMVs, the meropenem MICs of the recipient288

cells remained unchanged (Fig. 4a-c). This indicates that the OMVs protect289

susceptible strains strictly through extracellular meropenem hydrolysis, rather than by290

conferring sustained resistance via enzyme transfer.291

For luminal NDM to hydrolyze meropenem, the antibiotic must cross the vesicle292

membrane. In E. coli, OmpC and OmpF are the primary outer membrane porins293

facilitating carbapenem entry24,25. To determine if they function similarly in OMVs,294

we generated single (ΔompC, ΔompF) and double (ΔompCΔompF) deletion mutants295

in the CREC background (Fig. 4d-f). SDS-PAGE confirmed the loss of these porins296

(Fig. 4e, f), while nanoparticle tracking analysis showed that the deletions did not297

alter total OMVs production (Fig. 4g).298

Detergent disruption of equal numbers of OMVs with Triton X-100 revealed299

comparable total NDM activity across all four strains, confirming that porin loss does300

not affect the amount of active NDM packaged into vesicles (Fig. 4h). However,301

intact OMVs from the ΔompC and ΔompF mutants showed significantly reduced302

hydrolytic activity compared to wild-type OMVs, with a further reduction observed in303

the double mutant (Fig. 4h). Consequently, while wild-type OMVs increased304



meropenem MICs by 64- to 128-fold in susceptible E. coli and K. pneumoniae, OMVs305

from single mutants provided only a 16- to 32-fold increase, and the double mutant306

yielded just a 2- to 4-fold increase relative to the no-OMVs control (Fig. 4i).307

To directly measure antibiotic entry, we incubated OMVs derived from the308

blaNDM-knockout CREC strain with meropenem and quantified drug concentrations in309

both the isolated vesicle fraction and the surrounding supernatant (Fig. 4j).310

Meropenem accumulation within OMVs progressively decreased with sequential311

porin deletion, reaching its lowest level in vesicles from the ΔompCΔompF strain312

(Fig. 4k). Conversely, meropenem concentrations in the supernatant exhibited the313

opposite trend: the lowest levels were observed after incubation with wild-type OMVs,314

while the highest levels remained after incubation with double-knockout OMVs.315

Consistent with this structural barrier, deleting both porins increased the meropenem316

MIC of the parent CREC strain four-fold (Fig. 4l). Together, these data demonstrate317

that OmpC and OmpF are required for meropenem to access intra-vesicular NDM,318

dictating the protective efficacy of OMVs.319



320

Figure 4. Porin-mediated antibiotic entry dictates the protective activity of321

carbapenemase-loaded OMVs. a, Experimental workflow testing whether NDM-loaded OMVs322

transfer functional resistance to recipient cells. Carbapenem-susceptible E. coli and K.323

pneumoniae were incubated with OMVs for up to 8 hours, followed by OMVs removal and324

determination of recipient meropenem (MEM) MICs. b, c, Fold-increase in meropenem MICs for325

E. coli (b) and K. pneumoniae (c) in the continuous presence of OMVs versus after OMVs326

removal. d, Schematic illustrating that extracellular meropenem must cross the vesicle membrane327

via OmpC and OmpF porins to be hydrolyzed by luminal NDM. e, f, SDS-PAGE analysis of328



bacterial strains (e) and purified OMVs (f) from the wild-type (WT) CREC parent, single porin329

knockouts (ΔompC, ΔompF), and the double knockout (ΔompCΔompF). Arrows indicate the330

major porin bands (~35-40 kDa). g, Relative OMVs production across the four CREC strains,331

quantified by nanoparticle tracking analysis. h, Relative NDM carbapenemase activity of the four332

OMVs types following Triton X-100 disruption (left) compared to intact, untreated OMVs (right).333

i, Meropenem MICs for susceptible E. coli (left) and K. pneumoniae (right) when incubated with334

OMVs derived from the WT or porin-deficient CREC strains. j, Schematic for measuring direct335

antibiotic entry into OMVs. OMVs from the blaNDM-knockout CREC backgrounds were incubated336

with meropenem for 1 hour, ultracentrifuged, and meropenem content was quantified by337

LC-MS/MS. k, Meropenem concentrations recovered from the OMVs pellet (internal) and the338

surrounding supernatant (external) after the 1-hour incubation. l, Meropenem MICs of the parent339

CREC strain and the corresponding porin-deficient mutants. Error bars show the standard340

deviation (SD). Statistical significance was determined using one-way ANOVA with Tukey’s post341

hoc test.342

343

This porin dependency explains a clinical discrepancy in our cohort: unlike344

CREC, intestinal colonization with carbapenem-resistant K. pneumoniae (CRKP) was345

not associated with persistent extraintestinal infection (Extended Data Table 1).346

Whole-genome sequencing showed that our CRKP population was predominantly347

sequence type 11 (ST11) (Extended Data Fig. 8a). Nearly all ST11 isolates carried348

blaKPC-2, which encodes a soluble periplasmic carbapenemase26. Western blotting and349

hydrolysis assays confirmed that functional KPC-2 was mostly confined to the OMVs350



lumen, as intact vesicles showed little activity until disrupted by detergent (Extended351

Data Fig. 8e-h). Furthermore, the ST11 CRKP isolates harbored a frameshift352

mutation truncating OmpK35, alongside an Asp-Gly (DG) insertion in the OmpK36353

channel known to restrict carbapenem entry27 (Extended Data Fig. 8a-d). Therefore,354

the dominant ST11 clone packages a luminal carbapenemase within OMVs that have355

severely restricted permeability.356

To verify this, we constructed an isogenic OmpK36-revertant strain lacking the357

DG insertion (WT-ΔDG). OMVs from this revertant increased the meropenem MICs358

of susceptible strains by approximately 16-fold, whereas OMVs from the wild-type359

ST11 parent provided only a 2- to 4-fold increase (Extended Data Fig. 8j).360

Predictably, the parent strain itself had a four-fold higher meropenem MIC than the361

revertant (Extended Data Fig. 8k). In time-kill assays, OMVs from the wild-type362

ST11 strain offered little protection, whereas OMVs from the OmpK36-revertant363

strongly reduced the meropenem-mediated killing of susceptible bacteria (Extended364

Data Fig. 8l). Direct measurements confirmed that the revertant OMVs hydrolyzed365

substantially more meropenem than the wild-type OMVs (Extended Data Fig. 8m).366

Ex vivo plasma incubation revealed that while free KPC-2 in the supernatant (10-100367

kDa) rapidly lost its hydrolytic activity in mouse plasma, OMVs-associated KPC-2368

(>100 kDa) from the OmpK36-revertant strain remained remarkably stable and active369

(Extended Data Fig. 8n). Thus, vesicle packaging protects KPC from370

plasma-mediated degradation, preserving its systemic carbapenemase activity.371

Ultimately, the protective capacity of carbapenemase-loaded OMVs depends on372



both the specific enzyme they carry and the vesicle's permeability to antibiotics.373

While E. coli OmpC and OmpF allow meropenem to reach vesicle-bound NDM, the374

dominant ST11 CRKP clone features porin defects that restrict antibiotic access to375

luminal KPC-2. Thus, enzyme localization and porin architecture jointly determine376

whether gut-derived vesicles can neutralize systemic carbapenems.377

Meropenem exposure increases OMVs production and vesicle-associated NDM378

activity379

Because antibiotic stress can profoundly alter bacterial physiology, we tested whether380

meropenem exposure dynamically modulates this OMVs-mediated protective effect.381

Quantitative proteomics of OMVs derived from CREC cultured with or without382

meropenem (4 μg/mL) identified over 1,000 protein features (Fig. 5a, b). NDM was383

heavily enriched in OMVs from meropenem-exposed cultures, exhibiting an384

approximately 12-fold increase compared to untreated controls (Fig. 5c, d).385

Accordingly, these meropenem-induced OMVs displayed a 15-fold higher386

carbapenemase activity (Fig. 5e). This induction is driven specifically by cell-wall387

stress. Nanoparticle tracking analysis confirmed that exposure to β-lactams388

(meropenem, piperacillin-tazobactam, and ceftazidime) significantly stimulated389

overall OMVs production, whereas non-β-lactam antibiotics (amikacin and390

ciprofloxacin) did not alter vesicle yield (Fig. 5f).391

To define the genetic basis for this enhanced NDM production, we tracked392

plasmid and transcript dynamics during antibiotic exposure. Meropenem significantly393

increased both the copy number of the blaNDM-carrying plasmid and the direct394



transcription of blaNDM (Fig. 5g). Furthermore, meropenem upregulated secA (a395

component of the Sec-dependent export pathway) and lspA (signal peptidase II,396

required for lipoprotein maturation)28, while leaving the expression of the signal397

peptidase I gene lepB unchanged (Fig. 5h). This targeted transcriptional response398

perfectly supports the accelerated biogenesis, processing, and membrane targeting of399

NDM, a lipidated protein strictly dependent on signal peptidase II.400

Ultimately, meropenem triggers a feed-forward protective response in intestinal401

CREC. The antibiotic simultaneously stimulates global OMVs release and402

hyper-loads these escaping vesicles with functional NDM (Fig. 5i). This403

stress-induced surge in vesicle-associated carbapenemase activity acts to further404

accelerate systemic meropenem degradation, heavily compounding the loss of405

effective antibiotic exposure.406



407

Figure 5. Meropenem exposure stimulates OMV release and enriches vesicle-associated408

NDM activity. a, b, Quantitative proteomic analysis of OMVs isolated from CREC cultured with409

or without meropenem (MEM). The volcano plot (a) and enrichment analysis (b) display410



differentially abundant proteins in the OMVs proteome following antibiotic stress. c, Heatmap of411

differentially abundant proteins comparing OMVs from untreated (OMV) and meropenem-treated412

(M-OMV) cultures. The black arrow highlights the enrichment of NDM. d, e, Relative NDM413

protein abundance (d) and corresponding vesicle-associated carbapenemase activity (e) in OMVs414

derived from untreated versus meropenem-exposed cultures. f, Relative OMVs production415

measured by nanoparticle tracking analysis after bacterial exposure to β-lactams (meropenem416

[MEM], piperacillin-tazobactam [TZP], ceftazidime [CAZ]) or non-β-lactams (amikacin [AMK],417

ciprofloxacin [CIP]). g, Relative blaNDM plasmid copy number (left) and blaNDM transcript418

expression (right) following meropenem exposure. h, Relative mRNA expression of the Sec419

export pathway motor (secA) and signal peptidases (lepB, lspA) with and without meropenem420

treatment. Meropenem specifically upregulates secA and lspA (signal peptidase II), which are421

required for lipoprotein maturation. i, Schematic of the feed-forward model. Extracellular422

antibiotic pressure stimulates CREC to increase NDM synthesis, upregulate lipoprotein processing,423

and enhance the biogenesis of OMVs hyper-loaded with functional NDM. Plotted data points424

represent independent biological replicates, with error bars showing the standard deviation (SD).425

Statistical significance was determined using unpaired two-tailed t-tests (d, e, g, h) or one-way426

ANOVA with Tukey’s post hoc test (f).427

NDM-stable and non-β-lactam regimens retain efficacy despite circulating428

NDM-loaded OMVs429

Because clinical guidelines do not recommend decolonizing intestinal CRE29,30, we430

tested alternative antibiotics designed to bypass this OMVs-mediated drug sink. E.431

coli and K. pneumoniae isolates from persistent infections in our cohort remained432



highly susceptible to amikacin (>93%) and aztreonam-avibactam (100%) (Fig. 6a).433

Hydrolysis assays confirmed that NDM-loaded OMVs could not degrade either drug434

(Fig. 6b). Aztreonam resists metallo-β-lactamase cleavage, and avibactam neutralizes435

co-produced serine β-lactamase31.436

To test these alternatives in vivo, we adapted our CREC-colonization and437

DSS-colitis model to include a secondary K. pneumoniae pneumonia. Following438

intestinal colonization and barrier disruption, mice were intranasally challenged with439

a carbapenem-susceptible K. pneumoniae strain and treated with PBS, meropenem,440

amikacin, or aztreonam-avibactam (Fig. 6c). Although survival rates were similar441

across groups over the initial 48-hour window, aztreonam-avibactam substantially442

reduced lung bacterial burdens compared to untreated controls, whereas meropenem443

failed to clear the pulmonary infection (Fig. 6d). Histopathology confirmed these444

outcomes: aztreonam-avibactam prevented alveolar wall thickening, inflammatory445

infiltration, and structural tissue injury. Meropenem-treated lungs remained as446

damaged as untreated controls (Fig. 6f). Systemically, both amikacin and447

aztreonam-avibactam effectively reduced blood bacterial counts and lowered plasma448

procalcitonin levels (Fig. 6d, e).449

Tracking circulating vesicles post-treatment showed that only amikacin reduced450

total plasma LPS-positive vesicle abundance. In contrast, the proportion of451

NDM-positive vesicles surged in mice treated with meropenem or452

aztreonam-avibactam, though this increase only reached statistical significance in the453

meropenem group (Fig. 6g). This indicates that systemic β-lactam exposure454



selectively enriches the NDM cargo of circulating vesicles without increasing overall455

vesicle output. Despite this increase in circulating NDM, aztreonam concentrations in456

the plasma and lung remained stable. Meropenem, however, was rapidly degraded,457

severely compressing its therapeutic window (f%T > 4×MIC) (Fig. 6h). Amikacin458

pharmacokinetics showed a high Cmax/MIC ratio in the plasma but limited lung459

penetration (Fig. 6i), which explains its efficacy in clearing bacteremia without460

resolving the primary pneumonia.461

Ultimately, these data confirm that alternative antimicrobial therapies can462

successfully bypass the gut-derived OMV drug sink. NDM-stable β-lactam463

combinations (aztreonam-avibactam) and non-β-lactam (amikacin) retain potent in464

vivo efficacy against susceptible infections despite intestinal CREC colonization,465

offering a directed therapeutic strategy for patients at high risk of meropenem failure.466



467

Figure 6. NDM-stable and non-β-lactam regimens retain in vivo efficacy despite circulating468

NDM-loaded OMVs. a, Minimum inhibitory concentration (MIC) distributions of amikacin,469

aztreonam, and aztreonam-avibactam for carbapenem-susceptible K. pneumoniae and E. coli470

clinical isolates recovered from patients with persistent infections. b, Percentage of antibiotic471

hydrolysis for meropenem (MEM), amikacin (AMK), and aztreonam (ATM) following in vitro472

incubation with control buffer or purified NDM-loaded OMVs. c, Experimental timeline for the473

secondary pneumonia mouse model (top) and Kaplan-Meier overall survival curves (bottom)474

comparing untreated mice to those treated with meropenem (MEM), amikacin (AMK), or475

aztreonam-avibactam (AZA). d, e, Bacterial burdens recovered from the lung and blood (d),476



alongside plasma procalcitonin (PCT) levels (e) at 48 hours post-infection across the treatment477

groups. f, Representative hematoxylin and eosin (H&E)-stained lung tissue sections showing478

alveolar architecture, wall thickening, and inflammatory infiltration across the experimental479

groups. Scale bar, 50 µm. g, Nano-flow cytometry quantification of circulating LPS-positive (left)480

and NDM-positive (right) extracellular vesicles in mouse plasma following the indicated481

treatments. h, The fraction of the dosing interval where free meropenem (MEM) or aztreonam482

(ATM) concentrations remained above the therapeutic target (f%T > 4×MIC) in the blood and483

lung. i, The ratio of maximum plasma concentration to MIC of the infecting pathogen (Cmax/MIC)484

for amikacin (AMK) in the blood and lung. Plotted data points represent independent samples or485

individual mice, with error bars showing the standard deviation (SD). Statistical significance was486

determined using unpaired two-tailed t-test (b, h, i), one-way ANOVA with Tukey’s post hoc test487

(d, e, g).488

Discussion489

Persistent infection despite appropriate antimicrobial therapy remains difficult to490

explain when the infecting pathogen is susceptible by standard antimicrobial491

susceptibility testing (AST). In this study, intestinal colonization with492

NDM-producing carbapenem-resistant Escherichia coli (CREC) is independently493

associated with persistent extraintestinal infection caused by carbapenem-susceptible494

Enterobacterales. Following intestinal barrier injury, CREC-derived NDM-loaded495

outer membrane vesicles (OMVs) translocate into the circulation, accelerate496

carbapenem degradation and reduce effective systemic drug exposure. Consequently,497

this circulating resistance mechanism impairs the treatment of susceptible infections498



at distant sites, without requiring the infecting pathogen to acquire resistance. These499

findings indicate that the gut resistome can actively compromise antibiotic efficacy500

beyond the local site of colonization.501

Previous studies have shown that β-lactamase-containing OMVs can degrade502

antibiotics and protect susceptible bacteria11,14. A recent study detected circulating503

carbapenemase-containing OMVs in patients with intestinal CRE colonization and504

showed that these vesicles retain antibiotic-degrading activity32. Our findings extend505

these observations by linking intestinal CREC colonization to persistent506

extraintestinal infection in a clinical cohort and mechanistically proving how507

NDM-loaded OMVs deplete systemic antibiotic levels. By combining epithelial508

translocation assays, in vivo OMVs tracking, single-vesicle plasma profiling, and509

pharmacokinetic modeling, we defined a complete gut-to-bloodstream pathway that510

drives clinical treatment failure. The primary advance of our work is demonstrating511

that a resistant colonizer residing in one anatomical compartment can lower systemic512

drug exposure enough to rescue an unrelated, susceptible pathogen elsewhere in the513

host.514

Intestinal barrier integrity dictates whether this resistance activity remains515

localized to the gut or becomes systemic. Single-particle studies have detected516

bacterial extracellular vesicles in human blood and linked circulating vesicle levels to517

intestinal permeability16,33. In our models, epithelial injury increased OMVs518

translocation and circulating NDM-positive vesicle abundance, causing meropenem to519

decline more rapidly from the circulation. Carbapenem efficacy relies on maintaining520



free drug concentrations above the MIC for a sufficient proportion of the dosing521

interval34,35. Circulating NDM-loaded OMVs reduced meropenem exposure and522

shortened the fraction of the dosing interval during which free drug concentrations523

remained above four times the MIC of the infecting pathogen (f%T > 4×MIC). We524

detected significantly more NDM-positive circulating vesicles in CREC-colonized525

patients, and these correlated with plasma intestinal barrier injury marker. Indeed, the526

majority of our CREC-colonized patients had underlying conditions known to damage527

the gut mucosa, such as chemotherapy20, radiotherapy21, recent broad-spectrum528

antibiotic use22, and aging23. Both the mouse models and the clinical cohort529

demonstrate that the intestinal mucosal barrier injury establishes a functional balance:530

it confines colonizing CREC within the intestinal lumen, preventing systemic531

infection, while allowing the release of CREC-derived NDM-loaded OMVs into the532

systemic circulation. These findings suggest that NDM-producing gut colonization533

becomes pharmacologically important when the intestinal barrier is impaired.534

Therapeutic drug monitoring and the direct detection of circulating535

carbapenemase-containing vesicles could be explored as complementary approaches536

to rapidly identify this clinical phenotype.537

The ability of carbapenemase-loaded OMVs to degrade antibiotics also depends538

on the permeability of their membranes. Previous work showed that the major porin539

OmpC and OmpF facilitate β-lactam entry into E. coli OMVs, allowing access to540

intra-vesicular β-lactamase24. In our study, deleting OmpC or OmpF substantially541

reduced meropenem hydrolysis and OMVs-mediated protection, with the greatest542



reduction observed when both porins were deleted. Importantly, total functional NDM543

activity following detergent disruption was equivalent between wild-type and544

porin-deficient OMVs, confirming that porin loss restricts substrate access rather than545

reducing NDM packaging. OMVs-mediated hydrolysis, therefore, depends on both546

the presence of active enzyme and structural substrate access.547

The CRKP findings further extend this principle. KPC-2 was mainly located548

within the lumen of CRKP OMVs, whereas the dominant ST11 isolates lacked549

functional OmpK35 and carried a channel-constricting DG insertion in OmpK3627.550

Restoring the wild-type OmpK36 sequence in our ST11 CRKP strain increased551

meropenem hydrolysis by the OMVs and restored their ability to protect susceptible552

bacteria. Thus, KPC-containing OMVs are not intrinsically incapable of protecting553

other bacteria; rather, the porin architecture of the ST11 background structurally limits554

antibiotic access to luminal KPC-2. Notably, porin defects have opposite555

consequences for the bacterial cell and the released vesicle: reduced permeability can556

increase resistance of the bacterium while limiting the ability of its OMVs to557

hydrolyze extracellular carbapenems.558

This selective permeability explains why CREC, but not CRKP, colonization was559

associated with persistent infection in our cohort. ST11 and KPC-2 represent the560

predominant CRKP lineage and carbapenemase in China36, and large-scale genomic561

analyses show that OmpK35 truncation combined with the OmpK36 DG insertion is562

universally prevalent among Chinese blaKPC-carrying ST11 CRKP27,36. The population563

structure of CRKP varies across regions, with epidemic lineages such as ST258,564



ST307, ST147 and ST231 showing different geographical distributions37,38. ST258,565

the dominant clone in the USA, Greece, Israel, and several South American566

countries37,39,40, exhibits ubiquitous OmpK35 truncation and a high prevalence of567

OmpK36 L3 insertions27. While these porin mutations enhance the survival of568

epidemic CRKP clones against antimicrobial killing27,41, they simultaneously569

compromise their capacity to protect susceptible bacteria in the environment via570

OMVs. Different combinations of clone, carbapenemase, and porin genotype will571

inherently produce diverse OMVs phenotypes.572

Antibiotic exposure can further amplify this OMVs-mediated pathway, as573

antibiotics are known to stimulate bacterial extracellular vesicle release42. In our574

experiments, β-lactams increased OMVs production, and meropenem markedly575

increased NDM enrichment and carbapenemase activity in CREC-derived OMVs.576

Mechanistically, meropenem increased blaNDM plasmid copy number and gene577

transcription, and specifically upregulated secA and signal peptidase II (lspA), the578

exact machinery required to export and lipidate NDM12,28. These findings support a579

feed-forward process where antibiotic pressure stimulates CREC to increase NDM580

expression and lipoprotein processing, releasing more OMVs packed with higher581

levels of functional NDM. These vesicles then degrade systemic meropenem at an582

accelerated rate. Thus, meropenem exposure actively amplifies the very resistance583

mechanism that undermines treatment.584

Our findings may also have direct implications for clinical treatment. Current585

guidelines do not support routine decolonization of CRE carriers due to limited586



evidence of sustained clinical benefit29,30. Consequently, the treatment of587

extraintestinal infections remains focused exclusively on the susceptibility profile of588

the infecting organism. This study raises significant concern regarding the continued589

reliance on NDM-labile β-lactam monotherapy in patients with NDM-producing590

CREC carriage and unexplained persistent infection despite documented pathogen591

susceptibility. In our mouse models, meropenem failed against susceptible K.592

pneumoniae infection, whereas NDM-stable aztreonam-avibactam and the593

non-β-lactam amikacin retained efficacy. Because these alternative regimens594

successfully bypass circulating NDM-loaded OMVs, clinical treatment strategies may595

need to consider both the infecting pathogen and the gut resistome.596

More broadly, our findings expand the clinical definition of antimicrobial597

resistance beyond the genetic profile of the infecting isolate. Conventional598

susceptibility testing evaluates pathogens in isolation, inherently failing to capture599

systemic antibiotic modification by distinct, anatomically separated microbial600

populations. By demonstrating that the gastrointestinal microbiota functions as a601

pharmacologically active reservoir, we show that resistant colonizers can actively602

dictate therapeutic outcomes without causing the primary infection or transferring603

resistance genes. Ultimately, this study shifts the paradigm of antimicrobial resistance604

from a localized cellular trait to a remote, microbiome-mediated pharmacokinetic605

driver of treatment failure, establishing that effective clinical management must606

account for both the targeted pathogen and the systemic influence of the gut607

resistome.608



Methods609

Inclusion and ethics610

The research complied with all applicable ethical regulations. The human clinical611

study was approved by the ethics committee of Renji Hospital, Shanghai Jiao Tong612

University School of Medicine, Shanghai, China (approval no. LY2024-296). All613

animal procedures followed the ethical guidelines outlined in the Guide for the Care614

and Use of Laboratory Animals proposed by the Institute for Laboratory Animal615

Research of the National Academy of Sciences, and all experimental protocols were616

approved by the Animal Welfare Committee of Renji Hospital, Shanghai Jiao Tong617

University School of Medicine, Shanghai, China (approval no. RJ2025-547).618

Retrospective cohort and participant selection619

We retrospectively analyzed a cohort of hospitalized patients with620

carbapenem-susceptible Enterobacterales infections treated at Renji Hospital,621

Shanghai Jiao Tong University School of Medicine, between 2022 and 2024. The622

cohort comprised 1,028 patients categorized into two groups: 262 patients who623

developed persistent infections and 766 patients whose infections successfully624

resolved (Fig. 1a). Persistent infection was defined as ongoing clinical and/or625

microbiological failure for at least 21 days following the initiation of appropriate626

therapy, documented by at least two positive bacterial cultures.627

Patients were included if they were adults (≥18 years old) presenting with a628

documented, monomicrobial extraintestinal infection caused by an in vitro629



carbapenem-susceptible Enterobacterales isolate (e.g., Escherichia coli, Klebsiella630

pneumoniae, or Enterobacter cloacae). Additional inclusion criteria required that631

patients underwent active screening for carbapenem-resistant Enterobacterales (CRE)632

carriage via rectal swabs upon admission. Furthermore, patients must have received633

appropriate, targeted antimicrobial therapy adhering strictly to standard hospital634

dosing protocols, including necessary renal dose adjustments, for a minimum of 48 to635

72 hours.636

Patients were excluded if their primary infection was caused by a637

carbapenem-resistant isolate or if they presented with isolated persistent urinary tract638

infections43. To eliminate confounding variables, we further excluded cases featuring639

polymicrobial infections and those lacking adequate source control, such as undrained640

abscesses, retained infected hardware, or un-debrided necrotic tissue. Finally, we641

excluded patients with profound immunosuppression (absolute neutrophil count <500642

cells/µL) or those undergoing active induction chemotherapy44, individuals643

transitioned to palliative care, and those who experienced early mortality or were644

discharged within the first 48 to 72 hours before clinical resolution could be645

accurately evaluated. Following patient stratification, we performed a multivariate646

risk factor analysis incorporating host characteristics, infection features,647

microbiological parameters, and baseline fecal CRE surveillance data.648

Active surveillance for intestinal CRE carriage649

Rectal swabs collected upon admission were directly inoculated onto MacConkey650

agar containing a 10-μg meropenem disk and incubated aerobically at 37°C for 18651



hours. Suspected carbapenem-resistant colonies growing within or near the inhibition652

zone were sub-cultured for purity. Species identification was performed using653

matrix-assisted laser desorption/ionization time-of-flight mass spectrometry654

(MALDI-TOF MS; AutoBio). Isolates identified as Enterobacterales underwent655

antimicrobial susceptibility testing via broth microdilution. Imipenem and meropenem656

minimum inhibitory concentrations (MICs) were determined and interpreted657

according to Clinical and Laboratory Standards Institute (CLSI) M07 and M100 (35th658

edition, 2025) guidelines. Isolates exhibiting resistance to at least one tested659

carbapenem were classified as carbapenem-resistant Enterobacterales (CRE) and660

retained for subsequent characterization.661

Whole genome sequencing and bioinformatic analysis662

Clinical E. coli and K. pneumoniae isolates were sequenced on an Illumina NovaSeq663

6000 platform (150-bp paired-end reads). Raw reads were quality-trimmed with664

Trimmomatic v0.36 and assembled de novo using SPAdes v4.1.0. Antimicrobial665

resistance genes, plasmid replicons, and multi-locus sequence types (MLST) were666

identified via the Center for Genomic Epidemiology using ResFinder, PlasmidFinder,667

and standard MLST schemes45. Roary v3.11.2 was used for pan-genome analysis,668

with core genes defined as those present in ≥95% of isolates. Core-genome669

single-nucleotide polymorphisms (cgSNPs) were extracted from the alignment using670

SNP-sites and filtered with VCFtools v0.1.17. A maximum-likelihood phylogenetic671

tree was constructed from the filtered cgSNP alignment using RAxML-NG v1.1.0672



(GTR+G substitution model, 1,000 bootstrap replicates) and visualized in Interactive673

Tree of Life (iTOL) v6.674

Expression and purification of recombinant NDM-5675

To maximize soluble expression without altering carbapenemase activity, the blaNDM-5676

coding sequence lacking the N-terminal signal peptide was cloned into the pCold II677

vector using the NEBuilder HiFi DNA Assembly Kit (New England Biolabs)46.678

Following Sanger sequencing confirmation, the construct was transformed into E. coli679

BL21(DE3). Cultures were grown in Luria-Bertani broth with 50 μg/mL ampicillin to680

an OD600 of ~0.5, induced with 0.2 mM IPTG (Yeasen Biotechnology), and681

incubated at 16°C for 16 h. Cells were harvested by centrifugation and lysed by682

sonication. Recombinant NDM-5 was purified from the clarified supernatant using683

nickel-affinity chromatography (QIAGEN), with final protein concentration and684

purity verified with a BCA Protein Assay Kit (Beyotime) and sodium dodecyl685

sulphate- polyacrylamide gel electrophoresis (SDS-PAGE), respectively.686

Isolation and purification of OMVs687

Outer membrane vesicles (OMVs) were isolated from overnight cultures of E. coli or688

K. pneumoniae diluted 1:1,000 in 200 mL of Luria-Bertani broth and incubated for 16689

h at 37°C (180 rpm). Cells were removed by centrifugation (4,000 × g, 10 min). The690

supernatants were filtered (0.22-µm) and concentrated using a 100-kDa hollow-fiber691

ultrafiltration membrane (Millipore). Concentrated supernatants were ultracentrifuged692

at 174,900 × g for 4 h at 4°C (SW 32 Ti rotor, Beckman Coulter). The resulting693



OMVs pellets were resuspended in 4.4 mL of 50% OptiPrep (Axis-Shield), loaded694

beneath a discontinuous gradient of 40% (4 mL) and 10% (1.6 mL) OptiPrep, and695

ultracentrifuged at 200,000 × g for 16 h at 4°C (SW 41 Ti rotor). The purified OMVs696

fraction was collected from the 10%/40% interface47.697

Nanoparticle tracking analysis698

OMVs size distribution and concentration were quantified using a NanoSight NS300699

instrument (Malvern) equipped with a 488-nm laser and an sCMOS camera. Samples700

were diluted in sterile PBS to a final concentration of approximately 1 × 10⁸701

particles/mL and analyzed according to the manufacturer's protocol.702

Transmission electron microscopy703

For morphological analysis, 10 µL of the OMVs suspension was adsorbed onto a704

copper grid for 7 min. Grids were negatively stained with 3% uranyl acetate for 10 s,705

washed twice with PBS, and air-dried. Images were acquired on an HT7700706

transmission electron microscope (Hitachi) operating at 100 kV.707

Colloidal gold immunochromatographic assay708

The presence of NDM in CREC isolates, purified recombinant NDM-5, and OMVs709

was evaluated using the NG-Test CARBA 5 assay (NG Biotech). Bacterial colonies710

were processed according to the manufacturer's instructions. For cell-free samples, 10711

µg of purified NDM-5 or 20 µg of total OMVs protein was mixed with the provided712

extraction buffer. A 50-µL aliquot of each mixture was loaded onto the test cassette713



and incubated for 15 min at room temperature before visually confirming the714

appearance of the NDM-specific and internal control lines.715

Western blot analysis716

OMVs and bacterial culture fractions were lysed in cold RIPA buffer (Millipore)717

supplemented with PMSF (Sigma) for 20 min on ice. Protein concentrations were718

determined using a BCA Protein Assay Kit (Beyotime). Equal amounts of protein719

(20µg per lane) were denatured in 1×loading buffer at 95°C for 10 min, separated by720

12.5% SDS-PAGE, and transferred to 0.2-µm PVDF membranes (Millipore).721

Membranes were blocked with 5% skim milk in Tris-buffered saline containing722

0.05% Tween-20 (TBST) for 1 h at room temperature, followed by overnight723

incubation at 4 ° C with mouse monoclonal anti-NDM (Biocare Medical, M9161;724

1:1,000) or anti-KPC (Biocare Medical, M9171; 1:1,000) primary antibodies. After725

three washes in TBST, membranes were incubated with an HRP-conjugated goat726

anti-mouse secondary antibody (Abcam, ab6728; 1:1,000) for 1 h at room temperature.727

Immunoreactive signals were visualized using enhanced chemiluminescence on an728

Amersham Imager 600.729

Quantification of carbapenemase activity730

Carbapenemase activity was quantified by continuously monitoring meropenem731

hydrolysis at 300 nm13,48. Assays were performed at 37°C in 200-µL reactions732

containing 50 mM HEPES (pH 7.0), 10 µM ZnSO₄, and 100 µM meropenem.733

Reactions were initiated by adding 1-2 µg of total protein from bacterial fractions or734



OMVs, and absorbance was recorded for 15 min using a Biotek synergy H1735

microplate reader (Agilent). Initial hydrolysis rates (ΔA₃₀₀/min) were calculated from736

the linear portion of the curve via linear regression, utilizing meropenem-free samples737

for background correction. Absolute hydrolysis was determined using the differential738

molar extinction coefficient of meropenem (Δε₃₀₀ = −6,500 M⁻¹ cm⁻¹), adjusted for the739

microplate optical path length. When evaluating antibiotic stress, carbapenemase740

activity was normalized to the total OMVs particle count determined by NTA. All741

assays were performed in triplicate.742

Meropenem susceptibility testing743

Meropenem minimum inhibitory concentrations (MICs) were determined by broth744

microdilution in cation-adjusted Mueller-Hinton broth using a standard inoculum of745

~5 × 10⁵ CFU/mL. Pathogens used for in vitro assays were selected from the clinical746

cohort. Whole-genome sequencing confirmed these isolates lacked carbapenemase747

genes. To evaluate extracellular protection, purified NDM-5 (10 µg/mL) or OMVs (20748

µg/mL total protein) were added prior to bacterial inoculation. Assays included749

standard antibiotic-free and additive-free controls. Following a 20-h incubation at 37°750

C, MICs measured in the presence of purified NDM-5 or OMVs were recorded as the751

lowest drug concentration preventing visible growth and compared against baseline752

MICs obtained with meropenem alone.753

Time-kill assay754



Time-kill assays utilized E. coli and K. pneumoniae clinical isolates with available755

genomic data, randomly selected from the persistent infection cohort. Mid-log phase756

cultures were diluted to ~1 × 10⁶ CFU/mL. To evaluate extracellular protection,757

purified NDM-5 (10 µg/mL) or carbapenemase-loaded OMVs (20 µg/mL total protein)758

were added prior to meropenem (4 µg/mL). Controls included untreated bacteria and759

bacteria exposed to meropenem alone. Cultures were incubated at 37 °C (180 rpm).760

Aliquots collected at 0, 2, 4, 6, and 8 h were serially diluted in PBS and plated on LB761

agar. Viable counts (CFU/mL) were determined after 18 h of incubation at 37°C (limit762

of detection, 10 CFU/mL). All assays were performed in biological triplicate.763

Mouse model of intra-abdominal infection and pharmacokinetic analysis764

Female C57BL/6J mice (6-8 weeks old) were infected intraperitoneally with 2 × 107765

CFU of a carbapenem-susceptible K. pneumoniae clinical isolate with available766

genomic data, randomly selected from the persistent infection cohort. Whole-genome767

sequencing confirmed the isolate lacked carbapenemase genes. Two hours768

post-infection, mice were randomly assigned to four treatment groups: PBS control,769

meropenem plus PBS, meropenem plus purified NDM-5, and meropenem plus770

NDM-loaded OMVs. Meropenem (25 mg/kg) or PBS was administered intravenously,771

followed 15 min later by PBS, purified NDM-5 (10 µg), or NDM-loaded OMVs (30772

µg total protein) according to group assignment. This treatment regimen was repeated773

at 24 h.774

Survival was monitored every 6 h. At 48 h post-infection, surviving mice were775

euthanized, and blood was collected via retro-orbital bleeding for plasma isolation.776



Liver and spleen samples were weighed, homogenized in sterile PBS, and plated on777

Mueller-Hinton agar to quantify bacterial burden (CFU/g tissue). Additional organ778

sections were fixed in 4% paraformaldehyde, paraffin-embedded, and stained with779

hematoxylin and eosin (H&E) for histopathological evaluation.780

Separate mouse cohorts were utilized to assess the effects of purified NDM-5 and781

NDM-loaded OMVs on meropenem pharmacokinetics (PK). Following the 24-h782

treatment dose, mice (n = 3 per time point per group) were euthanized at 0.5, 1, 2, 4,783

and 8 h. Plasma meropenem concentrations were quantified using liquid784

chromatography-tandem mass spectrometry (LC-MS/MS; AB SCIEX Triple Quad785

4500MD). PK parameters were determined via non-compartmental analysis, and PK786

profiles were calculated using an 8-h dosing interval to model standard clinical787

regimens35.788

Immunogold electron microscopy789

OMVs from NDM-producing E. coli were fixed 1:1 (v/v) in 4% paraformaldehyde790

and adsorbed onto carbon-coated grids for 20 min. Grids were washed with PBS,791

quenched with 50 mM glycine, and blocked overnight at 4 °C in 5% bovine serum792

albumin (BSA). For immunolabeling, grids were incubated for 1 h at room793

temperature with mouse anti-LPS (LifeSpan BioSciences, LS-C295816; 1:20) or794

mouse anti-NDM (Biocare Medical, M9161; 1:20) primary antibodies. Following795

PBS washes, grids were incubated for 1 h with a colloidal gold-conjugated secondary796

antibody (Abcam, ab39619; 1:200). Samples were washed sequentially in 0.5% BSA797

and PBS, post-fixed with 1% glutaraldehyde for 2 min, rinsed with double-distilled798



water, and counterstained with 2% uranyl acetate for 90 s. Air-dried grids were then799

examined by transmission electron microscopy.800

Isolation of extracellular vesicles from plasma801

Extracellular vesicles (EVs) were isolated from human and mouse plasma using802

differential ultracentrifugation47,49. Blood samples were collected into EDTA-coated803

tubes (BD Biosciences). Plasma was separated at 1,000 × g for 10 min at room804

temperature, followed by two sequential clearing spins at 2,500 × g for 15 min to805

remove residual cells and platelets. The supernatant was centrifuged at 10,000 × g806

for 20 min at 4 °C and passed through a 0.45-µm filter (Sigma) to deplete larger807

particles. The filtrate was then ultracentrifuged at 120,000 × g for 2 h at 4°C (SW 55808

Ti rotor, Beckman Coulter). The resulting EV pellet was washed in PBS,809

ultracentrifuged again at 120,000 × g for 2 h at 4°C, resuspended in 50 µL of PBS,810

and stored at -80°C until analysis.811

Nano-flow cytometry812

Extracellular vesicles (EVs) were analyzed using a NanoFCM N30E instrument813

(NanoFCM). EV samples were diluted to 5 × 108 particles/mL in PBS. Aliquots814

containing 5 × 107 particles were incubated with mouse monoclonal anti-LPS815

(LifeSpan BioSciences, LS-C295816) or anti-NDM (Biocare Medical, M9161)816

primary antibodies for 60 min at 37°C. Unbound antibodies were removed via two817

ultracentrifugation washes (120,000 × g, 60 min, 4°C; SW 55 Ti rotor, Beckman818

Coulter). Pellets were resuspended in PBS and incubated with a Fluor 488-conjugated819



goat anti-mouse IgG secondary antibody (Yeasen, 33206ES60) for 60 min at 37°C,820

followed by two identical ultracentrifugation washes. Final EV pellets were821

resuspended in 20 µL of PBS. Negative controls included EVs incubated with822

secondary antibody alone, primary antibody alone, and an isotype-matched mouse823

IgG (LifeSpan BioSciences, LS-C292295) with the secondary antibody. For data824

acquisition, 10,000 events were recorded per sample (sheath flow rate, 40 pL/min;825

sample flow rate, 2 nL/min). The instrument was calibrated using 100-nm fluorescent826

polystyrene beads. The abundance of LPS- or NDM-positive EVs was calculated as827

the percentage of fluorescence-positive events relative to the total number of recorded828

particles.829

OMVs-mediated transformation assay830

To assess OMVs-mediated horizontal gene transfer, E. coli MG1655 hph ΔhsdR was831

utilized as the recipient strain50. Log-phase recipient cells were harvested by832

centrifugation and resuspended in PBS supplemented with 0.4% glucose. The cell833

suspension was mixed with 30 µg (total protein) of purified OMVs from a834

NDM-producing E. coli strain in a 200-µL volume and incubated statically at 37°C835

for 8 h. Following the addition of 3 mL of LB broth, the culture was incubated836

overnight at 37°C with shaking (180 rpm). Cells were then pelleted, resuspended in837

200 µL of LB broth, and plated on LB agar containing 2 µg/mL meropenem to select838

for transformants.839

Paracellular translocation of OMVs across Caco-2 monolayers840



Caco-2 cells were cultured in high-glucose DMEM supplemented with 10% FBS, 1%841

GlutaMAX, 1% non-essential amino acids, and 1% penicillin-streptomycin at 37°C842

with 5% CO₂. For translocation assays, cells were seeded onto 12-well polycarbonate843

Transwell inserts (0.4-µm pore size; Corning) at 7.5 × 10⁴ cells/cm² and differentiated844

for 21 days. To model epithelial injury, monolayers were apically treated with 0%,845

0.1%, 1%, 3%, or 5% (w/v) dextran sulfate sodium (DSS) (Yeasen Biotechnology) for846

24 h15. Following PBS washes, fresh medium was applied to both compartments, and847

30 µg of purified E. coli OMVs (total protein; ~5 × 10¹⁰ particles) was added apically.848

Parallel inserts without OMVs served as background controls. After a 24-h incubation,849

the basolateral medium was collected. Translocated particles were quantified by850

nanoparticle tracking analysis (NTA), utilizing the no-OMVs controls to subtract851

background particles. To evaluate the translocation of functional NDM, the852

basolateral medium was ultracentrifuged at 200,000 × g for 2 h at 4°C. The resulting853

vesicle pellet was resuspended in assay buffer (50 mM HEPES [pH 7.0], 10 µM854

ZnSO₄), and carbapenemase activity was determined by monitoring meropenem855

hydrolysis at 300 nm, as described above.856

Construction of genetically modified strains857

Markerless mutants were generated using the pCONJ6H vector, a pCONJ derivative858

carrying a hygromycin resistance cassette (hph)51. Approximately 500-bp upstream859

and downstream flanking regions of each target gene were PCR-amplified and cloned860

into pCONJ6H using the NEBuilder HiFi DNAAssembly Kit (New England Biolabs).861

Following conjugal transfer, single transconjugant colonies were selected in LB broth862



containing 200 µg/mL hygromycin. To counter-select for plasmid excision, cultures863

were washed, outgrown in plain LB for 4 h at 37°C, and plated on salt-free LB agar864

supplemented with 10% (w/v) sucrose. Successful allelic replacement was identified865

by PCR and confirmed by Sanger sequencing.866

In vivo tracking of mCherry-labeled OMVs using optical imaging867

An E. coli reporter strain expressing an OmpF-mCherry fusion was constructed by868

inserting the mCherry coding sequence in-frame at the 3′ end of ompF via869

homologous recombination. Following PCR and sequencing confirmation, mCherry870

expression and OMVs fluorescence were verified prior to animal experiments. Female871

C57BL/6J mice (6-8 weeks old) were randomly assigned to four groups (n = 6 per872

group): control + PBS, control + OMVs, DSS + PBS, and DSS + OMVs. Colitis was873

induced in the DSS groups by providing 3% (w/v) DSS in the drinking water for 7874

days, followed by 7 days of regular water. During the second week, mice received875

either ~1 × 10¹⁰ mCherry-labeled OMVs or PBS via daily oral gavage (100 µL) for 7876

days. On day 14, mice were euthanized, and the small intestine, ovaries, lungs, liver,877

and kidneys were excised and rinsed in PBS. Fluorescence imaging was performed878

using an IMAGING 200pro optical system (Indec Bio; excitation 560 nm, emission879

620 nm). Regions of interest were defined using Raycision Imaging Suite software.880

Fluorescence intensity was quantified as radiant efficiency881

[photons/s/cm²/sr/(µW/cm²)] and normalized to PBS-treated controls.882

Mouse model of intestinal CREC colonization and DSS-induced colitis883



Female C57BL/6J mice (6-8 weeks old) were orally gavaged daily for 14 days with884

~2 × 10⁸ CFU of either wild-type CREC or the isogenic ΔblaNDM mutant. An885

NDM-5-producing fecal CREC isolate was randomly selected. To induce colitis, 3%886

(w/v) DSS was administered in the drinking water from days 8 to 14. Mice (n = 8 per887

group) were assigned to five groups: untreated control, DSS only, CREC only, CREC888

with DSS, and ΔblaNDM CREC with DSS. Intestinal colonization was confirmed by889

plating fecal homogenates collected on days 7 and 14 onto selective agar, with counts890

expressed as log10 CFU/g. On day 14, plasma was isolated from retro-orbital blood891

samples (3,000 × g, 15 min, 4°C) to quantify procalcitonin (PCT) via ELISA (R&D892

Systems). Plasma LPS and NDM-positive vesicles were determined with Nano-flow893

cytometry, as described above. Colons were excised and measured. Distal colon894

segments were fixed in 4% paraformaldehyde, paraffin-embedded, and H&E-stained895

for histopathological evaluation.896

Separate cohorts were utilized for pharmacokinetic assessments. On day 14, mice897

received a single intravenous dose of meropenem (100 mg/kg). Plasma was collected898

at 0.5, 1, 2, 4, and 8 h post-administration (n = 3 per time point per group), and899

meropenem concentrations were quantified by LC-MS/MS. Pharmacokinetic900

parameters were calculated via non-compartmental analysis.901

Quantitative proteomic analysis of outer membrane vesicles902

OMVs were isolated from CREC cultured in LB broth with or without 4 µg/mL903

meropenem (n=3 biological replicates). OMV pellets were lysed in SDT buffer (4%904

SDS, 100 mM Tris-HCl [pH 8.0], 100 mM DTT), boiled for 3 min, sonicated for 2905



min, and cleared by centrifugation (16,000 × g, 20 min, 4°C). Protein concentrations906

were determined by BCA assay, with sample integrity verified by SDS-PAGE.907

Proteins were processed via filter-aided sample preparation (FASP). Following908

reduction, samples were loaded onto 10-kDa centrifugal filters, washed with UA909

buffer (8 M urea, 150 mM Tris-HCl [pH 8.0]), alkylated with 50 mM iodoacetamide,910

and digested with trypsin (Promega; 1:25 w/w) for 16 h at 37°C. Peptides were911

C18-desalted, vacuum-dried, reconstituted in 0.1% formic acid, and analyzed on a912

Vanquish Neo UHPLC system coupled to an Orbitrap Astral mass spectrometer913

(Thermo Scientific). Separation utilized a µPAC Neo High Throughput column with a914

15-min acetonitrile gradient (2 µL/min). Data-independent acquisition (DIA) spanned915

an m/z range of 380-980. Raw data were processed with DIA-NN v1.8 against the916

UniProt E. coli database (Taxonomy ID 562). Differential abundance was defined as a917

fold change of ≥1.5 or ≤0.67 with P < 0.05.918

RNA extraction and quantitative reverse-transcription PCR919

Total RNA was extracted from bacterial cultures using the MolPure Bacterial RNA920

Kit (Yeasen Biotechnology) and reverse-transcribed (500 ng per sample) into cDNA921

using the PrimeScript RT Reagent Kit (TaKaRa). Quantitative PCR was performed on922

a 7500 Real-Time PCR System (Applied Biosystems) with Hieff UNICON Universal923

Blue qPCR SYBR Green Master Mix (Yeasen Biotechnology). Relative gene924

expression was normalized to rpoB and calculated via the 2-ΔΔCt method. All samples925

were analyzed in technical triplicate.926

Plasmid copy number determination927



The copy number of the blaNDM-carrying plasmid was determined by qPCR,928

calculated as the ratio of plasmid-borne blaNDM to the single-copy chromosomal929

reference gene rpoB52. Absolute copy numbers for each sample were interpolated930

from standard curves generated using 10-fold serial dilutions of purified pGM-T931

vectors (Tiangen Biotech) carrying either the blaNDM or rpoB amplicons. All reactions932

were performed in technical triplicate.933

Mouse model of CREC colonization, colitis, and secondary pneumonia934

Female C57BL/6J mice (6-8 weeks old) were orally gavaged daily for 14 days with935

~1 × 10⁸ CFU of CREC to establish intestinal colonization. Colitis was induced by936

supplementing the drinking water with 3% (w/v) DSS from days 8 to 14. On days 15937

and 16, isoflurane-anesthetized mice were intranasally inoculated with ~5 × 10⁷ CFU938

of a carbapenem-susceptible K. pneumoniae strain, which was selected from the939

clinical cohort as described above. Prior to treatment on day 17, mice were randomly940

assigned to four groups (n = 8 per group) and administered intravenous PBS,941

meropenem (25 mg/kg), amikacin (15 mg/kg), or aztreonam-avibactam (50/12.5942

mg/kg) once daily on days 17 and 18. Six hours after the final dose, mice were943

euthanized. Whole blood and homogenized lung tissues were plated on944

Mueller-Hinton agar to quantify bacterial burdens. Plasma isolated from retro-orbital945

blood was analyzed for LPS- and NDM-positive vesicles via nano-flow cytometry,946

and procalcitonin (PCT) levels were determined by ELISA.947

Separate cohorts were used for pharmacokinetic studies (n = 3 per time point per948

group). Following the final antibiotic dose on day 18, mice were euthanized at 0.5, 1,949



2, 4, and 8 h. Serum antibiotic concentrations were quantified by LC-MS/MS, and950

pharmacokinetic parameters were derived via non-compartmental analysis.951

Statistics952

Statistical analyses were performed using GraphPad Prism 10 (GraphPad Software).953

All independent experiments included at least three biological replicates. Univariate954

and multivariate logistic regression models were used to identify independent clinical955

predictors of persistent infection. Data were presented as mean ± SD unless otherwise956

indicated. Normality was assessed using the Shapiro-Wilk test. Two-group957

comparisons were evaluated using unpaired two-sided Student’s t-tests. Comparisons958

among three or more groups were analyzed utilizing one-way ANOVA with Tukey’s959

post hoc test, or the Kruskal-Wallis test with Dunn’s post hoc test, as appropriate960

based on normality. Associations between continuous variables were evaluated using961

Pearson correlation analysis. The effect size, reported as Pearson’s correlation962

coefficient (r), was calculated from the coefficient of determination (r2) derived via963

simple linear regression. Categorical variables were compared using Fisher’s exact964

test or the χ2 test. Following acclimation, animals were randomly assigned to965

experimental groups using computer-generated random numbers in Microsoft Excel.966
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