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ARTICLE INFO ABSTRACT
Keywords: Infections caused by carbapenem-resistant Acinetobacter baumannii (A. baumannii; CRADb) are associated with
Acinetobacter baumannii high patient morbidity and mortality. The serious threat for human health imposed by CRAb was recently
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underscored by identification of close-to-untouchable carbapenem- and tetracycline-resistant isolates. Since
outer membrane vesicles (OMVs) of Gram-negative bacteria may contribute to antimicrobial resistance, our
present study was aimed at investigating OMVs produced by the first two carbapenem- and tetracycline-resistant
A. baumannii isolates in Europe. These isolates, denoted CRAb1l and CRAb2, contain large, nearly identical
plasmids that specify multiple resistances. Both isolates produce OMVs that were analyzed by differential light
scattering, transmission electron microscopy and proteomics. By comparison with OMVs from the plasmid-free
non-carbapenem-resistant A. baumannii isolate Abl, which is an isogenic ancestor of the CRAb1 isolate, we
show that plasmid carriage by the CRAb1 and CRAD2 isolates leads to an increased OMV size that is accompanied
by increased diversity of the OMV proteome. Our analyses show that OMVs from CRAb1 and CRAb2 are major
reservoirs of proteins involved in antimicrobial resistance, including the plasmid-encoded carbapenemases New
Delhi metallo-p-lactamase-1 (NDM-1), and carbapenem-hydrolyzing oxacillinase OXA-97 (OXA-97). Here we
report that these OMV-borne carbapenemases hydrolyze imipenem and protect otherwise carbapenem-sensitive
A. baumannii and Escherichia coli (E. coli) isolates against this antibiotic. In conclusion, our findings demonstrate
that OMVs from highly drug-resistant CRAb confer protection against last-resort antibiotics to non-resistant
bacterial pathogens.

1. Introduction that is notorious for causing life-threatening healthcare- and ventilator-
associated pneumonia (Alrahmany et al., 2022; Du et al., 2019; Fitz-
Acinetobacter baumannii (A. baumannii) is a Gram-negative bacterium patrick et al., 2021; Pogue et al., 2022; Vivo et al., 2022). Particularly
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the emergence of carbapenem-resistant A. baumannii (CRAb) variants
has raised the alarms due to their ability to resist last-generation p-lac-
tam antibiotics. Combined with the already critical multidrug resistance
in A. baumannii, the emergence of CRAD has increased patient morbidity
and mortality due to A. baumannii infections even further (between 33 %
and 86 %) (Benyamini, 2024; Du et al., 2019; Patel et al., 2019; Pogue
et al., 2022). Furthermore, in the post-COVID-19 era, A. baumannii
became one of the most frequently detected pathogens among patients
in intensive care units (ICUs) of Chinese hospitals (20 %), where it
especially affected patients with long stays (Yang et al., 2021). Also,
other countries, like Spain, France, Japan, Egypt, Iran, and Italy, wit-
nessed A. baumannii outbreaks among long-stay ICU patients who were
treated for COVID-19 (Kyriakidis et al., 2021). These developments led
the World Health Organization (WHO) to declare CRAb as a top-priority
pathogen for the development of new antimicrobials in 2018, and this
recommendation was reaffirmed by the WHO in 2024 (Tacconelli et al.,
2018; WHO, 2024).

The main mechanisms underlying the rapid emergence of multidrug-
resistant bacteria in general are: (i) horizontal transmission of antibiotic
resistance genes via either transformation, transduction, or conjugation
(J. Chen et al., 2018; McInnes et al., 2020; Muteeb et al., 2023; Thomas
and Nielsen, 2005; Tran and Boedicker, 2017), and (ii) the mutation of
specific genes that either lead to their overexpression or silencing,
thereby causing increased antibiotic resistance (Revitt-Mills and Rob-
inson, 2020; Stasiak et al., 2021). The antibiotic resistance mechanisms
that have so far been identified in A. baumannii are based on enzymatic
drug inactivation, limitation of drug uptake by changes in outer mem-
brane permeability, drug target alterations as observed in
penicillin-binding proteins, increased drug extrusion through over-
expression of efflux pumps, and biofilm formation that establishes a
physical barrier which protects the bacteria against antimicrobials (Shi
et al.,, 2024). In the case of CRADb, resistance is mostly caused by the
acquisition of plasmids that carry genes for carbapenemase enzymes,
which hydrolyze carbapenems (Beig et al., 2023; Corvec et al., 2007).
Tetracyclines are usually applied to treat CRADb infections but, unfor-
tunately, tetracycline-resistant CRAb isolates have emerged (He et al.,
2019; Isler et al., 2018). Such isolates can even be resistant to important
last-line antibiotics, such as tigecycline, minocycline, eravacycline, and
omadacycline (Chen et al., 2020; Evans et al., 2016; Livermore et al.,
2016; Yang et al., 2022). The resistance to these antibiotics may be
conferred by Tet(x) monooxygenase enzymes that can degrade tetracy-
clines (Chen et al., 2020; Yang et al., 2004).

Gram-negative bacteria like A. baumannii are known to discharge so-
called outer membrane vesicles (OMVs) into their environment
(Agarwal et al., 2019; Dhurve et al., 2022; Kesavan et al., 2020; Kwon
et al.,, 2009; Li et al., 2015; Rumbo et al., 2011). OMVs can help the
bacteria to thrive in different environments, providing a huge fitness
advantage during the colonization of mammalian cells or surfaces by
creating the first layers supporting biofilm formation (Baumgarten et al.,
2012; Bielaszewska et al., 2018; Canas et al., 2018; Tiku et al., 2021).
Moreover, in addition to transformation, transduction and conjugation,
these vesicles may be involved in horizontal gene transfer favoring the
spread of antibiotic resistance genes, and they can help to disseminate
quorum sensing molecules (Chatterjee et al., 2017; Mashburn and
Whiteley, 2005; Rumbo et al., 2011). OMVs have also been implicated in
bacterial virulence, for instance by neutralizing the host immune de-
fenses (Espina et al., 2022; Gabarrini et al., 2018). Lastly, OMVs can
provide different types of protection against environmental hazards, for
instance by serving as decoys for bacteriophages (Manning and Kuehn,
2011), and by inactivating or binding antibiotics from different classes,
like carbapenems (Gonzalez et al., 2016; Kim et al., 2018; Lee et al.,
2013) and polymyxins (Marchant et al., 2021; Park et al., 2021).

In the course of a recent A. baumannii outbreak in an ICU in the
Netherlands, which initially started with carbapenemase-sensitive iso-
lates, two tetracycline-resistant CRAb strains with distinct multi-locus
sequence types were isolated from two of the affected patients
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(Talsma et al., 2024). Whole-genome sequencing showed that these
isolates, denoted CRAb1 and CRAb2, carried close-to-identical plasmids
of 265 kb with multiple antibiotic resistance genes, including the
blanpm-1 and blapxa.g7 carbapenemase genes and the tet(x3) tetracycline
resistance gene (Talsma et al., 2024) (Table 1). The tet(x3) gene was
shown to confer high-level resistance to last-resort tetracyclines,
including the newly registered eravacycline and omadacycline, which
made these two isolates highly exceptional for CRAb isolates from
Europe. In addition, the plasmids pCRAb1 and pCRAb2 had not been
described before. Whole-genome sequencing of the first
carbapenem-sensitive A. baumannii isolate (Abl) from the outbreak’s
index patient showed that this isolate was isogenic with the CRAb1
isolate that was collected four weeks later from the same patient (Talsma
et al., 2024). The Abl and CRAb1 isolates differed only for the presence
of the 265-kb plasmid pCRAb1 in the CRAb1 isolate and the absence of a
prophage from the CRAbI isolate. Altogether, the collected data are
indicative of inter-bacterial plasmid transfer during the outbreak,
although the origin of the pCRAb1 and pCRAb2 plasmids remained
unknown (Talsma et al., 2024).

Since previous studies have implicated OMVs in the Gram-negative
bacterial resistance to antimicrobial agents, our present study was
aimed at investigating whether the two tetracycline-resistant CRAb
strains, CRAbl and CRAb2, produce OMVs that contribute to these
traits. To address this question, a proteomics approach was followed and
combined with subsequent functional analyses. For comparison, we also
analyzed the OMV proteome of the early non-resistant Ab1 isolate.

2. Materials and methods
2.1. Bacterial strains

The A. baumannii isolates used for this study were denoted Abl
(blaapc-79, blapxa-100), CRADb1 (blaapc.79, blaoxa-100, blanpm.1, blaoxa-o7,
tet(x3), sul2, ant(2”)-la, aph(3”)-lb, aph(3’)-la, aph(6)-ld, ant(3”)-lla,
mph(E), msr(E)), and CRAb2 (blaapc.79, blaoxa-100, blanpm-1, blaoxa-o7,
tet(x3), sul2, abaF, ant(2”)-la, aph(3”)-Ib, aph(3’)-la, aph(6)-1d, ant(3”)-
lla, mph(E), msr(E)). The genome sequences of these isolates have been
submitted to the NCBI GenBank database and are available under the
BioProject number PRINA1011532. The isolates were routinely grown
in Lysogeny Broth (LB, BD Difco™) at 37 °C. The cultures were shaken at
120 revolutions per minute (rpm) using a Multitron Triple Incubator
Shaker (Infors HT). LB plates contained 1.2 % agar (BD Difco™). The
cultures were routinely checked by plating on selective media.

2.2. Purification of OMVs

To isolate OMVs, overnight cultures of A. baumannii were used to
inoculate 250 mL of LB at a 1:100 dilution. Subsequently, the bacteria
were cultured for 24 h at 37 °C and 120 rpm. The bacteria were then

Table 1
Antibiotic resistance genes encoded by the large pCRAb1 and pCRAb2 plas-
mids in the CRAb1 and CRAb2 isolates.

Antibiotic resistance genes Resistance against

blaapc_79 p-lactams/carbapenems
blaoxa-100

blanpm -1

blaoxa o7

tet(x3) Tetracyclines

sul2 Sulphonamides
ant(2”)-la Aminoglycosides
aph(3”)-b
aph(3’)-la
aph(6)-ld
ant(3”)-lla
mph(E)
msr(E)

Macrolides
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pelleted by centrifugation at 8000 x g for 20 minutes (min) at 4 °C, using
an Avanti J-26S XP centrifuge (Beckman Coulter Inc., Brea, California,
USA). The culture supernatant containing OMVs was filtered through a
0.22 pm polyethersulfone (PES) filter (VWR) and kept at 4 °C. OMVs
were collected from the cell-free culture supernatant by ultracentrifu-
gation at 30,000 rpm (150,000 x g) for 4 h, at 4 °C, using an OptimaTM
XL-80K ultracentrifuge (Beckman Coulter Inc., Brea, California, USA).
The supernatant was discarded, and the pellet was washed three times
with phosphate-buffered saline (PBS) by ultracentrifugation at
100,000 x g for 3 h at 4 °C. OMVs were resuspended in 300-500 pL of
PBS for further analysis. Quantification of the OMV protein content was
performed using the Pierce™ bicinchoninic acid (BCA) Protein Assay Kit
(ThermoFisher), and 2 % sodium dodecyl sulfate (SDS) for OMV solu-
bilization (Morton and Evans, 1992).

2.3. Dynamic light scattering (DLS)

For DLS analysis, a Zetasizer Nano ZS (Malvern Panalytical Ltd, UK)
was used. To this end, 40 pL of PBS-diluted OMVs (100-200 pg/mL)
were submitted to DLS in micro cuvettes (part no. ZEN0040, Malvern
Panalytical). The refractory index (RI) was set to 1.45 with an absorp-
tion of 0.001 and the dispersant RI was set to 1.335 with a viscosity of
0.8882. The temperature was set to 25 °C. Measurements were per-
formed in triplicate with an equilibration time of 90 seconds (s).

2.4. Transmission electron microscopy (TEM)

For visualization of OMVs by TEM, negative staining was performed
using a solution of 5 % uranyl acetate as previously described (Melo
et al., 2014). A drop of the OMVs was deposited onto a copper grid with
carbon-coated Formvar films. After 15 min of incubation, the grids were
rinsed with ultrapure water, stained with uranyl acetate, and washed
again before visualization using a Talos F200i electron microscope at
80 kV.

2.5. Lithium dodecyl sulfate (LDS) - polyacrylamide gel electrophoresis
(PAGE)

OMVs samples (20 pg) were precipitated with trichloroacetic acid
(TCA) at a final concentration of 10 % by incubation for 18 h at 4 °C.
Subsequently, proteins were pelleted at 18,500 x g, at 4 °C for 20 min,
washed with 1 mL of ice-cold acetone, centrifuged for 10 min, and dried
by incubating the pellets at 60 °C for 10 min. Precipitated proteins were
resuspended in a gel loading buffer containing NuPAGE 10 x sample
reducing agent and 4 x LDS sample buffer (Invitrogen, USA), boiled at
98 °C for 10 min, and separated on 10 % NuPAGE gels (Invitrogen, USA)
by LDS- polyacrylamide gel electrophoresis (PAGE). After electropho-
resis proteins were stained with SimplyBlue SafeStain (Life Technolo-
gies, CA) and analyzed.

2.6. Liquid chromatography-mass spectrometry (LC-MS/MS) analyses

Gel lanes of LDS-PAGE gels with OMV samples (three independent
biological replicates per strain) were excised in one piece and subjected
to trypsin digestion as described earlier (Bonn et al., 2014). For the
subsequent LC-MS/MS measurements, the digests were separated by
reversed phase column chromatography using an EASY nLC 1000
(Thermo Fisher Scientific) with self-packed columns (OD 360 pm, ID 100
pm, length 20 cm) filled with 3 um diameter C18 particles (Dr. Maisch,
Ammerbuch-Entringen, Germany). Following loading/desalting in
0.1 % acetic acid in water, the peptides were separated by applying a
binary non-linear gradient from 1 % to 99 % acetonitrile in 0.1 % acetic
acid over 162 min. The LC was coupled online to a LTQ Orbitrap Velos
mass spectrometer (Thermo Fisher, Bremen, Germany) with a spray
voltage of 2.6 kV. After a survey scan in the Orbitrap (r = 30,000),
MS/MS data were recorded for the twenty most intensive precursor ions
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in the linear ion trap. Singly charged ions were not considered for
MS/MS analysis. The lock mass option was enabled throughout all
analyses.

After mass spectrometric measurement, a database search was per-
formed using MaxQuant (version 2.0.3.0) with databases of
A. baumannii Abl, CRAb1, and CRAD2 isolates (3752, 3922, and 4119
entries, respectively) in separate (Cox and Mann, 2008). These data-
bases were obtained from Prokka v1.14.6 annotation. For strain CRAb1
also protein sequences encoded by the plasmid (268 entries) were used
for spectrum identification. Common laboratory contaminants and
reversed sequences were included by MaxQuant. Search parameters
were set as follows: trypsin/P specific digestion with up to two missed
cleavages, methionine oxidation, and N-terminal acetylation as variable
modification, match between runs with default parameters enabled. The
false discovery rates (FDRs) of protein and the peptide spectrum match
(PSM) levels were set to 0.01. Two identified unique peptides were
required for protein identification. The values of accurate
proteome-wide label free quantification by delayed normalization and
maximal peptide ratio extraction (MaxLFQ) (Cox et al., 2014) and
intensity-based absolute quantification (iBAQ) (Schwanhausser et al.,
2011) were calculated in MaxQuant with default settings as a proxy for
protein abundance.

2.7. Analysis of proteome data

Functions of detected proteins were assessed using the ‘basic local
alignment search tool for proteins’ (BLASTp) and manually curated
using the ‘universal protein knowledgebase’ (UniProt) (Consortium,
2023). Cluster of orthologous genes (COG) categories were attributed
using a public database of orthologous relationships, gene evolutionary
history and functional annotations (eggNOG) (ver.6.0.0) (Huerta-Cepas
et al., 2019), and reCOGnizer (ver.1.10.0) (Sequeira et al., 2022). The
predicted subcellular localization of each identified OMV protein was
assessed using an open-source tool for localization prediction in
Gram-negative bacteria (PSORTb) (ver.3.0) (Yu et al., 2010), and liter-
ature data. For protein comparison across the isolates, Venn diagrams
were drawn using InteractiVENN (Heberle et al., 2015). Antibiotic
resistance proteins were predicted using the ‘comprehensive antibiotic
resistance database’ (CARD) (Jia et al., 2017) as implemented in Abri-
cate (Seemann, 2016). Virulence genes were determined by com-
plementing the afore-mentioned tools with the VirulentPred algorithm
(ver.1.0) (Garg and Gupta, 2008), which predicts bacterial virulence
factors based on their amino acid composition, the bilayer cascade
‘support vector machine’ module (SVM), and the ‘predict pathogenic
proteins in metagenomic data sets’ (MP3) webserver (Gupta et al.,
2014).x

2.8. Assays for carbapenemase activity

Two procedures were applied to assay carbapenemase activity
associated with OMVs: a biochemical chromogenic carbapenemase
assay (CarbaNP test) (Bouslah, 2020) and the ‘carbapenem inactivation
method’ (CIM) (van der Zwaluw et al., 2015). The CarbaNP test was
adapted from a previous study (Pasteran et al., 2015) and was performed
by mixing 100 pL containing 3.5 mg of OMVs with either solution A
(100 pL of an aqueous solution of 0.05 % phenol-red with 10 mM of
SO4Zn), or solution B (solution A supplemented with imipenem at
6 mg/mL), followed by a 2 h incubation at 37 °C. Negative controls with
or without imipenem, and with or without OMVs were used to accu-
rately check for color changes. For the CIM analyses, a protocol was
adapted from (van der Zwaluw et al., 2015). Briefly, an imipenem
diffusion disk (BD BBL™ Sensi-Disc™, BD) was incubated for 2 h at 37
°C in 500 uL PBS with or without 2 mg/mL of OMVs. Afterwards, the
disk was placed on an agar plate with a bacterial lawn of the imipenem
susceptible indicator strain A. baumannii ATCC 17978. Positive controls
were also prepared by incubating disks in PBS with the bacterial biomass
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of each of the strains from which OMVs were derived. Agar plates were
incubated overnight at 37 °C and the presence or absence of zones of
growth inhibition was inspected.

2.9. Assay for OMV-mediated protection against imipenem

To evaluate the protection conferred by the OMVs against carbape-
nems, growth curves were recorded where the imipenem susceptible
A. baumannii ATCC 17978 strain was incubated with antibiotics at a
minimum inhibitory concentration (MIC), with or without CRAb2-
derived OMVs. In particular, an overnight pre-inoculum of
A. baumannii ATCC 17978 in LB was diluted to a cell density of 2 x 10°
colony-forming units (CFUs)/mL and mixed with or without imipenem
(0.125 pg/mL) and OMVs (20 pg) in a 96-well plate. The cultures were
incubated in an Epoch plate reader (Biotek) for 6 h at 37 °C with
continuous shaking (120 rpm) and with 30 min interval optical density
measurements at 600 nm (ODggo). The experiment was performed in
three independent biological replicates.

2.10. Assay for imipenem survival

Survival assays were performed by incubating A. baumannii ATCC
17978 and E. coli ATCC 25922, diluted from an overnight LB pre-
inoculum to a cell density of 2 x 10° CFUs/mL, with an inhibitory
antibiotic concentration (0.5 pg/mL of imipenem, 256 pg/mL of ampi-
cillin) and three different CRAb2 OMV concentrations (10 ug/mL,
25 pg/mL, 50 pg/mL). The assay was carried out in 96-well plates that
were incubated for 24 h at 37 °C without shaking. ODgoo and CFUs were
measured and compared to non-treated controls. The assay was per-
formed in three different biological replicates.

2.11. Statistical analysis

Statistical analyses were performed using GraphPad software,
version 7.0. All data are expressed as means + standard error of the
mean (SEM) and statistical differences were calculated by two-way
ANOVA and Tukey’s multiple comparison tests.

2.12. Data availability

All MS-based proteomics data have been deposited in the PRIDE
repository of the ProteomeXchange Consortium (Deutsch et al., 2023)
with the dataset identifier PXD051698.

3. Results and discussion
3.1. Characterization of OMVs

OMVs from the three A. baumannii study isolates Abl, CRAb1 and
CRADb2 were collected after 24 h culturing in LB. This involved subse-
quent centrifugation, ultracentrifugation and filtering steps after which
the OMVs were resuspended in PBS. A first characterization of the OMVs
was performed by DLS and TEM. The DLS measurements revealed that
OMVs from all three isolates contained two differently sized

Table 2
DLS measurements on OMVs from the A. baumannii study isolates Abl, CRAb1
and CRAD2.

Peak 1
Average size (nm)

Peak 2 PdI*
Average size (nm)

A. baumannii isolates

Abl 194.9 + 81.91 36.15 £ 9.61 0.309
CRAD1 275.5 £133.2 48.59 + 14.89 0.494
CRAb2 266.1 +£137.5 45.86 + 13.04 0.409

*PdI refers to the polydispersity index, which indicates how homogeneous the
respective sample is.
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populations. As presented in Table 2, two distinct peaks were detectable
for each sample. OMVs from the Abl isolate had, on average, a smaller
size than OMVs from the other two isolates. TEM images of the different
OMYV preparations showed that the smaller-sized population was prev-
alent, with very few OMVs of the higher-sized population (Fig. 1). The
latter OMVs, together with some aggregated OMVs that were also
detectable, could be responsible for the Peak 1 detected by DLS. These
observations suggest that the actual size of OMVs is reflected by Peak 2
in the DLS measurements, which would be in accordance with the results
from other studies (Agarwal et al., 2019; Kesavan et al., 2020; Li et al.,
2015; Yun et al., 2018). Of note, Fig. 1C shows that phage particles
adhere to some OMVs of the CRAb2 isolate which may, at least partially,
explain the presence of Peak 1.

3.2. Proteomic analysis of OMVs

OMVs from the three study isolates were isolated and analyzed by
MS for their protein content (Supplemental Table S1). The OMVs from
the Ab1 strain presented the lowest protein diversity, with 162 different
identified proteins (Fig. 2). The OMVs from the two CRAb isolates,
CRAD1 and CRAb2, displayed significantly more protein diversity with,
respectively, 406 and 522 identified proteins (Fig. 2). Since the Ab1l and
CRAD1 strains are isogenic this suggests that the higher protein diversity
in OMVs from the CRAb1 isolate is related to the large pCRAb1 plasmid
that the CRAb1 isolate carries, or to the absence of a prophage from the
CRAD1 isolate. However, since OMVs of the CRAb2 isolate show a
comparably high protein diversity as OMVs from the CRAb1 isolate, it
seems most likely that the elevated protein diversity of OMVs from the
CRADb1 and CRADb2 isolates is due to the presence of pCRAbl and
PCRAD2, respectively.

As shown in Fig. 2 and Figure S1, the largest portion number of OMV
proteins from the Abl isolate was predicted to be located in the outer
membrane (33.33 %), whereas many other proteins were predicted to
originate from multiple or unknown locations (19.14 %). The remaining
identified OMV proteins from the Abl isolate were bioinformatically
assigned to the inner membrane (12.96 %), cytoplasm (12.35 %), peri-
plasm (11.73 %), or extracellular milieu (10.49 %). OMVs from the
CRAb1 and CRADb2 isolates displayed a similar protein composition with
nearly half of them having a predicted cytoplasmic localization
(47.29 % and 57.28 %, respectively). This is a higher proportion of
predicted cytoplasmic proteins than was observed for OMVs from the
Abl isolate and could perhaps be related to the larger OMV sizes
measured for the CRAb1 and CRAb2 OMVs. Both the CRAb1 and CRAb2
OMVs presented a lower proportion of predicted outer membrane pro-
teins (13.55 % and 10.34 % respectively) compared to the Abl OMVs.
Furthermore, a similar proportion of predicted inner membrane
(15.76 % and 13.41 %), periplasmic (5.91 % and 4.41 %), and extra-
cellular proteins (5.17 % and 2.68 %) was observed in the CRAb1 and
CRADb2 OMVs, respectively. Lastly, a significant number of proteins with
unknown localization (12.32 % and 11.88 %) was identified in OMVs
from both CRAD isolates. Importantly, inspection of the total numbers of
identified OMV proteins per predicted subcellular localization
(Figure S1) shows that the main differences between OMVs from the Ab1
versus the CRAb1/CRAD2 proteins relate to proteins with a predicted
cytoplasmic or inner membrane localization (Fig. 2). In contrast, com-
parable numbers of proteins with a predicted outer membrane, peri-
plasmic, or extracellular localization were identified in OMVs of the
three isolates.

To assess the similarities and differences in the identified protein
content of OMVs from the three A. baumannii isolates, a BLASTp analysis
was performed and the results are presented in Venn diagrams (Fig. 3).
For this analysis, only proteins with an amino acid sequence with 100 %
coverage and greater than 95 % identity were considered to be the same.
The VENN diagram shows that, with 129 common proteins, there is a
significant overlap in the OMV proteins from the three A. baumannii
isolates. Yet, there are also clear differences. Specifically, 6 proteins are
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200 nm

Fig. 1. Transmission electron miscroscopy (TEM) images of outer membrane vesicles (OMVs) from the three A. baumannii study isolates. A) Abl; B) CRADbI;

C) CRAb2.
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Fig. 2. Predicted localization of OMV-associated proteins from the Abl, CRAb1
and CRAD2 isolates.

unique to Abl OMVs, 43 proteins to CRAb1 OMVs, and 176 proteins to
CRADb2 OMVs. Despite the high genomic similarity between the Abl and
CRADI isolates, there are still 11 OMV proteins from the Ab1 isolate that
are not present in OMVs from the CRAD1 isolate, and 255 OMV proteins
from the CRAb1 isolate that are absent from OMVs of the Abl isolate.
None of the 11 unique proteins in Abl OMVs relate to the prophage that
is absent from the CRAb1 isolate, which suggests that the carriage of
plasmid pCRAD1 is largely responsible for the differences in the protein
content of the Abl and CRAb1 OMVs. If so, the same is probably true for
the presence of pCRADb2 in the CRADb2 isolate, which would imply that
the plasmid carriage by the CRAb1 and CRAb2 isolates triggers the in-
clusion of additional cytoplasmic and inner membrane proteins in their
OMVs. In this respect, it is noteworthy that in OMVs from the CRAb1 and
CRAD2 isolates only four plasmid-encoded proteins were identified of
which two were identified in OMVs from both isolates.

3.3. OMV-borne proteins associated with antimicrobial resistance

For functional annotation, proteins were analyzed using a combi-
nation of BLASTp, eggNOG, ABRicate, and manual curation based on

CRAb1
(406)

Fig. 3. Venn diagram showing the numbers of common and uniquely identified
proteins in OMVs from the Abl, CRAb1, and CRAb2 study isolates.

UniProt. The analysis revealed that among the 129 common OMV-borne
proteins, several were related to antibiotic resistance (AR), including the
penicillin-binding protein 1B (Zapun et al., 2008), and the AdeK and
AdeT RND-type efflux pumps (Damier-Piolle et al., 2008; Siroy et al.,
2006). Notably, the carbapenemases OXA-97 and NDM-1, encoded by
the blapxa.97 and blanpy.1 genes in the pCRAb1 and pCRAb2 plasmids,
were present in the OMVs of the CRAb1 and CRAb2 isolates. Addition-
ally, we found another f-lactamase, OXA-100, and the efflux pumps
AdeJ and Adel, which are chromosomally encoded and can confer
resistance to a wide range of antibiotics (Damier-Piolle et al., 2008).
Other proteins that potentially have a role in antimicrobial resistance,
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such as the OmpW family outer membrane p-barrel protein (UniProt -
ACIAD2272) (Roterman et al., 2021), the copper resistance protein B
(Vollmecke et al., 2012), the CpaA metalloendopeptidase (Tilley et al.,
2014), and the cobalt-zinc-cadmium resistance protein CzcA (Nies,
1995), were also identified. Table 3 lists all antibiotic-resistance proteins
found across the OMVs of the different isolates. Each protein sequence
was inspected by CARD (Jia et al., 2017). These observations show that
A. baumannii OMVs can be regarded as reservoirs for proteins that confer
antibiotic resistance, some of which may protect not only A. baumannii
but also other bacterial cells against antimicrobials (Agarwal et al.,
2019; Chatterjee et al., 2017; Rumbo et al., 2011).

3.4. OMV-associated carbapenemase activity

Previous studies have shown that different Gram-negative bacterial
species, including A. baumannii, secrete p-lactamases in association with
OMVs (Ciofu et al., 2000; Gonzalez et al., 2016; Kim et al., 2018).
Furthermore, (Lopez et al., 2021) proposed that carbapenemases, such
as NDM-1, are active in the periplasm, but can be packaged into OMVs
due to electrostatic interaction with the outer membrane. Since we
identified the carbapenemases OXA-97 and NDM-1 in OMVs from the
CRAD1 and CRADb2 isolates, we investigated whether these enzymes are
active and protect the bacteria against bactericidal carbapenem activity.

To assess OMV-associated carbapenemase activity, the CarbaNP test
was performed (Pasteran et al., 2015). This test involved the mixing of
OMVs with a phenol-red solution containing a carbapenem antibiotic.
Since hydrolysis of the antibiotic by carbapenemase activity will lead to
acidification of the solution, a color change from red to yellow is
indicative of carbapenemase activity in the OMVs. Fig. 4 shows the color

Table 3
Antimicrobial resistance proteins identified in the OMVs of the Abl, CRAb1 and
CRAD2 isolates.

Common in Abl, CRAb1, and CRAb2 OMVs

D Protein Gene CARD
P0003  AdeT, RND type efflux pump adeT -
P0009  Cobalt-zinc-cadmium resistance protein CzcA; czcA mexK
efflux RND transporter permease subunit
P0169  Outer membrane protein OprM oprM adeK
P0222  Ornithine uptake porin CarO type 1 carO carO
P0367  Cell envelope integrity protein TolA tolA -
P0478  Putative lipoprotein YiaD; OmpA-like yiaD *
P0522  Copper resistance protein B copB *
P0582  Outer membrane protein W ompW *
Common in Abl and CRAb1 OMVs
D Protein Gene CARD
P0008  Macrolide export protein MacA macA *
P0523 Copper resistance protein A; copper resistance copA -
system multicopper oxidase
P0265  OmpW family outer membrane B-barrel protein ~ omp *
Common in CRAb1 and CRAb2 OMVs
ID Protein Gene CARD
P0170  Multidrug resistance protein MexB; multidrug acrB adeJ
efflux RND transporter permease subunit AdeJ
P0171 Multidrug efflux pump subunit AcrA acrA adel
P0392  p-lactamase OXA—100 bla OXA-100
OXA—100
P0644  p-lactamase OXA—97 bla OXA-97
OXA-97
P0647  Metallo-p-lactamase type 2 NDM—1 bla NDM-1
NDM-1
Unique to CRAb1 OMVs
D Protein Gene CARD
P0062  Penicillin-binding protein 1 A mrcA *
Unique to CRAb2 OMVs
ID Protein Gene CARD
P0495  Colistin resistance protein EmrA; HlyD family emrA *
secretion protein
P0532  Macrolide export protein MacA macA

*CARD detected several homologous genes with low sequence identities
(<60 %).
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Fig. 4. Chromogenic carbapenemase (CarbaNP) test with isolated OMVs from
the CRAb1 and CRADb2 isolates. Tubes from left to right show: 1 - negative
control, phosphate-buffered saline (PBS); 2 - negative control, PBS with imi-
penem (IMP); 3 - CRAb1 OMVs, negative control without IMP; 4 - CRAb1 OMVs
with IMP; 5 - CRAb2 OMVs, negative control without IMP; 6 - CRAb2 OMVs
with IMP.

change from red to orange/yellow in samples that contained OMVs from
the CRAb1 or CRADb2 isolates and imipenem, with a notable difference
between the OMV-treated and the negative control samples. This result
was further verified by recording the absorption spectra of the solutions,
which clearly showed a shift from the red color peak (560 nm) to the
yellow color peak (430 nm), with a red/yellow color ratio shift from 1.1
to 0.52 observe for the CRAb2 OMVs (Figure S2).

To test whether the OMV-associated carbapenemase activity could
protect carbapenem-sensitive bacteria against such antibiotics, we
applied the carbapenem inactivation method (CIM). This procedure is
based on the incubation of a diffusion disk with imipenem in a solution
containing OMVs or PBS, and the subsequent use of the incubated disk in
a disk diffusion test on a plate with a susceptible strain. Lack of carba-
penemase activity in the OMVs would not affect the antibiotic present in
the disk and, accordingly, there would be a zone of growth inhibition
detectable around the disk upon its usage in the disk diffusion test for
carbapenem sensitivity. Conversely, OMV-associated carbapenemase
activity would lead to diminished or no growth inhibition around the
disk. Indeed, the results of the CIM showed that OMVs from the CRAb1
and CRAD2 isolates were capable of efficiently inactivating imipenem
within the disc, while OMVs from the Ab1 isolate did not inactivate the
imipenem in the disc (Fig. 5). As expected, the negative control of disk
incubation without OMVs showed a clear zone of growth inhibition
around the disk, while the positive controls of disk incubation with
biomass of the CRAb1 or CRAb2 isolates in PBS resulted in the degra-
dation of imipenem within the disk, as was evidenced by the absence of
growth inhibition. Together, these results demonstrated the presence of
active carbapenemases in the OMVs and implied that these OMVs can
potentially contribute to increased bacterial tolerance to carbapenems.

3.5. OMV-mediated protection against imipenem

To assess the protection against carbapenems as conferred by the
OMV-borne carbapenemases during bacterial growth, we incubated the
carbapenem-susceptible strain A. baumannii ATCC 17978 with OMVs
from the CRAD2 isolate in the presence or absence of imipenem. Abl
OMVs were tested as well without any visible effect (data not shown).
First, both OMVs (40 pg) and imipenem (0.125 ug/mL) were pre-
incubated for 2 h at 37 °C before adding them to an equal volume of
culture at an ODgq of 0.2 and, subsequently, growth was continued for
6 h. The results are shown in Fig. 6. During the first 30 min of the in-
cubation, a decrease in the ODgoo was observed, which was caused by
the dilution of the culture upon mixing with the mixture of OMVs and
imipenem. After 2 h of incubation, the growth rates started to diverge
between cultures where imipenem was or was not pre-incubated with
OMVs. After 4h of incubation, the culture with OMV-pre-treated
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Fig. 5. Visualization of carbapenem inactivation by OMVs from the CRAb1 and CRAb2 study isolates using the ‘carbapenemase inactivation method’ (CIM) test. The
carbapenem-susceptible strain used was A. baumannii 17978. Control phosphate-buffered saline (PBS), imipenem (IMP) diffusion disk incubated with PBS only.
Control Abl, CRAb1, and CRAb2, IMP diffusion disks incubated with biomass from the respective bacterial isolate resuspended in PBS. OMVs Abl, CRAb1, and
CRAb2, IMP diffusion disks incubated with OMVs from the respective bacterial isolate resuspended in PBS.

0.6
- B

-6~ ATCC 17978 + OMVs + IMP (0.125 ug/mL)

—¥- ATCC 17978 + IMP (0.125 ug/mL)

ODgoo nm

0.14

0. T T T T T 1
0 1 2 3 4 5 6

Time (h)

Fig. 6. Protection of the carbapenem-sensitive A. baumannii ATCC 17978 strain
against growth inhibition by imipenem (IMP) upon IMP pretreatment with
OMVs of the CRADb2 isolate. IMP (0.125 ug/mL) was mixed with OMVs (40 pg)
or phosphate-buffered saline (PBS), and subsequently mixed with pre-cultured
bacteria. Bacterial growth was measured by optical density readings at 600 nm
for 6 h. As a control, pre-cultured bacteria without additions were mixed with
lysogeny broth (LB).

imipenem continued to grow at the same rate as the LB control, whereas
the culture with the non-pre-treated imipenem stopped growing and
even showed a slightly decreased ODggo. This shows that the OMV-
associated carbapenemase activity reduced the imipenem concentra-
tion to such an extent that the carbapenem-sensitive A. baumannii ATCC
17978 strain was able to grow. This observation is consistent with
findings from other studies where p-lactamase-carrying OMVs from
E. coli (Kim et al., 2018), Staphylococcus aureus (Lee et al., 2013),
Streptococcus pyogenes (Bielaszewska et al., 2021), or Stenotrophomonas
maltophilia (Devos et al., 2016) provided protection to p-lactam-sus-
ceptible strains of the same or other species. Furthermore, it was shown
that OMVs of A. baumannii could protect a susceptible strain against
polymyxin B (PMB) (Agarwal et al., 2019; Park et al., 2021). However,
in the latter case, the OMVs most likely provided protection against PMB

by binding this antibiotic and limiting the free PMB level rather than
degrading it.

Lastly, we investigated the efficiency of the OMV-mediated protec-
tion against antibiotics by using different amounts of OMVs and
checking for bacterial survival. For these experiments, we used two
different antibiotic-susceptible species, namely A. baumannii ATCC
17978 and E. coli ATCC 25922. These bacteria were incubated with
growth-inhibitory concentrations of imipenem, ampicillin, or cipro-
floxacin, with or without three different concentrations of OMVs from
the CRAD2 isolate (10/25/50 pg/mL). Of note, the MIC of ampicillin for
the A. baumannii ATCC 17978 strain was very high and, therefore, only
the E. coli ATCC 25922 strain was tested for OMV-medicated protection
against this antibiotic. Cultures of A. baumannii ATCC 17978 and E. coli
ATCC 25922 were incubated for 24 h and growth was measured by
optical density readings and CFU counting. The results, in Fig. 7, showed
that 10 ug/mL OMVs were enough to facilitate the survival of both
bacterial species in the presence of imipenem, or the survival of E. coli
ATCC 25922 in the presence of ampicillin. This result is consistent with
the data of Kim and colleagues, who showed that OMVs from E. coli that
carry f-lactamases can provide protection against ampicillin at an OMV
concentration of at least 5 pg/mL (Kim et al., 2018). In the case of
A. baumannii ATCC 17978, the bacterial growth in the presence of imi-
penem was fully restored at an OMV concentration of 25 ug/mL as was
evident from optical density readings and CFU counting. Notably, a
lower concentration of OMVs (10 ug/mL) already provided full protec-
tion against imipenem to E. coli ATCC 25922. This suggests that E. coli
ATCC 25922 is more tolerant to imipenem than A. baumannii ATCC
17978. Similarly, when incubating the E. coli ATCC 25922 strain with
OMVs and ampicillin, 25 ug/mL of OMVs was needed to fully restore
growth to the level of the non-treated control. To verify that the
observed OMV-medicated protection against the cell wall
biogenesis-targeting antibiotics imipenem and ampicillin was specific,
we used the fluoroquinolone antibiotic ciprofloxacin, which targets the
topoisomerases II and IV in the bacterial cytoplasm. As shown in Fig. 7,
there was no bacterial growth observed in cultures treated with OMVs
and ciprofloxacin, which is consistent with the observation that no
ciprofloxacin-resistance-related proteins were detected in the OMVs
(Kulkarni et al., 2015; Marchant et al., 2021). Furthermore, we assessed
whether the OMV-mediated protection against imipenem was perhaps
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Fig. 7. A. baumannii ATCC 17978 and E. coli ATCC 25922 survival in the presence of imipenem, ampicillin, or ciprofloxacin facilitated by OMVs from the CRAb2
isolate. Bacterial growth was assayed by optical density readings (top) and colony-forming unit (CFU) counting (bottom). Lysogeny broth (LB), control without
antibiotic nor OMVs; IMP, imipenem at 0.5 pg/mL; AMP, ampicillin at 256 pg/mL; CIP, Ciprofloxacin at 0.5 ug/mL. UDL, Under limit of detection. Asterisks indicate

statistical significance for p < 0.05.

due to transfer of plasmid-borne resistance genes from the OMVs of the
CRADb2 strain to A. baumannii ATCC 17978 or E. coli ATCC 25922,
similar to what was previously reported for E. coli (Chatterjee et al.,
2017; Rumbo et al., 2011; Yaron et al., 2000). However, upon plating
the cultured bacteria on LB agar with imipenem, no growth of
A. baumannii ATCC 17978 or E. coli ATCC 22975 was observed, showing
that the OMVs mediated transient protection against imipenem.

4. Conclusion

The results of our present study show that two recently isolated
highly drug-resistant clinical A. baumannii strains secrete OMVs loaded
with different antibiotic resistance-related proteins. Among the OMV-
borne antibiotic-resistance proteins, two carbapenemases were identi-
fied, which were highly active in the degradation of imipenem and
provided protection against this antibiotic to other carbapenem-
sensitive bacteria. The observed protection against imipenem was
transient, meaning that there was no evidence for OMV-mediated
carbapenemase gene transfer, despite the fact that several previous
studies implicated OMVs from A. baumannii in the horizontal transfer of
antibiotic resistance genes (Chatterjee et al., 2017; Rumbo et al., 2011).
Altogether, our study highlights the possible role of OMVs in conferring
protection against potent last-resort antibiotics to otherwise
antibiotic-susceptible bacterial pathogens. Importantly, this mechanism
of antibiotic resistance, which has been underappreciated for decades,

may contribute to the emergence of A. baumannii and other opportu-
nistic pathogens, lead to polymicrobial infections by dangerous patho-
gens, and increase the severity of bacterial infections by marginalizing
the efficacy of antibiotic therapy (Weng et al., 2023). On the other hand,
studies with OMVs have shown that they can potentially be applied for
the development of alternative therapeutics, including vaccines for im-
munization against bacterial pathogens such as A. baumannii (Huang
et al., 2014, 2016), or as vehicles for the delivery of drugs to sites of
infection (Huang et al., 2020). In conclusion, OMVs of A. baumannii
contribute to the antimicrobial resistance and virulence of this impor-
tant pathogen, but they can potentially also be transformed into future
drugs.
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