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Abstract 

Background E. coli O83 (Colinfant Newborn) is a Gram‑negative (G‑) probiotic bacterium used in the clinic. When 
administered orally, it reduces allergic sensitisation but not allergic asthma. Intranasal administration offers a non‑
invasive and convenient delivery method. This route bypasses the gastrointestinal tract and provides direct access 
to the airways, which are the target of asthma prevention. G‑ bacteria such as E. coli O83 release outer membrane 
vesicles (OMVs) to communicate with the environment. Here we investigate whether intranasally administered E. coli 
O83 OMVs (EcO83‑OMVs) can reduce allergic airway inflammation in mice.

Methods EcO83‑OMVs were isolated by ultracentrifugation and characterised their number, morphology (shape 
and size), composition (proteins and lipopolysaccharide; LPS), recognition by innate receptors (using transfected 
HEK293 cells) and immunomodulatory potential (in naïve splenocytes and bone marrow‑derived dendritic cells; 
BMDCs). Their allergy‑preventive effect was investigated in a mouse model of ovalbumin‑induced allergic airway 
inflammation.

Results EcO83‑OMVs are spherical nanoparticles with a size of about 110 nm. They contain LPS and protein cargo. 
We identified a total of 1120 proteins, 136 of which were enriched in OMVs compared to parent bacteria. Pro‑
teins from the flagellum dominated. OMVs activated the pattern recognition receptors TLR2/4/5 as well as NOD1 
and NOD2. EcO83‑OMVs induced the production of pro‑ and anti‑inflammatory cytokines in splenocytes and BMDCs. 
Intranasal administration of EcO83‑OMVs inhibited airway hyperresponsiveness, and decreased airway eosinophilia, 
Th2 cytokine production and mucus secretion.

Conclusions We demonstrate for the first time that intranasally administered OMVs from probiotic G‑ bacteria have 
an anti‑allergic effect. Our study highlights the advantages of OMVs as a safe platform for the prophylactic treatment 
of allergy.
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Graphical Abstract

Introduction
Allergies are one of the most common chronic inflamma-
tory diseases, the prevalence of which has increased in 
industrialised countries in recent decades, resulting in a 
significant socioeconomic health burden [1]. To date, the 
only disease-modifying treatment available is allergen-
specific immunotherapy. Although highly effective, it has 
several disadvantages such as regular administration over 
a long period of time and the occurrence of adverse reac-
tions [2].

The exact mechanisms responsible for the develop-
ment of allergies are largely unknown, but both genetic 
and environmental factors play a role [3]. The increas-
ing prevalence of allergic diseases has been linked to 
changes in the microbial load in the environment due 
to profound changes in lifestyle and hygiene [4, 5]. 
Therefore, restoring a balanced microbiota at mucosal 
surfaces, such as the lung and gut, with probiotics is a 
promising strategy to prevent or treat allergies. Several 
clinical trials have tested the effect of oral administration 

of live probiotic bacterial strains in the treatment of 
allergic diseases [6]. Although some beneficial effects of 
probiotic bacteria in reducing allergic sensitisation have 
been reported [7, 8], the efficacy in preventing or treat-
ing allergic asthma appears inconsistent [9–11].

Studies in mice have shown that intranasal adminis-
tration of Lacticaseibacillus paracasei NCC246 during 
aerosol challenge reduced the recruitment of inflamma-
tory cells and the concentrations of IL-5 in the lungs of 
ovalbumin (OVA)-sensitised and challenged mice [12]. 
Along these lines, intranasal administration of Lacticasei-
bacillus rhamnosus GG, but not the L. rhamnosus strain 
GR-1, prevented allergic asthma in a mouse model [13]. 
We have shown that Bifidobacterium longum NCC 3001, 
but not L. paracasei, administered intranasally prior to 
sensitisation and challenge, suppressed allergen-specific 
immune responses in mice [14].

The Gram-negative (G-) probiotic bacterial strain 
E. coli A0 34/86 (E. coli O83; serotype O83:K24:H31) 
is a commercially available live oral vaccine (Colinfant 
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Newborn). Although oral administration of E. coli O83 
to high-risk infants reduced allergic sensitisation (skin 
disease), this bacterium did not provide protection 
against the development of respiratory allergies [15, 16]. 
We recently demonstrated that the route of delivery of 
probiotics might be important since E. coli O83 admin-
istered intranasally reduced allergic lung inflammation 
in mice. Mechanistically, the TLR4 signalling pathway 
was required for this beneficial effect [17].

Probiotic bacteria are generally well tolerated and 
considered safe. However, probiotic therapy in clinics 
may be associated with some risks in vulnerable target 
groups such as pregnant women, young children, and 
immunocompromised individuals [18]. Although rare, 
intentional supplementation of probiotics was linked 
with side effects such as systemic infections, toxic 
metabolic activities, or gene transfer [19]. Therefore, 
the discovery of non-living bacterial products that 
modulate immune function and can be conveniently 
used in daily life will open up new possibilities for the 
prevention or treatment of allergies.

G- bacteria produce extracellular vesicles called 
outer membrane vesicles (OMVs). They are produced 
during normal bacterial growth by detachment of the 
outer membrane and consist largely of outer mem-
brane components such as lipopolysaccharide (LPS), 
lipids and proteins, but may also contain material 
from the periplasmic space or from within the bac-
terial cell, such as nucleic acids [20]. Several stud-
ies have investigated OMVs of pathogenic [21–24] or 
non-pathogenic [25–27] E. coli strains, but OMVs of 
E. coli O83 have not yet been investigated. OMVs con-
tain microbe-associated molecular patterns that give 
them immunostimulatory properties. They can inter-
act with different pattern recognition receptors in and 
on host cells to stimulate innate and adaptive immune 
responses [28]. As natural and non-replicative parti-
cles, OMVs are ideal candidates for use as safe vaccine 
platforms due to their nanosize (20–200 nm), low tox-
icity, cargo protection, ability to cross biological bar-
riers, and the simplicity of their manufacturing and 
purification processes [29–31]. Although some OMVs-
based vaccines against infectious diseases are already 
on the market [32], the potential of OMVs to treat 
non-communicable diseases, such as allergies, has not 
yet been satisfactorily investigated.

In this study, we hypothesised that non-proliferating 
E. coli O83-derived vesicles have immunomodulatory 
potential and can recapitulate the allergy-preventive 
effect of their parent strain in a mouse model of exper-
imental asthma, providing a mucosal vaccine candidate 
with fewer risks associated with their use in humans.

Materials and methods
Bacteria
Escherichia coli strain A0 34/86 (E. coli O83; serotype 
O83:K24:H31) was grown in 10  ml Luria–Bertani (LB) 
medium (Sigma Aldrich, St. Louis, MO) as described 
before [17]. The culture was inoculated with a sample from 
a frozen glycerol stock and incubated for 3 h at 37 °C and 
200 rpm. The colony-forming units (CFU) were calculated 
using a growth curve established in house. For experi-
ments in cell culture, the bacteria were inactivated with 1% 
paraformaldehyde (PFA; SAV Liquid production, Flints-
bach, Germany) for 3 h at room temperature (RT), washed 
twice in phosphate-buffered saline (PBS; Gibco, Thermo 
Scientific, Waltham, MA) and stored at -20  °C until fur-
ther use. For the preparation of the lysate, 10 ml overnight 
culture of E. coli O83 in brain heart infusion broth (BHI; 
Sigma Aldrich, St. Louis, MO) was centrifuged (10  min 
at 4  °C and 3 000 × g) and the pellet was washed twice 
with PBS. The washed pellet was then dissolved in 1  ml 
of lysis buffer (20 mM Tris–HCl, 0.14 M NaCl, 10% glyc-
erol; pH = 7) containing protease inhibitor cocktail (Roche, 
Mannheim, Germany) and then disrupted in a Precellys 
tissue homogenizer using microorganism disruption beads 
(both from Bertin Technologies, Montigny-le-Bretonneux, 
France) (30 s at RT and 6 500 rpm). The supernatant was 
kept at -20 °C until further use.

Isolation of E. coli O83‑derived outer membrane vesicles 
(EcO83‑OMVs)
Vesicles were isolated according to published protocol 
[33]. Briefly, E. coli O83 was grown in BHI in an over-
night culture at 37 °C and 180 rpm. The main culture was 
inoculated 1:100 from the overnight culture and grown 
for 8  h at the same conditions. The culture was centri-
fuged for 15 min at 4 °C and 10 000 × g. The supernatant 
was filtered through a 0.22  µm-pore-size filter (Merck 
Millipore, Burlington, MA). OMVs were isolated by 
ultracentrifugation (4 h at 4 °C and 150 000 × g; Beckman 
Coulter 45Ti rotor). The pellet was dissolved in 500 µl of 
sterile 0.9% NaCl (B. Braun, Maria Enzersdorf, Austria). 
OMVs were stored at 4 °C for immediate use or at -20 °C 
for long-term storage.

Protein and endotoxin analysis
Protein concentration was determined by Bradford pro-
tein assay (BioRad, Hercules, CA) and the endotoxin 
content was analysed using the PyroGene™ Recombi-
nant Factor C Endpoint Fluorescent Assay (Lonza, Basel, 
Switzerland) according to manufacturer’s instructions. 
The absorbance and fluorescence were measured with 
TECAN Spark 10  M plate reader (Tecan Trading AG, 
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Switzerland). The protein profile of OMV samples was 
analysed by Agilent Bioanalyzer 2100 with the Protein 
230 kit (Agilent Technologies, CA, USA) according to 
manufacturer’s instructions.

Transmission electron microscopy (TEM)
The bacterial culture sample taken before filtration and 
centrifugation and the isolated EcO83-OMVs were 
imaged with TEM. The bacterial culture was centri-
fuged at 5 000 × g and the pellet was washed twice with 
PBS before microscopy. EcO83-OMVs were dissolved in 
NaCl. Ultrastructural visualization was carried out by 
single-droplet negative stain. Briefly, 5  µl of each OMV 
preparation were left to adhere on formvar- and carbon-
coated grids for 20 s. Simultaneous addition of 5—10 µl 
1% uranylacetate and absorption of liquid was repeated 
twice to contrast the samples. Dried grids were imaged 
in an FEI Tecnai20 electron microscope (FEI, Eindhoven, 
NL) equipped with a 4 K Eagle-CCD camera.

Liquid chromatography/mass spectrometry (LC–MS) 
analyses of proteins
The label-free proteomics analyses were performed as 
previously described [34]. Briefly, 20  μg of protein was 
dissolved in SDS-PAGE loading buffer, subjected to 
SDS-PAGE followed by reduction, blocking of reduced 
cysteine residues and in-gel trypsin digestion. Resulting 
peptides were purified with PepClean™ C18 Spin Col-
umns and dried on a miVac Duo Concentrator (Gene-
vac, Ipswich, UK). Samples were stored at -20  °C until 
LC–MS/MS analyses. Peptide samples were analysed by 
nano LC (Easy-nLC 1200, Thermo Scientific, Waltham, 
MA)-tandem MS (Q-Exactive HF-X Hybrid Quadrupole 
Orbitrap, Thermo Scientific, Waltham, MA). Proteins 
were identified and quantified using MaxQuant [35] (ver-
sion 1.5.3.30) with its Andromeda algorithm against the 
E. coli (strain K12) sequence database (E. coli proteome 
with 4448 reviewed sequences downloaded from Uni-
Prot database, https:// www. unipr ot. org/). The “match 
between runs” was applied and LFQ data were used 
for quantification using Perseus v1.6 [36]. Values below 
detection limit were assumed to be zero. A fold change of 
two or higher was considered for enrichment. The Venn 
diagram was created using DeepVenn (arXiv:2210.04597) 
and the volcano plot was created using VolcaNoseR [37]. 
The MS proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repos-
itory [38] with the dataset identifier PXD040963.

Culture and stimulation of human embryonic kidney (HEK) 
293 cells
Recognition of EcO83-OMVs by innate pattern recogni-
tion receptors was tested on HEK 293 cells transfected 

with human receptors hNOD1, hNOD2, hTLR2, hTLR5 
and hTLR4/CD14/MD2. Cells were cultured according 
to published protocols [39] using the appropriate culture 
media (Table S1). Briefly, cells were stored in liquid nitro-
gen in freezing medium containing 10% DMSO (Merck, 
Darmstadt, Germany). The cells were thawed and trans-
ferred to the required growth medium (Table S1). Cells 
were grown at 37 °C and 5%  CO2. Generally, the growth 
medium was changed every 2–3 days and cultures were 
split when they reached ~ 80% confluence. HEK-293/
hTLR4/CD14/MD2 cells were grown in cell culture 
flasks for challenging adherent cells (Sarstedt, Nürnbre-
cht, Germany). HEK-293 cells were seeded at the den-
sity of 4 ×  105 cells/ml, 100 µl/well, in sterile 96-well flat 
bottom plates and incubated at 37  °C in the respective 
growth media (Table S1) overnight before the stimula-
tion. The cells were stimulated with EcO83-OMVs (1 ng/
ml, 10  ng/ml, 100  ng/m, and 1000  ng/ml), PFA-fixed E. 
coli O83  (107  CFU/ml) and the respective positive con-
trol Pam3CysSerLys4 (Pam3CSK4; 1  µg/ml) for TLR2, 
ultrapure LPS (1  µg/ml) for TLR4, recombinant flagel-
lin protein from Salmonella typhimurium (recFLA-ST; 
100  ng/ml) for TLR5, L-Ala-γ-D-Glu-mDAP (Tri-DAP; 
5 µg/ml) for NOD1 and muramyl dipeptide (MDP; 5 µg/
ml) for NOD2 (all from Invivogen, Toulouse, France) at 
37  °C and 5%  CO2 for 24  h. Untreated cells were used 
as negative controls. The activation of a specific recep-
tor was confirmed by measuring IL-8 in the cell culture 
supernatants.

Mice
Wild type BALB/c mice (female, aged 6–8  weeks) were 
purchased from Charles River (Sulzfeld, Germany). Ani-
mals were kept in conventional housing at the Institute 
for Pathophysiology and Allergy Research of the Medical 
University of Vienna with free access to food and water. 
Experiments were approved by the Animal Experimenta-
tion Committee of the Medical University of Vienna and 
the Austrian Federal Ministry of Education, Science and 
Culture (BMBWF-66.009/0277-V/3b/2019).

Isolation and stimulation of splenocytes and bone 
marrow‑derived dendritic cells (BMDCs) derived from naïve 
mice
Spleens from naïve mice were isolated, cultured, stimu-
lated and supernatants were analysed as previously 
described [40]. Briefly, they were collected in RPMI 1640 
media containing 100 µg/ml gentamycin, pushed through 
a metal net and the cell suspension was then pipetted 
through a 70  µm cell strainer. Samples were incubated 
in ACK Lysing Buffer (Lonza, Basel, Switzerland) for 
1.5 min to lyse erythrocytes and cells were resuspended 
in complete RPMI medium (Table S1). 5 ×  105 cells/well 

https://www.uniprot.org/
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were plated in 96-well plates and stimulated with EcO83-
OMVs (1 ng/ml, 10 ng/ml, and 100 ng/ml), PFA fixed E. 
coli O83  (106,  107, and  108 CFU /ml) and LPS (1 µg/ml;) 
at 37 °C and 5%  CO2 for 72 h. Cell culture supernatants 
were collected and cytokines were analysed. The isola-
tion and differentiation of the bone marrow cells into 
BMDCs was performed as described previously [41]. In 
short, femur and tibia were extracted from BALB/c mice. 
The bones were cleaned from any remaining tissue and 
washed in 70% ethanol by shaking for one min followed 
by rinsing twice in PBS. Both ends of the bones were cut 
off and the bone marrow was flushed out with 2.5  mL 
BMDC medium (Table S1) from each side. The cell sus-
pension was then pipetted through a 70 µm cell strainer, 
red blood cells were lysed using ACK lysing buffer and 
cells were re-suspended in BMDC medium containing 
20  ng/mL recombinant granulocyte macrophage col-
ony-stimulating factor (rGM-CSF; Peprotech, London, 
UK). Cells were seeded in a Petri dish (2 ×  105 cells/ dish 
in 10 ml medium) and maintained as follows: on day 3, 
10  ml of DC-medium with rGM-CSF were added to 
each dish; on day 6, 10  ml were taken out of each dish 
and replaced by fresh DC-medium with rGM-CSF; on 
day 9, cells were harvested by centrifugation, and seeded 
at 1 ×  107 cells/ml in 48-well flat bottom plates. The cells 
were stimulated for 24 h with the stimuli indicated above 
for the splenocytes and the cytokines were measured in 
the cell culture supernatants.

Allergic sensitisation, allergic challenge, and intranasal 
treatment with EcO83‑OMVs
Airway inflammation was induced in female 6–8  weeks 
old BALB/c mice with ovalbumin (OVA; grade V; 
Sigma-Aldrich, St. Louis, MO) as previously described 
[17]. Briefly, mice were intraperitoneally (i.p) sensitized 
with 10  µg OVA and 65  µg aluminiumhydroxide (alum; 
SERVA Electrophoresis, Heidelberg, Germany) or PBS/
alum in 150  µl on days 0 and 14. On days 21–24, mice 
were anesthetized with 5% isoflurane (CP-pharma, Burg-
dorf, Germany) and treated with 100  µg OVA in 30  µl 
PBS intranasally (i.n.) or 30 µl PBS alone. Thirty minutes 
prior to each OVA application, mice received i.n. 0.1 µg 
(group OMVs 0.1 µg/OVA), 1 µg of EcO83-OMVs (group 
OMVs 1 µg/OVA), or 0.9% NaCl (groups Sham/PBS and 
Sham/OVA). On day 25, airway hyperresponsiveness was 
tested using unrestrained whole-body plethysmography 
(Buxco® Small Animal Whole-body Plethysmography, 
Data Sciences International; St Paul, MN). Mice were 
subjected to increasing doses (0–50  mg/mL) of nebu-
lized methacholine (Sigma-Aldrich, St. Louis, MO) and 
the enhanced pause was measured as an index for airway 
obstruction. Mice were terminally anesthetized on day 

26, spleens and lungs were harvested and bronchoalveo-
lar lavage (BAL) and blood were taken.

Characterisation of cell populations in the BAL
Lungs were lavaged twice with 500  µl of ice-cold PBS, 
and cells were collected by centrifugation. The pellet was 
resuspended in 200 µL PBS and 4 ×  104 cells were spun 
onto a microscopic slide (Shandon Cytospin; Shandon 
Southern Instruments, Waltham, MA), air-dried and 
stained with haematoxylin and eosin (Hemacolor; Merck, 
Darmstadt, Germany). Slides were scanned using the Tis-
sue FAXSi Plus system and cells were counted in Tissue 
FAXS viewer (TissueGnostics, Vienna, Austria).

Lung histology and isolation and restimulation of lung 
cells ex vivo
Histological evaluation of lungs and isolation, stimula-
tion, and analysis of pulmonary single cell suspensions 
were performed according to published protocol [40]. 
Briefly, lungs were fixed in 7.5% formaldehyde (SAV Liq-
uid production, Flintsbach, Germany) and the tissue was 
embedded in paraffin (Carl Roth, Karlsruhe, Germany), 
cut into three µm sections and stained using haema-
toxylin and eosin (H&E) and periodic acid-Schiff (PAS, 
Sigma-Aldrich). Pathology score was evaluated based on 
a scoring system adapted from Zaiss et al.[42] by analys-
ing 5 independent regions on each sample (H&E: inflam-
matory cells in peribronchial sites: 0 = no inflammation; 
1 = few inflammatory cells; 2 = layer of 1–4 inflammatory 
cells; 3 = layer of 4–10 inflammatory cells; 4 = layer of 
more than 10 inflammatory cells; PAS: mucus secretion 
and presence of goblet cells: 0 = no goblet cells; 1 = mild 
mucus secretion, 1/3 of epithelium occupied by goblet 
cells; 2 = moderate mucus secretion, 1/3–2/3 of epithe-
lium occupied by goblet cells; 3 = high mucus secretion 
and > 2/3 of epithelium occupied by goblet cells).

Isolation and restimulation of lung cells ex vivo
Lungs were minced and incubated in 6  ml RPMI 1640 
(Biowest, Nuaillé, France) containing 100  µg/ml genta-
mycin (Carl Roth, Karlsruhe, Germany), 10  µg/mL lib-
erase TL (Roche, Mannheim, Germany) and 0.5  mg/
mL DNAse (Sigma-Aldrich, St. Louis, MO) at 37 °C and 
5%  CO2 for 45 min. The lung pieces where then pushed 
through a 70  µm cell strainer and red blood cells were 
lysed as described above. Cells were resuspended in com-
plete RPMI (Table S1) and cells were plated at a concen-
tration of 5 ×  106 cells/ml in 96-well plates. Cells were 
stimulated with endotoxin-free OVA (100  µg/ml; Endo-
Grade; Hyglos, Bernried am Starnberger See, Germany) 
at 37 °C and 5%  CO2 for 72 h. Cell culture supernatants 
were collected and cytokines were analysed.
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ELISA
For detection of cytokines, eBioscience Ready-SET-
Go! ELISA kits (eBioscience, San Diego, CA) were 
used according to manufacturer’s instructions. Briefly, 
a 96-well-plate (Nunc MaxiSorp™, Thermo Scientific, 
Waltham, MA) was coated with the provided capture 
antibody and incubated at 4  °C overnight. The plate 
was washed 3X with PBS containing 0.05% Tween 20 
(Carl Roth, Karlsruhe, Germany) (PBST). The plate was 
blocked with 200  µl of the kit’s ELISA/ELISPOT dilu-
ent at RT for 1  h. Samples and standards were diluted 
in the same diluent, 50  µl were added to the plate and 
incubated at 4  °C overnight. Technical triplicates of the 
samples were used in all assays. This and all subsequent 
steps were followed by a washing step as described above. 
Biotinylated detection antibody was incubated at RT for 
1 h. Then, horseradish-peroxidase conjugated avidin was 
added and incubated at RT for 30 min, and for detection, 
the substrate TMB was used. The reaction was stopped 
using 0.18  M  H2SO4 (Carl Roth, Karlsruhe, Germany) 
and the absorbance at 450/570  nm was measured in a 
TECAN Spark™10 M plate reader.

Statistics
Statistical analysis was performed in GraphPad Prism 
Software 9 (GraphPad Software Inc.) using One-Way 
ANOVA or Two-Way ANOVA followed by a post-hoc 
Tukey’s multiple comparison test. Data are shown as 
mean ± SD. Significant differences are marked as *p < 0.5; 
**p < 0.05; ***p < 0.01, ****p < 0.001.

Results
Probiotic E. coli O83 produces outer membrane vesicles
EcO83-OMVs were isolated from cell-free culture super-
natants by ultracentrifugation (Fig.  1A). In parallel, we 
processed the vesicle-free supernatant and mock control 
(Supplementary Material and Methods). To exclude the 
possibility of contamination of purified vesicles with live 
bacteria, EcO83-OMVs and both control samples were 
plated on agar plates and examined for the presence of 
bacterial colonies. Even after 96  h of culture, no bacte-
rial colonies were detectable on the plates with neither of 
the sample (Figure S1). TEM visualization showed that 
EcO83-OMVs are spherical structures with a diameter of 

approximately 100 to 200 nm (Fig. 1B and C). Figure 1B 
shows a TEM image of budding vesicles on the surface of 
the parent bacteria and their release into the surrounding 
medium. This sample was taken before the purification 
process. Dynamic light scattering (DLS) measurement 
revealed a high concentration of vesicles with a mean 
size around 110 nm (Fig. 1D). In total, we isolated 7 ×  1012 
particles from a two litre culture of E. coli O83 (O.D. = 2) 
(Table S2). To compare the protein profile of the vesicles 
with that of the parental bacteria, we performed auto-
mated electrophoresis with the Bioanalyzer. The lysate 
of the whole bacteria and the OMVs had different pro-
tein profiles (Fig.  1E and S2). Several prominent bands 
of about 19, 34, 49 and 64 kDa, can be identified in the 
OMV sample (Fig.  1E; Table S3). The most dominant 
protein had a size of 64  kDa and accounted for 27.5% 
of the total protein content (Table S3). We performed a 
LC–MS-based label-free protein quantification to com-
pare the protein expression profile in E. coli O83 bacte-
ria and EcO83-OMVs in more detail. While most of the 
identified proteins (545) are shared by the OMVs and the 
parent bacteria, there is a group of 136 proteins (Fig. 1F), 
including flagellar proteins FlgL 1 and 3, FlgE, FlgG, and 
FliC, detected exclusively in the vesicles (Fig.  1G and 
Table S4). The molecular mass of flagellin ranges from 
37 to 67  kDa depending on the E. coli strain [43]. Our 
preliminary sequencing data confirm that the band of 
64 kDa is E. coli O83 flagellin (data not shown). LPS is the 
major microbe-associated molecular pattern of the outer 
membrane of Gram- bacteria and we have shown that 
LPS content in OMVs is approximately 5 times higher 
than the protein content (Table S2).

EcO83‑OMVs activate the surface receptors TLR4, TLR2, 
and TLR5 and the intracellular receptors NOD1 and NOD2
OMVs derived from G- bacteria have previously been 
shown to interact with the host via their cargoes such 
as LPS, lipoproteins and flagellin [23, 44, 45] leading to 
modulation of the innate immune response. We have 
previously shown that E. coli O83 prevents the devel-
opment of allergies in mice and that this effect depends 
on its interaction with TLR4 [17]. Here we show that 
EcO83-OMVs, similar to the parent bacteria, target 
TLR4, confirming the presence of the TLR4 ligands on 

Fig. 1 Isolation and characterisation of EcO83‑OMVs. A OMVs were isolated from the culture supernatant of E. coli O83 by ultracentrifugation. B 
Visualisation of the budding process of EcO83‑OMVs in the sample taken before filtration and centrifugation by TEM. C Visualisation of the isolated 
EcO83‑OMVs by TEM. Scale bar = 200 nm. D The size of the isolated EcO83‑OMVs were determined by Dynamic Light Scattering. E Protein profiles 
of E. coli O83 lysate and EcO83‑OMVs analysed by Bioanalyzer. The unaltered original picture is shown in Fig. S1. F Intersection of proteins associated 
with E. coli O83 lysate and EcO83‑OMVs depicted by Venn diagram. G Volcano plot visualization of enriched proteins in EcO83‑OMVs compared to E. 
coli O83 lysate with annotated flagella proteins

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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the bacteria and also on their vesicles (Fig. 2A). Similarly, 
we observed the involvement of TLR2 (lipoprotein recep-
tor) and TLR5 (flagellin receptor) in the interaction with 
EcO83-OMVs (Fig.  2A). TLR2, but not TLR5, was acti-
vated by the parent bacteria, confirming our observation 
from proteomic analysis showing that flagellum-asso-
ciated proteins are more abundant in OMVs than in the 
parent bacteria.

Unlike TLR2/4/5, which recognise microbial ligands 
on the cell surface, NOD1 and NOD2 sense bacterial 
products such as peptidoglycan in the cytosol [46, 47] 
and bacterial OMVs have been shown to deliver pep-
tidoglycan into the cytoplasm [47]. NOD1 and NOD2 
recognised EcO83-OMVs and whole bacteria lysate, and 
EcO83-OMVs interact with these receptors in a dose-
dependent manner (Fig. 2B).

HEK-293 cells transfected with TLR2, TLR4, and 
TLR5 produce IL-8 when incubated with EcO83-OMVs, 
as detected by ELISA. IL-8 is a chemokine produced in 
response to TLR agonists in an NF-κB/AP-1-dependent 
manner [48, 49]. Since NF-κB is a crucial transcrip-
tion factor for the induction of a plethora of inflamma-
tory genes [50], we investigated whether EcO83-OMVs 
can induce the expression of other NF-κB target genes. 
RAW264.7 cells were treated with medium, LPS (1  µg/
ml), E. coli O83  (107 CFU/ml) and EcO83-OMVs (10 ng/
ml and 100 ng/ml) for 6 h. The results show that EcO83-
OMVs induced mRNA expression of IL-6, TNF-α and 
IL-1β in a dose-dependent manner, further confirming 
the involvement of the NF-kB pathway (Figure S3).

EcO83‑OMVs have an immunomodulatory effect in vitro
EcO83-OMVs induced high levels of IL-10, IL-17 and 
IFN-γ in naïve splenocytes in a dose-dependent man-
ner (Fig.  3A). The pro-inflammatory cytokine TNF-α 
was induced to a much lesser extent and IL-6 was not 
induced by OMVs at any of the concentrations used 
(Fig.  3A). EcO83-OMVs are potent inducers of IL-10, a 
cytokine with regulatory potential, because 1 ng of vesi-
cles induced amounts comparable to the response elic-
ited by  107 CFU/ml fixed E. coli O83 bacteria (Fig. 3A). 
Dendritic cells (DCs) are the most potent antigen-
presenting cells and are directly associated with the 

instruction and regulation of the adaptive immune 
response [51]. BMDCs stimulated by vesicles produced 
significant amounts of IL-6, IL-23 and IL-1β (Fig.  3B). 
The levels of IL-12p70 were not significantly different 
from those triggered by medium alone (Fig. 3B). To dem-
onstrate that the observed functional effects were asso-
ciated with EcO83-OMVs and not soluble non-vesicular 
components, the immunostimulatory effect of EcO83-
OMVs was compared with a vesicle-free supernatant and 
the mock control (Supplementary Material and Meth-
ods). Lung cells treated with LPS, E. coli O83 and EcO83-
OMVs produced IL-6 and TNF-α. No production of these 
cytokines could be measured in the cultures with vesicle-
free supernatant and mock control (Figure S4), ruling out 
the possibility of a contributing effect of non-vesicular 
material. We have shown that EcO83-OMVs contain LPS 
(Table S2) and that they are recognised by TLR4, the 
key receptor involved in LPS recognition and signal ini-
tiation (Fig. 2A). To investigate the role of EcO83-OMVs 
LPS in immunomodulation, EcO83-OMVs were treated 
with Polymyxin B or Polymyxin B mock (Supplementary 
Material and Methods) and then these vesicles were used 
to treat lung cell cultures. The data show that treatment 
of EcO83-OMVs with Polymyxin B reduced their ability 
to trigger the production of IL-6 and TNF-α compared 
to vesicles treated with Polymyxin mock (Figure S5), sug-
gesting that LPS may be important for the immunostim-
ulatory effect of EcO83-OMVs. Finally, EcO83-OMVs 
were heat-inactivated at 95  °C for 15  min and added to 
lung cells (Supplementary Material and Methods) to test 
whether heat-labile surface molecules are involved in 
their immunostimulatory properties. The data show that 
heat inactivation did not reduce the levels of IL-6 and 
TNF-α in the cell cultures compared to untreated vesicles 
(Figure S6).

Preventive effect of intranasally administered EcO83‑OMVs 
on experimental asthma
In our previous study, intranasal administration of live 
E. coli O83 reduced OVA-induced allergic asthma in 
a mouse model [17]. Here we tested whether EcO83-
OMVs can recapitulate the beneficial effects of live bac-
teria (Fig. 4A). In this model, repeated exposure of mice 

(See figure on next page.)
Fig. 2 Receptor activation by EcO83‑OMVs. HEK‑293 cells expressing (A) hTLR2, hTLR4 and hTLR5, B hNOD1 and hNOD2 were treated 
with the respective positive control (Pam3CSK 1 µg/ml, LPS 1 µg/ml, recFLA‑ST 100 ng/ml, Tri‑DAP 5 µg/ml, MDP 5 µg/ml), fixed E. coli O83 
 (107 CFU/ml), EcO83‑OMVs (OMVs; 1 ng/ml, 10 ng/ml, and 100 ng/ml for TLR4; and 10 ng/ml, 100 ng/ml and 1000 ng/ml for TLR2, TLR5, NOD1 
and NOD2) or medium only. Receptor activation was detected as an increase in IL‑8 production. Data were analysed using a One‑Way ANOVA 
followed by post‑hoc Tukey’s multiple comparison test. *p < 0.5; **p < 0.05; ***p < 0.01; ****p < 0.001; +  = significant difference between positive 
and negative control. Data are representative of three independent experiments. Mean ± SD is shown. Significant differences between EcO83‑OMVs 
and the negative controls are indicated n.d. = not detected
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to OVA leads to airway hyperresponsiveness, the main 
feature of asthma (Fig. 4B). Intranasal pretreatment with 
1  µg EcO83-OMVs significantly decreased enhanced 
pause levels after exposure to methacholine compared to 
sham-treated OVA-sensitised mice, demonstrating the 
protective effect of vesicles (Fig. 4B).

Intranasal treatment of mice with EcO83-OMVs 
reduced the total number of cells in the lung (Fig.  4C) 
and the number of eosinophils in the BAL compared to 
the sham-treated OVA group (Fig.  4D). The number of 
macrophages, neutrophils and lymphocytes in the BAL 
did not change in the EcO83-OMVs group compared to 
the allergic control group (Fig.  4D). Decreased levels of 
allergen-specific IgA and IgE in BAL fluid were observed 
in the OMV-treated mice compared to controls (Figure 
S7).

Histological analysis of lung sections confirmed 
reduced eosinophil infiltration (Fig.  4E) and a decrease 
in mucus-producing cells (Fig.  4F) in mice treated with 
1  µg EcO83-OMVs. This dose also decreased the dis-
ease score based on evaluation of H&E-stained samples 
(Fig. 4G) and mucus production (Fig. 4H). The lover dose 
of 0.1 µg reduced the disease score based on evaluation of 
H&E-stained samples (Fig. 4G), but not based on mucus 
production (Fig.  4H). Single-cell lung suspensions were 
stimulated with OVA and the levels of IL-4, IL-5, IL-13, 
IL-10 and IFN-γ were measured in the supernatant. The 
group treated with 1 µg EcO83-OMVs exhibited signifi-
cantly lower levels of IL-4, IL-5, IL-13 and IL-10 com-
pared to sham-treated controls (Fig.  5). Treatment with 
0.1 µg EcO83-OMVs reduced the levels of IL-5, IL-13 but 
not IL-4 and IL-10 (Fig. 5) compared to allergic controls. 
IFN-γ levels were increased in both treatment groups 
compared to the allergic control, but the effect was not 
significant (Fig. 5).

The systemic response was assessed by measuring the 
level of specific antibodies in serum and by the produc-
tion of cytokines in OVA-restimulated spleen cell cul-
tures. Treatment with EcO83-OMVs had no effect on 
the levels of OVA-specific serum antibodies (Figure S8A) 
and OVA-specific IFN-γ in stimulated splenocytes (Fig-
ure S8B). We observed a decrease in the levels of IL-5 in 
OVA-stimulated splenocytes (Figure S8B) after treatment 
with 1  µg EcO83-OMVs and IL-4, IL-5 and IL-10 after 

treatment with 0.1 µg EcO83-OMVs compared to sham-
treated OVA-sensitised controls.

Discussion
This is the first study demonstrating a protective effect of 
OMVs from a probiotic G- bacterium in a mouse model 
of allergic asthma. Here we describe the isolation, iden-
tification, biophysical characterisation, interaction with 
innate receptors and anti-allergic properties of E. coli 
O83 OMVs.

Although numerous epidemiological studies propose 
that continuous high exposure to environmental bacte-
ria and endotoxins has a protective effect against allergic 
sensitisation and asthma, the exact mechanisms are not 
yet clear [52, 53]. Preclinical studies confirmed the ben-
eficial effect of intranasal administration of farm dust [53, 
54] or farm dust microbes [55–57] and suggested that 
LPS is at least largely responsible for the beneficial effect 
[53, 54, 58]. We have shown in our previous study that 
intranasally administered E. coli O83 reduced allergy in a 
TLR4-dependent manner, suggesting the role of LPS [17]. 
Here we show that EcO83-OMVs, like their parent bacte-
ria contain endotoxin and are recognised by TLR4.

Furthermore, we have shown that treatment of EcO83-
OMVs with Polymyxin B (a cyclic cationic polypeptide 
antibiotic that inhibits LPS-induced TLR4 activation) 
reduces their ability to trigger the production of IL-6 and 
TNF-α in lung cells, suggesting that LPS may be impor-
tant for the immunostimulatory effect of EcO83-OMVs. 
As the role of LPS displayed on the surface of EcO83-
OMVs in the prevention of allergy is tantalising, we are 
planning a follow-up study using TLR4-defficient mice in 
an in vivo model of allergic airway inflammation.

The effects of intranasal administration of LPS on pul-
monary allergy are complex and to some extent contro-
versial, with some studies showing a worsening, while 
others show a reduction in allergy [59, 60]. It is now 
understood that variables such as timing, dosage, chemi-
cal structure, and the resulting biological activity of the 
used LPS can affect the type of immune response that 
occurs [61]. Therefore, based on its safe and unique 
properties, EcO83-OMVs have clear advantages over 
LPS and offer significant potential for a range of clinical 
applications.

Fig. 3 Stimulation of naïve mouse splenocytes and BMDCs with EcO83‑OMVs. A Mouse splenocytes and (B) BMDCs were stimulated with LPS 
(1 µg/ml), fixed E. coli O83  (107 CFU/ml), EcO83‑OMVs (OMVs; 1 ng/ml, 10 ng/ml, and 100 ng/ml) for 72 and 48 h, respectively. Unstimulated cells 
served as controls (Medium). Cytokine levels were measured in the cell culture supernatants by ELISA. Data was analysed using a One‑Way ANOVA 
followed by post‑hoc Tukey’s multiple comparison test. *p < 0.5; **p < 0.05; ***p < 0.01. A Data are representative of four and (B) two independent 
experiments, respectively. Mean ± SD is shown. Significant differences between EcO83‑OMVs and the negative controls are indicated. BMDC = bone 
marrow‑derived dendritic cell; n.d. = not detected

(See figure on next page.)
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In terms of timing, EcO83-OMVs were administered 
concomitantly with the allergen, at the time of allergic 
sensitization and challenge, using the same experimental 
protocol as we used for the application of live bacteria in 
our previous study [17]. In this sense, Tulic et al. reported 
that Salmonella typhimurium LPS reduced pulmonary 
allergy when administered prior or up to 4  days after 
OVA sensitisation, but worsened it when administered 
more than 6  days after sensitisation [62]. Furthermore, 
Bickert et  al. have shown that LPS from E. coli 026:B6 
reduced eosinophilia only when applied at the time of 
OVA challenge but not when administered before or 
after sensitisation [63]. Whether prophylactic adminis-
tration of vesicles prior to sensitisation and challenge has 
the potential to reduce allergy or whether the beneficial 
effect is long-lasting remains to be investigated.

It has been demonstrated that the dose of LPS delivered 
intranasally also determines the direction in which the 
immune system reacts. A high dose (100 µg) of LPS from 
a bacterial strain other than E. coli O83 reduced allergy 
to inhaled allergens in mice, but a low dose (0.1 µg) had 
the reverse effect [64]. Here we show that the higher dose 
(1 µg) of EcO83-OMVs reduced allergy, whereas a lower 
dose (0.1  µg) did not worsen the disease severity but 
improved allergic inflammation in several parameters. 
Although LPS is a dominant OMV antigen, our results 
cannot be directly compared with those of Eisenbarth 
et al. also because they used LPS from other bacteria and 
it is known that LPS can vary greatly between different 
bacterial strains.

Flagella synthesis has been shown to play a key role in 
the budding of OMVs from E. coli [65]. Here we show 
that OMVs from E. coli O83 contain flagellin (FliC), a 
major structural protein of bacterial flagellum, and pro-
teins required for anchoring the flagella in the mem-
brane (flagellar hook-associated proteins FlgK, FlgL; 
hook protein FlgE; basal body rod proteins FlgB, FlgC, 
FlgE, FlgF; and L-ring protein FlgH). These proteins 

showed a significant fold enrichment in vesicles com-
pared to the whole bacteria. The cost of constructing 
flagella is high in bacteria such as E. coli, and the reason 
behind the release of these energy intensive molecules 
into the environment has yet to be investigated.

Antigen-presenting cells such as DCs recognise 
flagellin on their apical surface through TLR5, which 
activates NF-kB and MAPK, leading to the produc-
tion of pro-inflammatory cytokines [66]. In our stud-
ies, EcO83-OMVs, containing high levels of flagellin, 
induced the expression of pro-inflammatory cytokines 
such as IL-6 and TNF-α in BMDCs, and the involve-
ment of TLR5 in their recognition was confirmed in 
TLR5-transfected HEK293 cells. Vesicle-stimulated 
BMDCs also produce caspase-1-dependent IL-1β, 
suggesting activation of the NLR neuronal apopto-
sis inhibitory protein 5 or 6 (NAIP5/6), the sensor 
for intracellular flagellin, followed by assembly of the 
NLRC4 inflammasome [67]. However, vesicle-induced 
IL-1β levels were several 100-fold lower compared to 
levels induced by whole bacteria, suggesting that vesi-
cles can be viewed as potent immunomodulators that 
lack some of the negative properties of the parent bac-
teria. On the other hand, vesicles but not whole bac-
teria were recognized by TLR5, implying that this 
receptor is important for vesicles recognition but less 
important for whole bacteria recognition.

In vivo, we have shown that intranasal treatment with 
vesicles reduces the number of eosinophils in the lungs 
compared to allergic controls. A similar effect was 
observed with intranasal application of recombinant 
flagellin [68, 69]. A recent study suggests that the bind-
ing of flagellin to surface receptors on eosinophils such as 
TLR5 may prevent eosinophil sensitisation [70]. Accord-
ing to Luo et  al., flagellin can reduce oxidative stress in 
eosinophils [69]. We are currently conducting studies to 
elucidate the effect of EcO83-OMVs on oxidative stress 
in immune cells.

(See figure on next page.)
Fig. 4 Effect of intranasal application of EcO83‑OMVs on the development of allergic airway inflammation. A Experimental setup for intranasal 
application of EcO83‑OMVs and induction of experimental allergic airway inflammation to OVA. BALB/c mice were sensitised (i.p.) with either OVA/
alum (groups Sham/OVA, OMVs 0.1 µg/OVA and OMVs 1 µg/OVA) or PBS/alum (group Sham/PBS) on days 0 and 14 and challenged (i.n.) 
with either OVA or PBS on days 21–24 with. Mice were treated i.n. with 30 µl of 0.1 µg EcO83‑OMVs (group OMVs 0.1 µg/OVA), 1 µg EcO83‑OMVs 
(group OMVs 1 µg/OVA) or 0.9% NaCl (groups Sham/PBS and Sham/OVA). B Airway hyperresponsiveness was measured in response to increasing 
doses of metacholine by whole body plethysmography. Penh = enhanced pause. C‑D Differential cell counts in bronchoalveolar lavage (BAL): (C) 
Total cell count and (D) total numbers of macrophages, eosinophils, neutrophils and lymphocytes. E–F Representative H&E and PAS‑stained lung 
tissue sections showing recruited inflammatory cells and mucus‑producing goblet cells, respectively. G‑H Quantification of histological experiments 
(Disease score 0–3 for PAS and 1–4 for H&E). Scale bar = 50 µm. B, C, E and F Data were analysed using a One‑Way ANOVA or (D) Two‑Way ANOVA 
followed by post‑hoc Tukey’s multiple comparison test. *p < 0.5; **p < 0.05; ***p < 0.01; ****p < 0.001. n = 5/group. Data are representative of three 
independent experiments. Mean ± SD is shown. Significant differences between Sham/OVA and EcO83‑OMVs treatment groups (OMVs 0.1 µg/
OVA or OMVs 1 µg/OVA) are indicated. alum = aluminiumhydroxide; i.n. = intranasal; i.p. = intraperitoneal; OVA = ovalbumin; OMVs = EcO83‑OMVs; 
H&E = haematoxylin and eosin; PAS = periodic acid‑Schiff
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Recent studies have demonstrated the feasibility of 
using OMVs to deliver heterogeneous antigens. East-
wood et al. used an innovative expression system in E. 
coli based on a simple peptide tag that results in a high 
yield of functional proteins packaged into the vesicles 
[71]. Another study used the “plug-and-play” approach 
to decorate S. typhimurium OMVs with the spike 
receptor-binding domain [72]. This technology makes it 
possible to decorate the surface of OMVs with a variety 
of antigens or even multiple antigens. This could be of 
interest for the production of engineered OMVs deco-
rated with allergens/peptides for specific immunother-
apy. In our previous study, we constructed recombinant 
E. coli Nissle 1917 expressing the chimera with major 
birch and grass pollen allergenic protein/peptides and 
showed that its intranasal application prevented poly-
sensitization in mice [73]. Therefore, future studies in 
our laboratory will focus on developing a recombinant 

E. coli O83 to produce OMVs decorated with fluores-
cent markers or mono- and poly-allergens for specific 
immunotherapy.

Since there are no studies in which OMVs from dif-
ferent G- bacteria have been tested against allergies, we 
cannot answer the question of whether it is necessary to 
use OMVs from probiotic bacteria for allergy prevention 
or whether OMVs from non-probiotic Gram- bacteria 
would serve the same purpose. Neisseria meningitidis, 
for example, is a G- pathogenic bacterium and vaccines 
based on its OMVs have been used in clinics against men-
ingitis [32]. These OMVs contain an extremely potent 
hexa-acylated LPS that leads to adverse effects. There-
fore, several attempts have been made to reduce toxicity 
by removing the LPS [74]. In summary, we believe that 
the type of OMVs used depends on the context and pur-
pose of the treatment and that further studies are needed 
to clarify the effect of OMVs in allergy.

Fig. 5 Effect of intranasal application of EcO83‑OMVs on the cellular recall response in the lung. Mice were treated as shown in the Fig. 4A. 
Single cell lung suspensions were stimulated with OVA for 72 h. Cytokines were measured in the supernatant by ELISA. Data were analysed using 
a One‑Way ANOVA followed by post‑hoc Tukey’s multiple comparison test. *p < 0.5; **p < 0.05; ****p < 0.001, n = 5/group. Data are representative 
of three independent experiments. Significant differences between sham‑treated allergic mice (group Sham/OVA) and EcO83‑OMVs treatment 
groups (OMVs 0.1 µg/OVA or OMVs 1 µg/OVA) are indicated. OVA = ovalbumin; OMVs = EcO83‑OMVs
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In summary, we show that the probiotic E. coli O83 
produces OMVs that exhibit potent immunomodulatory 
and anti-allergic properties. The ease of manufacture and 
the availability of technologies for genetically engineered 
vesicles, decorated with heterologous antigens in the 
lumen or on the surface, provide an extraordinarily ver-
satile platform with great potential for therapeutic appli-
cations of bacterial vesicles in allergy research and clinic.
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The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12964‑ 023‑ 01329‑4.

Additional file 1: Figure S1. Examination of EcO83‑OMVs, EcO83‑OMVs‑
depleted supernatant and mock control for bacterial contamination. The 
isolated EcO83‑OMVs, EcO83‑OMVs‑depleted supernatant and mock 
control were examined for the presence of live bacteria. Samples were 
placed on LB agar plates and incubated at 37 °C for 96 h. The plates were 
examined for visible bacterial colonies. Figure S2. Unprocessed image 
of Bioanalyzer protein analysis of EcO83‑OMVs and E. coli O83 lysate 
(modified image in Fig. 1E). Samples 1 and 2: EcO83‑OMVs in duplicates. 
Samples 9 and 10: E. coli O83 lysate in duplicates. Samples 3‑8: Mate‑
rial not relevant to this publication. Figure S3. Activation of the NF‑κB 
pathway by EcO83‑OMVs. The macrophage‑like mouse cell line RAW264.7 
was stimulated with medium, LPS (1 µg/ml), E. coli O83  (107 CFU/ml) and 
EcO83‑OMVs (10 ng/ml and 100 ng/ml) at 37 °C and 5 %  CO2 for 6 h. The 
expression of IL‑6, TNF‑α and IL‑1β mRNA was measured with RT‑PCR and 
is presented as the fold change to the housekeeping gene GAPDH. OMVs 
= EcO83‑OMVs. Figure S4. Immunostimulatory potential of EcO83‑OMVs 
compared to EcO83‑OMVs‑depleted supernatant and mock control. Cells 
isolated from the lungs of naive mice (n = 5) were treated with medium, 
LPS (1 µg/ml), E. coli O83  (108 CFU/ml), EcO83‑OMVs (1 ng/ml, 10 ng/
ml, 100 ng/ml), EcO83‑OMVs‑depleted supernatant and mock control. 
The supernatant and mock control were added in the amount equal to 
the volume of vesicles used in cultures with 100 ng/ml EcO83‑OMVs and 
incubated at 37 °C and 5 %  CO2 for 48 h. IL‑6 and TNF‑α were measured 
in the cell culture supernatant by ELISA. The mean ± SD is shown. Data 
were analysed using a One‑Way ANOVA followed by a post‑hoc Tukey’s 
multiple comparison test. **p<0.05; ****p<0.001. OMVs = EcO83‑OMVs. 
Figure S5. Immunostimulatory potential of EcO83‑OMVs compared to 
Polymyxin B‑treated EcO83‑OMVs. Cells isolated from the lungs of naive 
mice (n = 5) were treated with medium, LPS (1 µg/ml), E. coli O83  (108 
CFU/ml), EcO83‑OMVs treated with Polymyxin B (1 ng/ml, 10 ng/ml, 100 
ng/ml), EcO83‑OMVs treated with Polymyxin B mock (1 ng/ml, 10 ng/ml, 
100 ng/ml) and stimulated with Polymyxin B alone at 37 °C/ 5%  CO2 for 48 
h. IL‑6 and TNF‑α were measured in the supernatants by ELISA. The mean 
± SD is shown. Data were analysed using a One‑Way ANOVA followed by 
a post‑hoc Tukey’s multiple comparison test. ***p < 0.01; ****p < 0.001. 
OMVs = EcO83‑OMVs ; PmB = Polymyxin B. Figure S6. Immunostimula‑
tory potential of EcO83‑OMVs compared to heat‑treated EcO83‑OMVs. 
Cells isolated from the lungs of naive mice (n = 5) were treated with 
medium, LPS (1 µg/ml), E. coli O83  (108 CFU/ml), EcO83‑OMVs (1 ng/ml, 10 
ng/ml, 100 ng/ml) and heat‑treated EcO83‑OMVs (1 ng/ml, 10 ng/ml, 100 
ng/ml) at 37 °C/ 5 %  CO2 for 48 h. IL‑6 and TNF‑α were measured in the 
supernatants by ELISA. The mean ± SD is shown. Data were analysed using 
a One‑Way ANOVA followed by a post‑hoc Tukey’s multiple comparison 
test. ****p<0.001. OMVs = EcO83‑OMVs. Figure S7. Local allergen‑specific 
responses: Levels of OVA‑specific antibodies in BAL. BAL was collected on 
sacrifice day by flushing the lungs with PBS and OVA‑specific antibodies 
were measured by ELISA. Data were analysed using a One‑Way ANOVA 
followed by post‑hoc Tukey’s multiple comparison test. *p<0.5; **p<0.05. 
n = 5/group. Data are representative of three independent experiments. 
Mean ± SD is shown. Significant differences between Sham/OVA and 
EcO83‑OMVs treatment groups (OMVs 0.1 µg/OVA or OMVs 1 µg/OVA) 
are indicated. BAL = bronchoalveolar lavage; OVA = ovalbumin; OMVs 
= EcO83‑OMVs. Figure S8. Systemic allergen‑specific responses: Levels 

of OVA‑specific antibodies in serum and cytokines produced by OVA‑
stimulated splenocytes ex vivo. (A) Blood was sampled on days ‑1, 20 and 
26 (Experimental setup see Figure 5 A) and centrifuged to obtain serum. 
OVA‑specific antibodies in serum were measured by ELISA. (B) Single cell 
suspensions of excised spleens of Sham or EcO83‑OMVs‑treated allergic 
mice were stimulated with OVA for 72 h and cytokine levels were meas‑
ured by ELISA. Data was analysed using a One‑Way ANOVA followed by 
post‑hoc Tukey’s multiple comparison test. *p<0.5; **p<0.05; ***p<0.001. 
(A) Data are representative of three independent experiments for samples 
collected on day ‑1 and a pool of two experiments for samples collected 
on days 20 and 26; n = 5‑10/group. (B) Data are representative of three 
independent experiments, n = 5/group. Mean ± SD is shown. Significant 
differences between Sham/OVA and EcO83‑OMVs treatment groups 
(OMVs 0.1 µg/OVA or OMVs 1 µg/OVA) are indicated. OVA = ovalbumin; 
OMVs = EcO83‑OMVs. Table S1. Cell culture media. Table S2. Size distri‑
bution and concentration of vesicles and amount of protein, and endo‑
toxin corresponding to material collected from a two litre culture. Average 
± SD is shown from three independent measurements. Table S3. Protein 
content in EcO83‑OMVs measured with Bioanalyzer. Marked in grey are 
dominant visible bands. Table S4. List of proteins that were found to be 
upregulated in EcO83‑OMVs compared to E. coli O83 lysate and met the 
false discovery rate (FDR) criteria. (P‑value<0.05). n.d. = not determined.
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