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ABSTRACT 

 

 
Background and Objectives: The secretion of outer membrane vesicles (OMVs) is a universal event among bacteria. In 

this study, we characterized OMVs from pathogenic and non-pathogenic strains of Escherichia coli and assessed the effect 

of pathogenic OMVs on NLR signaling pathways. 

Materials and Methods: OMVs were extracted by differential centrifugation and characterized by scanning electron mi- 

croscopy (SEM), SDS-PAGE, Limulus amebocyte lysate (LAL) test, and nucleic acid extraction. Then, the Caco-2 cells were 

treated with the pathogenic OMVs to evaluate their effect on NLR signaling pathways. 

Results: SEM showed that pathogenic and non-pathogenic strains produced OMVs in the range of 9-72.9 and 45-270 nm, 

respectively. The SDS-PAGE revealed that both OMVs had protein bands ranging from 25 to 100 kDa. The LAL test dis- 

played that the concentration of LPS was 2.368 and 0.055 EU/ml in pathogenic and non-pathogenic OMVs, respectively. 

The evaluation of nucleic acid contents showed no significant difference between both types of OMVs. The assessment of 

pathogenic OMVs' effect on NLR genes demonstrated that the expression level was changed in some genes. 

Conclusion: The characterization of OMVs showed that both strains of E. coli secrete OMVs in different sizes and contents. 

Besides, it was revealed that OMVs can regulate gene expression. 
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INTRODUCTION 

 
All prokaryotic and eukaryotic cells can generate 

vesicles as an original mechanism for cell-free inter- 

cellular communications (1-3). Gram-negative bac- 

teria-derived outer membrane vesicles (OMVs) are 

secreted by pathogenic and non-pathogenic strains 

during bacterial life cycle in vivo and in vitro (4). 

OMVs are nano-sized spherical phospholipids con- 

taining various cargo including DNA, RNA, pro- 

teins, glycolipids, and organic small molecules (5). 

Gram-negative bacteria have a complicated cell wall 

consisting of the inner membrane (IM), periplasmic 

space (peptidoglycan (PG) layer), and outer mem- 

brane (OM). Some specific proteins connect these 

three layers; Lpp- a lipoprotein (in Escherichia coli) 

binds OM to PG (covalent bonds), the Tol-Pal system 

binds IM to OM (non-covalent bonds), and OmpA- 
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an OM protein binds OM to PG (non-covalent bonds) 

(6). Occasionally these connections are destroyed by 

repositioning or breaking which leads to OMV for- 

mation (7, 8). Meanwhile, the accumulation of curva- 

ture-inducing molecules such as lipopolysaccharide 

(LPS) and phospholipids in flimsy areas of OM (9) 

and the accumulation of PG fragments or misfolded 

proteins in the periplasmic space induce vesiculation 

(10). OMVs have several functions in a bacterial life 

cycle; OMVs serve as a secretion system to deliver 

their cargo (e.g. virulence factors and toxins) into the 

environment (e.g. host cells) (11). OMVs protect vir- 

ulence factors from host cell enzymatic degradation 

allowing them to be transported safely and directly 

into host cells (12, 13). The cargo of OMVs contains 

immunomodulatory and antimicrobial components 

that will enable OMVs to help pathogenic bacteria 

capture their colonization niches, damage host cell 

functions, induce inflammatory responses, and ad- 

just host defense (11, 14). OMVs enter the host cells 

through different mechanisms including i) lipid rafts, 

the most common OMVs entrance method into host 

cells (e.g., Haemophilus influenzae OMVs) (15), ii) 

dynamin-dependent, cholesterol-independent endo- 

cytosis (e.g., enterohemorrhagic E. coli OMVs) (16), 

and  iii)  cholesterol-independent, clathrin-mediated 

endocytosis (e.g., Helicobacter pylori OMVs) (17). 

OMVs' immunogenic cargos act as pathogen-asso- 

ciated molecular patterns (PAMPs) which can be 

sensed by pattern recognition receptors (PRRs, e.g., 

TLRs, NLRs, RLRs, ALRs) resulting in the induc- 

tion of innate immunity (18, 19). NOD-like receptors 

(NLRs) are a family of cytosolic sensors, including 

22 NLRs in humans, contributing to host innate im- 

munity (20). NLRs recognize the host cells' mole- 

cules (e.g., ATPs, cholesterol crystals, uric acid, etc.) 

and microbial molecules (e. g.   PG, flagellin, viral 

RNA, fungal hyphae, etc.) (21). Activated NLRs per- 

form four different functions: inflammasome forma- 

tion, signaling transduction, transcription activation, 

and autophagy (21). E. coli, a member of the Entero- 

bacteriaceae family, has a broad range of strains from 

commensal inhabitants of the gastrointestinal tract to 

diverse harmful pathogens. In this study, we evaluat- 

ed the physicochemical characteristics of OMVs ex- 

tracted from pathogenic and non-pathogenic strains 

of E. coli and assessed the effect of pathogenic OMVs 

on the level of gene expression in the NLR signaling 

pathways. The value of this research lies in its poten- 

tial to advance our knowledge of OMVs' cargo sort- 

ing, function, and their role in bacterial pathogene- 

sis, offering new perspectives on how pathogenic E. 

coli strains interact with host immune systems and 

paving the way for vaccine technology and diagnos- 

tic methods. 
 

 
 

MATERIALS AND METHODS 

 
Bacterial strain. Standard strains of pathogenic 

(ATCC8739) and non-pathogenic (ATCC25922) E. 

coli were taken from the standard bacterial collection 

of the Pasteur Institute of Iran. 

 
OMV preparation. Following the overnight incu- 

bation in LB broth media, OMVs were extracted from 

pathogenic and non-pathogenic strains of E. coli, as 

described in previous studies (Fig. 1) (22). 

 
Evaluation of physicochemical properties of ex- 

tracted OMVs: 

 
Scanning electron microscopy (SEM). The mor- 

phology and size of extracted OMVs were detected 

by scanning electron microscopy (23). Briefly, after 

ultrasonic treatment, OMVs were affixed to Form- 

var/carbon-coated nickel grids. The grids were 

washed by a 0.01 M PBS supplemented with 0.5% 

bovine serum albumin (BSA-Sigma), and 0.1% gel- 

atin  (PBG-Sigma).  Subsequently,  the  grids  were 

fixed with 1% glutaraldehyde in PBS and negatively 

stained with potassium phosphotungstate (pH 6.0). 

The grids were examined by a field emission scan- 

ning electron microscope (FE-SEM) (HITACHI CS- 

4160). 

 
Determination of OMVs lipopolysaccharide en- 

dotoxin (LPS) content. The content of the extracted 

OMVs LPS was measured using the Pierce™ LAL 

Chromogenic Endotoxin Quantitation Kit (Thermo 

Scientific, USA).  According  to  the  manufacturer's 

instructions, the microplate was incubated at 37°C 

for 10 min. 50 μl of each sample and standards were 

dispensed into the microplate wells and the micro- 

plate was incubated at 37°C for 5 min. Then, 50 μl 

of LAL was added to each well and the microplate 

was incubated at 37°C for 10 min. 100 μl of substrate 

solution was poured into each well and the microplate 

was incubated at 37°C for 6 min. Finally, 50 μl of stop 

solution (25% acetic acid) was added to each well and 

the optical density (OD) was measured at 405-410 nm 

using a microplate reader. 
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Fig. 1. Outer membrane vesicles (OMVs) extraction protocol. 

Solution I (tris buffer + EDTA), solution II (tris buffer + EDTA + sodium deoxycholate), and solution III (tris buffer + sodium 

deoxycholate). 

 
Determination of OMVs protein content and pro- 

files. To determine the total amount of proteins, ex- 

tracted OMVs were evaluated using a NanoDrop spec- 

trophotometer (Thermo Scientific, Wilmington, DE, 

USA). The protein profiles of extracted OMVs were vi- 

sualized by SDS-PAGE on 12% gels using a mini-pro- 

seeded at 3 × 105  cells/well in a six-well plate and 

experiments were performed when the cell count 

reached 106 cells. To evaluate OMVs' effect on Caco-2 

cells, cells were treated with extracted OMVs (50 µg/ 

ml) from a pathogenic strain of E. coli and incubated 

at 37°C in a 5% CO atmosphere for 24 h for real-time 

tein  II  electrophoresis  apparatus  (Bio-Rad,  USA). 

The gel was stained by Coomassie brilliant blue. 

 
Determination of OMVs nucleic acid content. To 

estimate the nucleic acid content of extracted OMVs, 

DNAandRNAwereextractedusingDNPTMKit(Sina- 

Clon, Iran) and RNX- Plus (CinnaGen, Iran), respec- 

tively, according to the manufacturer's instructions. 

 

Cell line and culture conditions. Caco-2 human 

colon adenocarcinoma cell line (ATCC HTB-37) was 

used to investigate how E. coli adheres to, invades, 

or affects intestinal epithelial cells (24). The Caco-2 

cell line was taken from the Center for Genetic Re- 

serves in Iran. The cells were cultured in Dulbecco's 

Modified Eagle medium (DMEM) (Gibco, Carlsbad, 

CA, USA), supplemented with 25 mM HEPES, 1% 

non-essential amino acids, 10% heat-inactivated fetal 

calf serum (FCS)(Gibco), penicillin G (100 U/mL), 

and streptomycin (100 µg/mL) (Gibco) at 37°C in a 

PCR. 

 
RNA extraction, cDNA synthesis, and real-time 

PCR. After 24 h, total RNA was extracted from the 

Caco-2 cells using the High Pure RNA Isolation Kit 

(Qiagen, Germany), following the manufacturer's 

instructions. The purity of RNA was assessed with 

a NanoDrop spectrophotometer and 1μg of the ex- 

tracted RNA was used for cDNA synthesis, using the 

RT2 First Strand Kit (Qiagen). Real-time PCR, based 

on SYBR Green chemistry, was conducted with the 

NLR Signaling Pathways RT2   Profiler PCR Array 

kit (Qiagen) according to the provided instructions. 

Data analysis was performed using a PCR array data 

analysis Web portal (SA Bioscience). The beta-actin 

(ACTB) gene was applied for normalization of the 

sample data. Also, the normalization of the house- 

keeping genes (β2 microglobulin (B2M), glyceralde- 

hyde 3-phosphate dehydrogenase (GAPDH), hypox- 

anthine  phosphoribosyltransferase  1(HPRT1),  and 

5% CO atmosphere. ribosomal protein lateral stalk subunit P0 (RPLP0)) 

was  performed  by  calculating  the  cycle  threshold 

Cell treatment with OMVs. Caco-2 cells were (ΔΔCT) for each target gene in the plate. The RT2
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Profiler PCR array data analysis software calculates 

the fold change using the ΔΔCT method  (25, 26). To 

ensure the accuracy of the test, reverse transcription 

control (RTC), positive PCR control (PPC), and hu- 

man genomic DNA contamination control (HGDC) 

were included in the plate. 

 
Statistical analyses. The real-time PCR data were 

statistically analyzed, using the Qiagen online anal- 

ysis system, following the manufacturer's proposed 

guidelines. 
 

 
 

RESULTS 

 
Physicochemical properties of pathogenic and 

non-pathogenic E. coli OMVs. OMVs were extract- 

ed from the pathogenic and non-pathogenic strains 

of E. coli and visualized by SEM. SEM observations 

revealed that both strains produced OMVs in various 

sizes. The profile of OMVs protein was determined by 

SDS-PAGE. The LAL test displayed that the concen- 

tration of LPS was different between pathogenic and 

non-pathogenic OMVs. The evaluation of nucleic acid 

contents  showed  no  significant difference between 

both types of OMVs. Table 1 and Fig. 2 summarize 

all the data. 

 
The pathogenic OMVs internalized into the Caco- 

2 cells and regulated gene expression in NLR sig- 

naling pathways. To test if the OMVs' PAMPs are 

sensed by intracellular PRRs, NLRs gene expression 

was evaluated. As shown in Fig. 3, under the effect 

of OMVs, NLR genes were divided into three cate- 

gories: up-regulated, down-regulated, and unchanged. 

Clustergram plot by mean log two-fold change of 

each gene in the Caco-2 cell line exposed to patho- 

 

Table 1. Characterization of extracted outer membrane ves- 

icles (OMVs) from pathogenic and non-pathogenic strains 

of Escherichia coli. 

genic OMVs was mapped using the online software 

of Qiagen. Up-regulated and down-regulated genes 

were detected in different signaling pathways (Table 

2). Among up-regulated genes, the highest increase 

in gene expression level was shown in CASP1 (15.9- 

fold), NLRC5 (15.6-fold), CCL5 (13.6-fold), and 

IFNγ (10.5-fold) compared to untreated cells. Among 

down-regulated genes, the highest decrease in gene 

expression level was observed in PANX1 (-4.6-fold) 

and TXNIP (-3.2-fold) compared to untreated cells. 
 

 
 
DISCUSSION 

 
Both pathogenic and non-pathogenic bacteria se- 

crete OMVs in various sizes and contents (27). Bac- 

teria exploit various approaches to interact with the 

host to fine-tune immunity and/or induce disease 

(28). Secretion of OMVs provides a pathway for bac- 

teria to deliver their immunodominant cargo to the 

host cells which leads to induction of innate immune 

receptors, e. g.  NLRs and TLRs (18, 19, 28). In the 

current study, we extracted OMVs from pathogenic 

and non-pathogenic strains of E. coli and evaluated 

their physicochemical characteristics (Table 1). In 

line with our previous study, electron microscopy 

images showed that pathogenic and non-pathogenic 

strains of E. coli can produce OMVs and pathogenic 

strain produce more and smaller ones (23). The size 

of the OMV is a critical factor for penetration into the 

host cell, so small-sized OMVs (< 120 nm) can easily 

internalize into cells and interact with PRRs (29-31). 

Our results showed that OMVs from pathogenic and 

non-pathogenic strains of E. coli had different pro- 

tein profiles and sizes. Although OMVs were extract- 

ed from an equal volume of biomass, the pathogenic 

ones had more bands in close different sizes but the 

non-pathogenic ones had sharper bands. Fábrega et 

al. demonstrated that two non-pathogenic strains of 

E. coli, Nissle 1917 (EcN) (a probiotic strain) and 

ECOR12 (a commensal E. coli strain isolated from 

                                                                                            a healthy human stool sample) release OMVs rang- 

Strain 
 

 
Size (nm) 

LPS content (EU/ml) 

Protein content (mg/ml) 

Protein size (kDa) 

Pathogenic 

(ATCC8739) 

9 - 72.9 

2.368 

1 

˃25 -100 

Non-pathogenic 

(ATCC25922) 

45- 270 

0.055 

0.9 

25 -100 

ing from 20-60 nm in diameter. This study showed 

that  both  strains had  similar  protein  profiles and 

LPS amounts (32). In another study, it was shown 

that protein profiles of two pathogenic strains of E. 

coli including LB226692 (isolated during the 2011 

outbreak from a patient with hemolytic uremic syn- 

DNA content (ng/µl) 20.5 48.8 drome (HUS)) and C227-11Φcu (a stx -phage-cured 
 

RNA content (ng/µl) 
 

1662.5 
 

1565.7 
2a 

derivative of the outbreak strain) were similar but not 
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Fig. 2. Scanning electron microscopy observations and protein profiles of extracted outer membrane vesicles (OMVs) from 

pathogenic (A) and non-pathogenic (B) strains of Escherichia coli. 

 

 

 

Fig. 3. Expression analysis of genes in NLR signaling pathways in Caco-2 cell line stimulated with pathogenic Escherich- 

ia coli outer membrane vesicles (OMVs). A) gene expression assay; B) gene expression chart; C) up-regulated genes; D) 

down-regulated genes. Data are presented as fold-change relative to housekeeping genes. 

 
identical (33). The OMV protein cargo contributes to 

some biological processes such as outer membrane 

formation, pathogenesis, proper folding of a protein, 

siderophore transport, and the integration of protein 

into the membrane (34). We found that the concen- 

tration of LPS was much higher in pathogenic OMVs 

compared to non-pathogenic ones; this result was in 

line with our previous findings (23). OMV is a new 

vaccine candidate but native OMVs contain an ex- 

cessive amount of endotoxic LPS, which triggers the 

secretion of proinflammatory cytokines in host cells 

(35). To achieve a safer and more applicable vaccine 

delivery system, OMVs have to endure some muta- 

tional inactivation, such as inactivation of the msbB 

gene encoding an acyltransferase, which plays a role 

in lipid A biosynthesis, to produce low toxic OMVs 

(36). The evaluation of OMVs for nucleic acid con- 

tent demonstrated no significant difference between 
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Table 2. Pathogenic Escherichia coli outer membrane vesicles (OMVs) regulate gene expression in NLR signaling pathways. 

 

Gene expression Gene symbol Signaling pathways 

 AIM2 Inflammasomes: 

  AIM2 

 CASP1, CASP5 Inflammasomes: 

  NLRP1 

 PYCARD, NAIP Inflammasomes: 

  IPAF 
Up-regulation MYD88, IL-33, MOK, IL-1B, IL-12B, IFNγ Inflammasomes: 

  Downstream Signaling 

 PSTPIP1, MEFV, PYDC1, TNFSF11, CARD18, Inflammasomes: 

 TNF, BCL2, TNFSF4 Negative Regulation 

 CCL5, CCL7, CASP8, CARD6, IL6 NOD-Like Receptors: 

  Downstream Signaling 

 NLRX1, NLRP1, NLRP3, NLRP4, NLRP5, NLRP6, NOD-Like Receptors: 

 NLRP9, CIITA, NLRC4, NLRC5 Receptor 
Down-regulation PANX1, TXNIP, RIPK2 Inflammasomes: 

  Downstream Signaling 

 PEA15 NOD-Like Receptors: 

  Downstream Signaling 

 

pathogenic and non-pathogenic OMVs. Delivery of 

small signaling molecules and nucleic acid (DNA 

and RNA) by OMVs plays an important role in intra- 

and interspecies communication (37-39). In the next 

step in our study, Caco-2 cells were treated with the 

pathogenic OMVs and their effect on the level of gene 

expression was evaluated in NLR signaling path- 

ways. OMVs act as a delivery system by presenting 

virulence and cytotoxic factors to the host cells; sub- 

sequently, they stimulate an immune response that 

leads to the production of cytokines, chemokines, 

and antimicrobial peptides (23, 40, 41). NLRs are in- 

tracellular innate immune receptors that can sense 

OMVs' immunodominant cargo (20). Following the 

treatment of Caco-2 cells with pathogenic OMVs, 

some genes in NLR signaling pathways were up-reg- 

ulated; the highest increase in gene expression level 

was shown in CASP1(involving in inflammasome 

formation), NLRC5 (a NOD-Like Receptor), CCL5 

(a NOD-Like Receptor), and IFNγ (involving in in- 

flammasome formation) respectively. Besides, some 

genes were down-regulated; the highest decrease in 

gene expression level was observed in PANX1 and 

TXNIP (involving in inflammasome formation) 

(Table 2). Interestingly, several genes remained un- 

changed. These results demonstrate the regulatory 

effect of OMVs on various genes in host signaling 

pathways.  Recognition  of  intracellular  ligands  by 

NLRs leads to the activation of nuclear factor kappa B 

(NF-κB), mitogen-activated protein kinase (MAPK) 

signaling and finally the secretion of inflammatory 

cytokines (42). Previous studies have shown that cy- 

toplasmic NOD host receptors NOD1 and NOD2 are 

activated by OMVs from pathogenic and non-patho- 

genic bacteria (H. pylori, Pseudomonas aeruginosa, 

Neisseria gonorrhoeae, Vibrio cholerae, Porphyro- 

monas gingivalis, and E. coli (ECOR12, Nissle 1917) 

(28). Despite these findings, NOD1 and NOD2 were 

not activated after OMV treatment in our study. In 

line with our results, OMVs from various bacterial 

species (P. aeruginosa, Bordetella pertussis, E. coli 

(K-12 BW25113), N. gonorrhoeae, and uropatho- 

genic E. coli) activated NLRP3 and NLRC4 (28). 

It was shown that Neisseria meningitidis OMVs in- 

duce the production of CCL2, CCL3 and CCL5 (also 

known as RANTES), CXCL8, IL-1β, IL-6, IL-10, 

IL-12p40, IL-12p70, and TNF43 in monocytes and 

macrophages (43). In accordance with this study, 

CCL5  was  up-regulated  in  our  study. Kim  et  al. 

found that intravenous injection of OMVs from E. 

coli induced a strong IFN-γ- and T cell-mediated an- 

ti-tumor response (44); in line with this study, IFN-γ 

was up-regulated in our study. Despite the extensive 

search, we did not find any studies examining the ef- 

fects of OMVs on the specific genes we identified as 

up or down-regulated. Our research seems to be the 
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first to reveal how pathogenic E. coli OMVs mod- 

ulate the expression of particular genes within the 

NLR signaling pathways. Our findings propose that 

OMVs from the pathogenic strains of E. coli (with 

exclusive content) can play vital roles in the simplifi- 

cation of infection and inflammation in the host. 
 

 
 

CONCLUSION 

 
In conclusion, our results demonstrated that patho- 

genic and non-pathogenic strains of E. coli secrete 

OMVs in different sizes and contents. Besides, it was 

revealed that pathogenic OMVs could regulate gene 

expression in NLR signaling pathways. To better 

understand the key role of outer membrane vesicles 

(OMVs) in host-microbe interactions, further investi- 

gation is needed into the sorting of OMV cargo and 

the regulation of signaling pathways by these vesi- 

cles. Future findings will facilitate the utilization of 

OMV for vaccine development and diagnostic meth- 

ods (3). 

 
Limitation. Due to limited financial resources, 

we only evaluated the effect of pathogenic OMVs 

on the level of gene expression in NLR signaling 

pathways. While the assessment of both pathogenic 

and non-pathogenic OMVs provides comparable and 

more comprehensive results. 
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