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Abstract 

Objective:  The intestine is the major defensive barrier in the body by having more than 60% of the immune cells 
in the intestinal mucosa. The aim of this study was to evaluate the Toll like receptor (TLR) signaling pathways and 
immune response profiles, against outer membrane vesicles (OMVs) in pathogenic and non-pathogenic strains of 
Escherichia coli.

Results:  Our results demonstrated that despite inducing inflammatory and regulatory responses to OMVs released 
by both strains, there is a remarkable difference in the nature and severity of these responses between the two strains. 
Following the production and release of OMV by the pathogenic strain, the expressions of the pro-inflammatory 
cytokines were significantly elevated, in comparison to the non-pathogenic strains. Eventually, our findings suggest 
that OMV released by the pathogen strain might be colonized, causing inflammation, eliminating the tight junctions 
of epithelial cells and damaging underlying cells, without the presence of IL-17 at the inflammation site. This could 
have happened to prevent the development of more severe inflammation, which could lead to the inhibition of 
colonization. The production of IL-10 is also preventing such inflammations. On the other hand, OMV released by non-
pathogenic E. coli appears to influence intestinal homeostasis by causing more anti-inflammatory responses and mild 
inflammation.
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Introduction
The human intestine is densely populated by approxi-
mately 1014 various bacteria, including the commensal 
ones. Hence, it is known as an organ with the densest 
and most diverse microbial population [1]. Moreover, the 
intestinal tract is the largest immune barrier [1, 2]. There 
are over 60% of all immune cells in the intestinal mucosa, 
capable of identifying and managing potential invasive 
agents, while contributing to the inhibition of unregu-
lated responses [3, 4]. The outer membrane vesicles 

(OMV) have double-layered spherical structures with 
20–250  nm diameters, produced and secreted by many 
bacteria. These vesicles are used for secretion of many 
secretory proteins and other active compounds, and 
can help to establish cellular communications without 
direct contact with the cells [5, 6]. The crosstalk between 
microbiota and the infected intestinal cells are the pro-
teins or secretory factors, such as OMV [7, 8]. Consid-
ering the presence of non-pathogenic Escherichia coli as 
the first intestinal bacteria, established in the early life 
and the significance of OMV in pathogenesis, as well as 
the importance of Toll like receptors (TLR) in the intes-
tinal epithelial cells [9], here we aimed to compare the 
signaling pathways and cytokine responses, activated by 
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the presence of OMV extracted from the pathogenic and 
non-pathogenic E. coli strains, in Caco2 epithelial cell 
line.

Main text
Methods
Preparation of outer membrane vesicles
OMVs were extracted from pathogenic and non-patho-
genic strains of E. coli, as previously reported [10].

Electron microscopy
Electron microscopy was used to verify the stability and 
maintenance of the structures and shapes of the OMV, 
during the purification steps. For this purpose, after 
transferring the OMV onto formvar/carbon coated nickel 
grids, washing with PBS, containing 0.5% BSA and 0.1% 
gelatin, and fixing with 1% glutaraldehyde, the grids were 
subjected to negative staining with potassium phospho-
tungstate, and observed by a Field Emission scanning 
electron microscope (FE-SEM) (HITACHI CS-4160).

Cell line and culture conditions
Caco2 human colon adenocarcinoma cell line was 
obtained from the Cell Bank of Pasteur Institute of Iran. 
The cells were cultured routinely at 37  °C, in the pres-
ence of 5% CO2 in Dulbeccos Modified Eagle Medium 
(DMEM) (Gibco, Carlsbad, CA, USA.), supplemented 
with 25  mM HEPES (Gibco), 10% FBS (Gibco), Penicil-
lin G (100 u/ml) (Gibco), and Streptomycin (100 μg/ml) 
(Gibco).

Inoculation of OMV
Inoculations were performed on two groups of cells, one 
consisted of Caco2 cells. Both groups were inoculated 
with 50 μg/ml of the extracted OMV. The first group was 
incubated for 24 h for real-time PCR. The second group 
was incubated for 72 h. The cell supernatants were then 
collected and finally stored at − 80  °C for the cytokine 
assays.

RNA extraction, cDNA synthesis and real time PCR
Total RNA was extracted from the Caco2 cells, using the 
High Pure RNA Isolation Kit (Qiagen, Hilden, Germany), 
according to the manufacturer’s instructions. One micro-
gram of the extracted RNA was applied to reverse tran-
scription, using the RT First Strand Kit (Qiagen, Hilden, 
Germany). SYBR-Green-based real-time PCR was per-
formed, using a Toll-like receptor Signaling Pathway 
RT2  Profiler PCR Array kit (Qiagen, Hilden, Germany), 
according to the manufacturer’s instructions.

Cytokine assay in cell supernatants
The supernatants of Caco2 cells, incubated with OMVs 
for 72  h, in the presence of specific concentrations of 
OMV, and stored at − 80  °C, used to quantitate the 
secreted IL-10, IL-4 and IL-17, using the Human ELISA 
kits (Mabtech, Sweden), according to the manufacturer’s 
instructions. All specimens were tested as duplicates.

Statistical analyses
Statistical analyses were performed on real-time PCR 
data, using the Qiagen online analysis system, accord-
ing to the manufacturer’s proposed guidelines, as well 
as PathVisio software, KEGG String, and WikiPathways 
online websites (https​://www.wikip​athwa​ys.org/index​
.php/WikiP​athwa​ys). The statistical analyses for the 
cytokine assays were performed by GraphPad Prism 6 
software (GraphPad Software Inc., USA), using inde-
pendent t test and ANOVA; p values < 0.05 were reported 
as statistically significant.

Results
Vesicle sizes, protein migration and LPS contents 
of the extracted OMV
The extracted OMV from the pathogenic strain were 
20–75 nm in size, while the sizes of OMV from the non-
pathogenic strain were 45–270  nm. As shown in Fig.  1, 
the pathogenic strain had a potential to produce much 
smaller vesicles than the non-pathogenic strain.

Escherichia coli OMVs leads to anti‑inflammatory responses 
(ELISA Results)
OMVs released by pathogenic and commensal bacte-
ria, have immunosuppressive activity in different cell 
types. The release of IL-10 in both strains was signifi-
cantly higher than the control group (p value < 0.05). 
Both strains showed a significant increase in secretion 
of IL-10 levels. However, this difference was signifi-
cantly higher for the pathogenic bacteria, compared to 
the non-pathogenic bacteria (Fig. 2). Compared with real 
time PCR results indicated that in the presence of Caco2 
alone, increased IL-10 expressions were observed in both 
pathogenic and non-pathogenic strains (p < 0.05). The 
increased expression was 24 times higher in the patho-
genic strain, while the non-pathogenic strain showed 
only a threefold higher expression.

The level of IL-4 secretion in the pathogenic strain 
showed no significant increase, compared to the control 
group; however, a significant increase in this cytokine 
was observed in the non-pathogenic strain, compared 
to the control group (p < 0.05) (Fig. 2). The level of IL-17 
secretion was also measured in both strains. No secre-
tion of this cytokine was observed in the non-pathogenic 
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strain. However, an increase in the level of IL-17 was 
seen in the pathogenic strain, although this increase was 
not significant, compared to the control group (data not 
shown).

The OMVs of pathogenic and non‑pathogenic strains of E. 
coli have regulatory effects on the associated genes with TLR 
pathways (qPCR Results)
In this study, the expressions of most TLRs were 
increased. In the pathogenic strain, the expression of 
TLR 1-3-4-5-6-7-8 and TLR9 was increased, compared 
to the untreated cell. The highest levels of expression 
were observed in TLR7, TLR1 and TLR8, which were 
estimated to be 31, 27 and 22 times higher than untreated 
cell, respectively. In pathogenic strain, the expression 
of TLR 6, 9, 4, 5 and 3 showed 16, 13, 12, 10 and five-
fold increase, respectively. However, the expression was 
increased in TLR 1-5-6-7-8 and TLR9 was increased 
in the non-pathogenic strain, but all showing two-
fold increase in expression; only TLR9 showed fourfold 
increase in the expression. In case of inflammatory and 
anti-inflammatory cytokines, the increased expressions 
of IL10-12A-1A-1B-2-6 and IL8 genes were also observed 
in the pathogenic strain, while IL10-12A-1A-1B and 
IL8 genes expression increased in the non-pathogenic 
strain. The highest level of expression in the pathogenic 

strain was observed for IL-10, IL-2, TNF and IL-6 with 
24, 20, 15 and 12-fold increase, respectively. The expres-
sion levels were increased up to fivefold, in cases of IL-
12A and IL1B, sevenfold in IL-8 and threefold in IL-1A. 
Meanwhile, IFNA1 and IFNB1 antiviral cytokines indi-
cated 23- and 25-fold increases in the pathogenic strain, 
respectively. The non-pathogenic strain indicated three-
fold increase in IL-1B and IL-8 genes expression and the 
rest shows twofold increase (p < 0.05) (Fig. 3—Additional 
file  1). Clustergram plot (Additional file  2) by mean log 
twofold change of each of the genes in the Caco2 cell line, 
exposed to OMV of each pathogen and non-pathogenic 
bacteria, was mapped, using Qiagen’s online software.

Discussion
OMV can induce inflammation in a wide range of human 
tissues. Recent studies have shown that OMVs released 
by commensal bacteria plays a major role in immune 
maturation, while OMV released by pathogenic bacteria 
facilitates infection and inflammation in the host. Our 
findings showed that despite the induction of inflamma-
tory and regulatory responses, the nature and severity 
of these responses, with respect to the origin of OMVs, 
have significant differences. OMV are produced by both 
pathogenic and commensal bacteria [11] and suggested 
providing advantages for their parent bacteria [12, 13].

Fig. 1  SEM image of the outer membrane vesicles, indicating image (a) for the pathogenic bacterial outer membrane vesicles produced at a 
smaller size of 20–70 nm in large amount, and image (b) for the non-pathogenic bacterial outer membrane vesicles produced at a larger size of 
45–270 nm in lower amount
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Our electron microscopy images demonstrated that the 
pathogenic E. coli produced more OMV than the non-
pathogenic strains, consistent with results that have indi-
cated tenfold OMV overproduction in other pathogenic 
E. coli and 25-fold overproduction of OMV in Aggre-
gatibacter actinomycetemcomitans [14–16]. The size of 
the OMV could influence its penetration, so that OMV 
with a size smaller than 120  nm can enter the cell [14, 
17]. OMV with smaller sizes are associated with better 
penetration and involvement of the Pattern Recognition 
Receptors (PRRs) within the cell [18, 19].

The OMV released by the pathogenic strain induced 
a high expression of pro-inflammatory and antiviral 
cytokines in the cell line; however, the OMV released by 
the non-pathogenic strain only led to a slight increase in 
the pro-inflammatory cytokines (IL-1β, IL-8 and TNF- α) 
productions. The assessment of OMV released by com-
mensal E. coli has been shown to induce a mild inflam-
matory response in Caco-2 cell line [20–23]. Bacteria 

can use OMV to transfer their RNA to their host cells. 
In addition, bacterial RNA, penetrated into the eukary-
otic cell may be detected by TLR3, 7, and 8 [18, 24, 
25]. Hence, increasing the expression of TLRs, such as 
TLR3-7 and TLR8 is in agreement with our results. Here, 
IL-17, in the presence of Caco2 and OMVs showed no 
significant increase by any of the two strains, compared 
to the control group, which could be due to the increase 
in the expression of type I interferon genes and inhibition 
of IL-17. In fact, our hypothesis was based on the data 
that OMV released by the pathogens carries virulence 
factors that weaken the inflammatory responses by gen-
erating predominant responses toward type I interferon.

The TLRs play important roles in inducing pro-inflam-
matory cytokines, as well as participating in the induction 
of antiviral cytokines. The overexpression of pro-inflam-
matory cytokines (IL-1, IL-6, IL-8, IL-12 and TNF) by the 
pathogenic strain, compared to slight increases in IL-1, 
IL-8 and TNF expressions by the non-pathogenic strain, 
appears to be associated with overexpression of TLR due 
to OMV released by the pathogen. It has been shown that 
the OMVs from commensal E. coli strains do not increase 
the expression of cytokine genes and TLRs, associated 
with a mild inflammation [20].

One of the main bacterial virulence factors is LPS that 
is present as part of the OMV structure. LPS also plays 
an important role in the OMV biogenesis [26]. Our 
study showed that there are different levels of LPS in the 
structure of OMV, as indicated by approximately four 
times higher amounts of LPS in OMV of the pathogenic 
strain, compared to the non-pathogenic strain. Among 
the TLRs, TLR4 together with CD14 and LY96 (MD2) 
co-receptors collaborate in identifying and respond-
ing to LPS [27]. Studies have shown that lipid A in the 
OMV released by the pathogens, changes in comparison 
to the non-pathogenic strains [28]. A study by Soult and 
colleagues showed that OMV caused by both strains of 
pathogenic and non-pathogenic E. coli has the poten-
tial to increase the expression of adhesion protein, such 
as ICAM and E-Selectin proteins, and to increase the 
expression of IL-6 in the HUVECs. On the other hand, 
they stated that the NFkB nuclear translocation in 
HUVECs was increased in the presence of both strains, 
and since NFkB translocation was triggered by the acti-
vation of TLR-4, this fact may have been corresponding 
to the LPS in the OMV structure [29]. In another study, 
Soderblom et  al. [30] on the T24 cell line showed that 
despite the production of pro-inflammatory responses 
by OMV, mediated by the LPS-TLR4-signaling pathway, 
in the absence of the TLR4 pathway, OMV may have the 
potential for producing an anti-inflammatory cytokine, 
such as IL-8, due to the presence of ompW, confirming 
the possibility of inducing pre-inflammatory responses in 

Fig. 2  The outer membrane vesicles of pathogenic and 
non-pathogenic E. coli are able to induce the secretion of 
anti-inflammatory cytokine IL-10 and IL-4. The 72-h cellular soup 
collected from the Caco2 cell line was measured at a concentration 
of 50 μg OMV. *** indicates a significant increase in the case group 
compared to the control group (p value < 0.001)
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a non-TLR4 pathway. Research indicates that TLR4 may 
be activated in two MYD88-dependent and independ-
ent pathways and co-receptor CD14 is only important 

for the MYD88-dependent pathway. It seems that due 
to the reduction of CD14 expression in the non-patho-
genic strain and a low concentration of LPS in the OMV 

Fig. 3  Analyzing Toll-like receptor signaling pathway by QIAGEN, KEGG and wikipathway websites and drawing pathway by Pathvisio software. The 
pathway involves up or down-regulating genes induced by pathogenic (a) and non-pathogenic (b) E. coli OMV, indicating red for the up-regulating 
genes and blue for the down-regulating genes
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structure, stimulation and activation of TLR4 pathway 
have been performed by a MYD88-independent path-
way [27, 28, 31]. In the pathogenic strain, due to the high 
concentrations of LPS, measured in OMV, the lack of 
alteration of CD14 expression would not interfere with 
the MYD88-dependent pathway. However, regarding the 
reduced expression of IRAK1 in the MYD88-dependent 
pathway [32–35], it seems that the activation has been 
made through the MYD88-independent pathway in 
the pathogenic strain. In the present study, Caco-2 cells 
incubated with OMV released by the pathogenic strain 
showed high expression levels of IL-1a and IL-1b genes, 
compared to OMV released by the non-pathogenic 
strains. Furthermore, the comparison of OMV prolifera-
tion in the two strains showed the death of cells, due to 
OMV released by the pathogen.

In this study, we obtained the same result by Caco-2 
cell line and observed an increase in the expression level 
of IL-10. The TLR4 signaling is important for maintain-
ing the production of IL-10 by intestinal epithelial cells, 
which is a major mechanism for maintaining intestinal 
homeostasis, mediated by host-bacterial interactions 
[36]. Finally, our results suggested that OMVs released by 
the pathogenic bacterial strain lead to the development of 
inflammation, by inducing the expression of pro-inflam-
matory cytokines through the involvement of various 
TLRs by PAMPs on the luminal surface, so that they can 
use the inflammatory condition in order to obtain nutri-
ents [37].

At the same time, OMV released by the pathogenic 
strain appeared to be capable of inducing anti-inflam-
matory cytokine IL-10, by engaging the TLR4 to be able 
to prevent the inflammation. However, OMV released 
by the non-pathogenic strain was unable to involve the 
TLRs and caused a low stimulation of TLR signaling 
compared to the OMV originated from the pathogenic 
strain; hence, it developed only a mild inflammation that 
possibly could maintain the intestinal homeostasis.

Limitation
It also advocates for further studies to assess the inter-
action of another helpful microbiota with TLR signaling 
pathways in intestinal.

Additional files

Additional file 1. Expression analysis of TLRs and interleukins in Caco2 
stimulation. Caco2 after 24 h stimulation with OMVs. Data are presented 
as fold-change compared to untreated control cells. Statistical differences 
were assessed by the t-test. ∗ p ≤ 0.05, versus control cells.

Additional file 2. Clustergram plot of genes involved in TLRs signalling 
pathways. In order to demonstrate a heat map dendrograms, showing 
the co-regulated genes, a clustergram for the entire dataset was mapped, 
using non-supervised hierarchical clustering.
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