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Abstract

The adhesins of extraintestinal pathogenic Escherichia coli are essential for mediating direct interactions between the microbes 
and the host cell surfaces that they infect. Using fluorescence microscopy and gentamycin protection assays, we observed that 
49 sepsis-associated E. coli (SEPEC) strains isolated from human adults adhered to and invaded Vero cells in the presence 
of D-mannose (100%). In addition, bacteria concentrations of approximately 2 x 107 CFU/mL were recovered from Vero cells 
following an invasion assay. Furthermore, PCR analysis of adhesin genes showed that 98.0% of these SEPEC strains tested 
positive for fimH, 69.4% for flu, 53.1% for csgA, 38.8% for mat, and 32.7% for iha. Analysis of the invasin genes showed that 
16.3% of the SEPEC strains were positive for tia, 12.3% for gimB, and 10.2% for ibeA. Therefore, these data suggest that 
SEPEC adhesion to cell surfaces occurs through non-fimH mechanisms. Scanning electron microscopy showed the formation of 
microcolonies on the Vero cell surface. SEPEC invasiveness was also confirmed by the presence of intracellular bacteria, and 
ultrastructural analysis using electron transmission microscopy revealed bacteria inside the Vero cells. Taken together, these 
results demonstrate that these SEPEC strains had the ability to adhere to and invade Vero cells. Moreover, these data support 
the theory that renal cells may be the predominant pathway through which SEPEC enters human blood vessels.
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Escherichia coli bacteria are commonly described as 
the major causative agent of extraintestinal infections, 
such as neonatal meningitis, bacteremia, pyelonephritis, 
cystitis, prostatitis, and sepsis (1-4). Paradoxically, this 
microorganism is also a predominant facultative member of 
the normal human intestinal microbiota (5,6). The adhesion 
of pathogenic bacteria to host cells represents the first step 
in establishing an infection. Subsequent events include the 
colonization of tissues and, in certain cases, cellular inva-
sion followed by intracellular multiplication or persistence. 
The adhesion process is initiated when surface structures 
known as adhesins bind to their specific ligands, host cell 
receptors or extracellular matrix proteins (4,7).

Although the occurrence of E. coli bacteremia and 
sepsis has increased in recent years (3,8), there are few 
reports detailing the mechanisms of sepsis-associated E. 

coli (SEPEC) pathogenesis. Furthermore, it is possible that 
the virulence genotypes and phylogenetic backgrounds of 
E. coli strains differ in diverse geographical regions (9). 
Recently, a study on the genetic profile of SEPEC strains 
reported heterogeneity in previously described extraintes-
tinal pathogenic E. coli (ExPEC) virulence factors (10). 

The contamination by ExPEC strains is usually related 
to the contamination of urinary or other catheters (3,11). The 
urinary tract is the main gateway for ExPEC, particularly in 
cases of sepsis (4). Urinary infections often provoke bacte-
remia, especially in patients that are hospitalized because 
of catheter contamination by ExPEC biofilms (3). ExPEC 
strains, such as uropathogenic E. coli (UPEC), neonatal 
meningitis-associated E. coli (NMEC), and SEPEC, typi-
cally share many virulence factors that promote the colo-
nization of host surfaces, avoidance and/or subversion of 
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host defense mechanisms, invasion and/or injury of cells 
and tissues and the initiation of inflammatory responses 
(4,9,12). In this study, we evaluated the presence of five 
adhesin-encoding genes (fimH, flu, csgA, mat, and iha) 
and three invasin-encoding genes (ibeA, tia and gimB) in 
49 E. coli isolates from human sepsis patients and also 
investigated the adhesive and invasive abilities of these 
isolates in Vero cells. 

Material and Methods

Bacterial strains
We analyzed a collection of 49 previously described 

SEPEC strains (10) maintained in our laboratories as stocks 
at room temperature. All strains were screened for the pres-
ence of adhesin/invasin-encoding genes and qualitatively 
assayed for their adhesion to and invasion of Vero cells. 
Based on these data, we selected four strains for further 
analysis using scanning (SEM) and transmission electron 
microscopy (TEM).

Genotyping characterization
Molecular analysis assays. PCR amplifications were per-

formed in a final reaction volume of 30 µL. The primers used 
for the analyses were selected from previously published 
sequences: i) adhesins: type I fimbriae (fimH) (13), antigen 
43 (flu) (14), curly structural gene (csgA) (7), curly regula-
tor gene (crl) (15), meningitis-associated and temperature 
regulated fimbriae (mat), iron-regulated-gene-homologue 
adhesion (iha); ii) invasins: pathogenicity island-associated 
and meningitis-associated (gimB) (9), brain microvascular 
endothelium cell invasion (ibeA) (9), and toxigenic invasion 
locus in enterotoxigenic E. coli strains (tia) (9), and iii) K1 
capsular polysaccharide (neuC) (16). The PCR amplifica-
tions were performed using a GeneAmp PCR System 2400 
thermocycler (Applied Biosystems, USA) under the following 
conditions: denaturation for 5 min at 94°C, 30 cycles of 60 
s at 94°C, 30 s at the annealing temperature and 60 s at 
72°C, and a final extension step of 7 min at 72°C. 

Adhesion and invasion assays
Qualitative adhesion assays. Monolayers of 105 Vero 

cells (African green monkey kidney cells) obtained from 
the American Type Culture Collection (ATCC, USA) were 
grown on coverslips (Falcon Becton Dickinson, USA) in 
24-well plates in Dulbecco’s modified Eagle’s medium 
(DMEM) (Gibco-BRL, USA) containing 10% fetal bovine 
serum (FBS). The bacteria were grown in 3 mL trypticase 
soy broth for 18 h at 37ºC. Vero cell monolayers were sub-
sequently inoculated with approximately 3 x 108 bacteria/
mL (tube 1 on the MacFarland scale) and incubated at 
37°C for 3 h (17). All assays were performed in duplicate on 
different days, with or without D-mannose in the medium. 
We analyzed 49 SEPEC strains and used E. coli C600 as 
a negative control. 

After 3 h of infection, each well was washed with PBS, 
and 0.1% Triton X-100 was added for 5 min. The coverslips 
were washed again, and 10 µg/mL phalloidin was added to 
each coverslip for 30 min in the absence of light. Following 
this incubation, the coverslips were washed and treated with 
100 µg/mL RNase for 10 min. Propidium iodide was then 
added to the coverslips at 1.7 µM for 5 min. The coverslips 
were then analyzed by microscopy. 

Scanning electron microscopy 
An ultrastructural analysis using SEM was performed on 

four SEPEC strains (SEPEC 8, 17, 19, and 53). After 3 h of 
infection, Vero cells were fixed with 2% paraformaldehyde 
(Sigma, USA) and 2% glutaraldehyde (Electron Microscope 
Science, USA) in 10 mM cacodylate buffer, pH 7.4, mixed 
with equal volumes of cell culture medium. Subsequently, 
the slides were dehydrated with ethanol and immersed in 
propylene oxide/Epon 812 (Electron Microscope Science; 
ratios of 1:1 and 3:1) for 6 h. Ultrathin sections were obtained 
using an ultramicrotome and double-stained with 2% uranyl 
acetate (Fluka, Switzerland) and 0.5% lead citrate (Fluka). 
Finally, these sections were analyzed using a LEO-Schot 
Zeiss EM906 TEM at 80 kV.

Quantitative invasion assays. The bacterial invasion 
of Vero cells was measured using gentamycin protection 
assays and the enumeration of the colonies of viable 
intracellular bacteria (18). Prior to this assay, the minimal 
bactericidal concentration of gentamycin that reduced 
bacterial isolate counts by up to 99.9% was determined in 
DMEM, and gentamycin was first tested at 50 and 100 µg/
mL. Because similar results were obtained independent of 
gentamycin concentration, a final gentamycin concentration 
of 100 µg/mL was used in subsequent experiments. After 
3 h of infection, the cell monolayers were washed with 
PBS, and 1.0 mL DMEM plus 2.0% FBS and 100 µg/mL 
gentamycin was added to each well to kill the extracellular 
bacteria. The plates were incubated for 2 h at 37°C before 
being washed ten times with 1 mL PBS per well. The in-
tracellular bacteria were recovered by cell lysis with Triton 
X-100 (1.0%), and bacterial cell invasion was determined 
based on the number of colony-forming units (CFU/mL) on 
MacConkey agar plates (19). All assays were performed in 
duplicate on two different days, with or without D-mannose 
in the medium. Our results were compared to a positive 
control (enteroinvasive E. coli (EIEC) serotype O124:H-) 
(18) and a negative control (E. coli C600).

Transmission electron microscopy. TEM analyses were 
performed on four SEPEC strains (SEPEC 8, 17, 19, and 
53). After 3 h of infection, Vero cell monolayers were fixed 
with 2.5% glutaraldehyde, 4% paraformaldehyde and 10 
mM calcium chloride in 100 mM cacodylate buffer, pH 7.4, 
for 1 h at 25°C. Next, the cells were washed in cacodylate 
buffer and post-fixed with 1% osmium tetroxide (OsO4) and 
0.8% K4Fe(CN)6·3H2O in 100 mM cacodylate buffer for 1 
h. The samples were then washed in cacodylate buffer, 
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dehydrated in a graded series of alcohol, and embedded 
in Spurr resin. Ultrathin sections were obtained, stained 
with uranyl acetate and lead citrate, and examined using 
a Jeol 1200 EX TEM.

Results and Discussion

Studies demonstrating the adhesion and invasiveness 
of human SEPEC strains are rare (10). In contrast to diar-
rheagenic E. coli, UPEC and NMEC, SEPEC strains do not 
exhibit a well-defined molecular virulence profile (10,12), and 
their pathogenicity mechanisms are not clear (4). SEPEC 
has emerged as a distinct E. coli group that appears to 
display a combination of the virulence characteristics of 
the other E. coli groups, including diarrheagenic E. coli 
and other ExPEC groups (4,10). In the present study, we 
analyzed the bacterial adhesion and invasion properties 
of SEPEC strains involved in 49 cases of human sepsis at 
the University Hospital of the State University of Campinas, 
Brazil. All of these studies were performed using Vero cells 
to represent the urinary tract because the kidneys could 
be an entry point of SEPEC into the bloodstream. The 
three-dimensional (3-D) architecture of the extracellular 
matrix of SEPEC isolates undergoing adhesion was also 
examined, and the invasion process was visualized using 
TEM. Vero cells are not derived from tumors and are an 
analogous model for studying SEPEC infections in renal 
cells, as previously published (10).

Currently, the mechanisms by which E. coli attaches to 
surfaces are not well defined. However, some cellular and 
extracellular structures, such as flagella, type I fimbriae, 
antigen 43, curli fimbriae and exopolysaccharides (EPS), 
are fundamental in establishing E. coli adhesion (20-22). 
Flagella are important for the initial interaction with and the 
movement of E. coli along surfaces (21), and type I fimbriae 
are required for the initial adhesion of E. coli to substrates 
(21). Both antigen 43, an outer membrane protein, and curli 
fimbriae play important roles in auto-aggregation, increased 
adhesion (23) and the persistence of bacteria on live tissues 
(24,25). Additionally, EPS produced by adhered bacteria 
builds extracellular matrices that are responsible for the 
formation of 3-D micro-colonies and E. coli persistence on 
different substrates (21). 

In our study, the genotypic analysis of virulence factor 
genes showed a high prevalence of adhesin-encoding 
genes, with 48 isolates testing positive for fimH (98.0%), 
34 for flu (69.4%), 26 for csgA (53.1%), 19 for mat (38.8%), 
and 16 for iha (32.7%). However, a low prevalence of 
invasin-encoding genes was observed, and only 8 isolates 
were positive for tia (16.3%), 6 for gimB (12.3%) and 5 for 
ibeA (10.2%) (Table 1). The neuC gene, which encodes K1 
capsular polysaccharide, was amplified from only 24.5% of 
the strains. Because epidemiological studies have linked K1 
to NMEC (26,27), these data suggest a genetic relationship 
between some SEPEC and NMEC isolates. 

Data demonstrating the high prevalence of adhesin 
genes and the low prevalence of invasin genes in SEPEC 
strains are consistent with the literature (10), suggesting that 
SEPEC most likely adheres to cell surfaces by mechanisms 
different from those of other E. coli strains. Additionally, it 
is likely that SEPEC strains may express several other 
adhesion factors that are not yet known to be involved in 
their pathogenicity; these factors may also play a role in 
tissue specificity and the adhesion of SEPEC to epithelial 
and endothelial cells (data not shown).

For further adhesion and invasion assays, we analyzed 
four SEPEC strains using fluorescence microscopy, SEM 
and TEM. The strains chosen were SEPEC 8 (fimH+/flu+), 
SEPEC 17 (fimH+/flu+/iha+/gimB+), SEPEC 19 (fimH+/
gimB+), and SEPEC 53 (fimH+/flu+/csgA+). 

SEPEC adhesion was observed using a fluorescence 
assay, as shown in Figure 1.

SEM revealed the formation of microcolonies sur-
rounded by an extracellular matrix when SEPEC strains 
adhered to Vero cells (Figures 2 and 3). Studies have 
shown that adhesion is crucial for the establishment of 
E. coli-associated extraintestinal infections (28), such as 
urinary tract infections (29). In particular, bacterial adhesion 
is important in establishing chronic cystitis and bloodstream 
infections associated with catheters (3). However, there are 
no consistent data on SEPEC adhesion to cell surfaces. 

Overall, 98% of SEPEC strains were fimH-positive. 
Although type I fimbriae are important fimbriae used by 
UPEC to adhere to and invade bladder cells (13,29,30), the 
role of type I fimbriae in virulence is not as well defined as 
in other E. coli groups. However, because UPEC, SEPEC 
and other ExPEC groups share many virulence factors, 
fimH most likely has a similar function in SEPEC in the 
urinary environment. Thus, adhesion and invasion assays 
were performed in the presence of D-mannose. All SEPEC 
isolates (100%) adhered to and invaded cells in the presence 
of D-mannose (data not shown). Our invasion results were 
compared to those obtained for a positive control, and four 
SEPEC strains were subsequently chosen for ultrastructural 
analyses using SEM and TEM (Figure 4). 

Using TEM, we observed that the bacteria adhered to 
many points on the cell surface, and we observed individual 
intracellular bacteria after 3 h of incubation with Vero cells in 
the presence or absence of D-mannose (Figure 5A). Addition-
ally, bacterial subpopulations were observed, suggesting the 
presence of intracellular bacterial replication (Figure 5B).

Thus, SEPEC strains adhered to Vero cells, formed 
microcolonies, produced an extracellular matrix, invaded 
cells, and probably replicated inside Vero cells. These 
findings suggest the occurrence of two simultaneous yet 
independent events. In fact, the adhesion to and invasion 
of Vero cells by SEPEC strains can be important factors 
involved in their pathogenicity, and these results may sug-
gest one of the possible steps of SEPEC entry into kidney 
blood vessels.
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Table 1. Genotypic analysis of human sepsis-associated Escherichia coli (SEPEC) strains.

No. SEPEC strain K1 capsular polysaccharide Adhesins Invasins

neuC fimH flu csgA crl mat iha gimB ibeA tia

 3 - + - - + - - - - +
 4 - + + - + - + - - -
 5 + + - - + - - - - +
 8 - + + - + - - - - -
10 - + - + + + - + + -
13 - + + - + - + - - -
14 - + + - + + - - + -
16 - + + - + + + - + -
17 - + + - + - + + - -
18 - + + + + - + + - -
19 - + - - + - - + - -
20 - + + + + - - - - -
21 - + + + + - - - - -
22 - + + - + - + - - -
23 - + - + + + - - + -
24 - + - + + + - + - -
25 - - + - + + + - + -
26 - + - + + + - - - -
27 + + + - + - - - - -
28 + + + - + + - - - -
29 + + - - + - - - - -
31 - + + + + + - - - -
33 - + + + + - - - - -
34 + + + - + + + - - +
36 + + + + + - - - - -
37 + + + + + + - - - -
38 - + + - + - + - - +
39 - + + + + + - - - -
40 - + + + + - - - - -
41 - + + + + + + - - -
42 - + + + + - - - - -
43 - + - + + + - - - -
44 - + - - - - - - - -
46 - + + + - - - - - -
47 + + - - + - - - - -
48 - + + + + + + - - -
49 + + + + + - - - - +
50 + + + + + + - + - +
51 + + + - + - - - - +
52 - + - + + + - - - -
53 - + + + + - - - - -
54 + + + + + - + - - +
56 - + + + + + + - - -
57 - + - - + - + - - -
58 - + + + + - + - - -
62 - + + + + + + - - -
71 - + - - + - - - - -
74 - + - - + - - - - -
76 - + + - + - - - - -
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Figure 1. The adhesion of human sepsis-associated Escherichia coli (SEPEC) strains to Vero cells was observed using a fluores-
cence assay. A, Negative control. B, SEPEC 8 (fimH+, flu+, csgA-, mat-, iha-, gimB-, ibeA-, tia-, neuC-) adhering to the cell surfaces. 

Figure 2. Scanning electron micrograph of human sepsis-associated Escherichia coli (SEPEC) 8 (fimH+, flu+, 
csgA-, mat-, iha-, gimB-, ibeA-, tia-, neuC-) adhesion after 3 h of incubation with Vero cells. A, The bacteria ad-
hered to the cell surface. B, Details of the points of microcolony formation. C, Microcolony details. D, Details of 
the network of extracellular matrix surrounding the microcolonies on the cell surface. 
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Figure 3. Scanning electron micrograph of human sepsis-associated Escherichia coli (SEPEC) 8 (fimH+, flu+, csgA-, mat-, 
iha-, gimB-, ibeA-, tia-, neuC-) adhesion after 3 h of incubation with Vero cells. A, Bacterial adhesion to the cell surface, 
with the formation of microcolonies surrounded by extracellular matrix (arrow). B, Early extracellular matrix production by 
bacteria adhered to the cell surface (arrow). 

Figure 4. Colony-forming units (CFU/mL) of the human sepsis-associated Escherichia 
coli (SEPEC) strains chosen for transmission electron microscopy and scanning elec-
tron microscopy that were recovered from the intracellular environment. All 49 strains 
were recovered at higher concentrations (up to 2 x 107 CFU/mL) than the positive 
control (EIEC O124:H) in the presence or absence of D-mannose in the medium. The 
negative control, E. coli C600, did not invade Vero cells.
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Extraintestinal infections caused by E. coli, such as 
urinary infections, are common causes of bacteremia 
(3,30), a condition that always precedes sepsis. Therefore, 
SEPEC adhesion to host tissues, such as the kidney, could 
be an important factor in the course of sepsis by providing 
an entrance to the bloodstream. Once in the bloodstream, 
SEPEC strains must have favorable genetic compositions 
to survive in the blood and, in this way, induce sepsis (10). 
Some investigators have described the importance of fimH 
(31-33), ag43 (34,35) and csgA (25) in urinary tract and 
meninges infections. In addition, csgA has been shown to 
contribute to coagulation and blood pressure abnormalities, 
thereby contributing to SEPEC-induced septic shock (7). 

The mechanisms by which SEPEC adhere to and in-
vade Vero cells are not clear. However, these mechanisms 
suggest a gateway for SEPEC entry into the bloodstream 
during the course of sepsis. Although the adhesion to and 
invasion of eukaryotic cells by other ExPEC groups have 

been previously described (28,32), our data detail these 
processes for SEPEC clinical isolates and suggest a pos-
sible mechanism for SEPEC entry into blood vessels. We 
will continue searching for the factors involved in SEPEC 
adhesion and the relationship of these factors to the de-
velopment of human sepsis. Currently, we are conducting 
proteomic analyses of the adhesion and invasion factors 
that are related to SEPEC adhesion to Vero cells to further 
elucidate the mechanisms involved in human sepsis. 
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