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Abstract

The in vitro pathogenicity of Salmonella enterica serovar Typhimurium phage type (pt) 90

and pt 506 (also known as DT 104) isolates from human and porcine origin was studied in

adhesion and invasion assays to the human cell line Caco-2 and the porcine cell line IPI-2.

Interleukin-8 (IL-8) production by these two cell lines in response to stimulation by the two

Salmonella phage types was also measured. Generally, Salmonella Typhimurium pt 506 and pt

90 adhered to and invaded Caco-2 cells and IPI-2 cells equally well. The release of IL-8 by

Caco-2 cells or by IPI-2 cells was similar, independent of the Salmonella phage type used for

stimulation of the cells. These data suggest that Salmonella Typhimurium pt 90 has a similar

ability to cause Salmonella infections as Salmonella Typhimurium DT 104.
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Résumé

Le pouvoir pathogène d’isolats de Salmonella enterica sérotype Typhimurium phage-type

(pt) 90 et pt 506 (connu aussi comme DT104) d’origine humaine et porcine a été étudié in vitro

par des tests d’invasion et d’adhérence sur la lignée cellulaire humaine Caco-2 et sur la lignée

cellulaire porcine IPI-2. La production d’interleukine 8 (IL-8) par ces lignées cellulaires en

réponse à la stimulation par les deux phages-types de Salmonella a été mesurée. En général,

Salmonella Typhimurium pt 506 et pt 90 adhèrent aux cellules Caco-2 et IPI-2 et les

envahissent de la même manière. La production d’IL-8 par les cellules Caco-2 ou par les

cellules IPI-2 était comparable indépendamment du phage-type utilisé pour la stimulation des

cellules. Ces données suggèrent que S. Typhimurium pt90 ait une capacité semblable à S.

Typhimurium DT 104 à causer des infections.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Salmonella Typhimurium is one of the most common causes of salmonellosis
worldwide [1]. The prevalence of the predominant phage types of Salmonella

Typhimurium differs between different regions [2–5]. Salmonella Typhimurim phage
type (Definitive Type or DT) 104, which corresponds to Salmonella Typhimurium
phage type (pt) 506 in the Dutch phage typing system [2], is the predominant
Salmonella Typhimurium phage type in many European countries and the USA [3].
In Vietnam, however, Salmonella Typhimurium Dutch pt 90 (which has no
recognized phage type in the English typing system), is the most prevalent phage
type of Salmonella Typhimurium [6].

Despite their close genetic relationship, differences in epidemiology and virulence
of different Salmonella serovars and phage types are common. Salmonella

lipopolysacharides (LPS), a surface structure, serves as the attachment site for
bacteriophages [7,8]. The sensitivity and ability of the bacteriophages to distinguish
different closely related Salmonella strains is the basis for phage typing systems
[9,10]. The surface structures are also often virulence factors and as such targets of
the innate and adaptive host defense.

Upon infection by Salmonellae, enterocytes do not act as passive victims of
infection but signal infection to the immune system. The recognition of the
Salmonella flagellin protein by Toll-like receptor 5 (TLR-5) of host cells leads to the
release of inflammatory mediators like cytokines and chemokines (such as IL-8)
from different types of host cells [11]. IL-8 secretion leads to the attraction and
activation of polymorphonuclear leukocytes causing acute inflammation [12].

In vitro studies can reveal important principles of pathogenesis [13]. Adhesion and
invasion in host cells can be regarded as exponents of the pathogenesis of Salmonella

Typhimurium [14]. In the present study, adhesion and invasion experiments using
two intestinal epithelial cell lines were performed in order to compare the
pathogenicity of Salmonella Typhimurium pt 506 and Salmonella Typhimurium pt
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90 from human and porcine origin. In addition, the IL-8 production by these two cell
lines in response to stimulation by isolates of the two Salmonella Typhimurium
phage types were measured since the magnitude of the cytokine response, for which
IL-8 is used as a marker, reflects the intensity of the host-pathogen interaction.

2. Materials and methods

2.1. Bacteria

The Salmonella Typhimurium isolates were from two collections of non-typhoid
Salmonellae cultured from humans and animals in The Netherlands and in Vietnam
as described in previous studies [6,15]. Serotyping and phage typing was performed
to classify the isolates. Four Salmonella Typhimurium pt 506 isolates from humans
(N176, N216) and pigs (N94, N235) in The Netherlands and four Salmonella

Typhimurium pt 90 isolates from humans (V15, V22) and pigs (V226, V291) in
Vietnam were randomly chosen from the mentioned collections and included in this
study (Table 1). A wild-type Salmonella Enteritidis 706 strain was used as a positive
control in all assays using the procedure described elsewhere [16]. For the adhesion
and invasion experiments, an overnight culture of bacteria was diluted 1/100 in Luria
Bertani (LB) broth, grown for 2 h, collected by centrifugation (1500g for 15min) and
resuspended in plain Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen) to a
concentration of approximately 108 bacteria/ml.

2.2. Cell cultures

The human colon adenocarcinoma cell line (Caco-2, ATCC CRC 11268), that is
known to exhibit enterocyte-like differentiation patterns, was used [17]. At late
confluency Caco-2 cells display the structural and functional differentiation
characteristics of small intestinal enterocytes [18]. Caco-2 cells were cultured in
high glucose (4.5 g/l) DMEM supplemented with 1% (v/v) non-essential amino acids
(Flow Laboratories, The Netherlands), 10mM NaHCO3, 25mM HEPES, 4mM
glutamine (Flow Laboratories), and 20% (v/v) fetal calf serum (Cambrex, Belgium)
in a humidified atmosphere of 5% CO2 at 37 1C.

The swine miniature male ileum cell line (IPI-2, ECACC 93100622) immortalized
by transfection with an SV40 plasmid which yields morphologically heterogeneous
colonies of typical porcine epithelial cells [19] was also used. IPI-2 cells were cultured
in the same medium but supplemented with 10% fetal calf serum and 0.024 IU/ml
insulin. Cell medium was changed three times a week. Caco-2 cells and IPI-2 cells
were seeded in 12-well plates (Greiner) and cultured for 19 days and 5 days at 40,000
and 50,000 cells/cm2, respectively. IPI-2 cells were used at confluency.

2.3. Adhesion assay

The adhesion and invasion assays were performed essentially as described [17,18].
Briefly, epithelium cells were washed twice with plain DMEM and incubated for at
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Table 1

Comparison of the adhesion, invasion capacity of Salmonella Typhimurium isolates of phage type 506 and

phage type 90 to Caco-2 and IPI-2 cells and Salmonella induced IL-8 production by Caco-2 and IPI-2 cells

Cell line Strain ID Phage type Adhesiona Invasionb IL-8c

Caco-2 N216 pt 506 25.876.3 13.673.5 425.3732.2

N176 pt 506 2270.6 2.671.4 323.4739.1

N235 pt 506 3.670.5 4.570.8 501.0739.4

N94 pt 506 2.570.4 171.0 375.4741.9

Mean for the group of pt 506 11.4710.9 5.4475.3 406.3775.8

V15 pt 90 21.6717.2 3.570.7 329.0748.2

V22 pt 90 270.3 11.271.0 388.6740.3

V291 pt 90 2.270.5 8.674.6 376.5740.3

V226 pt 90 1.770.1 775.4 274.8729.8

Mean for the group of pt 90 9713.8 7.6774.2 345.8757.5

Salmonella Enteritidis (control) 1.671.3 3.570.6 654798

IPI-2 N216 pt 506 773.4 1.370.7 391.1734.2

N176 pt 506 1175.1 2.872.9 563.5712.4

N235 pt 506 7.772.6 17.273.0 475.0732.9

N94 pt 506 1.570.4 3.270.1 425.3732.2

Mean for the group of pt 506 6.8874.6 6.0976.9 466.7771.9

V15 pt 90 1.870.1 2.271.3 312.0768.2

V22 pt 90 2.870.3 2379.7 531.9740.1

V291 pt 90 4.671.2 17712 406.1722.5

V226 pt 90 1.870.1 4.372.6 506.47152

Mean for the group of pt 90 2.7371.3 11.64711.3 439.47117

Salmonella Enteritidis (control) 2.871.5 3.571.5 4007120

Unstimulated Caco-2 and IPI-2 cells released 12.970.14 and 54.870.07 pg/ml IL-8, respectively.
aMean7SD of the number of bacteria attached per cell from triplicate wells.
bMean7SD of the number of bacteria that invaded 100 cells from triplicate wells.
cMean7SD of IL-8 (pg/ml) secretion by the eukaryote cells after 1 h exposure to Salmonella

Typhimurium isolates, measured from triplicate wells.
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least 1 h in this medium prior to addition of the bacterial suspension. After
incubating the cells and the bacteria for 1 h [20], the bacterial suspension was
removed to exclude the unattached bacteria. The monolayers of epithelial cells were
washed 3 times with DMEM, and 1ml Triton X-100 in PBS was added for 5min at
room temperature to release the bacteria from the cells. The number of adherent
bacteria was estimated by plating serial dilutions. All experiments were performed in
triplicate.

2.4. Invasion assay

After an incubation of 1 h as described in the adhesion assay, the bacterial
suspension was removed. Cells were washed once with DMEM. One millilitre of
DMEM containing colistin (300 mg/ml) was added and incubated for 2 h (37 1C, 5%
CO2) to kill all extracellular bacteria. Next, the cell culture supernatant was collected
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and stored at �20 1C for IL-8 determination. The cells were washed 3 times with
DMEM and lysed in 1% Triton X-100 in PBS. The number of intracellular bacteria
was determined by plate counting. All tests were performed in triplicate.

2.5. IL-8 determination by sandwich ELISA

IL-8 concentrations were determined using the human IL-8 CytosetsTM antibody
pair kit containing matched, pretitred and fully optimized capture and detection
antibodies, recombinant standards and streptavidin-horseradish peroxidase (Bio-
source Europe S.A., Belgium). The assay was performed according to the
manufacturer’s specifications. Porcine and human IL-8 have 80% homology
(GenBank accession no. BAC06611 and NP000575, respectively) which explains
the cross reactivity of human ELISA with porcine IL-8. Therefore, the equivalence
unit to human IL-8 was indicated for porcine IL-8.

2.6. Statistical analysis

As all experiments were performed in triplicate, the mean values and the standard
deviation were calculated and compared using the independent-samples t-test for
groups of isolates or one-way ANOVA for individual isolates. Differences were
considered significant at po0.05. SPSS 12.0.1 for Windows was used.
3. Results

The results of the adhesion and invasion experiments are shown in Table 1.
Generally, no significant differences (p40:05) in adherence and invasion to Caco-2
cells and IPI-2 cells by the two phage types of Salmonella Typhimurium was
observed. Large differences were, however, observed between individual isolates
(po0.05) of the same phage type (e.g. invasion of Caco-2 cells by V15 compared to
V22) and this result was reproducible, since the experiments were performed in
triplicate and the results of the repeated testing for a certain strain were similar as
can be seen from the standard deviations.

Exposure of the Caco-2 cells or IPI-2 cells to 200–500 bacteria/cell for 1 h induced
IL-8 production significantly higher than that in the unstimulated cells (Table 1)
(po0.05). No significant difference was observed between the IL-8 levels released by
Caco-2 cells or IPI-2 cells (p40.05) upon stimulation of Salmonella Typhimurium
phage type 506 compared to that of Salmonella Typhimurium pt 90 isolates.
4. Discussion

Salmonella Typhimurium DT 104 initially emerged in cattle in England and
Wales. Subsequently, the strain has been isolated from many animal species
including poultry, sheep, pigs and horses and has spread to other European countries
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and the USA. Salmonella Typhimurium DT 104 has caused human Salmonella

outbreaks worldwide. In the present study the Salmonella Typhimurium pt 506 (DT
104) and Salmonella Typhimurium pt 90 isolates used exhibited the same level of
adhesion to and invasion of Caco-2 cells and IPI-2 cells. This suggests that the ability
of these two phage types to cause gastroenteritis is similar since the capacity to
invade epithelial cells enables Salmonella to colonize and cross the epithelial barriers
and starts the process of inflammatory diarrhea [14].

Initial adherence helps to bring Salmonella in close contact with the host cells.
Better adhesion generally means a higher chance of invasion but a bacterial strain
with a high capacity to adhere will not always invade eukaryotic cells to a higher
extent. For instance isolate V15 attached to Caco-2 cells better than isolate V22 (21.6
and 2 bacteria/cell, respectively) but a lower number of isolate V15 invaded Caco-2
cells compared to isolate V22 (3.5 and 11.2 bacteria/100 cells, respectively).

The next step in the interaction between Salmonellae and host cells involves the
secretion of virulence factors by type III secretion systems (TTSS) [21]. The TTS
apparatus present in all Salmonella enterica strains, resembles a needle-like structure
and injects Salmonella flagellin protein into eukaryotic cells. The interaction between
flagellin proteins and TLR-5 lead to IL-8 production by the eukaryotic cells [11]. It is
known that Caco-2 cells express TLR-5 [22]. Recently, a porcine jejunal epithelial
cell line (IPEC-J2) has been defined to express TLR-5 [23]. IL-8 production by Caco-
2 cells was found after exposure to purified Salmonella flagellin but not detected in
the absence of purified flagellin [22]. Induction of an IL-8 release by epithelial cells is
dependent on the invasive capacity of the Salmonella strain [13,24,25]. In the present
study, a better invasion of Salmonellae leading to a higher IL-8 production by
human and porcine cell lines was observed in almost all Salmonella isolates except
the isolate N176 to IPI-2 cell.

IL-8 promotes neutrophil transmigration [26] into the intestinal lumen, leading to
enterocyte injury. Data of the present study show that high IL-8 levels were released
by Caco-2 or IPI-2 cells upon stimulation of the Salmonella Typhimurium isolates
regardless differences in the two phage types. Therefore, in addition to comparative
levels of invasion to the cell lines of Salmonella Typhimurium pt 506 and Salmonella

Typhimurium pt 90, the isolates of these two phage types also stimulated the cell
lines to produce a high amount of IL-8. One may speculate that a strong
inflammatory reaction may occur in the host. Infections caused by Salmonella

Typhimurium pt 506 (or DT 104) are well documented [27]. The present study
suggests that Salmonella Typhimurium pt 90 has a similar ability to cause Salmonella

infections.
In conclusion, Salmonella Typhimurium phage type 506 and Salmonella

Typhimurium phage type 90 adhered to and invaded human and porcine epithelial
cells equally well. Both phage types induced a similar IL-8 response. Therefore, the
differences in the surface structure of the two phage types of Salmonella

Typhimurium do not influence in vitro pathogenicity of Salmonella Typhimurium
phage type 506 and Salmonella Typhimurium phage type 90 regarding adhesion,
invasion of Caco-2 and IPI-2 cell lines and the stimulation of these cell lines to
produce IL-8.
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