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A B S T R A C T

Gut is often a receptacle for many different pathogens in feed and/or the environment, such as Salmonella spp.
The current knowledge about pathogenicity of Salmonella is restricted to few serotypes, whereas other important
ones like S. Coeln, S. Thompson, S. Veneziana, have not been investigated yet in human and animal models.
Therefore, the aim of our work was to verify the ability of widespread environmental Salmonella strains to
penetrate and modulate innate immunity in pig intestinal IPEC-J2 cells.

Our results outline the different ability of Salmonella strains to modulate innate immunity; the expression of
the IFN-β gene was increased by S. Typhimurium, S. Ablogame and S. Diarizonae 2, that also caused an in-
flammatory response in terms of Interleukin (IL)-1β and/or IL-8 gene espression. In particular, IL-8 gene ex-
pression and protein release were significantly modulated by 5 Salmonella strains out of 7. Interestingly, S.
Typhimurium, S. Coeln and S. Thompson strains, characterized by a peculiar ability to penetrate into IPEC-J2
cells, up-regulated both IL-8 and TNF-α gene expression. Accordingly, blocking IL-8 was shown to decrease the
penetration of S. Typhimurium. On the contrary, S. Diarizonae strain 1, showing lesser invasion of IPEC-J2 cells,
down-regulated the p38-MAPK pathway, and it did not induce an inflammatory response. Our results confirm
that IPEC-J2 cells are a useful model to evaluate host-gut pathogen interaction and indicate IL-8 and TNF-α as
possible predictive markers of invasiveness of Salmonella strains in enterocytes.

1. Introduction

The gut is often a receptacle for numerous pathogens encountered in
feed or in the environment; among these, some bacterial species may
play an important role as both animal pathogens and source of con-
tamination of meat and other products of animal origin. This is the case
of the Salmonella genus, which poses a substantial hazard to humans as
food-borne pathogens.

The Salmonella genus belongs to the family Enterobacteriaceae; it
includes gram-negative, rod-shaped (0.7–1.5 × 2.5 μm), oxidase nega-
tive, catalase positive, facultative anaerobic bacteria, able to exploit
citrate as the sole carbon source. To date, only two species of the genus
Salmonella are recognized, i.e. S. enterica and S. bongori, whereas more
than 2500 serotypes are identified on the basis of somatic
(A–B–C1–C2–D–E1) and flagellar antigens (H1–H2), located in the cell
wall (Kim et al., 2006), and of biochemical tests (Popoff et al., 2001).
Currently, Salmonella is divided into two main groups, typhoid (TS) and
non-typhoid (NTS), respectively, but from an epidemiological point of
view Salmonella can be also divided into three further groups: human-
adapted like S. Typhi, S. Paratyphi A, B and C; Salmonella adapted to

other animal species (e.g. S. Gallinarum, S. Abortus equi and S. Cho-
leraesuis) and non-adapted like S. Typhimurium and S. Enteritidis. The
latter group includes serotypes present in animal and human reservoirs
and are widespread in the environment. Many serotypes identified to
date, like S. Coeln, S. Goldcost, S. Kottbus, S. Stourbridge, S. Thompson,
S. Veneziana have been sustained for their pathogenicity in humans.
However, since outbreaks of food poisoning by these serotypes have not
been investigated in the last twenty years, it is necessary to clarify their
pathogenic potential (Dionisio et al., 2001; Espie and Vaillant, 2005;
Palmera-Suarez et al., 2007; Graziani et al., 2011; Scavia et al., 2013).
In recent years, growing attention has been directed on two NTS ser-
otypes, S. Typhimurium and S. Enteritidis, which has led to the en-
actment of specific legislation in Europe (Directive 2003/99/EC, De-
cision 2013/652/EU, Regulation EC No 2160/2003). This was related
to the higher prevalence of isolates, 22.1% and 41.3% for S. Typhi-
murium and S. Enteritidis, respectively, in human cases found in
Europe (Hugas and Beloeil, 2014), as well as to a higher prevalence of
multi-drug resistance observed in S. Typhimurium strains (Chiu et al.,
2006).

Also, important studies highlighted the molecular basis of
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pathogenesis of well-known Salmonella serotypes (Que et al., 2013;
Spano, 2016). In particular, these studies revealed how these pathogens
exploit inflammation to their own advantage to pass through the in-
testinal barrier and spread within the host (Elewaut et al., 1999;
Gewirtz et al., 2000). The studies on NTS pathogenicity have focused
more on S. Typhimurium, whereas other environmental serotypes,
widely found in earlier foodborne poisoning cases, were neglected, so
that studies of pathogenic capacity are lacking.

Studies of the pathogenic capacity of Salmonella spp. could con-
veniently be based on IPEC-J2 cells. These are an established cell line
obtained from the jejunum of a piglet less than 12-h old (Brosnahan and
Brown, 2012), and together with IPI-2I cells are a substrate of reference
for studies on innate immunity in the gut. In particular, IPEC-J2 cells
were shown to have ideal characteristics in studies on the host/gut
pathogen interaction (Schierack et al., 2006). Therefore, IPEC-J2 cells
have been widely employed to model zoonotic enteric infections
(Scharek and Tedin, 2007; Brosnahan and Brown, 2012).

The aim of our work was to verify the ability of different environ-
mental Salmonella strains to penetrate into IPEC-J2 cells and to mod-
ulate gene expression and release of important molecules involved in
the innate immune response.

2. Materials and methods

2.1. Bacterial strains

In our study, seven field isolates of Salmonella enterica (resistant to
Trisulfapyrimidines –Sulfadiazine, Sulfamethazine and Sulfamerazine)
were investigated: S. Coeln, S. Veneziana, S. Ablogame, S. Diarizonae
strain 1, S. Thompson, S. Thyphimurium and S. Diarizonae strain 2, all
isolated from wild boar livers. Bacteria were stored at −80 °C in 50%
(v/v) glycerol/Brain Heart Infusion (BHI) broth and then grown over-
night in Luria-Bertani (LB) medium at 37 °C. Spectrophotometric
measures indicated that this treatment was sufficient to reach the sta-
tionary growth phase. Then, overnight cultures (200 μl) were in-
oculated into fresh LB medium (10 ml) and incubated for 2–3 h at 37 °C
to obtain mid-log phase cultures. Then, each strain was pelleted and re-
suspended at 108 CFU/ml in MEM/F12 cell culture medium.

2.2. Cells

IPEC-J2 cells (porcine intestinal epithelial cells, IZSLER Cell Bank
code BS CL 205) were grown in a mixture of Minimum Essential
Medium (MEM) and Ham's F12 medium (1:1) enriched with fetal calf

Table 1
Oligonucleotide Primer Sequences for Evagreen Quantitative Reverse Transcription Real-Time Polymerase Chain Reaction Amplification of Porcine Genes.

Gene Protein Primers Accession number Bp

pB2M β2 Microglobulin F:5 –CGCCCCAGATTGAAATTGATTTGC-3 NM_213978.1 139
R:5 –GCTATACTGATCCACAGCGTTAGG-3

IL-1β Interleukin-1β F:5 –AATTCGAGTCTGCCCTGTACCC-3 NM_001005149 110
R:5 –TGGTGAAGTCGGTTATATCTTGGC-3

IL-4 Interleukin-4 F:5 –GGACACAAGTGCGACATCA-3 NM_214123.1 185
R:5 –GCACGTGTGGTGTCTGTA-3

IL-6 Interleukin-6 F:5 –TGGCTACTGCCTTCCCTACC −3 NM_214399 131
R:5 –CAGAGATTTTGCCGAGGATG-3

IL-8 Interleukin-8 F:5 –TTCGATGCCAGTGCATAAATA −3 NM_213867.1 175
R:5 –CTGTACAACCTTCTGCACCCA-3

TNF-α Tumor Necrosis Factor-α F:5 –TGCCTACTGCACTTCGAGGTTATC-3 NM_214022 125
R:5 –GTGGGCGACGGGCTTATCTG-3

IFN-β Interferon-β F:5 –AGTTGCCTGGGACTCCTCAA-3 JF906509.1 59
R:5 –CCTCAGGGACCTCAAAGTTCAT-3

βD-1 β-defensin-1 F:5 –CTGTTAGCTGCTTAAGGAATAAAGGC-3 NM_213838 80
R:5 –TGCCACAGGTGCCGATCT-3

βD-2 β-defensin-2 F:5 –CCAGAGGTCCGACCACTACA-3 NM_214442 87
R:5 –GGTCCCTTCAATCCTGTTGAA-3

βD-3 β-defensin-3 F:5 –CTTCCTATCCAGTCTCAGTGTTCTGC-3 NM_214444.1 308
R:5 –GGCTTCTGTAGACTTCAAGGAGACAT-3

βD-4 β-defensin-4 F:5 –GTGGCTTGGATTTGAGGAGAGAGT-3 NM_214443.1 232
R:5 –AGTGATACACAGGCCTGGAAGGAT-3

IL-18 Interleukin-18 F:5′–CGTGTTTGAGGATATGCCTGATT-3′ AF191088.1 106
R:5′–TGGTTACTGCCAGACCTCTAGTGA-3′

SOCS-1 Suppressor of cytokine signaling 1 F:5′–TTCTTCGCCCTCAGTGTGAA-3′ NM_001204768.1 62
R:5′–GGCCTGGAAGTGCACGC-3′

TLR-4 Toll-like Receptor 4 F:5′–TGGCAGTTTCTGAGGAGTCATG-3′ AB188301.2 71
R:5′–CCGCAGCAGGGACTTCTC-3′

TLR-5 Toll-like Receptor 5 F:5′ –CCAGCT GTA TCA GGG AGC TT −3′ NC_010452.3 59
R:5′ –TCA AAG ATC CTG ACC ATC ACA −3′

MYD88 Myeloid differentiation primary response gene 88 F:5′ –GCA GCT GGA ACA GAC CAA CT-3′ NM_001099923.1 62
R:5′ –GTG CCA GGC AGG ACA TCT-3′

NF-kB1 Nuclear Factor kB F:5′–CCCATGTAGACAGCACCACCTATGAT-3′ NM_001048232 131
R:5′–ACAGAGGCTCAAAGTTCTCCACCA-3′

NF-kB/p65 RELA protein F:5′ –CGAGAGGAGCACGGATACCA-3′ FN999988.1 61
R:5′ –GCCCCGTGTAGCCATTGA-3′

JNK 1 Mitogen-activated protein kinase 8 (MAPK8) F:5′ –TGCTTTGTGGAATCAAGCAC-3′ XR_001301066.1 59
R:5′ –TGGGCTTTAAGTCCC-3′

STAT3 Signal transducer and activator of transcription 3 (acute-phase response factor) F:5′ –AACTCCTAGGACCTGGTGTGAA-3′ XM_005668829.2 192
R:5′ –CGCTCCCTCTCCTTACTGATAA-3′

P38α Mitogen-activated protein kinase 14 (MAPK14) F:5′ –TGCAAGGTCTCTGGAGGAAT-3′ XM_013977842.1 109
5′ –CTGAACGTGGTCATCCGTAA-3′

CD14 CD14 molecule F:5′ –TGCCAAATAGACGACGAAGA-3′ EF626695.1 364
R:5′ –ACGACACATTACGGAGTCTGA-3′

MD2 Lymphocyte antigen 96 F:5′ –TGCAATTCCTCTGATGCAAG-3′ NM_001104956.1 207
R:5′ –CCACCATATTCTCGGCAAAT-3′
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serum (FCS, 10%v/v) and 2 mM L-glutamine. These cells spontaneously
secrete IL-8 (Razzuoli et al., 2013) and because of their properties they
were previously employed in studies on bacterial and virus patho-
genicity (Brosnahan and Brown, 2012), and on the intestinal in-
flammatory response (Razzuoli et al., 2013). Cells were seeded into 12-
well tissue culture plates (2 ml per well, 5 × 105 cells/ml) and in-
cubated at 37 °C in 5% CO2 until confluence (16–22 h).

2.3. Modulation of innate immune responses

The modulation of IL-8 release and the expression of selected genes
was evaluated after treatment of IPEC-J2 cells with 1 ml of bacterial
suspension (see Section “Bacterial Invasion”) and incubation at 37 °C in
5% CO2 for 1 h. For each bacterial strain under study, five wells of
IPEC-J2 cells at confluence were infected. Cells treated with medium
only were used as uninfected control. After the first incubation, cells
were washed three times and again incubated in their medium at 37 °C
in 5% CO2 for 4 h; the resulting IPEC-J2 cell supernatants were stored at
−80 °C and used in an ELISA assay to evaluate the release of IL-8 and
antibacterial peptides (Razzuoli et al., 2012, 2014).

2.4. IL-8 ELISA

Swine IL-8 was measured by an ELISA kit as previously described
(Razzuoli et al., 2013). Plates were read spectrophotometrically at
492 nm. Cytokine concentrations were calculated from a standard curve
created using eight, 3-fold dilutions of porcine recombinant IL-8. Data
were analyzed by software Prism 5, (Graph Pad Software; Avenida de la
Playa, La Jolla, CA); the LOQ (limits of quantification) corresponded to
10 pg/ml. Data were expressed as difference between IL-8 release in
Salmonella-treated and control wells.

2.5. Gene expression

To evaluate the expression of the IL-1β, IL-4, IL-6, IL-8, IL-18, TNF-
α, beta-defensin 1 (bD1), beta-defensin 2 (bD2), beta-defensin 3 (bD3),
beta-defensin 4 (bD4), IFN-β, MyD88, TLR4, TLR5, SOCS1 and NF-Kb1
genes, total RNA was extracted from IPEC-J2 cells using RNeasy Mini
Kit (Qiagen). The expression of the above genes was determined by RT-
real-time PCR using primer sets described in previous studies (Mariani
et al., 2009; Zanotti et al., 2015). Porcine beta-2 microglobulin (pB2M)
was used as housekeeping gene (Table 1). EVA Green Real-Time PCR
amplification was performed in a CFX96™ Real-Time System after the
reverse transcription step, as previously described (Razzuoli et al.,
2011). Two distinct experiments with 5 replicates each were carried out
for each gene under study.

In each sample of IPEC-J2 cells, the relative expression of the se-
lected genes was calculated using the formula 2−ΔΔCt, where Ct is short
for cycle of threshold, ΔCt = Ct (target gene) − Ct (housekeeping), and
ΔΔCt = ΔCt (Salmonella infection) − ΔCt (control). Samples were
scored negative when the relevant Ct was ≥40.

2.6. Antibacterial activity

Antibacterial activity of the above supernatants (see Section
“Modulation of innate immune responses”) was determined by a qua-
litative microbiological screening method based on reference bacterial
strains (Razzuoli et al., 2012). Briefly, 2 × 105 Colony-Forming Units
(CFU) of Bacillus subtilis (Merck, Whitehouse Station, NJ, USA. cod
10649), 2 × 105 CFU of Escherichia coli 14 strain, 2 × 105 CFU of
Salmonella Typhimurium strain (same as that used in the above tests)
were seeded into Ø10-cm Petri dishes within plate count agar medium
(PCA). After medium solidification, 50 μl of each supernatant were
tested in duplicate into 10-mm holes made in the agar. After a 30-min
period of diffusion, samples were incubated at 30 °C for 18 h. Diameters
of growth check were measured in comparison with that of cell-free,

control medium. Streptomycin (10 μg), Trimethoprim (1.25 μg)
+ Sulfamethoxazole (23.75 μg), Penicill G (10 U) and Trimethoprim
(5 μg) + Sulfadiazine (25 μg) were used as positive controls.

2.7. Bacterial invasion

Bacterial invasion in IPEC-J2 cells was evaluated in 12-well tissue
culture plates. Cells at confluence were stimulated with 1 ml of bac-
terial suspension (see Section “Modulation of innate immune re-
sponses”) at 108 CFU/ml for each strain under study and incubated at
37 °C in 5% CO2 for 1 h. After removal of bacteria, monolayers were
washed three times with MEM/F12 medium and treated with PBS
containing 300 μg/ml colistin at 37 °C in 5% CO2 for 2 h to remove all
extracellular bacteria. Then, cells were washed twice for 5 min with
PBS and lysed by adding 200 μl of 1% Triton X-100 in PBS at room
temperature for 5 min. Then, 800 μl of PBS were added to each well; the
resulting cell suspension was vortexed, serially diluted and seeded on
XLD agar plates (Schmidt et al., 2008). Each bacterial strain was
checked in quintuplicate; the experiment was performed twice.

2.8. IL-8 blocking studies

The above protocol of bacterial invasion in IPEC-J2 cells was per-
formed twice by comparing Salmonella Typhimurium penetration in
control wells (n. 6) and in wells (n. 6) containing 1 μg/ml final of mAb
5351 to porcine IL-8/CXCL8 (R &D Systems, Minneapolis, MN).

2.9. Statistical analyses

A Kolmogorov-Smirnov test was conducted to check Gaussian dis-
tributions in the data sets concerning gene expression, cell invasion and
IL-8 release, respectively. Data showing Gaussian distributions were
checked for significant differences by one-way ANOVA. Results failing
the Kolmogorov-Smirnov test were checked for significant differences
by non-parametric Kruskal-Wallis test, followed by a Dunn’s post test.
The significance threshold was set at P < 0.05 (Prism 5, GraphPad
Software).

In the IL-8 blocking studies, the highest and lowest CFU counts of
control and mAb-treated cells, respectively, were omitted. CFU data
were converted into log10 values and checked for normality. Finally, a t
test was carried out on the data sets.

In all the statistical analyses, test results with P≥ 0.05 were con-
sidered not significant (NS).

3. Results

3.1. IL-8 is modulated by Salmonella spp.

With respect to control cells, S. Typhymurium caused a significant
increase (P = 0.022) of IL-8 gene expression (Fig. 1). S. Coeln de-
termined a significant increase of both IL-8 protein release (P = 0.005;
+527 pg/ml) and gene expression (Fig. 1; P < 0.0001). S. Veneziana,
like S. Coeln, determined a significant increase of both IL-8 release
(Fig. 1, P = 0.0037; +2898 pg/ml) and gene expression (Fig. 1;
P < 0.05). S. Enterica sub-species Diarizonae (strain 2) and S.
Thompson caused a significant increase of IL-8 secretion (Fig. 1,
P = 0.0021 + 3148 pg/ml and P = 0.0007 + 3374 pg/ml, respec-
tively) and an up-regulation of IL-8 gene expression (Fig. 1; P = 0.0098
and P = 0.0010, respectively). On the contrary, S. Ablogame and S.
Enterica sub-species Diarizonae (Strain 1) did not significantly mod-
ulate these parameters (Fig. 1).

3.2. Antibacterial activity

All the supernatants were negative for antibacterial activity against
Bacillus subtilis, S. Typhimurium and Escherichia coli.
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3.3. Gene expression profiles of IPEC-J2 cells are differently affected by the
Salmonella strains under study

S. Typhimurium up-regulated bD1 (P = 0.0011), bD2 (P = 0.002),
bD4 (P = 0.0006), IFN-β (P = 0.0188), TNF-α (P = 0.0003), IL-1β
(P < 0.0001), p38 (P = 0.0027) and IL-18 (P = 0.041) gene expres-
sion, while IL-4 (P = 0.0331) and MD2 (P = 0.0018) gene expression
were down-regulated (Fig. 2). After treatment with S. Coeln, significant
increases of IL-8 (P < 0.0001) (Fig. 1), IL-1β (P = 0.0042), and TNF-α
(P = 0.0001) gene expression were observed (Fig. 2 and Table 2) and
p38 (P = 0.0157) and CD14 (P = 0.0431) genes were down-regulated
(Fig. 2). S. Veneziana also caused a significant increase of IL-8 ex-
pression (P < 0.05) (Fig. 1 and Table 2). At the same time, CD14
(P = 0.0022), MD2 (P = 0.0129) and bD4 (P = 0.0006) gene expres-
sion were down-regulated (Fig. 2). S. Diarizonae strain 2 up-regulated
IL-8 (P = 0.0098) (Fig. 1), IFN-β (P = 0.0359), bD1 (P = 0.0158), bD2
(P = 0.0385) and bD3 (P = 0.0340) genes, and down-regulated bD4
(P = 0.0040) (Fig. 2 and Table 2). S. Thompson caused a significant

increase of IL-8 (P = 0.0010) gene expression (Fig. 1), as well as of
TNF-α (P = 0.0179), JNK1 (P = 0.0196), NF-kB/p65 (P = 0.0046),
bD1 (P = 0.0070) and bD2 (P = 0.0457); instead, bD4 (P = 0.0344),
IL-4 (P = 0.057, t) and IL-6 (P < 0,0001) were down-regulated (Fig. 2
and Table 2). S. Ablogame induced a significant up-regulation of IL-1β
(P = 0.0002), IFN-β (P = 0.0188) and bD4 (P = 0.0184) genes, while
TLR4 (P = 0.0137) TLR5 (P = 0.0327) and p38 (P = 0.0301) were
down-regulated (Fig. 2 and Table 2). Treatment with S. Diarizonae
strain 1 caused a significant decrease of p38 (P = 0.0412), MD2
(P = 0.0044) and bD4(P = 0.0344) gene expression (Fig. 2 and
Table 2). No strains modulated NF-kB1 (Table 2), STAT3 and SOCS1
gene expression (See Table 2).

3.4. Differential invasiveness in IPEC-J2 cells

All the strains under study were able to penetrate inside IPEC-J2
cells. In particular (Table 3), our results demonstrated greater pene-
tration of S. Coeln (P < 0.0001; + 0.48 log10 CFU/106 cells) and S.

Fig. 1. Panel A: IL-8 release after treatment of IPEC-J2 with Salmonella strains for 1 h at 37 (C in 5% CO2. Data are expressed as Δ pg/ml, i.e. pg/ml in Salmonella-infected − pg/ml in
control cells. Asterisks indicate significant differences between controls (untreated wells) and Salmonella-infected cells. * P < 0.05, **P < 0.01 and ***P < 0.001. Panel B: IPEC-J2
cells were treated with different strains of Salmonella (108 CFU/well) at 37 (C in 5% CO2 for 1 h. Cells treated with medium only were used as uninfected controls. Then, cells were
washed three times and again incubated at 37 (C in 5% CO2 for 4 h. Total RNA was extracted from IPEC-J2 to evaluate gene expression. Data are expressed as 2−ΔΔCt (ΔΔCt: ΔCt
Salmonella infection − ΔCt control). Asterisks indicate significant differences between control and Salmonella-treated cells.
*P < 0.05 ** P < 0.01 *** P < 0.001.
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Thompson (P = 0.0059; +0.15 log 10 CFU/106 cells) compared with S.
Typhimurium (control strain); S. Diarizonae 1 (P = 0.0408; −1.58 log
10 CFU/106 cells) showed lesser penetration with respect to S. Typhi-
murium. No significant differences with S. Typhimurium were shown
by the other Salmonella strains under study.

3.5. IL-8 affects Salmonella invasiveness

In two IL-8 blocking assays, a mAb to porcine IL-8 halved on
average the penetration of Salmonella Typhimurium into IPEC-J2 cells.
(3.2 vs. 2.9 log10 CFU, P < 0.05).

Fig. 2. The figure shows the modulation of
gene expression after Salmonella infection of
IPEC-J2 cells. The modulation of selected
genes was evaluated after treatment of IPEC-
J2 cells with 1 ml of bacterial suspension for
1 h. For each bacterial strain under study,
were infected five wells of IPEC-J2 cells.
After the first incubation, cells were washed
and again incubated in their medium for
4 h; then, total RNA was extracted and retro-
transcribed for Real-time PCR assays of cy-
tokine genes. The modulation of gene ex-
pression was evaluated with respect to un-
treated control cells.

Table 2
Modulation of innate immunity in IPEC-J2 cells after treatment with seven different Salmonella strains.

Cytokine gene expression

Cytokine S. Thyphimurium S. Coeln S. Ablogame S. Diarizonae 1 S. Veneziana S. Diarizonae 2 S. Thompson

IL-1β 7.4 ± 0.7**** 2.1 ± 1.2** 2.8 ± 0.5*** 0.6 ± 0.6 −0.5 ± 1.3 0.0 ± 0.6 0.6 ± 0.5
IL-4 −7.4 ± 0.0* −3.4 ± 1.2 2.6 ± 5.4 0.2 ± 4.5 −4.7 ± 2.9 −2.2 ± 2.6 −5.5 ± 0.5*

IL-6 0.5 ± 0.3 0.7 ± 0.5 −0.9 ± 0.5 1.2 ± 0.6 1.2 ± 0.6 1.5 ± 0.9 3.4 ± 2.0****

IL-8 3.5 ± 0.7* 5.7 ± 0.7*** 1.5 ± 0.4 2 ± 0.2 4.0 ± 0.2** 4.0 ± 0.4** 4.5 ± 0.2**

TNF-α 7.9 ± 0.7*** 8.1 ± 1.0*** 2.1 ± 0.5 3.8 ± 0.3 0.5 ± 7.2 5.0 ± 0.4 6.1 ± 0.3*

IFN-β 2.6 ± 0.4* 1.6 ± 1.2 2.5 ± 0.6* 1.1 ± 0.7 −0.5 ± 1.9 2.3 ± 0.4* 0.2 ± 2.7
bD1 4.4 ± 0.7** 0.2 ± 1.5 −0.3 ± 1.8 −0.8 ± 0.7 1.9 ± 0.5 3.1 ± 0.4* 3.5 ± 0.2**

SOCS1 −1.2 ± 0.6 0.3 ± 2.0 −0.6 ± 1.3 −0.5 ± 0.5 −2.0 ± 1.4 0.1 ± 1.8 −0.1 ± 2.3
TLR-4 1.5 ± 0.3 −1.7 ± 1.1 −2.2 ± 0.2* −1.4 ± 0.4 −0.7 ± 0.2 −0.6 ± 0.2 −0.6 ± 0.2
bD2 2.4 ± 0.4** −0.7 ± 2.3 0.6 ± 1.1 1.7 ± 0.8 2.1 ± 0.3 2.0 ± 0.5* 2.4 ± 0.3*

bD3 −0.6 ± 0.7 −0.4 ± 2.2 1.1 ± 0.2 −0.1 ± 0.7 0.3 ± 0.7 1.5 ± 0.4* −0.9 ± 1.0
bD4 2.9 ± 1.3*** 1.1 ± 1.0 2.1 ± 0.5* −1.2 ± 1.0* −2.3 ± 0.4*** −1.8 ± 0.7** −1.2 ± 0.5*

IL-18 7.2 ± 3.2* −0.5 ± 1.1 1.1 ± 1.0 −0.4 ± 0.2 −0.3 ± 0.2 −0.9 ± 0.3 −0.1 ± 0.2
MYD88 1.8 ± 0.7 −0.6 ± 0.2 0.4 ± 0.3 −0.8 ± 0.4 0.0 ± 0.4 0.5 ± 0.4 0.5 ± 0.2
NF-kB1 1.0 ± 0.7 1.2 ± 0.8 0.6 ± 0.3 0.5 ± 0.4 0.2 ± 0.3 0.3 ± 0.7 0.6 ± 0.7
NF-kB/p65 0.9 ± 0.7 −0.4 ± 0.6 −0.4 ± 0.3 −0.9 ± 0.4 −0.7 ± 0.3 0.3 ± 0.7 1.6 ± 0.2**

MD2 −9.8 ± 2.8** −1.0 ± 0.8 −1.6 ± 0.4 −7.6 ± 0.5** −9.4 ± 0.3* −2.8 ± 0.6 −0.3 ± 0.3
CD14 1.6 ± 0.5 −8.8 ± 13.0* −0.7 ± 0.7 −2.5 ± 1.3 −16.3 ± 14.4** −1.9 ± 2.1 −1.1 ± 1.7
TLR-5 0.3 ± 2.0 −15.0 ± 13.1 −24.5 ± 0.0* −1.4 ± 0.7 −1.1 ± 0.7 −5.1 ± 10.9 2.1 ± 0.2
p38 1.5 ± 0.7** −1.2 ± 0.5* −1.1 ± 0.4* −1.0 ± 0.3* −0.8 ± 0.1 −0.8 ± 0.1 −0.3 ± 0.2
JNK1 0.0 ± 0.8 −1.1 ± 0.7 −0.6 ± 0.3 −1.0 ± 0.4 −1.2 ± 0.2 0.4 ± 1.3 1.7 ± 0.3*

STAT 3 0.2 ± 0.7 −1.2 ± 0.3 −1.3 ± 0.5 −1.0 ± 0.4 −0.8 ± 0.2 −0.7 ± 0.1 −0.4 ± 0.2

The expression of some innate immunity genes was evaluated in IPEC-J2 cells. Cells were treated with different strains of Salmonella (108 CFU/well) and incubated at 37 °C in 5% CO2 for
1 h. Cells kept with medium only were used as untreated control. Then, cells were washed three times and again incubated at 37 °C in 5% CO2 for 4 h. Total RNA was extracted to evaluate
gene expression. Data are expressed as 2-ΔΔCt, i.e. ΔCt (Salmonella treatment) − ΔCt (untreated control). Asterisks indicate significant differences between Salmonella-treated and control
cultures. t indicates a tendency (0.1 < P > 0.05).

* P < 0.05.
** P < 0.01.
*** P < 0.001.
**** P < 0.0001.
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4. Discussion

Salmonella virulence is linked to several pathogenetic mechanisms
and virulence factors encoded by cluster genes named Salmonella pa-
thogenicity islands (SPI). These mechanisms allow Salmonella spp. to
survive in hostile environments, to express attachment factors such as
fimbriae, to activate chemical and enzymatic mechanisms (PhoP and
PhoQ) to survive inside cells of the innate immune system such as
macrophages (Galan, 1996; Hueck, 1998; Lucas and Lee, 2000;
Waterman and Holden, 2003). The proteins SopE, Sip B, C, D and A are
responsible for invasion and are encoded by SPI-1. They are essential
pore-forming translocases in eukaryotic cell wall. The protein Sip B, in
association with an apoptotic protease, activates the pro-inflammatory
cytokines IL-1β and IL-18. The Sop E protein influences cytoscheletal
rearrangement and invasion (Collazo and Galan, 1997; Hardt et al.,
1998; Zhou et al., 1999; Wallis and Galyov, 2000). The first line of
defense in the host is provided by the innate immune system, char-
acterized in particular by signaling through Toll-like receptors (TLRs),
activation of the NF-kB pathway (release of inflammatory cytokines)
and Type I IFN responses. Surface-expressed TLRs activated by bacteria
exploit the adaptor protein MyD88 and determine the translocation of
NF-kB into the nucleus, followed by transcription of various cytokine
and chemokine genes (Akira and Takeda, 2004).

As a model for Salmonella infections, IPEC-J2 and IPI-2I cell lines are
reference cellular substrates in studies on innate immunity in the in-
testinal tract, since they mimic the physiological characteristics of
human and swine gut (Scharek and Tedin, 2007; Mariani et al., 2009),
and provide useful information about the interaction between host and
enteric pathogens. In our study we investigated the ability of seven
Salmonella strains (S. Ablogame, S. Thompson, S. Coeln, S. Veneziana
and two different strains of S. Diarizonae) to penetrate into IPEC-J2
cells and to modulate intestinal innate immunity.

The release of antimicrobial peptides (AMPs) is an early response to
invading pathogens. All antimicrobial peptides are produced as pre-
propeptides and must be cleaved to exert their action; this process can
take place intracellularly or extracellularly (Lievin-Le Moal and Servin,
2006). We did not detect any release of AMPS by IPEC-J2 cells; this
could be due to a low concentration of AMPS (less than 4 μg/ml, ap-
proximately) in the cell supernatant or to a mechanism of resistance
developed by Salmonella spp. (Peschel, 2002). However, we observed a
different modulation of β-defensin gene expression by the strains under
study. As expected (Veldhuizen et al., 2009), S. Typhimurium increased
bD1 and bD2 gene expression; in our study also bD4 was up-regulated.
The other strains under study showed a very different ability to mod-
ulate β-defensin gene expression.

Type I IFNs (Razzuoli et al., 2013, 2016) are a heterogeneous group
consisting of distinct cytokine families: IFN-α, IFN-β, IFN-epsilon, IFN-
κ, IFN-ω, IFN-δ, and IFN-τ. The IFN system plays a central role in both
innate and adaptive immune responses (Gonzalez-Navajas et al., 2012).
In addition to that, recent evidence accumulated in humans, mice, and

farm animals points at type I IFN as a crucial homeostatic system in-
volved in environmental adaptation (Amadori, 2007; Razzuoli et al.,
2012). In our study we demonstrated the ability of some Salmonella
strains to activate an IFN-β response, associated with an increased ex-
pression of some pro-inflammatory cytokine genes. In particular, ex-
pression of IFN-β gene was increased with respect to basal level (un-
treated wells) by S. Typhimurium, S. Ablogame and S. Diarizonae 2,
that also caused an up-regulation of IL-1β and/or IL-8 gene espression.

Our results showed a significant modulation of IL-8 gene expression
and protein release by 5 strains out of 7. In particular, S. Typhimurium,
S. Coeln and S. Thompson strains, showing a greater ability to penetrate
into IPEC-J2 cells, up-regulated both IL-8 and TNF-α gene expression.
This result was fully in agreement with our IL-8 blocking studies.
Accordingly, there was a striking correlation between reduced pene-
tration and failure to stimulate inflammatory cytokine genes shown by
S. Diarizonae strain 1 (Fig. 2), as a possible outcome of defective SPI
genes and functions thereof. These data are in agreement with previous
studies (Uddin et al., 2012; Razzuoli et al., 2013; Patel and McCormick,
2014). Also, the different profiles of inflammatory responses could be
accounted for by a possibly different occupancy of TLR-4 by LPS (Uddin
et al., 2012) expressed in different Salmonella strains. In this respect,
TLR4-deficient mice are characterized by increased susceptibility to
Salmonella spp. (de Jong et al., 2012). Beyond a possible Salmonella
strain-specific occupancy of TLR-4 and TLR-5, in our study we de-
monstrated that a different modulation of CD14 and MD2 genes occurs
after infection with different Salmonella spp. strains; in particular, S.
Ablogame, S. Veneziana, S. Diarizonae strain 1 and S. Thyphimurium
down-regulated the expression of at least one component of this com-
plex.

S. Diarizonae strain 1, causing lesser invasion of IPEC-J2 cells,
down-regulated the p38-MAPK pathway, and it did not induce on the
whole an inflammatory response. S. Ablogame did not modulate either
IL-8 protein release or gene expression. Interestingly, recent data
(Stecher et al., 2007; Chirullo et al., 2015) demonstrated that S. Ty-
phimurium exploits inflammation to outcompete the intestinal micro-
biota, in agreement with our IL-8 blocking studies. Moreover, the in-
flammatory response is linked to virulence mechanism, which implies
that Salmonella strains with lesser ability to induce inflammation are
also less invasive. Our results indicate that the ability to up-regulate
pro-inflammatory molecules like IL-8 can be associated with the ability
to penetrate into the enterocytes. Our results also confirm that IPEC-J2
cells are a very good model to evaluate host-pathogen interaction, and
point at IL-8 and TNF-α as possible markers of Salmonella invasiveness.
Moreover, we showed that Salmonella strains differently affect the
host’s innate immune response.

On the whole, these findings could be conducive to a more precise
evaluation of the possible pathogenicity of new and/or poorly in-
vestigated Salmonella strains, and can underlie new, updated proce-
dures of risk assessment for public health.
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Table 3
Salmonella penetration into IPEC-J2 cells.

Salmonella Strain Log10 CFU/106 cells

S. Typhimurium 4.87 ± 0.21
S. Coelna 5.35 ± 0.15
S. Ablogame 4.84 ± 0.15
S. Diarizonae 1a 3.29 ± 0.29
S. Thompson 5.26 ± 0.25
S. Diarizonae 2 4.58 ± 0.38
S. Veneziana 4.39 ± 0.44

Data are expressed as log10 CFU of penetrated, intracellular Salmonella/
106 cells, mean value of five replicates ± 1 standard deviation.

a indicates a significant difference with respect to S. Typhimurium
(P < 0.05).
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