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Day-old chicks are very susceptible to infections with Salmonella enterica subspecies. The gut mucosa is the
initial site of host invasion and provides the first line of defense against the bacteria. To study the potential
of different S. enterica serovars to invade the gut mucosa and trigger an immune response, day-old chicks were
infected orally with Salmonella enterica serovar Enteritidis, S. enterica serovar Typhimurium, S. enferica serovar
Hadar, or S. enterica serovar Infantis, respectively. The localization of Salmonella organisms in gut mucosa and
the number of immune cells in cecum were determined by immunohistochemistry in the period between 4 h and
9 days after infection. Using quantitative real-time reverse transcription (RT)-PCR, mRNA expression of
various cytokines, chemokines, and inducible nitric oxide synthase (iNOS) was examined in cecum. As a result,
all S. enterica serovars were able to infect epithelial cells and the lamina propria. Notably, serovar Enteritidis
showed the highest invasiveness of lamina propria tissue, whereas serovars Typhimurium and Hadar displayed
moderate invasiveness and serovar Infantis hardly any invasion capabilities. Only a limited number of bacteria
of all serovars were found within intestinal macrophages. Elevated numbers of granulocytes, CD8™ cells, and
TCR1™ cells and mRNA expression rates for interleukin 12 (IL-12), IL-18, tumor necrosis factor alpha factor,
and iNOS in cecum correlated well with the invasiveness of serovars in the lamina propria. In contrast, changes
in numbers of TCR2* and CD4* cells and IL-2 mRNA expression seemed to be more dependent on infection
of epithelial cells. The data indicate that the capability of Salmonella serovars to enter the cecal mucosa and

invade lower regions affects both the level and character of the immune response in tissue.

Salmonella enterica ssp. enterica infection of humans is one
of the most important food-borne zoonoses worldwide. In 2005
alone, about 52,000 human cases were reported in Germany
(52), but the true figure is assumed to be far higher. While the
genus Salmonella is characterized by an extremely high degree
of serological diversity, each of the more than 2,500 known
Salmonella serovars is potentially capable of producing gastro-
enteritis, with a few specific representatives being considered
to be exceptionally dangerous. Among a number of more or
less virulent Salmonella serovars, Salmonella enterica serovar
Enteritidis and Salmonella enterica serovar Typhimurium, fol-
lowed by Salmonella enterica serovars Infantis, Hadar, and
Virchow, are most frequently isolated from humans in Euro-
pean countries (15). The main source of human Salmonella
infections is poultry-derived food, mainly eggs and egg prod-
ucts but also chicken meat. Therefore, the primary aim of
Salmonella control in poultry is to prevent these organisms
from entering the food chain. In addition to efficient hygiene
regimes at all stages of production, specific control measures,
such as immunization with both live and inactivated Salmonella
vaccines against the serovars Enteritidis and Typhimurium, are
being used with poultry (16). Nevertheless, human salmonel-
losis remains a serious public health issue, and therefore,
in-depth investigations of basic defense mechanisms against
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Salmonella in chickens are essential to improve existing vac-
cines and to develop new, more efficacious vaccines.
Salmonella organisms infect animals as well as humans by
the oral route. To induce gastroenteritis, the pathogen must
reach the distal ileum and cecum in the first place, where it is
set to outcompete the resident microbial flora and must pen-
etrate the mucosal epithelium. For effective elimination of
harmful agents in the gastrointestinal tract, a highly specialized
lymphoid tissue exists separately in the gut (gut-associated
lymphoid tissue [GALT]). An attribute of GALT is the forma-
tion of characteristic epithelium covering the lymphoid tissue
and containing M cells well equipped for uptake of particular
antigens from the lumen. In contrast to the highly organized
GALT in mammals, the avian counterpart does not always
develop such a specialized epithelium. Indeed, most of the
avian gut tissue is separated from the lumen by regular epithe-
lium. Only some unique tissues, such as the cecum tonsils,
Peyer’s patches, and Meckel’s diverticulum, have some parts
with the unique epithelium (7, 10). Concerning Salmonella
infection in poultry, little is known about how and to what
extent Salmonella strains enter the gut mucosa. Only a few
studies are focused on the mucosal invasiveness of different
Salmonella strains, but experiments either were conducted with
ex vivo cell culture systems (33, 42) or permanent cell lines (1,
26) or were gut loop experiments (1). In fact, the mucosal
epithelium is not only a physical barrier but also the initiator of
the innate immune response to Salmonella. Specialized epithe-
lial cells can produce bactericidal enzymes, and the encounter
of bacteria and epithelial cells rapidly stimulates the release of
proinflammatory chemokines that attract innate immune cells,
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TABLE 1. Salmonella serovars used in this study

. . Phage Size of .
S. enterica serovar Group O antigens serovar-specific Reference
type plasmid (MDa)
Enteritidis 147 D 1,9, 12 PT 4 37 38
Typhimurium 9098 B 1,4,5,12 DT 177 60 40
Hadar 18 C2 6,8 40
Infantis 1326 C1 6,7 40

such as granulocytes, macrophages, and immature dendritic
cells. These cells constitute the first line of defense, are able to
engulf and kill pathogens nonspecifically, and trigger a wide
range of further immune reactions. An early neutrophil/het-
erophil and macrophage infiltration in avian gut mucosa has
been shown after oral administration of Salmonella strains
(63). In vitro studies with avian macrophages additionally
showed that avian macrophages are very efficient in bacteri-
cidal function against Salmonella (49). Nevertheless, Salmo-
nella organisms are also capable of surviving within macro-
phages (47, 65). In a case where innate immune mechanisms
are not sufficient to prevent bacterial multiplication, adaptive
and specific immunity is initiated to completely eradicate the
invaders. Adaptive immune mechanisms are divided into cell-
mediated immunity, which acts predominantly through effector
T cells, and humoral immunity, which operates by means of
specific antibodies. In the case of avian Salmonella infection,
recent evidence has emerged indicating that humoral immune
mechanisms do not play an essential role in clearance of pri-
mary infection or in long-term protection (4). Therefore, con-
siderable effort has been undertaken to explore the avian cel-
lular immune defense in different organs, such as the gut,
spleen, liver, and blood. Changes in number, distribution, and
proliferation of T cells (6, 8) and a delayed-type hypersensi-
tivity response were observed (23). Concerning non-host-
adapted serovars, chicks experimentally infected with S. en-
terica ssp. enterica serovar Enteritidis or Typhimurium were
used exclusively in those studies (2, 3, 8, 9, 29, 46, 54). How-
ever, there is no in vivo data on the capability of different
Salmonella serovars to invade epithelial cells and macrophages
in the lower regions of the mucosal lamina propria at present.

Recent progress in cloning of avian cytokine and chemokine
genes also promoted further analysis of proinflammatory cyto-
kine and chemokine production during various viral and bac-
terial infections in chickens (19, 27, 31, 53). Indeed, changing
patterns of cytokine mRNA expression have been demon-
strated in the course of serovar Typhimurium or serovar En-
teritidis infection in avian organs, such as spleen (46, 57) and
gut (69), and in avian cells, such as granulocytes (59) and T-cell
subsets (9). In mice, Thl cytokines, which enhance cell-medi-
ated immunity, are crucial for protection against Salmonella
infection (35). A protective role for interleukin la (IL-1a),
tumor necrosis factor alpha, gamma interferon (IFN-v), IL-12,
IL-18, and IL-15 has been demonstrated with a mouse typhoid
model (14). On the other hand, IL-4 and IL-10 inhibited the
host defense against Salmonella.

The present study was undertaken to characterize serovar
Enteritidis, serovar Typhimurium, serovar Hadar, and serovar
Infantis as the most commonly isolated, non-host-adapted ser-
ovars from both laying hens (16) and broilers (17) with regard

to their potential to enter the cecum mucosa, reside in mac-
rophages, and stimulate an immune response. The emergence
of immune cells playing a role in the innate and/or adaptive
immune response, as well as interleukin, chemokine and in-
ducible nitric oxide synthase (iNOS) mRNA expression, was
analyzed after infection of day-old chicks in cecum and com-
pared to Salmonella invasiveness in gut mucosa.

MATERIALS AND METHODS

Chickens. Specific-pathogen-free White Leghorn chickens were hatched at the
facilities of Friedrich-Loeffler-Institute, Jena, Germany, from eggs obtained from
Charles River Deutschland GmbH (Extertal, Germany). Experimental and con-
trol groups were kept in separate rooms; commercial feed (in powder form
without antibiotics or other additives) and drinking water were both available ad
libitum. Cleaning and feeding regimens were organized, which prevented cross-
contamination effectively throughout the experiment.

Bacterial strains and experimental design. Newly hatched day-old chicks were
infected orally using the following Salmonella serovars (Table 1): serovar Enter-
itidis 147 (group 1), serovar Typhimurium 9098 (group 2), serovar Hadar 18
(group 3), or serovar Infantis 1326 (group 4). All Salmonella serovars are rep-
resentatives of the appropriate O groups (B, C;, C, and D) and tested as good
colonizers of the avian gut (40). The Salmonella wild-type strains were inoculated
at a dose of 1 X 107 to 2 X 107 CFU per bird at 1 day of age to ensure a high
cecum colonization by the strains without inducing severe clinical signs of mor-
bidity (39). Oral administration of 0.1 ml/bird of bacterial suspension was per-
formed by instillation into the crop using a syringe with an attached flexible tube.
Another control group (group 5) was neither immunized nor infected. All Sal-
monella strains used in this study were stored in the Microbank system (PRO-
LAB Diagnostics, Ontario, Canada) at —20°C. The bacterial suspensions for
infection were cultivated by shaking (18 h at 37°C) in nutrient broth (Sifin,
Berlin, Germany). Doses were estimated by measuring extinction at 600 nm
against a calibration graph determined for the strains used and were subse-
quently confirmed by plate counting on nutrient agar (Sifin).

Three birds from each group were sacrificed at 4 h after infection and at 1, 2,
4,7, and 9 days postinfection (dpi). At each time point, liver and cecum content
was collected aseptically for bacteriology. Additionally, ceca were taken from
every animal and frozen in liquid nitrogen or stored in RNA-later (Qiagen,
Hilden, Germany) until use for immunohistochemistry, confocal microscopy, or
quantitative real-time RT-PCR. For flow cytometry, blood and spleen samples of
each animal were prepared immediately as described below.

Bacteriology. Using a standard plating method (38), bacterial counts in cecum
content and liver were estimated for all birds (three per group and investigation
day). For this purpose, homogenized samples were diluted in phosphate-buffered
saline, plated on deoxycholate-citrate agar (Sifin) to detect the challenge organ-
isms, and incubated at 37°C for 18 to 24 h. Buffered peptone water was used for
preenrichment of the organ homogenates, which were incubated overnight at
37°C and subcultured on the solid agar.

Immunohistochemistry. For study of Salmonella invasion and cellular influx,
frozen sections of all birds were prepared from cecum and stained as described
previously (8). Briefly, tissue sections (of 7-pm thickness) were fixed with acetone
and subsequently incubated with the appropriate monoclonal antibodies against
Salmonella lipopolysaccharide (LPS) (Chemicon, Hofheim, Germany), avian
granulocytes (32) (kindly provided by R. Ducatelle, University Gent, Belgium),
mononuclear phagocytes (macrophages; CVI 68.1; Institute for Animal Science
and Health, Lelystad, The Netherlands), y8 T cells (TCR1), of T cells (TCR2),
and CD4" (CT-4), CD8a* (CT-8), and CD8B™ (EP-42) cells (all from Southern
Biotechnology Associates, Eching, Germany), and the secondary goat anti-
mouse immunoglobulin (Sigma, Deisenhoven, Germany), as well as the peroxi-
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TABLE 2. Primer sequences for real-time RT-PCR

Avian RNA target

Annealing Sequence

and primer
description

Sequence (5'-3")

temp (°C)

accession no.”

IFN-y
Forward GCCGCACATCAAACACATATCT 57 NM_205149
Reverse TGAGACTGGCTCCTTTTCCTT

1L-2
Forward GAGTCTTACGGGTCTAAATC 53 NM_204153
Reverse CACAAAGTTGGTCAGTC

CXCL8b (IL-8)
Forward ATGAACGGCAAGCTTGGAGCT 57 NM_205498
Reverse GCCATAAGTGCCTTTACGATCAG

IL-128 (p40)
Forward TGGTCCACGCTTTGCAGAT 54 AJ564201
Reverse AAGGTTAAGGCGTGGCTTCTTA

1L-18
Forward TCTGGCAGTGGAATGTACTTCG 54 MN_204608
Reverse CCATTTTCCCATGCTCTTTCTC

CCLAL1 (MIP-1B)
Forward TCCTGCTGCTTCACCTACATCT 59 AJ243034
Reverse ATGAACACAACACCAGCATGAG

IL-2R«
Forward GCAGATAAATGCCCACGTCTTT 54 NM_204596
Reverse TCAAGGTGTTCCCACTTCGTC

IL-7Ra
Forward AGCATGCTCAGAATGACACGG 54 XM_423732
Reverse TCATCTCCAAAGGTCCCATCA

Bcel-x
Forward GCGAAAGGTCGGATGTGTT 56 U26645
Reverse GCTGGACATTTTCACACCTGA

Fas
Forward AAAGCACTCGGTTTGGAGGT 54 AF296875
Reverse ATGACTCGCAATGTTCACACC

Fas-L
Forward CACTTAACAGGAAACCCCACAC 54 AJ890143
Reverse TTGATCACAAGGCCCTGGT

LITAF
Forward GCTGTTCTATGACCGCCCAGTT 56 NM_204267
Reverse AACAACCAGCTATGCACCCCA

INOS
Forward GAACAGCCAGCTCATCCGATA 54 AY648162
Reverse CCCAAGCTCAATGCACAACTT

GAPDH”
Forward GTCAGCAATGCATCGTGCA 54 K01458
Reverse GGCATGGACAGTGGTCATAAGA

“ Glyceraldehyde-3-phosphate dehydrogenase.
® NCBI accession numbers.

dase-antiperoxidase complex (Sigma). The enzyme-linked antibody was visual-
ized by reaction with 3,3’-diaminobinzidine (Merck, Darmstadt, Germany) and
hydrogen peroxide. Sections were counterstained with hematoxylin.

Confocal laser-scanning microscopy. To study colocalization of macrophages
and Salmonella organisms and for quantification of intracellular bacteria by
confocal laser-scanning microscopy, acetone-fixed cryostat sections (10-wm
thickness) of ceca from all animals (three per group and investigation day) were
incubated with primary antibody against Salmonella LPS (immunoglobulin G2a
[IgG2a]; Chemicon) and macrophages (CVI 68.1, IgG1; Institute for Animal
Science and Health) and detected with the isotype-specific (IgG2a) antibody
A-555 (Molecular Probes, Leiden, The Netherlands) and the isotype-specific
(IgG1) antibody A-488 (Molecular Probes), respectively. Sections were washed
with phosphate-buffered saline three times between each incubation step for 2
min. Finally, the sections were counterstained with 1 pg/ml 4',6'-diamidino-2-
phenylindole (Sigma) and mounted with glycerin gelatin. Colocalization of Sal-
monella organisms and macrophages was evaluated by using a TCS-SP2 confocal
microscope (Leica, Bensheim, Germany) and image analysis. For this purpose,
fluorescence image stacks were sequentially registered by the 488-nm (green)
and 546-nm (red) channels. A corresponding 4',6'-diamidino-2-phenylindole
wide-field image was subsequently scanned using the Hg lamp for excitation and
collected with the photomultiplier tube. To differentiate between epithelium and

lamina propria, the images were merged subsequently. At least five images per
animal were collected and evaluated.

Image analysis. Analysis of the number of granulocytes and proportions of
immunohistochemically stained areas of immune cells and Salmonella organisms
in tissue were performed with each individual bird (three per group and inves-
tigation day) by means of the image analysis system analySIS (SIS, Minster,
Germany).

For counting of granulocytes, regions of interest (ROI) were drawn interac-
tively, including lamina propria and epithelial lining of cecum. Using computer
software, areas were determined and the numbers of granulocytes (characterized
by their strong staining and morphology) were counted interactively within ROI
and calculated to 1 mm? At least three ROIs per animal were analyzed.

The changes in percentages of all other immune cell populations were mon-
itored by determining the percentage of positive stained areas in whole-cecum
mucosa (epithelial lining and lamina propria). A ROI was drawn (three per
animal) and the percentage of stained area determined by using image analysis
software.

In the case of Salmonella organisms, analyses were performed for whole-
cecum mucosa (epithelium and lamina propria) and separately for the epithelial
lining, subepithelial region, and lamina propria basement region. Percentages of
Salmonella stained areas of the whole cecum mucosa and epithelium were ana-
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TABLE 3. Number of Salmonella organisms in liver and cecum content of chickens after oral administration of 2 X 107 CFU/bird
on day 1 of age

Bacterial count (log,, CFU/g)*

Time

. . Group 1 Group 2 Group 3 Group 4
postinfection
Liver Cecum content Liver Cecum content Liver Cecum content Liver Cecum content
4 h 0.5 8.5 0.7 8.7 0 7.4 0 8.2
1 day 2.3 8.7 (¢, d) 2.1 9.3 2.0 9.8 0.6 (a) 10.2
2 days 3.2 9.1 (d) 2.9 9.5 1.7 (a, b) 9.7 0.9 (a, b) 10.0
4 days 3.3 9.5 2.5 9.7 1.5 (a,b) 9.5 0.8 (a, b) 9.3
7 days 3.2 9.3 2.2° 9.4 0.8 (a, b) 9.0° 0.3 (a, b) 9.0
9 days 2.5 9.2 2.1 9.1 2.1 8.8 0(a, b, c) 8.9

“ Group 1, serovar Enteritidis 147; group 2, serovar Typhimurium 9098; group 3, serovar Hadar 18; group 4, serovar Infantis 1326. Standard error: liver, 0.152; cecum
content, 0.071. A parenthetical a, b, ¢, and/or d indicates a result significantly lower than that for group 1, 2, 3, and/or 4.

lyzed by using an image analysis system as described for cell populations (see
above). Numbers of Salmonella organisms in subepithelial and basement regions
were evaluated individually by using a scoring system (0, no bacteria; 1, very low
number; 2, moderate numbers stained; 3, high numbers of bacteria detectable).

For quantification of intracellular salmonellae by colocalization study, a ROI
including the lamina propria of each collected confocal image (five per animal)
was drawn, the total area of the extracellular salmonellae (green) and intracel-
lular salmonellae (yellow) detected, and the percentage of intracellular salmo-
nellae from all bacteria calculated by using analySIS software.

The number of differently sized Salmonella accumulations (clusters) in 1 mm?
of cecum lamina propria was determined by image analysis of the confocal
images by using analySIS software. For this purpose, four classes of Salmonella
clusters were defined: 1, single bacterium (0.5 to 3 wm?), 2, small-sized clusters
(3 to 10 pm?); 3, medium-sized clusters (10 to 50 um?); 4, large-sized clusters (50
to 150 wm?).

Additionally, 100 stained cecum macrophages per animal were counted and
the percentage of Salmonella-infected cells determined using the confocal im-
ages and analySIS software.

Flow cytometry. For analysis of changes in T-cell composition upon infection,
heparinized blood of every animal (three per group and investigation day) was
mixed with 3% hetastarch (Sigma Immuno Chemicals, St. Louis, MO) at a ratio
of 1:2 and centrifuged at 65 X g for 10 min to allow erythrocytes to sediment. The
cells of the supernatant were used for flow-cytometric analysis of blood lympho-
cyte as described previously (8).

To isolate leukocytes from the spleen, the outer connective tissue was removed
and tissue homogenized. After cell detachment by passage through a 20-gauge
syringe, lymphocytes were separated by centrifugation using 3% hetastarch ac-
cording to the procedure for peripheral blood lymphocytes as described previ-
ously (8).

Isolated leukocytes (2 X 10°) were incubated with fluorescein isothiocyanate
(FITC)-labeled monoclonal antibodies (TCR1-FITC and TCR2-FITC; Southern
Biotechnology Associates, Eching, Germany) for 30 min in the dark. After the
cells were washed, aliquots of 20,000 cells per sample were analyzed using a
FACSCalibur flow cytometry system (Becton Dickinson, Heidelberg, Germany)
equipped with a 15-mW, 488-nm argon ion laser.

Primer design. Avian cDNA or mRNA sequences for cytokines, chemokines,
iNOS, cytokine-receptor chains, and apoptosis-related proteins were identified
using the NCBI home page (http://www.ncbi.nlm.nih.gov/). In cases of the avail-
ability only of DNA, the Chicken BLAT Search (http://genome.ucsc.edu/cgi-bin
/hgBlat) was used to find exons. Amplification primers were designed by means
of the Primer Express 2.0 software (Applied Biosystems, Darmstadt, Germany),
with at least one primer of each pair covering an exon-intron boundary. Finally
the primers created were checked by using the NCBI BLAST Search (http://www
.ncbi.nlm.nih.gov/BLAST/) for specificity.

Each primer pair was tested with a serial dilution of RNA in quantitative
real-time RT-PCR to ensure comparable efficiencies of the RT-PCR. The am-
plification specificity was checked by melting-curve analysis and determination of
amplicon size by gel electrophoresis of amplification products in 2% agarose gels.

Quantitative real-time RT-PCR. To study the dynamics of cytokine production
after Salmonella exposure, total RNA was extracted from cecum samples of each
individual bird using the RNeasy minikit (Qiagen), following the manufacturer’s
instructions. Contaminating DNAs were digested using an RNase-free DNase set
(Qiagen) and resulting RNAs eluted in 50 wl RNase-free water per 20 mg tissue
and stored at —80°C. The resulted mRNAs were evaluated and the quantity and

quality determined by spectral analysis (BioPhotometer; Eppendorf, Hamburg,
Germany). Only samples with mRNA purity of about 2 (A4,4(/A4 g, ratio) or above
2 (A,60/A230) were used. The quantity of mRNA was adjusted for quantitative
RT-PCR and the mRNA expression rates of avian cytokines (IFN-y, IL-2,
IL-12B [p40], IL-18, lipopolysaccharide-induced tumor necrosis factor alpha
factor [LITAF]), chemokines (CXCL8b [9E3/CEF4; henceforth named IL-8]
and CCLAL1 [henceforth named MIP-1B]) (64), cytokine receptor chains (IL-
2Ra and IL-7Ra), iNOS, and apoptosis-related proteins (Fas, Fas ligand, and
Bcl-x) determined for every individual bird using the QuantiTect SYBR Green
one-step RT-PCR kit (Qiagen) according to the instructions of the manufac-
turer. Amplification and detection of specific products were performed using
Mx3000P real-time PCR equipment (Stratagene, La Jolla, CA) with the follow-
ing temperature-time profile: one cycle of 50°C for 30 min, 96°C for 15 min, and
45 cycles of 94°C for 30 s, respective annealing temperature for 30 s, followed by
72°C for 30 s. To check the specificities of amplification products, the dissocia-
tion-curve mode was used (one cycle at 95°C for 1 min, 55°C for 30 s, and 95°C
for 30 s) subsequent to amplification. Primer sequences and annealing temper-
atures are given in Table 2. The threshold method was used for quantification of
the mRNA level (48). Threshold cycle (AC;) values were calculated on the basis
of the internal standard glyceraldehyde-3-phosphate dehydrogenase. Results
were expressed as 2(7 24D (p-fold change).

Statistical analysis. The data of flow cytometry analysis, quantitative real-time
RT-PCR, and image analysis were evaluated statistically. The Student ¢ test for
comparison of two independent samples was used to evaluate differences be-
tween the groups (each infected group versus the control group). P values of
=0.05 were considered significant.

Viable counts of bacteria were converted into logarithmic form. For the
purpose of statistical analysis, a log,, viable count of <1.47 (limit for direct plate
detection) obtained from a sample becoming positive only after enrichment was
rated as a log, value of 1.0. A sample which yielded no Salmonella growth after
enrichment was rated as a log;, value of 0. Data were evaluated by multifactorial
variance analysis. The factors considered were group and time. P values of <0.05
were regarded as statistically significant (Statgraphics Plus software; StatPoint,
Inc., Rockville, MD).

RESULTS

Clinical signs after Salmonella infection and bacteriology.
The oral administration of Salmonella wild-type strains of dif-
ferent serovars inoculated at a dose of 1 X 107 to 2 X 107 CFU
per bird produced a strong colonization of the intestine and
spread to the liver (Table 3) but did not result in morbidity or
severe clinical signs. However, signs of intestinal inflammation
were observed in some birds in groups challenged with the
highly invasive strains serovar Enteritidis 147 and serovar Ty-
phimurium 9098. The different serovars of Salmonella did not
reveal relevant differences in their ability to colonize the ceca.
Only serovar Enteritidis exhibited slightly but significantly
(P = 0.05) reduced counts in cecum content compared with the
other serovars at 1 and 2 dpi. Despite their strong capability to
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FIG. 1. Diagrams showing percentages of Salmonella positive-stained areas in whole avian cecum mucosa and epithelium and the scores for
numbers of bacteria in subepithelial and basement regions of cecum lamina propria after infection with different Salmonella serovars. Asterisks
indicate a significant difference between the treated and control groups (P = 0.05). <, serovar Enteritidis; B, serovar Typhimurium; A, serovar

Hadar; O, serovar Infantis; £, control. d, day; pos., positive.

colonize the gut, serovar Hadar 18 and serovar Infantis 1326
showed not only a significantly diminished (P = 0.05) but a
considerably diminished invasion of the liver at 2, 4, and 7 dpi
or on all days postinfection, respectively, compared to serovar
Enteritidis and serovar Typhimurium. These differences
amounted to 1.5 to 2.0 log,, units, indicating not only their
decreased invasion but also their reduced virulence. Although
invasion by serovar Enteritidis and serovar Typhimurium of
liver tissue was significantly (P = 0.05) different at 7 dpi only,
serovar Enteritidis revealed higher counts on all days of exam-
ination.

Quantification of Salmonella serovars in the cecum wall. The
potential of different Salmonella serovars to invade lower re-
gions of the cecum mucosa was analyzed by using immunohis-
tochemistry and image analysis. All Salmonella serovars were
capable of invading the cecum mucosa, but to different degrees
(Fig. 1). Serovar Enteritidis, serovar Typhimurium, and sero-
var Hadar were found in epithelium and in subepithelial and
lamina propria basement regions of the cecum. Notably, sero-
var Enteritidis displayed the best capability of reaching lower
zones of the lamina propria. Compared to the other serovars,
it was found in the largest quantities in the basement region at
1 and 2 dpi. In contrast, serovar Hadar was most significantly
able to infect the epithelium 1, 2, and 4 dpi and serovar Infantis
entered solely epithelial cells and regions located directly be-
low the epithelium (subepithelial region).

As seen in immunohistochemical staining and analyzed by
means of confocal images, the Salmonella serovars presented
themselves as both single cells and characteristic bacterial ac-
cumulations (see clusters in Fig. 2 and 4). Bacterial clusters
were observed exclusively within the lamina propria, whereas
single bacteria were seen within the epithelial lining and in the
gut lumen but also in the lamina propria. In comparison, ser-

ovar Enteritidis, serovar Typhimurium, and serovar Hadar re-
vealed larger accumulations and serovar Infantis showed only
small or no accumulations. Bacterial clusters already were seen
1 dpi in serovar Enteritidis-, serovar Hadar-, and serovar Ty-
phimurium-infected animals. While small-sized clusters and
single bacteria were found up to 9 dpi for all infected animals,
a decline of large-sized clusters was observed for serovar En-
teritidis- and serovar Hadar-treated animals between 1 and 4
dpi (Fig. 3).

Quantification of intracellular salmonellae. To study colo-
calization of Salmonella organisms and macrophages, confocal
microscopy and image analysis were used. The results showed
that most of the bacteria were not associated with macro-
phages. Only low percentages (between 0 and 16%) of all
salmonellae were detected within macrophages (Fig. 3). In
serovar Infantis-infected chicks, intracellular bacteria were not
seen before 4 dpi.

Salmonella-infected macrophages. As the colocalization
study by confocal laser-scanning microscopy of infected ani-
mals revealed, the percentage of macrophages in cecum lamina
propria with internalized bacteria ranged between 0.1% (sero-
var Infantis-infected group, 1 dpi) and 45% (serovar Enteriti-
dis-infected group, 1 dpi) depending on the Salmonella serovar
(Fig. 3, % macrophages with internalized Salmonella). The
peak number of Salmonella-positive macrophages was seen 1
dpi for serovar Enteritidis- and serovar Hadar-infected chicks
and 2 dpi for serovar Typhimurium-treated birds (18% Salmo-
nella-positive macrophages). After infection with serovar In-
fantis, hardly any colocalization was detected.

Between 2 and 9 dpi, merely about 1 to 3 bacteria were
detected in association with macrophages for serovar Enterit-
idis-, serovar Typhimurium- and serovar Hadar-infected chicks
(data not shown). At 1 dpi, the number of intracellular bacteria
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FIG. 2. Representative photographs of cecum mucosa after infection of day-old chicks with different Salmonella serovars. Single bacteria are
marked with arrowheads and bacterial accumulations with arrows. (A) Serovar Enteritidis infection, 2 dpi: bacteria spread over the whole lamina
propria. (B) Serovar Typhimurium infection at 2 dpi: bacteria predominantly located subepithelially. (C) Serovar Hadar infection at 2 dpi: bacteria
predominantly located subepithelially. (D) Serovar Infantis infection at 2 dpi: bacteria are predominantly located in epithelial lining.

per macrophage could not be determined because large-scale
clustering occurred and a separation into single bacteria was
impossible. At this time point, portions of Salmonella clusters
were frequently observed as doubly stained for Salmonella and
macrophage (Fig. 4).

Quantification of cellular immune response in cecum. To
characterize the potential of different Salmonella serovars to
trigger an immune response after invasion of gut mucosa, the
occurrence of relevant immune cell subsets in the cecum was
investigated by image analysis (Fig. 5).

Already at 1 and 2 dpi, a strong and significant increase of
granulocytes was found in serovar Typhimurium-, serovar Ha-
dar-, and particularly in serovar Enteritidis-infected birds (P =
0.05). The elevated number of granulocytes continued up to
day 9 after infection. The animal group infected with serovar
Infantis also showed a significantly increased number of gran-
ulocytes per mm? in the cecum wall (P < 0.05) but at a very low
level compared to the other infected groups. For serovar En-
teritidis-, serovar Typhimurium-, and serovar Hadar-infected
chicks, granulocytes were predominantly found in the lamina
propria and submucosa at 1 dpi. Later on, granulocytes were
mostly localized under the epithelial lining (4 dpi), in the
epithelium, and within the gut lumen (7 and 9 dpi).

Additionally, a significant increase in the percentage of

TCR1" (vd) cells was seen at 2, 4, 7, and 9 dpi (P = 0.05) in
the cecum mucosa of serovar Enteritidis-, serovar Typhi-
murium-, and serovar Hadar-infected chicks. The peak was
observed at 4 dpi. Starting from 4 dpi, serovar Infantis-infected
animals also showed a slight rise of y8 T cells (P = 0.5).

A significant increase in the proportion of CD8a™ cells was
detected at 2, 4, 7, and 9 dpi for serovar Enteritidis-, serovar
Typhimurium-, serovar Hadar-, and serovar Infantis-infected
animals (P = 0.05). The number of CD8a™ cells peaked at 4
dpi in all infected animal groups.

The results concerning the established percentages of gran-
ulocytes, v8 T cells, and CD8a™ cells permitted a classification
of the Salmonella serovars with regard to their potential to
trigger an influx and/or proliferation of these cell populations
in the gut mucosa as follows: (i) serovar Enteritidis as a strong
mediator, (ii) serovar Typhimurium and serovar Hadar as
moderate mediators, and (iii) serovar Infantis as a weak me-
diator of an immune cell influx.

Interestingly, serovar Infantis-infected animals showed similar
changes in the numbers of af (TCR2"), CD4", and CD8«" T
cells in the cecum, as observed with serovar Enteritidis, serovar
Hadar, and serovar Typhimurium infection. Numbers of TCR2™
and CD4 " cells were significantly increased after infection in all
animal groups (P = 0.05). While the elevated percentages of
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FIG. 3. Percentages of Salmonella organisms within CVI 68.1-stained macrophages and Salmonella-positive macrophages and numbers of single
bacteria and variably sized bacterial clusters per mm? after infection of day-old chicks with different Salmonella serovars in cecum mucosa.
Asterisks indicate a significant difference between the treated and control groups (P = 0.05). <, serovar Enteritidis; B, serovar Typhimurium; A,

serovar Hadar; O, serovar Infantis; ), control. d, day.

TCR2™" cells peaked at 4 dpi, CD4" cells showed a plateau
between 2 and 9 dpi in all infected groups (with the exception of
serovar Hadar-treated animals at 4 dpi).

Compared to results for controls, the proportions of CD8*
cells were clearly increased between 2 and 9 days after infec-
tion in all infected groups (P = 0.05), but values showed some
undulations. CD4™" cells were seen from 2 to 9 dpi in the ceca
of all infected animals (P = 0.05). For serovar Hadar-infected
chicks, a peak was observed beyond results for the other in-
fected groups at 4 dpi.

Quantification of cellular immune response in peripheral
blood and spleen. To clucidate to which extent different Sal-
monella serovars trigger an immune response beyond the local
reaction in the gut, the dynamics of T-cells responses in pe-
ripheral blood and the spleen was analyzed upon infection
(Fig. 6). The resulting data on the proportion of yd T lympho-
cytes in blood and spleen tissue replicated the results obtained
for the cecum. As with the cecum, the peak of y3 T cells could
be observed at 4 dpi. The four Salmonella serovars used in-
duced immune reactions on different levels with hardly any
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FIG. 4. Representative confocal laser-scanning micrographs of cecum mucosa of serovar Typhimurium-infected (A) or serovar Enteritidis-
infected (B and C) chicks. Red, Salmonella; green, CVI 68.1-positive macrophages; blue, cell nuclei. (A) 1 dpi; different localizations of bacteria
(mainly subepithelial) and macrophages (mainly in basement regions) are shown at this time point after infection. Magnification, X20. (B) 1 dpi;
representative region showing colocalization of macrophages and bacteria and Salmonella clusters outside macrophages. Magnification, X40. (C) 4
dpi; many single bacteria distributed over the whole lamina propria and not colocalized with macrophages. Magnification, X20.

reaction upon serovar Infantis infection and clear responses
for serovar Enteritidis-, serovar Hadar-, and serovar Typhi-
murium-infected chicks (P = 0.05). In contrast, there was a
significant increase of a3 T cells at 4 dpi after serovar Infantis
infection in peripheral blood and spleen samples (P = 0.05).
With the exception of results for serovar Hadar in blood,
serovar Enteritidis-, serovar Typhimurium- and serovar Hadar-
treated animals did not show any changes in the percentage of
af T cells in blood and spleen tissue.

Quantification of cytokine, chemokine, apoptosis-related
protein, and iNOS mRNA expression in cecum. Statistically
significantly (P = 0.05) increased mRNA expression of all
investigated cytokines, cytokine receptors, chemokines, and
iNOS was found in the cecum upon Salmonella infection of
day-old chicks. Changes in mRNA expression showed dynamic
processes in the course of Salmonella infection (Fig. 7). The
standard deviations were always very low and therefore are
sometimes not visible in diagrams.

For interleukins (IL-12 and IL-18), chemokines (MIP-1B and
LITAF), and iNOS, changes were most pronounced in serovar
Enteritidis-infected animals. After serovar Enteritidis infection,
the peak of mRNA expression was established for LITAF at 1

and 2 dpi (up to 10- and 8-fold increase; P =< 0.05) and for the
others at 2 dpi (for IL-12, up to 116-fold increase; for IL-18, up to
53-fold increase; for iNOS, up to 298-fold increase; for MIP-1p3,
up to 46-fold increase; P < 0.05). Serovar Infantis-infected chicks
showed comparably low increases, with a maximum expression of
LITAF mRNA between 1 and 2 dpi (up to two- and threefold
increase; P = 0.05), MIP-13 mRNA at 2 dpi (up to fourfold
increase; P = 0.05), IL-12 mRNA at 2 dpi (up to eightfold in-
crease; P = 0.05), IL-18 mRNA at 2 and 4 dpi (up to six- and
fourfold increase; P = 0.05), and iNOS mRNA at 4 dpi (up to
21-fold increase; P = 0.05). After infection with serovar Typhi-
murium or serovar Hadar, mRNA expression for iNOS, IL-12,
1L-18, MIP-1B, and LITAF was enhanced on different interme-
diate levels (P =< 0.05).

The change of IL-8 mRNA expression was a dynamic pro-
cess over a period of 4 h to 7 dpi in all animal groups. The level
peaked 1 dpi for serovar Hadar-infected animals (up to 38-fold
increase; P = 0.05), 2 dpi for serovar Enteritidis-infected an-
imals (up to 28-fold increase; P = 0.05) and serovar Typhi-
murium-infected animals (up to 40-fold increase; P =< 0.05),
and 4 dpi for serovar Infantis-infected animals (up to 9-fold
increase; P = 0.05).
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FIG. 5. Occurrence of immune cells after oral infection of day-old chicks with different Salmonella serovars in cecum. Asterisks indicate a
significant difference between the treated and control groups (P = 0.05). <, serovar Enteritidis; B, serovar Typhimurium; A, serovar Hadar; O,
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The mRNA expression of IL-2 was characterized by a sig-
nificant increase peaking 4 dpi (for serovar Infantis, up to
18-fold increase; for serovar Enteritidis, up to 11-fold increase;
for serovar Typhimurium, up to 8-fold increase; for serovar
Hadar, up to 7-fold increase; P = 0.05). Notably, the most
distinct change in IL-2 mRNA expression was observed 2 and
4 dpi for serovar Infantis-infected chicks (P = 0.05).

Statistically increased (P = 0.05) mRNA expression of
IFN-y was found at all time points (the 4-h time point was not
investigated) examined for serovar Enteritidis-, serovar Typhi-
murium-, serovar Hadar-, and serovar Infantis-infected ani-
mals (Table 4) (with the exception of serovar Infantis-infected
animals at 7 dpi). Already 1 day after infection with serovar
Enteritidis (up to 266-fold increase), serovar Hadar (up to
215-fold increase), serovar Typhimurium (up to 204-fold in-
crease), or serovar Infantis (up to 8-fold change), significantly

increased mRNA expression (P = 0.05) was detected (data are
not always visible in diagram of Fig. 7). The values peaked at
4 dpi in all animal groups. At days 1 and 2 after infection for
chicks treated with serovar Enteritidis (up to 266- and 1,141-
fold increases, respectively), at 4 dpi for treatment with serovar
Typhimurium (up to 12,105-fold increase), at 7 dpi for treat-
ment with serovar Enteritidis (24-fold increase), and at 9 dpi
for treatment with serovar Hadar (up to 430-fold increase),
chicks showed the highest values compared to results for the
other animal groups. Serovar Infantis-infected birds always
showed the lowest values (with the exception of results at 9
dpi).

mRNA expression rates of receptors for IL-2 and IL-7 were
changed differentially after Salmonella infection of day-old
chicks. While expression of IL-2Ra peaked at 2 dpi after ser-
ovar Enteritidis infection (P = 0.05), serovar Typhimurium-,
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FIG. 6. Relative proportions of alpha/beta and gamma/delta T cells in blood and spleen. Day-old chicks were orally infected with different
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postinfection.

serovar Hadar-, and serovar Infantis-treated animals showed
the largest changes at 4 dpi (P = 0.05). The strongest elevated
IL-7Ra mRNA expression was seen 1 and 2 dpi in serovar
Typhimurium-, and serovar Hadar-, and in serovar Enteritidis-
infected animals.

Significantly decreased mRNA expression for Fas was ob-
served at 4 dpi for serovar Enteritidis-infected chicks (P =
0.05) and at 7 dpi (P = 0.05) for all infected animal groups
(Fig. 8). Similar results were seen for Bcl-x-mRNA expression.
There was significantly decreased expression at 7 dpi in all
infected animal groups (P = 0.05). In contrast, Fas ligand
expression was heterogenic after infection. At 4 dpi, serovar
Enteritidis-infected birds showed significantly decreased ex-
pression (P = 0.05) and serovar Hadar-, serovar Typhi-
murium-, and serovar Infantis-infected chicks showed in-
creased expression (P = 0.05).

DISCUSSION

In the present study, four different Salmonella serovars
known to be frequently responsible for human food-borne
Salmonella infections were compared regarding their invasive-
ness and potential to trigger an early immune defense in the
avian gut. The Salmonella strains used are good colonizers in
the cecum and are representatives of their O groups as tested
in several in vivo assays (39, 40). The finding that serovar
Enteritidis showed the highest invasiveness and serovar Infan-
tis the lowest value correlated with our data on cellular im-
mune responses and interleukin mRNA expression in the
cecum. It has been shown that both the intensity and the
character of Salmonella-elicited immune responses depends on
the capability of Salmonella serovars to invade the lower re-
gions of the lamina propria.

Various bacterial factors, such as LPS, flagellae, fimbriae,
and some outer membrane proteins, have been reported to act

as initiators in adhesion to and/or invasion of the epithelium of
the alimentary tract by Salmonella organisms. The role of these
factors in pathogenesis has remained unclear (21, 42, 66).
There are some hints that the O-group antigen may be asso-
ciated with colonization of the avian gut (13, 60) and of chicken
ovaries and the oviduct (21, 22, 50). Additionally, LPS seems to
play a role in adherence to avian epithelial cells (60). In mice,
the involvement of Salmonella O-group antigens in virulence
was demonstrated by the fact that modifications in the LPS
side chains result in major virulence changes (44, 45, 61, 62).
Whether the LPS O-chain types are responsible for different
invasion properties in the present study remains open. How-
ever, for colonization of cecum content and epithelium (similar
with all serovars), a particular O-group antigen seemed not to
be absolutely necessary. Notably, the Salmonella serovars used
in this study showed different abilities to invade lower regions
of the cecum lamina propria and to trigger particular immune
reactions. How far the different O antigens really could be
responsible for these various properties must be investigated in
further studies. In accordance with the present findings, a very
strong invasiveness of serovar Enteritidis compared to that of
other serovars had already been shown by results of in vitro
studies (1, 42). However, our investigation demonstrated for
the first time an in vivo correlation between the invasiveness of
Salmonella serovars and the cellular influx, as well as cytokine/
chemokine expression in the intestine. The following can be
concluded from the present data: (i) serovar Enteritidis is
highly invasive and a strong immune stimulator, (ii) serovar
Typhimurium and serovar Hadar are moderately invasive and
intermediate immune stimulators, and (iii) serovar Infantis is
hardly invasive at all and a weak immune stimulator. Notably,
serovar Infantis was found to persist in epithelial cells as long
as the other serovars examined. Nevertheless, the immune
reaction was rather weak upon infection with serovar Infantis.

In vitro studies have shown that interaction between Salmo-
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FIG. 7. Diagrams showing quantifications of different cytokines, chemokines, and iNOS after infection of day-old chicks with different Salmonella serovars.
Data are given as n-fold changes in mRNA levels for infected birds relative to levels for noninfected controls. Each value represents the mean for three individual
samples. Standard errors are shown as vertical bars. Very small standard deviations are often not visible. Asterisks indicate a significant difference between the
treated and control groups (P < 0.05). <, serovar Enteritidis; B, serovar Typhimurium; A, serovar Hadar; O, serovar Infantis. d, day.
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TABLE 4. Changes in IFN-y mRNA expression in cecum samples after infection of day-old chicks with different Salmonella serovars

Time Fold change in IFN-y mRNA expression after infection with®:
postinfection

(day) SE ST™M SH SINF
1 266.2 = 0.9** 215.7 = 3.1%* 204.1 = 0.5** 83 = 1.6*
2 141.5 = 1.1%** 269.9 + 1.2%* 178.1 = 1.8* 353 £ 2.1%*
4 3500.5 = 1.4** 12105.2 = 1.8%* 2095.8 £ 2.1%* 188.3 £ 2.3**
7 24.8 £ 1.7** 133 +24 4.9 + 0.4%* 05512
9 24477 * 2.6** 27.8 + 2.3* 430.0 = 1.1* 347.7 £ 2.9%

¢ SE, serovar Enteritidis 147; STM, serovar Typhimurium 9098; SH, serovar Hadar 18; SINF, serovar Infantis 1326. =, significantly different from result for
nontreated control animals (P = 0.01); *, significantly different from result for nontreated control animals (P = 0.05).

nella and epithelial cells results in a proinflammatory response
characterized by the release of several interleukins and che-
mokines, especially IL-8, the best studied one and the one
responsible for specific immune cell attraction (14). Interest-
ingly, Salmonella must access the basolateral surfaces of epi-
thelial cells to initiate the inflammatory response, since an
important receptor for bacterial flagellin, Toll-like receptor 5,
is located only basolaterally (19, 20). Additionally, macrophage
and dendritic cells possess special receptors, such as TLR4,
that interact with the LPS- or LPS/LPB-CD14 complex and
trigger macrophage activation. This might explain the higher
capacity of more-invasive Salmonella serovars to induce gran-
ulocyte, macrophage, and y3-T-cell immigration into the intes-
tinal mucosa, as well as the graded, serovar-dependent mRNA
expression of macrophage-specific interleukins in our study.
To what extent Salmonella mutants lacking flagella or possess-
ing altered LPS are able to invade cecum mucosa and trigger
immune reactions must be investigated in further studies.
While serovar Infantis-infected animals exhibited only a
comparably slight increase in numbers of granulocytes, mac-
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rophages, and 8 T cells, the TCR2- and CD4-T-cell responses
and almost also the CD8-T-cell response were as high as those
for serovar Enteritidis-, serovar Typhimurium-, and serovar
Hadar-infected birds. A higher CD4 response was observed in
our study up to 9 dpi for all infected animals. Similarly, Sal-
monella-specific CD4-T-cell expansion is rapidly initiated upon
infection with serovar Typhimurium in mucosal lymphoid tis-
sue of mice (28, 41, 57, 69). In view of the different invasion
capabilities of serovars in the present study, the mechanism of
the rapid and similar TCR2- and CD4-T-cell expansions and
IL-2 mRNA expression in all animal groups remains unclear.
Some models were postulated for the observed rapid T-cell
activation in Peyer’s patches of mice (51). Beside the possibility
that myeloid dendritic cells engulf and process Salmonella an-
tigens and subsequently carry them to T cells, soluble bacterial
antigen, such as flagellin, could be excreted into the subepi-
thelial lymph fluid and flow rapidly to the T-cell area without
the need for any cellular transport or bacterial dissemination.
Indeed, flagellin is the most consistently identified target an-
tigen of Salmonella-specific CD4 T cells (12, 37, 58).
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FIG. 8. Quantification of Fas, FasL, and Bcl-x expression after infection of day-old chicks with different Salmonella serovars. Data are given
as n-fold changes in mRNA levels for infected birds relative to those for noninfected controls. Each value represents the mean for three individual
samples. Standard errors are shown as vertical bars. The very small standard deviations are often not visible. Asterisks indicate a significant
difference between the treated and control groups (P = 0.05). <, serovar Enteritidis; B, serovar Typhimurium; A, serovar Hadar; O, serovar
Infantis. d, day.
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For detection of macrophages in tissue, the CVI 68.1 anti-
body was used. It is described as a marker for avian monocytes,
macrophages, and interdigitating cells, as well as some bursa
cells (25). More-detailed studies showed that the antibody
identifies a subtype of CD45™", ATPase-positive, vimentin-pos-
itive dendritic cells in the avian epidermis (24). In our study,
the CVI 68.1-positive cells showed a granular staining pattern
within the cytoplasm and a dendritic morphology as seen for
tissue macrophages. Whether the antibody detects absolutely
all macrophages and cecum dendritic cells must remain an
open question. In the present study, most of the salmonellae
were not localized in CVI 68.1-positive macrophages but were
extracellular in the cecum lamina propria. Thus, the possibility
of an extracellular dissemination in gut mucosa and of extra-
cellular virulence mechanisms of Salmonella strains in vivo
cannot be ruled out. In mice, escape from infected cells fol-
lowed by bacterial spread and distribution in the tissues seems
to be crucial for the full expression of Salmonella virulence
(36). On the other hand, findings of in vitro studies using
macrophage cell lines showed strong cellular infection of avian
macrophages by salmonellae and the property of reproduction
inside the cell (18, 30). In our study, predominantly single
bacteria were found in association with macrophages after
infection. Similarly, studies with mice showed that high num-
bers of Salmonella organisms within infected phagocytes were
uncommon in vivo (36, 55).

Additionally, size analysis of Salmonella clusters did not
completely evince proliferation of bacteria in the lamina pro-
pria in the course of our experiment. Otherwise, the single
bacteria would be at their maximum number at 1 or 4 dpi and
decline afterwards, and big clusters would emerge at the same
time. This was not the case, since all cluster sizes exhibited
similar dynamic behaviors. Perhaps there is a dynamic process
of Salmonella invasion from the gut lumen into the lamina
propria and simultaneous destruction in the mucosa. The de-
cline of big clusters and Salmonella-infected macrophages
from 1 dpi onward argues for a rapid destruction of bacteria in
macrophages. Indeed, the mRNA expression for LITAF and
iNOS showed the highest values between 1 and 2 dpi. Addi-
tionally, expression of IFN-y, the most important immune
stimulator for macrophages, was significantly increased 1 day
after infection.

The observed prominent expression of IFN-v in parallel with
the strong T-cell influx into the cecum lamina propria addi-
tionally confirmed the importance of the Th1 immune reaction
in Salmonella infection, as shown by other authors (11, 68).
IL-12 and IL-18 are interleukins produced by macrophages
and promote IFN-y production by NK cells in mice (34).
Whether this is the same in poultry remains unclear. However,
the detected peak of IL-12 and IL-18 mRNA at 2 dpi, followed
by the highest level of IFN-y expression at 4 dpi in infected
chicks, might be evidence of the same dynamic response in
chickens. Interestingly, compared to the serovar Typhimurium
group, there is less of an induction of IFN-y in the serovar
Enteritidis group, which shows the highest mRNA expression
of IL-12 and IL-18. Perhaps there are additional mechanisms
responsible for the level of gene expression. The high n-fold
changes in INF-y expression upon Salmonella infection in the
presented study conflict with results found after exposure of
older birds to Salmonella (5, 6). In contrast, Withanage et al.
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(68) showed an up-regulation of IFN-y mRNA of up to 200-
fold after Salmonella challenge. However, the cecum as a rep-
resentative organ for Salmonella infection in chickens has
never been used for comparisons of Salmonella invasiveness.

Our study generally demonstrated a rapid and significant
mRNA expression of cytokines/chemokines upon Salmonella
infection in the cecum. That is in line with observations of
other authors (67), who found prompt expression of the che-
mokines IL-8 and MIP-1B within 12 h after S. enterica serovar
Typhimurium infection in the gut of newly hatched chicks.
Another study demonstrated an induction of early MIP-1p in
spleen and liver tissue but not in intestines (68). Beyond this,
we additionally showed rapid mRNA expression of the cyto-
kines IL-12, IL-18, LITAF, and iNOS after Salmonella expo-
sure. Interestingly, the increased expression level of iNOS con-
tinued up to 9 dpi, indicating a longer-lasting involvement of
macrophages in elimination of the pathogen. With the excep-
tion of serovar Infantis, indeed, all Salmonella serovars were
still detectable 9 dpi in liver tissue.

The results from the present experiment demonstrate the
ability of day-old chicks to express a wide range of cytokines
upon oral infection with different Salmonella serovars in
the cecum. While the lamina-propria invasion capabilities of
the Salmonella strains differed with respect to the serovars, the
colonization within epithelial cells was quite the same. Notice-
ably, the different levels of invasiveness of serovars in the
lamina propria correlated with the levels of cytokine produc-
tion. A Thl-cytokine reaction was observed together with a
strong T-cell influx in the cecum. Remarkably, mRNA expres-
sion of IL-2 and IL-2Ra and the CD4-T-cell influx seemed to
be dependent on the infection of intestinal epithelial cells.
Between 2 and 9 dpi, only a limited number of Salmonella
organisms were detected inside macrophages, which is in ac-
cordance with results from studies with mice (36, 43, 55). The
present in vivo experiments can be seen as a step towards a
better understanding of possible virulence and persistence
mechanisms of different Salmonella serovars and might con-
tribute to the prospective development of high-efficacy vac-
cines. Future studies should address the identification of more
invasion-associated factors to further elucidate pathogenesis
and defense mechanisms in Salmonella infection of poultry.
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