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Preinoculation of susceptible 5-day-old gnotobiotic piglets with Salmonella enterica serovar Infantis strain
1326/28�r stimulates neutrophil migration into the intestine, which rapidly protects the pigs against a
subsequent (normally lethal) challenge with S. enterica serovar Typhimurium strain F98. Here we show that
inoculation with either 1326/28�r or F98 activated reactive oxygen species (ROS) in neutrophils via NADPH
pathways in vivo and in vitro and that the survival of both Salmonella strains was increased if neutrophils were
cocultured with the ROS inhibitor N-acetylcysteine (captopril). Neither F98 nor 1326/28�r significantly
increased reactive nitrogen species (RNS) levels in neutrophils isolated from uninfected pigs. Our results
indicate the following: (i) rapid protection of highly susceptible gnotobiotic piglets against F98-induced
gastroenteritis by preinoculation with 1326/28�r is likely to be due to stimulation of ROS-producing neutro-
phils in the intestinal epithelium prior to challenge with the lethal strain; (ii) pathological lesions of the
intestine during severe gastroenteritis are not necessarily induced by neutrophil migration per se; and (iii) if
neutrophil migration into the intestine is responsible for pathology, then neither increased production of ROS
or RNS (in pigs inoculated with the lethal strain) nor reduced production (in protected pigs in which
pathological lesions are ameliorated by preinoculation with 1326/28�r) can account for this phenomenon.

Infection of pigs by Salmonella enterica serovar Typhi-
murium is a significant animal and public health problem. In
Europe, Salmonella serovar Typhimurium is the serovar that is
most frequently isolated from humans or pigs (25), while in the
United States it is estimated that up to 4 million cases of
salmonellosis occur annually, of which about 500 are fatal (19).
Although vaccination of piglets against Salmonella is a desir-
able target, gnotobiotic piglets have previously been shown to
be a useful model of enteric disease in humans (16, 20, 41).
Recently, we showed that oral inoculation of 5-day-old gnoto-
biotic piglets with a rough lipopolysaccharide (LPS) mutant of
S. enterica serovar Infantis 1326/28 (1326/28�r) protects
against a subsequent, normally lethal challenge with Salmo-
nella serovar Typhimurium strain F98 (16). Furthermore, our
results indicated that there is an immunological basis for this
protection and that the protection is most likely due to the
significant infiltration of neutrophils in the intestinal villi prior
to challenge with Salmonella serovar Typhimurium strain F98.
However, neutrophil infiltration in protected pigs did not cause
clinical symptoms or pathological lesions associated with in-
flammation (e.g, diarrhea, unsteady gait, stunting of plica cir-

cularis, or villus exfoliation). The nature of the killing pathways
employed by neutrophils during this protection is therefore of
considerable immunological importance.

In mice, the innate cell-killing pathways employed by neu-
trophils following phagocytosis of bacteria involve the induc-
tion of both reactive oxygen species (ROS) and reactive nitro-
gen species (RNS) (9). However, studies have indicated that
RNS are not active in porcine myeloid cells (30), and there is
no convincing evidence which suggests that this is an important
antibacterial pathway in humans (2, 14). Classically, ROS are
generated when cell membrane-bound phagocytic oxidases
(gp91 phox and p22 phox) combine with cytosolic p40 phox,
gp47 phox, and p67 phox (reviewed in reference 4). However,
a number of studies using human neutrophils have shown that
functional assembly of the NADPH phox system and the sub-
sequent induction of ROS occur in cytoplasmic compartments
(23, 33). The combination of these enzymes forms an active
enzyme complex which stimulates electron transfer from
NADPH to molecular oxygen, thus giving rise to ROS which
are toxic to bacteria (4, 9). Porcine, bovine, and murine neu-
trophils also contain NADPH phagocytic oxidases, and these
enzymes have been shown to exhibit a high degree of amino
acid sequence homology with each other and human NADPH
phox (13).

The aim of the work described here was to determine
whether activation of gp91 ROS or RNS pathways in porcine
neutrophils by avirulent Salmonella serovar Infantis strain
1326/28�r was responsible for the previously reported protec-
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tion of gnotobiotic piglets following Salmonella serovar Typhi-
murium strain F98 infection or indeed whether induction of
neutrophil ROS or RNS may in fact be the cause of the pa-
thology and clinical disease associated with Salmonella serovar
Typhimurium strain F98 challenge.

MATERIALS AND METHODS

Bacterial strains. Salmonella serovar Typhimurium strain F98 (phage type 14)
has been extensively studied (5). Salmonella serovar Infantis strain 1326/28�r is
a nonvirulent poultry strain (6) in which virulence is further reduced by induction
of roughness by lytic bacteriophage activity (7, 8). In all cases, mutants of these
strains were made resistant to either nalidixic acid (Salmonella serovar Typhi-
murium) or spectinomycin (Salmonella serovar Infantis) to facilitate enumera-
tion (37). These mutations did not affect the virulence of the strains (7, 37). Both
strains were cultured for 24 h in 10 ml LB broth (Difco laboratories, Detroit, MI)
in a shaking incubator (150 rpm). They reached densities of 3 � 109 to 5 � 109

CFU/ml. Bacteria used to infect isolated neutrophils were obtained from sub-
cultures (1/10) grown to the late log phase for 4 h in the conditions described
above. The bacteria were then washed in phosphate-buffered saline (PBS) and
used at a multiplicity of infection (MOI) of 10.

Experimental animals. Gnotobiotic large white pigs were obtained by hyster-
ectomy and were reared in metal floor cages in positive-pressure isolators (39).
They were reared at an ambient temperature of 25 to 28°C and were given
increasing amounts of a mixture of equal volumes of sterilized condensed milk
and water with a mineral supplement. They were checked for the absence of
bacterial contamination and were infected when they were 5 days old.

Infection protocol and quantitative bacteriological analyses. All animal ex-
periments were performed under Home Office guidelines and surgical licenses.
Animals were infected orally with a syringe by introducing 1-ml portions of
dilutions of a bacterial culture into the back of the mouth, allowing the animal to
swallow the inoculum, and then immediately giving the animal access to milk. In
all cases the first strain was inoculated at a dose of 106 CFU/ml, and the second
(challenge) strain was inoculated at a dose of 103 CFU/ml. Generally, the second
strain was administered 24 h after the first strain.

The clinical conditions and temperature were monitored closely, and animals
were killed for postmortem examination 48 h after administration of the first
inoculum. After the animals were anesthetized with a standard oxygen-halothane
anesthetic machine fitted with a face mask, 20 ml of blood was withdrawn via
cardiac puncture into a syringe containing 200 �l heparin (Sigma, Poole, United
Kingdom). The abdomen of each pig was then washed with alcohol prior to
laparotomy. A 5-cm section of the terminal ileum (not including the ileocecal
Peyer’s patches) was removed, and the lumen was flushed with a 5% parafor-
maldehyde solution before the tissue was fully immersed in paraformaldehyde
prior to sectioning. The animal was then killed by injection of sodium pentobar-
bital (5 ml directly into heart) prior to removal of a spleen sample and ileum
scraping for microbiological examination. The latter samples were mixed with
PBS and homogenized by vigorous mixing (gut contents) or with a pestle and
mortar (spleen). The densities of the viable bacteria in the homogenates were
estimated by plating serial dilutions onto LB agar containing spectinomycin (50
�g/ml) or sodium nalidixate (20 �g/ml; Sigma, St. Louis, MO). Altogether, three
or four piglets were used for each experimental group and uninfected controls.
The experiment was repeated on six separate occasions, resulting in a minimum
of 18 piglets per test group.

Isolation and culture of neutrophils. Neutrophils were isolated from the blood
of members of all experimental groups (blood samples from uninfected pigs, pigs
inoculated with only F98 or 1326/28�r, or pigs preinoculated with 1326/28�r

prior to F98 challenge) by a method described previously (3, 28). Briefly, neu-
trophils were isolated from whole blood diluted 1/10 following removal of mono-
cytes by density centrifugation in Ficoll-Hypaque 1.077 (Sigma) at 2,900 � g. Red
blood cells in the neutrophil-containing fraction were lysed with cold ammonium
chloride. The layer containing neutrophils was assessed for neutrophil purity and
viability by propidium iodide and trypan blue exclusion each time the experiment
was replicated, and both the purity and the viability were found to be greater
than 90% in every assessment. A total of 1.8 � 105 cells per well were plated into
96-well plates (Nunclon, Roskilde, Denmark) containing Dulbecco’s minimal
essential medium (Sigma) and 5% heat-killed fetal calf serum (total volume, 100
ml). The cells were then incubated at 37°C in 5% CO2 for 60 min prior to use.
All neutrophils were analyzed between 2 and 7 h after the beginning of culture.

Assessment of bacterial numbers in neutrophils. Neutrophils isolated from
each piglet were split into two groups (three replicates per group). All neutro-
phils were washed three times in PBS prior to lysis in PBS-Tween (0.5%) for 10

min. The first group was lysed after 2 or 7 h of culture and was grown on both
spectinomycin agar and nalidixic acid agar plates. The number of bacteria was
assessed by counting the CFU/ml at each time, and the values obtained indicated
the number of Salmonella serovar Infantis strain 1326/28�r Specr and Salmonella
serovar Typhimurium strain F98 Nalr cells within each neutrophil (in vivo) at the
times examined. The second group of neutrophils was also infected in vitro with
Salmonella serovar Typhimurium strain F98 Nalr or Salmonella serovar Infantis
strain 1326/28�r Specr (MOI, 10) for 60 min prior to three washes in PBS and
incubation in Dulbecco’s minimal essential medium containing 100 �g/ml gen-
tamicin sulfate (Sigma) for 60 min to kill the remaining external bacteria and
prevent further invasion. Therefore, the effect of a secondary strain on the
primary neutrophil infection could be determined. The numbers of Salmonella
serovar Infantis strain 1326/28�r and Salmonella serovar Typhimurium strain
F98 cells were assessed as described above.

Measurement of RNS activity in neutrophils. The nitrite ion accumulation in
the culture media above infected or control neutrophils was measured with a
Greiss reaction kit (Promega, Madison, WI) as previously described (22), using
the manufacturer’s instructions. Briefly, equal volumes (100 �l) of neutrophil
culture medium and Greiss reagent (1:1 mixture of 1% sulfanilamide in 5%
phosphoric acid and a 0.1% napthylethylenediamine dihydrochloride solution)
were mixed and incubated at room temperature for 15 min. The absorbance at
532 nm was determined with a plate reader (Anthos Labtech Instruments, Ham-
burg, Germany). All values were compared to values obtained from a nitrite ion
standard curve constructed with reagents supplied with the kit.

Measurement of ROS activity in neutrophils. A standard nitroblue tetrazo-
lium (NBT) reduction assay (31) was used to measure ROS activity in porcine
neutrophils. Neutrophils from each experimental group, treated as described
above (in vivo and in vitro infection), and from two or three uninfected (control)
animals were washed in PBS. The cells were then incubated for 45 min with 50
�l NBT (Sigma, Poole, United Kingdom) (10 mg/ml NBT in PBS) at 37°C in 5%
(vol/vol) CO2. The cells were then washed in PBS and incubated in 100 �l
hydrochloric acid (1 M solution) for 10 min to stop the reaction. The cells were
then washed in PBS, and 150 �l dimethyl sulfoxide (Sigma, Poole, United
Kingdom) was added and thoroughly mixed prior to addition of 10 �l sodium
hydroxide (5 M solution) to develop the color. Upon removal from pigs or
culture media, neutrophils were not reacted further with bacteria for the test.
Any ROS measured should therefore have been present. The optical density at
620 nm of the reaction mixture was determined with a plate reader (Anthos
Labtech Instruments, Hamburg, Germany). As a positive control, neutrophils
removed from uninfected animals were incubated with 1 �g/ml zymosan (Sigma,
Poole, United Kingdom) for the times indicated below.

Microscopic examination of ROS and gp91 phox activity in isolated neutro-
phils. Isolated neutrophils were grown in chamber slides (Nunc, Naperville, IL)
under the conditions described above and placed into the same experimental
groups described above. To examine ROS activity at each time, the cells were
washed in PBS and incubated in 50 �l NBT as described above. The cells were
washed in PBS and incubated in a 5% paraformaldehyde solution at 4°C for 60
min. The cells were then lysed with Triton X-100 (0.05%, vol/vol; Sigma, Poole,
United Kingdom) for 10 min and washed in PBS prior to temporary mounting on
microscope slides. The cells were then covered with Vectashield (Vectashield
Laboratories, Burlingame CA) and coverslips. Each sample was examined for the
presence of dark (formazan) staining, which is indicative of NBT reduction, with
an Eclipse 400 microscope (Nikon, Japan). To assess gp91 phox activity, cells
were washed, fixed, and lysed as described above (excluding incubation with
NBT) prior to incubation for 60 min at the ambient room temperature in
PBS–0.05% Tween 20 (Sigma, Poole, United Kingdom) (PBS-T) containing
polyclonal goat anti-mouse gp91 phox antibody (1/100 dilution; Autogenbioclear,
Calne, Wilts, United Kingdom). This antibody reacts with mouse, rat, and human
gp91 phox, all of which exhibit greater than 93% amino acid homology. The
amino acid sequences of porcine gp91 phox have been shown to exhibit 95%
homology with the sequences of human gp91 phox (13), and therefore, we
considered the antibody to be appropriate. After 60 min, the cells were washed
three times in PBS-Tween and then incubated for 45 min at room temperature
in the dark in PBS-Tween containing mouse anti-goat immunoglobulin G con-
jugated to fluorescein isothiocyanate (Sigma, Poole, United Kingdom) at a 1/200
dilution. The cells were then washed and counterstained with PBS containing 100
�g/ml propidium iodide (Sigma, Poole, United Kingdom) for 5 min at room
temperature prior to washing and mounting as described above. Microscopic
assessment of gp91 phox activity was performed using dual-channel confocal
laser scanning microscopy with a TCSNT confocal microscope fitted with an
argon laser (Leica, Hamburg, Germany).

Microscopic examination of intestinal sections. Paraformaldehyde-fixed ileal
tissue was mounted in paraffin wax and sectioned with a Leica cm 1900 cryostat
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(without freezing). Ten sections (thickness, 6 to 8 �m) per sample were placed
onto microscope slides and stored at 4°C prior to use. Dewaxed sections were
assessed for gp91 phox activity as described above. Other sections were stained
with hematoxylin and eosin by standard methods and assessed for pathologic
lesions (see below) using a Nikon Eclipse E400 microscope.

Expression of gp91 phox mRNA in porcine polymorphonuclear leukocytes.
Expression of gp91 phox mRNA in porcine neutrophils was measured by reverse
transcription-PCR (RT-PCR) using standard methods. Briefly, 6 � 106 neutro-
phils were suspended in 3 ml TRI reagent (Sigma, Poole, United Kingdom) and
stored at �70oC until they were required (they were used within 14 days).
Samples were centrifuged at 12,000 � g for 10 min in a bench top centrifuge at
4°C. The supernatants were transferred to separate tubes, and 200 �l chloroform
per ml TRI reagent was added prior to incubation for 10 min at the ambient
room temperature. Each sample was then centrifuged at 1,200 � g and 4°C for
15 min, the aqueous phase was removed, and an equal volume of propan-2-ol was
added. The sample was centrifuged at 12,000 � g for 10 min, and the RNA pellet
was washed in 75% ethanol (1:1 [vol/vol] ethanol-TRI reagent). The mixture was
then centrifuged for 10 min at 7,500 � g, and after removal of the supernatant,
the pellet was allowed to air dry for 10 min. The pellet was then resuspended in
diethyl pyrocarbonate-treated water. RNA purity was determined using an Ul-
traspec III spectrophotometer (Pharmacia, Herts, United Kingdom), and the
RNA was found to have a typical A260/A280 ratio of 1.9, resulting in yields of
around 100 �g/ml. The RNA concentration was adjusted to 1 �g/�l prior to the
RT reaction. RT-PCR was performed by standard methods using the following
primers: gp91 Forward (GAGCAGGGATTGGGGTCACG), gp91 gp91 Re-
verse (CCTGGCCTTCGGAACCGRC) (GenBank accession number U02476),
GADPH Forward (CCTGTACCACCAACTGCTT), and GADPH Reverse (C
TTCGTCCGCAGGCTCC) (GenBank accession number AF017079).

Inhibition of ROS by ACC. The effect of N-acetyl-L-cysteine (ACC) (Sigma,
Poole, United Kingdom), an ROS inhibitor, on Salmonella growth in neutrophils
was tested. Neutrophils isolated from uninfected piglets were infected in vitro
with F98 or 1326/28�r (MOI, 10) and cultured as described above or in the
presence of ACC (10 mM). In a parallel study the same experimental groups and
conditions were used to test the effect of ACC on ROS production with an NBT
assay (as described above).

Pathological index. To determine the extent of pathology due to Salmonella
serovar Typhimurium strain F98 infection or the reductions in pathological
changes due to protection by Salmonella serovar Infantis strain 1326/28�r, a
scoring system was used as described previously (11, 16). Briefly, scores of 0 to
3 were used to describe the extent of flattening of the plica circularis and whether
epithelial cell exfoliation had occurred at the tips or sides of the villi, as follows:
0, no flattening of plica and long slender villi with no exfoliation at the tips or
sides; 1, flattened plica with stunted villi and no exfoliation; 2, flattened plica with
stunted villi and exfoliation of the villus tips; and 3, flattened plica with stunted
villi and exfoliation of both villus sides and tips.

Statistical analysis. Student t tests were performed (Minitab program) to
analyze the significance of differences between optical densities obtained for
control and test samples during NBT reduction analysis of ROS activity and
following Greiss determination of nitrite ion concentrations. Differences were
considered significant when the difference between the control and test values
exceeded tabulated values at P � 0.05. In further analyses correlation coefficients

FIG. 1. Survival of Salmonella in neutrophils removed from F98- or
1326/28�r-inoculated pigs following in vitro culture for 24 h or follow-
ing in vitro reinfection with F98 (A) or 1326/28�r (B) (MOI, 10). Solid
bars, 2 h postinfection; shaded bars, 7 h postinfection; hollow bars, 24
h postinfection. Each experiment was replicated three times on six
separate occasions (18 pigs per group).

FIG. 2. Induction of ROS (A) and nitrite ions (B) in cultured
neutrophils removed from F98- or 1326/28�r-inoculated pigs or fol-
lowing in vitro rechallenge (R) with F98 (MOI, 10). Neutrophils taken
from pigs were also protected by 1326/28�r inoculation prior to chal-
lenge with F98 (bars labeled with both 1326/28 and F98); these neu-
trophils were also reinfected (R) or not reinfected. �ve, neutrophils
isolated from uninfected pigs cocultured with 1 �g/ml zymosan (A) or
1 �g/ml phorbol myristate acetate (B); �ve, neutrophils removed from
uninfected pigs. Solid bars, 2 h postinfection; shaded bars, 7 h postin-
fection; hollow bars, 24 h postinfection. Each experiment was repli-
cated three times on six separate occasions (18 pigs per group). An
asterisk indicates a significant increase (P � 0.05) compared with
uninfected control levels.
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for survival and ROS production during the postinfection period were calculated.
Significance was also tested at P � 0.05.

RESULTS

Survival of Salmonella in neutrophils and induction of ROS.
We examined the number of Salmonella cells in isolated neu-
trophils (48 h postinfection) and the effect of rechallenge with
a second strain (ex vivo) on survival of the first strain (the
strain with which pigs were infected). Rechallenge with a sec-
ond strain (MOI, 10) had no effect on the survival of the first
strain phagocytosed by neutrophils (Fig. 1). Also, the number
of Salmonella cells present in isolated neutrophils did not
change significantly (P � 0.05) over the culture period (Fig. 1).
Therefore, our results indicate that infected neutrophils iso-
lated from infected porcine blood carried the maximal number
of Salmonella cells and that this level could not be altered
(increased or decreased) by challenge with a second strain (ex
vivo) regardless of the order in which the test strains were used.

Neutrophils isolated from blood taken from all infected
groups following rechallenge with F98 or 1326/28�r were as-
sessed for production of ROS and nitrite ions. Significant in-
creases (P � 0.05) in the ROS level were observed for neu-
trophils isolated from all test strains when they were compared
with neutrophils isolated from control (uninfected) pigs. How-
ever, the elevation of the neutrophil ROS level by test strains
did not significantly change (P � 0.05) with time in culture (2
to 7h). The ROS level was also not increased by ex vivo rein-
fection of neutrophils (which had been isolated from infected
pigs) with virulent F98, nor was there a significant difference (P
� 0.05) between the three test groups (Fig. 2A). However,
when neutrophils removed from uninfected control pigs were
cocultured with zymosan, there was a time-dependent increase
in the level of ROS, and 7 h postinfection the ROS production
was significantly greater than the ROS production in neutro-
phils isolated from any of the test strains (Fig. 2A).

The nitrite ion concentrations in supernatants obtained from
cultured neutrophils were not significantly different (P � 0.05)
for test strains and uninfected controls (Fig. 2B), and although
phorbol myristate acetate significantly increased the superna-
tant nitrite ion concentration (Fig. 2A), the concentration was
considered negligible (less than 3.5 �M/ml). No further studies
to assess inducible nitric oxide synthase expression or nitrite
ion production were performed.

ROS and gp91 protein were detected ex vivo in neutrophils
isolated from protected and unprotected pigs. Microscopic
examination was used to further analyze ROS induction in
infected neutrophils. Neutrophils isolated from uninfected
(control) pigs did not reduce NBT to formazan (a dark blue
pigment) (Fig. 3A) when they were tested for ROS, and im-

munofluorescence showed that gp91 phox expression was de-
tected only in the cell membrane of control neutrophils (Fig.
3D). However, neutrophils isolated from the control pigs were
able to generate ROS, since removal and stimulation with
zymosan or Salmonella caused a positive NBT reaction (data
not shown). In contrast, neutrophils isolated from F98-chal-
lenged pigs (unprotected) or from pigs protected by 1326/28�r

inoculation prior to F98 challenge showed positive NBT re-
duction without further stimulation, gp91 phox immunofluo-
rescence was localized to the cell membrane, and some immu-
nofluorescence was observed in the cytoplasm (Fig. 3E and F).
gp91 immunoreactivity was also detected in neutrophils mi-
grating into the villi in both protected (Fig. 3H) and unpro-
tected (Fig. 3I) pigs but was not observed in uninfected (con-
trol) pigs (Fig. 3G).

Comparable levels of expression of gp91 phox mRNA were
observed in porcine neutrophils isolated from protected and
unprotected pigs. The expression of gp91 mRNA in porcine
polymorphonuclear leukocytes removed from the blood of test
groups was also measured by RT-PCR. Although we did ob-
serve some individual variation within experimental groups, we
consistently measured elevated levels of gp91 mRNA in neu-
trophils isolated from pigs infected with F98 or 1326/28�r or
protected pigs (Fig. 4).

Induction of ROS pathways in porcine neutrophils bacte-
riostatically affect Salmonella growth within the first 7 h
postinfection. Induction of ROS and the Salmonella load in
neutrophils isolated from all test groups were equivalent and
did not change following a further 7-h ex vivo culture period.
Therefore, we needed to ascertain the effect of ROS on the
survival dynamics of Salmonella in porcine neutrophils over the
first 7 h postinfection. Neutrophils isolated from uninfected
control pigs were infected with either F98 or 1326/28�r (MOI,
10), and parallel infections were also cocultured with ACC (an
ROS inhibitor). The number of Salmonella cells (F98 or 1326/
28�r) isolated 2 to 7 h postinfection did not change signifi-
cantly (P � 0.05), and there was no significant difference be-
tween the number of cells of F98 (virulent Salmonella serovar
Typhimurium) and the number of cells of 1326/28�r (avirulent
Salmonella serovar Infantis) isolated from neutrophils (Fig.
5A). However, the numbers of either F98 or 1326/28�r cells
recovered from neutrophils increased significantly (P � 0.05)
over the postinfection period following coculture of infected
cells with ACC (Fig. 5A). This increase in Salmonella recovery
due to coculture with ACC was associated with a significant
reduction in ROS production by infected cells (Fig. 5B).

Histopathological examination of porcine intestine. As pre-
viously observed (16), hematoxylin and eosin staining of fixed

FIG. 3. Expression of ROS and gp91 phox immunoreactivity in porcine neutrophils. (A to D) NBT reduction due to ROS activity. The arrows
indicate formazan-positive neutrophils removed from 1326/28�r-inoculated pigs (B), F98-inoculated pigs (C), and 1326/28�r-protected pigs after
F98 challenge (D). Formazan was not observed in NBT reactions used to examine blood neutrophils taken from uninfected pigs (A) unless they
were challenged with bacteria in vitro (not shown). (E to H) Confocal microscope images showing gp91 (green) immunofluorescence associated
with the cell membrane (arrows) in neutrophils isolated from uninfected protected pigs (E). In neutrophils isolated from 1326/28�r-inoculated pigs
(F), F98-inoculated pigs (G), and 1326/28�r-protected pigs following F98 challenge (H), gp91 immunofluorescence appears to be increased
throughout the cytoplasm (arrows). (I to J) Overlaid images of gp91 (green) and propidium iodide nuclear stain (red) activities in neutrophils
removed from 1326/28�r-protected pigs following F98 challenge (I) or neutrophils isolated from unprotected F98-infected pigs (J). Scale bars �
10 �m.
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porcine ileum showed that F98 challenge caused stunting and
flattening of intestinal plicae. In some cases the lesions were so
severe that they caused an apparent loss of the plicae and
exfoliation of the villi (Fig. 6A). In contrast, intestines removed
from pigs inoculated with 1326/28�r prior to challenge with
F98 (protected animals) showed no pathological lesions (Fig.
6B), and upon examination the villi were similar to villi from
uninfected (control) pigs (Fig. 6C).

To score the pathological lesions observed following his-
topathological examination of porcine intestines (Fig. 6), a
pathological index was used. Scores of 3 (stunting and flatten-
ing of intestinal plicae with exfoliation of villi) were consistent
with unprotected F98 challenge, while scores of 0 were consis-
tent with 1326/28�r inoculation with or without subsequent
F98 challenge.

DISCUSSION

Previously, we showed that inoculation of 5-day-old gnoto-
biotic piglets with Salmonella serovar Typhimurium F98 results
in severe diarrhea and death and is associated with significant
intestinal lesions. However, amelioration of intestinal lesions
and clinical symptoms could be achieved by preinoculation of
the piglets with an avirulent rough mutant of Salmonella sero-
var Infantis 1326/28 (1326/28�r) (16). In the previous study we
also showed that neutrophil infiltration was comparable in the
intestines of piglets inoculated with F98 and in the intestines of
piglets preinoculated with 1326/28� and subsequently chal-
lenged with F98, thus suggesting that neutrophils may be re-
sponsible for protection but that infiltration by neutrophils is
not associated with pathology. In this study we examined the
role of neutrophils during F98 infection and during protection
by 1326/28�r to ascertain whether neutrophils killed Salmo-
nella and/or whether differential nitrosative or oxidative re-
sponses in neutrophils caused intestinal pathology or were
responsible for disease progression.

In accordance with our previous studies, piglets which were
protected by preinoculation with 1326/28�r did not show the
severe clinical symptoms associated with F98 infection follow-
ing subsequent F98 inoculation. The pathological index scores,
determined following immunohistochemical examination of in-
testines, were 0 for groups of piglets inoculated with 1326/28�r

alone and for groups of piglets inoculated with 1326/28�r fol-
lowed by F98. In contrast, unprotected piglets infected with
F98 had severe clinical symptoms and required euthanasia, and
the pathological index scores determined for this group were
consistently 3 or 4. These results are similar to previously
observed results which showed that a rough mutant of Salmo-
nella serovar Typhimurium strain SF1591 can protect pigs
against lethal challenge with Salmonella serovar Typhimurium
strain LT2 (15). This phenomenon has been explained by a
shift in the type of immune response induced by inoculation
with a rough mutant from Th1 (which causes inflammatory
pathology) to Th2 (40). However, these studies differ from ours
in a number of respects since piglets were challenged with
virulent strain LT2 8 days after the protective inoculation,

FIG. 4. RT-PCR showing gp91 mRNA expression in porcine neu-
trophils. For each experiment gp91 phox mRNA expression is shown
for neutrophils from one pig, although comparable results were ob-
tained for two different pigs per group on three separate occasions.
GADPH, glyceraldehyde-3-phosphate dehydrogenase.

FIG. 5. Effect of ACC on Salmonella survival (A) and ROS pro-
duction (B) in porcine neutrophils. Neutrophils were isolated from
uninfected pigs and cultured in vitro with F98 or 1326/28�r for 24 h
with or without ACC. The positive control was 1 �g/ml zymosan. Each
bar represents the mean for at least three piglets measured on six
separate occasions. Solid bars, 2 h postinfection; shaded bars, 7 h
postinfection (production of ROS); hollow bars, 24 h postinfection. In
panel A, an asterisk indicates a significant increase (P � 0.05) in the
number of Salmonella cells following coculture of neutrophils with
ACC. In panel B, an asterisk indicates a significant increase (P � 0.05)
in the ROS level compared with the levels in uninfected (control)
neutrophils, and a plus sign indicates a significant decrease (P � 0.05)
in ROS production in Salmonella-infected neutrophils cocultured with
ACC compared with the production in Salmonella-infected neutrophils
without ACC at the same time.
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whereas the effect that we report here occurred within 48 h
after challenge. Although numerous studies have shown that
enterocyte pathology is associated with Th1 cytokines, such as
gamma interferon and tumor necrosis factor alpha (TNF-	) (1,
17, 21, 36), insignificant numbers of lymphocytes are found in
the intestines of gnotobiotic piglets (29, 42). This may indicate
that within the first week after birth (the duration of our study)
the production of inflammatory cytokines is not sufficient to
induce the severe pathology that we observed in F98-infected
piglets. Furthermore, neutrophil infiltration in the intestine
was not measured in the previous studies and is unlikely to be
prominent 8 days after challenge with the first strain.

The numbers of Salmonella cells contained in neutrophils
isolated from blood were comparable whether the piglets were
infected with virulent strain F98 or with avirulent strain 1326/

28�r and were not altered following rechallenge with a second
strain in vitro. This indicates that preinoculation of piglets with
1326/28�r induces maximal phagocytic activity. We then ex-
amined the output of reactive species by infected neutrophils
and found that the nitrite ion production was not greater than
control levels in piglets infected with a virulent (F98) or avir-
ulent (1326/28�r) strain of Salmonella, which is consistent with
a previous study which indicated that nitrite ion pathways may
not be an important factor in the biology of porcine myeloid
cells (30). However, the levels of ROS activity were shown to
be significantly greater than the control levels in neutrophils
isolated from piglets infected with 1326/28�r and/or F98, but
the level of ROS induction could not be further increased by in
vitro rechallenge. However, Salmonella did not induce maxi-
mal levels of ROS since zymosan (used as a positive control)
increased ROS levels in neutrophils above the levels recorded
for any of the infection groups studied. The level of gp91 phox
mRNA was elevated in all test groups, and this result was in
accordance with our confocal microscopy studies which
showed that cytoplasmic gp91 phox activity was induced by F98
infection and also following 1326/28�r protection. However,
further confocal analyses showed that there was cytoplasmic
gp91 activity in neutrophils which were isolated from inocu-
lated animals but were not themselves associated with Salmo-
nella. This indicates that ROS was probably induced (in at least
some neutrophil populations) by LPS or cytokines in the cir-
culation as a result of preinoculation with 1326/28�r.

Stimulation of human neutrophil ROS has previously been
shown to occur in response to LPS (27, 43), particularly rough
forms (33), and the stimulatory effect of gamma interferon on
neutrophil gp91-induced ROS has been widely studied with
respect to chronic granulomatous disease (12, 32, 34). TNF-	
production in response to Staphylococcus aureus also stimu-
lates neutrophil ROS, although the ROS pathway in the latter
case appears to involve myeloperoxidase rather than NADPH
phox (24). TNF-	 has also been shown to prime ROS in hu-
man and porcine (but not rabbit, rat, or mouse) neutrophils for
subsequent stimulation by N-formylmethionyl-leucyl-phenylal-
anine (45), further demonstrating the relevance of the porcine
model for human neutrophil studies. gp91-active neutrophils
were present in the villus tips following F98 infection, but the
neutrophils were associated with very large numbers of Salmo-
nella cells in comparison with gp91-active neutrophils in the
villus tips of 1326/28�r-protected piglets. We therefore hy-
pothesize that inoculation of piglets with 1326/28�r stimulates
neutrophil migration into the intestine, probably followed by
stimulation of the NADPH-ROS pathway initially; however,
subsequent blood neutrophils are probably stimulated by other
factors (cytokines or LPS) prior to migration into the intestine.
Inoculation of gnotobiotic piglets with 1326/28�r, therefore,
causes neutrophils to migrate into the intestine (possibly in an
active form), which protects against a subsequent intestinal
challenge with a normally lethal F98 inoculum.

We then examined the effect of inhibiting ROS during the
first 7 h after infection of neutrophils with Salmonella in vitro.
Our results show that when the cells were cultured with ACC,
the levels of ROS were significantly reduced in F98- or 1326/
28�r-infected neutrophils, and this coincided with a significant
increase in survival of both Salmonella strains in porcine neu-
trophils. However, in the absence of ACC, the numbers of

FIG. 6. Hematoxylin- and eosin-stained ileal sections isolated from
F98-inoculated piglets (A), piglets inoculated with 1326/28�r and then
with F98 24 h later (B), and uninfected (control) piglets (C). The
arrows indicate long slender villi in panels B and C and stunted villi in
panel A. The arrowheads indicate well-formed pilcae in panels B and
C. Scale bars � 10 �m.
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Salmonella cells did not significantly change from 2 to 7 h
postinfection in vitro or, as discussed above, in culture for 7 h
after removal from experimentally infected animals. Taken
together, these results indicate that ROS act bacteriostatically
(rather than bacteriocidally) on virulent strain F98 or avirulent
strain 1326/28�r in porcine neutrophils and that neither neu-
trophil-derived ROS nor inducible nitric oxide synthase in-
duces the pathology associated with F98 infection.

However, neutrophils produce other substances that may
cause host pathology. In the mouse model of colitis (CD4�/
SCID adoptive transfer) neutrophil elastase is associated with
disease pathology (38), while in vitro studies have shown that
transmigration of neutrophils across intestinal epithelial
monolayers causes epithelial cell destruction which can been
reversed by the addition of elastase inhibitors (18). It has also
been proposed that measurement of fecal neutrophil elastase
may be used to monitor the activity of Crohn’s disease or
ulcerative colitis (35). Therefore, differential production of
elastase (or other neutrophil-derived proteases) may occur
following inoculation of pigs with F98 or 1326/28�r, and this
requires further investigation. Our observation that neutrophil
influx into the intestine does not necessarily cause pathology is
supported by the results of previous studies. Wallis et al. (44)
showed that this was the case in rabbit intestinal loops infected
with Salmonella serovar Typhimurium, while neutrophil influx
into the lung is the basis for protection of the respiratory tract
following treatment with RU41740 (Biostim) (10, 26).

Our results indicate that activation of neutrophil ROS (via
NADPH phox) by avirulent Salmonella serovar Infantis strain
1326/28�r may protect gnotobiotic piglets against lethal chal-
lenge with Salmonella serovar Typhimurium strain F98. Fur-
thermore, they indicate that neutrophil nitrite ion production
is not important in protection by 1326/28�r and that neither
nitrite ion production, ROS production, nor intestinal influx by
neutrophils per se induces the pathological lesions associated
with nonprotected F98 challenge. We hope to elucidate the
cause of pathology and pathological amelioration in future
studies.
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