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Abstract. Salmonella evades host immune response via the
expression of a variety of pathogenic factors. The ‘pRgroq’
plasmid of Salmonella enterica serotype Typhi (S. Typhi) is
involved in conferring the multidrug-resistance and virulence
of S. typhi. However, its specific effect on host-cell function
has remained elusive. Dendritic cells (DCs) are key regula-
tors of immune responses. The present study therefore aimed
to investigate whether pRgrog may target DCs involved in
mediating the adaptive immune response. In vivo experiments
with Salmonella enterica serotype Typhimurium 3337 and
%3337/pRgreg revealed that pRgres may influence multiple impor-
tant functions of murine DCs, including maturation, survival
and cytokine production. In addition, pRgs markedly contrib-
uted to decreasing T-cell activation. These data suggested that
by targeting the aforementioned functions of DCs, pRgreg may
partially overturn the adaptive immune defense mechanisms of
the host, which are required for elimination of this pathogen
from infected tissues. This may contribute to the evasion of host
adaptive immune responses by S. Typhi and therefore provide a
target for the prevention and treatment of typhoid fever.

Introduction

Immune surveillance by dendritic cells (DCs) is important in
the mediation of innate and acquired immunity. To activate
T lymphocytes following infection, DCs internalize and elimi-
nate invading microbes and exhibit pathogen-derived antigens
on their surface in the form of major histocompatibility
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complex (MHC) molecules (1,2). Salmonella is a faculta-
tive intracellular pathogen and the successful engagement
of T lymphocytes is required for the initiation of protective
immunity (3). The activity of pathogen-specific T cells
significantly reduces the levels of infection and colonization
by virulent bacteria, via direct elimination of bacteria or by
enhancing the innate immune response. However, certain
microbial pathogens have evolved molecular mechanisms
aimed at interfering with DC activity in order to evade the
specific adaptive immune response. These mechanisms are
termed ‘immune evasion’ and significantly influence pathogen
virulence (4,5).

The action of multiple pathogenic factors of Salmonella,
encoded by the chromosome and the plasmid, is required
during infection (6). The significance of large plasmids in
determining the virulence of Salmonella has been the subject
of numerous studies (7-9). In a previous study by our group,
the 98.6 mDa, 150 kb Salmonella enterica serotype Typhi
(S. Typhi) plasmid, designated as pRgreg, Was isolated during
a survey of multidrug-resistant S. Typhi strains, and is known
to mediate bacterial multidrug resistance to chloramphenicol,
streptomycin, trimethoprin, sulphonamide, gentamicin,
neomycin, kanamycin, cephalosporin, ampicillin, carbencillin
and tetracycline. Patients infected with S. Typhi carrying pRgrog
exhibited more severe symptoms and complications with high
rates of mortality (10). However, only one plasmid existed in
the isolates. It was therefore hypothesized that pRg s may be a
mosaic-like structure responsible for not only drug resistance,
but also increased bacterial virulence.

On the plasmids of all pathogenic Salmonella spp.,
except S. Typhi, there is a highly conserved 8 kb region
which encodes virulence phenotypes, and this gene is desig-
nated as the Salmonella plasmid virulence (spv) gene (11).
The virulence genes on pRgres Were previously detected by
spv-specific polymerase chain reaction and DNA analysis,
and the results indicated that pRgg shared 99.8% homology
with spv (10). This study was the first, to the best of our
knowledge, to reveal that spv homologous genes existed on
the pRgros plasmid. These early studies demonstrated that
PRg19s enhanced the virulence of host bacteria by increasing
survival and mediating macrophage apoptosis via the mito-
chondrial pathway (12). However, the phenotype remained of
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interest, since the mechanism of pRgres-increased bacterial
virulence has remained to be elucidated.

The virulence of Salmonella is frequently serovar-specific,
for example, S. Typhi causes typhoid fever in humans, but
no disease is associated with S. Typhi infection of mice. In
the present study, in order to determine whether pRgros Was
involved in the specific immune response in vivo, pRgyreg
was transferred into S. Typhimurium %3337 (a virulence
plasmid-cured strain) and the conjugative strain x3337/pRgros
was used in a murine salmonellosis model. The effect of
PRgres On important functions of murine DCs, including
maturation as well as survival and cytokine production, was
evaluated, as well as its effects on T cells. The results of
the present study may aid the elucidation of the mechanism
underlying S. Typhi immune evasion.

Materials and methods

Salmonella strains and growth conditions. In the present
study, S. Typhimurium SR11 %3337 (a nalidixic acid-resis-
tant, virulence plasmid-cured derivative of %3306) was
used as a negative control. This strain was provided by Dr
Roy Curtiss III (Arizona State University, Phoenix, AZ,
USA). The multidrug-resistant S. Typhi strains harboring
pRg1os Were obtained from patients' blood during a typhoid
fever outbreak in Suzhou, China between 1987 and 1992.
Plasmid-free Escherichia coli K12W1485 Rifr F-Lac(+)
(E. coli K12W1485) with a rifampicin resistance gene on the
chromosome and S. Typhimurium SR11 3337 were used as
recipients to create the conjugant ¥3337/pRgreg. E. coli V517
(54.4,7.3,5.6,5.2,4.0,3.0,2.7 and 2.1 Kb) and Shigella flex-
neri 24570 (159.6, 4.0 and 3.0 Kb) harboring standard
plasmids were used as size markers. All strains were grown
to mid-logarithmic phase at 37°C in Luria-Bertani (LB) broth
(Shanghai Kemin Biotechnology Co. Ltd., Shanghai, China)
and quantified spectrophotometrically by determining
optical density (OD) at 600 nm. Strains were subsequently
centrifuged at 2,300 xg for 5 min and resuspended in
RPMI-1640 medium (Gibco-BRL) without antibiotics prior
to their addition to cells.

Conjugal transfer of pRgres and electrophoretic analysis. The
conjugal test was performed as follows: pRgreg Was transferred
from the clinical isolated multi-drug-resistant S. Typhi to
a plasmid-free laboratory strain of E. coli K12W1485, and
Shigella and Salmonella (SS) agar plates containing rifampicin
(100 pg/ml) and chloramphenicol (20 xg/ml) (Beijing Biodee
Biotechnology Co., Ltd. , Beijing, China) were used. E. coli
is able to ferment lactose, so that it can therefore be easily
identified on an SS agar plate. pRgog Was transferred from
E.coliK12W1485 to S. Typhimurium %3337. E. coli K12W 1485
receiving pRgrog (conjugant pRyrog/E. coli K12W1485) was used
as the donor, while S. Typhimurium %3337 was the recipient.
The two strains of bacteria were grown for 16 h at 37°C in LB
broth and mixed well by transferring 0.1 ml of each into 3 ml
fresh LB broth for 4 h at 37°C. The mixture was centrifuged at
2,300 xg for 5 min and resuspended in normal saline. 0.1 ml
of the suspension was transferred to a casein hydrolysate agar
plate and grown for 16 h at 37°C. The lawn was collected
and the serial dilution tube test was conducted. 0.1 ml of the
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suspension was transferred to an SS agar plate containing
rifampicin (100 pg/ml), chloramphenicol (20 pg/ml) and ampi-
cillin (25 ug/ml) (Beijing Biodee Biotechnology Co., Ltd. ,
Beijing, China). The colonies producing hydrogen sulfide were
selected to be cultured a second time on the same selective
agar, reactivated on LB agar plates and labeled as conjugant
%3337/pRgres. Plasmid DNA extraction and electrophoretic
analysis were applied using routine methods (13).

Mice. BALB/c mice were purchased from the Experimental
Animal Center (Chinese Academy of Science, Shanghai
Laboratory Animal Center, Shanghai, China). Mice were
housed in a pathogen-free animal facility and maintained
under standard environmental conditions (room temperature
24+1°C; relative air humidity 50+2%; a 12-h light/dark cycle;
fed standard rodent diet and water ad libitum). Mice were used
aged 8-10 weeks (weight 30—40g) and animal experiments
were performed following protocols approved by the insti-
tutional animal care and use committee of Bengbu Medical
College.

Antibodies. Antibodies were obtained from eBioscience,
Inc. (San Diego, CA, USA) unless otherwise stated. The
fluorochrome-conjugated anti-mouse monoclonal antibodies
(mAbs) used in the present study were as follows: anti-CDl11c
fluorescein isothiocyanate (FITC; N418), anti-MHC
Class II(I-A) phycoerythrin (PE)-Cy5 (NIMR-4), anti-CD40
(PE; 1C10), anti-CD80 PE (16-10A1), anti-CD86 PE (PO3.1),
anti-CD62L FITC (MEL-14), anti-CD44 PE (IM7), anti-CD3e
peridinin chlorophyll (PerCP)-Cy5.5 (145-2C11), anti-CD8a
allophycocyanin (APC) (53-6.7), anti-interleukin (IL)-12 PE
(C 17.8), anti-interferon (IFN)-y PE (XMG]1.2), anti-tumor
necrosis factor (TNF)-a PE (TN3-19) and all isotype-matched
control mAbs were from Caltag Laboratories (Invitrogen Life
Technologies, Carlsbad, CA, USA).

Cell culture and infection. For the generation of bone
marrow-derived DCs, bone marrow was flushed from the
tibias and femurs of 8 to 10-week-old mice. Following red cell
lysis with lysing solution (BD Biosciences) and washing, the
progenitor cells were cultured in six-well plates at 1x10%/well
in RPMI containing 10% fetal calf serum supplemented with
10 ng/ml recombinant mouse granulocyte-macrophage
colony-stimulating factor (GM-CSF) and 10 ng/ml IL-4
(Biomics Biotechnology Co., Ltd., Nantong, China). These cells
were cultured for six days at 37°C in 5% CO,, and fresh medium
and cytokines were added on days two and four. On day six, the
DCs were collected for use in the infection experiments.

For infection of DCs, 1.5x10° cells (invasion assays),
4x10° cells (apoptosis assays) or 10° cells (co-stimulatory mole-
cule expression analysis) were seeded in 24- or six-well plates in
medium without antibiotics and infected with the corresponding
S. Typhimurium strains at a multiplicity of infection (MOI) of 20
bacteria per DC. Bacteria were centrifuged onto DC at 400 xg for
5 min. Following 1 h of infection, 100 xg/ml amikacin (AMK;
Beijing Biodee Biotechnology Co.) was added to exterminate
extracellular bacteria. Then, the cells were washed and further
incubated with medium containing 10 pg/ml AMK to prevent
extracellular growth of bacteria released from the infected DC
for an additional, indicated length of time.
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Bacterial invasion and DC viability assays. S. Typhimurium
strains were grown to the mid-log growth phase, at which the
bacteria are most invasive. DCs were infected in triplicate as
aforementioned. To evaluate bacterial infectivity, AMK-treated
DCs were permeabilized for 30 min with 0.1% Triton X-100
(Shanghai Fushen Biotechnology Co., Ltd., Shanghai, China)
in phosphate-buffered saline (PBS; Hefei Bomei Biotechnology
Co., Ltd., Hefei, China). Lysates of 2 h were plated on agar plates
for overnight incubation at 37°C. At the same time-point, DC
viability was analyzed using a FACSCalibur flow cytometer
(BD Biosciences), using staining of fragmented DNA with
propidium iodide and labeling of cells with fluorescently tagged
Annexin V (BD Biosciences), which binds to phosphatidyl-
serine present in the outer membrane of cells during early-stage
apoptosis.

Detection of cell-surface markers. The infected cells were
harvested at 24 h post-infection and incubated with mouse
anti-FcRII/IIT m Ab for 10 min at 4°C. Fluorochrome-conjugated
antibodies were added to cells, which were incubated on ice for
30 min and then washed twice with wash buffer. Cells were
kept on ice and analyzed by flow cytometry and CellQuest™
version 3.3 software (BD Biosciences, Franklin Lakes, NJ,
USA) and WinMDI 2.8 (winmdi.software.informer.com/2.8/).

Bacterial infection of mice. S. Typhimurium strains were grown
overnight in LB medium, harvested in the logarithmic phase
(OD600=0.8-1.0), washed once in PBS and resuspended in
PBS with 15% glycerol (Hefei Bomei Biotechnology Co.). The
cultures were stored in aliquots at -80°C. The bacterial titers
were determined by plating serial dilutions on LB agar plates.
For infection, aliquots were thawed and appropriately diluted
in PBS. In experiments in which DC and T-cell activation were
analyzed, mice were infected intravenously with 500 organisms
and sacrificed by cervical dislocation on the fifth or tenth day
following infection. In experiments in which the intracellular
cytokines of splenic DCs were studied, mice were administered
a single intravenous injection of 107 bacteria and sacrificed 24 h
subsequently. Total splenocytes were subjected to flow-cyto-
metric analysis.

Flow-cytometric analysis of spleen cells. Single-cell suspen-
sions were obtained by passing spleens through stainless steel
meshes followed by erythrocyte lysis. Cells (10°) were incu-
bated with anti-FcRII/IIT mAb to block unspecific antibody
binding. Following 10 min of incubation, cells were stained with
FITC-conjugated mouse anti-CDl11c, PE-conjugated mouse
anti-CD40, PE-conjugated mouse anti-CD80, PE-conjugated
mouse anti-CD86, PerCP-CyS5.5-conjugated mouse anti-CD3e,
APC-conjugated mouse anti-CD8a, FITC-conjugated mouse
anti-CD62L and PE-conjugated mouse anti-CD44. Following
30 min on ice, cells were washed and analyzed.

Intracellular cytokine expression was analyzed in a sple-
nocyte preparation that had been incubated for 5 h in the
presence of GolgiPlug™ (brefeldin A solution, 10 xg/ml; BD
Biosciences). Cells were then washed with PBS supplemented
with0.1% bovine serum albumin (Beijing Leigen Biotechnology
Co., Ltd. , Beijing, China) and were surface stained for CD11c
to identify splenic DCs and for co-stimulatory molecules.
Cells were subsequently fixed, permeabilized and stained
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chromosome fragment-

Figure 1. Identification of conjugal transfer of pRgyes. Plasmids were
extracted and analyzed by electrophoresis. Lanes: 1, Salmonella enteric
serovar Typhimurium (S. Typhimurium) carrying a 150 kb plasmid (pRgreg);
2, Escherichia coli (E. coli) K12W1485 containing pRgyos plasmid donor in
the second conjugal transfer step; 3, S. Typhimurium %3337; 4, conjugant
%3337/pRgrog; S, plasmid size marker Shagella flexneri 24570; 6, plasmid size
marker E. coli V517.

with anti-IL-12 PE, anti-IFN-y PE or anti-TNF-a PE using
the cytofix/cytoperm kit (eBioscience, Inc.) according to the
manufacturer's instructions. Flow cytometry was performed
on splenocytes from individual mice stimulated separately.

Assessment of bacterial burden. Single-cell suspensions were
obtained from the spleens of infected mice in RPMI-1640. An
aliquot of the suspension was lysed and evaluated to determine
the number of viable bacteria. Colony-forming units (CFU)
were determined by plating serial dilutions of tissue homog-
enates on LB agar plates.

Statistical analysis. Values are presented as the mean + stan-
dard deviation. Data obtained from independent experiments
were analyzed using Student's t-test. P<0.05 was considered to
indicate a statistically significant difference between values.
The statistical software package SPSS 15.0 (SPSS, Inc.,
Chicago, IL, USA) was used for all data analyses.

Results

Conjugal transfer of plasmid pR 4. S. Typhi causes typhoid
fever in humans only; therefore, S. Typhimurium was
employed to infect mice in order to study the pathogenesis
of pRgrog in vivo. pRgres Was initially transferred from the
multi-drug-resistant S. Typhi to E. coli K12W1485 and then
transferred from E. coli K12W1485 to S. Typhimurium 3337
to create the conjugant y3337/pRgres. Electrophoretic analysis
indicated that an additional 150-Kb pRgos plasmid was found
in ¢3337/pRgreg, compared to the recipient %3337, which
confirmed that pRgpos Was transferred into %3337 (Fig. 1).

PRrg does not influence bacterial invasion. To date the role
of pRgros in bacterial invasion has remained elusive. The inva-
sion ability of S. Typhimurium strains with or without pRgpeg
was compared. The results demonstrated that S. Typhimurium
%3337 and conjugant %3337/pRgres Were equally invasive
(Fig. 2A). This therefore indicated that the expression of pRgreg
did not increase the ability of the bacteria to invade DCs.

DC viability is decreased following infection with pRgrog
S. Typhimurium. A previous study demonstrated that the infec-
tion of macrophages or DCs with S. Typhimurium expressing
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Figure 2. Entry of Salmonella to murine DCs and DC viability. DCs were
infected with Salmonella enteric serovar Typhimurium (%3337 or the conju-
gant %3337/pRgreg; multiplicity of infection 20) or left untreated. Following
1 h of infection, bacteria were washed away and cells were cultured for 2 h in
the presence of amikacin to eliminate extracellular bacteria. (A) Cells were
lysed and intracellular bacteria were plated on Luria-Bertani agar plates
to determine intracellular CFU. Values are expressed as the mean of four
independent experiments + standard deviation. (B) Viability of DCs at the
same time-point was assessed by flow cytometry following staining with
fluorescence labeled Annexin V and PI. The results of one representative
experiment are shown. “P<0.01 vs. control, “P<0.05 vs. x3337 strain. DC,
dendritic cell. CFU, colony-forming units; PI, propidium iodide; ns, no sig-
nificant difference.

the type III secretion system resulted in early apoptosis (14).
To assess whether pRgyqq of S. Typhimurium induced mortality
of murine DCs and whether this may be involved in mediating
the ability of DCs to stimulate T cells, an apoptosis assay
was performed using S. Typhimurium-infected murine DCs.
As illustrated in Fig. 2B, S. Typhimurium induced apoptosis
in murine DCs. Two hours after infection, S. Typhimurium
%3337/pRgreg-infected DCs exhibited a higher rate of apoptosis
than that of x3337-infected cells. Therefore, pRgros may be an
important factor involved in Salmonella-induced cell death.

S. Typhimurium induces DC maturation. To study the effects
of Salmonella pRgrog on DC maturation, cells were infected
with the corresponding bacterial strains, and the expression
of co-stimulatory molecules involved in T-cell activation
was measured by flow cytometric analysis following 24 h
of further incubation to facilitate the biosynthesis of novel
surface molecules. Unstimulated DCs are physiologically
immature; however, following infection with S. Typhimurium
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%3337 or %3337/pRgres, DCs exhibited a mature phenotype,
manifested as an increase in the expression of co-stimulatory
molecules. Phenotypic changes following the infection of DCs
with corresponding strains are indicated in Fig. 3. Compared
to S. Typhimurium %3337/pRgpes- and x3337-infected DCs
exhibited increased expression levels of all three surface
molecules (CD80, CD86 and MHC 1I), indicated by increased
fluorescence intensity.

PRgros enhances bacterial burden following S. Typhimurium
infection. BALB/c mice were intravenously infected with
500 bacteria of corresponding S. Typhimurium strains.
Infection resulted in massive expansion of bacteria in
the spleen and liver. The two bacterial strains exhibited
the same course. The number of bacteria recovered from
%3337/pRgres-infected mice was significantly higher than that
of x3337-infected mice ten days post-infection (Fig. 4). As
expected, the x3337/pRgros strain was virulence-enhanced
compared to the %3337 strain, and the titer in the spleen and
liver was 107 bacteria/organ.

Suboptimal activation of DCs results from infection with
the conjugant, y3337/pRsros. In vivo, Salmonella is usually
contained within splenic DCs, which are the most efficient
antigen-presenting cell (APC) types capable of stimulating
naive T cells (15). The present study therefore aimed to deter-
mine how the numbers and activation states of splenic DCs
were altered during infection with S. Typhimurium. It was
demonstrated that the overall number of splenic DCs increased
significantly five days following infection with either strain,
compared to that of mock-infected animals. A significant differ-
ence in the number of DCs in the spleen was observed between
%3337- and y3337/pRgres-inoculated mice (Fig. SA and B).
To determine whether DC activation was distinct following
wild-type %3337 or the conjugant %3337/pRgres infection, cell
surface expression of co-stimulatory molecules (CD40, CD80
and CD86) on CDl11c(+) splenic DCs, as well as their ability to
secrete the pro-inflammatory cytokines, was analyzed. Fig. 5C
indicates that the extent of CD40, CD80 and CD86 upregula-
tion is distinct following %3337 infection, compared to that
following ¥%3337/pRges immunization. S. Typhimurium %3337
infection induced greater co-stimulatory molecule expression
than x3337/pRgres immunization five days post-infection.

Furthermore, it was investigated whether the level of T-cell
function induced by splenic DCs was correlated with the rela-
tive cytokine levels produced by these cells. As shown in Fig. 6,
CDl1c(+) splenic DCs from mice injected with S. Typhimurium
produced IL-12, IFN-y or TNF-a 24 h following infec-
tion without in vitro restimulation. The percentage of
IL-12- or IFN-y-producing splenic DCs in the mice infected
with %3337/pRgreg Was significantly lower than that of those
infected with ¥3337. No significant difference was detected
in the percentage of splenic TNF-a-producing DCs of mice
infected with %3337/pRgres compared to that of x3337-infected
mice.

S. Typhimurium infection decreases T-cell activation.
S. Typhimurium infection induced massive splenomegaly. On
the tenth day post-infection, there was an almost three-fold
increase in spleen cellularity. Total splenocytes were isolated
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Figure 3. Expression of surface molecules on DCs 24 h following exposure to Salmonella enteric serovar Typhimurium. DCs were infected with %3337 or
conjugant ¥3337/pRgreg for 1 h, washed and resuspended in amikacin-containing medium for 24 h. Cells were stained with specific anti-CD80, anti-CD86
or anti-MHC II antibodies. The cells were also stained with an isotype-matched control antibody. Results were calculated as: (geometric mean fluorescence
intensity of stained cells) - (isotype control stained cells). Data are representative of three independent experiments.
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Figure 4. Organ loads of %3337 and %3337/pRgpes. Mice were infected intra-
venously with a dose of 500 organisms/mouse. Mice infected with conjugant
%3337/pRsreg showed increased organ colonization at 10 days post-infection,
as compared to that of mice infected with y%3337. To determine organ colo-
nization capacity, mice were sacrificed and their livers and spleens were
lysed and plated for intracellular bacterial count. Organ colonization experi-
ments were repeated =three times for each strain. Four mice per group were
included in each experiment, “P<0.05. CFU, colony-forming units.

from the naive mice and mice infected with 3337 or the
conjugant 3337/pRgrs at the fifth and tenth day post-infection
and stained with specific antibodies. The effect of pRgpe 0n
the status of the CD4(+) and CD8(+) T-lymphocyte popula-
tions was determined. The mice infected with either strain
of S. Typhimurium did not demonstrate a significant change
in T-cell population compared to that in the control mice.
T lymphocytes were subsequently further analyzed for the
expression of the immune activators CD44 and CD62L. In the
immune system, CD62L is expressed on naive T cells, but its

expression declines upon activation. By contrast, the expression
of CD44 is upregulated following activation of naive T lympho-
cytes during their response against invading microbes (16). The
mice were kept under pathogen-free conditions; however, it was
observed that in naive mice ~20% of splenic T cells exhibited a
CD44(high) and CD62L(low) (activated) phenotype. Following
infection with S. Typhimurium, expression of CD44 and CD62L
on T cells was markedly altered (Fig. 7). ~30-40% of T cells
acquired a CD44(high) and CD62L(low) phenotype at ten days
post-infection. Although no significant difference was observed
in the CD44(high) and CD62L(low) T-lymphocyte population
in the (3337-infected mice at five days post-infection, there was
a <10% increase in this population at ten days post-infection
compared to that in the %3337/pRgres-infected mice. These
results therefore suggested that pRgrq¢ did not affect the status
of the T-lymphocyte population, but prevented T-cell activation.

Discussion

The role of DCs in triggering anti-microbial immunity, particu-
larly in vivo, has been well defined. S. Typhimurium is a bacterial
pathogen that systemically disseminates from the site of infec-
tion (17). Studies have demonstrated that S. Typhimurium
interferes with the activation of host adaptive immunity at
multiple levels (18-20). Salmonella virulence factors perturb
antigen processing and presentation by DCs, as well as the acti-
vation of Salmonella-specific T cells (21). These observations
led to the hypothesis that this feature of virulent Salmonella is
required to promote systemic dissemination in the host.

In previous studies by our group, it was demonstrated that
plasmid pRgres enhanced the virulence of host bacteria by
increasing survival and mediating macrophage apoptosis via the
mitochondrial pathway (12). Consistent with these results, pRgros
was found to influence multiple important functions of murine
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Figure 5. Flow-cytometric analysis of splenic DCs from Salmonella enteric serovar Typhimurium (S. Typhimurium)-infected mice. Mice were given 500
S. Typhimurium %3337 or conjugant %3337/pRgro intravenously. At five days post-infection, splenocytes from individual mice were stained and analyzed by
flow cytometry. (A) Cells in the live lymphocyte gate were analyzed for CD11c(+) (surface staining to identify splenic DCs) cell populations. Representative
dot plots indiacting the expression of CD11c on cells from the spleen of mice. The numbers represent the percentage of splenic DCs. (B) Salmonella infection
generates an increase in splenic DCs. The y-axis represents the total number of splenocytes and the absolute number of splenic DCs. (C) Splenic DCs express
lower levels of co-stimulatory molecules following ¥%3337/pRST98 infection than those following %3337 infection. The histograms indicate CD40, CD80 and
CD86 expression on gated CD11c(+) splenocytes from mice infected with %3337 or %3337/pRgre. Four individual mice in each group were analyzed in =three
independent experiments. "P<0.05 vs. control, “P<0.01 vs. control, “P<0.05 vs. ¥3337 strain, #/P<0.01 vs. x3337 strain. DC, dendritic cell; FITC, fluorescein

isothiocyanate.

DCs, including maturation, survival and cytokine produc-
tion. In addition, pRgres Was also demonstrated to decrease
T-cell activation. These results suggested that by targeting the
aforementioned functions of DCs, pRgros may at least partially
abrogate the adaptive immune defense mechanisms of the host,
which are required for the elimination of the pathogen from
infected tissues. However, further studies are required in order
to determine the impact of pRgyos On subsets of splenic DCs.
Previous studies by our group suggested that pRgpos Was
not required for the invasion of non-phagocytic cells, including
HeLa and Hep-2 cells (unpublished observations), but instead,
its function was required to prevent significant entrance of
Salmonella to phagocytic DCs. In the present study, pRgrog
activity was demonstrated not to differentially modulate the
entry of Salmonella to DCs. Sundquist and Wick (22) reported
that the death of DCs induced by Salmonella following infec-
tion may have a negative impact on the initiation of antibacterial
immunity. However, besides macrophagy, DCs may also undergo
cell death following interaction with pathogenic Salmonella,
PRg1os may potentially be one of the factors mediating the induc-
tion of DC death. Furthermore, it was revealed that Salmonella
stimulation of immature DCs resulted in their maturation to

APCs, characterized by enhanced expression of cell surface
antigens, including CD80, CD86 and MHC II. This phenotypic
alteration was similar to the response observed when DCs were
treated with lipopolysaccharides, a response which is associated
with increased levels of co-stimulatory surface molecules (23).
Furthermore, the conjugant %3337/pRgpos-treated DCs exhib-
ited lower levels of activation and maturation than those of
¥3337-treated DCs. These results provided evidence that pRgrog,
one of the pathogenic factors of Salmonella, impaired the func-
tions of DCs, predominantly via the induction of apoptosis and
concurrent suppression of maturation.

Following investigation of the virulence of pRgpgg in
DCs as well as macrophage cell lines, the virulence of
the conjugant strain was evaluated in a murine model. To
analyze the bacterial colonization in various organs, groups
of BALB/c mice were intravenously infected with 500 CFU
%3337 or the conjugant x3337/pRgres. The organ load of the
¥3337-infected mice was significantly lower than that of the
%3337/pRgreg-infected mice in spleen and liver on the tenth
day post-infection. This suggested that pRgrs Was essential
for conferring Salmonella virulence. Furthermore, recent
studies have shown that following intravenous infection of
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S. Typhimurium, >50% of bacteria that reach the spleen are
located inside DCs (15). Therefore, the virulence capacity
of S. Typhimurium to spread systemically into the host
may be directly correlated with the bacterium's ability to
avoid antigen presentation by DCs, without the activation
of specific T-cell immunity. Quantitative changes in DCs
were also apparent in response to Salmonella infection and
significantly increased DC numbers were observed five days
after infection. This increase may be due to DC migration to
the spleen during infection, which occurs as a result of the
functions of the spleen in initiating specific immunity and as
a site of Salmonella replication (15). A marked maturation
response of the splenic DCs was observed following infec-
tion and supported the hypothesis that pRgg hindered DC
maturation without influencing the total splenic DC number
during infection.

Local inflammatory responses by innate cells within
infected tissues may also influence antigen presentation and
T-cell activation (17). The capacity of DCs to produce TNF-a,
IL-12 and IFN-y during Salmonella infection was therefore
examined. An increase in DCs producing TNF-a was detected
among the splenic DCs of Salmonella-infected mice. However,
the absolute number of splenic DCs producing TNF-a during
the first day of infection was relatively low (~10%). The rela-
tive lack of DCs producing TNF-a suggested that DCs may
not make a significant contribution to the control of initial
bacterial replication. However, TNF-a produced by DCs may
induce local effects during Salmonella infection in order to
coordinate the maturation and migration of DCs. In this way,
DC-derived TNF-a may facilitate a link between the innate
and adaptive immune responses.

The results of the present study also revealed pRgog-asso-
ciated changes in DC cytokine secretion during Salmonella
infection. In vivo production of IL-12 by DCs in response to
intravenous administration of microbial stimuli is rapid and
transient (24-26). Following 24 h of S. Typhimurium infec-
tion, a portion of DCs produced IL-12 without restimulation
in vitro, which indicated that these DCs were likely involved
in IL-12 production in vivo. These results were consistent
with studies in which IL-12 production of liver CD11c(+) cells
was analyzed by flow cytometry following stimulation with
S. Typhimurium (27). IL-12 is an essential cytokine, which
may provide protective immunity against Salmonella, as it is
a key cytokine produced by APC to stimulate a Thl-directed
response (28,29). Salmonella-specific T cells developing under
the influence of IL-12 produce cytokines, including IFN-v, that
enhance the bactericidal capacity of phagocytes and facilitate
microbial elimination (30,31). These observations suggested
that pRgpos interference with DC function may prevent the acti-
vation of T-cell-mediated immunity against antigens derived
from this pathogen.

The activation and differentiation status of T cells during
the course of infection was subsequently evaluated. T cells had
acquired an activated phenotype after one week of infection.
An almost 10% decrease in the CD44(high) and CD62L(low)
T-lymphocyte population was observed in the %3337/pRgros
infected mice ten days post-infection when compared to that
in the %3337 infected mice. It was therefore suggested that
underlying the ability of pRgpog to impair the functions of
DCs, is the inhibition of protective T-cell responses in vivo.

2313

However, the genetic basis of pRgpes modulation of DCs and
T-cell activation remains to be elucidated.

In conclusion, the characterization of the chimeric plasmid
PRgrog, 1s0lated from S. Typhi, may be potentially important
for elucidating the virulence mechanism of this pathogen. The
results of the present study indicated that pRgrs Was a potent
pathogenic factor of Salmonella and prevented DC-mediated
activation of T cells, predominantly by inhibiting DC matura-
tion. These results also potentially have significance in the
treatment and prevention of typhoid fever.
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