
The capacity of Salmonella to survive inside dendritic cells and
prevent antigen presentation to T cells is host specific

Introduction

Dendritic cells (DCs) are a key link between innate and

adaptive immunity. With their unique ability to prime

antigen-specific naı̈ve CD4+ and CD8+ T cells, DCs are

critical for initiating adaptive immunity in response to

infection by pathogenic bacteria.1,2 As a result of the

detection of pathogen-associated molecular patterns

(PAMPs) expressed by bacteria, DCs residing in peri-

pheral tissues (i.e. intestinal and respiratory mucosa)

become activated and experience functional changes, as

part of a process known as DC maturation.3–6 Along with

maturation, DCs acquire an enhanced capacity to process

and present antigens on major histocompatibility complex

(MHC) molecules7,8 and up-regulate the surface expres-

sion of costimulatory molecules, such as CD80, CD86

and CD40. Increased surface expression of peptide–MHC

(pMHC) complexes and costimulation molecules

empower DCs for priming pMHC-specific naı̈ve T

cells.1,9–11 Furthermore, maturation also increases the

capacity of DCs to migrate from peripheral sites of infec-

tion to regional lymph nodes where naı̈ve T cells nor-

mally reside.12,13

The DCs are critical components for the initiation of

an effective immune response against infection so several

microbial pathogens have evolved molecular mechanisms

aimed at interfering with DC function.2,14 Recent studies

have shown that virulent strains of Salmonella enterica
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Summary

Infection with Salmonella enterica serovar Typhimurium (S. Typhimur-

ium) causes a severe and lethal systemic disease in mice, characterized by

poor activation of the adaptive immune response against Salmonella-

derived antigens. Recently, we and others have reported that this feature

relies on the ability of S. Typhimurium to survive within murine dendritic

cells (DCs) and avoid the presentation of bacteria-derived antigens to T

cells. In contrast, here we show that infection of murine DCs with either

S. Typhi or S. Enteritidis, two serovars adapted to different hosts, leads to

an efficient T-cell activation both in vitro and in vivo. Accordingly,

S. Typhi and S. Enteritidis failed to replicate within murine DCs and were

quickly degraded, allowing T-cell activation. In contrast, human DCs were

found to be permissive for survival and proliferation of S. Typhi, but not

for S. Typhimurium or S. Enteritidis. Our data suggest that Salmonella

host restriction is characterized by the ability of these bacteria to survive

within DCs and avoid activation of the adaptive immune response in their

specific hosts.

Keywords: dendritic cells; host restriction; Salmonella; T cell



serovar Typhimurium (herein S. Typhimurium) can

interfere with the capacity of DCs to prime adaptive

immunity against bacteria.15–20 This pathogen can survive

within DCs in specialized vacuoles by delivering virulence

effector proteins to the cytoplasm through a type 3 secre-

tion system encoded in the Salmonella pathogenicity

island 2 (SPI-2).15,17,20,21 SPI-2-encoded effector proteins

delivered to the cytoplasm have been shown to interfere

with normal vesicular trafficking in host cells.22 Consis-

tent with this notion, recent studies indicate that vacuoles

containing virulent S. Typhimurium deviate from the

normal endocytic pathways and fail to colocalize with

lysosomal markers in DCs.15,23 As a result, bacterial deg-

radation and subsequent presentation to T cells of the

bacteria-derived antigens on MHC molecules is pre-

vented.15,16 These observations suggest that the capacity

of S. Typhimurium to interfere with DC function could

prevent the activation of T-cell-mediated immunity

against antigens derived from this pathogen.24 Accordingly,

infection with attenuated strains of S. Typhimurium that

fail to interfere with DC function, induce strong T-cell

responses in mice.12,15,16,25,26

S. Typhimurium is a member of the genus Salmonella

enterica subspecies I whose members cause diseases in sev-

eral warm-blooded animals.27,28 Some Salmonella enterica

serovars are considered to be host generalists because they

cause either systemic disease or gastrointestinal infection in

several hosts.29 S. Typhimurium and S. Enteritidis are

examples of generalist serovars that cause disease in mice,

chicken, calves and humans.30,31 In contrast, other S. enter-

ica serovars cause systemic disease in only a few particular

hosts and are rarely associated with diseases in other

species. An example of this latter type is S. Typhi, the etio-

logical agent of typhoid fever in humans. S. Typhi is a

host-adapted serovar that only causes disease in humans

and higher primates.32 Several studies have suggested

that the host’s immune response could be a key compo-

nent in Salmonella host restriction.29,33,34 For instance,

S. Typhimurium can avoid adaptive immunity and cause a

severe systemic disease in mice, but it seems unable to do

this in other hosts.35,36 Supporting this notion is the obser-

vation that S. Typhimurium induces a strong immune

response in other hosts, such as chickens and humans,37–39

and can only cause a systemic disease when cellular adap-

tive immunity is deficient in these hosts.40–42

Dendritic cells play a crucial role in initiating adaptive

immunity in the host, capturing Salmonella at an early

stage of infection, so interference with the ability of DCs

to process and present bacterial antigens could be advan-

tageous for Salmonella dissemination within its specific

host. Accordingly, it is likely that Salmonella serovars that

fail to cause disease within a specific host could also be

unable to interfere with DC function, which would then

result in the activation of the adaptive immune response

and bacterial clearance.

In this study we evaluated the ability of three different

Salmonella enterica serovars to interfere with the function

of DCs and their capacity to prevent activation of adap-

tive immunity in the mouse. We observed that S. Typhi

and S. Enteritidis failed to avoid antigen presentation by

murine DCs and consequently specific T cells were acti-

vated both in vitro and in vivo in response to bacterial

challenge. Accordingly, these two Salmonella serovars

were unable to survive within murine DCs and vacuoles

containing them colocalized with lysosomal markers. In

contrast, in human DCs only S. typhi was shown to repli-

cate, while S. Typhimurium and S. Enteritidis were read-

ily degraded by these DCs. Our data suggest that the host

specificity of Salmonella enterica serovars may be deter-

mined by the ability of these bacteria to interfere with

DC function and avoid host adaptive immunity. We pro-

vide new evidence supporting a role for DCs as cellular

components influencing pathogen–host specificity, a func-

tion not described before.

Experimental procedures

Mice

C57BL/6 mice were purchased and maintained at the

Pontificia Universidad Católica de Chile animal facility

(Santiago, Chile). OT-I and OT-II transgenic mice were

a generous gift from Dr Ralph Steinman (The Rockefel-

ler University, New York, NY). OT-I and OT-II are

transgenic mice with specific T-cell receptors for H-2Kb/

OVA257–264 and I-Ab/OVA323–339, respectively. All animal

work was performed according to institutional guide-

lines.

Bacterial strains and DC cultures

Salmonella enterica serovars used in this study were:

S. Typhimurium 14028s, S. Typhi STH2370 and S. Enteri-

tidis phage type (PT) 1. The S. typhimurium was obtained

from the American Type Culture Collection (ATCC,

Manassas, VA). The S. Typhi and S. Enteritidis were

clinical strains, isolated from infected Chilean patients:

S. Typhi was obtained from the Lucio Córdova Hospital

for Infectious Disease in Santiago, Chile, and S. Enteriti-

dis was provided by the Instituto de Salud Pública, Chile.

Recombinant Salmonella serovars for ovalbumin (OVA)

were obtained by electrotransformation of S. Typhimu-

rium, S. Typhi and S. Enteritidis with the plasmid pKK-

OVA, which was provided by Jean-Claude Sirard (Pasteur

Institute, Lille, France), and OVA expression for each ser-

ovar was detected by Western blot assay. As a loading

control, OmpC protein was detected in each Western blot

using a rabbit anti-OmpC serum, provided by Dr Alejan-

dro Venegas (Pontificia Universidad Católica de Chile,

Santiago, Chile). Bacteria were grown on Luria–Bertani
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broth and recombinant bacteria were selected on carbeni-

cillin (50 lg/ml; Sigma-Aldrich, St Louis, MO).

Murine bone marrow-derived DCs were prepared as

previously described15,20 Briefly, DCs were grown from

bone marrow progenitors in RPMI-1640 containing 5%

fetal calf serum, 1 mM pyruvate, 2 mM glutamine, 1 mM

non-essential amino acids and 10 ng/ml of recombinant

murine granulocyte–macrophage colony-stimulating factor

(Peprotech, Rocky Hill, NJ). Cultures of DCs were rou-

tinely analysed by flow cytometry for expression of surface

markers CD11c, I-Ab, H-2Kb, CD80, CD86 and CD40;

revealing 60–70% of CD11c-positive cells with an imma-

ture phenotype, as previously described.15 Human DCs

were prepared from buffy coats obtained from healthy

blood donors from Hospital Clı́nico de la Universidad de

Chile. Leucocytes were isolated by density gradient separa-

tion with Ficoll–Hypaque (Axis-Shield, Oslo, Norway).

Cells (4 · 107/well) were incubated in serum-free AIM-V

therapeutic medium (Gibco BRL, Div. of Invitrogen,

Carlsbad, CA) at 37� in 5% CO2 for 2 hr in a six-well

plate (Falcon Becton Dickinson, Hershey, PA). Non-

adherent cells were removed and the remaining cells were

incubated for 5 days in the presence of recombinant

human interleukin-4 (rhIL-4) (500 U/ml) (US Biological,

Swampscott, MA) and 800 U/ml granulocyte–macrophage

colony-stimulating factor (Leucomax; Shering Plough,

Brinny Co, Ireland). Cultures were maintained for 5 days,

replacing the medium every 2 days. On day 5, cells were

analysed by fluorescence-activated cell sorting (FACS) for

quantification of CD11c-positive cells and used for the

experiments. Between 80 and 90% of immature CD11c-

positive cells were obtained in each preparation.

To evaluate the survival for each Salmonella serovar

inside DCs, overnight bacteria cultures were subcultured

starting at a 1/100 dilution until reaching exponential

phase (OD600 = 0�6), then were washed twice with ice

cold phosphate-buffered saline (PBS) and resuspended on

RPMI-1640 medium supplemented with 5% fetal calf

serum, without antibiotics. Day 5 DCs were infected with

Salmonella serovars at a multiplicity of infection (MOI)

of 50 for 1 hr, treated with 100 lg/ml gentamicin for 1hr

to kill extracellular bacteria, washed and incubated for the

indicated times with 50 lg/ml gentamicin. To recover

intracellular bacteria, DCs were washed twice with ice-

cold PBS, permeabilized for 30 min with 0�1% Triton

X-100 in PBS and cellular lysates were plated on Luria–

Bertani agar.

To evaluate the percentage of Salmonella-infected DCs

at different time-points, infected DCs were permeabilized

with PBS–bovine serum albumin (BSA) 3%–Saponin for

30 min and incubated with rabbit anti-Salmonella anti-

bodies (Becton Dickinson, Francis Lakes, NJ) for 2 hr on

ice. Then, cells were washed and incubated with phyco-

erythrin (PE)-conjugated anti-CD11c (Becton Dickinson

Pharmingen) and fluorescein isothiocyanate (FITC)-con-

jugated goat anti-rabbit immunoglobulin G (FITC-IgG;

Pierce, Rockford, IL) antibodies for 1 hr. Cells were

washed and fixed on PBS–1% paraformaldehyde and

analysed by flow cytometry. All acquisitions were per-

formed on a FACScalibur cytometer (BD Biosciences, San

José, CA) and analysed using WINMDI 2.8 software (The

Scripps Research Institute, La Jolla, CA; http://facs.scripps.

edu/help/html/read1ptl.htm).

Detection of bacteria-derived antigen presentation on
cultured DCs

As previously described,15 day 5 DCs were pulsed for 1 hr

with either wild-type or OVA-expressing Salmonella sero-

vars at an MOI equal to 50. After the pulse, DCs were

washed and treated for 1 hr with gentamicin (100 lg/ml)

to eliminate extracellular bacteria. After 16 hr of culture

in the presence of 50 lg/ml gentamicin, DC viability was

determined by exclusion of trypan blue and different

numbers of live DCs were cocultured with either 1 · 105

OT-I or 1 · 105 OT-II T cells, obtained from lymph

nodes of transgenic mice.43,44 After 20 hr of DC–T-cell

coculture, IL-2 release was measured by cytokine enzyme-

linked immunosorbent assay (ELISA). Briefly, ELISA

plates (NuncTM, Rochester, NY) were activated overnight

at 4� with 65 ng/well of purified anti-mouse IL-2 (clone

JES6-1A12, BD Biosciences Pharmingen) in 1 · PBS,

blocked for 1 hr with 3% BSA in 1 · PBS at room tem-

perature and incubated with 200 ll of cell-free super-

natant from DC–T-cell cocultures, for 24 hr at 4�. Then,

plates were incubated with 35 ng/well of biotin anti-

mouse IL-2 (clone JES6-5H4, BD Biosciences Pharmin-

gen) for 1 hr at room temperature, washed and incubated

with streptavidin–horseradish peroxidase (BD Biosciences

Pharmingen) for 1 hr at room temperature. 3-30-5-50-

Tetramethyl-benzidine, at a final concentration of 100 lg/ml

(Sigma-Aldrich), was used as a colorimetric substrate.

The enzymatic reaction was stopped with 2 M H2SO4, and

absorbance was recorded at 450 nm. For detection of

H-2Kb complexes on the cellular surface, DCs were

infected with non-recombinant or OVA-expressing

Salmonella serovars at MOI equal to 50 for 1 hr. After

this time, DCs were treated with 100 lg/ml gentamicin

for 1 hr to kill extracellular bacteria, washed at 4�
with ice-cold PBS, and incubated for 16 hr at 37� with

50 lg/ml gentamicin. Then, DCs were stained with anti-

CD11c-PE and supernatant from 25-D1.16 hybridoma

cells, which produce a monoclonal antibody that is spe-

cific for the H-2Kb/SIINFEKL complex (provided by Dr

Ronald N. Germain).45 After washing, cells were stained

with goat anti-mouse IgG-FITC (Pharmingen) and analy-

sed by FACS. As a positive control, DCs were pulsed for

16 hr either with 10 lg/ml of purified OVA or 10 ng/ml

of SIINFEKL peptide and treated as described above.

These concentrations were obtained from titration curves



performed on DCs (data not shown). All acquisitions

were performed on a FACScalibur cytometer (BD Bio-

sciences) and analysed using WINMDI 2.8 software (The

Scripps Research Institute, La Jolla, CA. http://facs.scripp-

s.edu/help/html/read1ptl.htm). The percentage of CD11c+

cells showing positive 25-D1.16 staining was derived from

histograms for FITC fluorescence, in which a marker

region was set based on the background staining observed

for unpulsed DCs. Cells contained within the green fluo-

rescence marker, were considered positive for 25-D1.16

staining.

Detection of bacterial antigen presentation in vivo

C57BL/6 mice that were 6–8 weeks old were infected in

the footpad with 105 colony-forming units (CFUs) of

OVA-expressing strains of Salmonella serovars. After

36 hr, popliteal lymph nodes were harvested and 1 · 106

cells were cocultured with either OT-I or OT-II transgenic

T cells. After 20 hr of coculture, IL-2 release was mea-

sured as described above. For detection of H-2Kb/

SIINFEKL complexes, cells derived from popliteal lymph

nodes were washed twice with ice-cold PBS and incubated

with anti-CD11c-PE and supernatant from 25-D1.16

hybridoma cells, then processed as described above and

analysed by FACS.

In vivo T-cell proliferation

Single cell suspensions obtained from spleens derived either

from OT-I or OT-II mice were stained with carboxyfluo-

rescein succinimidyl ester (CFSE; Molecular Probes,

Invitrogen, Carlsbad, CA) and injected intravenously

to syngeneic wild-type recipient mice. A total of

1 · 106 Va2+ CD8+ (for OT-I) or Va2+ CD4+ (for OT-II)

CFSE+ cells were injected into recipient animals. After

24 hr, 1 · 105 CFU of OVA-expressing Salmonella serovars

were injected intravenously into recipient animals. Spleens

and lymph nodes were extracted from recipient mice

3 days after bacterial injection and OT-I or OT-II cell pro-

liferation was evaluated by detecting the dilution of CFSE

staining in CD8+ and CD4+ populations, respectively.

Confocal and electron microscopy

To evaluate colocalization analyses between Salmonella

and lysosomal markers, DCs from 5-day cultures were

seeded on round coverslips (400 000 cells/ml) in complete

RPMI medium and infected with S. Typhi wild-type or

S. Typhimurium or S. Enteritidis transformed with the

plasmid pGFP (MOI equal to 50). After 1 hr of infection,

DCs were washed twice with cold PBS and then incubated

for an additional hour with complete RPMI medium sup-

plemented with 100 lg/ml gentamicin to kill extracellular

bacteria. Then, the culture medium was replaced with

complete RPMI medium supplemented with 50 lg/ml

gentamicin and the DCs were incubated for a further

14 hr. Afterwards, the DCs were fixed and permeabilized

for 10 min at ) 20� with methanol (100%) and blocked

for 3 hr with PBS–BSA 3%. Salmonella typhi-specific

mouse polyclonal antiserum was produced to detect S. ty-

phi inside DCs and was used at dilution 1/300 to 1/750 in

PBS–BSA 1%. Then, DCs were incubated for 2 hr with

1/500 goat anti-mouse IgG-FITC (Pierce). For the detec-

tion of LAMP-2, covers were incubated for 12 hr with

1/50 rabbit anti-LAMP-2 (Zymed, Invitrogen, Carlsbad,

CA) on PBS–BSA 1% at 4�, washed three times with

PBS–BSA 1% and incubated with 1/50 goat anti-rabbit

IgG-rhodamine (Santa Cruz Biotechnology, Santa Cruz,

CA) for 2 hr at 4�. After incubation, covers were washed

three times, mounted on microscope slices and analysed

on FLUOVIEW FV100 Olympus confocal microscope. Fluo-

rescence extension analyses were performed using the

IMAGE-PRO PLUS

� software. Quantitative analyses were per-

formed counting the number of intracellular bacteria that

showed colocalization with LAMP-2 in several random

fields (at least 50 cells were analysed per experiment).

Colocalization was considered positive when red and

green fluorescence histograms overlapped by more than

50%.

For electron microscopy analyses, DCs were infected

for 24 hr with Salmonella serovars, fixed overnight in PLP

(4% Paraformaldehyde, 0�01 M periodate and 0�2 M

L-lysine on 0�1 M phosphate buffer, pH 7�4). Samples were

rinsed in distilled water and post-fixed for 30 min at 4�
in 1% osmium tetroxide, dehydrated in ethanol and ace-

tone, and embedded in Epon. Thin sections were cut with

an OmU2 Reichert Ultramicrotome and were observed

under a Phillips Tecnai 21 electron microscope. Quantifi-

cation of intact bacteria residing inside DCs was per-

formed by counting at least 100 cells per experiment

(in two independent experiments).

Results

S. Typhi and S. Enteritidis fail to evade antigen
presentation in murine DCs

We evaluated whether S. Typhi and S. Enteritidis were

able to avoid antigen presentation by murine DCs, as

previously described for S. Typhimurium.16,19,20 To track

OT-I and OT-II T-cell activation, we generated

S. Typhimurium, S. Typhi and S. Enteritidis strains

recombinant for the OVA antigen. Western blot assays

demonstrated that each serovar expressed similar amounts

of the OVA antigen (Fig. 1). Murine DCs were infected

either with OVA-expressing S. Typhimurium, S. Typhi or

S. Enteritidis and after 16 hr the density of H-2Kb/

SIINFEKL complexes was measured on the surface of

murine DC using a monoclonal antibody that binds specif-



ically to this pMHC complex.45 As a positive control we

used DCs pulsed either with 10 lg/ml purified OVA or

10 ng/ml SIINFEKL peptide. At these antigen concentra-

tions, approximately 40% of DCs were positive for 25-

D1.16 staining. As shown in Fig. 2a, H-2Kb/SIINFEKL

complexes were detected on the surface of DCs infected

STM
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SEN
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STM
pOVA

STY
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Figure 1. Salmonella serovars express similar amount of recombinant

ovalbumin (OVA). S. Typhimurium (STM), S. Typhi (STY) and

S. Enteritidis (SEN) were transformed with the plasmid pKK-OVA

and the expression of recombinant OVA was tested by Western blot.

As a loading control, the expression of the OmpC protein (porin)

was also tested in all strains. As a negative control, wild-type strains

for each serovar were included.
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Figure 2. Antigens derived from S. Typhi (STY) and S. Enteritidis

(SEN) are presented on major histocompatibility complex class I

(MHC-I) and MHC-II molecules by murine dendritic cells (DCs) to

specific T cells. (a) Murine DCs were infected with ovalbumin

(OVA)-recombinant-Salmonella serovars (multiplicity of infection

50) for 1 hr, washed and treated with gentamicin (50 lg/ml) to kill

extracellular bacteria. After 16 hr of gentamicin treatment, DCs were

incubated with a monoclonal antibody against H-2Kb/SIINFEKL

complex, washed, stained with a secondary fluorescein isothiocyanate

(FITC) -conjugated anti-mouse immunoglobulin G (IgG) antibody

and analysed by fluorescence-activated cell sorting. The graph shows

the percentage of murine CD11c+ cells positive for H-2Kb/SIINFEKL,

after infection with OVA-expressing S. Typhimurium (STM),

S. Typhi or S. Enteritidis. As a positive control, DCs were pulsed

with 10 lg/ml OVA or 10 ng/ml SIINFEKL peptide. As a negative

control, uninfected DCs or DCs infected with parental Salmonella

strains (non-recombinant for OVA) were included. All data acquisi-

tion was compensated for background using unpulsed cells stained

only with secondary FITC-labelled anti-mouse IgG antibody. Data

shown are means of five independent experiments and error bars

represent SE (Student’s t-test: *P = 0�02). (b,c) Murine DCs were

pulsed for 1 hr with OVA-expressing S. Typhimurim, S. Typhi,

S. Enteritidis or purified OVA (100 lg) and treated with gentamicin

for 16 hr to kill extracellular bacteria. Then, DCs were cocultured

with OT-I T cells, specific for H2-Kb/SIINFEKL (b) or with OT-II T

cells, specific for I-Ab/ ISQAVHAAHAEINEAGR (c). After 20 hr of

coculture, interleukin-2 (IL-2) release was measured on culture

media by enzyme-linked immunosorbent assay. Data shown are

means of three independent experiments and error bars represent SE

(Student’s t-test: ***P < 0�0001; **P = 0�002, *P = 0�02). (d) Per-

centage of DCs infected by each Salmonella serovar at 2, 12 and

24 hr after bacterial challenge. Percentage of Salmonella-infected DCs

was determined by flow cytometry as described in Experimental pro-

cedures. Data shown in the graph are means (± SE) for the fractions

of CD11c/FITC double-positive cells obtained for each time-point in

three independent experiments.



either with OVA-expressing S. Typhi or S. Enteritidis. In

contrast, H-2Kb/SIINFEKL complexes could not be

detected on the surface of murine DCs infected with OVA-

expressing S. Typhimurium, which showed similar levels

to uninfected cells (Fig. 2a). These data suggest that

although murine DCs fail to process and present antigens

expressed by S. Typhimurium on MHC-I molecules, they

can efficiently do so for antigens expressed by S. Typhi

and S. Enteritidis. Consistent with these data was the

observation that murine DCs infected with OVA-express-

ing S. Typhi and S. Enteritidis were able to activate

H-2Kb/OVA-specific and I-Ab/OVA-specific transgenic T

cells (OT-I and OT-II T cells, respectively, Fig. 2b and c).

In contrast, neither OT-I nor OT-II T cells were activated

by DCs infected with OVA-expressing S. Typhimurium

(Fig. 2b and c). The differences observed in the antigen

presentation assays shown in Fig. 2 for each Salmonella

serovar were not the result of differential entrance by bac-

teria to DCs. As shown in Fig. 2d, equivalent numbers of

DCs were infected by each serovar at a given time-point.

Additionally, we evaluated the antigen presentation

capacity of antigen-presenting cells (APCs) obtained from

draining lymph nodes of mice challenged either with

OVA-expressing S. Typhi, S. Typhimurium or S. Enteriti-

dis measuring the presence of H-2Kb/SIINFEKL com-

plexes on the surface of CD11c+ APCs. As shown in

Fig. 3a, measurable amounts of H-2Kb/SIINFEKL com-

plexes could be observed only for CD11c+ APCs obtained

from lymph nodes derived from mice infected with OVA-

expressing S. Typhi and S. Enteritidis. Furthermore, only

APCs obtained from mice infected with OVA-expressing

S. Typhi or S. Enteritidis could activate OT-I and OT-II

transgenic T cells (Fig. 3b and c). Neither H-2Kb/SI-

INFEKL complexes (Fig. 3a) nor activation of OT-I and

OT-II transgenic T cells (Fig. 3b and c) could be detected

for APCs obtained from lymph nodes derived from mice

infected with OVA-expressing S. Typhimurium. These

data suggest that S. Typhi and S. Enteritidis fail to avoid

antigen presentation by murine DCs and this leads to

T-cell activation.

In vivo T-cell activation in response to infection with
S. Typhi or S. Enteritidis

To determine whether the capacity of murine DCs to

present antigens derived from S. Typhi and S. Enteritidis

translated into an efficient activation of T cells in vivo,

OVA-specific T-cell proliferation was evaluated upon

infection with OVA-expressing Salmonella serovars.

CFSE-labelled OT-I or OT-II transgenic T cells were

adoptively transferred to C57BL/6 mice and proliferation

was determined in response to bacterial challenge by dilu-

tion of CFSE fluorescence, as previously described.20,46–48

Twenty-four hours after adoptive transfer of transgenic T

cells, mice were infected intravenously with 105 CFU of

Peptide + CFA

(a)

(b)

(c)

SEN-OVA

STY-OVA

STM-OVA

PBS

OVA + CFA

OVA + CFA

SEN-pOVA

SEN-pOVA

STM-pOVA

STM-pOVA

STY-pOVA

STY-pOVA

PBS

PBS

0 50 100

IL-2 (ng/ml)

IL-2 (ng/ml)

200150

0 100 200 300

0 10 20 30

 H-2Kb/SIINFEKL+ (CD11c+ gated)(%)

40

NS

NS

NS

*

**
*

**
*

**
*

**
*

*

50 60

Figure 3. S. Typhi-derived and S. Enteritidis-derived antigens are

presented on major histocompatibility complex class I (MHC-I) and

MHC-II molecules in vivo by antigen-presenting cells (APCs) to

specific T cells. Mice were infected in each footpad with 1 · 105 col-

ony-forming units (CFU) and after 36 hr regional lymph nodes were

harvested. (a) Lymph node-derived APCs were incubated with phy-

coerythrin-conjugated anti-CD11c antibody and monoclonal anti-

body against H-2Kb/SIINFEKL complex, washed and stained with a

secondary fluorescein isothiocyanate-conjugated anti-mouse immu-

noglobulin G (IgG) antibody. The graphics shows the percentage of

CD11c+ cells positive for H-2Kb/SIINFEKL (Student’s t-test:

**P = 0�008; *P = 0�02). (b,c) Lymph node APCs (100 000) derived

from mice infected with S. Typhimurim (STM), S. Typhi (STY) and

S. Enteritidis (SEN) or injected with purified OVA (50 lg) in Fre-

und’s complete adjuvant were cocultured with OT-I T cells, specific

for H-2Kb/SIINFEKL (b) or with OT-II T cells, specific for I-Ab/IS-

QAVHAAHAEINEAGR (c). After 20 hr of coculture, interleukin-2

(IL-2) release was measured on culture media by enzyme-linked

immunosorbent assay. Data shown are means of three independent

experiments and error bars represent SE (Student’s t-test:

***P < 0�0001).



OVA-expressing S. Typhimurium, S. Typhi or S. Enteriti-

dis. To determine the proliferation of transferred T cells,

cell suspensions derived from the spleens of recipient

mice were analysed by flow cytometry 3 days after the

bacterial challenge. As shown in Fig. 4, OT-I and OT-II

T-cell populations obtained from recipient mice infected

with OVA-expressing S. Typhi and S. Enteritidis showed

significant dilution of CFSE-derived fluorescence, which is

indicative of T-cell proliferation (Fig. 4e–j). In contrast,

no measurable T-cell proliferation was observed for reci-

pient mice challenged with OVA-expressing S. Typhimu-

rium or for naı̈ve mice (Fig. 4a–d, i and j). These results

suggest that, in contrast to S. Typhimurium, S. Typhi and

S. Enteritidis lead to an efficient antigen-specific T-cell

response in the mouse.

Salmonella intracellular survival within murine or
human DCs is serovar specific

To determine whether S. Typhi and S. Enteritidis can

survive inside murine DCs, as has been observed for

S. Typhimurium,15,17,18,20 murine DCs were infected with

each of the Salmonella serovars. Intracellular bacterial load

was quantified at different time-points using a gentamicin

protection assay that has been previously described.15,20

Although all three Salmonella serovars were able to survive

within murine DCs up to 24 hr post-challenge, the num-

ber of intracellular S. Typhi and S. Enteritidis recovered

from murine DCs was significantly reduced at 12 and

24 hr, compared to S. Typhimurium (Fig. 5a). These

results suggest that although all three serovars can infect

murine DCs, only S. Typhimurium can survive inside

murine DCs for extended periods of time and proliferate.
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Figure 5. Survival of Salmonella serovars within murine or human

dendritic cells (DCs) is host specific. Number of Salmonella serovars

as colony-forming units (CFU) within murine DCs (a) or human

DCs (b) after 2, 6, 12 and 24 hr of infection. DCs were infected with

Salmonella serovars [S. Typhimurium, S. Typhi and S. Enteritidis;

multiplicity of infection 50] and lysed with Triton X-100 at the indi-

cated times to release intracellular Salmonella. Intracellular bacteria

were plated on Luria–Bertani agar plates. After 12 hr of incubation

at 37�, bacterial colonies were quantified. Graphics show means of

four independent experiments; bars represent SE (Student’s t-test:

*P < 0�04).
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Figure 4. Infection with S. Typhi and S. Enteritidis leads to activa-

tion of naı̈ve T cells in vivo. Carboxyfluorescein succinimidyl ester

(CFSE)-labelled OT-I or OT-II transgenic T cells were adoptively

transferred to C57BL/6 mice and after 24 hr were intravenously

infected with 105 colony-forming units (CFU) of ovalbumin (OVA)-

expressing S. Typhimurium, S. Typhi and S. Enteritidis. Three days

after infection, splenic cell suspensions were evaluated for in vivo

activation of OT-I or OT-II transgenic T cells using fluorescence-

activated cell sorting (FACS). (a,b) Uninfected mice; (c,d)

S. Typhimurium-infected mice; (e,f), S. Typhi-infected mice; (g,h),

S. Enteritidis-infected mice. Histograms show representative FACS

profiles of CFSE-derived fluorescence for CD8+ T cells (OT-I) or

CD4+ T cells (OT-II). (i,j) Percentage of CD4+ and CD8+ cells that

proliferated (cells within the marker in histograms) from two

independent experiments.



In contrast, S. Typhi and S. Enteritidis had reduced sur-

vival within murine DCs and faster degradation rates.

To determine whether the capacity of Salmonella to

interfere with DC function is host-specific, human DCs

were infected with S. Typhimurium, S. Typhi or S. Ente-

ritidis and the ability of these bacterial serovars to survive

within these cells was evaluated using a gentamicin

protection assay. As shown in Fig. 5b, all evaluated

Salmonella serovars could invade human DCs and survive

within them for up to 24 hr. However, after 24 hr

S. Typhimurium and S. Enteritidis showed significantly

reduced growth rates compared to S. Typhi.

Consistent with the findings described above, a high

frequency of bacterial degradation signs, appearing as

electron-light structures, were observed for S. Typhi and

S. Enteritidis residing within murine DC endosomes

(Fig. 6a and b). In contrast, the majority of S. Typhimu-

rium residing inside murine DC endosomes showed intact

ultrastructure and no signs of degradation (Fig. 6a

and b). However, a strikingly different scenario was

observed when electron microscopy analyses were per-

formed on human DCs. While the majority of intracellu-

lar S. Typhi appeared to be intact inside DC vacuoles,

S. Enteritidis and S. Typhimurium showed a high preva-

lence of degradation signs (Fig. 6a and b).

To evaluate whether the observations obtained from

gentamicin protection assays and electron microscopy

could be explained by differential targeting to lysosomal

degradation, the recruitment of lysosomal markers to

Salmonella-containing vacuoles was determined both in

murine and human DCs infected with each of the

Salmonella serovars. Quantitative confocal microscopy

analyses showed that a minority of vacuoles containing

S. Typhimurium in murine DCs colocalized with the lyso-

somal marker LAMP-2 (Fig. 7a and g). In contrast, higher

levels of colocalization between LAMP-2 and vacuoles

containing S. Typhi were observed in murine DCs

(Fig. 7b and g). Higher amounts of colocalization

between S. Enteritidis and LAMP-2 were also observed

within murine DCs (Fig. 7c and g). As shown by fluores-

cence extension analyses, colocalization between fluores-

cence derived from LAMP-2 and bacteria inside murine

DCs was observed for S. Typhi and S. Enteritidis but not

for S. Typhimurium (Fig. 7, insets). In contrast, when

equivalent experiments were performed using human

DCs, we observed a higher frequency of colocalization

between vacuoles containing S. Typhimurium and the

lysosomal marker LAMP-2, as compared with human

DCs infected with S. Typhi (Fig. 7d, e and g). Surpris-

ingly, there was less colocalization of LAMP-2 with vacu-

oles containing S. Enteritidis within human DCs (Fig. 7f

and g), indicating that the growth restriction of S. Enteri-

tidis inside human DCs cannot be explained by colocal-

ization with lysosomal markers, as seems to be the case

for S. Typhimurium and S. Typhi.

Discussion

Host restriction remains an important yet unresolved

issue of Salmonella biology and pathogenicity. Previous

studies have contributed to the identification of bacterial

factors that can restrict the capacity of different Salmo-

nella serovars to invade host cells, survive inside them

and cause diseases in different hosts by the transfer of

genes from one serovar to another.33,49–52 In this study

we provide evidence that Salmonella serovars differ in

their ability to avoid adaptive immunity in mice, because

of interference with DC function. According to our data,

this interference feature of Salmonella is host-restricted.

Our results show that the enhanced capacity of murine

DCs to degrade S. Typhi and S. Enteritidis can lead to

efficient presentation of bacteria-expressed antigens on

MHC class I and class II molecules, both in vitro and

in vivo. With this attribute, murine DCs were able to
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Figure 6. Transmission electron microscopy of dendritic cells (DCs)

infected with Salmonella serovars. Murine or human DCs were

infected with either of the Salmonella serovars (multiplicity of infec-

tion 50) and 24 hr later were processed for transmission electron

microscopy (experimental procedures). (a) Representative micro-

graphs showing S. Typhimurium (STM), S. Typhi (STY) and

S. Enteritidis (SEN) inside murine or human DCs. Bacteria on the

left panels (6800 ·, bars = 1 lm) are magnified in the right panels

(16 500 ·, bars = 5 lm). Arrowheads show degradation patterns

within bacteria. (b) Percentage of intact bacteria inside DCs from

murine host (left graph) or human host (right graph) after 24 hr of

infection. Graphs show means of two independent experiments and

bar represent SE.



prime in vitro antigen-specific MHC-I- and MHC-II-

restricted T cells only when infected with S. Typhi or

S. Enteritidis. Furthermore, murine DCs were also very

efficient at activating bacteria-specific T cells in vivo in

response to infection with S. Typhi or S. Enteritidis.

Consistent with these findings, the impaired capacity of

S. Typhi or S. Enteritidis to survive within murine DCs

for extended times could partially explain why adaptive

immunity in the mouse can be activated. Our data also

suggest that the ability of Salmonella serovars to replicate

inside murine DCs is conditioned to the escape from

lysosomal degradation. This notion is supported by the

observation that Salmonella serovars unable to replicate

within murine DCs were targeted for phagosome–lyso-

some fusion. Our results are consistent with previous

studies, which showed that host-restricted serovars are

degraded at higher rates than S. Typhimurium by other

murine cells, such as macrophages.49,50 The inability of

S. Typhi and S. Enteritidis to impair murine DC function

was consistent with the observation that these Salmonella

serovars were more immunogenic in mice than was

S. Typhimurium.

We also showed that the different ability of

S. Typhimurium and S. Typhi to survive inside murine

DCs was inverted when DCs were derived from human

hosts. Only S. Typhi could replicate within human DCs,

while S. Typhimurium and S. Enteritidis failed to repli-

cate within these APCs. Additionally, our electron micro-

scopy analyses revealed that only S. Typhi maintains an

intact structure inside human DCs after 24 hr of infec-

tion, in contrast to S. Typhimurium and S. Enteritidis,

which showed signs of degradation within these cells at

similar infection times. However, our confocal micro-

scopy results suggest that the recruitment of the lyso-

somal marker LAMP-2 to the Salmonella-containing

vacuoles in human DCs is not necessarily related to the

ability of the different serovars to replicate inside human

DCs. It is probable that different human and mouse deg-

radation pathways account for this apparent discrepancy.

Although equivalent amounts of CD11c-positive cells with

an immature phenotype were obtained from both mouse

bone marrow and human blood samples, we cannot rule

out that the differences observed in our experiments

could be influenced by differences in DC preparation.

S. Typhi is one of the most host-adapted serovars

within the Salmonella enterica genus.32 In C57BL/6 mice,

S. Typhi is unable to colonize internal organs after oral

or intraperitoneal infection (our unpublished results);

however, it causes a systemic disease in human after oral

ingestion. Here we show that S. Typhi cannot interfere

with murine DC function nor avoid the activation of the

adaptive immune response in the mouse. However, our

results show that this bacterium can survive a greater per-

iod within human DCs, where they avoid degradation.

Since S. Typhi causes diseases only in humans, these

results suggest that the capacity to interfere with DC

function could be characteristic of host adaptation.

S. Enteritidis, on the other hand, is a host generalist ser-

ovar responsible for infections in a large number of ani-

mal and bird hosts. S. Enteritidis is unable to impede

antigen presentation by murine DCs and cannot replicate

inside murine or human DCs. When considered together,

these observations suggest that S. Enteritidis is less

adapted to mice and humans than S. Typhimurium and

S. Typhi. In part, the reduced adaptation to mice of
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Figure 7. Colocalization of Salmonella serovars with LAMP-2 within

murine and human dendritic cells (DCs). Murine or human DCs

were infected with either S. Typhimurium, S. Typhi or S. Enteritidis

(MOI equal 50) and, after 16 hr of infection, DCs were stained for

LAMP-2 (rhodamine). (a–f) Representative merged images of

S. Typhimuirum, S. Typhi or S. Enteritidis (green) and LAMP-2

(red) within murine or human DCs. Fluorescence intensity histo-

grams show the degree of overlay between green and red fluores-

cence (insets). Bars represent 5 lm. (g) Quantitative analyses of

Salmonella serovars and LAMP-2 colocalization within murine and

human DCs. The graphs show means of three independent experi-

ments and bar are SE.



S. Enteritidis could be the result of an impaired ability to

evade the host’s immune response.

Despite the differential abilities shown by

Salmonella enterica subspecies I serovars to evade antigen

presentation by DCs, these bacteria share more than 90%

of their genomes and are therefore genetically very simi-

lar.28,53 Differences between these three serovars are pri-

marily deletions and/or insertions of gene blocks,54 which

could harbour genes encoding proteins that act as viru-

lence factors specific for certain hosts. The genetic differ-

ences between the Salmonella serovars studied here, which

could account for the variation in antigen presentation

avoidance by DCs, remain to be elucidated. It has been

recently shown that a functional SPI-2-coded type 3 secre-

tion system is required for diminished colocalization of

S. Typhimurium with lysosomal markers and for reduced

antigen presentation.15,16,20 Although S. Typhi and

S. Enteritidis possess the SPI-2,55,56 comparative analyses

between Salmonella serovar genomes, using microarray

technology, show that some genes present in S. Typhimu-

rium SPI-2 are missing from the SPI-2 of S. Typhi and

S. Enteritidis.28 Moreover, S. Typhimurium harbours a

virulence genetic locus, known as spv, which resides in a

virulence plasmid.57 Genes within spv are required for the

onset of systemic infection in mice and deletion of this

locus renders S. Typhimurium less virulent in mice.58

Importantly, the virulence plasmid and the spv locus are

missing from both the S. Typhi and S. Enteritidis ge-

nomes.28 However, S. Typhi possesses a considerable

amount of genomic DNA that is absent in other Salmo-

nella serovars.54,56,59,60 This additional DNA could consti-

tute pathogenicity islands that would account for disease

in humans and probably interfere with the function of

human DCs.

Overall, our observation supports a new component for

Salmonella host specificity: the capacity to interfere with

DC function. This information may contribute to the

identification of new molecular factors determining host-

range specificity of Salmonella and help with the design

of new and improved vaccines against this intracellular

pathogen.
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