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Salmonella enterica is a facultative intracellular pathogen that is able to modify host cell functions by means
of effector proteins translocated by the type III secretion system (T3SS) encoded by Salmonella Pathogenicity
Island 2 (SPI2). The SPI2-T3SS is also active in Salmonella after uptake by murine bone marrow-derived
dendritic cells (BM-DC). We have previously shown that intracellular Salmonella interfere with the ability of
BM-DC to stimulate antigen-dependent T-cell proliferation in an SPI2-T3SS-dependent manner. We observed
that Salmonella-mediated inhibition of antigen presentation could be restored by external addition of peptides
on major histocompatibility complex class II (MHC-II). The processing of antigens in Salmonella-infected cells
was not altered; however, the intracellular loading of peptides on MHC-II was reduced as a function of the
SPI2-T3SS. We set out to identify the effector proteins of the SPI2-T3SS involved in inhibition of antigen
presentation and demonstrated that effector proteins SifA, SspH2, SIrP, PipB2, and SopD2 were equally
important for the interference with antigen presentation, whereas SseF and SseG contributed to a lesser extent
to this phenotype. These observations indicate the presence of a host cell-specific virulence function of a novel

subset of SPI2-effector proteins.

Salmonella enterica is frequent food-borne pathogen that
causes a range of diseases ranging from mild and usually self-
limiting gastroenteritis to a life-threatening systemic infection
known as typhoid fever. The pathogenesis of typhoid fever is
characterized by the uptake of Salmonella enterica with con-
taminated food or water, the penetration of the intestinal ep-
ithelium and systemic spread ultimately resulting in the mas-
sive replication of Salmonella in various organs. S. enterica is an
invasive, facultative intracellular pathogen, and it is considered
that the ability to survive and replicate inside eukaryotic host
cells has a central role in the systemic pathogenesis. Infection
of Slcl1lal/~ (formerly Nramp /~) mouse strains with S. en-
terica serovar Typhimurium is considered as a model system
for human typhoid fever caused by S. enterica serovar Typhi.

Dendritic cells (DC) are phagocytic cells that form an im-
portant link between innate and adaptive immunity (reviewed
in reference 24). DC sample antigens in peripheral tissues,
transport the antigens to local lymph nodes, and act as antigen-
presenting cells (APC) for the activation of T cells. Some of
these features make DC attractive as target cells for pathogens,
for example, to act as “Trojan horses” for the spread of the
pathogen from the initial side of entry (40, 46).

We have recently characterized the intracellular fate of
serovar Typhimurium in murine bone-marrow-derived dendritic
cells (BM-DC) (17). We and others found that serovar Typhi-
murium forms a static nonreplication population in BM-DC
and that virulence factors known for intracellular pathogenesis
in other phagocytic cells have no contribution to the intracel-
lular survival in BM-DC (17, 27). One of the multiple virulence
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determinants important for the intracellular phenotype of
serovar Typhimurium is a type III secretion system (T3SS)
encoded by Salmonella pathogenicity island 2 (SPI2) (reviewed
in reference 22). T3SSs are complex molecular machines that
mediate the translocation of a set of effector proteins into the
eukaryotic host cell (reviewed in references 9 and 11). These
effector proteins act as “injected toxins” and modify normal
host cell functions in multiple ways for the benefit of the
pathogen. The SPI2-T3SS is activated by intracellular Salmo-
nella residing in a parasitophorous vacuole referred to as the
“Salmonella-containing vacuole” (SCV). Previous work also
indicated that intracellular S. enterica modifies host cell trans-
port by means of the SPI2-T3SS, resulting in reduced vesicular
traffic (38), protection of intracellular S. enterica against reac-
tive oxygen and nitrogen species (6, 41), or redirection of
exocytic transport (21). At present, 18 different effector pro-
teins are known that are translocated by the SPI2-T3SS (13).
Multiple cellular phenotypes have been associated with the
function of the SPI2-T3SS, but a correlation between the phe-
notypes and the function of individual effector proteins has
only been possible in a few cases (13, 22).

We previously observed that the SPI2-T3SS function of S.
enterica serovar Typhimurium in BM-DC affects the ability of
BM-DC to present antigens and the antigen-dependent stim-
ulation of the T-cell proliferation (7). These studies were per-
formed with model antigens that were internalized by BM-DC,
together with the bacterial inoculum. Additional vaccination
and challenge experiments indicated that the SPI2-T3SS func-
tion in vivo is important for the suppression of the develop-
ment of an adaptive immune response against Salmonella. The
role of SPI2 in inhibition of antigen presentation by DC was
recently corroborated and extended by work of Tobar et al.
(35).

The mechanism of antigen-processing in APC such as DC
has been studied in great detail. It has been observed that
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TABLE 1. S. enterica serovar Typhimurium strains and plasmids
used in this study

Strain or plasmid Relevant characteristics ?:fl; 1;—?:;3;
Strains
NCTC 12023 Wild type Lab collection
HH104 AsseC::aphT 16
HH107 AsseF::aphT 16
HH108 AsseG::aphT 16
MvP373 AsscB sseFG::aph 23
MvP376 AsspH2::aph 6
MvP389 AsifB 6
MvP390 AsspH1 6
MvP392 Asse] 6
MvP393 Assel 6
MvP394 AsirP 6
MvP498 ApipB2::aph This study
MvP505 AsopD2::aph This study
MvP509 AsifA::aph This study
MvP570 AsseK1::aph This study
MvP571 AsseK2::aph This study
MvP873 AgogB This study
MvP874 ApipB This study
Plasmids
pFPV25.1 Constitutive GFP expression 39
pWSK29 Low-copy-number vector 44
p2096 P4 5scB sseFG::M45 in pWSK29 12
p2104 P4 sifA::M45 in pWSK29 12
p2129 Py.s sseJ::M45 in pWSK29 12
p2620 P,;,5 PipB::M45 in pWSK29 20
p2621 P52 PipB2:M45 in pWSK29 20
p2643 P4 sscB sseF::HA in pWSK29 23
p2644 P4 5scB sseFG::HA in pWSK29 23
p2777 Py, sseJ::HA in pWSK29 17
p2797 Py,.; ssel::HA in pWSK29 This study
p2798 Py, p sirP::HA in pWSK29 This study
p2800 Pygpriz sspH2::HA in pWSK29 This study
p2820 Pyoprir sspHI::HA in pWSK29 This study
p3172 Pyopp2 sopD2::HA in pWSK29 This study

peptides derived from phagocytosed antigens are loaded onto
nascent major histocompatibility complex class 11 (MHC-II)
molecules in a specialized compartment termed the MHC-II
compartment (reviewed in reference 36). However, the precise
nature of the compartments involved in delivery of peptides to
the MHC-II molecules is not understood. The molecular
mechanisms by which intracellular Salmonella inhibits antigen
presentation in an SPI2-T3SS-dependent manner, however,
have not been revealed yet. In the present study we set out to
determine the molecular mechanisms of the interference of
Salmonella with antigen processing and presentation and to
define the effector proteins involved in this phenotype.

MATERIALS AND METHODS

Bacterial strains and growth conditions. For infection experiments, serovar
Typhimurium NCTC 12023 was used as a wild-type (WT) strain, and various
isogenic mutant strains were constructed in this strain background. One-step
inactivation by the Red recombination approach was used for the deletion of
target genes essentially as described previously (6) (oligonucleotide sequences
are available from the authors). Strain designations and characteristics are listed
in Table 1. Bacterial strains were routinely cultured to stationary phase (16 h of
culture) in LB broth with aeration. Stationary-phase Salmonella was used to
avoid host cell death induced by invasive bacteria. For the generation of plasmids
for the complementation of mutations in individual effector genes, low-copy-
number plasmids were constructed harboring effector genes under the control of
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TABLE 2. Antibodies used in this study

Source or

Antibody” reference”

Dilution

Armenian hamster anti-mouse CD11c ~ BD Bioscience ~ 1:500
1gG1

Goat anti-Armenian hamster Cy5 IgG

Rat anti-mouse CD16/32 (Fc block)

FITC-conjugated rat-mouse (isotype

Dianova 1:500
BD Bioscience 1:100
BD Bioscience  1:500

control)
FITC-conjugated rat anti-mouse BD Bioscience  1:500
I-A/I-E
R-PE-conjugated hamster anti-mouse BD Bioscience  1:500
CDl1l1c
Biotin-conjugated rat anti-mouse BD Bioscience  1:25,000
I-AYI-E?
Mouse anti-M45 28 1:500
Rat anti-hemagglutinin Roche 1:500
Rat anti-mouse LAMP1 DSHB 1:500
Rabbit anti-human Giantin BD Bioscience  1:500
Mouse anti-chicken y-tubulin Sigma 1:1,000

Rabbit anti-p38 (MAPK 14) CST 1:500
Rat anti-murine CD4 BD Bioscience  1:500

“IgG1, immunoglobulin G1; PE, phycoerythrin; MAPK, mitogen-activated
protein kinase; FITC, fluorescein isothiocyanate.

» DSBH, The Developmental Studies Hybridoma Bank, Iowa City, I1A; CST,
Cell Signalling Technology, Frankfurt, Germany.

their own promoter. The plasmids used in the present study are also listed in
Table 1, and effector proteins expressed by plasmid-borne genes carried a C-
terminal epitope tag, hemagglutinin (HA) or M45, for detection by immunoflu-
orescence. If required for the selection of strains and in order to maintain
plasmids, kanamycin or carbenicillin was added to a concentration of 50 pg/ml.

Preparation and culture of DC and T cells. DC were prepared from the bone
marrow of 6- to 8-week-old BALB/c or C57BL/6 mice for proliferation assays
(Charles Rivers Breeders) as previously described (7). For the T-cell prolifera-
tion assay the CD11c*-cell population was enriched by using MACS (Miltenyi
Biotec), and a purity of ca. 95% was routinely obtained. The cells were allowed
to adhere to cell culture plates for at least 6 h before infection.

Cells expressing OVA-specific T-cell receptor were prepared from cell sus-
pensions of spleens of sex- and age-matched DO11.10 mice (JAX) by magnetic
sorting (MACS) of CD4" cells (Miltenyi Biotec). The antibodies used in the
study are listed in Table 2.

Bacterial infection of DC. Bacteria were added to BM-DC at various multi-
plicities of infection (MOI) as indicated at the respective experiment and cen-
trifuged onto DC for 5 min at 500 X g to synchronize the infection. Noninter-
nalized bacteria were removed by two washes with phosphate-buffered saline
(PBS). To kill remaining extracellular bacteria, infected cells were incubated for
1 h in medium containing 100 p.g of gentamicin/ml. After a washing step, medium
containing 25 wg of gentamicin/ml was added, and antibiotics were present
throughout the experiment. The absence of extracellular bacteria was tested by
plating supernatants onto LB agar plates. When infections were performed in
low adherence plates (Costar), cells were recovered by centrifugation (1,300 X g
for 5 min), and the medium or PBS was carefully removed.

Quantification of T-cell proliferation. The generation of T cells from DO11.10
mice and the quantification of antigen-dependent T-cell proliferation was per-
formed by determination of [*H]thymidine incorporation as described previously
(7). Briefly, 10° sorted DC per well of 96-well plates were gamma-irradiated
(3,600 rad) prior to infection and stimulation. Bacterial infections and stimula-
tion with 50 pg of ovalbumin (OVA; Sigma)/ml were performed in parallel for
2 h. The antigen was removed and the gentamicin concentration was reduced.
Splenic CD4™ T cells isolated from DO11.10 mice were added at a DC/T-cell
ratio of 1:1 in a final volume of 200 pl of medium containing 25 p.g of gentamicin/
ml. After incubation for 2 days, cells were pulsed with 1 wCi of [*H]thymidine
(Amersham) in 50 pl of medium for additional 24 h before cell harvesting and
quantification of the thymidine incorporation (Inotech). For the extracellular
loading of MHC-II complexes, the peptide ISQAVHAAHAEINEAGR corre-
sponding to amino acids 323 to 339 of OVA was synthesized. Various concen-
trations of the peptide OVA were added 16 h postinfection to BM-DC, and
incubation with the peptide was performed for 1 h. Unbound peptide was
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removed by washing, DC were incubated with T-cell from DO11.10 mice, and
T-cell proliferation was quantified.

Immunofluorescence and fluorescence-activated cell sorting (FACS). For im-
munofluorescence, infection and stimulation of BM-DC was performed with
cells seeded on glass coverslips 6 h prior to infection. At various time points after
infection or stimulation with antigens, BM-DC were fixed with 3% paraformal-
dehyde in PBS for 15 min at room temperature. For immunostaining of y-tubu-
lin, cells were fixed for 10 min in methanol at —20°C and subsequently rehy-
drated in PBS. Antibodies were diluted in PBS containing 2% goat serum and
2% bovine serum albumin and, for intracellular staining, 0.1% saponin was
added for permeabilization of cells. Coverslips were washed three times with
PBS after each staining step (1 h) and mounted on Fluoprep (bioMérieux) and
sealed with Entellan (Merck). Epifluorescence of cells was analyzed with a Leica
TCS-NT laser-scanning confocal microscope. Alternatively, the Zeiss Axiovert
200M wide-field microscope equipped with an Apotome was used. Stacked
Z-sections or single Z-sections were displayed as indicated.

For flow cytometry on a FACSCalibur (BD), cells were grown in low-adher-
ence plates (Costar), fixed with 3% paraformaldehyde, and stained with anti-
bodies, which were diluted in PBS containing 10% fetal calf serum and 1%
bovine serum albumin.

SDS stability assay. To analyze the stability of MHC-II molecules, DC were
stimulated with 50 ug of OVA/ml, followed by incubation for 24 h after infection
with bacteria or stimulation with 1 ug of lipopolysaccharide (LPS)/ml. Infected
DC were sorted by cytometry on a MoFlow, and the population positive for
CDllc and green fluorescent protein (GFP) (expressed by serovar Typhi-
murium) was collected and processed for further analyses. DC stimulated only
with OVA or LPS were sorted by MACS. Equal numbers of cells were lysed by
the addition of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer and incubated at room temperature for 30 min. The lysates
were separated by SDS-PAGE and analyzed by Western blotting with monoclo-
nal antibody against murine MHC-II (biotin-conjugated rat anti-mouse I-AY/I-
EY) and enhanced chemiluminescence detection using a streptavidin-horseradish
peroxidase conjugate.

Antigen processing assays. To follow antigen processing, DC were stimulated
with 50 wg of Texas Red-conjugated OVA (Molecular Probes)/ml and infected
in parallel with bacteria. To analyze degradation of DQ OVA (Molecular
Probes), this substrate was added after 16 h postinfection for 1 h in a concen-
tration of 50 wg/ml. At several time points after the addition fluorescence was
determined by using confocal microscopy or flow cytometry (FACSCalibur) as a
correlate of proteolytic processing of antigen.

Statistical analyses. Data analyses were performed using Prism 4.0 software.
Statistical significance was calculated by using a two-tailed unpaired Student
t test.

RESULTS

Degradation of model antigens in BM-DC is not affected by
Salmonella. We set out to identify the mechanisms of SPI2-
dependent reduction of MHC-II-dependent T-cell stimulation
by intracellular Salmonella in DC. One explanation for this
phenotype might be an interference of Salmonella with antigen
uptake and proteolytic degradation by BM-DC. Although ma-
ture DC have a reduced phagocytotic capacity, the cells retain
their pinocytotic activity and are able to internalize and de-
grade soluble antigens. We tested whether the uptake and
proteolytic degradation of a soluble antigen was affected by
intracellular Salmonella through the action of SPI2. The deg-
radation of two model antigens was analyzed.

BM-DC were stimulated with Texas Red-OVA and/or in-
fected in parallel with Salmonella WT or an AsseC mutant that
was used as a translocation-deficient SPI2 strain. The process-
ing of the fluorescent model antigen during 24 h was moni-
tored by observing the change in fluorescence intensity of
individual cells by confocal microscopy (Fig. 1A). For quanti-
tative analyses, mean fluorescence intensities (MFI) for the
antigen were determined by flow cytometry. At 2 h after
infection, BM-DC in all assays contained equal amounts of
Texas Red-OVA. During the incubation period of 24 h, the
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MFI continuously decreased to ca. 35% of the initial level in
uninfected BM-DC (Fig. 1B). BM-DC infected with WT or
SPI2-deficient Salmonella showed the same reduction in fluo-
rescence intensity.

As a further model antigen, DQ-OVA was used that is a
self-quenched fluorochrome-conjugate of OVA that exhibits
bright green fluorescence upon proteolytic degradation. This
allowed the quantification of proteolysis by flow cytometry or
confocal microscopy. Uninfected BM-DC or cells infected with
Salmonella WT or the SPI2 mutant strain were incubated with
DQ-OVA and washed to remove noninternalized tracer. After
incubation for 16 h, the fluorescence of BM-DC was analyzed
by epifluorescence microscopy (Fig. 1C) and flow cytometry
(Fig. 1D). Both analyses indicated that the ability of BM-DC to
internalize soluble antigens and the proteolytic degradation of
the internalized material was not affected by infection with
Salmonella. Furthermore, there was no difference in proteo-
lytic degradation detectable between cells infected with Salmo-
nella WT or the SPI2 strain.

Extracellular loading of an OVA peptide on DC comple-
ments the SPI2-mediated phenotype. To characterize the effect
of Salmonella on antigen processing in BM-DC in more details,
we investigated whether antigen-dependent stimulation of T-
cell proliferation could be restored by external loading with the
cognate peptide. Small peptides are not processed by the de-
fault antigen-processing pathways for presentation on MHC-II
complexes (reviewed in references 36 and 42). However,
MHC-II complexes on the surface of DC can be loaded di-
rectly with suitable peptides, and these peptides may be pre-
sented to cognate T cells. We previously observed that in
BM-DC the surface expression of MHC-II per se was not
different after infection with Salmonella WT or a SPI2-defi-
cient strain (7).

As a model system for antigen presentation and T-cell pro-
liferation, we have previously established a model system of
BM-DC that phagocytosed Salmonella along with the model
antigen OVA. If OVA was processed and presented by the
MHC-II complex, this stimulated the proliferation of T cells
obtained from transgenic DO11.10 mice expressing the T-cell
receptor that recognizes OVA peptide ISQAVHAAHAEIN
EAGR in the context of MHC-II. In further assays, various
amounts of OVA peptide ISOAVHAAHAEINEAGR was
added to uninfected BM-DC or to BM-DC infected with WT
or SPI2-deficient Salmonella. The peptide was added 16 h after
infection, and T-cell proliferation was quantified (Fig. 2). The
addition of 0.5 pg of OVA peptide/ml to BM-DC infected with
Salmonella WT restored antigen-dependent T-cell prolifera-
tion to the level obtained for uninfected cells. This effect was
dependent on the concentration of the peptide. A higher con-
centration resulted in an increased rate of T-cell proliferation,
indicating that a proportion of MHC-II complexes was avail-
able for uptake of externally added peptide.

These observations demonstrate that BM-DC infected with
Salmonella WT are fully capable of antigen-dependent T-cell
stimulation if a peptide can be presented on the cell surface.
Despite the uptake and degradation of the antigen, intracellu-
lar Salmonella inhibit the processing and presentation of the
antigen on BM-DC.

SPI2 function results in diminished peptide loading on
MHC-II molecules. We hypothesized that the interference with
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FIG. 1. Analysis of antigen-processing in Salmonella-infected BM-DC. BM-DC from C56BL/6 mice were infected at an MOI of 25 with
Salmonella WT or a strain deficient in sseC, encoding a translocon subunit of the SPI2-T3SS (SPI2) for 1 h, were stimulated by addition of 1 pg
of LPS/ml or remained uninfected (mock). In addition, BM-DC were stimulated with fluorescently labeled endocytotic marker Texas Red-OVA
(A and B) or DQ-OVA (C and D). Texas Red-OVA fluorescence (red) decreases with increased proteolytic degradation, while fluorescence of
DQ-OVA (green) is induced by proteolysis. At the indicated time points after infection, cells were fixed and subjected to immunofluorescence
analyses after staining for CD11c (blue) and Salmonella (green in panel A, red in panel C). For quantification of antigen degradation,
Salmonella-infected, LPS-stimulated or uninfected BM-DC were subjected to flow cytometry and gated on the CD11c-positive population. The
MFI and standard deviation for Texas Red fluorescence were determined at various time points of infection (B), and the MFI for DQ-OVA was
determined at 16 h after infection (D). The data are representative of three analyses with similar outcomes. *, P < 0.05; ns (not significant), P >

0.05. Scale bar, 10 pm.

loading of proteolytically processed peptides onto MHC-II mol-
ecules prior to transport to the cell membrane of DC for
presentation might be another possible form of interference
leading to reduced antigen presentation. The formation of
peptide-loaded MHC-II complexes can be assayed by determi-
nation of SDS stability (34). Peptide-loaded MHC-II mole-
cules are usually stable as a af-peptide complex in the pres-
ence of SDS at room temperature and can be detected as a
complex of ca. 60 kDa by Western blot analysis. In contrast, Ii
and CLIP-associated MHC-II complexes, as well as nonloaded
MHC-II molecules, disintegrate under these conditions into
subunits that can be distinguished in Western blots. We deter-
mined the stability of MHC-II heterodimers toward SDS as a
measure for peptide loading in uninfected BM-DC and cells

infected with WT or SPI2 Salmonella (Fig. 3). Prior to cell lysis,
the population of Salmonella-infected DC was isolated by
FACS. In lysates of cells infected with the SPI2 strain, the
60-kDa band corresponding to the SDS-stable ap-peptide
complex was as intense as that in uninfected cells. In contrast,
weaker band intensities were observed in lysates of Salmonella
WT-infected cells. The band intensities were quantified by
densitometry and compared to the band for p38, a constitu-
tively expressed control protein.

These data indicate that Salmonella interfere, in an
SPI2-dependent manner, with the intracellular formation of pep-
tide-loaded MHC-II complexes.

SPI2 function affects the subcellular localization of Salmo-
nella within BM-DC. Previous studies on the intracellular
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FIG. 2. Extracellular addition of OVA peptide restores antigen-
dependent T-cell proliferation. Murine BM-DC (BALB/c) were mock
infected (grey bars) or infected at an MOI of 25 with Salmonella WT
(black bars) or a sseC-deficient strain (SPI2, open bars) as indicated.
During infection for 2 h, OVA was added in a final concentration of 50
wg/ml. Noninternalized bacteria were killed by addition of gentamicin.
In control experiments, BM-DC were not infected during stimulation
with OVA or were neither infected nor stimulated. All assays were
incubated for 16 h, and subsequently various amounts of the OVA
peptide as indicated were added, followed by incubation for 1 h. After
the unbound peptide was removed by washing, DO11.10 T cells were
added, and antigen-dependent T-cell proliferation was assayed by
measuring [*H]thymidine incorporation and quantification of the cell-
bound radioactivity (in counts per minute [CPM]). The results shown
are representative of three independent assays with similar results.
The statistical significances were calculated between assays without
or with the addition of various amounts of peptide. **%, P < 0.001;
ns (not significant), P > 0.05.

phenotype of serovar Typhimurium indicated that the SCV
preferentially assumes a subcellular localization in juxtaposi-
tion of the Golgi apparatus and nucleus (1, 32). The role of the
SPI2-T3SS and particular SPI2 effector proteins in this pheno-
type has been reported. We analyzed whether intracellular S.
enterica can modify the positioning in the SCV within BM-DC.
We observed that SCVs containing the WT strain were pre-
dominantly found in a subcellular localization adjacent to the
trans-Golgi network (TGN) in BM-DC, while SCVs harboring
the SPI2 strain were located at a larger distance to the TGN
(data not shown). We found 65% of WT Salmonella and 39%
of SPI2-deficient bacteria in close proximity of the TGN. Since
the rather compact cell morphology of DC complicated the
determination of the distance of the SCV to the TGN, we
investigate the relative position of the SCV and the microtu-
bule-organizing center (MTOC) as an organelle with a juxta-
nuclear position. BM-DC infected with WT or SPI2 strains
were immunolabeled for y-tubulin as a specific component of
the MTOC, and the distance of various SCVs to the MTOC
was determined (Fig. 4). In more than 85% of the infected DC,
the distance between SCV containing WT Salmonella and the
MTOC was <2 pm. In detail, ca. 45% of WT SCV were within
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FIG. 3. Effect of Salmonella infection on the stability of MHC-II
complexes. BM-DC from BALB/c mice were infected with GFP-ex-
pressing Salmonella WT or sseC-deficient (SP12) strains as indicated at
an MOI of 25. As controls, BM-DC were uninfected or were stimu-
lated with LPS. If indicated, BM-DC were also stimulated with 50 wg
of OVA/ml. To enrich Salmonella-infected BM-DC, 24 h after infec-
tion the cells were subjected to FACS for CD11c-positive and GFP-
positive cells. BM-DC from the uninfected control assays were purified
by MACS for CD11c-positive cells. About 6 X 10° cells were collected
for each assay and subjected to the SDS stability assay as described in
Materials and Methods. (A) Western blot analysis of SDS-stable
MHC-II complexes (MHC-II) were performed with monoclonal anti-
body to mouse I-AYI-EY. As loading controls, Western blots were
stripped and reprobed with an antibody to p38. (B) For quantification,
intensities for the MHC-II bands on Western blots were determined by
densitometry and expressed as the percent transmission. Means and
standard deviations of two blots are shown. The data shown are rep-
resentative for three independent experiments with similar outcomes.

% transmission

a distance of 1 wm and ca. 40% of SCV were within a distance
of 1 to 2 pm to the MTOC. However, in cells infected with the
SPI2 strain, ca. 30% of SCV remained within 2 um of the
MTOC, with less than 9% in a range of 1 wm and ca. 20% in
a range between 1 and 2 pm. The majority of SCVs containing
the SPI2 mutant (ca. 70%) showed a distance of more than 2
pm to the MTOC. In detail, 40% of SCVs containing the SPI12
strain were found between 2 and 3 pm, and 30% were located
at a distance of more 3 pm from the MTOC.

The data indicate that intracellular Salmonella in DC can
influence the positioning of the SCV in an SPI2-dependent
manner. The phenotype is independent of the bacterial repli-
cation that is dependent on the SPI2 function in other cell
types such as epithelial cells or macrophages (reviewed in
reference 13).

Involvement of a subset of SPI2 effector proteins in inter-
ference with antigen presentation. Our previous studies (7), as
well as the data presented here, have shown that Salmonella
deploy the SPI2-T3SS to interfere with antigen presentation by
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FIG. 4. Intracellular localization of Salmonella in BM-DC is controlled by the function of the SPI2-T3SS. BM-DC from BALB/c mice were
infected with Salmonella WT or an sseC-deficient strain (SPI2) at an MOI of 20. (A) Subcellular localization of intracellular Salmonella with
respected to the MTOC. BM-DC were fixed 16 h after infection and processed for immunostaining of CD11c (blue), Salmonella (green), and
y-tubulin as a marker for the MTOC (red). Representative infected cells are shown. Note the distance between intracellular Salmonella and the
MTOC. (B) Quantification of the distance between SCV and MTOC after infection of BM-DC with Salmonella WT and the SPI2 strain. At least
50 infected BM-DC are randomly selected, and the distance between MTOC and intracellular Salmonella was quantified by using Axiovision 4.5.
Single Z sections of planes containing the SCV and the MTOC were used for these analyses. The mean and standard deviations of three

independent experiments are shown.

DC. The SPI2-T3SS translocates a complex cocktail of effector
proteins, and the molecular functions have only been re-
vealed for a small number of these proteins (reviewed in
reference 13).

To test whether individual effectors or groups of the various
SPI2-T3SS effectors are interfering with the antigen presenta-
tion by BM-DC, we generated isogenic strains harboring de-
letions of genes encoding individual effector proteins. This
screen showed that mutant strains deficient in sifB, sspH1, ssel,
ssel, pipB, gogB, sseKI, and sseK2 did inhibit the antigen-de-
pendent T-cell proliferation by infected BM-DC at a rate sim-
ilar to that of the WT (Fig. SA and B).

A mutant strain deficient in spiC (alternative designation
ssaB) showed a phenotype similar to that of the SPI2-T3SS-
null mutant strain (data not shown). Since the role of SpiC/
SsaB as a putative effector protein is controversial, we analyzed
the intracellular characteristics of the spiC (ssaB) strain in
BM-DC. As previously observed in other cell types, the spiC
(ssaB) strain was incapable in translocation of the SPI2 effector
proteins (data not shown). Other mutant strains defective in
genes of effectors such as SseF or SifA remained capable of
translocation of other SPI2 effector proteins. Therefore, SpiC/
SsaB function in BM-DC cannot be distinguished from SPI2-
T3SS-null mutant strains. For another subset of effector pro-
teins, we observed strong effects on the capacity of BM-DC to
stimulate antigen-specific T-cell stimulation. This subset of
effectors consists of SifA, SseF, SseG, SspH2, SIrP, SopD2, and
PipB2 (Fig. 5C). Strikingly, the level of T-cell proliferation for
sifA, sspH2, slrP, sopD2, and pipB2 mutant strains defective in
single effectors was comparable to that of the SPI2-T3SS-null
mutant strain. This observation indicates that each of these
effectors had an essential contribution to the SPI2 phenotype
in DC. Strains with single mutations in sseF or sseG consis-
tently showed an intermediate phenotype, while an sseFFG mu-
tant strain was highly reduced in inhibition of T-cell prolifer-
ation.

We also investigated the intracellular fate of the sif4 strain.
In contrast to a previous report (29), we did not observe that
this mutant strain escapes into the cytoplasm of BM-DC with
a higher frequency than does WT Salmonella. Analysis by
electron microscopy showed that intracellular WT and sifA
bacteria were within a membrane compartment in BM-DC
(data not shown). Immunofluorescence microscopy revealed
that 82.5% = 8.5% and 76.9% = 0.14% of WT and sif4
bacteria, respectively, colocalized with LAMP-1-positive mem-
branes 16 h after infection.

To control the specificity of the mutations, complementation
was performed with low-copy-number plasmids harboring ef-
fector genes expressed under the control of their natural pro-
moter. The presence of a WT allele of the deleted effector
gene restored the effect on T-cell proliferation, indicating the
specificity of the observed phenotype (Fig. 5C). Interestingly,
the deletion of sspH2 resulted in rates of T-cell proliferation
higher than those of BM-DC infected with the SPI2-null mu-
tant. This effect was reproducible and could be restored by
plasmid-borne sspH2.

Translocation of effector proteins by intracellular Salmo-
nella into DC. We next investigated whether the different con-
tributions of effector proteins to the inhibition of antigen pre-
sentation by DC is a consequence of different efficiencies of
translocation by intracellular Salmonella and followed the
translocation of several SPI2 effector proteins. For a qualita-
tive comparison of the amounts of translocated proteins, var-
ious effector proteins were labeled in a similar manner with
epitope tags for detection with monoclonal antibody.

As previously described (17), the translocation of SseJ by
intracellular Salmonella in DC was observed. Similarly, effector
proteins SifA, SseF, SspH2, and PipB2 were detected in DC
(Fig. 6).

Interestingly, effectors SopD2 and SIrP were not detectable
by immunofluorescence in infected DC (data not shown).
However, as shown in Fig. 5, these effector proteins also con-
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FIG. 5. Role of SPI2 effector proteins in inhibition of T-cell proliferation by intracellular Salmonella. BM-DC from BALB/c mice were infected
at an MOI of 20 with Salmonella WT (M), a strain deficient in sseC (SP12, []), or various mutant strains deficient in genes encoding effector proteins
of the SPI2-T3SS as indicated (£). BM-DC were stimulated with 50 pg of OVA/ml in parallel with infection. For controls, uninfected BM-DC with
(OVA, B) or without (mock, E) stimulation by OVA were added to T cells. T-cell proliferation was assayed by measuring [*H]thymidine
incorporation and quantification of cell-bound radioactivity and is expressed as the percentage and standard deviation of the T-cell proliferation
stimulated by OVA-primed DC. (A to C) Data shown are separate analyses of groups of mutant strains defective in various effectors. (C) For
mutant strains that showed defects in the inhibition of antigen-dependent stimulation of T-cell proliferation, complementation experiments with
plasmid-borne effectors were performed (comp, ). The statistical significances between the OV A-stimulated, noninfected BM-DC and the various
infected assays were calculated. %, P < 0.05; #*, P < 0.01; *%%, P < 0.001; ns (not significant), P > 0.05.

tributed to the inhibition of antigen presentation. Further anal-
yses in the epithelial cell line HeLa indicated that these pro-
teins were translocated, yet detection by immunofluorescence
was only possible if high numbers of intracellular Salmonella
were present. In contrast, such high bacterial loads were not
observed in DC under our experimental conditions. Based on
these observations we conclude that the different contributions
of SPI2 effector proteins is not due to the lack of translocation
of one subset but rather to the interaction with specific host
cell targets.

DISCUSSION

We have previously described the interference of intra-
cellular Salmonella with antigen presentation by murine DC

and the role of this process in a murine model of infection
(7). In the present work, we focused on the molecular mech-
anisms of this interference. During our approaches to char-
acterize the SPI2-mediated interference with antigen pre-
sentation in molecular detail, we found that the overall
ability of infected BM-DC to degrade model antigens was
not altered. Furthermore, we found that external loading of
MHC-II complexes with the OVA peptide restored the
SPI2-mediated inhibition of T-cell proliferation. These ex-
periments demonstrate that the SPI2-T3SS function does
not per se affect the transport and surface expression of
MHC-II complexes in Salmonella-infected cells. Rather,
MHC-II complexes are available for external loading with
peptides. The assays further confirm our previous observa-
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FIG. 6. Translocation and subcellular localization of SPI2 effector proteins in BM-DC. BM-DC from C57BL/6 mice were infected at an MOI
of 10 with Salmonella WT harboring plasmids for the expression of genes encoding various epitope-tagged effector protein. A mock-infected cell
is shown as control. A subset of the effectors was tagged with the M45 epitope (SifA, PipB, PipB2, and Ssel); the other subset contained effectors
fused to the hemagglutinin tag (SseF, SseG, Ssel, SseJ, SspH1, and SspH2). At 16 h after infection, cells were fixed and processed for
immunofluorescence of Salmonella LPS (green), the tag of the effector protein (red), and the CD11c (blue). Representative infected cells are
shown for the specific effector proteins. Micrographs were acquired with a Zeiss Axiovert wide-field microscope equipped with an Apotome and

show single Z-sections. Scale bars, 5 pum.

tion that Salmonella infection and intracellular activity of
the SPI2-T3SS does not affect the expression of costimula-
tory molecules (7). This observation also argues against a
SPI2-mediated defect in the formation of immunological
synapses between Salmonella-infected BM-DC and T cells.

A phenotype linked to the function of the SPI2-T3SS is the
modification of cellular transport and the biogenesis of the
SCV as a parasitophorous vacuole with unique properties.
Several recent studies indicate that Salmonella can actively
manipulate the positioning of the SCV in infected epithelial
cells (1, 30, 32). The SCVs containing Salmonella WT fre-
quently assume a subcellular position in close proximity to the
nucleus, Golgi apparatus, and the MTOC. We observed that a
similar phenotype is evident in Salmonella-infected BM-DC. In
a SPI2-T3SS-dependent manner, the majority of SCVs were
located close to the MTOC of BM-DC. Thus, manipulation of
SCV positioning and host cell transport by Salmonella is sim-
ilar in DC and epithelial cells. However, this phenotype was
not correlated with the bacterial proliferation in SCVs in juxta-
nuclear positions as reported for infected epithelial cells (1).

In DC, the formation of tubular endosomal compartments
has been observed that are involved in the delivery of MHC-II
complexes to the plasma membrane (3, 8, 43). These transport
events require the function of microtubules, and the inter-
ference of Salmonella with microtubule-dependent exocytic
transport by means of SPI2-T3SS effector proteins has been
observed in other infection models (21).

We propose that intracellular Salmonella, by means of SP12-
T3SS effector proteins, alters the loading of antigen-derived
peptides on MHC-II complexes. This effect may be due to
redirection of the intracellular transport of membrane vesicles
that contain peptides processed for loading onto MHC-II com-

MHC |

TCR
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" MT

o ®Msg

DC T cell

FIG. 7. Model for intracellular events leading to the inhibition of
antigen-presentation by intracellular Salmonella. After uptake by BM-
DC, Salmonella resides in a membrane-bound compartment that is not
permissive for intracellular replication. The SPI2-T3SS is expressed
and translocates a set of effector proteins into the cytoplasm of BM-
DC. By mechanisms unknown thus far, these effectors interfere with
the delivery of processed peptides to compartments that contain
MHC-II complexes competent for peptide loading. A putative point of
manipulation is the microtubule (MT)-dependent intracellular trans-
port. SPI2 effectors are known to modify MT-dependent transport in
other host cells.
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plexes. Although the cell biology of MHC-II presentation has
been studied in great detail, the nature of compartments that
deliver processed peptides to nascent MHC-II molecules is not
well understood (36). One hypothesis is the interference of
intracellular Salmonella with cellular transport processes that
mediate the fusion of peptide-containing vesicles with MHC-II
compartments. The involvement of microtubule-dependent
transport has not been investigated but might be a possible
cause of the observed modifications in DC. Our current model
of the interference of intracellular Salmonella with antigen
presentation by DC is summarized in Fig. 7.

While our initial work was performed with SPI2 mutant
strains deficient in the translocation of the entire set of SPI2
effector proteins (7), we extended this analysis here and tested
the contribution of individual effector proteins. We observed
that a novel subset of SPI2 effector proteins is required to
inhibit stimulation of antigen-specific T-cell proliferation by
BM-DC. We identified SifA, SspH2, SIrP, SopD2, and PipB2
as effector proteins with a strong effect on the stimulation of
T-cell proliferation. A partial contribution of SseF and SseG
was observed, but the SseFG double mutant was highly re-
duced in inhibition of T-cell proliferation. This subset of ef-
fectors is conserved between typhoidal and nontyphoidal sal-
monellae; only sopD2 appears to be a pseudogene in S. enterica
serovar Typhi. Mutant strains lacking effectors PipB, SspHI1,
SifB, Ssel, Ssel, GogB, SseK1, or SseK2 did not show a phe-
notype in BM-DC. Interestingly, SifA, SspH2, SIrP, and PipB2
were each equally required for the inhibition of T-cell prolif-
eration, suggesting a nonredundant role of the effectors. A
mutant strain deficient in spiC (alternative designation ssaB)
had the same phenotype as a SPI2-null mutant (data not
shown).

The presence of the complex set of 18 and possible more
effector proteins of the SPI2-T3SS is a puzzling phenomenon.
It has been proposed that several effectors may have cryptic or
redundant functions. Our work gives the first indication that a
subset of the SPI2-T3SS effectors has a cell type-specific func-
tion. We have now defined an effector subset that is responsi-
ble for the interference of Salmonella with DC functions. Cel-
lular phenotypes have only been characterized in detail for one
of the proteins in the subset. SifA is involved in Salmonella-
induced filament (SIF) formation and required to maintain the
integrity of the SCV (2). Recently, it was shown that SifA
affects the recruitment of kinesin to the SCV (4). SseF and
SseG also contribute to SIF formation and alterations of the
microtubule cytoskeleton and affect the positioning of the SCV
in infected host cells (1, 30). Our group also found that the
function of SseF is required to redirect secretory transport of
the host cell (21). SopD2 and PipB2 are further effectors that
are targeted to late endosomal compartments and affect SIF
formation (5, 19). A mutant strain deficient in SopD2 was
reported to be attenuated in systemic virulence (18). PipB2 is
present in detergent resistant microdomains or lipid rafts after
translocation into host cells (20). SIrP is an effector protein
that is translocated by both the SPI2-T3SS and the SPI1-T3SS
involved in the invasion of nonphagocytic cells by Salmonella
(37). SIrP contains leucine-rich repeats and shares 39% iden-
tity with SspH2 (26). A function of SIrP in Salmonella patho-
genesis has not been defined to date. SspH2 has been shown to
interfere with the actin cytoskeleton of host cells after trans-
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location by the SPI2-T3SS. A binding of SspH2 to the F-actin
cross-linking host cell protein filamin has been reported (25).
However, SspH2 function is not required for the known SPI2-
dependent virulence functions (systemic pathogenesis) or cel-
lular phenotypes (intracellular replication).

A common characteristic of SifA, SseF, SseG, SopD2, and
PipB2 is their association with endosomal membranes after
translocation, the role in SIF formation in epithelial cells, and
their interference with cellular transport of the host cell. In
contrast, translocated SIrP and SspH2 are not reported to be
associated with endosomal membranes, and no effect of these
proteins on SIF formation or cellular transport has been re-
ported. A previous study reported that the sif4 strain exhibits
similar characteristics in macrophages and DC, i.e., the loss of
the membrane of the SCV and the escape into the host cell
cytoplasm (29). We analyzed whether the reduced inhibition of
antigen presentation of the sif4 strain is linked to this pheno-
type. Interestingly, in our experimental setting we did not ob-
serve that the sif4 strains loses the SCV membrane and sub-
sequently escapes into the cytoplasm (data not shown). The
reasons for these disparate results are unknown and await
further investigation.

Inhibition of antigen presentation is a common mechanism
in viral pathogenesis, and various viral proteins have been
characterized that interfere with the activation of and process-
ing and presentation of antigens by APC (for a review, see
reference 15). The mechanisms of interference are less well
understood for intracellular bacterial pathogens. For Mycobac-
terium tuberculosis, an interference with autophagosome for-
mation has been reported that may also affect the processing
and loading of mycobacterial antigens (reviewed in reference
10). The infection of DC by mycobacteria and the impairment
of DC functions such as migration and antigen presentation
has been observed in vivo (45). A recent study reported that
Mycobacterium rapidly induces DC maturation and that this
activity results in reduced presentation of peptides on MHC-II
without affecting the CD1-dependent presentation of lipid an-
tigens (14). Virulence factors secreted by intracellular Brucella
abortus interfere with the maturation of infected DC, thus
reducing the capacity of these cells in antigen presentation
(33). The obligate intracellular pathogen Chlamydia spp. does
not interfere with antigen presentation in DC (31). However, a
secreted protease of Chlamydia trachomatis was reported to
degrade host cell transcription factors that are required for the
expression of MHC-I complexes (47). Thus far, the manip-
ulation of DC function by T3SS effector proteins appear to
be restricted to Salmonella and a unique mechanism to
control the adaptive immune responses of the host. It will be
of future interest to precisely define the molecular mecha-
nisms by which Salmonella effector proteins interfere with
transport events in DC.
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