
INFECTION AND IMMUNITY, Mar. 2005, p. 1714–1722 Vol. 73, No. 3
0019-9567/05/$08.00�0 doi:10.1128/IAI.73.3.1714–1722.2005
Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Salmonella enterica Serovar Typhimurium Infection of Dendritic Cells
Leads to Functionally Increased Expression of the

Macrophage-Derived Chemokine
Guo Fu,1 Odilia L. C. Wijburg,1,2 Paul U. Cameron,1 Jason D. Price,1 and Richard A Strugnell1,2*
CRC for Vaccine Technology1 and Australian Bacterial Pathogenesis Program,2 Department of Microbiology and Immunology,

University of Melbourne, Parkville, Victoria, Australia

Received 20 February 2004/Returned for modification 21 April 2004/Accepted 12 November 2004

Gene expression in murine dendritic cells (DCs) infected with green fluorescent protein-expressing Salmo-
nella enterica serovar Typhimurium BRD509 was studied by mRNA differential display. Infected DCs were
sorted from uninfected cells by flow cytometry. The mRNA expression patterns of infected and uninfected cells
revealed a number of differentially expressed transcripts, which included the macrophage-derived chemokine
(MDC). Up-regulation of MDC transcription in infected DCs was confirmed by Northern blotting, and the
kinetics of MDC expression was examined by real-time reverse transcription-PCR, with which 31- and 150-fold
increases were detected at 2 and 6 h postinfection, respectively. The increased release by DCs of MDC into
culture media was detected by an enzyme-linked immunosorbent assay. The biological activity of MDC was
investigated in in vitro and in vivo assays. In vitro, supernatants from S. enterica serovar Typhimurium-infected
DCs were chemoattractive to T cells, and neutralization of MDC in these supernatants inhibited T-cell
migration. Passive transfer of anti-MDC antibody to mice infected with BRD509 revealed that neither growth
of the bacterium nor resistance of the mice to reinfection was affected and that in vivo inhibition of MDC did
not affect T-cell responses, as measured by the gamma interferon ELISPOT method 3 days after challenge
infection.

Salmonella enterica causes a variety of localized and systemic
diseases, depending on the host and bacterial strain involved
(35). S. enterica serovar Typhi, which causes human typhoid
fever, remains a health threat for people worldwide, and there
are more than 16 million cases and 600,000 deaths annually
(17). S. enterica serovar Typhimurium infection of mice, which
shares many features of human S. enterica serovar Typhi in-
fection, is a broadly used and well-characterized animal model
for human typhoid fever (47). Following oral administration of
S. enterica serovar Typhimurium to mice, the bacteria pene-
trate the intestinal mucosa through invasion of M cells of
Peyer’s patches (7, 19) and migrate via the lymph nodes to the
spleen and liver, where they reside intracellularly within mac-
rophages and replicate within specialized vacuoles (7, 34). As
the interactions between S. enterica serovar Typhimurium and
macrophages are thought to play a central role in determining
disease outcome, there have been numerous studies describing
the features of such interactions from various viewpoints, such
as the virulence mechanisms employed by the bacterium to kill
cells (6, 10, 32, 48) and the responses of macrophages to the
invading bacterium (36, 49).

Recent studies have described the interactions between S.
enterica serovar Typhimurium and dendritic cells (DCs). DCs,
like macrophages, are antigen-presenting cells which play a
central role in linking innate immunity and adaptive immunity
(3). However, unlike macrophages, DCs have a unique ability

to induce antigen-specific primary T-cell activation (2). Salmo-
nella invades and survives within both human and murine DCs
(28, 40, 41, 51), and Jantsch et al. (18) reported that in bone
marrow-derived DCs, intracellular S. enterica serovar Typhi-
murium represents a static, nondividing population, suggesting
that DCs fail to kill this intracellular pathogen. Given the
migratory capacity of DCs (30) and their presence in Peyer’s
patches, DCs are likely to serve as an efficient dissemination
vehicle for Salmonella out of the mucosal site (22), a thesis
supported by studies of Rescigno et al., which showed that DCs
mediate Salmonella invasion (33). Bone marrow-derived DCs,
as well as freshly isolated DCs from the spleen and mesenteric
lymph nodes, can process Salmonella and present bacterial
antigens to specific CD4� and CD8� T cells (41–43, 53). Al-
though both DCs and macrophages phagocytose Salmonella
and present the processed bacterial proteins, their roles in
initiating and sustaining immune responses are probably dif-
ferent (52). It has been suggested that upon S. enterica serovar
Typhimurium infection, macrophages act more as key effectors
than as response initiators, while in contrast, DCs are the
principal antigen-presenting cells involved in the priming of
naı̈ve T cells (49).

Compared with the extensive investigations of the interac-
tion between S. enterica serovar Typhimurium and macro-
phages, only limited data are available on the effect of S.
enterica serovar Typhimurium on gene expression by DCs. For
example, Rosenberger et al. studied the expression of nearly
600 genes after S. enterica serovar Typhimurium infection of a
murine macrophage cell line by using microarrays (36); how-
ever, to our current knowledge, no such study has been per-
formed with S. enterica serovar Typhimurium-infected DCs.
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In order to identify de novo-expressed genes which may be
involved in the response of DCs to S. enterica serovar Typhi-
murium infection and to expand the current knowledge of gene
expression profiles in this infection model without a specific
focus on any single category of genes, in this study differential
display was used to compare mRNA samples from S. enterica
serovar Typhimurium-infected and uninfected DCs. A green
fluorescent protein (GFP)-expressing S. enterica serovar Ty-
phimurium strain was constructed to facilitate sorting of in-
fected DCs from uninfected bystander DCs. By comparing S.
enterica serovar Typhimurium-infected DCs with uninfected
control DCs, the macrophage-derived chemokine (MDC) gene
was found to be up-regulated during infection. Murine MDC
was previously known as ABCD-1 (39) and recently was des-
ignated CCL22 (55). MDC is classified as a CC chemokine and
is a chemoattractant for DCs, macrophages, NK cells, and T
cells (8, 9, 14, 37, 39). The receptor identified to date for MDC
is CCR4 (16), which is expressed on the Th2 subset of mature
CD4� T cells (4, 38). The role of MDC in the biology of
murine Salmonella infection was studied further.

MATERIALS AND METHODS

Salmonella strains. The Salmonella strains used in this study were the virulent
strain S. enterica serovar Typhimurium SL1344 and an aroA aroD mutant of S.
enterica serovar Typhimurium SL1344 (BRD509, a kind gift from G. Dougan,
Imperial College, London, United Kingdom). Recombinant S. enterica serovar
Typhimurium expressing GFP was generated by transformation of BRD509 with
plasmid pGF3, which resulted in BRD509/pGF3 (streptomycin and ampicillin
resistant). Plasmid pGF3 was constructed by replacing the C fragment of tetanus
toxin from the pTETtac4 plasmid (12) with a PCR-amplified GFP-encoding
fragment from plasmid pAJGFP21 (a gift from A. Jo, The University of Mel-
bourne, Melbourne, Australia).

Mice. For all experiments, male, 6-to-8-week old C57BL/6 mice were used. All
mice were bred and housed at the animal facility of The University of Melbourne
Department of Microbiology and Immunology. All animal experiments were
approved by The University of Melbourne Animal Ethics and Experimentation
Committee and complied with the Prevention of Cruelty to Animals Act (1986)
and the NHMRC Australian Code of Practice for the Care and Use of Animals
for Scientific Purposes (1997).

Cell cultures. Bone marrow-derived DCs were generated as described previ-
ously (25) from C57BL/6 mice (animal care facility, Department of Microbiology
and Immunology, The University of Melbourne). The DC culture medium was
RPMI 1640 supplemented with 10% fetal calf serum, 10% granulocyte-macroph-
age colony-stimulating factor-containing cell supernatant, 100 U of penicillin G
sodium per ml, 100 �g of streptomycin sulfate per ml, 2 mM L-glutamine, and 50
�M 2-mercaptoethanol. On day 8 of culture, nonadherent and semiadherent
cells were harvested, which routinely yielded a population with more than 90%
CD11chigh cells. Splenic T cells were generated by the method of Julius et al.
(20). CD4� T cells were enriched by depletion of CD8� T cells by using anti-
mouse CD8 Dynabeads (Dynal, Oslo, Norway) according to manufacturer’s
instructions. To activate cells, 2 � 106 CD4� T cells resuspended in 1 ml of T-cell
culture medium were seeded into each well of a 24-well plate, which was pre-
coated with 200 �l of a 10-�g/ml solution of purified anti-CD3 antibody (BD
Bioscience, San Jose, Calif.), and were incubated at 37°C and 5% CO2 overnight
(37). The T-cell culture medium was RPMI 1640 supplemented with 10% fetal
calf serum, 100 U of penicillin G sodium per ml, 100 �g of streptomycin sulfate
per ml, 2 mM L-glutamine, 1 mM pyruvate, and 50 �M 2-mercaptoethanol.

DC infection and sorting. S. enterica serovar Typhimurium strain BRD509/
GF3 was grown overnight without shaking until the absorbance at 600 nm was 0.5
to 0.8. DCs were infected at a multiplicity of infection of 20:1 in DC culture
medium for 2 h at 37°C in the presence of 5% CO2. When a longer period of
infection (more than 2 h) was required, DCs were washed twice in phosphate-
buffered saline (PBS) to remove extracellular bacteria and cultured with fresh
DC culture medium supplemented with 100 �g of gentamicin per ml to inhibit
extracellular bacterial growth (31). To prepare cell samples used for differential
display, the infected and uninfected immature DCs were sorted with a MoFlo
cell sorter (DakoCytomation Glostrup, Denmark) by using the phenotypes
GFP� MHC-IIlow and MHC-IIlow, respectively.

Differential display. A differential display analysis was carried out as described
previously (23, 24), with minor modifications. Briefly, total RNA was isolated
from uninfected and infected DCs by using the Wizard Plus SV total RNA
isolation system (Promega, Madison, Wis.) according to the manufacturer’s
instructions. First-strand cDNA was synthesized for either infected or uninfected
DCs by using the following three anchored primers: 3RA (5� GCA AGC TTT
TTT TTT TTA 3�), 3RC (5� GCA AGC TTT TTT TTT TTC 3�), and 3RG (5�
GCA AGC TTT TTT TTT TTG 3�). Each reverse transcription mixture con-
tained 6 �l of total RNA (0.2 �g), 12 �l of 5� Moloney murine leukemia virus
reverse transcriptase buffer (Promega), 4.8 �l of deoxynucleoside triphosphates
(dNTPs) (250 �M each), 28.2 �l of sterile water, and one of the three anchored
primers (6 �l of 2 �M 3RA, 3RC, or 3RG). The mixture was preheated to 65°C
for 5 min and then incubated at 37°C for 10 min. Three microliters of a 200-U/�l
solution of Moloney murine leukemia virus reverse transcriptase (Promega) was
added, and the mixture was incubated at 37°C for 50 min, which was followed by
a final step of heating at 75°C for 5 min. The newly synthesized cDNA was PCR
amplified by using the following nine arbitrary primers: 5AP1 (5� CGG GAA
GCT TAT CTT GAT TGC C 3�), 5AP2 (5� CGG GAA GCT TAT AGG TGA
CCG T 3�), 5AP3 (5� CGG GAA GCT TAT CTT TGG TCA G 3�), 5AP4 (5�
CGG GAA GCT TAT TAC AAG GAC G 3�), 5AP5 (5� CGG GAA GCT TAT
TGG CAT TGC A 3�), 5AP6 (5� CGG GAA GCT TAT CCA AGC ATG G 3�),
5AP7 (5� CGG GAA GCT TAT TCC TGT GTG A 3�), 5AP8 (5� CGG GAA
GCT TAT CGA GAC TAG C 3�), and 5AP9 (5� CGG GAA GCT TAT GCT
AGC AGA C 3�). These primers were separately paired with one of the three
anchored primers (3RA, 3RC, or 3RG). Each 20-�l PCR mixture contained 2 �l
of 10� PCR buffer, 1.2 �l of MgCl2 (25 mM), 1.6 �l of dNTPs (25 �M each), 0.2
�l of a 5-U/�l solution of Taq DNA polymerase, 0.4 �l of �-35S-labeled dATP
(10 mCi/ml; Amersham), and 8.6 �l of sterile water, as well as an anchored
primer (2 �l of a 2 �M solution of one of the three anchored primers [3RA, 3RC,
or 3RG]), an arbitrary primer (2 �l of a 2 �M solution of one of the nine
arbitrary primers [5AP1 to 5AP9]), and a cDNA sample (2 �l). The PCR
conditions were as follows: 10 cycles of 30 s at 94°C, 2 min at 41°C, and 30 s at
72°C, followed by 25 cycles of 15 s at 94°C, 30 s at 41°C, and 30 s at 72°C and a
final incubation at 72°C for 8 min.

Twenty microliters of each PCR product was mixed with 4 �l of gel loading
buffer (Promega), incubated at 95°C for 5 min, and immediately placed on ice for
5 min. The products were subsequently separated on a 6% polyacrylamide gel in
Tris-borate-EDTA buffer for 3 h at 60 W. The gel was dried and exposed to
X-ray film overnight at �70°C or scanned with a phosphorimager (FLA-3000;
Fuji Film, Tokyo, Japan).

Differentially expressed bands were gel purified, reamplified with the appro-
priate anchored and arbitrary primers, and either sequenced directly by using the
corresponding arbitrary primers or sequenced after they were cloned into the
pGEM-T easy vector (Promega). Sequencing was performed with a Big Dye
Ready Reaction kit (Applied Biosystems, Foster City, Calif.). Electrophoresis
and base calling were conducted at the DNA sequencing laboratory at the
Australian Genome Research Facility (Melbourne, Victoria, Australia). The
sequencing data were analyzed by using the Sequencher 3.0 software (Genecodes
Corporation Ann Arbor, Mich.), and similarity comparisons were assessed by
using a BLAST search against the GenBank database (http://www.ncbi.nlm.nih
.gov/BLAST/).

Northern blot analysis. For uninfected and infected DCs, total RNA was
electrophoresed by using a method modified from the method of Goda and
Minton (13). Briefly, 0.2 �g of RNA was denatured by heating at 75°C for 5 min,
immediately loaded onto a 1% agarose gel (supplemented with 20 mM guanidine
thiocyanate), and electrophoresed for 2 h at 65 V. RNA was transferred to a
Hybond N� nylon membrane (Amersham, Alesbury, United Kingdom) by using
a downward silica gel transfer system as described previously (45, 46) and was
cross-linked to the membrane by UV light treatment at 1,200 �W for 45 s by
using a Spectrolinker XL-1000 UV cross-linker (Spectronics Corporation, West-
bury, N.Y.). Radioactively labeled probes were generated in a 40-�l mixture
which comprised 2 �l of DNA template (purified MDC or �-actin gene PCR
products), 4 �l of 10� PCR buffer, 2 �l of MgCl2 (25 mM), 4 �l of dNTPs (250
�M each), 0.4 �l of Taq DNA polymerase, 2 �l of each of the forward and
reverse primers (2 �M each) (for MDC, forward primer 5� AGC CTC AGC TGA
CAG CAT ATG GGA 3� and reverse primer 5� GAC CTT CAG GAC ATG
CAT GGG CAG T 3�; for the �-actin gene, forward primer 5� ACT ATT GGC
AAC GAG CGG TTC CGA T 3� and reverse primer 5� TAC TTG CGC TCA
GGA GGA GCA ATG A 3�), 2 �l of [�-32P]dATP (10 mCi/ml; Amersham), and
sterile water. The PCR conditions consisted of an initial incubation at 94°C for
1.5 min, followed by 30 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 30 s
and a final incubation at 72°C for 8 min. The labeled probes were purified to
remove unincorporated nucleotides by using Micro Bio-Spin P-30 chromatogra-
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phy columns (Bio-Rad, Hercules, Calif.) according to the manufacturer’s instruc-
tions. Probe hybridization was performed at 68°C in the presence of 5 ml of
hybridization solution (7% sodium dodecyl sulfate, 0.18 M Na2HPO4, 0.07 M
NaH2PO4; pH 7.2) overnight. After hybridization, the membranes were washed
twice under high-stringency conditions (0.1� SSC–0.1% sodium dodecyl sulfate
at 68°C for 15 min [1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate]).
Membranes were rehybridized with labeled the �-actin gene probe after removal
of the previous bound MDC probe. For analyses, membrane images were ob-
tained by exposure to X-ray film overnight at �70°C or the membranes were
scanned with a phosphorimager.

Real-time RT-PCR. Real-time reverse transcription (RT)-PCR was performed
by using the protocol of Applied Biosystems (SDS Compendium 7700, version
4.0), with minor modifications. The primers and probe for MDC were designed
by using the Primer Express software (Applied Biosystems) and were purchased
from Applied Biosystems (forward primer 5� GAG TTC TTC TGG ACC TCA
AAA TCC 3�, reverse primer 5� TCT CGG TTC TTG ACG GTT ATC A 3�, and
probe 5� AAG CCT GGC GTT GTT 3�). Briefly, cDNA was synthesized as
described previously. For MDC, each 25-�l (final volume) real-time RT-PCR
mixture consisted of 12.5 �l of 2� TaqMan Universal PCR master mixture
(Applied Biosystems), 0.75 �l of each of the primers (forward and reverse; 10
�M each), and 0.5 �l of probe (10 �M). For GAPDH (the endogenous control),
each 25-�l (final volume) reaction mixture consisted of 12.5 �l of 2� TaqMan
Universal PCR master mixture, 0.25 �l of a solution containing the forward and
reverse primers (10 �M each), and 0.25 �l of probe (20 �M). For all samples
(MDC and GAPDH), either a standard containing 1 �l of quantified DNA
(purified PCR products of MDC and GAPDH), a negative control containing
sterile water (no-template control), or a test sample containing cDNA were set
up, and each sample was tested in duplicate. The PCR conditions were 2 min at
50°C and 10 min at 95°C, followed by 45 cycles of 15 s at 95°C and 60 s at 58°C.
The reactions were performed with an ABI Prism 7700 sequence detection
system (Applied Biosystems). The data were collected and analyzed further by
using the Sequence Detector 1.7 software (Applied Biosystems). Standard curves
were generated by using serially diluted standard control samples, and the input
amounts of unknown test samples were calculated by using these standard
curves. Finally, the expression level of MDC was normalized to the expression
level of GAPDH.

Detection of MDC by ELISA. To detect the expression level of secreted MDC
in supernatants of S. enterica serovar Typhimurium-infected and uninfected DCs,
a sandwich enzyme-linked immunosorbent assay (ELISA) was carried out.
Briefly, a 96-well Maxisorp immunoplate (Nunc A/S, Roskilde, Denmark) was
coated (100 �l/well) overnight at 4°C with a 1-�g/ml solution of capture antibody
(rat anti-mouse MDC antibody; R&D Systems, Minneapolis, Minn.). Following
washes, the plate was incubated either with 100-�l portions of fivefold serial
dilutions (starting at 25 ng/ml) of recombinant mouse MDC/CCL22 (rmMDC)
(used as standards; R&D Systems) or with supernatants of S. enterica serovar
Typhimurium-infected and uninfected DCs. The detection antibody (rabbit anti-
MDC antiserum, generated in this study) was diluted 1:100 with PBS and added
at a concentration of 100 �l/well. The absorbance at 492 nm of each sample was
measured with a Titertek Multiskan plate reader (Labsystems Multiskan, Hel-
sinki, Finland).

Chemotaxis assay. To examine the migration of T cells induced by various
media, a chemotaxis assay was performed. rmMDC and supernatants from S.
enterica serovar Typhimurium-infected and uninfected DCs were diluted to ap-
propriate concentrations with culture medium. When required, rat anti-mouse
MDC antibody (R&D Systems) and rabbit anti-MDC antiserum (raised in this
study) were added to the medium described above in order to specifically neu-
tralize MDC. Culture medium alone was used as the background migration
control. Five hundred microliters of each sample was added in duplicate to the
lower wells of 5-�m-pore-size, polycarbonate, Transwell chambers in a 24-well
plate (Corning Costar, Corning, N.Y.), and the plate was then equilibrated by
incubating it at 37°C in the presence of 5% CO2 for 15 min. After equilibration,
100 �l of a suspension containing 1.5 � 106 activated CD4� T cells per ml was
loaded into the upper wells of the Transwell chambers, and the plate was
incubated at 37°C in the presence of 5% CO2 for 2 h. After incubation, cells from
the lower wells were collected by centrifugation at 1,800 � g for 5 min and
resuspended in 50 �l of culture medium. Cells were stained with trypan blue, and
viable cells were enumerated by microscopy.

Immunization protocol. Immunization of mice was performed as described
previously (49, 50). S. enterica serovar Typhimurium strains BRD509 and SL1344
were grown overnight statically at 37°C to an optical density at 600 nm of 0.5 to
0.8 and diluted with PBS. For immunization, mice were either orally inoculated
with 1010 CFU of BRD509 or intravenously inoculated with 100 CFU of bacteria.
For challenge, mice were orally inoculated with 107 CFU of wild-type SL1344.

Use of anti-MDC antibodies in vivo. Passive transfer of anti-MDC antiserum
was performed as described by Matsukawa et al. (29). Briefly, mice were injected
intraperitoneally (i.p.) with 0.5 ml of rabbit anti-MDC antiserum. This anti-MDC
antiserum was generated by immunization of rabbits with glutathione S-trans-
ferase (GST)-fused recombinant murine MDC protein produced in this study
(data not shown). The specificity of this antiserum was confirmed by Western
blotting, and the titer of the antiserum was determined by direct ELISA (data
not shown). The MDC neutralization capability of this antiserum was deter-
mined by a chemotaxis assay, which showed that this antiserum could inhibit
MDC-induced T-cell migration at a dilution of 1:50. As a control, mice were
injected i.p. with 0.5 ml of rabbit anti-GST antiserum.

Viable counts of S. enterica serovar Typhimurium in organs. Viable counts of
bacteria in organs at various times were determined as described previously (49,
50). Briefly, the number of bacteria in each organ was determined by plating
serial dilutions of organ homogenates on Luria-Bertani agar plates supple-
mented with appropriate antibiotics.

IFN-� ELISPOT assay. The gamma interferon (IFN-�) ELISPOT assay was
performed essentially as described by Wijburg et al. (50) in order to examine the
effect of MDC neutralization on Salmonella-specific IFN-�-secreting cells.

RESULTS

Infection and sorting of DCs with S. enterica serovar Typhi-
murium expressing GFP. The use of GFP-expressing S. en-
terica serovar Typhimurium BRD509/GF3 to infect DCs en-
abled strict definition of infected cell populations and thus
minimized the potential for artifacts generated by bystander
cell populations. Following infection, BRD509/GF3-infected
DCs were stained with anti-MHC-II (I-Ab) antibody and ana-
lyzed by flow cytometry (Fig. 1). It was apparent that the
majority of infected (GFP�) DCs expressed low levels of major
histocompatibility complex II (MHC-II) (i.e., were immature
DCs). In contrast, only a small proportion of infected (GFP�)
DCs expressed high levels of MHC-II (i.e., were mature DCs).
In order to acquire the most homogeneous cell population for
differential display, S. enterica serovar Typhimurium-infected
immature DCs were sorted by using the GFP� MHC-IIlow

phenotype, and uninfected immature DCs, expressing an
equivalent level of MHC-II, were sorted and used as control
samples (Fig. 1).

Increased transcription of MDC in DCs following S. enterica
serovar Typhimurium infection. Total RNA was isolated from
S. enterica serovar Typhimurium-infected and uninfected im-
mature DCs at 6 h after (mock) infection. This time was chosen
mainly because preliminary experiments (results not shown)
suggested that this period of time was sufficient for signaling to
occur and for effector molecule mRNA to be expressed. The
RNA was reverse transcribed into cDNAs and then amplified
and compared by using the differential display technique.
Three anchored primers and nine arbitrary primers were used
to amplify the resultant cDNAs, and the PCR products ob-
tained from infected and uninfected DCs were compared side
by side on a polyacrylamide gel. Differentially expressed gene
candidates were determined by the presence or absence of
bands or by changes in the intensity of the bands. A total of 21
differentially expressed bands were identified, and the DNA
was recovered and reamplified by PCR. A portion of one
differential display gel is shown in Fig. 2A. One band (DC23)
which was up-regulated in infected DCs was reamplified by
using primers 5AP7 and 3RC, and the resultant PCR product
was further sequenced by using primer 5AP7. Comparing the
sequencing data with the GenBank database revealed that this

1716 FU ET AL. INFECT. IMMUN.



differential display product was 100% identical to the MDC
gene (GenBank accession number AF076596).

To confirm the apparent increased transcription from MDC,
the MDC transcript was analyzed in a Northern blot. A 171-bp
PCR product was amplified by using MDC gene-specific prim-
ers with the incorporation of [�-32P]dATP (data not shown).
This radioactively labeled PCR product was hybridized to total
RNA obtained from infected and uninfected DCs. The �-actin
gene was used as an internal control, and the same blot was
rehybridized after removal of the MDC probe. The results
showed that RNA samples from infected and uninfected DCs
hybridized to the �-actin gene probe with approximately the

same intensity. However, the intensity of the MDC hybridiza-
tion signal in the RNA sample obtained from infected DCs was
much stronger than the intensity of the signal in the RNA
obtained from uninfected DCs (Fig. 2B). The relative levels of
expression of MDC compared to the expression of the �-actin
gene (determined by dividing the hybridization signal of MDC
by the hybridization signal of �-actin gene) were 0.42 and 0.07
for infected and uninfected DCs, respectively, indicating that
there was 6.0-fold up-regulation of MDC mRNA in infected
DCs.

Expression of the MDC gene and protein in DCs following
S. enterica serovar Typhimurium infection. Real-time RT-PCR
was used to investigate the kinetic expression of the MDC gene
in DCs during S. enterica serovar Typhimurium infection. DCs
were infected with S. enterica serovar Typhimurium strain
BRD509/GF3, and infected immature DCs were sorted at dif-
ferent times. Uninfected immature DCs were sorted after 2 h
of incubation and used as a control for basal MDC expression.
The relative expression of MDC to GAPDH in uninfected DCs
and infected DCs at 2, 6, 24, and 48 h postinfection is shown in
Fig. 3A, and the data indicate that there was a 31-fold increase
in the level of MDC transcription in infected DCs at 2 h
postinfection.

Having found transcriptional up-regulation of MDC, we
then investigated the MDC protein levels in DC culture super-
natants. A sandwich ELISA was performed to determine the
levels of secreted MDC derived from culture supernatants
from Salmonella-infected and uninfected DCs collected at 6
and 24 h postinfection. Serial dilutions of recombinant MDC/
CCL22 (R&D Systems) were used to generate a standard
curve. The results show that the concentration of the MDC
protein was low but detectable in the supernatants of infected
and uninfected DCs at 6 h postinfection (6.3 ng/ml for unin-
fected DCs and 4.8 ng/ml for infected DCs), while at 24 h
postinfection the supernatant from infected DCs contained a
larger amount of secreted MDC protein (626 ng/ml) than the
supernatant from uninfected DCs contained (281 ng/ml) (Fig.
3B).

FIG. 1. Flow cytometric cell sorting of DCs after S. enterica serovar Typhimurium infection. DCs were either mock infected (A) or infected with
GFP-expressing S. enterica serovar Typhimurium strain BRD509/GF3 for 6 h (B). Uninfected DCs and Salmonella-infected DCs were sorted with
a flow cytometric cell sorter by using the phenotypes MHC-II low (box in panel A) and GFP � MHC-II low (box in panel B), respectively.

FIG. 2. Up-regulation of MDC in DCs during S. enterica serovar
Typhimurium infection. (A) Differential display was used to identify
differentially expressed genes in DCs following S. enterica serovar
Typhimurium BRD509/GF3 infection. A portion of a differential dis-
play gel is shown. The arrow indicates the position of a differentially
displayed band whose intensity was reduced in uninfected DCs (lane
U) compared with infected DCs (lane I). Subsequent sequencing and
a BLAST search against the GenBank database assigned this differ-
ential display product to the MDC gene. (B) Northern blotting was
used to confirm the increased expression of MDC. RNA was extracted
from sorted uninfected and infected DCs, hybridized with the MDC-
specific DNA probe, and then washed and rehybridized with the �-ac-
tin gene probe. The hybridization pattern was analyzed with a phos-
phorimager.
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Salmonella-infected DCs induced T-cell migration. Because
MDC is chemoattractive to T cells, macrophages, DCs, and
NK cells (8, 9, 14, 37, 39), the ability of secreted MDC to
induce T-cell migration was examined with a chemotaxis assay.
As a positive control, recombinant MDC/CCL22 (R&D Sys-
tems) induced T-cell migration in a dose-dependent manner,
which was completely inhibited by rat anti-mouse MDC neu-
tralizing antibody (R&D Systems) at a concentration of 10
�g/ml (Fig. 4A). Supernatants of infected and uninfected DC
cultures were diluted 1:5 with DC culture medium and were
used to induce T-cell migration. The results showed that both
supernatants elicited T-cell migration compared with the back-
ground control. Furthermore, the number of cells migrating in
response to the supernatant of Salmonella-infected DCs was
higher than the number of cells migrating in response to the
supernatant of uninfected DCs (Fig. 4B), indicating that the
supernatant of infected DCs is more chemoattractive to T cells
than the supernatant of uninfected DCs. To determine
whether MDC contributed to the induction of T-cell migra-
tion, supernatants were incubated with anti-MDC neutralizing
antibody (R&D Systems) before they were used to induce
T-cell migration. As shown in Fig. 4B, anti-MDC antibody
inhibited supernatant-induced T-cell migration, suggesting
that MDC was probably the major functional chemoattractant
of T cells in these DC-derived supernatants.

The chemotaxis assay was also used to test the biological
activity of rabbit anti-MDC antiserum generated in this study.
The results showed that rabbit anti-MDC antiserum inhibited
rmMDC-induced T-cell migration at dilutions of 1:5 and 1:50.
In contrast, the control antiserum (rabbit anti-GST antiserum)

did not inhibit rmMDC-induced T-cell migration (Fig. 4C). In
addition, rabbit anti-MDC antiserum, but not the control an-
tiserum, inhibited T-cell migration induced with supernatant
from infected DCs (Fig. 4D). The various background levels of
T-cell migration in individual experiments were likely due to
the use of different culture media.

Effect of MDC neutralization on the anti-S. enterica serovar
Typhimurium immune response. To examine the biological
function of MDC in vivo, rabbit anti-MDC antiserum was
injected i.p. into mice. The effect of MDC neutralization on
bacterial growth was examined (Fig. 5A). Mice were injected
i.p. with 0.5 ml of the anti-MDC antiserum or the control
antiserum, and 1 day later each mouse was inoculated intra-

FIG. 3. MDC expression in DCs. (A) Real-time RT-PCR was used
to study the kinetic expression of the MDC gene in DCs following S.
enterica serovar Typhimurium infection and sorting of infected and
uninfected cells. The data are the relative expression levels of MDC
compared to the expression levels of GAPDH in uninfected DCs which
were sorted 2 h after mock infection (solid bar) or in S. enterica serovar
Typhimurium-infected DCs sorted at different times postinfection (in
hours) (cross-hatched bars). The results of one of two experiments are
shown, and the results were similar in the different experiments.
(B) MDC protein expression as determined by an ELISA (detection
limit, 	0.04 ng/ml). At 6 and 24 h after infection and sorting, culture
supernatants from uninfected DCs (solid bars) and infected DCs
(cross-hatched bars) were collected, and the amounts of MDC in the
supernatants were analyzed. U6 and U24, uninfected cells at 6 and 24 h
postinfection, respectively; I6 and I24, infected cells at 6 and 24 h
postinfection, respectively.

FIG. 4. MDC-induced chemotaxis of CD4 � T cells. Purified CD4
� cells (1.5 � 10 5 cells) were added to the upper wells of a micro-
chamber, and medium was added to the lower chamber. The data are
the means and standard errors for duplicate samples. (A) Migratory
responsiveness of CD4 � T cells to increasing doses of rmMDC (�)
and in the presence of 10 �g of rat anti-mouse MDC antibody per ml
(F). (B) Migration of CD4 � T cells induced by MDC in the DC
culture supernatant. Bar 1, infected DC supernatant diluted 1:5; bar 2,
infected DC supernatant diluted 1:5 plus anti-mouse MDC; bar 3,
uninfected DC supernatant diluted 1:5; bar 4, uninfected DC super-
natant diluted 1:5 plus anti-mouse MDC. (C) Migration of CD4 � T
cells was inhibited by rabbit anti-MDC antiserum but not by the con-
trol antiserum. Bar 1, 250 ng of rmMDC per ml; bar 2, rmMDC plus
anti-MDC antiserum diluted 1:5; bar 3, rmMDC plus anti-MDC anti-
serum diluted 1:50; bar 4, rmMDC plus control antiserum diluted 1:5;
bar lane 5, rmMDC plus control antiserum diluted 1:50. (D) Bar 1,
infected DC supernatant diluted 1:5; bar 2, infected DC supernatant
diluted 1:5 plus anti-mouse MDC; bar 3, infected DC supernatant
diluted 1:5 plus anti-MDC antiserum diluted 1:10; bar 4, infected DC
supernatant diluted 1:5 plus control anti-GST antiserum diluted 1:10.
The dotted lines indicate the background migration observed in me-
dium-only control samples.
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venously with attenuated S. enterica serovar Typhimurium
strain BRD509. In order to completely block MDC function,
further injections of antiserum (0.5 ml) were administered on
days 7 and 14. To determine the bacterial loads at different
times after immunization, spleens were collected, and the
number of bacteria was enumerated by viable counting. The
results showed that the bacterial loads in the spleens in both
groups (control antiserum- and anti-MDC antiserum-treated
mice) increased from day 7 to day 21. The mean bacterial
numbers in the anti-MDC antiserum-treated mice were greater
than the numbers in the control antiserum-treated mice; how-
ever, the difference was not statistically different. Next, the
effect of passive transfer of anti-MDC antiserum on the clear-
ance of wild-type S. enterica serovar Typhimurium SL1344 in
naı̈ve and immunized mice was evaluated. Mice were immu-
nized with BRD509 by using a regimen known to elicit protec-
tive immune responses (50). One day prior to challenge, naı̈ve
or immunized mice were treated with anti-MDC antiserum or
control antiserum. On days 3 and 5 postchallenge, the Peyer’s
patches, mesenteric lymph nodes, spleen, and liver of each
mouse were collected, and the number of S. enterica serovar
Typhimurium SL1344 cells was determined by viable counting.
Figure 5B shows the bacterial counts in the spleens of naı̈ve
and immunized mice on day 5 postchallenge. The bacterial
load in the naı̈ve mice was approximately 1,000-fold higher
than the bacterial load in the immunized mice, indicating that
the immunized mice were able to control the challenge infec-
tion. No statistically significant difference (as determined by
the Mann-Whitney U test) was observed in the number of
bacteria detected when anti-MDC antiserum-treated mice and
control antiserum-treated mice were compared for either the
naı̈ve or immunized animals. Similar patterns were observed in
the other organs and tissues that were examined (data not
shown).

The effect of MDC neutralization on the number of S. en-

terica serovar Typhimurium-specific IFN-�-secreting cells (pre-
sumably T cells) in the spleen was also determined. The num-
bers of IFN-�-producing splenocytes present in the anti-MDC
antiserum- and control antiserum-treated BRD509-immunized
mice were determined by using an ELISPOT assay 3 days after
challenge with wild-type S. enterica serovar Typhimurium
SL1344. As Fig. 5C shows, the anti-MDC antiserum-treated
mice had a lower average number of IFN-�-secreting cells in
the spleen (73 
 27 cells/106 cells) than the control antiserum-
treated mice had (113 
 45 cells/106 cells), although again the
difference was not statistically significant (P � 0.074, as deter-
mined by the Mann-Whitney U test).

DISCUSSION

In this study, we used GFP-expressing S. enterica serovar
Typhimurium to infect DCs and then used flow cytometry to
sort infected DCs from uninfected DCs. This was done because
infection of DCs with Salmonella does not guarantee infection
of each individual DC and only a proportion of DCs in the
culture are infected, while the remaining DCs are noninfected
bystanders. These two cell populations may be functionally
different; e.g., they may differ in their antigen presentation
capabilities (52, 54) and thus differ in their gene expression
profiles. In addition, DCs have two distinct developmental
stages (immature and mature). It is well established that im-
mature DCs are more effective at antigen capture and process-
ing, whereas mature DCs are the major antigen-presenting
cells (2, 3). The different functions of immature and mature
DCs are almost certainly reflected by differences in the gene
expression profiles. Thus, the use of flow cytometry to selec-
tively sort uninfected and infected DCs which express the same
level of MHC-II not only reduced the potential interference
derived from sorting manipulation but also facilitated the iden-
tification of the bacterial infection-related genes. The finding

FIG. 5. Effects of MDC-specific antiserum on in vivo anti-S. enterica serovar Typhimurium immune responses. Groups of five mice were
injected i.p. with 0.5 ml of rabbit anti-MDC antiserum (cross-hatched bars) or isotype control anti-GST antiserum (open bars). The bars and error
bars indicate the means and standard deviations, respectively, for each group of mice, and the solid dots indicate the values for individual mice.
(A) On day zero, mice were injected i.p. with antiserum, and on day 1 mice were immunized intravenously with 100 CFU of S. enterica serovar
Typhimurium BRD509. On days 7 and 14, two more injections of antiserum were administered. The bacterial load in each mouse spleen was
determined by plating serial dilutions of spleen homogenates. (B) Naı̈ve and BRD509-immunized mice were injected i.p. with antiserum 1 day prior
to oral challenge infection with wild-type S. enterica serovar Typhimurium SL1344. On day 5 after the challenge, the bacterial load in each mouse
spleen was determined by viability counting. (C) Effect of MDC neutralization on the number of IFN-�-secreting cells present in the spleens of
BRD509-immunized mice 3 days after challenge infection with SL1344 as determined by an ELISPOT assay. The nonparametric Mann-Whitney
U test was used for statistical analysis.
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that the majority of infected DCs were immature DCs, char-
acterized by MHC-IIlow expression, supported the hypothesis
that immature DCs are more phagocytic than mature DCs or
are more readily invaded by S. enterica serovar Typhimurium.

Although the up-regulation of MDC mRNA was initially
identified in DCs infected with an attenuated Salmonella
strain, further study by real-time RT-PCR showed that wild-
type Salmonella infection of DCs can also induce a similar
increased level of MDC mRNA (data not shown). This finding
supports previous microarray studies which revealed increased
transcription of chemokines, such as macrophage inflamma-
tory protein 1� (MIP-1�), in Salmonella-infected cells (36) and
a potential role for these important mediators in host immu-
nity. The successful activation of an effective host immune
response requires communication between immune cells dur-
ing their activation and during their mobilization to the site of
infection (26). The chemokine system plays a crucial role in
this process. For example, T-cell migration can be promoted by
T-cell-attracting chemokines secreted by DCs (11), which can
enhance the interaction between DCs and relatively rare anti-
gen-specific T cells.

In mice, high levels of MDC mRNA expression were found
in activated splenic B cells and DCs (39). In studies of human
cells, DCs, B cells, and macrophages produced MDC consti-
tutively, while NK cells, monocytes, and CD4� T cells pro-
duced MDC upon stimulation (1). The stimulators for MDC
expression include lipopolysaccharide, interleukin-4 (IL-4), IL-
13, IL-1, and tumor necrosis factor alpha (1, 5), while the
inhibitors include IFN-� and IL-12 (5, 15). The study described
here is the first study to show that S. enterica serovar Typhi-
murium infection can induce MDC expression by DCs. More-
over, in an attempt to examine the kinetic expression of MDC,
we found that MDC transcription was increased as early as 2 h
postinfection and declined to basal levels 48 h later. In order to
determine whether the up-regulation of MDC at the mRNA
level leads to up-regulation of MDC protein expression, we
quantified secreted MDC in culture supernatants of S. enterica
serovar Typhimurium-infected and uninfected DCs by ELISA.
The results showed that the secreted MDC protein was present
at an increased level in the supernatant of infected DCs com-
pared with the supernatant of uninfected DCs at 24 h postin-
fection but not at an early time (6 h postinfection). This un-
synchronous up-regulation of MDC mRNA and protein may
reflect the lag between mRNA expression and protein secre-
tion. Nonetheless, these results together suggested that MDC
may play a role in the host’s anti-Salmonella immune response.

Within macrophages, Salmonella infection can induce the
up-regulation of chemokines, such as MIP-1�, MIP-1�, and
MIP-2� (36). Given the essential roles that DCs and macro-
phages play in immune responses, we hypothesized that by
increasing the expression and secretion of MDC, DCs attract T
cells and enhance the cell-cell contact between DCs and T cells
to effect an anti-Salmonella immune response. To examine this
hypothesis, we investigated the function of MDC in vitro and
in vivo. By using a chemotaxis assays, we found that culture
supernatants of uninfected and infected DCs induced the mi-
gration of activated CD4� T cells but not the migration of
naı̈ve T cells (data not shown) and that the supernatant of
infected DCs was more chemoattractive than the supernatant
of uninfected DCs. Moreover, neutralization of MDC by the

MDC-specific antibody completely abrogated the chemoat-
tractive capacity of the supernatants. These results suggested
that secreted MDC in DC supernatants was responsible for the
observed T-cell migration and that Salmonella infection-in-
duced increased transcription of MDC could lead to more
potent recruitment of activated T cells.

In the past few years, in vivo studies have suggested that
MDC plays an important role in immunity. For example, Kiku-
chi and Crystal reported that MDC chemoattracts T cells in
vivo (21), and antigen-specific T cells can rapidly acquire MDC
responsiveness in vivo after subcutaneous injection of antigen
(44). A pivotal role for MDC was found in mice during exper-
imental sepsis induced by cecal ligation and puncture (29). In
this model, administration of MDC conferred protection to
mice; it increased the animal survival rate, reduced the bacte-
rial load, and enhanced bacterial clearance. Conversely, neu-
tralization of endogenous MDC by administration of anti-
MDC antibody decreased the recruitment of peritoneal
macrophages and increased the bacterial load. Considering
these previously described findings and our findings, we hy-
pothesized that neutralization of endogenous MDC in Salmo-
nella-infected mice might exacerbate the infection or at least
might not have a beneficial effect. The rabbit anti-MDC anti-
serum raised in this study was thoroughly tested before admin-
istration to mice for its ability to neutralize MDC in vitro. This
anti-MDC antiserum not only inhibited T-cell migration in-
duced by recombinant murine MDC (i.e., MDC produced in E.
coli) but also completely blocked T-cell migration induced by
supernatant obtained from S. enterica serovar Typhimurium-
infected DCs. We investigated the effect of MDC neutraliza-
tion on the in vivo growth of attenuated S. enterica serovar
Typhimurium, the clearance of virulent S. enterica serovar Ty-
phimurium from immune animals, and the number of S. en-
terica serovar Typhimurium-specific IFN-�-secreting cells. We
report here that no statistically significant difference was ob-
served between the treatment and control groups for any of
these measures. The failure of the passively transferred rabbit
anti-MDC antiserum to inhibit MDC-mediated immune phe-
nomena could be explained in a number of ways. First, MDC
may play only a minor, if any, role in vivo in anti-Salmonella
immunity. Second, the biological function of MDC may be
redundant. Redundancy of chemokines has been reported pre-
viously (27), and the absence of MDC may be compensated for
by other chemokines. Third, we cannot rule out the possibility
of incomplete neutralization of MDC in vivo. It is not unlikely
that the rabbit antiserum may not reach the local in vivo sites
where Salmonella-infected DCs reside in high enough concen-
trations. During this experiment we found that increased levels
of MDC were present in the sera of infected mice compared
with the levels in normal mice (mean levels, 0.18 and 0.08
ng/ml, respectively), but attempts to show that there was a
reduction in the level of the chemokine in mice which received
the MDC-specific rabbit sera were hindered by the presence of
high levels of circulating rabbit antibodies. It may be necessary
to develop MDC gene knockout mice to more fully understand
the role of this chemokine in the murine model of S. enterica
serovar Typhimurium immunity.

The type of study reported here is important in the post-
genomic era, in which the functionality of the numerous gene
products identified in transcriptome and proteome analyses
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must now be established. Studies to date indicate that the
immune response to Salmonella in the murine model is the
complex result of the interaction of many cellular and soluble
factors, and only through systematic analysis of putative medi-
ators will a more complete understanding of the individual
components be established.
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