
Immun Inflamm Dis. 2021;9:891–904. wileyonlinelibrary.com/journal/iid3 | 891

Received: 18 February 2021 | Revised: 10 April 2021 | Accepted: 13 April 2021

DOI: 10.1002/iid3.445

OR IG INAL ART I C L E

CCL17‐expressing dendritic cells in the intestine are
preferentially infected by Salmonella but CCL17 plays a
redundant role in systemic dissemination

Anna B. Erazo1,2 | Nancy Wang2 | Lena Standke3 | Adrian D. Semeniuk1,2 |

Lorenz Fülle1 | Sevgi C. Cengiz1 | Manja Thiem1 | Heike Weighardt1 |

Richard A. Strugnell2 | Irmgard Förster1

1Immunology and Environment, Life and Medical Sciences (LIMES) Institute, University of Bonn, Bonn, Germany
2Department of Microbiology and Immunology, The University of Melbourne at the Peter Doherty Institute for Infection and Immunity, Melbourne,
Victoria, Australia
3Department for Innate Immunity and Metaflammation, Institute of Innate Immunity, University Hospital Bonn, Medical Faculty, Bonn, Germany

Correspondence
Irmgard Förster, Immunology and
Environment, Life and Medical Sciences
(LIMES) Institute, University of Bonn,
Carl‐Troll‐Str 31, D‐53115 Bonn, Germany.
Email: irmgard.foerster@uni-bonn.de

Funding information

National Health and Medical Research
Council, Grant/Award Number: 1092262;
Australian Research Council,
Grant/Award Number: Discovery Project
DP200103110; Melbourne Research,
University of Melbourne,
Grant/Award Number: Scholarship to
A.D.S.; Deutscher Akademischer
Austauschdienst, Grant/Award Numbers:
57388494, 57511500; Jürgen Manchot
Stiftung, Grant/Award Number: MOI;
Deutsche Forschungsgemeinschaft,
Grant/Award Number: IRTG2168

Abstract

Introduction: Salmonella spp. are a recognized and global cause of serious

health issues from gastroenteritis to invasive disease. The mouse model of

human typhoid fever, which uses Salmonella enterica serovar Typhimurium

(STM) in susceptible mouse strains, has revealed that the bacteria gain access

to extraintestinal tissues from the gastrointestinal tract to cause severe sys-

temic disease. Previous analysis of the immune responses against Salmonella

spp. revealed the crucial role played by dendritic cells (DCs) in carrying STM

from the intestinal mucosa to the mesenteric lymph nodes (mLNs), a key site

for antigen presentation and T cell activation. In this study, we investigated

the influence of chemokine CCL17 on the dissemination of STM.

Methods: WT, CCL17/EGFP reporter, or CCL17‐deficient mice were infected

orally with STM (SL1344) or mCherry‐expressing STM for 1–3 days. Coloca-

lization of STM with CCL17‐expressing DCs in Peyer's patches (PP) and mLN

was analyzed by fluorescence microscopy. In addition, DCs and myeloid cell

populations from naïve and Salmonella‐infected mice were analyzed by flow

cytometry. Bacterial load was determined in PP, mLN, spleen, and liver 1 and

3 days after infection.
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Results: Histological analysis revealed that CCL17‐expressing cells are located
in close proximity to STM in the dome area of PP. We show that, in mLN, STM

were preferentially located within CCL17+ rather than CCL17− DCs, besides

other mononuclear phagocytes, and identified the CD103+ CD11b− DC subset

as the main STM‐carrying DC population in the intestine. STM infection

triggered upregulation of CCL17 expression in specific intestinal DC subsets in

a tissue‐specific manner. The dissemination of STM from the gut to the mLN,

however, was only moderately influenced by the presence of CCL17.

Conclusion: CCL17‐expressing DCs were preferentially infected by Salmo-

nella in the intestine in comparison to other DC. Nevertheless, the production

of CCL17 was not essential for the early dissemination of Salmonella from the

gut to systemic organs.
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1 | INTRODUCTION

Salmonella enterica infect a wide range of animals, from
mammals, birds to reptiles and have been a recognized
cause of infectious diseases in humans for centuries.
Salmonella is generally acquired through the ingestion of
contaminated food or water. The bacterium survives pas-
sage through the stomach and replicates in the small in-
testine.1 In humans, the diseases caused by S. enterica
range from asymptomatic carriage to a potentially fatal
systemic infection. S. enterica serovars Typhi and Para-
typhi cause typhoid and paratyphoid fever, respectively,
which present as febrile, systemic infections,2 with over 20
million new cases and 120,000 deaths annually. In con-
trast, non‐typhoidal Salmonella serovars such as S. en-
terica serovar Typhimurium (STM) and serovar Enteritidis
(STE) are a frequent cause of gut‐associated gastroenteritis
in developed countries.2 More recently, a subset of STM
and STE strains have been linked to invasive non‐
typhoidal Salmonellosis (iNTS) in sub‐Saharan Africa with
20%–25% mortality.3–5 An experimental model of iNTS
can be reproduced by oral infection of susceptible mouse
strains with STM.6

Following oral ingestion, STM crosses the protective
epithelial barrier through phagocytic M cells in the follicle‐
associated epithelium (FAE) overlying the Peyer's patches
(PP). In addition, STM can induce its own uptake by non‐
phagocytic enterocytes through its virulence‐associated type
3 secretion system (T3SS) encoded by Salmonella Patho-
genicity Island 1 (SPI‐1). The third route of invasion is via
trans‐epithelial sampling by mononuclear phagocytes that
reside immediately on the basal side of the gut epithelial
linings.7–11

Independent of the specific mechanism(s) by which STM
enters the host gut tissue, the processes that enable STM to
spread from the intestine to the draining lymph nodes (LN),
and on to the circulation, are a key focus in understanding
the systemic disease caused by STM. In situ, STM is found
inside a range of phagocytic cells including dendritic cells
(DCs),12–14 neutrophils,14–16 inflammatory monocytes,15 and
macrophages (Mφ).14,15,17 Careful analysis of infected tissues
indicates that the great majority of viable bacteria in tissues
are found within Mφ.15,18,19 It is also clear that phagocytes
affect STM in different ways. Neutrophils and inflammatory
monocytes exhibit potent antibacterial activity.15 In contrast,
STM‐containing Mφ has been associated with a reduced
ability to kill intracellular bacteria.15,17 In STM‐infected DCs,
SteD‐dependent downregulation of surface MHCII results in
suppression of antigen presentation and T cell activation.20

Moreover, STM has been observed in some B cells within the
mesenteric LN (mLN), but only DCs have been shown to
carry viable STM from the intestine through the lymphatics
to the mLN.14

Cell migration and antigen presentation are critical steps
in controlling systemic dissemination of a pathogen and the
induction of adaptive immunity, especially where the
pathogen typically resides intracellularly. The chemokine
CCL17, a ligand of CCR4, was originally identified in the
thymus21 and later described in a subset of conventional DC
(cDC) in different barrier organs such as the gut and the skin
and their draining LN.22 In vitro and in vivo studies suggest
that the major functions of CCL17 include the induction of
T cell chemotaxis via the receptor CCR4,23,24 the initiation of
DC–T cell interactions25 and the support of DC migration.26

CCL17 promotes cutaneous DC migration from the skin by
enhancing responsiveness to the CCR7 (CCL19/21) and
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CXCR4 (CXCL12) ligands.26 In the immune system, CCL17
is classified as a dual‐function chemokine, exhibiting both
homeostatic and inflammatory functions.27 In mouse mod-
els, CCL17 is involved in the induction or enhancement of a
broad spectrum of inflammatory and allergic diseases, in-
cluding atopic dermatitis, colitis, and arthritis.22–24,26,28,29 In
contrast to inflammatory and allergic diseases, the role of
CCL17 in infectious diseases is less well understood.

In this study, we aimed to investigate the role of CCL17
during the early phase of infection, including bacterial
spreading from the intestine to the draining LN. We de-
monstrate that the frequency of CCL17+ cells increases
after STM infection and that STM+ DCs contain a higher
proportion of CCL17+ cells than noninfected DCs. Never-
theless, the early dissemination of STM to systemic organs
was only marginally affected by the presence of CCL17.

2 | MATERIALS AND METHODS

2.1 | Mice

Mice were housed under specific pathogen‐free (SPF) con-
ditions in the Genetic Resources Center (GRC) of the Life &
Medical Sciences (LIMES) Institute, University of Bonn,
Germany, or in the Biological Research Facility of the De-
partment of Microbiology and Immunology, The University
of Melbourne, at Peter Doherty Institute for Infection and
Immunity, Australia. All animal experiments were per-
formed with age‐ and sex‐matched mice using male or fe-
male 8–14 weeks old wild‐type (wt) (C57BL/6J‐RCCHsd),
CCL17E/+, or CCL17E/E mice. CCL17E/+ and CCL17E/E mice
were generated as previously described22 and backcrossed
onto the C57BL/6J‐RCCHsd background. Both CCL17E/+

and CCL17E/E mice express the enhanced green fluorescent
protein (EGFP) under control of the endogenous Ccl17
promoter from either one or both alleles. All mice were bred
in‐house. Animal experiments performed in Bonn were ap-
proved by the government of North Rhine‐Westphalia,
Germany (Az 84‐02.04.2013.A084, Az 81‐02.04.2018.A094).
Experiments performed in Melbourne were approved by the
University of Melbourne Animal Ethics Committee (AEC)
(project 1613898), and complied with the National Health
and Medical Research Council (NHMRC) Australian Code
of Practice for the Care and Use of Animals for Scientific
Purposes (8th edition, 2013).

2.2 | Bacterial infection

All STM strains used were derived from wt STM SL1344.
For infection, a single bacterial colony was grown in
Luria–Bertani (LB) broth shaking at 160 rpm and at 37°C

overnight. The following day, the overnight culture was
subcultured in fresh LB broth at 1:100 and grown for 3 h
shaking at 160 rpm and at 37°C. Bacteria were harvested
by centrifugation (3700 rpm for 10min) followed by two
washing steps with sterile phosphate‐buffered saline
(PBS). The concentration of bacteria was adjusted to
1–2.5 × 109 CFU wt STM or mCherry STM30 in a volume
of 200 μl of LB broth and 10% sodium bicarbonate mixed
at 1:1 ratio. Mice were infected via oral gavage.

2.3 | Microscopy

For immunohistochemistry of mLN and PP, tissue samples
were fixed overnight in 4% paraformaldehyde (PFA), dehy-
drated for 3 h in a 30% sucrose solution, embedded in Tissue‐
Tek™ Cryomold™ with tissue freezing medium and stored
at−20°C. Frozen samples were cut into 10‐μm thick sections
using a Leica CM3050 S cryostat, transferred to specimen
slides, fixed in acetone for 5min, washed in PBS, air‐dried,
and finally stored at −80°C. Samples were thawed im-
mediately before staining and rehydrated in PBS for 5min.
Slides with samples were placed in a humidified chamber for
blocking and staining. Tissue sections were covered with
histo block (PBS, 1% BSA, 2% donkey serum, 2% goat serum)
and incubated at RT for 2 h. Then samples were subjected to
staining with primary antibodies (polyclonal rabbit anti‐RFP
[Rockland], polyclonal rat anti‐EGFP [BioLegend]) in PBS
with 1% fetal calf serum (FCS) overnight at 4°C. Sections
were washed with PBS and then covered with secondary
antibodies (polyclonal anti‐rabbit IgG and anti‐rat IgG
[Thermo Fisher Scientific]) in PBS with 1% FCS for 2 h at
RT. Subsequently, samples were washed with PBS, stained
with DAPI (1:1000) for 10min at RT, and washed again.
Finally, they were covered with Mowiol and coverslips, and
stored at 4°C. Images of stained samples were acquired using
the Keyence BX9000 or the LSM 780 ZEISS for confocal
images and analyzed with ImageJ (Rasband, W.S., ImageJ,
U.S. National Institutes of Health).

2.4 | Cell isolation

The mLN and small intestines (SIs) were collected in ice‐
cold HBSS with 10% FCS. SI was flushed with ice‐cold
PBS and PP was extracted. Remaining fat tissue was re-
moved from mLN. Organs were stored in ice‐cold HBSS
with 10% FCS. Organs were pretreated with 100 μg/ml
gentamicin for 30min at RT and then washed with PBS.
Next, organs were digested in digestion buffer (RPMI
with 5% FCS, 100 U/ml Liberase™ [Merck], and 5 U/ml
DNase [Merck]) for 20min shaking at 37°C, then pushed
through a 70 μm cell strainer to generate single‐cell
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suspension. Finally, single cells were filtered, washed
with FACS buffer, and resuspended in FACS buffer for
further processing.

2.5 | Flow cytometry

Before cell surface staining, samples were incubated with Fc‐
block™ (BD Biosciences). Staining was performed in PBS
with 2% FCS and 5mM EDTA for 45min on ice. A com-
bination of fluorochrome‐conjugated monoclonal antibodies
was used, specific to mouse CD19 (PE‐Cy7 – clone eBio1D3),
CD3 (AF700 – clone 17A2) or TCRβ (PE‐Cy7 – clone H57‐
597), CD11b (BV711 – clone M1/70), CD11c (BV786 – clone
HL3), CD45 (BV605 – clone 30‐F11), CD103 (BV421 – clone
M290), CD64 (AF647 – clone X54‐5/7.1), Ly6C (BV605 –
clone AL21), and MHCII (PerCP‐Cy5.5 – clone M5/114.15.2)
and were purchased either from BD Biosciences, BioLegend,
or eBioscience. To determine cell viability, fixable viability
dye eFluor 780 (eBioscience) was added to samples. To de-
tect intracellular STM, viable cells were stained for the sur-
face markers, fixed, and permeabilized using the
eBioscience™ Foxp3/Transcription Factor Staining Buffer
Set (eBioscience) according to the manufacturer's protocol
and incubated with a PE‐labeled anti‐Salmonella‐LPS
monoclonal antibody (clone 1E6; Abcam). In fixed cells,
EGFP was counterstained with an AF488 labeled polyclonal
anti‐GFP antibody (Abcam). Data was collected using a
BD™ LSR II flow cytometer or a BD LSRFortessa™ cell
analyzer. Data analysis was done using the FlowJo™
software.

2.6 | Bacterial recovery

The numbers of inoculated bacteria and bacterial load in
tissues were determined by viable plate count. Livers and
spleens were dissected and homogenized using a stomacher
(Seward). For PP and mLN single‐cell preparations as de-
scribed above (cell isolation) were used. Bacteria present in
tissues were quantified by plating serial dilutions on LB agar.
LB agar was supplemented with streptomycin 50 μg/ml for
wt SL1344, and chloramphenicol 100 μg/ml for the experi-
ments using mCherry STM.

2.7 | Statistical analysis

Data were analyzed with GraphPad Prism 6 (GraphPad
Software) using unpaired t‐test for comparison between two
groups, or one‐way ANOVA with Tukey's posttests and two‐
way ANOVA with Bonferroni's posttests for multiple com-
parisons. Statistical significance was denoted as not

significant (ns) p> .05, *p< .05, **p< .01, ***p< .001, and
****p<0.0001 as indicated in the figure legends.

3 | RESULTS

3.1 | CCL17‐expressing cells are located
in close proximity to Salmonella in the
dome area of PP

During STM infection, microfold (M) cells and PP are the
main entry points for bacteria from the GI tract,1,31 where
they are taken up by DC and other cells.10,32 PP are also a
site where CCL17+ cells are known to accumulate.22 These
observations suggest potential interactions between CCL17+

cells and STM in the PP and in mLN. In this study,
CCL17E/+ reporter mice and CCL17E/E (i.e., CCL17 knock-
out) mice were orally gavaged with mCherry‐expressing
STM. Due to a gene dosage effect, CCL17E/+ mice which
carry one target‐disrupted and one wt Ccl17 allele produce
approximately half the amount of CCL17 as observed in wt
mice, whereas CCL17E/E mice express the EGFP reporter
from both targeted alleles and are deficient for CCL17. Thus,
CCL17‐expressing cells were identified by green fluorescence
and bacteria by red fluorescence. PP and mLN were ana-
lyzed via immunofluorescent microscopy. Histological ana-
lysis of PP sections from CCL17E/+ and CCL17E/E mice
showed STM and EGFP/CCL17‐expressing cells located in
close proximity to each other in the subepithelial dome re-
gion (SED) of PP (Figure 1A). In some cases, STMwas found
inside of EGFP+ cells (Figure 1A). In contrast to observations
made in the PP, the distribution of bacteria in the mLN of
CCL17E/+ and CCL17E/E mice was not restricted to the areas
where EGFP+/CCL17+ cells were localized; STM expressing
mCherry were detected throughout the mLN (Figure 1B).
These findings demonstrate that CCL17‐expressing cells are
located in the vicinity of STM in the SED area of PP and in
some cases STM can also be detected within CCL17+ cells.
The absence of CCL17, however, did not interfere with the
localization of EGFP+ cells, or STM, in PP or mLN.

3.2 | CCL17‐expressing DC harbor
Salmonella Typhimurium in mLN

Since STM and CCL17‐expressing cells reside in very close
proximity to each other in the SED area of PP, it was of
interest to investigate whether CCL17+ DCs might be
specifically targeted by STM. Several studies have in-
vestigated the cell populations responsible for the trans-
port and therefore spreading of Salmonella from the gut to
the mLN. DCs have been identified to be ́highjacked ́ by
STM for intracellular transportation from the intestine to
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the mLN.12,14,33 In addition to DCs, Mφ, and monocytes
can also ingest STM after in vivo infection,14,34 but only
DCs have been proven to carry viable bacteria from the
gut to the draining lymph nodes.14 To assess whether

CCL17+ cells are preferentially infected by STM and
whether the frequency of STM+ cells in mLN is influenced
by CCL17, Wt, CCL17E/+ reporter, and CCL17‐deficient
CCL17E/E mice were orally gavaged with STM SL1344.

FIGURE 1 CCL17‐expressing cells localize together with Salmonella Typhimurium in the dome area of Peyer's patches. CCL17E/+ and
CCL17E/E mice were orally gavaged with 2.5 × 109 STM expressing mCherry. PP and mLN were isolated 3 days postinfection, fixed, and
subjected to immunofluorescent staining. Images of vertical sections through the PP (A) and through mLN (B) were analyzed via fluorescent
microscopy. Shown are CCL17+/EGFP+ cells (green), STM (red), and nuclei (blue) in pseudo‐color. First left panel depicts a representative
structure of the analyzed organ; red box indicates analyzed area of organ. Pseudo‐color merged images are depicted in the panels on the left.
Scale bars are included in the merged image. White arrows indicate STM (n= 9), three independent experiments were performed,
representative images are shown. 20× images were taken on a Keyence BX9000 digital microscope. The 63× image shown in (A) is from a
different area of the same section (CCL17E/E) and was taken on a confocal microscope
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mLN were isolated 36 h postinfection and the mono-
nuclear phagocyte (MNP) compartment was initially
analyzed for CCL17/EGFP expression. For these analyses,
we isolated the entire string of mLN located adjacent to
the proximal colon in the mesentery, some of which drain
the SI and some the proximal colon.35 As shown in
Figure 2A, viable, single, Lin− (T and B cells excluded)
cells were first separated based on their level of CD11b, a
common marker found on myeloid cells including neu-
trophils, monocytes, and Mφ, as well as a subset of DCs.
Within the CD11bhi (R1) gate, Ly6CintCD64neg cells were
identified as neutrophils (Figure S1), and the remaining
cells were further characterized based on Ly6C and
MHCII expression using “waterfall” gates, as monocytes
(Ly6ChiMHCIIneg), monocyte/Mφ intermediates (Ly6-
ChiMHCIIhi) and monocyte/Mφ/DC mixed population
(Ly6CnegMHCIIhi). Cells that were CD64negCD11bint/neg

(R2) were further analyzed for CD11c and MHCII ex-
pression, those that were CD64negCD11c+MHCII+ were
identified as DCs (Figure 2A). Based on this gating strat-
egy, DCs and monocytes were among the most abundant
myeloid cells in the mLN at 36 h postinfection with STM
(Figure S2). Notable CCL17 expression was only observed
in DCs and the Ly6CnegMHCIIhi mixed population. The
latter population contained more than 70% CD11c+ cells,
presumably Mφ or DCs (Figure 2B,C and data not shown),
but represented only a very small fraction of cells in the
mLN (Figure S2). This cell population appears to express
low levels of CD64 and high levels of MHCII and, there-
fore, may also contain the recently described in-
flammatory cDC2, which are CD64loCD26+MHCII+.36 As
we did not include CD26 in the staining panel, however,
we cannot precisely assign the identity of these cells. We
evaluated intracellular bacteria using an antibody specific
to STM‐LPS, since the antibody proved to be more sensi-
tive in flow cytometry than the mCherry‐expressing STM
used for histological analysis. STM+ cells were detected
within all myeloid cell subsets analyzed, where the most
abundant STM+ cells were neutrophils, monocytes, and
DCs (Figure 2D). As we excluded B and T cells in the
lineage gate, we cannot draw a conclusion about the
proportion of STM+ cells in lymphocytes. The STM+ cell
count was not significantly affected by the genetic back-
ground of mice (Figure 2D,E), indicating that CCL17‐
deficiency did not alter the frequency of STM+ cells in the
mLN. Furthermore, the correlation between CCL17/EGFP
expression and presence of STM in DCs was assessed.
Approximately one‐third of STM+ DC expressed CCL17,
whereas the proportion of CCL17+ cells was significantly
lower in STM‐ DCs (Figure 2F,G). The overall level of
CCL17 expression was similar in DCs containing STM
compared to uninfected DC (Figure 2H). Together our
data show that DC harbored STM within the mLN

consistent with previous studies,12,14,33 including CCL17+

DCs and that a higher proportion of STM‐containing DCs
was CCL17+ compared to uninfected DCs.

3.3 | Salmonella Typhimurium‐infected
cells are more frequently found in the
CD103+ CD11b− DC subset

Intestinal DCs can be subdivided into four different sub-
populations based on the expression of CD103 and CD11b
according to Cerovic et al.37 In previous studies all DC
subsets have been shown to carry STM within the
mLN.14,33 In line, we also observed that all DC subtypes
contained STM, but the CD103+ CD11b− DC subset (DC‐
C) was disproportionally enriched among the STM‐
carrying cells (Figure 3A). Approximately 56% of all STM+

DC had the CD103+ CD11b− phenotype, which was a
modest but significant enrichment compared with the
normal representation of this DC subset, where CD103+

CD11b− DC (DC‐C) represented approximately 42% of
total DCs (Figure 3B; p< .001). The higher frequency of
STM residing in CD103+ CD11b− DCs (DC‐C) occurred
independently of CCL17 expression (Figure 3B). These
findings suggest that all DC subsets harbor STM, with an
overrepresentation of the CD103+ CD11b− DC (DC‐C)
subset. Finally, the STM distribution was largely un-
affected by the presence or absence of CCL17.

3.4 | CCL17 expression increases in
specific intestinal DC subsets after
Salmonella Typhimurium infection

The analysis showed that CCL17‐expressing DCs are
located at the site of STM uptake in the PP and are, at
least in part, infected with bacteria, hence the level of
CCL17 expression was examined to test whether the
production of the chemokine is affected by STM infec-
tion. CCL17E/+ reporter mice were orally gavaged with
STM SL1344. PP and mLN were isolated 19 h post-
infection and expression levels of CCL17/EGFP in in-
testinal DCs were analyzed via flow cytometry. FACS
analysis revealed a significant increase in the proportion
of specific DC subsets that expressed CCL17 in the mLN
and in the PP after STM infection (Figure 4). In PP, the
DC‐A subset, and especially the DC‐C and DC‐D sub-
populations showed a significant increase in the fre-
quency of CCL17‐expressing cells compared with naïve
controls (Figure 4A,B). In mLN, there were similar in-
creases in the frequency of CCL17 expression in DC‐A
and DC‐B but not in DC‐C and DC‐D, indicating that
infection with STM resulted in an increased frequency
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of CCL17+ cells in some DC subsets. As depicted in
Figure 4C, the level of CCL17 expression per cell as
determined by the mean fluorescence intensity (MFI)
was not significantly altered.

Interestingly, the DC subsets that expressed CD103
(DC‐C and DC‐D) were the subsets that showed the
strongest expansion of CCL17+ cells after STM challenge
in PP. In contrast, in the mLN, the CD103− DC subsets

FIGURE 2 (See caption on next page)

ERAZO ET AL. | 897



demonstrated an increase in CCL17+ cells. These ob-
servations suggested a differential STM‐induced expres-
sion of CCL17 in different DC subsets, depending on the
organ analyzed. It should be noted though that the
CD103+ DC subsets of mLN constitutively express high
levels of CCL17 under homeostatic conditions.

3.5 | CCL17 does not substantially
contribute to the dissemination of
Salmonella Typhimurium

To examine whether the absence of CCL17 affected the
spread of STM from the gut to the mLN and then to
systemic organs, Wt, CCL17E/+ reporter, and CCL17‐
deficient CCL17E/E mice were orally gavaged with STM
SL1344. The PP, mLN, spleen, and liver were isolated 1 or
3 days postinfection and evaluated for bacterial counts.
STM was detected on Day 1 postinfection in all organs
analyzed, with PP having the highest counts, consistent
with oral administration of the bacteria (Figure 5A). CFU
counts from Day 1 did not vary significantly between
mouse strains in the PP, spleen or liver, but were reduced
in the mLN of CCL17‐deficient mice compared with wt
and CCL17E/+ controls (Figure 5A), where there was a
fourfold increase in the wt mice compared with the
CCL17‐deficient CCL17E/E mice. No significant differ-
ences could be detected between wt and CCL17E/+ con-
trols (Figure 5A). In all four organs, CFU counts from Day
3 were increased compared to Day 1, but no differences
were detected between mouse strains in mLN or the other
organs that were investigated (Figure 5B).

Altogether, these results demonstrate a statistically
significant, yet modest influence of CCL17 on the
spreading of STM from the PP to mLN, but not to sys-
temic organs, in the early phase of infection after oral
administration of the bacteria.

4 | DISCUSSION

In this study, we investigated the influence of the pro‐
inflammatory chemokine CCL17 on the uptake and
dissemination of STM during the early critical phase
of infection when bacteria leave the GI tract to initiate
systemic infection. We showed that CCL17‐expressing
cells localize in the vicinity of STM in the SED of PP
and that bacterial infection triggered upregulation of
CCL17 expression in specific intestinal DC subsets in
a tissue‐specific manner. Further, our work reveals
that the proportion of CCL17+ DCs was significantly
higher in STM+ cells compared with noninfected
cells. Nevertheless, deficiency in CCL17 resulted only
in a moderate reduction of the bacterial burden in the
mLN but not in PP or systemic organs one day after
STM infection. These findings indicate that CCL17‐
production in MNP is not essential for early dis-
semination of STM from the intestine to systemic
organs.

In previous studies of naïve CCL17E/+ reporter mice,
we documented the presence of CCL17‐expressing cells
in the SED of PP as well as in the T cell zone of PP and
mLN.22 DCs have been identified as the main source of
CCL17 in several organs, including the mLN.22,38 Hence,
the observation that CCL17+ cells are found in the SED
of PP adjacent to STM supported the hypothesis that
these cells take up bacteria that have breached the epi-
thelial barrier. The PP is the primary site of intestinal
invasion by Salmonella1,31 and both Mφ and DC located
in the SED have been described to take up STM and
therefore have been ascribed the role of “Trojan Horse”
for STM.10,32

From the intestine, some of the DCs that migrate to
draining LN carry STM,12,14,33 shielding the bacteria from
the immune system. We found that CCL17+ DCs colo-
cated with STM within mLN. Bacteria, however, were not

FIGURE 2 CCL17‐expressing DC harbor Salmonella Typhimurium in the mLN. Wt, CCL17E/+, and CCL17E/E mice were infected with
1 × 109 STM via oral gavage. mLN were isolated from 36‐h‐infected mice and control naïve mice; mononuclear phagocytes were analyzed via
flow cytometry. Shown is the representative gating strategy on a CCL17E/+ mouse at 36 h postinfection (A). Representative FACS plots
demonstrating CCL17/EGFP expression as analyzed by intracellular counterstain against EGFP are shown for DC, neutrophils (Neut.),
monocytes (Mo.), monocyte/macrophage intermediates (Mo./Mφ int), and monocyte/macrophages/DC (Mo./Mφ/DC) mix populations (B)
and the frequency of CCL17+ cells in these cell populations was compared using one‐way ANOVA with Tukey's posttest. The gate used for
determination of CCL17+ cells is indicated by a vertical line (C). The distribution of intracellular STM within individual cell populations was
calculated as percentage of total STM+ cells (i.e., sum of all myeloid STM+ cells), and statistical significance was analyzed using one‐way
ANOVA with Tukey's posttest (D). The number of STM+ cells was quantified within the DC subset (green) and the remainder of the myeloid
compartment (gray). Statistical significance was analyzed using two‐way ANOVA with Bonferroni's posttest (E). Representative FACS plots
show that approximately one‐third of STM+ DCs co‐express CCL17 (F). Within STM+ and STM− DCs, the percentage of CCL17‐expressing
cells (G) and the MFI of CCL17 expression in CCL17+ cells (H) were analyzed, and an unpaired t‐test was used to analyze statistical
significance. Error bars indicate mean ± SEM. To minimize statistical bias, samples with fewer than 20 STM+ DCs were excluded from all
analyses; data shown include WT n= 5, CCL17E/+n= 12, CCL17E/En= 6, pooled from five independent experiments
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restricted to CCL17+ DCs. Previous studies demonstrating
DCs as the cell type responsible for the transport of STM
from the gut to the mLN,14,33 described the CD103+

CD11b+ DC subset as the main population harboring STM
in the mLN. In contrast, data presented here suggested
that the CD103+ CD11b− DC subset was overrepresented
in STM+ DCs compared to all DCs in the mLN. The dif-
ferences between the present study and previous studies

most likely result from the different STM‐infection models
used. Bogunovic et al.33 and Bravo‐Blas et al.14 used mice
pretreated with streptomycin before oral infection, in
contrast to the present study where mice were directly
infected with virulent wt STM without prior antibiotic
treatment. In the streptomycin model, STM replicates in
the GI tract following inhibition of the gut microbiome by
streptomycin to very high numbers,39 and enter the

FIGURE 3 Salmonella Typhimurium targets CD103+ CD11b− DC. Wt, CCL17E/+, and CCL17E/E mice were orally gavaged with 1 × 109

STM. mLN were isolated from 36‐h‐infected mice and single‐cell suspensions were stained for DC surface markers and intracellular
Salmonella. DC were identified as MHCII+ CD64− CD11c+ cells. They were further subdivided into four subpopulations depending on their
expression of CD103 and CD11b, and STM+ DC subpopulations were evaluated. Representative FACS plots show CD103 and CD11b
expression in total DCs and in STM+ DCs (A). The frequency of DC‐A (CD103− CD11b−), DC‐B (CD103− CD11b+), DC‐C
(CD103+ CD11b−), and DC‐D (CD103+ CD11b+) was compared between total DCs and STM+ DCs (B). Error bars indicate mean ± SEM.
Statistical significance was analyzed using two‐way ANOVA with Bonferroni's posttest. As mentioned in this figure, samples with fewer
than 20 STM+ DCs were excluded from all analyses; data shown include WT n= 5, CCL17E/+n= 12, CCL17E/En= 6, pooled from five
independent experiments
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intestinal mucosa not only through the PP but also di-
rectly via enterocytes along the intestinal lining because of
increased intestinal replication in a reduced microbiome
environment.40 In the absence of antibiotic pretreatment,
however, STM enter preferentially via the PP.1,31

Interestingly, all three studies, including the present, de-
monstrated that STM is not found exclusively within one
single DC subpopulation, and the bacteria likely exploit
multiple immune cell subsets as “carriers” for systemic
dissemination.

FIGURE 4 CCL17 expression increases in specific intestinal DC subsets after Salmonella Typhimurium infection. CCL17E/+ mice were
infected via oral gavage with 1 × 109 STM. PP and mLN were collected, single‐cell suspensions were stained for DC surface markers, and
subjected to flow cytometry 19 h postinfection. DC was identified as MHCII+ CD64− CD11c+ cells and was further subdivided into four
subpopulations depending on their expression of CD103 and CD11b. Representative FACS plots show the frequency (%) of CCL17+ DC (A).
Bar graphs show CCL17+ cell frequencies of total DCs and DC subsets (B) and mean fluorescence intensity (MFI) of CCL17 expression in
CCL17+ total DCs and DC subsets (C). Statistical significance was tested using one‐way ANOVA with Tukey's posttest for multiple
comparisons. Error bars indicate mean ± SEM (n= 11, pooled from three independent experiments)
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DCs are the main producers of CCL17, which is known
as a homeostatic and inflammatory chemokine.22,27 Only
limited information is available on its expression after bac-
terial infection. Here, in a flow cytometry analysis of differ-
ent myeloid cells and with a particular focus on DC subsets,
it was demonstrated that CCL17+ DCs not only carried STM
and contributed to the transmission of bacteria but also that
the expression of CCL17/EGFP was upregulated upon in-
fection. In line with these observations, TLR‐stimulation via
LPS or other PAMP (CpG‐ODN, Poly‐(I:C)), as well as TNF‐
α induces CCL17 expression.22,38,41 Of note, CCL17 expres-
sion increased more strongly in the CD103+ DC subsets in
PP, whereas in the mLN, the CD103− DC subsets were more
affected. As CD103 is known to be involved in the retention
of tissue‐resident T cells,42–44 downregulation of CD103 may
to some extent facilitate migration of intestinal DC from the
PP to the lymph nodes. Interestingly, human monocyte‐
derived DCs downregulate CD103 upon bacterial infection.45

In fact, besides CD103+ DCs, CD103− DCs were also shown
to migrate in the lymph.37,46 These cells may display a
stronger upregulation of CCL17 upon arrival in the mLN. It
should be noted in this context that CD103/CD11b double
negative DCs corresponding to the DC‐A subset are con-
sidered to be the main DC population transporting antigens
from the PP to the mLN, whereas the other three subsets
may preferentially migrate to the mLN from the lamina
propria.46 As STM preferentially enters the intestinal mucosa
via the PP in mice, migration of STM carrying DC from the
lamina propria to the mLN is probably not the main route of
bacterial transmission in our experiments.

The chemokine CCL17 is required for CCR7‐
dependent DC migration in the skin.26 If this was also
true for intestinal DC migration, CCL17 deficiency might
result in decreased bacterial loads in mLN. However, we
observed only a small (i.e. fourfold) reduction in bacterial
load in mLN 1 day after oral infection of CCL17‐deficient
mice with STM. Since STM can also be transported from
the intestine to the mLN as free bacteria within the
lymph,14 impaired DC migration may not lead to a large
decrease in bacterial load in the draining LN, depending
on the contribution of these extracellular bacteria to LN
infection. For comparison, Voedisch et al.12 demon-
strated an impaired DC migration in STM infected
CCR7−/− animals, which led to a tenfold reduction of the
bacterial load in the mLN, but not in the liver or spleen of
CCR7−/− mice. These findings indicate that CCL17‐
expressing DCs play a redundant role in the early spread
of the bacteria from the intestine to the draining LN, and
may only be of minor importance for bacteria to then
reach systemic sites. This is probably because STM may
also be transported by cell types other than DCs (e.g.,
monocytes), and/or STM might enter the circulation in-
dependently of DCs or other myeloid cells.

FIGURE 5 Bacterial load in PP, mLN, spleen, and liver
depending on Ccl17 genotype. Wt, CCL17E/+, and CCL17E/E mice
were infected via oral gavage with 1 × 109 STM. Graphs show the
numbers of Salmonella colony forming units (CFUs) recovered
from homogenized PP, mLN, spleen, and liver 1 (A) and 3 (B) days
postinfection. Statistical significance was tested using one‐way
ANOVA with Tukey's posttest for multiple comparisons. Error bars
indicate geometric mean with 95% CI (Day 1: n= 16–23, pooled
from seven independent experiments; Day 3: n= 7–20, pooled from
five to seven independent experiments)
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Nevertheless, DCs represent perfect “Trojan horses”
in which STM can survive,47,48 and disseminate to sys-
temic tissues by exploiting the intrinsic migratory capa-
city of DCs, while mostly hidden from detection by the
effector immune response. With their unique ability to
prime antigen‐specific naïve T cells, DCs are vital for
initiating adaptive immunity in response to infection.
CCL17+ DCs have proven to be very efficient in T cell
priming in particular inducing IFN‐γ‐secreting T cells.22

The essential role of helper T cells in immunity against
STM is well established. Multiple studies have shown
substantial expansion of STM‐specific CD4+ T cells and
prompt gain of Th1 effector functions, characterized by
the ability to secrete IFN‐γ and TNF‐α upon restimula-
tion.49,50 Mice deficient in Th1 cells, due to a lack of the
transcription factor T‐bet, are unable to resolve primary,
acute Salmonella infection51 as are CD4+ T cell‐deficient
mice.52 Thus, it is possible that activated CCL17+ DCs
not only participate in the spreading of STM from the
intestine to the mLN, but also function as potent in-
ducers of an STM‐specific Th1 T cell response. To study
this hypothesis, infections with attenuated STM
would need to be performed, since infection with
wild‐type STM, as done in this study, leads to severe dis-
ease symptoms within a week from infection and before
effective adaptive immunity would have time to develop.

5 | CONCLUSION

In summary, the present work broadens our knowledge
of the phenotype and localization of CCL17‐producing
cells in the context of Salmonella infection. In addition,
the differential upregulation of CCL17 in distinct in-
testinal DC subsets in response to Salmonella infection
was revealed. Understanding the role of the various
myeloid cell populations involved in the defense against
the intestinal pathogen Salmonella Typhimurium will
shed light on how these cells can be exploited for early
control of the infection and, ultimately, in initiating
protective immunity against intestinal bacteria.
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