
www.landesbioscience.com	 Gut Microbes	 1

Gut Microbes 1:4, 1-4; July/August 2010; © 2010 Landes Bioscience
article addendum article addendum

T
hi

s 
m

an
us

cr
ip

t 
ha

s 
be

en
 p

ub
lis

he
d 

on
lin

e,
 p

ri
or

 t
o 

pr
in

ti
ng

. O
nc

e 
th

e 
is

su
e 

is
 c

om
pl

et
e 

an
d 

pa
ge

 n
um

be
rs

 h
av

e 
be

en
 a

ss
ig

ne
d,

 t
he

 c
it

at
io

n 
w

ill
 c

ha
ng

e 
ac

co
rd

in
gl

y.

Key words: dendritic cell, mucosal 
immunity, Salmonella, antigen sam-
pling, cell migration, immune exclusion, 
mucosal clearance

Submitted: 11/16/09

Revised: 02/26/10

Accepted: 03/04/10

Previously published online: 
www.landesbioscience.com/journals/gut-
microbes/article/11711

*Correspondence to:
Claudio Nicoletti; Email: claudio.nicoletti@bbsrc.
ac.uk

Addendum to: Arques JL, Hautefort I, Ivory K, 
Bertelli E, Regoli M, Clare S, Hinton JCD, Nicoletti 
C. Salmonella induces flagellin- and MyD88-
dependent migration of bacteria-capturing den-
dritic cells into the gut lumen. Gastroenterology 
2009; 137:579–87.

We have demonstrated that direct 
antigen sampling of bacte-

ria by intestinal dendritic cells (DCs) 
is accompanied by a rapid migration 
of CD11c+CX

3
CR1+MHCII+CD8α-

CD11b- DCs into the intestinal lumen 
upon exposure to non-invasive ∆SPI1-
Salmonella. Importantly, intraluminal 
DCs internalized Salmonella but were 
not able to cross the epithelium to return 
into tissue, thus showing that these DCs 
do not function as antigen-presenting 
cells and participate in the conven-
tional regulation of immune responses 
to intestinal pathogens. Here we show 
that the presence of the chemokine 
receptor CX

3
CR1, that plays a vital 

role in DC-mediated antigen sampling 
and clearance in the gut, is also instru-
mental for the transepithelial migration 
of DCs. The latter observation, along 
with the notion that CX

3
CR1-deficient 

mice displayed higher susceptibility to 
Salmonella infection compared to wild 
type mice raises the possibility that 
Salmonella-induced migration of “bacte-
ria-capturing” DCs into the lumen may 
be an important mechanism of mucosal 
defence and clearance.

Salmonella Induces Flagellin- and 
MyD88-Dependent Migration of 

Bacteria-Capturing Dendritic Cells 
into the Gut Lumen

Intestinal DCs play a critical role in 
the orchestration of mucosal immune 
responses,1 however in the gut-DCs 
appeared to be also directly involved in 
sampling luminal antigens by extending 

cellular processes between epithelial cells 
and shuttle them across the epithelial 
barrier.2-4 This event is facilitated by the 
expression of tight junction protein that 
enables sampling without altering the 
integrity of the intestinal barrier. It has 
been hypothesized that direct DC sam-
pling is followed by migration of bacte-
ria-loaded DCs to the mesenteric lymph 
node (MLN) where they present antigens 
to T cells.5 We have recently described 
that DC direct sampling is not the sole 
event taking place at mucosal interface 
in the gut during Salmonella infection.6 
Indeed, using both isolated intestinal 
loops and oral delivery of Salmonella we 
observed that a significant number of 
CD11c+CX

3
CR1+MHCII+CD8α-CD11b-

DCs traversed the epithelial barrier and 
moved into the lumen prior or following 
internalization of GFP-labelled Salmonella. 
Post Salmonella-challenge analysis of the 
epithelial barrier, that involved detailed 
study of tight junctions and intestinal per-
meability showed that DCs migration was 
not due to Salmonella-associated damages 
of the epithelium. The numbers of DCs 
within the gut lumen at 1.5 h after the 
introduction of Salmonella were 50-fold 
greater than after challenge with E. coli or 
PBS and after 3 h, the number of lumi-
nal DCs increased another ∼3-fold in the 
lumen of Salmonella-treated mice.

Our work also determined that flagellin 
is a key signal, although not the only one, 
for DC migration. This was assessed by 
the use of Salmonella variant (∆fliC ∆fljB) 
that lack flagellin and transgenic mice 
that lack the adaptor molecule MyD88, 
that is required for the activation signals 
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exclusively in the terminal ileum.3,4,9 One 
study reporting that CX

3
CR1-deficient 

mice were unable to sample luminal 
Salmonella,4 was followed by another one 
suggesting that CX

3
CR1 was not directly 

involved in the formation of DC protru-
sions across the intestinal epithelium.3 
Important, both studies were done in mice 
of identical genetic make up (C57BL/6), 
thus showing that this was not the ori-
gin of this discrepancy. Most important, 
in addressing the role of CX

3
CR1+ DC 

it was reported that CX
3
CR1-deficient 

mice showed increased susceptibility to 
Salmonella infection, thus suggesting that 
these antigen-sampling DCs are a major 
component of defence against pathogenic 
microorganisms.4 We then extended our 
investigation of Salmonella-induced DC 
migration in CX

3
CR1 knock-out (KO) 

mice and we observed that following 
short-term (3 hours) challenge, carried out 
using isolated loops DC migration is dras-
tically reduced (Fig. 1). Numbers of DCs 
into the lumen were significantly reduced 
compared to wild type mice and compa-
rable to levels observed in MyD88 mice. 
In addition, early translocation (5 hours) 
of non-invasive Salmonella in the jejunum 
and ileum was not significantly affected 
in CX

3
CR1-KO mice (Table 1) confirm-

ing the finding that the absence of tran-
sepithelial dendrites in the terminal ileum 
of CX

3
CR1-KO did not impair bacteria 

entry to the lamina propria and suggesting 
the existence of multiple entry pathways 
for pathogens and an overall minor role 
for DC-mediated sampling.10

Protection against Bacteria  
Infection in the Gut: DC-Sampling 

vs. DC-Migration?

Is it possible that both DC-sampling and 
migration are required for protection 
against bacterial infections? Also, do these 
events complement each other by playing 
a role at different stages of the immune 
response to pathogens? In regard to DC 
sampling, its biological relevance and role 
in the generation of immune responses 
remains to be determined. To this end 
it is interesting to notice that following 
oral challenge a very small number of E. 
coli was translocated by the lamina pro-
pria (LP)-DCs while that vast majority 

ruled out the possibility that these DCs 
play a role in antigen-presentation. Taken 
together, these data demonstrated that the 
introduction of non-invasive Salmonella 
in the small intestine triggers at least two 
different events; DCs can either sample 
Salmonella and shuttle these bacteria back 
across the epithelial barrier or they can 
migrate into the intestinal lumen prior to 
or following internalization of Salmonella. 
These data also show that transepithelial 
DC protrusions do not always repre-
sent antigen-sampling devises; instead it 
appeared that the majority of these struc-
tures identify DCs in their migration into 
the intestinal lumen.

Salmonella-Induced DC Migration, 
but not Bacterial Translocation is 

Impaired in CX3CR1-Deficient Mice

Conflicting results have been reported on 
the role of the chemokine receptor CX

3
CR1 

on the ability of DCs to form transepithe-
lial dendrites and sample directly luminal 
bacteria. CX

3
CR1+ DCs are the target for 

the CX
3
CL1/fraktalkine, a transmembrane 

chemokine expressed at the surface and 
basolateral compartment of intestinal epi-
thelial cells (IEC) predominantly, but not 

following flagellin/TLR5 engagement.7 
The role of flagellin was also assessed by 
generating a double SPI1-SPI2 deficient 
Salmonella double mutant (∆SPI1 ∆ssrA) 
and a flagellated variant of E. coli K12. 
In either case the bacterial challenge did 
not induce DC migration suggesting an 
important role for the SPI2-mediated 
vescicular intracellular transport of flagel-
lin,8 and the requirement for additional 
pathogen-specific signal that were absent 
in the flagellated, but not pathogenic vari-
ant of E. coli used. Parallel experiments 
also showed that soluble flagellin did not 
induced DCs migration. It is also interest-
ing to highlight that the lack of migration 
upon challenge with different variants of 
E. coli showed that LPS is not involved in 
this event. Also, by challenging different 
areas of the gut by using the isolated loops 
technique we determined that DC migra-
tion took place exclusively in the small 
intestine, including jejunum and ileum, 
but not in the colon. We also demon-
strated that intraluminal DCs internalized 
Salmonellae prior or following migration 
into the gut lumen and that DC traffic was 
unidirectional; DCs were not able to cross 
the epithelial barrier and return into the 
intestinal tissue. The latter observations 

Figure 1. Isolated loops were carried out in small intestine of wild type C57BL/6 and transgenic 
MyD88 and CX3CR1-KO mice of same genetic background. The small intestine was isolated by 
ligatures at the level of terminal duodenum and terminal ileum. Saline suspensions containing 
bacteria (4 x 108/ml) was injected in the loop and the intestine was returned to the abdominal cav-
ity for 3 h. Luminal contents were then carefully recovered by gently flushing the intestine with 
PBS and the numbers of DCs assessed by flow cytometry. DC migration was completely abolished 
in CX3CR1-KO mice and was not different from levels observed in MyD88 where the numbers of 
DCs did not differ from PBS-treated mice.6
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to their inability to form intraepithelial 
DC protrusions and sample luminal anti-
gens.4 Although a quantitative analysis of 
Salmonella-induced recruitment of DCs 
in the LP of CX

3
CR1-KO mice is cur-

rently lacking, in light of our previous 
paper,6 and the present work on the role 
of CX

3
CR1 receptor in DC migration and 

bacterial transport to the LP we would 
like to propose that the increased suscep-
tibility of these CX

3
CR1-deficient mice 

to Salmonella infection could also reflect 
the absence of “Salmonella-capturing” 
DCs into the lumen at the early stage of 
infection. Indeed, the lack of DC migra-
tion, along with other defects in monocyte 
(GR1+) recruitment may contribute to an 
overall diminished capability to cope with 
mucosal infection.24 As we have previously 
discussed,6 at present we can not rule out 
the possibility that DC migration is sim-
ply a physical consequence of the mechan-
ical pressure of cells that migrate within 
the LP towards the intestinal lumen to 
perform antigen-sampling following cer-
tain bacterial stimuli. However, we feel 
it is unlikely that DC migration into the 
lumen would represent an accidental event 
as it would inevitably lead to the loss of 
important regulatory cells. Alternatively, 
these cells may be part of a defence 
mechanism of cell (phagocyte)-mediated 
immune exclusion that limits the number 
of pathogens crossing the epithelial barrier 
that would complement and potentiate 
the mucous and IgA antibody secretion-
mediated system. A similar hypothesis was 
first proposed by Bellamy and Nielsen.25 
The authors observed that a large num-
ber of phagocytes moved into the lumen 
following exposure to enteric antigen and 
suggested that antigen “escaping” the 
immune exclusion barrier provided by 
both specific IgA and mucous and pen-
etrating the epithelial barrier triggered a 

in contrast others have reported that tran-
sepithelial dendrites were observed only in 
the terminal ileum and not in the remain-
ing areas of the small intestine.4 Also 
the underlying molecular mechanism 
appeared to vary according to the differ-
ent areas of the gut with DC-sampling 
being TLR-dependent in the small intes-
tine,3 but TLR-independent in the colon.20 
Interestingly, the formation of DC exten-
sions is also strain-specific.10 These were 
observed in C57BL/6 but were absent in 
BALB/c mice and this led to suggest that 
DC-mediated antigen sampling is not a 
universal phenomenon.13 To this end it 
would be interesting to dissect in detail 
immune responses and determine the rate 
of mortality in these two mouse strains 
after challenge with invasive Salmonella.

At present much less is known on the 
potential role of DCs that migrate rapidly 
into the intestinal lumen. Indeed, this 
event poses several key questions. Firstly, 
do sampling and migration involve differ-
ent DC subpopulations? The possibility 
that different subpopulations of DCs may 
actively sample luminal antigens is strongly 
suggested by the observation that DC 
protrusions in CX

3
CR1-GFP and MHC 

II-GFP mice only partially overlapped.21 
Also, it would be interesting to determine 
the expression of CD103 on DCs involved 
in both antigen-sampling and migration 
into the intestinal lumen.22,23 Secondly, 
and most compelling, what is the function, 
if any, of these cells into the gut lumen? 
The observation that CX

3
CR1-KO mice 

are not able to send DCs into the intesti-
nal lumen upon Salmonella infection may 
enable us to formulate some hypothesis on 
their role. Indeed, as discussed above, it 
was reported that CX

3
CR1 deficient mice 

showed higher rate of mortality follow-
ing Salmonella infection and albeit direct 
evidence was lacking this was attributed 

(<100 fold difference) crossed the epithe-
lial barrier via M cells of Peyer’s patch.4 
Interestingly, this result was obtained by 
comparing levels of CFU within the MLNs 
and PPs as parameters to evaluate DC and 
M cell transport, respectively. However, 
this way of assessing DC-mediated sam-
pling has to been interpreted cautiously. 
Indeed, determining levels of CFU within 
the MLN does not take into consider-
ation both the contribution of villous-M 
cells,11,12 and the fact that bacteria trans-
ported by PPs also end up in MLN.13,14 In 
regard to the latter observation, the find-
ing that no bacteria were recovered in the 
MLN of CX

3
CR1-KO mice despite an 

intact M cell-mediated transport is par-
ticularly intriguing.4 This would mean 
that pathogens that invade the host via 
PP-associated M cells would not reach the 
MLN and in so doing they would escape, 
critical immunological check points asso-
ciated to the intestinal immune system. 
However, this is not the case. Indeed, it 
has been demonstrated that also patho-
gens invading the host exclusively via 
the PPs are subsequently transported to 
the MLN;15-17 thus showing that both PP 
and LP drain to the MLN. This notion 
is also supported by a detailed anatomi-
cal investigation of the mouse intestine;18 
this study confirmed that the entire small 
intestine, including PPs drained into the 
MLN and did not detect any alternative 
pathway for PP-derived lymph and its cel-
lular contents.

Furthermore, another study reported 
that orally delivered fluorescence-labelled 
Enterobacter cloacae were recovered only 
within the PPs but not within the LP 
suggesting that, at least in this case DCs 
did not sample luminal bacteria.19 These 
results taken together showed that PP-M 
cells are the major site of antigen up-take, 
a critical step for the induction of mucosal 
and systemic immune responses and that 
DC-sampling, as a whole represents a 
small scale event, thus making it diffi-
cult to envisage its biological relevance. 
In addition, other relevant features of DC 
sampling are the subject of debate. For 
example, in one case high numbers of DC 
extensions were detected in the jejunum 
and a small number in the terminal ileum, 
where their numbers increased following 
challenge with non-invasive Salmonella;3 

Table 1. Transepithelial transport of non-invasive salmonella after oral challenge CFU/gr. of tissue

Jejunum Ileum Colon

Wild type 680 ± 230 895 ± 380 257 ± 98

CX3CR1-KO 590 ± 332 1012 ± 426 390 ± 57

CX3CR1-KO (C57BL/6 background) and wild type mice and (n = 6/group) were orally administrated 
with 5 x 108–109 non-invasive ∆SPI1-Salmonella. Tissues were removed after 5 hours, washed in 
antibiotics and subsequently homogenized in HBSS buffer. Serial dilutions of the homogenates 
were plated on LB agar plates overnight at 37°C and then colonies were counted.
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rapid migration of cells with the task of 
removing and eliminating the offending 
pathogen. Furthermore, the observation 
that DC migration is restricted to the 
small bowel also would lend support to 
this hypothesis; indeed, in the past it was 
observed that small intestine juices upreg-
ulated phagocytosis;26 this feature along 
with the known opsonising properties of 
IgA would make the small intestine the 
ideal environment for the implementation 
of such a defence strategy.

Concluding Remarks

This work demonstrates that CX
3
CR1 

plays a critical role in Salmonella-induced 
migration into the intestinal lumen but it 
does not significantly affect early transport 
of bacteria to the LP. This would suggest 
that intraluminal DC have an important 
role in mucosal clearance during the early 
phase of bacterial infection in the gut; the 
lack of this defence mechanism, as seen in 
CX

3
CR1-KO mice may determine higher 

susceptibility to Salmonella infection. 
Finally, it is worth to highlight that the co-
existence of DC-sampling and migration 
in response to the same antigenic stimu-
lus, in this case non-invasive Salmonella, 
illustrates the highly dynamic nature of 
both gut epithelium and immune system 
in response to bacterial infections and 
the complexity of the signalling network 
that governs host-pathogen interaction 
at mucosal interface. The challenge now 
is to identify the host molecular mecha-
nisms and the bacterial signals triggering 
these two events and to determine their 
biological relevance in regard to immu-
nity and mucosal clearance of intestinal 
pathogens.


