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Anti-Inflammatory Role for Intracellular
Dimeric Immunoglobulin A by Neutralization
of Lipopolysaccharide in Epithelial Cells

vasion by pathogenic microorganisms (Mestecky and
McGhee, 1987; Kraehenbuhl and Neutra, 1992; Brandt-
zaeg, 1996; Corthesy and Kraehenbuhl, 1999). Besides
this mechanism of immune exclusion, a dIgA-mediated
excretory pathway takes place to eliminate antigens
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present in tissues via binding to specific dIgA and subse-Institut Pasteur
quent pIgR-mediated transport of the resulting immune28 rue du Dr. Roux
complexes (Kaetzel et al., 1991; Robinson et al., 2001).75015 Paris
In addition, intracellular dIgA also plays a protectiveFrance
role by interfering with some stages of viral infectious
processes. In vitro and in vivo studies have reported
that specific dIgA, during pIgR-mediated transcytosis,Summary
blocks proliferation and assembly of virus by binding to
newly synthesized viral proteins. The immune com-Intestinal epithelial cells (IEC) play a central role in
plexes are then excreted apically, thereby decreasinginnate and acquired mucosal immunity. They ensure
virus spread along the mucosal surface and mediatingearly signaling to trigger an inflammatory response
recovery from infection (Levine et al., 1991; Mazanec etagainst pathogens. Moreover, IEC mediate trans-
al., 1992, 1993, 1995; Burns et al., 1996; Fujioka et al.,cytosis of dimeric IgA (dIgA), through the polymeric-
1998; Schwartz-Cornil et al., 2002). IEC can modulateimmunoglobulin receptor (pIgR), to provide secretory
the IgA-mediated response, by influencing the terminalIgA, the major protective Ig in mucosal secretions.
differentiation of B lymphocytes into IgA-producingUsing an in vitro model of polarized IEC, we describe
plasma cells (Mestecky and McGhee, 1987; Mesteckyan additional anti-inflammatory mechanism of dIgA-
et al., 1999) and by upregulating expression of pIgRmediated protection against intracellular bacterial
(Loman et al., 1997; Brandtzaeg et al., 1992). In addition,components involved in the proinflammatory activa-
IEC are also targets for pathogens like invasive bacteria.tion of IEC. Specific dIgA colocalizes to lipopolysac-
IEC respond to these intracellular pathogens or to bacte-charide (LPS) in the apical recycling endosome compart-
rial products released into the cell, by inducing signalingment, preventing LPS-induced NF-�B translocation and
pathways leading to inflammation (Jung et al., 1995).subsequent proinflammatory response. Thus, intracel-
For instance, Shigella, a Gram negative bacterial specieslular neutralization by dIgA limits the acute local in-
responsible for bacillary dysentery, an acute recto-coli-flammation induced by proinflammatory pathogen-
tis in humans, invades the colonic and rectal mucosa,associated molecular patterns such as LPS.
particularly IEC. Following initial translocation through
the intestinal epithelial barrier via M cells of the lymphoidIntroduction
follicle-associated epithelium, bacteria invade IEC by
their basolateral side and spread from cell to cell. Re-Mucosal surfaces integrate a complex array of mecha-
cruitment and activation of monocytes and polymorpho-nisms to prevent infection by luminal microorganisms,
nuclear (PMN) leukocytes facilitate further invasion ofsuch as attachment or invasion by pathogens, and dam-
the epithelium by disrupting its integrity. In response toage by their toxic products (Lamm, 1997). The epithelial
invasion, infected IEC express and release proinflamma-barrier is quite vulnerable and its integrity is maintained
tory cytokines and chemokines that exacerbate the in-

by the mucosal immune system that provides special-
flammatory response, thus causing severe tissue de-

ized innate and adaptive defense mechanisms. In the
struction (for a review see Sansonetti and Phalipon,

gastrointestinal tract, the local adaptive humoral re- 1999). IEC also respond to internalized bacterial prod-
sponse is essentially mediated by secretory IgA (SIgA), ucts such as lipopolysaccharide (LPS), which has been
which represents the major Ig population found in muco- shown to traffic within the cells. Intracellular LPS in-
sal secretions (Mestecky and McGhee, 1987; Kerr, 1990). duces NF-�B activation, leading to proinflammatory cy-
It consists of two monomeric IgA units linked by the J tokine production (Beatty and Sansonetti, 1997; Philpott
chain, thus forming a dimeric IgA (dIgA), and of the et al., 2000; Girardin et al., 2001). LPS is not only one of
secretory component (SC). Polymeric IgA composed of the best characterized pathogen-associated molecular
IgA tetramers is also found. Following infection, dIgA patterns of Gram negative bacteria, it also constitutes
is synthesized and assembled by plasma cells upon the major immunodominant protective antigen (Taylor
stimulation of B cells within the gut-associated lymphoid et al., 1993; Passwell et al., 2001). Protective immune
follicle, whereas SC is derived by proteolytic cleavage response to Shigella infection is actually characterized
from the polymeric-Ig receptor (pIgR) that ensures se- by the induction of SIgA and serum IgG specific for LPS
lective transcytosis of dIgA across intestinal epithelial (Phalipon and Sansonetti, 1999).
cells (IEC) (Mostov, 1994). By serving as an external In this study, we investigated whether specific intra-
barrier, SIgA plays a major role in protecting intestinal cellular dIgA may neutralize the proinflammatory re-
mucosal surfaces against colonization and possible in- sponse induced by bacterial products in IEC. We used

dIgAC5, a monoclonal dIgA, specific for the LPS of S.
flexneri serotype 5a (LPS 5a), which confers protectionCorrespondence: mifernan@pasteur.fr
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by immune exclusion in a murine model of Shigella infec- 0.40 � 0.08, i.e. similar to cells not treated with LPS 5a
(rN/C � 0.34 � 0.05). In contrast, in LPS 5a-positive cells,tion (Phalipon et al., 1995, 2002). We established an in

vitro model to mimic pIgR-mediated dIgA (basal to api- the rN/C ratio increased to a mean value of 1.94 � 0.27,
thus accurately reflecting the translocation of NF-�Bcal) and LPS (apical to basal) transcytosis in polarized

IEC, and assessed the ability of dIgAC5 to prevent LPS p65 subunit shown in Figures 1A and 1B.
In addition, we tested whether translocation of NF-�B5a-induced inflammation. We have found that intracellu-

lar dIgA interacts with LPS within the apical recycling p65 subunit led to the expression of NF-�B-dependent
genes, such as those encoding proinflammatory cyto-endosome (ARE) compartment, subsequently reducing

NF-�B translocation and leading to a strong attenuation kines. In the presence of LPS 5a, transcriptional activa-
tion of the genes encoding TNF�, MIP-2, and IL-18 wasof the proinflammatory response induced by LPS.
observed after 6, 12, and 24 hr of incubation (Figure
1D), whereas transcription of the gene encoding MIP-Results
1� appeared after 12 and 24 hr of incubation. No tran-
scriptional activation was detected for the genes encod-m-ICcl2 Cells Transcytose dIgAC5 and LPS 5a
ing IL-6, IFN-�, and IL-1�. Taken together, these resultsWe first established an in vitro system allowing trans-
indicate that in response to intracellular LPS, m-ICcl2cytosis of dIgAC5 and LPS 5a. Of the different cell lines
cells elicit a proinflammatory response.tested (see Experimental Procedures), the m-ICcl2 cell

line was the only one found to be suitable for our study.
The polarized morphology was observed 7 days after dIgAC5 Interferes with LPS 5a Transcytosis

To assess the protective capacity of dIgAC5 during itsculture on collagen-coated semipermeable filters, as
previously described (Bens et al., 1996). We confirmed pIgR-mediated transcytosis, we analyzed LPS 5a trans-

cytosis from the apical to the basal side of the m-ICcl2this by measuring transepithelial resistance of the mono-
layer and by immunostaining ZO1 as a protein marker cell in the presence of dIgAC5. To avoid extracellular

association of dIgAC5 with LPS 5a, cell monolayers wereof the tight junctions in polarized IEC (data not shown).
Using 20 �g/ml of antibody, the kinetics of dIgAC5 trans- extensively washed before addition of LPS 5a. In com-

parison to cells not pre-treated with the antibody, LPScytosis from the basal to the apical side of the m-ICcl2

cell monolayer revealed that the amount of transcytosed 5a transcytosis was significantly (p � 0.01) reduced in
m-ICcl2 cells pretreated with dIgAC5 for 3 hr (85% �antibody, after 3 hr of incubation, ranged from 0.5 to 5

ng/ml. It increased until 6 hr of incubation and then 9.00), 6 hr (80% � 9.3), and 24 hr (86% � 9.05). In
addition, no reduction was observed in the presence ofreached a plateau with a maximum of 50 ng/ml of dIgAC5

detected in the apical compartment. Moreover, follow- a control IgA, Sal4, recognizing S. typhimurium LPS
(Michetti et al., 1992) but not S. flexneri LPS. Therefore,ing 2 hr of incubation with 2 �g/ml LPS 5a, a time point

that allows the observation of LPS 5a apical-to-basal dIgAC5 specifically interferes with the apical-to-basolat-
eral transcytosis of LPS 5a.transcytosis in T84 IEC (Beatty et al., 1999), m-ICcl2 cells

were able to endocytose and transport LPS 5a from
the apical to the basolateral pole. The concentration of dIgAC5 Prevents NF-�B Translocation: LPS 5a
transcytosed LPS in the basal reservoir ranged between and dIgAC5 Interaction Is Required
5 and 50 ng/ml depending on the experiment. The reduction of LPS transcytosis observed in the pres-

ence of dIgAC5 suggested that the antibody may inter-
act with LPS 5a within the cell. We therefore examinedLPS 5a Induces NF-�B Translocation Leading

to Expression of Genes Encoding Proinflammatory by confocal microscopy the presence of cells stained
for both LPS 5a and dIgAC5 within the m-ICcl2 cell mono-Cytokines in m-ICcl2 Cells

We then tested by confocal microscopy the ability of layer, and showed that such double positive cells were
present (Figure 2A). As previously mentioned, we fo-intracellular LPS 5a to induce the translocation of NF-

�B p65 subunit from the cell cytoplasm to the nucleus. cused on the focal planes containing the nucleus. In the
majority of these double positive cells (76%), NF-�B p65To ensure the intracellular localization of LPS 5a, only the

nuclear or supranuclear focal planes were considered. subunit translocation did not occur, in contrast to what
was observed in the LPS 5a positive-dIgA negative cellsTranslocation of the NF-�B p65 subunit occurred in

100% of the LPS-positive cells (Figures 1A and 1B). LPS- (Figure 2a). In addition, NF-�B translocation occurred in
S. typhimurium LPS and dIgAC5 positive cells (Figureinduced NF-�B translocation was not unique to LPS 5a,

since it was also observed following incubation of m-ICcl2 2B), demonstrating the specificity of the process. dIgA/
LPS double positive cells were observed, indicating thatcells with Salmonella typhimurium LPS (Figure 1C).

Quantification of LPS 5a-induced NF-�B translocation dIgAC5 did not prevent LPS 5a endocytosis. Therefore,
if during the 2 hr incubation with LPS, some dIgA hadwas performed using computer-assisted analysis of im-

ages acquired with a confocal microscope (see Experi- crossed the epithelial lining and had been able to neu-
tralize LPS extracellularly as SIgA does, the phenome-mental Procedures). Within each cell, the amount of NF-

�B p65 subunit staining, which was reflected by a positive non remained insignificant.
To further analyze the protective mechanism(s) medi-signal in the red channel, was measured in the cyto-

plasm (C) and in the nucleus (N) by computing the area ated by dIgAC5, we quantified NF-�B translocation as
previously described. In cell monolayers treated with(A) occupied by pixels with red intensity above the back-

ground level. The NF-�B p65 subunit translocation was dIgAC5 and LPS 5a, three m-ICcl2 cell populations were
identified with respect to NF-�B translocation (Figuretherefore expressed as the ratio rN/C � AN/AC (Table 1).

In LPS 5a-negative cells, the mean value of rN/C was 2A; Table 1): (i) LPS 5a positive and dIgAC5 negative
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Figure 1. Endocytosed LPS in m-ICcl2 Cells Triggers NF-�B Translocation and Subsequent Cytokine Gene Expression

LPS 5a (A, and B in higher magnification, in green) and S. typhimurium LPS (C, in blue) internalized in m-ICcl2 polarized cells after 2 hr of
incubation induces NF-�B p65 subunit (in red) translocation from the cytoplasm to the nucleus. For each confocal image, the focal plane
corresponding to the presence of the nucleus is shown to ensure the intracellular localization of the LPS. Note that when LPS localizes inside
the IEC (arrow), the NF-�B p65 subunit translocates to the nucleus, which appears as a strong red color. Scale bars: A and C, 5 �m; B, 1 �m.
In D, transcriptional activation of genes encoding proinflammatory cytokines. Following 6, 12, and 24 hr of incubation with LPS 5a, cells were
lysed and RT-PCR was performed using primers specific for TNF-�, MIP-1�, MIP-2, IL-18, and actin genes.

cells with a rN/C of 1.48 � 0.32, indicative of NF-�B p65 presence of both dIgAC5 and LPS 5a inside the cell was
not sufficient to block NF-�B translocation. We thereforesubunit translocation; (ii) LPS 5a and dIgAC5 double

positive cells with a rN/C of 0.38 � 0.02 similar to that hypothesized that, during endocytotic traffic, both
dIgAC5 and LPS 5a should meet in the same intracellularmeasured in LPS 5a negative cells (i.e. 0.40 � 0.08),

reflecting the absence of NF-�B p65 subunit transloca- compartment, and consequently further LPS trafficking
might be blocked. To assess the possible intracellulartion, and representing 76% of the double positive cells;

(iii) LPS 5a and dIgAC5 double positive cells with a rN/C interaction, we measured the colocalization of dIgAC5
and LPS 5a in the double positive cells using a colocali-of 1.1 � 0.34 similar to that of LPS 5a positive and

dIgAC5 negative cells, representing 24% of the double zation index (Experimental Procedures; Table 1). We
then analyzed the correlation between NF-�B p65 sub-positive cells.

The latter observation suggested that simultaneous unit translocation and this colocalization level. We found

Table 1. Quantification of NF-�B Translocation Induced by Intracellular LPS 5a and Influence of dIgAC5

rN/C Col Index

Not-treated cells LPS 5a	 0.34 � 0.05a —
LPS-treated cells LPS 5a	 0.40 � 0.08a —

LPS 5a
 1.94 � 0.27 —
LPS and dIgA- treated cells LPS 5a
/dIgAC5	 1.48 � 0.32b —

LPS 5a
/dIgAC5
 NF-�B translocation 1.10 � 0.34b 1.0
Not NF-�B translocation 0.38 � 0.02 2.2

LPS 5a
/dIgAC5
 0.80 � 0.03 b 1.4
Nocodazole-treated

Results are expressed as mean � S.E.
a Significative versus LPS 5a
.
b Significative versus LPS 5a
/dIgAC5
 Not NF-�B translocation; p � 0.05. rN/C is the ratio between the areas in the nucleus (AN) and in the
cytoplasm (AC) occupied by pixels with red intensity above the background level. Col Index is (AC)green AND (AC)blue, where AND is a logical
operator that outputs the number of pixels that are simultaneously green and blue within the measure mask, normalized to 1 for the LPS 5a
/
dIgAC5
 NF-�B translocated cells.
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Figure 2. dIgAC5 Interferes with NF-�B Translocation Induced by Intracellular S. flexneri 5a LPS but Not by S. typhimurium LPS

Confocal microscopy images at the focal level corresponding to the nucleus of m-ICcl2 cells pretreated with dIgAC5 for 6 hr followed by
addition of LPS 5a (A) or S. typhimurium LPS (B) for 2 hr. Note in A: (1) LPS 5a (blue) positive cells (*) in which NF-�B p65 subunit (red) is
translocated to the nucleus. Note the intense red color in the nucleus and the absence of dIgAC5 (in green); (2) NF-�B p65 subunit translocation
(nucleus strongly red, arrowhead) in LPS 5a (blue) and dIgAC5 positive (green) double positive cells; and (3) double positive cells (arrow)
without NF-�B p65 translocation. In B, in S. typhimurium LPS positive cells, NF-�B p65 subunit translocation occurred both in the presence
(arrowhead) and in the absence (*) of dIgAC5. Scale bars: 5 �m.

that among double positive cells, the total amount of ization of dIgAC5 and LPS 5a in the rab11-positive com-
partment was then analyzed. After 6 hr of incubation,intracellular LPS 5a colocalized with dIgAC5 was higher

in cells with no translocation of NF-�B than in cells with dIgAC5 was detected in the supranuclear region of po-
larized m-ICcl2 cell in the ARE compartment (Figure 3A).NF-�B translocation (Table1). These results indicate that

intracellular dIgAC5 prevents the LPS 5a-induced NF- LPS 5a was also detected supranuclear in the rab11-
positive compartment after 2 hr of incubation (Figure�B translocation by interacting with intracellular LPS.
3B). In addition, when the m-ICcl2 cell monolayer was
exposed to dIgAC5 prior to LPS 5a, both were found toNeutralization of LPS 5a by dIgAC5 Takes Place
colocalize in the ARE compartment (Figure 3C).in the ARE Compartment

ARE is characterized by a tubulovesicular morphol-In polarized epithelial cells, dIgA have been shown to
ogy, which depends on integrity of microtubules (Apo-localize in the ARE compartment during their pIgR-medi-
daca et al., 1994; Casanova et al., 1999). To assesated transport (Apodaca et al., 1994). Some S. flexneri
whether ARE is the main cellular compartment where5a LPS endocytosed by polarized T84 IEC has been
intracellular neutralization of LPS occurs, disorganiza-reported to localize below the brush border (Beatty et
tion of ARE compartment was obtained using the micro-al., 1999). We therefore hypothesized that dIgAC5 and
tubule depolymerizing drug nocodazole (De BrabanderLPS 5a interaction occurs inside the ARE compartment.
et al., 1976). After incubation of the cells with nocodazoleThe ARE compartment was visualized using an antibody

against the GTPase rab11 (Casanova et al., 1999). Local- (33 �M), microtubule disruption (data not shown) and
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Figure 3. Colocalization of dIgAC5 and LPS 5 Occurs in the ARE Compartment

Localization and colocalization of dIgAC5 and LPS 5a in the ARE compartment. In A, dIgAC5 (in green) localized in the rab11 (red) positive
ARE compartment. In the figure, 3 focal planes are shown to visualize the rab11 and IgA signal in the apical-supranuclear, and not at the
basolateral level of the cell. In B, LPS 5a (green) was also localized in the rab11 positive ARE compartment. The supranuclear focal plane of
the cell monolayer corresponding to the intracellular localization of the ARE (rab11 positive, in red) is shown. In C, following pretreatment of
m-ICcl2 cells with dIgAC5 prior to LPS incubation, triple immunostaining showed that LPS 5a (in blue) and dIgAC5 (in green) colocalized in the
ARE compartment (rab11 in red). The focal plane at the apical level of the cell monolayers is shown. Scale bars: 5 �m.

ARE fragmentation were monitored by confocal micros- sponse in m-ICcl2 cells by looking at the proinflammatory
cytokine gene expression. Results are summarized incopy (Figure 4A). Nocodazole treatment by itself did not

induce NF-�B translocation (data not shown). When ARE Table 2. When m-ICcl2 cell monolayers were pretreated
with dIgAC5 for 6 hr, followed by 6, 12, or 24 hr exposureintegrity was lost, intracellular neutralization of LPS 5a

by dIgAC5 was not observed, as evidenced by the oc- to LPS, a significant reduction in transcription of the
genes encoding TNF-� and MIP-2 was observed. Simi-curence of NF-�B translocation in 100% of the double

positive cells (compare Figure 2A with Figures 4B and larly, after 12 and 24 hr of LPS 5a-treatment, a significant
decrease in transcription of the genes encoding IL-184C), and reflected by the ratio rN/C (0.8 � 0.03, see Table

1). Moreover, dIgAC5 and LPS 5a did not colocalize and MIP-1� was also detected.
(colocalization index, 1.4), indicating that dIgAC5 and
LPS 5a intracellular pathways no longer crossed each Discussion
other. In conclusion, in polarized m-ICcl2 cells, ARE is
the major cellular compartment where intracellular neu-

We demonstrate here that specific dIgA transcytosed
tralization occurs, and its integrity is essential for

through the pIgR have the ability to downregulate LPS-
dIgAC5-mediated protection.

induced inflammation within IEC, an unexpected anti-
inflammatory role for intracellular dIgA in the function
of IgA-mediated protection of epithelial barriers. ThisdIgAC5-Mediated Neutralization of LPS 5a Leads

to the Transcriptional Downregulation of the Genes represents an additional protective mechanism to the
previously reported mechanisms contributing to IgA-Encoding Proinflammatory Cytokines

We finally tested whether neutralization of LPS 5a by mediated protection of the host.
As for several other human intestinal pathogens, nodIgAC5 affected the LPS-induced proinflammatory re-
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Figure 4. ARE Integrity Is Essential for LPS 5a Intracellular Neutralization by dIgAC5

Nocodazole treatment of polarized cell monolayers leads to the disorganization of the ARE as a consequence of microtubule depolymerization.
In (A), in comparison with the not-treated cells (a1), the morphological integrity of the ARE is lost when the cells were treated with nocodazole
(a2). In (B) and (C), in the presence of nocodazole, NF-�B p65 subunit translocation (nucleus strongly red) occurred in 100% of LPS 5a (blue)
dIgAC5 (green) double positive cells. Scale bars: a1, a2, and C, 1 �m ; and B, 5 �m.

accurate animal model for shigellosis is available. There- for S. typhimurium (Garcia-del-Portillo et al., 1997), LPS
may be released into the cytoplasm in association withfore, the establisment of suitable in vitro systems mim-

icking the in vivo situation is of great help to study membrane vesicles. Actually, in the rabbit ligated ileal
loop model, S. flexneri 5a LPS is observed inside IEC inhost-pathogen interactions. To model intracellular LPS-

triggering of the proinflammatory response and dIgA the absence of intracellular bacteria (P.J.S., unpublished
data). A fraction of LPS present in the intestinal lumentranscytosis in IEC, we used m-ICcl2 cells, a murine polar-

ized IEC line, which expresses functional pIgR at the may fuse with the plasma membrane of IEC and become
endocytosed before stimulating the cells (Thieblemontbasolateral side (Bens et al., 1996). We show that these

cells efficiently transcytose dIgA from basal to apical and Wright, 1999). Therefore, the m-ICcl2 cell line consti-
tutes a powerful in vitro model to assess host-pathogenside. This is in accordance with the fact that they main-

tain a phenotype of crypt cells (Bens et al., 1996), the interaction occurring at the intestinal epithelial barrier.
We report that a fraction of the endocytosed LPSmost efficient IEC in pIgR-mediated IgA transcytosis in

vivo (Bjerke and Brandtzaeg, 1988). In addition, m-ICcl2

cells endocytose and transport Shigella and Salmonella
Table 2. Downregulation of LPS 5a-Induced Proinflammatory Cyto-LPS, and respond to intracellular LPS by activating sig-
kine Gene Expression in the Presence of dIgAC5naling pathways that induce a proinflammatory re-

sponse. Considering the intracellular delivery of LPS, Percentage of Reduction in Gene Expression
we assume that our in vitro model mimics, to a certain

TNF-� MIP-1� MIP-2 IL-18
extent, the in vivo situation. Indeed, in patients with

6 hr 10.6% 0% 9.4% 0%shigellosis, colonic crypt cells are targetted by bacteria,
12 hr 56.3% 42.4% 22.5% 78.3%causing crypt distortion and disorganization (Anand et
24 hr 33.0% 40.6% 32.1% 76.0%

al., 1986; Mathan and Mathan, 1986; Raqib et al., 1995).
Results are expressed as percentage of reduction in gene expres-During the invasion process in vivo, Shigella enters IEC
sion in cells treated with dIgAC5 prior to LPS incubation for 6, 12, andby a macropinocytosis-like process and, once inside,
24 hr versus cells loaded with LPS without antibody pretreatment.

lyses the membrane-bound vacuole. Then, as reported



Anti-Inflammatory Role of Intracellular dIgA
745

localizes in the ARE compartment, a compartment impli- contribute to limit local inflammation. In its acute phase,
inflammation accounts for massive tissue destructioncated in recycling from both apical and basolateral do-

mains, and in IgA transcytosis (Barroso and Sztul, 1994; and is, therefore, deleterious for the integrity of the intes-
tinal barrier, as it is observed in shigellosis.Song et al., 1994; Thieblemont and Wright, 1999). To

our knowledge, this is the first demonstration that this This specific interaction of dIgAC5 with LPS 5a is
required for inhibition of NF-�B activation. This is con-compartment is involved in LPS trafficking, bringing new

information to the previously described intracellular traf- firmed by the fact that NF-�B activation still occurs in
the presence of dIgAC5 unable to bind S. typhimuriumficking of LPS 5a in polarized T84 cells (Beatty et al.,

1999). However, other studies report that in PMN and LPS. dIgAC5 is specific for the polysaccharide part, the
O antigen, of LPS (Phalipon et al., 1995). Therefore, neu-nonpolarized HeLa cells, monomeric LPS localizes in

the Golgi apparatus (Thieblemont and Wright, 1999). The tralization of the LPS-induced proinflammatory cascade
does not occur by inhibition of the endotoxin activity ofdiscrepancy between these observations is likely due

to IEC (polarized or nonpolarized) and LPS (monomeric the lipid A moiety of LPS, which plays a major role in the
proinflammatory and associated destructive capacity ofor aggregated) used in the studies, which are supposed

to influence transport and intracellular recognition of invasive shigellae (D’Hauteville et al., 2002). The require-
ment for a specific interaction has also been empha-LPS (Detmers et al., 1996; Thieblemont and Wright,

1999). Moreover, Hornef et al. (2002) using the m-ICcl2 sized in previous studies describing the protective role
of dIgA in intracellular neutralization of virus. However,cell line and Escherichia coli K12 LPS also showed a

transport of LPS to the Golgi apparatus. Interestingly, the exact subcellular compartment implicated has not
been precisely characterized (Schwartz-Cornil et al.,in that case, the pattern of cytokine gene expression

differs from the one we report in our study. Therefore, 2002). Bomsel et al. (1998) suggested that intracellular
neutralization of HIV virions could occur in the ARE. Ourwe should not exclude the existence of several routes

for LPS internalization as well as for its final localization results demonstrate that this compartment is required
for the anti-inflammatory role of intracellular dIgA.in m-ICcl2 cells.

To accurately model the triggering of the proinflam- Therefore, the ARE compartment appears as the pre-
dominant compartment implicated in intracellular dIgA-matory response by LPS at the intracellular level, we

exclusively considered the cells that had endocytosed mediated protection.
The question that arises from our findings is whetherLPS. Moreover, to avoid any extracellular recognition

of LPS mediated by CD14, LBP, and the TLR4-MD-2 this mechanism may provide efficient protection in vivo
(for a review see Macpherson et al., 2001). We proposecomplex (Heumann and Roger, 2002), we used serum-

free experimental conditions. In fact, it has been recently that upon Shigella infection, anti-LPS IgA-mediated pro-
tection may occur within different mucosal compart-shown that m-ICcl2 cells express CD14 at the apical sur-

face, but not TLR4 that is found in the Golgi apparatus ments by different mechanisms, depending on the im-
mune status of the infected host. Anti-LPS SIgA(Hornef et al., 2002). Therefore, it is unlikely that extracel-

lular LPS-mediated signaling occurs in m-ICcl2 cells. To antibodies that are elicited upon primary Shigella infec-
tion are essential in protecting the host against reinfec-summarize, although the possible route(s) involved in

LPS internalization by these cells is not yet totally eluci- tion (Keren et al., 1982). Therefore, if reinfection occurs
when anti-LPS SIgA are still present locally, it can bedated, we show that a fraction of LPS becomes endocy-

tosed. This intracellular LPS then initiates the intracellu- assumed that protection will be essentially through pre-
viously described SIgA-mediated immune exclusionlar signaling cascade leading to NF-�B activation and

subsequent proinflammatory cytokine gene expression. (Phalipon et al., 1995, 2002). However, under certain
circumstances, an additional anti-inflammatory protec-Such triggering of the innate response in IEC by intracel-

lular LPS has been previously reported (Dyer et al., 1993; tive role of dIgA by intracellular neutralization can be
essential. It would be the case if bacteria escape thePhilpott et al., 2000; Thieblemont and Wright, 1999).

The major finding of our study is the demonstration SIgA-mediated immune exclusion, gain then access to
the underlying intestinal mucosa and therefore invadeof the ability of intracellular dIgA to downregulate the

pathogen-induced proinflammatory response in IEC. We IEC (Sansonetti and Phalipon, 1999). This anti-inflamma-
tory role would also be essential if reinfection occursshow that dIgAC5 strongly inhibits apical-to-basolateral

LPS 5a transcytosis, by intercepting LPS in the ARE when anti-LPS SIgA are no longer present in mucosal
secretions. Indeed, invasion of the epithelial barrier willduring its intracellular trafficking. It is likely that part of

dIgAC5/LPS 5a complexes are eliminated via the apical not be prevented and IEC will then become infected,
and subsequently, activated leading to the initiation of aroute as previously reported for other intracellular dIgA

complexes (Kaetzel et al., 1991; Robinson et al., 2001). mucosal inflammatory response. In response to Shigella
infection, IEC as well as macrophages, monocytes, andThis dIgA-mediated reduction of the LPS trafficking has

two major consequences. First, as demonstrated, it presumably other cells in the local microenvironment,
secrete cytokines and chemokines. These cytokines andprevents NF-�B translocation and the subsequent proin-

flammatory cytokine gene expression in IEC, presum- chemokines that contribute to the inflammatory pro-
cess, are also key players in the modulation of the muco-ably preventing intracellular receptor-mediated recogni-

tion of LPS. Second, as the amount of LPS found in the sal IgA response. For instance, some cytokines and che-
mokines secreted upon specific Shigella activationbasal compartment is reduced by 80% in the presence

of dIgA, this suggests that in vivo, LPS-induced activa- (Phalipon et al., 1995; Raqib et al., 1996; Sansonetti et
al., 2000) can upregulate the pIgR expression in IECtion of macrophages and monocytes infiltrated into the

lamina propria upon infection may also be reduced. (Hayashi et al., 1997; Kvale et al., 1988) and induce the
terminal differentiation of specific IgA positive-B cellsThus, intracellular dIgA specific for proinflammatory mi-

crobial products released upon infection within IEC may (possibly memory B cells) within the lamina propria,
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Millicell electrical resistance system (Millipore). Cells were culturedleading to the secretion of newly synthesized specific
in medium (Dulbecco’s modified Eagle’s medium, DMEM/Ham’sdIgA (Christ and Blumberg, 1997). Shigella also induces
F-12, GibcoBRL), supplemented with 2% decomplemented fetal calfexpression of CCL25 (J. Gamelas and A.P., unpublished
serum, 1% nonessential aminoacids, 5 �g /ml human transferrin,

data) that has been shown to be a potent and selective 60 nM sodium selenate, 50 nM dexamethasone, 1 nM triiodothyro-
chemoattractant for IgA-antibody secreting cells (Bow- nine, 5 �g /ml insulin, 20 mM D-glucose, 10 nM epidermal growth

factor, and 20 mM N-2-hydroxyethylpiperazine-N�-2-ethanesulfonicman et al., 2002). Thus, during reinfection, simultaneous
acid (HEPES) (pH 7.4) at 37�C and 10% CO2.to the induction of inflammation, uncontrolled Shigella

invasion of the intestinal epithelium leads to efficient
upregulation of the specific anti-LPS IgA response, Antibody Molecules and LPS

dIgAC5 specific for S. flexneri serotype 5a LPS was purified fromtherefore promoting transcytosis of anti-LPS dIgA in
ascitis fluids as previously described (Michetti et al., 1992; Phaliponinfected IEC. The latter would ensure neutralization of
et al., 1995). Sal4, a monoclonal dIgA specific for Salmonella typhi-intracellular LPS, thus limiting local inflammation. It is
murium LPS, was kindly provided by B. Corthésy (CHUV-Lausanne,

likely that in such a situation, excretion of immune com- Lausanne, Switzerland). LPS 5a was purified according to Westphal
plexes from the lamina propria through pIgR-mediated and Jann (1965) and S. typhimurium LPS was purchased from
transport may also contribute to prevent acute inflam- Sigma. LPS was resuspended in MEM and sonicated immediately

before use.mation.
On the other hand, there is an interaction between

the epithelium and the resident flora that induces a con- dIgAC5 and LPS 5a Transcytosis
EC monolayers seeded for 7 days on semi-permeable filters pre-tinuous physiologically controlled inflammation. A large
coated with collagen type I were washed extensively with MEMpart of SIgA that are secreted daily in the intestinal lumen
deprived of serum and maintained in serum-free medium for 6 hr.are directed against the commensal flora (Kramer and
Cells were then incubated at 37�C for 3, 6, or 24 hr with dIgAC5 at

Cebra, 1995; MacPherson et al., 2000). These SIgA con- a concentration of 20 �g/ml, and the apical and basal reservoir
sidered as part of the innate immune system (MacPher- media were then collected and stored at –20�C for the quantification
son et al., 2000) contribute to maintenance of mucosal of dIgAC5 transcytosis. After extensive washing, LPS 5a was added

to the apical reservoir at a concentration of 2 �g/ml for 2 hr. Bothhomeostasis (Johansen et al., 1999). Therefore, we
apical and basal media were then collected for LPS quantification.speculate that through this anti-inflammatory mecha-
Transcytosis assays were performed 10 times for each time point.nism, intracellular dIgA may participate in the mainte-
Cell monolayers treated with dIgAC5 or LPS 5a alone were included

nance of the complex homeostatic process that inhibits in each experiment. Transcytosis assays were also performed using
the potential of commensal microbial patterns to cause dIgAC5 and S. typhimurium LPS as control.
intestinal inflammation. ELISA was performed to quantify dIgAC5 and LPS 5a transcytosis.

For dIgAC5 quantification, plates coated with 5 �g/ml of LPS 5a wereProtection of epithelial barriers by local IgA may be
incubated with samples and a dIgAC5 standard solution, followed bytriggered by two types of distinct mechanisms: preven-
incubation with biotinylated anti-mouse IgA (1:5.000, Sigma) andtion of bacterial infection that limits bacterial invasion
then with alkaline phosphatase-conjugated ExtrAvidin (1:5000,

by immune exclusion, and prevention of the disease, Sigma). For LPS quantification, plates were coated with 10 �g/ml
i.e. prevention of inflammation that is responsible for of an anti-S. flexneri LPS IgG (Phalipon A.). After addition of samples
tissue destruction. In this study, we demonstrate an and LPS 5a standard solution, plates were incubated with 5 �g/ml

of dIgAC5, followed by an alkaline phosphatase-conjugated anti-anti-inflammatory property of local IgA that consists in
mouse IgA antibody (1:5000, Sigma). In both cases, the substratespecific prevention of the inflammatory response in-
(p-nitrophenyl phosphate, Sigma) was used and color developmentduced by enteropathogens in IEC. Undoubtedly, the pro-
was quantified using a Dynatech MR 4000 ELISA reader (Dynatech

tective mechanisms of mucosal IgA are diverse to coun- Laboratories) at 405 nm.
teract the variety of host-bacterial interactions taking
place at mucosal surfaces.

Confocal Laser Scanning Microscopy
To localize LPS and antibody molecules in m-ICcl2 cells by confocal
microscopy, cell monolayers previously washed with and main-Experimental Procedures
tained in a serum-free medium were pretreated with dIgAC5 for 6
hr. They were then extensively washed with serum-free medium andCell Lines

The following cell lines were assessed for their ability to endocytose incubated further for 2 hr with LPS 5a. After washing with PBS, they
were fixed with 2.5% PFA in PBS for 15 min, then permeabilizedLPS and transcytose dIgA: transfected Madine Darby Canine Kidney

(MDCK) cell line expressing the rabbit pIgR under the control of with Triton-X-100, and finally blocked with 1% BSA/PBS for 20 min.
Cells were then incubated with the primary antibodies for 1 hr ata sodium butyrate-inducible promoter provided by B. Aroeti (The

Hebrew University of Jerusalem, Israel) (Orzech et al., 2000); trans- room temperature. After washing with PBS, incubation with the
secondary antibodies was performed for 1 hr at room temperaturefected MDCK cell line expressing the rabbit pIgR under the control

of dexamethasone provided by J. P. Kraehenbuhl (University of in the dark. Finally, the cell monolayers were washed and mounted
in Mowiol for observation under a confocal scanning microscopeLausanne, Switzerland) (Corthésy et al., 1996) and a rabbit pIgR-

transfected MDCK cell line by J.E. Casanova (University of Virginia, (LSM510 Zeiss, Göttingen, Germany). The NF-�B p65 subunit was
detected using a rabbit anti-mouse p65 polyclonal serum (SantaUSA) (Hansen et al., 1995). The Human Endometrial Cell line consti-

tutively expressing the pIgR was provided by M. Bomsel (Institut Cruz) as primary antibody and a Cy3-labeled anti-rabbit IgG (Jack-
son ImmunoReasearch Lab.) as secondary antibody. LPS 5a wasCochin, Paris, France) (Hocini and Bomsel, 1999) and the transim-

mortalized mouse intestinal cell line (m-ICcl2), expressing constitu- detected using a murine anti-S. flexneri 5a LPS IgG (Phalipon A.)
followed by a FITC-labeled anti-mouse IgG (DAKO) or a Cy5-labeledtively the mouse pIgR, was kindly provided by A. Vandewalle (Fa-

culté de Médicine, Xavier Bichat, Paris, France), and A. Bogdanova anti-mouse IgG (Amersham International, Life Sciences). dIgAC5
was detected with a FITC-conjugated anti-mouse IgA (Sigma). Rab-(Pasteur Institut, Paris, France) (Bens et al., 1996). Only m-ICcl2 cells

were shown to be suitable for our study. They were seeded on bit anti-human rab11 was obtained from Zymed Lab. Inc. and de-
tected using a Cy3-labeled anti-rabbit IgG (Jackson ImmunoRea-plastic Petri dishes or semipermeable filters (Transwells-COL) pre-

coated with collagen Type I (5 �g/ml rat tail collagen type I, BD search Lab.). Microtubules were immunostained with a mouse anti-�

tubulin (Sigma) and a FITC-labeled rabbit anti-mouse IgG (DAKO).Biosciences). Transepithelial resistance was measured using the
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Table 3. Primers Used for PCR

Name Forward Primer Reverse Primer Product Size

TNF-� GGCAGGTCTACTTTGGAGTCATTGC ACATTCGAGGCTCCAGTGAATTCGG 300 bp
MIP-1 ATAACGCGTATGCAGCGCCATATGGAGCTGAC TACTGCAGTCAGGCATTCAGTTCCAAC 212 bp
MIP2 CTTCCTCGGGCACTCCAGA GGACAGCAGCCCAGGCTCCT 378 bp
IL-1� TTGACGGACCCCAAAAGATG AGAAGGTGCTCATGTCCTCA 204 bp
IL-6 CTGGTGACAACCACGGCCTTCCCTA ATGCTTAGGCATAACGCACTAGGTT 600 bp
IL-18 GGCCCAGGAACAATGGCTGCC GGGTCACAGCCAGTCCTCTTAC 313 bp
IFN-� GCTCTGAGACAATGAACGCT AAAGAGATAATCTGGCTGTGC 226 bp
�-actin GTGGGCCGCTCTAGGCACCA CGGTTGGCCTTAGGGTTCAGGGGG 250 bp
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