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Conversion by Peyer9s Patch Lymphocytes of and M cell formation c o ~ ~ l d  be regulated by 

Human Enterocytes into M Cells that the presence of immune cells. A subclone of 
the human, differentiated, absorutive, en- 

  ran sport Bacteria 
Sophie Kerneis," Anna Bogdanova,? Jean-Pierre Kraehenbuhl, 

Eric Pringault*f 

The epithelium that lines the gut is impermeable to macromolecules and microorganisms, 
except in Peyer's patches (PPs), where the lymphoid follicle-associated epithelium (FAE) 
contains M cells that transport antigens and microorganisms. A cultured system that 
reproduces the main characteristics of FAE and M cells was established by cultivation 
of PP lymphocytes with the differentiated human intestinal cell line Caco-2. Lymphocytes 
settled into the epithelial monolayer, inducing reorganization of the brush border and a 
temperature-dependent transport of particles and Vibrio cholerae. This model system 
could prove useful for intestinal physiology, vaccine research, and drug delivery studies. 

M o s t  microorganisms must cross epithelial 
barriers to exert their physiopathological ef- 
fects and to interact with mucosa-associated 
lymphoid tissue (MALT). In the intestine, 
PPs are the major sites of antigen and micro- 
organism sampling, which leads to immune 
responses or tolerance (1 ,  2).  MALT is sep- 
arated form the lumen by the FAE, which 
contains M cells. These epithelial cells trans- 
port foreign material to MALT and display 
large intraepithelial pockets filled with B 
and CD4 T lymphocytes, macrophages, and 
dendritic cells. Many pathogenic microor- 
ganisms exploit M cells to cross the digestive 
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epithelial barrier (3). Thus, passage of anti- 
gens and microorganisms through M cells is 
an essential step for the development of mu- 
cosal immune responses and the pathology of 
many infectious diseases. Because M cells are 
a minor population in the FAE, they are 
difficult to characterize biochemically; 
hence, little is known about their cell biol- 
ogy. The ultrastructure and the transport 
cauacitv of M cells have been documented 

L ,  

by morphological analysis and irnmunohisto- 
chemistry. However, the study of molecular 
mechanisms of microorganism-M cell inter- 
actions and signal transduction pathways 
that control translocation and cvtoskeletal 
reorganization has been hamper& by the 
lack of in vitro M cell models. Here we 
report the establishment of an in vitro model 
in which specific properties of FAE and M 
cells can be analyzed by biochemical and 

tPresent address: NSERM U445, 22 rue Mechaln, quantitative methods, 
75014 Pars, France. 
$To whom correspondence should be addressed. E-mail: The MALT and FAE in im- 
epringau@pasteur.fr munodeficient mice (4) suggests that FAE 

terocyte cell l ~ n e  Caco-2 clone 1 (5, 6) was 
cultured 1~1th  freshly Isolated lnurlne PP 
lymphocytes. We sekded Caco-2 cells by 
adding 3 x 10' cells on the lower face of 
6.5-mm filters (3-pm pore Transwell filters, 
COSTAR, Cambridge, MA) and culturing 
them overnight. The filters were then trans- 
ferred in the Transwell device with the ep- 
ithelial cells facing the lower chamber of the 
cluster plates, as adapted from Kaoutzani et 
al. (7). Epithelial cells were cultured until 
they were fully differentiated (14 days). 
Lymphocytes were isolated from PPs of 
BL4LB/c mice (8). Dissociated cells were 
analyzed by FACScan (fluorescent analyzer 
cell sorter) flow cytometry (Becton-Dickin- 
son). Sixty percent of the cells were B cells 
[detected with a monoclonal antibody 
(mAb) to mouse B229 (CD45)], and the 
remaining 40% of cells were CD3 T cells 
(detected with a mAb to mouse CD3). This 
ratio corresponds to that described for PP 
follicle cells (9). Macrophages and dendritic 
cells, representing about 0.4% of follicle 
cells in such preparations, were not detect- 
ed. The lymphocytes survived in culture for 
up to 7 days. Lymphoid cells (lC6) were 
added in the upper chamber facing the ba- 
solateral side of the Caco-2 cells. The cul- 
tures were maintained for l to 7 days. 

Lymphoid cells migrated til~ough the 
pores of the filter and settled into the epi- 
thelial monolayer without altering the po- 
larity of Caco-2 cells, as reflected by the 
maintenance of cell polarity markers (Fig. 1, 
A through C )  and of transepithelial electric 
resistance of the monolayers (about 30C 
ohm cmi) during the 7 days of culture. 
Within 2 days, the lymphocytes accumulat- 
ed in intraepithelial pockets, as already de- 
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scribed in M cells in vivo. The presence of 
lymphocytes was correlated to the disorga- 
nization of apical microvilli of Caco-2 clone 
1 cells (Fig. ID), which normally develop 
well-organized brush borders (5, 6). We an- 
alyzed the expression of two proteins that 
reflect the brush-border organization: villin, 
an actin-associated protein playing a key 
role in brush-border cytoskeleton assembly 
(6, 10); and sucrase-isomaltase (SI), a brush- 
border hydrolase produced in differentiated 
small intestinal enterocytes (1 1, 12). After 2 
days of coculture, we observed by immuno- 
cvtochemistrv that villin and SI disan~eared 

Fig. 3. Conversion of the villus epithelium into FAE after injection of PP section of an induced PP-like structure, showing atypical M cell with adjacent 
lymphocytes in the duodenal mucosa of recipient mice. (A) Hematoxylin-eosin enterocytes. (C and D) Eight-micrometer frozen sections of induced PP-like 
coloration of a semithin section of an induced PP-like structure 9 days after structures. (C) lmmunocytochemical detection of polymeric lg receptor ex- 
lymphocyte injection. (B) Transmission electron microscopy view of a thin pression. (D) Fluorescence detection of bound FITC-conjugated UEAl lectin. 
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centration was down-regulated. Digestive 
functions (nutritional enzymes and mem- 
brane transporters) in all epithelial cells of 
the FAE are reduced (14-17). That these 
changes were not restricted to the cells that 
were obviously in contact with lymphocytes, 
but probably affected all the cells in the 
monolayers, suggested that both soluble fac- 
tors and cell contact were required for the 
conversion of absorptive enterocytes into 
FAE cells. 

The ability of PP lymphocytes to convert 
enterocytes into M cells was also assessed in 
vivo. Lymphocytes freshly isolated from PPs 
were injected into the duodenal mucosa of 
recipient mice at sites lacking organized lym- 
phoid tissues (18). When these sites were 
examined 9 days later, PP-like structures had 
developed (Fig. 3A), which consisted of 
well-organized lymphoid follicles with typi- 
cal germinal centers and parafollicular re- 
gions. Antibody labeling with lymphocyte 
markers showed that the distribution of im- 
mune cells reflected that of endogenous PPs 
with a majority of CD4 T cells in the dome 
region, an enrichment of CD8 T cells in the 
parafollicular region, an accumulation of im- 
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Fig. 4. Lymphocytes induce a temperature-de- 
pendent vectorial translocation of latex beads 
through Caco-2 monolayers. (A) Kinetics and 
temperature dependence of fluorescent latex 
bead translocation in the basolateral chamber in- 
duced by PP lymphocytes. 0, control; A, cocul- 
tures. (B) Same experiment as in (A) but with hu- 
man B (Raji) and T (Jurkat) lymphoid cell lines 
instead of mouse PP lymphocytes. 0, control; 0, 
Jurkat cells; 0, Raji cells. 

munoglobulin M (IgM) B cells in the folli- 
cles, and IgA B cells restricted to the germi- 
nal centers (19). Some cells in the epitheli- 
um of these PP-like structures had a disorga- 
nized brush border and an intraepithelial 
pocket filled with lymphoid cells (Fig. 3B) 
that is characteristic of M cells. This epithe- 
lium expressed other features typical of the 
FAE, such as the lack of polymeric Ig recep- 
tors on all epithelial cells (Fig. 3C) and 
binding sites for the lectin Ulex Europaeus 
Agglutinin 1 (UEAI) on the membrane of a 
subpopulation of epithelial cells (Fig. 3D). 
The de novo induction of PP-like structures 
was consistently observed after the injection 
of PP lymphocytes (eight out of nine mice) 
but not after the injection of thymocytes 
(zero out of three mice). Splenocytes occa- 
sionally (one out of three mice) triggered the 
formation of small follicles, although these 
never reached the size of the structures in- 
duced by PP lymphocytes. These observa- 
tions support the hypothesis that PP lym- 
phocytes play a key role in induction of FAE 
and M cells. The normal distribution of PPs 
in the mouse intestine might be dictated by 
the presence of specialized endothelial cells, 
that is, the high endothelial venules that 
control the extravasation of immune cells 
that organized into MALT. In our experi- 
ments, the extravasation event was bypassed 
by direct injection of cells into the mucosa. 
FAE and M cell differentiation could be 
induced from any intestinal crypt, provided 
that appropriate lymphocytes or their secret- 

ed factors can gain access to the epithelium. 
In these experiments, we could not deter- 
mine whether the formation of M cells was 
induced by events occurring in the local 
crypts or by conversion of differentiated ab- 
sorptive enterocytes. 

We next analyzed another distinct fea- 
ture of M cells, the transport of inert parti- 
cles (20), in the cocultures of Caco-2 with 
PP lymphocytes. Fluorescein isothiocyanate 
(FITC)-conjugated latex beads were intro- 
duced in the chamber facing the apical sur- 
face of epithelial cells (2 1 ). Fluorescence 
recovered from the opposite compartment 
was quantified by FACScan flow cytonietty 
(Fig. 4). Transcytotic activity was monitored 
for 60 min at 4°C and after a rapid temper- 
ature shift to 37°C. In control monolayers, 
no latex beads were transported through the 
monolayers at either temperature (Fig. 4A). 
In the presence of lymphocytes, Caco-2 cells 
acquired transcytotic activity only at 37OC, 
resulting in a rapid accumulation of beads in 
the basolateral compartment after a lag pe- 
riod of 10 min. This temperature-dependent 
transcytotic activity reached its maximum 
after 3 or 4 days of coculture. No transport of 
latex beads occurred across Caco-2 cells that 
were unable to assemble a brush border (1 9), 
because of the suppression of villin produc- 
tion by villin antisense RNA (6). The ab- 
sence of brush border was not sufficient to 
render the Caco-2 cells competent to trans- 
cytose microparticles. Thus, lymphocytes ac- 
tivated two distinct cellular effectors, one 

Fig. 5. Vlbno cholerae b~nd- 
Ing, internalization, and 
translocatm. Vibrio chol- 
erae was added for 60 min 
at 37°C into the lower 
chamber facing the apical 
surface of Caco-2 cells in 
the presence or absence of 
PP lymphocytes. Cells were 
then processed for trans- 
mission electron microsco- 

r - -- I py. (A and B) Control. (C 
* i  through E) Cocuitures. Ar- 

e row indicate bacteria. 
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