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Intestinal M cells deliver macromolecules, particles, and pathogens into the subepithelial dome (SED)
region of Peyer’s patch mucosa, an area rich in dendritic cells (DCs). We tested whether uptake of the mucosal
adjuvant cholera toxin (CT) or live Salmonella bacteria can induce DC migration within Peyer’s patches.
Virus-sized, fluorescent polystyrene microparticles were efficiently transported by M cells and ingested by
CD11c*, CD11b~, and CD8a~ DCs in the SED region. DCs loaded with microparticles remained in the SED
for up to 14 days. CT (but not the CT B subunit) and live attenuated Salmonella enterica serovar Typhimurium
bacteria induced migration of the microparticle-loaded DCs from the SED region into underlying B-cell
follicles and adjacent parafollicular T-cell zones. Our data provide the first demonstration that DCs move in

response to enterotoxin adjuvants and live bacteria that enter the mucosa via M cells.

In the gastrointestinal tract, specialized M cells in the folli-
cle-associated epithelium (FAE) deliver samples of foreign
material to organized mucosal lymphoid tissues (15). This local
sampling of antigens is believed to be critical to the induction
of adaptive mucosal immunity (2), but little is known about the
fates of antigens or pathogens transported by M cells. Phago-
cytic dendritic cells (DCs) are numerous in the subepithelial
dome (SED) region underlying the FAE (13, 27). It is likely
that most incoming antigens and pathogens are captured by
these antigen-presenting cells. Indeed, live attenuated Salmo-
nella enterica serovar Typhimurium (9) bacteria, Listeria mono-
cytogenes bacteria, and microparticles (24) that entered Peyer’s
patches (PP) after oral administration were taken up by DCs in
the SED region.

The paradigm of DC function is their acquisition of antigen
in peripheral tissues such as skin as immature DCs and their
subsequent maturation and migration via lymphatic or blood
vessels to T-cell areas in secondary lymphoid organs, where
they interact with naive T lymphocytes (1). The behavior of
DCs in PP may be unique, because the site of initial antigen
entry and capture (the SED region) is in close proximity to
organized T- and B-cell zones. It has been proposed that lu-
minal antigens transported by M cells and endocytosed by
immature DCs in the SED region would be ferried by DCs to
the adjacent interfollicular T-cell zones where DC maturation
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and antigen presentation would occur (10, 13), but this has not
been directly demonstrated. In skin, migration of DCs to drain-
ing lymph nodes is accelerated and immune responses are
enhanced after topical application of cholera toxin (CT)
(G. M. Glenn, M. Rao, G. R. Matyas, and C. R. Alving, Letter,
Nature 391:851, 1998). CT is a powerful adjuvant when deliv-
ered mucosally (5), and CT in the intestinal lumen is rapidly
transported by M cells into PP (15). Although CT is known to
have multiple effects on PP cells, the possibility that CT or
other adjuvants may induce migration of PP DCs has not been
tested.

DCs are known to migrate constitutively from the intestinal
mucosa and other peripheral tissues into lymphatic vessels and
migration can be accelerated by systemic injection of lipopoly-
saccharide (LPS) (18, 19, 26), but the major source of the
intestinal DCs recovered in lymph is likely to be the lamina
propria. DC emigration specifically from the PP was detected
only recently, by identifying cells in mesenteric lymph nodes
(MLN) that had ingested bacteria along with fluorescent par-
ticles (24). Recently, a subpopulation of DCs were shown to
migrate within the PP mucosa, moving from the SED region to
the interfollicular T-cell zones upon systemic administration of
Toxoplasma gondii soluble trophozoite antigen (10). Whether
specific DC populations move within the PP after M-cell up-
take of particles, live pathogens, or immunostimulants such as
CT is not known, however.

To follow the movements of PP DCs after uptake of non-
living particles, we exploited the ability of M cells to efficiently
transport hydrophobic polystyrene microparticles from the in-
testinal lumen into PP (23). Water and food were withheld
from 8- to 10-week-old, specific pathogen-free BALB/cAnNCr
mice (Charles River Laboratories, Wilmington, Mass.) for 3 to
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FIG. 1. Polystyrene microparticles transported into the PP are ingested by DCs in the SED region. BALB/c mice were orally fed 10'?
Fluoresbrite polystyrene microparticles and sacrificed at 1 h (a and b), 12 h (e and f), or 24 h (¢ and d). PP were harvested, cryosectioned, and
temporarily mounted in saline to visualize fluorescent microparticles (a, ¢, and e). Coverslips were then removed and sections were dried, fixed
in acetone, and immunostained with anti-CD11c (b and d) or CD11b (f) antibodies. (a and b) At 1 h, microparticles were present at sites in the
epithelium that presumably corresponded to M cells and M-cell pockets (short arrows) and in subepithelial CD11c* cells (long arrows). (c to e)
At later times, cells in the subepithelial region that had ingested the fed microparticles were consistently CD11c* (panel d, long arrow), did not
contain high levels of CD11b (f), and were CD8a.~ (data not shown). Macrophages in neighboring villi, identified by intense CD11b staining (f),
contained no microparticles (e). v, villus epithelium; fae, follicle-associated epithelium. Bar, 50 pwm.
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4 h prior to oral administration of 10'* Fluoresbrite Yellow
Green microspheres (diameter, 0.2 pm; Polysciences Inc.,
Warrington, Pa.). The microspheres and all other agents used
in these studies were administered in a volume of 0.5 ml of
saline solution by using a 1-ml syringe and a disposable 20-g,
1.5-in.-long blunt-ended feeding needle (Popper, New Hyde
Park, N.Y.), and mouse chow was returned to the cages ap-
proximately 1 h after intragastric administration. At least three
mice were included in each treatment group, and multiple
sections from at least three distal PP from each mouse were
documented. At intervals from 1 h to 14 days after the feeding
of the particles, the mice were sacrificed and their PP were
harvested, embedded in Tissue-Tek OCT embedding medium
(Sakura Finetek, Torrance, Calif.), frozen in liquid-nitrogen-
cooled isopentane, and stored at —20°C. Frozen sections (7
wm) were cut using a Leica Cryostat model CM3050 apparatus
(Nussloch, Germany) and mounted on Fisher Superfrost mi-
croscope slides. To visualize the fluorescent microspheres, sec-
tions were temporarily mounted in saline, examined, and pho-
tographed. The coverslips were then rapidly removed, and the
slides were air dried, fixed in acetone, and stained with biotin-
ylated anti-CD3, B220, CD8«, CD11b, or CD11c (Pharmingen,
San Diego, Calif.) for 45 min as described previously (10, 14).
After three washes, the slides were incubated with streptavi-
din-conjugated horseradish peroxidase (Sigma, St. Louis, Mo.)
for 30 min, washed, incubated with diaminobenzidine (Sigma)
substrate solution, and mounted in Immumount (Dako, Car-
penteria, Calif.). DCs were identified by anti-CD11c, since this
marker specifically labels mouse PP DCs in both SED and
interfollicular T-cell regions (10). Other candidate DC mark-
ers were not used, because all had drawbacks for the purposes
of this study: for example, CCR6 is expressed by other cell
types, DEC-205 is not expressed by DCs in the SED region of
mice, and the ability of antibodies against human Langerin to
label mouse PP DCs is not established. The results reported
below are based on observations that were consistent for all
three mice of a given treatment group.

At early time points (1 to 2 h) after feeding, we observed
microparticles within the FAE and in some subepithelial cells
(Fig. 1a). At later time points (4 h onward), cells containing
clusters of microparticles were present in the SED region
(shown at 12 and 24 h in Fig. le and c, respectively) but not in
deeper regions of PP. Through-focusing of sections at high
power suggested that microparticle clusters were consistently
intracellular (Fig. 2), an observation consistent with previous
studies in which DCs were shown to efficiently phagocytose
latex microparticles (16). Single microparticles were also
present in the SED (Fig. 2), but whether they were intra- or
extracellular could not be determined with certainty. No mi-
croparticles were observed in the epithelium or lamina propria
of villi at any time point (Fig. 1e). All of the SED region cells
containing microparticle clusters expressed CD1lc (Fig. 1b
and d) but little or no CD11b, indicating that they were not
macrophages. Macrophages intensely stained with CD11b
were present in the lamina propria of adjacent villi (Fig. 1f)
and at the serosal margins of follicles and T-cell zones, but
these cells contained no microparticles. It was of interest to
determine the subtype of the particle-containing cells, because
distinct subpopulations of DCs may determine the nature of
immune responses in vivo (20, 25). At least three DC subpopu-
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FIG. 2. At 14 days after feeding, DCs in the SED region below the
FAE contained multiple microparticles. Background fluorescence of
the DC cytoplasm shows that microparticles lay within the limits of the
cell (large arrows). In addition, a few single microparticles (small
arrow) are visible in the tissue. Bar, 50 pm.

lations in PP have previously been described (10, 13, 14) in
addition to the follicular DCs (1). CD11¢*/CD8a™ DCs are
located in the interfollicular T-cell areas but not in the SED
region (10). CD11c*/CD11b™ DCs are present in the SED
region, but the majority of CD11c¢* DCs in the SED region of
PP are double negative, expressing neither CD11b nor CD8«
(10, 11). Intestinal mucosal DC subpopulations differ in their
cytokine profiles: CD8a™ and CD11b~/CD8a~ DCs produced
much higher levels of interleukin-12 p70 in vitro, whereas
CD11b* DCs produced higher levels of interleukin-10 (11). In
the mice examined here, the majority of microparticle-contain-
ing cells in the SED region were double-negative DCs but a
few were CD11c*/CD11b™. Thus, we could not conclude that
uptake of microparticles was limited to a specific DC subset in
the SED region. The CD8a " cells of the parafollicular T-cell
areas contained no microparticles.

Unexpectedly, DCs containing microparticles remained in
the SED region for up to 14 days after feeding and their
numbers did not seem to diminish over time (Fig. 3a).
Throughout this time course, all of the microparticle clusters
were contained in CD11¢™ DCs in the SED region and no
microparticle-containing cells were seen in the interfollicular
T-cell zones (Fig. 3b), in the B-cell follicles (data not shown),
or in adjacent villi (Fig. 1f). In sections of MLN, microparticle-
containing cells were rarely seen (data not shown), but we
could not rule out the possibility that particle-loaded DCs did
move to MLN but were not detected in sections due to their
dispersion in the relatively large volume of MLN tissue.

The fact that DCs with ingested microparticles remained in
the SED region raised the possibility that these cells require an
additional signal to initiate migration which the inert particles
did not provide (8). We therefore tested the effect of the
presence of CT, a strong antigen and powerful mucosal adju-
vant (5) that has recently been shown to induce maturation of
DCs and expression of migration-associated chemokines but
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FIG. 3. CT stimulates migration of microparticle-containing DCs
from the SED to T-cell areas in the PP. BALB/c mice were orally fed
10'? Fluoresbrite polystyrene microparticles as described for Fig. 1.
The areas shown in panels a to d are outlined in panel e. (a) The SED
region of control mice fed saline contained numerous microparticle-
loaded cells from 6 h to day 14. A PP harvested 14 days after feeding
is shown here. (b to d) PP of mice fed microparticles on day 0 and then
fed either 50 pg of CT or phosphate-buffered saline (PBS) on day 2
and sacrificed 24 h later. (b) In PP of a control mouse fed PBS,
interfollicular T-cell regions had no detectable microparticle-contain-
ing cells. (¢) The SED regions of mice fed CT were largely depleted of
microparticle-containing cells. (d) The interfollicular T-cell regions of
mice fed CT contained numerous microparticle-loaded cells. Small
arrows indicate FAE. s, serosal surface of the intestine. Bars, 50 pm.

without the inflammatory response evoked by other bacterial
products such as LPS (7). The nontoxic B subunit of CT
(CTB), which generally lacks adjuvant activity in the gastroin-
testinal tract, was tested in parallel. We also tested an attenu-
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TABLE 1. Relative frequencies of cells containing microparticle
clusters in various regions of PP 24 h after peroral
administration of test agents

PP region
Treatment group
SED IFR* FOLL”
Control (PBS) ++++ — +/—
) +/=¢ +++ T+
CTB ++++ - +/—
S. enterica serovar +/— +++ 44
Typhimurium

¢ IFR, interfollicular T-cell region.
» FOLL, B-cell follicle.
¢ +/—, small number of microparticles in some, but not all, samples.

ated strain of S. enterica serovar Typhimurium that is trans-
ported into PP (9) and might be expected to affect PP DCs.
Certain viruses can also trigger DC maturation and/or migra-
tion (17), and DCs can carry viruses such as human immuno-
deficiency virus to lymph nodes (21). Thus, we expected that
reovirus, a mouse pathogen that enters the mucosa exclusively
via M cells (29) and induces a vigorous local mucosal immune
response (28), might also trigger movement of PP DCs.

To determine whether CT, CTB, or live microorganisms can
drive microparticle-loaded DCs from the SED region, mice
were first fed microparticles to load and label the SED DCs.
Two days later they were fed one of the following: 50 pg of CT
holotoxin, 50 pg of CTB (both from Calbiochem, La Jolla,
Calif.), live attenuated S. enterica serovar Typhimurium (10'°
CFU of a PhoPc mutant [22] kindly provided by John J. Mek-
alanos, Harvard Medical School), 2 mg of S. enterica serovar
Typhimurium LPS (Sigma), or 10** PFU of reovirus (Type 1
Lang) in 0.5 ml of saline. Control mice received 0.5 ml of
saline. Mice were sacrificed 24 h later, and microparticle-con-
taining cells were visualized in frozen sections of PP. The
results are summarized in Table 1. In mice fed CT holotoxin,
most cells containing clusters of microparticles were no longer
present in the SED region, although some single micropar-
ticles remained (Fig. 3c). Instead, microparticle-loaded cells
were present in the parafollicular T-cell zones (Fig. 3d) and
also in B-cell follicles. In contrast, no changes in the distribu-
tion of microparticle-containing cells were observed after feed-
ing of a comparable dose of CTB. Mice fed live S. enterica
serovar Typhimurium showed the same changes in micropar-
ticle-labeled DC distribution as did mice fed CT. Our obser-
vation that oral administration of live S. enterica serovar Ty-
phimurium induced DC migration to parafollicular T-cell
zones is consistent with previous findings that these bacteria
enter PP via M cells (3, 12), are endocytosed by SED DCs (9),
and evoke strong mucosal immune responses.

Neither S. enterica serovar Typhimurium LPS nor reovirus
resulted in discernible DC movement, but it should be empha-
sized that a single dose was tested in these preliminary exper-
iments and that uptake into PP may have been insufficient to
produce an effect. Experiments with LPS were repeated using
C57BL/6 mice that are more LPS sensitive than BALB/c mice,
but again no effect was observed. The dose of reovirus admin-
istered was previously shown to be sufficient for entry and
infection of PP cells (28). Whether reovirus replication in PP
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would eventually result in migration of DCs from the SED
region is to be examined in future studies.

Migration of the microparticle-loaded cells into T-cell zones
upon CT treatment has important implications for mucosal
vaccine development. The strong adjuvant action of CT in the
intestine has previously been shown to be due to multiple
effects of the toxin on B cells, T cells, and epithelial cells (5).
Recently, it was shown that CT also acts directly on DCs to
induce expression of maturation-associated surface compo-
nents such as HLA-DR and the costimulatory molecules B71
and B72 as well as expression of CCR7, a chemokine associ-
ated with DC migration and interaction with T cells in second-
ary lymphoid organs (7). In the PP, expression of CCR7 by
DCs was associated with their movement into parafollicular
T-cell areas (10). In future studies it will be important to
determine the maturation state of the microparticle-loaded
cells. Nevertheless, the observations reported here are consis-
tent with the idea that the strong adjuvant effect of CT admin-
istered along with antigen is due in part to the toxin’s ability to
drive DCs to locations where interaction with naive T cells
might occur. The fact that the B subunit alone had no effect
suggests that DC migration, like many other effects of CT,
involves activation of adenylate cyclase.

Oral administration of CT also resulted in movement of
some DCs from the SED region into mucosal B-cell follicles.
DCs are known to directly stimulate the production of anti-
bodies by B cells, and DCs can augment the proliferation of B
cells that have been stimulated by CD40L on activated T cells
(4). DCs also orchestrate immunoglobulin class switching:
there is evidence that immunoglobulin A2, a vital component
of mucosal immune responses, is dependent on the direct in-
teraction between DCs and B cells (6, 30). Many vaccines
consist of inactive pathogens, inert particles, and soluble anti-
gens that would not be expected to trigger DC migration or
maturation. Thus, our observations help to explain why CT is
a highly effective mucosal adjuvant when coadministered with
antigens and open the way for future studies testing the effects
of other adjuvants such as mutated toxins on DC migration in
the mucosa.
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