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The biochemical composition of the apical membranes of epithelial M cells overlying the gut-associated
lymphoid tissues (GALT) is still largely unknown. We have prepared monoclonal antibodies (MAbs) directed
against carbonate-washed plasma membranes from epithelial cells detached with EDTA from rabbit appendix,
a tissue particularly rich in GALT. As determined by immunofluorescence microscopy, several MAbs specif-
ically recognized either M cells or enterocyte-like cells of the domes from rabbit appendix, sacculus rotundus,
and Peyer’s patches. M cells were identified by their large ventral pocket containing lymphoid cells and by
specific labeling with antivimentin. Among various characterized MAbs, MAb 104 recognized rabbit immuno-
globulins and was used as an apical marker for M cells in the rabbit appendix, MAb 58 selectively stained an
integral membrane glycoprotein of greater than 205 kDa located at the apex of M cells, and MAb 214 stained
a smaller soluble glycoprotein associated with the apical surfaces from neighboring enterocytes. In addition,
both MAbs 58 and 214 also labeled luminal mucus and secretory granules in goblet cells. The selective
association of mucin-related molecules at the surfaces of either M cells or enterocyte-like cells of the follicle-
associated epithelium suggests that specific carbohydrate antigens are differentially expressed by epithelial
cells and could account for the differential binding properties of pathogens.

The gastrointestinal tract is a major site of entry for patho-
gens such as bacteria, viruses, and parasites. Penetration of
these pathogens into internal tissues and fluids is normally
prevented by the epithelial barrier (29). Intestinal enterocytes
are protected by the filamentous brush border glycocalyx (13,
20, 32, 33), and the entire mucosal surface is protected by
secreted mucus components (35). Certain pathogens can dis-
rupt the continuity of the epithelial barrier and transit through
the epithelium (28). It is important, therefore, for the immune
system to be alerted to the presence of pathogens in the intes-
tinal tract. Sampling of luminal antigens and pathogens is
achieved by specialized epithelial cells, the M cells, which bind
and rapidly transport macromolecules and microorganisms
across the follicle-associated epithelium (FAE) toward under-
lying gut-associated lymphoid tissues that contain all of the
cells necessary for activation of the mucosal immune system
(10). As a result, specific B lymphoblasts differentiate, migrate
systemically, and home to local and distant mucosal and glan-
dular tissues where they secrete dimeric immunoglobulin A
(IgA) molecules. Dimeric IgA is actively transported to the
intestinal lumen via the dimeric IgA receptor (for a review, see
reference 6).

The M-cell transport mechanism, however, is sometimes
used by pathogens to circumvent the intact intestinal barrier
and invade the underlying tissues (31). Therefore, although
efficient mucosal protection depends upon M-cell sampling,
transport of pathogens must be restricted and controlled to
prevent massive infection. This is probably why M cells are a
very small minority in the epithelium of the gastrointestinal

tract and are located only in the FAE over immune inductive
sites through the gut.

M cells are well defined by morphological features (37) and
by their propensity to transport certain pathogens (for a re-
view, see reference 36), but their molecular features are still
poorly understood. The cytoskeleton of M cells is unusual for
epithelial cells in that it contains vimentin (15) and specific
cytokeratins (15, 16). Villin, a cytoskeletal protein concen-
trated in the microvilli of enterocytes (4), is diffusely distrib-
uted in the cytosol of mouse M cells (22). Certain integral
membrane proteins normally present on the apical surfaces of
intestinal epithelial cells are not expressed on M cells. This is
the case for alkaline phosphatase (38) and aminopeptidase
(43a). Membrane proteins specific to M-cell apical surfaces
have not been identified, although b1 integrin has recently
been proposed to be such a protein (7). Igs of the A type bind
to the apical surfaces of M cells and are transported through
the epithelium (45, 48), but the corresponding receptor re-
mains unknown. It has recently been shown that some of the
structural and functional features of M cells could result from
interactions between epithelial cells and lymphocytes (23).

Monoclonal antibodies (MAbs) that labeled apical surfaces
of M cells have been described (39) and were thought to
increase microsphere uptake by rabbit Peyer’s patches (40),
but the antigens involved were not characterized. It is possible
that they recognized carbohydrate structures, since the apical
membranes of FAE cells display specific carbohydrate patterns
as demonstrated by the binding of different lectins and anti-
bodies. For instance, the lectins of Ulex europaeus (UEA-I) and
Psophocarpus tetragonolobus (WBA II) are specific for M cells
in BALB/c mice (8). However, the expression of these lectin-
detected glycoconjugates in FAE varies among species, from
one region of the intestine to the other (14), and among M
cells within the same dome (17). The UEA-I epitopes are also
found within vesicles of M cells and along the basolateral
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membranes (17). These observations are of particular interest,
since glycoconjugates play key roles in pathogen-target cell
interactions on one hand (for a review, see reference 12) and
in the protection of the epithelial cells through the highly
glycosylated glycocalyx (20) and the mucus blanket (35) on the
other hand.

In this paper, we describe MAbs which recognize mucin-
related epitopes differently expressed on apical surfaces of
either M cells or enterocyte-like cells of the rabbit FAE. The
M-cell-associated antigen behaves as an integral membrane
glycoprotein and is also associated with endocytic vesicles and
the Golgi complex.

(This work was presented in part at the 6th International
Congress on Cell Biology, San Francisco, Calif., 1996 [34a].)

MATERIALS AND METHODS

Animals. New Zealand albino rabbits weighing 2 to 3 kg were obtained from
the Institut National de la Recherche Agronomique, Montpellier, France. Fe-
male BALB/c mice (2 to 8 weeks old) were obtained from the Centre d’Elevage
Janvier, Le Genest-Saint-Isle, France. Animals were housed and cared for ac-
cording to French regulations 87-848 and EEC-L358.

Reagents. Cell culture reagents, including fetal calf serum, were purchased
from GIBCO BRL (Paisley, Scotland); glutaraldehyde was from Ladd Research
Industries (Burlington, Vt.); protein A-Sepharose was from Pharmacia (Saint
Quentin, France); Immobilon-P was from Millipore (Bedford, Mass.); the ECL
kit was from Amersham (Buckinghamshire, United Kingdom); Lowicryl K4M
was from Electron Microscopy Sciences (Fort Washington, Pa.); Epon was from
TAAB Laboratories Equipment Ltd. (Berks, United Kingdom); Mowiol was
from Calbiochem Corp. (La Jolla, Calif.); and rhodamine isothiocyanate
(RITC)–UEA-I, fluorescein isothiocyanate (FITC)-VVA (Vicia villosa aggluti-
nin), and 4,6-dichlorotriazinylaminofluorescein (DTAF) were from Sigma
Chemical Co. (St. Louis, Mo.). All other chemicals were reagent grade.

FIG. 1. Epithelial sheets detach from rabbit appendix after treatment with EDTA. (a) Light micrograph of rabbit appendix tissue after treatment with EDTA for
2 h. Epithelial sheets are being released from the lamina propria (LP). M cells (arrows) are recognizable by their pockets filled with lymphocytes. The lymphocytes in
the follicle are retained in the mucosal tissue (LF). (b) Light micrograph of a sectioned pellet of isolated epithelial sheets. The cells are still attached to form monolayer
sheets containing M cells (arrows). Some layers from the villus epithelium display goblet cells (arrowheads).

FIG. 2. M cells of rabbit appendix are labeled with MAb 104 and antivimentin antibodies. (a and b) Double indirect immunofluorescence labeling of a cryostat
section of rabbit appendix with MAb 104 (a) and antivimentin (b), viewed by confocal microscopy. The labeling with MAb 104 was concentrated at the apices of M
cells (unlabeled arrows), on lymphocytes in the follicle (LF), and in the pockets (L). Antivimentin antibodies labeled intermediate filaments concentrated at the
peripheries of the pockets of the same cells. GC, unlabeled goblet cells. (c) Differential interference contrast view of the same field shown in panels a and b.
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FIG. 3. MAb 58, anti-IgA antibodies, and lectin UEA-I label the apices of M cells. Indirect immunofluorescence labeling on cryostat section from rabbit appendix,
viewed by confocal microscopy is shown. (a to d) The labeling of the dome epithelium with MAb 58 (a) (arrows) was identical to that obtained with anti-IgA (b)
(unlabeled arrows). However, MAb 58 also labeled goblet cells (GC), while anti-IgA also labeled lymphocytes (L) and the matrix of the lamina propria (LP). UEA-I
lectin (d) labeled the same cells (arrows) as MAb 58 (c), but the labeling with UEA-I was significantly more extended within the cells. (e) On a cryostat section from
a rabbit ileal Peyer’s patch, MAb 58 labeled the apices of M cell (arrows). (f) Differential interference contrast view of the same field shown in panel e. E, dome
enterocytes; L, lymphocytes.
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Antibodies. Goat anti-mouse IgGs coupled to horseradish peroxidase, FITC,
or tetramethyl rhodamine isothiocyanate were from Biosys (Compiègne,
France), gold-coupled protein A (PAG10) was purchased from the Utrecht
University School of Medicine (Utrecht, The Netherlands), rabbit anti-mouse
IgG and mouse antivimentin (clone V9) were obtained from Dako (Glostrup,
Denmark), FITC–goat anti-rabbit IgA was from Nordic Immunology (Tilburg,
The Netherlands), and purified normal rabbit IgG was from Miles (Elkhart,
Ind.).

Cell culture. Gerbil fibroblasts cells (CCL146) and nonsecreting myeloma-1
cells (NS-1) were obtained from the American Type Culture Collection and were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 g of
glucose per liter, 10% fetal calf serum, 20 mM L-glutamine, and 25 U of peni-
cillin-streptomycin, per ml. Hybridomas were grown on the same Dulbecco’s
modified Eagle’s medium containing in addition 100 mM hypoxanthine, 0.4 mM

aminopterine, and 16 mM thymidine. All cells were grown at 37°C with 5%
CO2–95% air.

Cell dissociation. The appendix epithelium was detached with EDTA by a
modification of previously described methods (1, 2, 41, 44). The animals were
fasted overnight and were anesthetized by injection of 25% (wt/vol) urethane (10
ml/kg) in phosphate-buffered saline (PBS). The appendix was removed, quickly
washed with PBS, inverted, and tied on a 5-ml plastic pipette. It was incubated
with 40 ml of dissociation buffer (200 mM sucrose, 76 mM Na2HPO4, 19 mM
KH2PO4, 60 mM NaOH, 40 mM EDTA [pH 7.4]) containing a cocktail of
protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 mg of antipain per
ml, 1 mg of pepstatin per ml, 0.5 mg of leupeptin per ml, and 15 mg of benza-
midine per ml) for 4 h at room temperature, with the buffer changed every 30
min. The dissociated epithelium preparation, which contained many free lym-
phocytes, was filtered through a 100-mesh nylon cloth (Nitex Tobler Co., New

FIG. 4. Antimucus MAbs 58 and 214 label the apices of different cell types in the FAE, whereas MAb 1-5 does not label the FAE. Double immunofluorescence
labeling of a cryostat section from rabbit appendix is shown. (a) Direct labeling with DTAF-coupled MAb 58 was concentrated on the apices of M cells (arrows) and
in goblet cells (GC). (b) Indirect labeling with MAb 214 was concentrated on the apices of enterocytes (arrowheads) and in goblet cells. (c) Differential interference
contrast view of the same field as in panels a and b. L, lymphocytes. (d) Double immunofluorescence labeling with DTAF-coupled MAb 58 (green) and indirect labeling
with MAb 214 (red), in dorsal view, showing complementary labeling. (e) MAb 1-5 labels goblet cells but not the surface of the FAE. (f) Differential interference
contrast view of the same field as in panel e. Bars, 40 mm.
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York, N.Y.). Lymphocytes passed through and were discarded. Epithelial sheets
were retained on the filter and were used immediately for immunolabeling or
stored at 220°C for further biochemical analysis.

Membrane preparation. Epithelial sheets were homogenized at 4°C in 9 vol-
umes of 20 mM Tris-HCl buffer (pH 7.4) containing 150 mM sucrose, 5 mM
MgCl2, 20 mM Na2HPO4, and the cocktail of protease inhibitors described
above, using 75 strokes of a Dounce type B homogenizer in ice (27, 46). The
homogenate was centrifuged at 1,000 3 g (2,700 rpm in an HS4 rotor) for 10 min
at 4°C in a Sorvall (Newtown, Conn.) RS5C centrifuge. The pellet was rehomog-

enized in 2.5 volumes with 50 strokes of a Dounce type B homogenizer and
centrifuged as previously. The two supernatants were pooled, and a crude mem-
brane fraction was prepared by centrifugation at 100,000 3 gav (31,000 rpm in a
60 Ti rotor) in an ultracentrifuge (Beckman Instruments, Palo Alto, Calif.). In
order to extract peripheral proteins and mucus, the pellet was resuspended in 10
volumes of 100 mM Na2CO3 (pH 11) (19) containing antiproteases as described
above, using a Vibracell Sonifier (Sonics and Materials Inc., Danbury, Conn.) set
at 600 W for five 10-s periods on ice, and then centrifuged at 100,000 3 g for 1 h
(50 Ti rotor, 38,500 rpm). The procedure was repeated twice. The membranes

FIG. 5. Electron micrographs of M cells from rabbit appendix labeled with MAb 58. (a and b) The labeling (gold 10) was concentrated on the microvilli (arrows)
and on the membranes of apical vesicles from M cells. The lymphocytes (L) in the basolateral pocket are devoid of significant labeling. The dome enterocytes (E) were
not labeled (b). (c) The trans-side saccules of the Golgi complex (G) and some cytoplasmic vesicles in the vicinity of the Golgi complex were labeled. Bars, 1 mm.
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were stored as a pellet at 220°C. They were resuspended by sonication in 1
volume of PBS.

Immunization procedure. Mice were injected intraperitoneally with 100 mg of
carbonate-washed membrane proteins emulsified in complete Freund’s adjuvant.
They were boosted 3 and 5 weeks later with the same amount of membrane
proteins in incomplete adjuvant. After 7 weeks, the sera were tested in an
immunofluorescence assay on cryostat sections from rabbit appendix, and mice
were boosted again at 9 weeks with the same amount of membrane proteins in
PBS. They were sacrificed 4 days later.

MAbs. Mice were aseptically splenectomized, and spleen cells were fused with
mouse NS-1 myeloma cells by the method of Kohler and Milstein (24) except
that the fusion was mediated by polyethylene glycol (21). Hybridomas were
screened by immunofluorescence on rabbit appendix cryostat sections. Positive
hybridomas were cloned twice by limiting dilution on confluent CCL146 cells as
feeders. Ascite tumors were produced in Pristane-treated BALB/c mice by in-
jection of 3 3 106 monoclonal cells. The ascitic fluid was purified on protein
A-Sepharose and eluted with 100 mM glycine-HCl buffer, pH 3.0. Purified MAbs
were coupled to fluorescein by using DTAF as described previously (18).

Immunofluorescence microscopy. Tissues were fixed for 2 h with 2% formal-
dehyde in 100 mM phosphate buffer (pH 7.4), rinsed and infused for several
hours in 1 M sucrose in the same buffer, mounted on a cork tissue holder, and
frozen in OCT compound (Miles). Sections 6 mm thick were cut in a Reichert
2700 cryostat, collected on polylysine-coated slides, and stored at 4°C. After
permeabilization with 0.2% Triton X-100 for 3 min, they were stained with
primary antibodies followed by FITC- or RITC-coupled secondary antibodies. In
inhibition assays with rabbit Ig, MAb 104 was preincubated for 1 h with 100 mg
of purified rabbit IgG per ml before the labeling was performed with the mixture
and analyzed by immunofluorescence. In competition assays, sections were pre-
incubated with an irrelevant sheep anti-rabbit Ig serum (dilution, 1:100) for 1 h

prior to labeling with MAb 104. For inhibition studies with monosaccharides, the
MAb 58 or lectins were preincubated for 2 h with 30 to 300 mM sugar and then
used for labeling. Slides were mounted with Mowiol containing 1.4-
diazabicyclo[2.2.2]octane (DABCO) and observed on a Reichert-Jung Polyvar
fluorescence microscope equipped with a cooled charge-coupled digital camera
(Princeton, Trenton, N.J.) or on a Leica (Wetzlar, Germany) TCS 4D confocal
microscope equipped with an argon-krypton laser. Digitized micrographs were
processed with the Adobe Photoshop 4.0 software and printed on an Epson
Stylus Photo Ex color printer.

Electron microscopy. Tissues were fixed for 1 h at room temperature with 2%
formaldehyde–1% glutaraldehyde in 100 mM phosphate buffer (pH 7.2), dehy-
drated in graded alcohol, and embedded in Epon or in Lowicryl K4M by the
methods described by the manufacturer. Sections were obtained with an RMC
(Tucson, Ariz.) MT7000 ultramicrotome and immunolabeled for 90 min with
MAb 58 followed by rabbit anti-mouse IgG and by protein A-gold 10. They were
stained with uranyl acetate and lead citrate and observed on a Hitachi H7100
electron microscope. Semithin sections were stained with 0.1% toluidine blue in
0.1% sodium borate.

For scanning electron microscopy, tissues were freed from mucus with a flow
of PBS, fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer–0.1 M
sucrose (pH 7.2) for 24 h at room temperature, rinsed in the same buffer, and
postfixed in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer (pH 7.2) for
2 h. Samples where gradually dehydrated in ethanol, critical point dried with
CO2, and sputtered with gold-palladium (1.45 nm thick). The samples were
observed in a Hitachi S4000 scanning electron microscope at 15 kV.

Gel electrophoresis and immunoblotting. Fifty micrograms of membranes was
dissolved in sample buffer and subjected to sodium dodecyl sulfate–7.5% poly-
acrylamide gel electrophoresis as described by Laemmli (26). For electrophoresis
under reducing conditions, the sample buffer contained 100 mM dithiothreitol

FIG. 6. Electron micrograph of an M cell from a rabbit Peyer’s patch, labeled with MAb 58. The labeling was concentrated on the microvilli (arrows) and on
endocytic vesicles of M cells. The basolateral lymphocytes (L) were not significantly labeled, whereas the pocket membrane was occasionally labeled (arrowheads).
Magnification, 332,000. Bar, 1 mm.
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and the samples were boiled for 3 min before loading. Molecular weight markers
were myosin, b-galactosidase, phosphorylase b, and bovine serum albumin. Sep-
arated proteins were electrotransferred from the gel to Immobilon-P sheets (5).
The entire sheets were stained with Coomassie blue, and the antigens were
detected by using hybridoma culture supernatants or diluted (1/1,000) ascites
fluid followed by horseradish peroxidase-conjugated goat anti-mouse IgG and
revealed by enhanced chemiluminescence (ECL) as described by the manufac-
turer (Amersham).

Protein assays. Membrane proteins solubilized in PBS were quantified by the
method of Bradford (3), using bovine serum albumin as a standard.

Chemical hydrolysis. Periodate oxidation was performed either with electro-
blotted proteins as described by Woodward et al. (49) or with appendix sections
as described by Falk et al. (11) by using 20 mM sodium metaperiodate–50 mM
sodium acetate (pH 4.5) for 1 h at room temperature. Saponification was per-
formed by incubation of tissue sections in 0.5% KOH in 70% ethanol for 5 to 15
min at room temperature. This mild alkaline treatment was eventually followed
by periodate oxidation (9).

RESULTS

Isolation of FAE sheets from rabbit appendix as an enriched
source of M cells for generation of MAbs. Rabbit appendix
epithelium could be detached with EDTA to produce mono-
layer sheets which retained the morphological features of the
epithelium in situ. In these sheets, M cells were recognizable by
their pocket filled with lymphocytes (Fig. 1). After epithelial
dissociation, the remaining lymphoid follicle and the lamina
propria were mainly free from epithelium (Fig. 1a). By elec-
tron microscopy, the basal lamina was intact but displayed
some gaps, which presumably were sites of lymphocyte pene-
tration (not shown). From these epithelial sheets, a total mem-

brane fraction was prepared, washed extensively with sodium
carbonate (pH 11) to reduce contaminating peripheral pro-
teins and mucus, and used to immunize mice and generate
MAbs. Three clones were selected on the basis of their immu-
nofluorescence staining of rabbit appendix cryostat sections; all
three stained apical surfaces of subpopulations of epithelial
cells of the FAE.

The apical membranes of rabbit appendix M cells display
IgA. MAb 104 labeled the apical surfaces of M cells (Fig. 2a),
identified by the presence of a basolateral pocket filled with
lymphoid cells (Fig. 2c) and staining with antivimentin anti-
bodies (Fig. 2b). Lymphocytes in the follicles, in the basolateral
pockets of M cells, and in the lamina propria were also labeled.
The specificity of MAb 104 was determined to be anti-rabbit Ig
antibody, since unrelated anti-rabbit Ig competed with MAb
104 in immunofluorescence staining and since prior incubation
of MAb 104 with normal rabbit Ig extinguished the staining, as
described in Materials and Methods section (not shown).
Moreover, the staining pattern of anti-rabbit IgA antibodies on
sections of rabbit appendix mimicked that of MAb 104 (not
shown). Anti-IgA labeling on M-cell apical surfaces was con-
sistently strong in rabbit appendix, whereas it was less uniform
on the domes of sacculus rotundus and ileum Peyer’s patches.
MAb 104 or anti-IgA labeling was used throughout this study
as a reliable marker for M cells in rabbit appendix.

Mucin-related epitopes are differentially expressed at the
apices of M cells and enterocytes of the FAE. Despite the fact

FIG. 7. Electron micrograph of rabbit appendix and Peyer’s patch goblet cells labeled with MAb-58. The labeling was concentrated in the matrix of the secretory
granules in appendix (a) and Peyer’s patches (b). The enterocytes (E) were not labeled, but adherent mucus was labeled (arrowheads). Note the longer microvilli on
enterocytes in Peyer’s patches compared to those in appendix. Magnification, 318,500. Bars, 1 mm.
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that the membranes used for immunization were carbonate
washed, many of the MAbs obtained recognized mucus in the
lumen and in the secretory granules of goblet cells, as seen by
immunofluorescence on cryosections of rabbit appendix. How-
ever, some of these MAbs also specifically stained the apical
surface of the dome epithelium. This was not surprising, since
oligosaccharides found on membrane glycoproteins such as the
filamentous brush border glycocalyx may be shared by mucus
glycoproteins. Among these MAbs, two MAbs showed a dif-
ferential expression pattern on FAE. MAb 58 stained the api-
cal surfaces of M cells (Fig. 3 and 4), whereas MAb 214 labeled
dome enterocyte surfaces (Fig. 4). In contrast, MAb 1-5 la-
beled goblet cells and luminal mucus but not the apical sur-
faces of either M cells or enterocytes in the FAE (Fig. 4). MAb
1-5 was useful, however, to distinguish the labeling of MAbs 58
and 214 from that of luminal mucus occasionally adherent to
the domes. The antigens recognized by MAbs 58, 214, and 1-5
were called antigens 58, 214, and 1-5, respectively. The speci-
ficity of MAb 58 for M cells (Fig. 3a and c) was confirmed by
the identification of M cells from the morphological criteria
reported above, by anti-IgA (Fig. 3b), and by U. europaeus
UEA-I lectin (Fig. 3d). The apices of M cells of Peyer’s patches
(Fig. 3e and f) and of the sacculus rotundus (not shown) were
also stained with MAb 58 but more sparsely. A few rabbits
were negative for antigen 58 in M cells, but this was mainly
correlated with diarrhea and/or inflammation of the intestine.
Such an effect could be due to a change of the glycosylation

pattern of the epitope or to its destruction after massive en-
docytosis upon infection.

Along the lateral sides of the domes, staining by MAb 58 (or
anti-IgA [not shown]) displayed a mosaic-like pattern abso-
lutely complementary to that of MAb 214 (Fig. 4a to d). Oc-
casionally, cells at the necks of the crypts at the bases of the
domes were also decorated by MAb 58 or by MAb 214 (not
shown), but this was sometimes difficult to assess due to mucus
adhesion at these sites that could be monitored with MAb 1-5.

Electron microscopic localization of antigen 58. In rabbit
appendix and Peyer’s patches, MAb 58 heavily labeled mi-
crovilli and apical vesicles of M cells (Fig. 5 and 6). Some
labeling was occasionally observed in the basolateral extracel-
lular space but not on lymphocytes (Fig. 5a). The trans-side
cisternae of the Golgi complexes of M cells as well as some
vesicles and multivesicular bodies in the vicinity of the Golgi
complex were also faintly labeled (Fig. 5c). Occasionally, sec-
ondary lysosomes in phagocytic cells inside the follicle were
also labeled (not shown). A few cells with the morphological
features of M cells were not labeled. Neighboring enterocytes
were not labeled (Fig. 5b), except at the very tips of the mi-
crovilli when some mucus was adherent (Fig. 7). MAb 58
labeled the matrix of the secretory granules from goblet cells
(Fig. 7) and, more faintly, differentiating goblet cells at the
necks of the crypts (not shown).

Biochemical characterization of antigens 1-5, 58, and 214.
In Western blot analysis of reduced proteins of crude mem-

FIG. 8. Immunoblot characterization of the antigens recognized in rabbit appendix epithelial membranes by MAbs 58, 214, and 1-5. Fifty micrograms of total
membranes untreated or treated with sodium carbonate (100 mM, pH 11) were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred
to Immobilon sheets before staining with Coomassie blue and Western blotting with MAb 58, MAb 214, and MAb 1-5, followed by ECL detection. Proteins were run
under reducing conditions, except for the lanes stained by MAb 214. The arrow points to the stacking gel limit. Molecular weights (in thousands) are indicated. DTT,
dithiothreitol.
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branes, MAb 58 recognized a large broad band above 205 kDa
and, occasionally, another band of 140 kDa (Fig. 8). When the
membranes were washed twice with 100 mM sodium carbonate
(pH 11), antigen 58 was still detected in the membrane fraction
(Fig. 8). These results indicated that antigen 58 may be an
integral membrane glycoprotein. Although antigen 58 parti-
tioned in the aqueous phase after extraction with Triton X-114
(not shown), this does not rule out an integral membrane
antigen, because such behavior has been described for glyco-
sylated membranes proteins with large hydrophilic domains
(42).

In Western blotting in the absence of a reducing agent, MAb
214 recognized a large smear extending from the stacking gel
to two main bands at 180 and 140 kDa (Fig. 8). The labeling
was abolished after reduction with DTT but not after boiling,
indicating that the MAb was directed against a conformational
epitope. Antigen 214 was no longer detected in membranes
that had been extracted with sodium carbonate, indicating that
it is a soluble glycoprotein. In Western blot analysis of reduced
membrane proteins, MAb 1-5 recognized a single band at 80
kDa (Fig. 8).

Immunofluorescence staining of FAE sections by MAb 58
was conserved after periodate oxidation of sugar vicinal diols.
However, it was abolished after mild alkaline removal of sugar
ester substituents (not shown). This indicated that the epitope
recognized by MAb 58 is a carbohydrate epitope. Under the
same conditions, MAb 214 and 1-5 labeling was maintained.

The labeling of sections by MAb 58 was not abolished by
competition with the following monosaccharides commonly
found in membrane glycoproteins, either alone or mixed: L-
fucose, D-(1)-galactose, N-acetyl-D-glucosamine, and N-acetyl-
D-galactosamine. In contrast, as a control, the binding of flu-
orescent UEA-I lectin and VVA lectin was abolished after
preincubation with L-fucose and N-acetyl-D-galactosamine, re-
spectively (not shown). This ruled out the possibility that the
MAb 58 epitope is similar to the L-fucose-containing UEA-1 or
the N-acetyl-D-galactosamine-containing VVA binding sites
previously described for rabbit and mouse M cells (14).

Antigen 58 is still present at the apices of M cells from
EDTA-detached epithelial sheets. MAb 104 and MAb 58 la-
beled apical surfaces of M cells in isolated epithelial sheets
from rabbit appendix (Fig. 9). This indicated that M cells in the
isolated epithelium still retained some apical surface proper-
ties and MAb binding capacity. Such binding was also observed
on some isolated cells (not shown).

DISCUSSION

In this study, we have modified a method for dissociation of
FAE from rabbit appendix by using EDTA (1, 2, 41, 44), with
the aim of using purified, washed plasma membranes to gen-
erate MAbs. This produced monolayered epithelial sheets that
retained some apical membrane properties of M cells, such as
the binding of two of the MAbs produced. Determination of
whether the sheets are still functional requires further exper-
iments, but the binding of the antibodies on isolated cells
indicates that they probably can be used in cell sorting exper-
iments to purify M cells.

Using this strategy, we generated MAbs that discriminate
between the two types of epithelial cells comprising the FAE in
the rabbit intestine. Of the four MAbs described (Table 1),
three (MAbs 58, 214, and 1-5) recognized epitopes present in
mucus glycoproteins; two of these also showed selective spec-
ificity for the two types of dome epithelial cells, and one (MAb
104) was directed against rabbit Igs. Two (MAbs 58 and 104)
labeled the apices of M cells, another (MAb 214) recognized
the apices of the dome enterocytes, and the fourth (MAb 1-5)
recognized mucus but did not stain any cell in the FAE.

MAb 104 labeling confirmed that IgA molecules bind to the
apices of M cells and are transcytosed to the basolateral pocket
(45, 48), a process that may contribute to the mucosal immune
response (25). The fact that apical labeling of M cells with
anti-IgA antibody was most consistent in the rabbit appendix
and was irregular in other intestinal FAE might reflect a dif-
ferential efficiency of IgA secretion and recapture in different
segments of the intestine (34). MAb 104 was used as a selective
marker for M cells in rabbit appendix.

MAb 58 recognized apical membranes of M cells, where it
was found concentrated on microvilli and on intracellular, pre-
sumably endocytic, vesicles. MAb 58 is directed against a mem-
brane-associated protein with a mucin-like epitope, presum-

FIG. 9. MAb 104 and MAb 58 label the surfaces of epithelial sheets detached
from rabbit appendix with EDTA. The detached and fixed epithelium was la-
beled by indirect immunofluorescence with MAb 104 (a) or MAb 58 (b) and
viewed from above with a confocal microscope.

TABLE 1. Summary of immunofluorescence labeling of rabbit
appendix mucosa by MAbs raised against FAE plasma membranes

MAb
Labeling of:

M cells Enterocytes Goblet cells Lymphocytes

104 1 2 2 1
58 1 2 1 2
214 2 1 1 2
1-5 2 2 1 2
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ably an oligosaccharide. This antigen behaved as an integral
membrane protein, since it was retained after carbonate treat-
ment at alkaline pH. The glycosylated nature of antigen 58 was
confirmed by its sensitivity to potassium hydroxyde treatment
and by a high-Mr smear on Western blots. The characterization
of antigen 58 as an integral membrane protein is consistent
with its localization by electron microscopy on intracellular
vesicles of M cells. Its localization within Golgi stacks supports
the idea that antigen 58 is synthesized in M cells as a mem-
brane glycoprotein, although we cannot exclude the possibility
that another cross-reacting protein may be localized in the
Golgi. The fact that two other types of mucus-related antigens
(214 and 1-5) were never detected within intracellular vesicles
of M cells indicates that it is unlikely that the intracellular
presence of antigen 58 resulted from nonspecific endocytosis
of mucins or other antigens by M cells. Whether antigen 58 is
taken up from M-cell surfaces together with endocytosed
pathogens remains to be established. Such uptake and trans-
port would explain the labeling occasionally observed on a few
phagocytic cells within the follicle.

MAb 214 recognized a soluble protein associated with the
apices of FAE enterocytes. Labeling with MAb 214 was com-
plementary to that with MAb 58. Biochemical characterization
of antigen 214 suggests a mucin-cross-reactive antigen. It is not
known whether it is secreted by goblet cells and subsequently
specifically bound to dome enterocytes or whether it is synthe-
sized by the dome enterocytes and then specifically associated
with its surfaces. The latter possibility seems most likely, be-
cause MAb 1-5, which also clearly labeled secreted mucus, was
not consistently associated with FAE or dome enterocytes.
Therefore, our results show that two distinct mucus-related
epitopes are expressed by either M cells or dome enterocytes
but not by both.

It has been shown by lectin and antibody binding that M cells
differ from enterocytes in their glycosylation pattern (8). It has
also been established that the well-characterized glycoproteins
of the enterocyte brush border (38) and the highly glycosylated
glycocalyx proteins involved in the protection of enterocytes
(20) may be absent from M cells (13). This may be of broad
significance for understanding the function of M cells, since it
has been proposed that glycosylation plays an important role in
pathogen recognition by epithelial cells (for a review, see ref-
erence 12). It has been shown that several pathogens, such as
Campylobacter upsaliensis, Shigella, and Yersinia enterocolitica,
bind purified rabbit and human mucins through the mucin
carbohydrate moiety and that respiratory pathogens also inter-
act with purified mucins (30, 43, 47). Interactions with mucin-
cross-reactive carbohydrates could explain how most of the
pathogen may be trapped in the mucus gel while a small
amount could be sampled by M cells and transcytosed to the
mucosal immune system.
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