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Type 1 reoviruses invade the intestinal mucosa of mice by adhering selectively to M cells in the follicle-
associated epithelium and then exploiting M cell transport activity. The purpose of this study was to identify
the apical cell membrane component and viral protein that mediate the M cell adherence of these viruses.
Virions and infectious subviral particles of reovirus type 1 Lang (T1L) adhered to rabbit M cells in Peyer’s
patch mucosal explants and to tissue sections in an overlay assay. Viral adherence was abolished by pretreat-
ment of sections with periodate and in the presence of excess sialic acid or lectins MAL-I and MAL-II (which
recognize complex oligosaccharides containing sialic acid linked �2-3 to galactose). The binding of T1L
particles to polarized human intestinal (Caco-2BBe) cell monolayers was correlated with the presence of MAL-I
and MAL-II binding sites, blocked by excess MAL-I and -II, and abolished by neuraminidase treatment. Other
type 1 reovirus isolates exhibited MAL-II-sensitive binding to rabbit M cells and polarized Caco-2BBe cells, but
type 2 or type 3 isolates including type 3 Dearing (T3D) did not. In assays using T1L-T3D reassortants and
recoated viral cores containing T1L, T3D, or no �1 protein, MAL-II-sensitive binding to rabbit M cells and
polarized Caco-2BBe cells was consistently associated with the T1L �1. MAL-II-recognized oligosaccharide
epitopes are not restricted to M cells in vivo, but MAL-II immobilized on virus-sized microparticles bound only
to the follicle-associated epithelium and M cells. The results suggest that selective binding of type 1 reoviruses
to M cells in vivo involves interaction of the type 1 �1 protein with glycoconjugates containing �2-3-linked
sialic acid that are accessible to viral particles only on M cell apical surfaces.

Reovirus is a nonenveloped, 85-nm icosahedral pathogen
that enters the mouse intestinal Peyer’s patch mucosa by ad-
hering to M cells and then exploiting the antigen-transporting
activity of these specialized epithelial cells (2, 50, 73). When
introduced into the intestinal lumens of adult mice, reovirus
type 1 Lang (T1L) adheres to the apical surfaces of M cells but
generally not to those of enterocytes, which cover the vast
majority of the mucosa. It is known that T1L infection of the
mouse mucosa in vivo requires proteolytic processing of the
viral outer capsid by enzymes in the intestinal lumen (6, 9, 45).
The resulting infectious subviral particles (ISVPs) have a
cleaved form of the membrane penetration protein �1, have
lost the �1-protecting protein �3, and may have the viral hem-
agglutinin �1 in a more extended conformation than that
found in virions (18, 20, 38, 44, 45, 48). We have previously
shown that conversion of T1L virions to ISVPs is required for
adherence to M cells in adult mice (2), but neither the T1L
protein that mediates binding nor the M cell component rec-
ognized by that protein has been identified.

The �1 protein serves as the viral adhesin that mediates

hemagglutination (HA) and binding to several different types
of cultured cells (3, 4, 12, 14, 15, 17, 38, 46, 47, 51, 52, 58, 64,
69). It may also determine the differing tropisms of reovirus
strains T1L and type 3 Dearing (T3D) in suckling mice (3, 45,
65, 66, 67, 70). It has been assumed that �1 mediates M cell
adherence (76), but this has not been established. The �1
proteins of T1L and T3D each contain a lectin-like domain,
but the domains differ in their apparent locations in the �1
structure and in their carbohydrate binding specificities. A
centrally located region in the �1 fibrous tail plays an impor-
tant role in the HA activity and some host cell binding activities
of T3D, which have been further shown to depend on �-linked
sialic acid (5-N-acetylneuraminic acid [NeuAc]) on the cell
surface (3, 4, 13, 14, 15, 17, 46, 52, 58). In contrast, a more
distal region of the �1 fibrous tail has been shown to be re-
quired for the HA activity of T1L, and binding of T1L to host
cells is thought to be NeuAc independent on the basis of HA,
glycophorin binding, and cell infectivity results (14, 46). The
host intestinal epithelial cell component exploited by reovirus
for selective adherence to M cells cannot be assuredly deduced
from experiments using erythrocytes or many cultured cell
lines, however, and the possibility that the binding of T1L to M
cells involves carbohydrate recognition has not been ruled out.

Intestinal epithelial cells are highly polarized, with special-
ized apical membrane domains that differ dramatically in com-
position from those of basolateral membranes or membranes
of nonpolarized cells (57). Epithelial tight junctions maintain
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cell polarity and restrict viral contact to apical membranes in
vivo. The human and murine junctional adhesion molecule 1
(JAM1), an immunoglobulin (Ig) superfamily member, has
been recently shown to serve as a receptor for both reoviruses
T1L and T3D on a variety of different cultured and transfected
cells (3, 56). On polarized intestinal epithelial cells, however,
JAM1 is located on the basolateral side of the tight junction (3)
and thus would not be accessible to virus in the intestinal
lumen. This is consistent with the observation that, on isolated
enterocytes, reovirus binds only to basolateral cell surfaces (5,
69).

Apical membranes of intestinal epithelial cells in vivo are
coated with abundant and diverse glycoconjugates. Studies us-
ing plant lectins and anticarbohydrate monoclonal antibodies
(MAbs) have shown that M cells display distinct surface car-
bohydrate epitopes that are not present on enterocytes in mice
(16, 26), rabbits (22, 33), or humans (25). For example, al-
though apical membrane glycoconjugates on all epithelial cells
in the murine small intestine contain NeuAc and fucose (Fuc),
only M cells display the specific oligosaccharide epitopes con-
taining �1-2-linked Fuc epitopes recognized by the plant lectin
UEA-I (26) and only a subpopulation of M cells display �2-6-
linked NeuAc (NeuAc�2-6) epitopes recognized by the lectin
SNA (P. J. Giannasca, K. T. Giannasca, and M. R. Neutra,
unpublished observations). It is tempting to hypothesize that
reovirus exploits one of these M cell-specific carbohydrates as
a receptor; however, it is also possible that it exploits a com-
mon membrane component that is present on all epithelial
cells but accessible to the virus only on M cells. This possibility
is suggested by the fact that the apical surfaces of absorptive
enterocytes are coated with a 400- to 500-nm-thick glycopro-
tein layer, the filamentous brush border glycocalyx (40), that
can serve as a diffusion barrier to particles as small as 30 nm in
diameter (21). Most M cells lack this layer (43), and previous
studies have shown that 30- and 100-nm particles coated with
a ligand specific for membrane gangliosides are capable of
binding to their receptors on M cells but not on enterocytes
(21, 39).

In this study, we sought to identify the M cell apical mem-
brane component recognized by type 1 reoviruses and the viral
protein that mediates adherence to this component. We devel-
oped an overlay assay using rabbit Peyer’s patch mucosal tissue
in which reovirus T1L binds selectively to M cells but reovirus
T3D does not. We tested the capacities of specific lectins,
monosaccharides, and enzyme or periodate treatment to in-
hibit binding to rabbit M cells and polarized Caco-2BBe cell
monolayers and found that adherence of reovirus T1L and
other type 1 isolates involves NeuAc�2-3-containing glycocon-

jugates on these cells’ apical surfaces which are recognized by
the lectins MAL-I and MAL-II. Experiments with T1L-T3D
reassortants and viral cores recoated with T1L or T3D outer
capsid proteins indicated that the T1L hemagglutinin �1 is
required for the MAL-II-sensitive adherence to epithelial cell
apical surfaces. We present evidence that MAL-II sites are
present on all intestinal cells in vivo and that it is the enhanced
accessibility of these sites on M cells that results in M cell-
selective binding of reovirus T1L in the intestine epithelium.

MATERIALS AND METHODS

Virus production, purification, and biotinylation. Reoviruses T1L (type 1/hu-
man/Ohio/Lang/1953), T3D (type 3/human/Ohio/Dearing/1955), type 2 Jones
(T2/human/Ohio/Jones/1955; T2J in Table 2), and type 3 clone 9 (T3/murine/
France/clone 9/1961; T3C9 in Table 2) (31) were laboratory stocks derived from
ones from the Bernard N. Fields laboratory. Reassortant virus strains containing
the T1L S1 genome segment on a T3D background (3HA1) or the T3D S1
segment on a T1L background (1HA3) were also derived from stocks from the
Fields laboratory (70). Reoviruses (Table 2 designations are in parentheses)
T1/human/Netherlands/1/1984 (T1N84), T1/human/Netherlands/1/1985 (T1N85),
T2/simian/Maryland/SV59/1958 (T2S59), T2/human/Netherlands/1/1984 (T2N84),
and T3/human/Netherlands/1/1983 (T3N83) were laboratory stocks derived from
ones from the Terence S. Dermody laboratory (27).

Virus was grown in mouse L929 fibroblast cells in suspension culture (18).
Purified virions were prepared by using second-passage L929 cell lysates, and
ISVPs were generated by digestion with tosyllysine chloromethyl ketone-treated
�-chymotrypsin (Sigma, St. Louis, Mo.) as previously described (18). Concen-
trations of viral particles and ISVPs were calculated from protein concentrations,
and infectious virus and ISVPs were quantitated by plaque assay (65). The purity
of viral preparations and conversion of virions to ISVPs were verified by elec-
trophoresis on sodium dodecyl sulfate-polyacrylamide gels (10% acrylamide) (9).
For biotinylation of purified virions and ISVPs, particle suspensions were diluted
to 0.5 mg of protein/ml in phosphate-buffered saline (PBS; pH 8.4) and 240 �l of
a 5-mg/ml solution of EZ-Link sulfo–N-hydroxysuccinimide–biotin (Pierce,
Rockford, Ill.) was added to each milliliter of virus suspension. The mixture was
incubated at room temperature (RT) for 4 h and then dialyzed at 4°C overnight.

Preparation of recoated cores. Recoated cores were prepared from purified
cores and insect cell lysates containing T1L �1 and T1L �3, with or without T1L
or T3D �1, as previously described (11, 12). Concentrations of the purified
particles were determined by densitometry of Coomassie blue-stained gels (11).
The recoated cores were biotinylated as described above.

Lectins and antibodies. The lectins and anticarbohydrate antibodies used in
this study and their binding specificities are listed in Table 1. Fluorescein iso-
thiocyanate (FITC)-labeled lectins included UEA-I, SNA, EEA, PNA, and
MAL-I from Vector Laboratories (Burlingame, Calif.) and AAA and LFA from
EY Laboratories (San Mateo, Calif.). Tetramethyl rhodamine isothiocyanate
(TRITC)-labeled RCA-I, unconjugated MAL-II, and biotinylated MAL-II were
purchased from Vector Laboratories. Unconjugated MAL-II was labeled with
TRITC (Pierce) according to the supplier’s instructions. Mouse IgG1 and IgM
MAbs specific for sialyl Lewisa and sialyl Lewisx antigens, respectively, were
purchased from Kamiya Biomedical (Thousand Oaks, Calif.). The mouse IgG1
MAb specific for vimentin was purchased from DAKO Corp. (Carpinteria, Cal-
if.). FITC-conjugated goat anti-mouse IgG was obtained from Jackson Immu-
noResearch Laboratories (West Grove, Pa.). FITC-conjugated goat anti-mouse
IgM was purchased from Kirkegaard and Perry Laboratories (Gaithersburg,

TABLE 1. Lectins and antibodies used in this study

Lectin or antibody Specificity Reference(s)

UEA-I, Ulex europaeus type I Fuc�1-2Gal 53, 55
RCA-I, Ricinus communis type I Gal�1-4Glu 49
PNA, Arachis hypogaea Gal�1-3GalNAc 63
SNA, Sambucus nigra NeuAc�2-6Gal/GalNAc 59
MAL-I, Maackia amurensis type I NeuAc�2-3Gal�1-4GlcNAc 36, 77
MAL-II, Maackia amurensis type II NeuAc�2-3Gal�1-3[NeuAc�2-6]GalNAc 32, 37
Anti-sialyl Lewisa (IgG clone KM-231) NeuAc�2-3Gal�1-3[Fuc�1-4]GlcNAc 30
Anti-sialyl Lewisx (IgM clone KM-93) NeuAc�2-3Gal�1-4[Fuc�1-3]GlcNAc 60
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Md.). Anti-JAM1 (human) MAb J10.4 was kindly provided by Charles Parkos
(Emory University, Atlanta, Ga.).

Binding of biotinylated virions to mouse intestinal M cells in vivo. Adult
female BALB/c mice (Charles River Laboratories, Wilmington, Mass.) were
anesthetized with an intraperitoneal injection of Avertin (250 mg/kg of body
weight) (Aldrich, Milwaukee, Wis.). A loop of distal small intestine was exposed,
a 1- to 2-cm segment including a Peyer’s patch was ligated and inoculated with
4 � 1011 biotinylated virus particles, and the intestine was returned to the
abdomen for 30 min. Mice were sacrificed by cervical dislocation, and the inoc-
ulated Peyer’s patch was excised, rinsed in cold PBS, pH 7.3, fixed, and embed-
ded in Epon-Araldite as previously described (26). Trimmed blocks were sec-
tioned at 1 �m and stained with 1% toluidine blue to verify the presence of the
follicle-associated epithelium (FAE) and M cells. To visualize bound reovirus
particles, Epon was dissolved (41) and sections were treated with 50 mM NH4Cl
in PBS to quench reactive aldehyde groups and with PBS containing 0.2% gelatin
(PBS-gelatin) to block nonspecific protein binding sites. To label viral particles
and M cells, sections were overlaid with a solution containing 10 �g of FITC-
conjugated UEA-I/ml and 0.5 �g of streptavidin-TRITC/ml (Molecular Probes,
Eugene, Oreg.) in PBS-gelatin and incubated for 45 min at RT in a humidified
chamber. Slides were washed, and coverslips were mounted with Mowiol solution
(0.1 g of Mowiol 4-88 [Calbiochem] per ml, 0.5 g of glycerol per ml, and 10 mg
of diazabicyclo[2.2.2]octane [Sigma] per ml in 0.1 M Tris-HCl, pH 8.5) as pre-
viously described (39). Photography was performed with an Axiophot microscope
(Carl Zeiss, Thornwood, N.Y.) equipped for epifluorescence with T-Max 400 or
Ektachrome 400 film (Eastman Kodak, Hollywood, Calif.).

Reovirus binding on rabbit Peyer’s patch mucosal explants. Peyer’s patch
tissue was obtained from female New Zealand White rabbits weighing 1.4 to 3.8
kg (Charles River Laboratories) as previously described (39). Mucosal tissue
samples were washed with Dulbecco’s minimal essential medium (DMEM),
covered with DMEM containing biotinylated virions or ISVPs (2 � 1011 to 3 �
1011 particles) in 200 �l of DMEM containing 10% fetal calf serum and protease
inhibitors [aprotinin (1 �g/ml; Sigma), leupeptin (5 �g/ml; Sigma), 4-(2-amin-
oethyl)benzenesulfonyl fluoride (AEBSF; 48 �g/ml; Calbiochem), and bestatin
(1 �g/ml; Sigma)], and incubated for 40 min at RT. For experiments using fixed
tissue, freshly excised Peyer’s patch mucosa was fixed overnight at 4°C in 4%
paraformaldehyde (PFA) in PBS. Tissue was cut into 2- by 2-mm blocks, washed
in PBS, quenched in 0.1 M glycine in PBS, blocked with PBS-gelatin, and
incubated with biotinylated virions or ISVPs as described above. All tissues were
washed and fixed as described previously (39). Tissues were then frozen, and
cryostat sections were stained with streptavidin-TRITC and mounted with
Mowiol. To assess the effect of MAL-II lectin on reovirus binding to rabbit
Peyer’s patch explants, live and fixed tissue blocks were pretreated with 100 �g
of MAL-II/ml for 20 min at RT prior to the addition of biotinylated reovirus
particles. Control tissue was incubated with DMEM only. All tissues were then
washed in DMEM and further processed as described above.

Reovirus overlay assay on paraffin sections of rabbit Peyer’s patches. Peyer’s
patch mucosa was fixed as described above and embedded in paraffin. Deparaf-
finized sections were quenched with 50 mM NH4Cl, blocked with PBS-gelatin,
overlaid with 200 �l of PBS-gelatin containing biotinylated virions, ISVPs, or
ISVP-like particles derived from recoated cores (3 � 1011 to 4 � 1011 particles/
ml), and incubated in a humidified chamber for 45 min at RT. After being
washed in PBS, sections were fixed for 15 min at RT with 4% PFA, quenched
with NH4Cl, and incubated with 0.5 �g of streptavidin-TRITC/ml for 45 min at
RT. M cells were identified by using a mouse monoclonal IgG1 specific for
vimentin (DAKO Corp.) followed by secondary FITC-conjugated goat anti-
mouse IgG (Jackson ImmunoResearch Laboratories).

Some deparaffinized sections were treated with periodate to disrupt carbohy-
drate epitopes (75). Briefly, sections were incubated with 10 mM sodium meta-
periodate (Sigma) diluted in 50 mM sodium acetate buffer (pH 4.5) followed by
50 mM sodium borohydride in PBS (pH 7.6). Control sections were treated with
acetate buffer alone. To verify disruption of carbohydrate residues, periodate-
treated and control sections were incubated with the lectins UEA-I, SNA, and
RCA-I (10 �g/ml) for 45 min at RT. Periodate-treated sections showed loss of
lectin labeling (data not shown). Periodate-treated and control sections were
quenched with NH4Cl, blocked with PBS-gelatin, and overlaid with biotinylated
virions or ISVPs. To test the capacities of different monosaccharides to inhibit
binding of virus particles in the overlay assay, aliquots of biotinylated virions and
ISVPs were diluted in PBS-gelatin containing 2% (wt/vol) L-(�)-Fuc, D-(�)-
galactose (Gal), NeuAc, or N-acetyl-D-galactosamine (GalNAc) (Sigma), over-
laid onto tissue sections for 45 min at RT, and further processed as described
above.

Inhibition of reovirus binding by lectins and anticarbohydrate antibodies was
tested by using the lectins SNA, MAL-I, and MAL-II and MAbs anti-sialyl

Lewisa and anti-sialyl Lewisx. For inhibition studies, lectins and antibodies were
used at concentrations ranging from 10 to 200 �g/ml. Deparaffinized sections
were quenched, blocked, overlaid with lectin or antibody solutions, and incu-
bated for 45 min at RT. The slides were washed twice in PBS and exposed to
biotinylated virus particles and further processed as described above.

Reovirus binding and inhibition assays using Caco-2BBe cell monolayers. The
cloned Caco-2BBe cell line (54) was obtained from Mark Mooseker (Yale Uni-
versity, New Haven, Conn.) and from the American Type Culture Collection
(Manassas, Va.). Cells were grown as described previously (20) and were seeded
directly onto 12-mm-diameter glass coverslips (Bellco, Vineland, N.J.) precoated
with rat tail collagen, in 24-well plates. Monolayers were confluent at 2 days after
seeding. Binding of reovirus particles to monolayers at 2, 6, and 12 days post-
confluence (dpc) was quantitated as the percentage of virus-positive cells in
randomly chosen high-power fields containing an average of 275 total cells.
Monolayers at 2 dpc were used for most binding and inhibition experiments.

To test viral binding to live Caco-2BBe cells, monolayers were washed with
gel-saline solution (137 mM NaCl, 270 �M CaCl2, 840 �M MgCl2, 19 mM
H3BO3, 130 �M Na2B4O7, 0.3% gelatin [pH 7.4]) and incubated with virus at 4°C
for 60 min by inversion of coverslips onto 50-�l droplets of gel-saline containing
biotinylated virions or ISVPs (3 � 1011 to 4 � 1011 particles/ml). After incuba-
tion, coverslips were washed twice with gel-saline and fixed in 3% PFA for 30 min
at RT. For experiments using fixed cells, coverslips were immersed in 1 ml of 3%
PFA for 30 min at RT, washed with gel-saline, inverted onto virus-containing
droplets as described above, washed, and fixed again. Reactive aldehydes were
quenched on all coverslips with 50 mM NH4Cl, and nonspecific protein binding
sites were blocked in gel-saline. Coverslips were then inverted onto 50-�l drop-
lets of gel-saline containing 0.5 �g of streptavidin-TRITC or streptavidin-Cy5
(Zymed, South San Francisco, Calif.)/ml and incubated for 45 min in a humid-
ified chamber at RT. They were then washed, mounted on slides with Mowiol,
and examined and photographed as described above.

To test inhibition of viral binding, fixed Caco-2BBe cell monolayers were
incubated with biotinylated virions, ISVPs, or ISVP-like particles derived from
recoated viral cores as described above, washed twice with gel-saline, and in-
verted onto 50-�l droplets of gel-saline containing 0.5 �g of streptavidin-
TRITC/ml along with lectins or antibodies for 45 min. Lectins tested included
FITC-conjugated UEA-I, SNA, PNA, and MAL-I and TRITC-conjugated
RCA-I and MAL-II (all at 10 �g/ml). Antibodies included anti-JAM MAb J10.4
and anti-sialyl Lewisx and anti-sialyl Lewisa MAbs (all at 10 �g/ml). The anti-
JAM MAb was detected with TRITC-conjugated goat anti-mouse IgG, anti-sialyl
Lewisx labeling was detected with 50 �g of FITC-conjugated goat anti-mouse
IgM (Kirkegaard and Perry Laboratories)/ml, and anti-sialyl Lewisa labeling was
detected with 5 �g of FITC-conjugated goat anti-mouse IgG (Jackson Immu-
noResearch Laboratories)/ml. Coverslips were washed, mounted, and examined
as described above. Inhibition of virus binding to Caco-2BBe cells by the lectins
MAL-I, MAL-II, and SNA and by the anti-JAM MAb J10.4 was tested by using
Caco-2BBe cell monolayers fixed at 2 and 6 dpc. Monolayers were washed,
quenched, and blocked as described above and incubated with unlabeled lectins
at 10, 50, or 200 �g/ml or with MAb J10.4 at 10 �g/ml in gel-saline for 1 h at RT.
The coverslips were washed and then incubated with biotinylated virions or
ISVPs as described above, and the bound viral particles were detected by labeling
with streptavidin-FITC.

To remove NeuAc residues from 2-dpc Caco-2BBe cell surfaces, monolayers
were briefly fixed in PFA as described above, washed once with sodium acetate
buffer (pH 5.5) containing 0.1% (wt/vol) bovine serum albumin, inverted onto
50-�l droplets of sodium acetate buffer containing 0.25 U of Vibrio cholerae
neuraminidase (Calbiochem)/ml, 0.08% bovine serum albumin, and 1 mM
CaCl2, and incubated for 90 min at 37°C. Control monolayers were incubated
with the same solution without neuraminidase. Following incubation, monolay-
ers were washed twice in PBS and exposed to biotinylated virus particles and
further processed as described above. To assess the degree of desialylation, some
neuraminidase-treated and control monolayers were labeled with FITC-conju-
gated SNA to detect residual NeuAc or FITC-conjugated PNA to monitor
exposure of terminal Gal�1-3GalNAc residues.

HA assay. Serial twofold dilutions of purified T1L virions or ISVPs (1 � 1011

to 1.6 � 109) or serial threefold dilutions of unconjugated lectins MAL-I, MAL-
II, and SNA (200 to 0.3 �g/ml) in 50 �l of cold PBS were placed in 96-well
round-bottom microtiter plates (Costar). Bovine erythrocytes or human type A
erythrocytes were washed twice in cold PBS, and 50-�l aliquots were added to
the wells containing virus or lectin to a final concentration of 0.4% (vol/vol)
erythrocytes. The plates were briefly agitated and maintained at 4°C overnight.
The lowest concentration of virus or lectin that caused agglutination was re-
corded.
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L929 cell adherence and lectin inhibition assay. Mouse L929 cells were seeded
onto 12-mm-diameter round glass coverslips (Bellco) in 24-well plates at approx-
imately 5 � 104 cells/well. After overnight culture, the cells were fixed, rinsed,
and treated with lectins at 1, 50, 100, or 250 �g/ml and/or biotinylated virions or
ISVPs at the concentrations and conditions described above for Caco-2BBe cells.
Biotinylated virions and ISVPs were visualized with fluorophore-conjugated
streptavidin, and the presence or absence of bound virus was evaluated by
fluorescence microscopy.

Exposure of rabbit Peyer’s patch mucosa to MAL-II-coated microparticles.
Neutravidin-coated, carboxylate-modified fluorescent 93-nm polystyrene parti-
cles were obtained from Molecular Probes. Fluorescent green particles were
coated with MAL-II lectin as described previously (35). Briefly, 1012 particles
were suspended in 500 �l of PBS containing 0.02% Tween 20, 0.5% bovine
serum albumin, 2 mM NaN3, and 50 �g of biotinylated MAL-II (Vector Labo-
ratories)/ml. Fluorescent red control particles were quenched with 50 �g of
biocytin (Sigma)/ml. Particle mixtures were incubated overnight with gentle
rocking at 4°C and then dialyzed to remove excess ligand. The final diameter of
the avidin-lectin-coated particles was estimated to be about 120 nm. Explants of
rabbit Peyer’s patch mucosa were obtained as described above, washed, and
incubated in 0.5 ml of RPMI 1640 medium (Gibco BRL) containing equal
numbers of control and lectin-coated particles (4 � 1010 total) or 100 �g of
soluble, biotinylated MAL-II lectin/ml for 40 min at RT. Tissue was then gently
washed, fixed in 4% PFA, quenched with 0.1 M glycine, blocked in PBS con-
taining 0.5% (wt/vol) bovine serum albumin for 1 h, and stained with 50 �g of
FITC-conjugated streptavidin/ml.

RESULTS

Biotinylated reovirus T1L binds to mouse Peyer’s patch M
cells in vivo. Reovirus adherence to M cells has been previ-
ously documented only by electron microscopy of small muco-
sal samples after oral inoculation of mice (2, 6, 73, 74). To test
potential inhibitors of viral binding, we needed to assess large
numbers of tissue samples by light microscopy. We reasoned
that visualization of the 80-nm reovirus particles would be
enhanced by biotinylation of the particles and staining with
streptavidin coupled to a fluorophore, but it was not known
whether biotinylation of viral surface proteins would destroy
their capacities to bind to M cells. To test this, biotinylated
T1L virions were injected into ligated loops of mouse ileum
and the distribution of bound virus was visualized by strepta-
vidin-TRITC staining of 1-�m tissue sections. Biotinylated
T1L showed a binding pattern indistinguishable from that of
nonbiotinylated T1L, with preferential binding to M cells in
mouse Peyer’s patches (data not shown).

Establishment of a reovirus binding assay with rabbit Pey-
er’s patch tissue sections. We next sought to develop an in
vitro assay in which lectins and monosaccharides could be
screened for inhibition of viral binding. Rabbit Peyer’s patches
were tested for this purpose because their M cells are numer-
ous and have broad apical surfaces that are readily visualized
by light microscopy (42). Although rabbits are susceptible to
reovirus infection (66), it was not known whether reovirus
binds preferentially to rabbit Peyer’s patch M cells. To test this,
mucosal explants of a rabbit Peyer’s patch were incubated with
biotinylated T1L virions or ISVPs, washed, and stained with
streptavidin-TRITC. We tested both live and fixed explants
because fixation can alter the availability of cell surface binding
sites (39) but on the other hand lectins can damage enterocyte
brush borders in live intestinal tissue (71). In both live and
fixed explants, T1L virions and ISVPs adhered selectively to M
cells (data not shown).

We subsequently tested whether T1L would show preferen-
tial binding to M cells when overlaid onto tissue sections of a

rabbit Peyer’s patch. The overlay approach has been used by
others to identify cell-specific receptors for bacterial adhesins
(19). Sections of rabbit Peyer’s patch were deparaffinized, in-
cubated with biotinylated T1L virions or ISVPs, washed, and
stained with streptavidin-TRITC. Both virions (data not
shown) and ISVPs (Fig. 1A) bound to M cell apical surfaces in
the sections, consistent with the observed M cell-selective bind-
ing on explanted rabbit mucosa. M cells were identified in this
experiment by costaining with a MAb specific for vimentin, an
intermediate filament protein expressed by M cells but not by
other epithelial cells in rabbits (23). Vimentin filaments are
concentrated around the nuclei of M cells and serve to mark
the position of these cells in the epithelium (Fig. 1B). The
findings confirmed that both virions and ISVPs of reovirus T1L
bind preferentially to M cells in the overlay assay.

Reovirus T1L binding to rabbit M cells involves NeuAc�2-
3-containing glycoconjugates. To determine if carbohydrate
structures are important for reovirus T1L binding to M cells,
deparaffinized sections of the rabbit Peyer’s patch were treated
with periodate at low pH, an oxidation procedure that destroys
most carbohydrate epitopes by disrupting monosaccharides
that contain vicinal hydroxyl groups, including NeuAc (75).
Control sections were treated with low-pH buffer alone. Fol-
lowing treatment, the sections were incubated with biotinyl-
ated T1L virions or ISVPs, washed, and stained with strepta-
vidin-TRITC. Both virions (data not shown) and ISVPs (Fig.
2A) bound to M cells in control sections, but there was no
binding in the periodate-treated sections (Fig. 2B and data not
shown). This suggested that reovirus binding to M cells re-
quires a carbohydrate component. In an effort to identify key
monosaccharides involved in this binding, we overlaid depar-
affinized sections with biotinylated T1L virions or ISVPs that
had been preincubated with 2% (wt/vol) Fuc, Gal, or GalNAc.
We observed no effect on the binding of either particle type

FIG. 1. Reovirus T1L adhered to M cell apical surfaces in an over-
lay assay on sections of a rabbit Peyer’s patch. Deparaffinized 5-�m
sections of Peyer’s patch mucosa were dual labeled with biotinylated
T1L ISVPs and an anti-vimentin MAb. Bound ISVPs were visualized
with streptavidin-TRITC, and vimentin was visualized with an FITC-
conjugated secondary antibody. Sections were viewed by fluorescence
(A and B) and phase-contrast (C) microscopy. ISVPs (A) (arrow)
adhered to apical surfaces of most (but not all) of the epithelial cells
that were identified as M cells by dual labeling with the MAb specific
for vimentin, an intermediate filament protein that is concentrated
around the nuclei of M cells (B). A phase-contrast image of the same
section (C) confirmed that the virus-positive cell shows M cell features.
Bar, 25 �m.
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(data not shown). Preincubation of the particles with 2% (wt/
vol) NeuAc, however, abolished the binding of ISVPs (Fig. 2C
and D) but not virions (data not shown).

We then tested whether antibodies or lectins specific for
defined NeuAc-containing epitopes could inhibit reovirus
binding to rabbit M cells. These included two MAbs specific
for tetrasaccharides, one for sialyl Lewisa and one for sialyl
Lewisx, and three lectins (SNA, MAL-I, and MAL-II) that
recognize distinct carbohydrate structures containing NeuAc�2-3
(Table 1). Deparaffinized rabbit Peyer’s patch sections were

preincubated with the antibody or lectin, washed, and then
incubated with biotinylated T1L virions or ISVPs, followed by
staining with streptavidin-TRITC. In these studies it was not
possible to distinguish or count individual viral particles clus-
tered on M cells. In addition, M cell numbers varied widely
among tissue samples. Viral binding was therefore scored as
“inhibited” only when M cell binding was completely abol-
ished. The lectins MAL-I and MAL-II, both of which recognize
epitopes containing NeuAc�2-3Gal (32, 36, 37, 77), inhibited
binding of both virions (data not shown) and ISVPs (Fig. 3) at
the lowest lectin concentration tested (10 �g/ml). In contrast,
the MAbs against sialyl Lewisa and sialyl Lewisx antigens,
which recognize epitopes that differ from the MAL-I and -II
epitopes by the presence of a Fuc side chain (30, 60), did not
inhibit the binding of either particle type (data not shown). The
lectin SNA, which recognizes epitopes containing NeuAc�2-6
(59), also failed to inhibit the binding of either virions or
ISVPs, even when applied at 200 �g/ml (data not shown).

Reovirus T1L binding to polarized Caco-2BBe cells also in-
volves NeuAc�2-3-containing glycoconjugates. Reovirus T1L
has been shown to adhere to apical surfaces of Caco-2 human
colon adenocarcinoma cells in vitro (1). To determine whether
glycoconjugates containing NeuAc�2-3 are involved in reovi-
rus T1L binding to these epithelial cells, we used cloned Caco-
2BBe cells that are known to form polarized monolayers with
tight junctions and well-differentiated brush borders (54). At 2
dpc, these cells are polarized but relatively undifferentiated;
most cells are extended and flat, have not assembled brush

FIG. 2. Periodate oxidation and excess NeuAc inhibited reovirus
T1L adherence to rabbit Peyer’s patch sections. (A and B) Deparaf-
finized 5-�m Peyer’s patch sections were pretreated with periodate at
pH 4.5 before being overlaid with biotinylated T1L ISVPs. ISVPs
(arrows) visualized with streptavidin-TRITC bound to control sections
treated with buffer (pH 4.5) alone (A) but not to adjacent sections
pretreated with periodate (B). (C and D) Biotinylated T1L ISVPs were
incubated with NeuAc and then applied to sections of a rabbit Peyer’s
patch as described above. Untreated ISVPs bound to M cells (C), but
adherence was abolished in the presence of NeuAc (D). Bar, 25 �m.

FIG. 3. The lectin MAL-II inhibited M cell-selective reovirus T1L
binding to rabbit Peyer’s patch sections. Deparaffinized 5-�m Peyer’s
patch sections were incubated with MAL-II lectin, washed, and over-
laid with biotinylated T1L ISVPs, which were then visualized with
streptavidin-TRITC. (A) On control sections, ISVPs adhered to M cell
apical surfaces (arrows). (B) Adjacent sections of Peyer’s patch mu-
cosa preincubated with MAL-II did not bind ISVPs. Bar, 25 �m.
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borders, and do not have the thick apical glycocalyx typical of
enterocytes in vivo (24). We have previously shown that, early
after confluence, the apical surfaces of Caco-2BBe cells resem-
ble those of M cells in that their membranes are relatively
accessible to ligand-coated microparticles (21). By 12 dpc most
but not all of the cells have differentiated and resemble villus
enterocytes in that they are taller and have more narrow,
polygonal apical surfaces endowed with well-developed brush
borders coated with complex membrane glycoconjugates (21,
24). This in vitro model has proven useful for identifying re-
ceptors recognized by bacterial adhesins because the cells do
not differentiate synchronously (54). Even at 21 dpc the mono-
layers display a mosaic pattern of expression of certain mem-
brane enzymes and glycoconjugates, with some cells positive
and others negative (7, 24, 54).

Reovirus T1L virions and ISVPs were biotinylated and ap-
plied to formalin-fixed and live Caco-2BBe cell monolayers at 2,
6, and 12 dpc, followed by staining with streptavidin-TRITC.
Both virions (data not shown) and ISVPs (Fig. 4A) adhered to
a subpopulation of cells in 2- and 6-dpc monolayers, producing
a mosaic pattern that ranged from about 10 to over 50%
positive cells (Fig. 4A), depending on the experiment. By 12

dpc, binding was dramatically reduced, averaging only 0.3%
positive cells per high-power field (data not shown). This sug-
gests that reovirus recognizes a membrane component that is
present early and that is either lost or masked as the Caco-2BBe

cells differentiate. Since the viral adherence patterns on fixed
and live monolayers were identical, fixed 2-dpc monolayers
were used for subsequent experiments.

In an effort to correlate T1L binding with the presence of
particular glycoconjugates on polarized Caco-2BBe cells, we
first applied biotinylated T1L virions or ISVPs to 2-dpc
monolayers and then applied MAL-II or other selected lec-
tins and anticarbohydrate antibodies. The virus particles and
lectins or antibodies were next costained with different flu-
orophores. The distribution of adherent T1L ISVPs was
closely correlated with the binding of the lectins MAL-I and
MAL-II (Fig. 4A to C). Both virions (data not shown) and
ISVPs (Fig. 4D) bound most avidly to cells that showed a
high density of MAL-II binding sites, and these cells had
relatively large apical surfaces characteristic of less-differ-
entiated cells (24). The lectin SNA also labeled a subpopu-
lation of the cells (Fig. 5A), but biotinylated virions (data
not shown) and ISVPs (Fig. 5B) adhered preferentially to

FIG. 4. MAL-II lectin and reovirus T1L colocalized on Caco-2BBe
cell monolayers. Polarized Caco-2BBe cell monolayers were grown on
glass coverslips, fixed at 2 dpc, and incubated with biotinylated T1L
ISVPs. After a washing and fixation, cells were labeled with TRITC-
conjugated MAL-II lectin, and bound ISVPs were visualized with
streptavidin-FITC. The pattern of adherence of ISVPs (A) paralleled
that of MAL-II (B). The overlap of virus (green) and lectin (red)
binding resulted in yellow fluorescence in merged images (C). Adher-
ence was most evident on relatively undifferentiated cells, which had
larger apical surfaces in phase-contrast images (D). Bar, 50 �m.

FIG. 5. SNA did not colocalize with reovirus T1L on Caco-2BBe cell
monolayers, and reovirus T1L did not bind to neuraminidase-treated
cells. (A and B) Polarized Caco-2BBe cell monolayers were incubated
with biotinylated T1L ISVPs and labeled with FITC-conjugated SNA.
Bound ISVPs labeled with streptavidin-TRITC (B) adhered preferen-
tially to SNA-negative cells (A). (C and D) Polarized Caco-2BBe cell
monolayers were treated with V. cholerae neuraminidase or not treated
and incubated with biotinylated T1L ISVPs. ISVPs visualized with
streptavidin-TRITC adhered to untreated cells (C) but not neuramin-
idase-treated cells (D). Bar, 50 �m.
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the SNA-negative cells. The binding of Gal- or Fuc-specific
lectins (RCA-I and UEA-I), as well as anti-sialyl Lewisa or
anti-sialyl Lewisx antibodies, showed no correlation with
reovirus adherence (data not shown).

If reovirus exploits a glycoconjugate recognized by MAL-I
and MAL-II lectins, one would predict that binding may be
inhibited when the MAL-I and MAL-II binding sites are oc-
cupied and may also be inhibited when the oligosaccharide
epitopes are destroyed by removal of NeuAc. Caco-2BBe

monolayers at 2 dpc were preincubated with MAL-I or
MAL-II at 10, 50, or 200 �g/ml, washed, incubated with bio-
tinylated virions or ISVPs, and stained with streptavidin-
TRITC. Pretreatment of monolayers with either lectin at 10
�g/ml completely abolished the binding of ISVPs (data not
shown). Virion binding was also inhibited, but only at the
higher concentrations (50 and 200 �g/ml) of MAL-I or
MAL-II (data not shown). In contrast, the lectin SNA did not
inhibit binding of either virions or ISVPs when tested at cor-
responding concentrations (data not shown). Other 2-dpc
Caco-2BBe monolayers were preincubated with V. cholerae
neuraminidase, and removal of NeuAc residues was confirmed
by a loss of SNA labeling and an increase in PNA labeling
(data not shown), the latter indicating removal of NeuAc and
exposure of terminal Gal residues. On the neuraminidase-
treated monolayers, the binding of both virions (data not
shown) and ISVPs (Fig. 5D) was strongly reduced compared to
that for controls (Fig. 5C). These observations indicated that
on polarized Caco-2BBe cells, as on M cells, reovirus T1L
binding involves NeuAc�2-3-containing glycoconjugates rec-
ognized by the lectins MAL-I and MAL-II.

MAL-II and reovirus T1L share HA profiles. The distinct
carbohydrate binding characteristics of reoviruses T1L and
T3D were previously suggested by HA assays in which T1L
agglutinated human but not bovine erythrocytes, unlike T3D,
which agglutinated bovine erythrocytes preferentially (17, 51,
52). We reasoned that if MAL-II and T1L recognize similar
glycoconjugates or oligosaccharide structures on cells, they
may show similar HA profiles. We therefore compared the HA
activities of T1L virions and ISVPs with those of MAL-II, a
known hemagglutinin (32), on human and bovine erythrocytes.
T1L virions and ISVPs agglutinated human erythrocytes but
failed to agglutinate bovine erythrocytes (data not shown), as
was reported previously (51, 58). Similarly, concentrations of
MAL-II as low as 0.3 �g/ml agglutinated human erythrocytes,
but a concentration of 22.2 �g/ml (�75 times higher) or higher
was needed to agglutinate bovine erythrocytes. The fact that
the HA activities of MAL-II paralleled those of reovirus T1L
is consistent with the hypothesis that the lectin and virus rec-
ognize similar glycoconjugates or oligosaccharide structures.

Reovirus T1L uses binding sites on rabbit M cells and
polarized Caco-2BBe cells distinct from those used by reovirus
T3D. Biotinylated particles of reoviruses T1L and T3D were
applied in parallel to paraffin sections of rabbit intestinal Pey-
er’s patches in the overlay assay, and bound virus was detected
with streptavidin-TRITC. Both virions and ISVPs of T1L, but
neither particle type of T3D, bound to apical surfaces of rabbit
M cells (Fig. 6A to C; Table 2). When the sections were
preincubated with the NeuAc�2-3-binding lectins MAL-I or
MAL-II before T1L particles were applied, viral binding was
eliminated (Table 2). When the NeuAc�2-6-binding lectin

SNA was used instead, however, T1L binding was not affected
(Table 2). These findings are consistent with the hypothesis
that rabbit M cells present NeuAc�2-3-containing glycoconju-
gates that can be bound by reovirus T1L but not T3D in the
overlay assay.

We also tested the binding of T1L and T3D particles to
polarized Caco-2BBe cell monolayers. In contrast to the find-
ings with M cells, virions and ISVPs of both strains bound to
apical surfaces of the Caco-2BBe cells (Fig. 6D and F; Table 2).
When the monolayers were preincubated with MAL-I or
MAL-II before virus was applied, the binding of T1L was
eliminated (Fig. 6E; Table 2) but binding of T3D was not
affected (Fig. 6G; Table 2). When the monolayers were prein-
cubated with SNA, the binding of T1L and T3D was not af-
fected (Table 2). We conclude that T3D utilizes distinct apical
binding sites on polarized Caco-2BBe cells and that the binding
of neither strain strictly requires the NeuAc�2-6-containing
epitopes recognized by SNA.

Patterns of binding to rabbit M cells and polarized Caco-
2BBe cells are specific to the reovirus serotype. We tested two
additional type 1 isolates, three type 2 isolates, and two addi-
tional type 3 isolates for binding in the overlay assay on rabbit
intestinal sections and on polarized Caco-2BBe cell monolayers.
Both additional type 1 isolates, but neither additional type 3
isolate, bound specifically to rabbit M cells, and two of the
three type 2 isolates bound to all epithelial cells in the sections
including M cells (Table 2). The M cell binding of both addi-
tional type 1 isolates was eliminated by MAL-I and MAL-II,
but the binding of the two type 2 isolates was not affected
(Table 2). Although all type 1 and type 3 isolates adhered to
the Caco-2BBe monolayers, only the type 1 isolates bound in a
MAL-I- and MAL-II-sensitive manner (Table 2). SNA had no
detectable effect on the binding of any of the isolates (Table 2).
These findings indicate that the patterns of reovirus binding to
rabbit M cells and polarized Caco-2BBe cells are specific to the
virus serotype. Since serotype specificity is determined by the
�1 protein encoded by the S1 genome segment (reviewed in
references 38 and 44), the results suggest that the pattern of
virus binding to these cells is likely determined by �1, the
reovirus protein responsible for attachment to other cell types.

The presence of T1L �1 protein in reassortant virus parti-
cles and recoated cores is associated with binding to rabbit M
cells and polarized Caco-2BBe cells. The differences in binding
behavior of reoviruses T1L and T3D described above provided
the opportunity to test the role of �1 by using T1L-T3D reas-
sortant strains. ISVPs of reassortants containing the T1L S1
genome segment on a T3D background (3HA1) or the T3D S1
on a T1L background (1HA3) were applied to rabbit Peyer’s
patch sections and polarized Caco-2BBe cell monolayers. The
3HA1 ISVPs bound to rabbit M cells (Fig. 7A; Table 3) and
the Caco-2BBe cells (Table 3) in a MAL-I/II-sensitive manner.
In contrast, the 1HA3 ISVPs did not bind to rabbit M cells
(Fig. 7B; Table 3). 1HA3 ISVPs also bound to the Caco-2BBe

cells, but binding was not reduced by MAL-I or -II (Table 3).
SNA had no effect on the binding of either reassortant (Table
3). With regard to all examined binding activities, therefore,
3HA1 behaved like T1L and 1HA3 behaved like T3D. This
suggested that the S1 genome segment is the genetic determi-
nant of the observed differences. Moreover, since the indicated
properties were mediated by purified virus particles and since
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only the �1 translation product of S1 is a particle-associated
protein, the differences in binding among these strains are
likely to be based in the attachment activities of �1. Because
only a limited set of reassortants was tested, however, more-
definitive evidence was required to support this conclusion.

To obtain direct evidence for the specific role of �1 in
binding to rabbit M cells and polarized Caco-2BBe cell mono-
layers, we made use of recoated cores (11, 12). In each case for
these experiments, the cores were derived from T1L virions
and recombinant forms of the T1L �1 and �3 proteins were
used to recoat them in vitro. However, the recombinant �1
protein used for recoating was from T1L for one preparation
and from T3D for another, and in a third preparation no �1
was added. When ISVP-like particles derived from these dif-
ferent types of particles were applied to rabbit Peyer’s patch
sections, the particles containing T1L �1 bound to rabbit M
cells, but the particles containing T3D �1 did not (Fig. 7C, D;
Table 3). Particles containing either T1L �1 or T3D �1 bound
to the Caco-2BBe cells (Table 3), but only the binding of the
T1L �1-containing particles was sensitive to MAL-I and
MAL-II (Table 3). Particles lacking �1 showed no binding to
either rabbit M cells or the Caco-2BBe cells (data not shown).
These data strongly support the conclusion that �1 played an
essential role in binding to epithelial cells in these experiments,
as well as in determining the serotype-specific patterns of bind-
ing to these cells.

JAM1 is not involved in the MAL-I/II-sensitive binding of
reovirus T1L to apical membranes of polarized Caco-2BBe

cells. JAM1 has been identified as a receptor for reoviruses
T1L and T3D (3, 56). Because JAM1 is located on the baso-
lateral membranes of polarized epithelial cells (3), we consid-
ered it unlikely that it would be involved in the MAL-I/II-

FIG. 6. Binding of reoviruses T1L and T3D to rabbit Peyer’s patch sections and Caco-2BBe cell monolayers. Biotinylated ISVPs were applied
to sections of a rabbit Peyer’s patch (A to C) or to prefixed 2-dpc Caco-2BBe cell monolayers (D to F) in the presence or absence of competing
lectins, and bound ISVPs were visualized with streptavidin-TRITC. In sections of the rabbit Peyer’s patch, T1L ISVPs bound specifically to cells
in the FAE but not to those in the villus epithelium (VE) (A). A phase-contrast image (B) of the section shown in panel A shows that the
virus-positive FAE cells are associated with clusters of intraepithelial lymphocytes, an M cell feature. T3D ISVPs did not bind to the rabbit FAE
or villus epithelium (C). ISVPs of both T1L (D) and T3D (F) bound to the Caco-2BBe cell monolayers. The binding of T1L ISVPs was inhibited
by preincubation of the monolayers with the MAL-II lectin (E), but the binding of T3D ISVPs was not inhibited by MAL-II (G). Bar, 50 �m.

TABLE 2. ISVP binding profiles of type 1, type 2, and type 3
reovirus isolatesa

Viral
isolateb

Binding to:

M cells in rabbit Peyer’s
patch sections Polarized Caco-2BBe monolayers

Control
Treated with lectin:

Control
Treated with lectin:

MAL-I MAL-II SNA MAL-I MAL-II SNA

T1L � � � � � � � �
T1N84 � � � � � � � �
T1N85 � � � � � � � �
T2J � � � � � � � �
T2S59 * * * * � � � �
T2N84 * * * * � � � �
T3D � � � � � � � �
T3C9 � � � � � � � �
T3N83 � � � � � � � �

a ISVPs of the different isolates were assayed for binding to M cells in rabbit
intestinal Peyer’s patch sections and to 2-dpc Caco-2BBe cell monolayers, in
either the absence (control) or presence of lectins MAL-I, MAL-II, or SNA. �,
binding to Peyer’s patch M cells or Caco-2 cells; �, complete lack of binding; *,
ISVPs adhered to all types of epithelial cells on the FAE and villi and were
therefore not M cell selective.

b Formal names of the isolates (27) are given in Materials and Methods.
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sensitive binding of T1L on Caco-2BBe monolayers. We
nevertheless tested this possibility by applying anti-JAM1 MAb
J10.4 to our polarized Caco-2BBe cell monolayers in staining
and inhibition experiments. Staining of fixed, impermeable

monolayers with this MAb showed that JAM1 was not detect-
able on apical membranes. A few fixed monolayers showed a
“chicken wire” pattern of staining (data not shown), consistent
with exposure of JAM1 due to shrinkage of cells and opening

FIG. 7. Binding of T1L-T3D reassortant strains and recoated cores containing the T1L or T3D �1 protein to rabbit Peyer’s patch sections.
Biotinylated particles were applied to sections of a rabbit Peyer’s patch, and bound particles were visualized with streptavidin-TRITC. ISVPs of
3HA1, a reassortant containing T1L �1, bound specifically to M cells in the FAE (A), whereas ISVPs of 1HA3, a reassortant containing T3D �1,
did not bind (B). ISVP-like particles derived from recoated cores containing T1L �1 also bound preferentially to M cells in the FAE (C), but
ISVP-like particles derived from recoated cores containing T3D �1 did not bind (D). Bar, 50 �m.

TABLE 3. ISVP binding profiles of T1L-T3D reassortants and recoated coresa

Viral isolate or particleb

Binding to:

M cells in rabbit Peyer’s patch sections Polarized Caco-2BBe monolayers

Control
Treated with lectin:

Control
Treated with lectin:

MAL-I MAL-II SNA MAL-I MAL-II SNA

Reassortants
3HA1 with T1L �1 � � � � � � � �
1HA3 with T3D �1 � � � � � � � �

Recoated coresl
T1L with T1L �1 � � � � � � � �
T1L with T3D �1 � � � � � � � �

a ISVPs derived from the different isolates or particles were assayed for binding as indicated for Table 2.
b The natures of the different isolates and particles are described in the text.
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of tight junctions, but these monolayers were not used in the
experiments with virus. When intact monolayers were pre-
treated with the anti-JAM1 MAb, binding by T1L virions and
ISVPs to apical Caco-2BBe cell surfaces was not visibly affected.
Pretreatment of monolayers with a mixture of an anti-JAM
MAb and MAL-II resulted in complete loss of viral binding.
We conclude that the MAL-I/II-sensitive binding of reovirus
T1L to apical membranes of intact, polarized Caco-2BBe cells is
not dependent on JAM1.

T1L binding to L929 cells is not inhibited by NeuAc-specific
lectins. Previous studies have shown that infection of L929
cells by T1L virions or ISVPs is not NeuAc dependent (46). To
verify that NeuAc epitopes are not required for T1L adherence
to this fibroblast line, L929 cells were grown on glass cover-
slips, briefly fixed to stabilize plasma membranes and prevent
endocytosis, exposed to biotinylated T1L virions and ISVPs
under the same conditions used for polarized Caco-2BBe cells
and rabbit Peyer’s patch sections, and stained with streptavi-
din-FITC. Preincubation of the fixed L929 cells with NeuAc-
specific lectin MAL-I, MAL-II, SNA, or LFA at 10 �g/ml prior
to viral overlay had no effect on binding (data not shown).
These results are consistent with the capacity of reovirus T1L
to use an alternative, NeuAc-independent binding mechanism
to attach to L929 cells.

Binding of MAL-II-coated, virus-size microparticles is re-
stricted to the FAE. Taken together, the preceding results led
us to predict that MAL-II, like reovirus T1L particles, should
selectively bind to M cells in Peyer’s patches. When soluble
MAL-II was applied to either deparaffinized sections or live
explants of a rabbit Peyer’s patch, however, the lectin labeled
the apical surfaces of all epithelial cells on both the FAE (Fig.
8A) and villi (Fig. 8B). Similarly, MAL-II applied to perme-
abilized plastic sections of a mouse Peyer’s patch labeled epi-
thelial cell surfaces of both the FAE and villi (data not shown).
These findings suggested a modified hypothesis, namely, that
the MAL-II-recognized glycoconjugates that are involved in
binding by reovirus T1L, although present on most or all in-
testinal epithelial cells, are accessible to viral particles only on
M cells in vivo. To test this modified hypothesis, we applied
virus-size polystyrene microparticles coated with MAL-II (final
diameter, about 120 nm) to live explants of a rabbit Peyer’s
patch. To control for possible nonspecific adherence of the
polystyrene particles (21), a 1:1 mixture of MAL-II-coated,
fluorescent green microparticles and biocytin-quenched, fluo-
rescent red control particles was applied. Little or no binding
of the control particles was observed (Fig. 8C). The MAL-II-
coated microparticles bound to epithelial cells of the FAE but
not villi (Fig. 8C). These results suggest that MAL-II epitopes
on the FAE, including those on M cells, are more accessible to
reovirus particles than those on villi, consistent with the mod-
ified hypothesis (Fig. 9).

DISCUSSION

Numerous bacteria and viruses gain access to the intestinal
mucosa by adhering selectively to M cells, but exactly how they
recognize this relatively rare cell type on the vast mucosal
surface is not known. The results of this study provide evidence
that adherence of type 1 reoviruses to the apical surfaces of
rabbit Peyer’s patch M cells and polarized Caco-2BBe cells

involves host cell glycoconjugates that contain oligosaccharide
epitopes specifically recognized by the plant lectins MAL-I and
MAL-II. They further suggest that binding to these glycocon-
jugates is mediated by the viral outer capsid protein �1. Gly-
coconjugates containing these oligosaccharide epitopes are not
restricted to M cells, but they are accessible to MAL-II-coated,
virus-size microparticles only on the FAE, which may account
for the selective binding of reovirus T1L to M cells.

The �1 protein has been previously shown to mediate reo-

FIG. 8. MAL-II lectin immobilized on virus-sized particles adhered
only to the FAE. Live rabbit Peyer’s patch explants were incubated
either with soluble MAL-II–biotin followed by streptavidin-FITC (A
and B) or with a 1:1 mixture of MAL-II-coated fluorescent green
particles and biocytin-quenched fluorescent red control particles (C).
(A and B) Soluble MAL-II (green) labeled apical surfaces of epithelial
cells in both the villus epithelium (A; VE) and the FAE (B). (C) MAL-
II-conjugated particles (green) adhered to the FAE including M cells,
not to the villus epithelium. Binding of control particles (red) was
negligible. Bar, 25 �m.
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virus strain-specific adherence to various cell types (3, 4, 12, 14,
15, 17, 38, 46, 47, 51, 52, 58, 64, 69), including the specialized
absorptive cells in the small intestines of suckling mice (74).
The fact that both reoviruses T1L and T3D adhere to M cells
in suckling and adult mice (74) precludes the use of T1L-T3D
reassortants for identifying the M cell attachment protein in
those models. The finding that conversion of T1L virions to
ISVPs is required for adherence to M cells in adult mice (2)
leaves open the possibility that �1, �1, or 	2, the viral proteins
remaining on the particle surface after �3 removal, might me-
diate M cell attachment. We have recently shown that intra-
gastric administration of the anti-�1 MAb 5C6 prevents the
entry of T1L ISVPs into murine Peyer’s patches in vivo,
whereas MAbs specific for �1 or �3 do not (61). This suggests,
but does not prove, the importance of T1L �1 in binding to
murine M cells. In the present study we discovered serotype-
specific differences in rabbit M cell adherence and lectin sen-
sitivity for type 1 and type 3 reoviruses. This allowed us to
exploit T1L-T3D reassortants, as well as viral cores recoated
with outer capsid proteins including T1L or T3D �1 or not
including either �1 (11, 12) to confirm the role of T1L �1 in

viral adherence to the apical membranes of rabbit M cells. The
results establish that T1L �1 is indeed required for viral ad-
herence to rabbit M cells and also suggest that T1L �1 may
accomplish this by recognizing specific glycoconjugates on the
apical cell surface.

Obtaining evidence for the putative M cell receptor for
type 1 reoviruses was made possible by the use of lectins
with well-defined carbohydrate-binding specificities. In pre-
vious studies, MAL-I has been shown to bind preferen-
tially to the trisaccharide NeuAc�2-3Gal�1-4-N-acetylglucos-
amine (GlcNAc) (32, 36, 77) and MAL-II has been shown to
bind with highest affinity to the tetrasaccharide NeuAc�2-
3Gal�1-3[NeuAc�2-6]GalNAc but also to bind to related trisac-
charides including ones recognized by MAL-I (32, 37). Shared by
the MAL-I and MAL-II epitopes is the disaccharide NeuAc�2-
3Gal, as well as an additional monosaccharide in the linear chain
(GlcNAc or GalNAc). Moreover, MAL-II can flexibly accommo-
date the binding of Gal joined to another sugar through either a
�1-3 or a �1-4 linkage (32). Given these findings and the rela-
tionships between the binding of MAL-I/II and reovirus T1L
defined in this study, we conclude that the glycoconjugates rec-
ognized by reovirus T1L on rabbit M cells and polarized Caco-
2BBe cells most likely contain a trisaccharide that terminates in
NeuAc�2-3Gal. Our observations that pretreatment of cells with
periodate or neuraminidase or preincubation of virus with soluble
NeuAc also reduced binding by T1L particles to M cells and/or
polarized Caco-2BBe cells suggest that NeuAc participates directly
in these binding activities. For the periodate and neuraminidase
results, however, it is possible that carbohydrate removal may
have altered the structure of the glycoconjugate receptor in such
a way that T1L binding was indirectly affected. Thus, although we
favor a conclusion that NeuAc�2-3-containing oligosaccharides
recognized by MAL-I and MAL-II are directly involved in the
binding of type 1 reoviruses to rabbit M cells, further experiments
are needed to establish this fact.

The involvement of NeuAc (sialic acid) in reovirus T1L
binding to rabbit M cells and polarized Caco-2BBe cells in our
study contrasts with the results of some previous studies in
which T1L appears to lack NeuAc binding activity. This ap-
parent discrepancy could be due to the fact that the carbohy-
drate binding activities of T1L and T3D and their respective �1
proteins were previously compared in assays with other cell
types (e.g., erythrocytes, murine erythroleukemia cells, and
L929 fibroblasts) that may have alternative receptors for virus
binding. Indeed, JAM has been identified as an alternative
receptor in some of these cells (3). Reovirus T1L is nonethe-
less believed to have carbohydrate binding activity as well,
because it mediates periodate-sensitive HA of human erythro-
cytes (15, 17). Both T1L virions and the recombinant T1L �1
protein bind poorly to glycophorin A, the abundant and highly
sialylated human erythrocyte surface glycoprotein (14, 17, 51,
52). This is consistent with the observation that infection of
L929 cells by reovirus T1L is unaffected by neuraminidase
treatment (46). On the other hand, the sialoglycoprotein fetuin
has been shown to inhibit the binding of T1L virions to L929
cells (51), leading to speculation that the distinct carbohydrate
binding activities of T1L and T3D may reflect their capacities
to recognize subtle differences in glycoconjugate structure in-
volving specific sugar linkages, acetylation sites, or the density
of oligosaccharide side chains (51).

FIG. 9. Cartoon depicting the possible interactions of reovirus IS-
VPs with apical surfaces of M cells and enterocytes in the intestine.
Virus, cell membranes, and cell surface glycoprotein coats are drawn
approximately to scale (see the scale at the right). Reovirus ISVPs may
adhere selectively to M cells (left) because cell surface glycoproteins
form a relatively thin coat and the relevant carbohydrate binding sites
are accessible to the �1 protein on viral particles. On enterocytes
(right) these sites may be sequestered under the thick brush border
glycocalyx.
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Our results provide evidence that glycoconjugates contain-
ing NeuAc in a specific linkage, �2-3, are important for adher-
ence of reovirus T1L to apical surfaces of rabbit M cells and
polarized Caco-2BBe cells. In contrast, the binding of T1L to
cell surfaces was unaffected by the lectin SNA, which recog-
nizes epitopes containing NeuAc�2-6 (59). These findings are
consistent with the capacity of T1L to bind fetuin (51), which
is rich in NeuAc�2-3 (62), but not bovine submaxillary mucin
(51), which is rich in NeuAc�2-6 (28). The fact that T1L
binding was not inhibited by MAbs specific for the sialyl Lewisa

or sialyl Lewisx antigens, both of which contain NeuAc�2-3
(30, 60), is consistent with the fact that, in those epitopes, the
adjacent GlcNAc residue has a Fuc side chain, which is known
to inhibit recognition by MAL-II (37). It also supports the
hypothesis that T1L �1, like MAL-I and MAL-II, binds to
glycoconjugates containing a specific oligosaccharide epitope
and not simply to any NeuAc�2-3-containing glycoconjugate.
Although our assays provided evidence that adherence of T1L
virions to rabbit M cells and polarized Caco-2BBe cells also
involves NeuAc�2-3-containing glycoconjugates, the results
with virions were more complex: excess NeuAc failed to inhibit
virion binding to rabbit M cells in the overlay assay, and
MAL-II failed to inhibit virion binding to Caco-2BBe monolay-
ers. More-extensive studies will be required to determine
whether virions, in which �1 may be folded and less exposed on
the particle surface than in ISVPs (18, 46), can exploit an
alternative binding site on these cells. Additional studies will
also be required to determine why reovirus T3D did not bind
to rabbit M cells in the overlay assay, despite its documented
capacity to recognize �-linked NeuAc as a minimal receptor on
other cell types (52). One possibility is that the carbohydrate
epitope recognized by T3D is masked by other glycoconjugate
structures on rabbit M cells and is not accessible to the putative
carbohydrate binding domain located in the mid-fiber region of
the T3D �1 trimer (13, 14).

Studies of reovirus infectivity in animals and binding to iso-
lated epithelial cells in culture have indicated that, after entry
into the mucosa via M cell transcytosis, reovirus can adhere to
basolateral membranes of epithelial cells as well as to subep-
ithelial phagocytic cells (6, 50). Because all of these sites would
have been exposed on the tissue sections used for our viral
overlay assays, we expected that the virus would adhere not
only to apical M cell surfaces but also to many other sites
within the mucosa. Instead, both virion and ISVP binding on
the sections was largely restricted to M cell apical membranes.
A possible explanation for this is that potential receptors must
be present at high density to support stable binding of reovirus
T1L and that, on sections of fixed tissue where membrane
components are immobilized, the requisite density was
achieved only on M cell surfaces. Evidence for the importance
of receptor density was also obtained in the Caco-2BBe cell
assay, in which cells with abundant MAL-II sites showed the
highest levels of viral adherence. Alternatively, the fixation and
embedding procedures used to generate the sections could
have destroyed T1L binding sites on epithelial basolateral
membranes and nonepithelial target cells in the mucosa but
spared the glycoconjugates used as receptors on M cell apical
membranes.

It has been proposed that NeuAc binding by type 3 reovi-
ruses precedes protein receptor (e.g., JAM1) binding on the

cell surface and increases the efficiency with which the protein
receptor is bound, leading to uptake and productive infection
(4). In this study, we suggest an additional, more specialized
role for reovirus binding to NeuAc in the complex setting of a
host animal. We propose that type 1 reoviruses bind to
NeuAc�2-3-containing glycoconjugates on M cell apical sur-
faces to promote uptake into the endocytic pathway of those
cells (Fig. 10). M cells are unique in that endocytosed materials
are rapidly and efficiently delivered to the basolateral side of
the epithelium by transcytosis (43). The virus is thereby pro-
vided access to JAM1, the viral receptor on basolateral mem-
branes, which can promote infection of adjacent epithelial cells
and probably other cells as well (3) (Fig. 10). M cells can
themselves be infected by reovirus in at least some cases (6),
but whether this infection directly follows virus interaction with
the apical surface receptor or occurs only after delivery to the
basolateral surface and its unique surface proteins remains to
be determined.

To exploit the M cell pathway in vivo, reovirus must recog-
nize the biochemical “face” that the FAE presents to the lu-
men and must distinguish the apical surfaces of M cells and
enterocytes. The simplest model would be that the virus ex-
ploits a receptor present only on M cells. However, none of the
mouse or rabbit M cell-specific carbohydrate epitopes previ-
ously identified by lectin binding studies proved to be involved
in the binding of reovirus T1L. In particular, the lectin SNA,
which selectively labeled mouse Peyer’s patch M cells, failed to
inhibit the binding of T1L virions or ISVPs on rabbit M cells or
polarized Caco-2BBe cells. In contrast, MAL-I/II binding was
not restricted to rabbit M cells yet these lectins successfully
competed with reovirus T1L ISVPs for binding to both M cells
and Caco-2BBe cell monolayers. The fact that MAL-II consis-

FIG. 10. Cartoon depicting the possible roles of membrane glyco-
conjugates and JAM1 in reovirus entry into Peyer’s patches. Our data
suggest that binding of type 1 reoviruses to NeuAc�2-3Gal-containing
glycoconjugates on M cell apical surfaces (a) results in uptake (b) and
transcytosis to the basolateral side of the epithelium (c). This provides
access to JAM1 on basolateral membranes (d), which would mediate
infection of adjacent epithelial cells (e). M cells can also be infected
(6), but whether infection occurs following uptake from the apical
surface (i and ii) or basolateral surface (not shown) remains to be
determined.
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tently colocalized with T1L on confluent but undifferentiated
Caco-2BBe cells suggests that, in this system, the virus had
access to all of the cell surface glycoconjugates that displayed
the MAL-II epitope. Such was not the case in normal rabbit
intestine, however, where binding sites for soluble MAL-II
were abundant on apical surfaces of M cells and of enterocytes
in both the FAE and villi.

Why, then, does reovirus adhere only to M cells? Our data
suggest that, in the intestine, MAL-II-binding epitopes, which
are known to be present on glycolipids (34) as well as glyco-
proteins (36, 37), may be “buried” in the thick glycocalyx on
intestinal enterocytes. The enterocyte brush border glycocalyx
is composed of high-molecular-weight integral membrane mu-
cins (29, 35, 40) that extend up to 500 nm from the membrane
bilayer (Fig. 9). In other systems, highly glycosylated, extended
membrane mucins have been shown to block adherence of
cells and microbes (68, 72). The �1 protein of reovirus has
been shown to have mucolytic activity in vitro (8), but this is
clearly not sufficient to “uncoat” enterocyte surfaces in vivo. In
a series of studies, including the experiments described here,
using microparticles coated with MAL-II lectin, RCA-I lectin,
or cholera toxin, we have shown that carbohydrate epitopes
common to intestinal epithelial cells can vary widely in their
accessibilities to particulate ligands (21, 39). The observation
in this study that virus-sized MAL-II-coated particles bound
selectively to the FAE, and not to villi, in intact rabbit mucosa
(Fig. 8) suggests that the lack of a thick glycocalyx on M cells
may give the virus much easier access to glycolipid or glycop-
rotein binding sites on M cell membranes. Potential T1L bind-
ing sites appear to be somewhat less accessible on mouse M
cells than on rabbit M cells. This was suggested by the obser-
vation that, on intact mucosal surfaces, both virions and ISVPs
adhered to rabbit M cells whereas adherence to mouse M cells
required conversion to ISVPs (2). Indeed, electron microscopy
has previously shown that the glycoprotein coats on rabbit
Peyer’s patch M cell surfaces are generally thinner than those
on mouse M cells (10, 21). In both species, however, M cell
surfaces lack the thick brush border glycocalyx. In conclusion,
our results provide evidence that the molecular microarchitec-
ture of intestinal epithelial cell surfaces plays an important role
in reovirus infection and that the virus recognizes distinct fea-
tures of M cells to exploit this cellular pathway into the mu-
cosa.
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