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Membranous (M) cells are spe-

cialized epithelial antigen-
transporting cells scattered in the
follicle-associated epithelium covering
the gut lymphoid follicles such as Peyer’s
patches. Although the importance of M
cells as a main portal for luminal anti-
gens has long been recognized, molecular
mechanisms for M-cell antigen uptake
has remained largely elusive. We have
recently found that glycoprotein 2 (GP2)
is exclusively expressed on M cells among
intestinal epithelial cells and serves as an
uptake receptor for a subset of commen-
sal and pathogenic bacteria. GP2 inter-
acts with FimH, a major component of
the type 1 pilus on the outer membrane
of a subset of gram-negative enterobacilli
such as E. coli and Salmonella enterica.
Furthermore, GP2-FimH interaction is
necessary for efficient uptake of FimH*
bacteria by M cells and subsequent bacte-
ria-specific mucosal immune responses.
Pancreatic GP2 may also be involved in
innate immunity by ‘opsonization’ of
FimH* bacteria to facilitate their eges-
tion in feces as well as translocation
across the intestinal epithelium.

Membranous (M) cells are specialized
epithelial antigen-transporting cells that
constitute a minor proportion (5-10%
in humans and mice) of the follicle-
associated epithelium (FAE) covering the
lymphoid follicles of organized gut-asso-
ciated lymphoid tissue (GALT) such as
Peyer’s patches (PPs)."* Some ninety years
ago, a Japanese scientist, Dr. Kenzaburo
Kumagai, discovered that Mycobacterium
tuberculosis was taken up through the FAE
and then appeared in GALT follicles.*
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Fifty years later, Bockman and Cooper’
identified unique cells vigorously ingest-
ing ferritin and india ink in the FAE of
rabbit appendix and the chicken bursa of
Fabricius, and Owen and Jones® discov-
ered the human counterparts in PP FAE,
and named them M cells.

Since their discovery, M cells had
been structurally analyzed by optical
and electron microscopy.”? These studies
have revealed that M cells can efficiently
engulf particles as large as bacteria. They
not only take up microorganisms, but
also inert particles such as latex beads,
suggesting that uptake of materials by M
cells is rather nonspecific. By contrast, it
has been reported that live, but not dead,
Vibrio cholerae can be taken up by M
cells.”® It has also been shown that the
efficiency of uptake of Escherichia coli by
M cells varies from strain to strain.” These
observations support the idea that uptake
of antigens by M cells is, at least in part,
receptor-mediated.’

However, this hypothesis could not
be directly tested until recently. During
the 20 century, the study of M cells had
been essentially restricted to morphological
analyses, even three decades after their dis-
covery, mainly because of the difficulty in
purifying sufficient numbers of M cells for
molecular or biochemical analysis. In the
first place, there was no specific marker for
M cells. Ulex europaeus agglutinin-1 (UEA-
1), a plant lectin recognizing o (1-2)-fucose,
has been the only reagent known that can
react with M cells, but this reactivity is
restricted to mouse M cells, among the
well-studied animals including humans.3
Unfortunately, however, UEA-1 is not spe-
cific to M cells, in that it also recognizes
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Figure 1. Confocal laser microscopy image of whole-mount staining of mouse Peyer’s patch FAE. GP2 (green, left) and UEA-1 (red, middle) largely co-
localize (merge, right). Note that GP2 staining is restricted to the FAE (an oval area in the middle of the field), while UEA-1 is not specific to FAE but also
reacts strongly to mucin-secreting goblet cells in the villi. F-actin staining (blue) depicts the shape of villi surrounding PP. Scale bars, 100 um.

goblet cells and Paneth cells among intes-
tinal epithelial cells in mice (Fig. 1). This
makes it difficult to purify M cells when
using UEA-1 reactivity as the defining fea-
ture. Another problem is that the number
of M cells is very limited: less than one in
107 of total intestinal epithelial cells, and
5-10% of FAE in humans and mice.*?
These factors had long hampered the study
of the molecular and cellular biology of M
cells. The situation has changed with the
emergence of new technologies; microarray
analysis can be used to obtain gene expres-
sion profiles from a small amount of RNA
of a given cell population or tissue. Thanks
to this sophisticated technology, we and
others have identified M-cell specific mol-
ecules in humans and mice.”!°

We first developed a method to recover
the intestinal epithelial cell layer as a sheet
with minimal contamination by the lam-
ina propria (LP), and to further separate
the FAE and the villous region from the
recovered epithelial sheet. Using these as
the starting materials, we compared the
gene expression profiles of FAE and vil-
lous epithelium (VE). The genes showing
higher expression in FAE compared to VE
were candidates for FAE- or M cell-specific
genes (the data are available on Reference
Database of Immune Cells [RefDIC],
heep://refdic.rcai.riken.jp). The candi-
dates FAE/M cell-specific genes were fur-
ther subjected to quantitative RT-PCR to
confirm their FAE-specific expression, and
subsequent in situ hybridization and/or
immunohistochemistry determined the
localization of the candidate molecules.’
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Glycoprotein 2 (GP2) was one of
the M cell-specific molecules identified
(Fig. 1)."! We showed the M cell-specific
expression of GP2 among intestinal epi-
thelium in humans and mice. Considering
the conservation of GP2 gene among
mammals besides humans and mice,
including rats, apes, monkeys, dogs, cattle,
horses and pigs (NCBI database; http://
www.ncbi.nlm.nih.gov/gene), it would
not be surprising that these species also
express GP2 on their M-cell surface. GP2
was originally identified as a glycosylphos-
phatidylinositol (GPI)-anchored protein
abundantly expressed in the exocrine
granules of the pancreatic acinar cells
(Fig. 2).">" However, a score of years after
its discovery and even after establishment
and analyses of GP2-deficient mice, the
function of GP2 has remained elusive.'*

We have now discovered that the func-
tion of GP2 expressed on M cells is as a
bacterial uptake receptor.! GP2 recog-
nizes FimH, a major component of the
type 1 pilus on the outer membrane of
a subset of gram-negative enterobacilli
such as E. coli and Salmonella enterica'°
FimH has a lectin-like capacity to bind to
certain glycoproteins on mammalian cells
in a mannose-dependent manner.”” This is
also the case for FimH-GP2 binding.""'¢
However, it seems possible that FimH rec-
ognizes the protein structure of GP2 in
addition to the mannose moiety consider-
ing the almost total abrogation of E. coli
uptake by M cells in GP2-deficient mice,
since it is difficult to imagine that GP2
is the sole apical membrane protein with
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mannose residues on the apical surface of
M cells.

M cells are thought to be the predomi-
nant entry site for Salmonella to initiate
infection in mice.>>!® It has been reported
that of S.
Typhimurium (S. #yphimurium) deficient

mutants enterica  serovar
in inv genes, which render them severely
defective for invasion, retain the ability to
invade mouse PP M cells,” although the
efficiency seems far less compared to the
invasion-competent S. typhimurium.*® Our
data appended a new aspect to the M-cell-
targeted invasion of S. gphimurium, in
that the FimH-deficient S. #yphimurium
could not efficiently enter PP even though
they are invasion-competent. Reciprocally,
FimH* S. gyphimurium can enter PP in
wild-type (i.e., GP2-sufficient) mice but
not in GP2-deficient mice."! These data
clearly demonstrate that the interaction of
the bacterial FimH and GP2 on the host
M cells is crucial for the entry of FimH*
bacteria. Taken together, we propose that
recognition of FimH by GP2 is prerequi-
site for the active uptake of FimH* bacteria
by M cells, a process in which the bacte-
rial invasion machinery could be a facili-
tator but not necessarily be an absolute
requirement. Considering the more effi-
cient delivery of invasive S. zyphimurium
than non-invasive E. coli (our unpublished
observation), bacterial invasion could act
additively with phagocytic uptake by M
cells for bacterial translocation from the
intestinal lumen to the PP. Although we
have shown that GP2 is required for effi-
cient uptake of FimH" bacteria, we do not
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know whether GP2 is directly involved in
the actual uptake of these bacteria; it is also
possible that GP2 is primarily involved in
the binding/capture of these bacteria, and
additional molecule(s) are required for the
uptake itself. Further studies are required
to clarify the question.

We that GP2
deficiency in the host, as well as lack of
FimH by the bacteria, markedly reduces
translocation of S. #yphimurium into the
mesenteric lymph node (MLN) as well
as production of S. #yphimurium-specific
serum IgG upon oral administration
of the bacteria.!’ It has been shown that
PP are dispensable for translocation of
S. typhimurium into MLN and the sub-
sequent S. typhimurium-specific systemic
IgG response, because the bacteria can be
taken up directly by dendritic cells (DCs)
in the LP and delivered to MLN.?® An
apparent discrepancy between these data®
and our data is that S. typhimurium did
not seem to translocate into the LP in the

have also observed

absence of GP2 in our experimental set-
ting."" This raises the interesting possibil-
ity that GP2, most likely that secreted from
the pancreas, may also contribute to the
translocation of FimH* bacteria through
the LP. Collectively, these and our obser-
vations indicate that S. gyphimurium could
reach and/or be delivered to MLN both
in PP-mediated and -bypassing pathways.

As mentioned above, GP2 is abun-
dantly produced by pancreatic acinar cells
and secreted in the pancreatic juice, due
to post-translational cleavage of the mem-
brane bound form of GP2.'>" Since inges-
tion of food in stomach stimulates the
excretion of pancreatic juice, we postulate
that GP2 secreted in pancreatic juice likely
participates in innate immunity against
FimH" bacterial contaminants in food by
coating them and facilitating their eges-
tion in the feces, in a manner analogous
to uromodulin/Tamm-Horsfall protein
(THP). THP is a GPl-anchored pro-
tein with a similar domain structure and
52% overall amino acid sequence iden-
tity with GP2 (Fig. 2).*! The expression
of THP is restricted to the apical plasma
membrane of renal tubular epithelium.
THP specifically binds to uropathogenic
E. coli and promotes bacterial clearance
from the urinary tract.** Another poten-
tial role for pancreas-derived GP2 is that
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i : EGF-like

s— : GPl anchor

ZP : Zona pellucida domain
1 : N-linked glycosylation site (potential)

Figure 2. Schematic domain structure of GP2 and THP. Domain structure of mouse GP2 and THP
is drawn based on the information obtained through UniProt (http://www.uniprot.org/). FimH-
binding region of GP2 is predicted based on our unpublished observation that a recombinant
GP2 protein lacking the ZP domain still bound to E. coli in our in vitro binding assay.

‘opsonization’ by GP2 may facilitate the
translocation of FimH* bacteria across
the intestinal epithelium. Since GP2 self-
polymerizes via its zona pellucida (ZP)
domain (Fig. 2),%"* it could be hypoth-
esized that the interaction between ZP
domains of bacteria-bound GP2 and
M-cell surface GP2 facilitates attach-
ment of FimH* bacteria onto M cells. In
addition, pancreatic GP2 might also be
involved in the translocation of FimH?*
bacteria to the LP as described above,
although the underlying mechanism is
unknown. In this regard, GP2 is also
expressed in a subset of DCs (our unpub-
lished observation), and this may promote
the efficient uptake of GP2-opsonized
bacteria by DCs. Further studies are
required to clarify these hypotheses,
including the establishment and analy-
ses of M-cell- and pancreas-specific GP2
knockout mice.

We have recently found that cellu-
lar prion protein (PrP€), another GPI-
anchored protein, is predominantly
expressed on the apical surface of M
cells among intestinal epithelial cells.
Given that PrP€ acts as the internaliza-
tion receptor on macrophages for a zoo-
notic pathogen Brucella abortus,” which
is suspected to infect orally, one could
postulate that PrP¢ on M cells serves as an
uptake receptor for this microbe. Future
studies of bacterial uptake receptors on M
cells, including GP2 and PrP¢ will greatly
increase our understanding of mucosal
immunity and provide a new approach for
‘M-cell-targeted’ vaccination protocols.
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