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ABSTRACT Lymphocytes express integrin receptors,
termed lymphocyte Peyer's patch highendoll venule (11EV)
adhesion molecules (LPAMs), that mite their organ-specific
adhesion to sp d HEVs found inm lymphold organs
(Peyer's patches). LPAM-1 consists of a murine Itegrin a4
noncovalently assed with integrin . Here, we describe the
ding and exprsin of a mouse cDNA encoIing3,laP, which is
an 806-amino aid tAu mbre glycoprotein. The genomic
Southern blot analysis iates that (,p is the murine homiologue
of human 7,. The function of a4(7 as a Peyer's patch-specific
adhesion molecule was tested directly by expression of the
murine A7 cDNA in an a4+fl7 B-cell line or coexpression of the
a4 and Ad cDNAs in an a4-Af T-cell line. The tansfected clls
exhibited a new Peyer's patch-specific adhesive phenotype that
could be s ifically blocked by monoclonal antibodies against
a4 and 17. Moreover, an and-(7 monoclonal antibody spedfl-
cally blocked binding of normal lymphocytes to Peyer's patch
BEV but did not inhibit their binding to peripheral lymph node
HEVs, indicating that is a unique component of the Peyer's
patch-speclfc homing receptor.

The recirculation of lymphocytes throughout the body, from
blood through lymphoid organs and back into the blood-
stream (1), plays a critical role in the normal function of the
immune system by maximizing interactions of lymphocytes
with antigen and by increasing collaborative interactions
between many disparate cell types. The organ-specific inter-
actions of lymphocytes with specialized high endothelial
venules (HEVs) in lymphoid organs (2) are believed to be
controlled by homing receptors on lymphocytes and vascular
addressins on HEVs (3, 4). Thus far, at least three function-
ally distinct lymphocyte-HEV recognition systems govern-
ing the homing of lymphocytes to peripheral lymph nodes
(PLNs), mucosal lymphoid organs [Peyer's patches (PPs) and
appendix], and inflamed synovium have been identified (5, 6).
Murine lymphocyte PP HEV adhesion molecule 1

(LPAM-1) involved in the organ-specific adhesion of lym-
phocytes to PP HEVs has been identified as an integrin
receptor (7, 8). The integrin receptors are engaged in cell-cell
adhesion and interactions with extracellular matrix compo-
nents (9). The functional role of LPAM-1 as a lymphocyte
homing receptor for PP is confirmed by in vivo migration
studies in the rat (10). LPAM-1 consists of a murine integrin
a4 homologous to human VLA4a and an integrin ( chain,
designated as p., that is invariantly involved in lymphocyte
adhesion to PP HEVs (8). In the rat, however, a high
endothelial binding factor specific for Peyer's patch high
endothelium (HEBFpp) defines a PP adhesion molecule that
is an w80-kDa single-chain protein (11) and distinct from
LPAM-1. Whether this molecule operates concurrently with
LPAM-1 to mediate adhesion of lymphocytes to PP HEVs

remains to be established. Here, we describe the isolation
and characterization of a mouse fiull-length cDNA clone
encoding this (3p subunit. Expression of this cDNA in
lymphoid cells induces a new PP-specific adhesive pheno-
type, indicating that (p is a distinct component of the PP-
specific homing receptor.

MATERIALS AND METHODS
Isolation and Characterization of the cDNA Clone for P.. A

TK1 cDNA library was constructed in Azp as described (12).
Approximately 2 x 106 recombinants were screened with the
preadsorbed antisera against LPAM-1 (8). Positive phage
were selected and transferred to pBluescript SK- (Strata-
gene) with the helper phage R408.

Northern Blot and Genomic Southern Blot Analyses. North-
ern blot analysis was performed by the standard protocol
(13). For genomic Southern blot analysis, 10 jug of each
mouse or human high molecular weight DNA was digested
with endonucleases, electrophoresed, transferred to a Zeta-
Probe membrane (Bio-Rad), and hybridized with either the
mouse Up or the human 7 probe.

Stable Expression of P7 cDNA in 38C13 Cells and Stable
Coexpresslon of a4 and 0 cDNAs In BW5147 Cells. pLppSN
was constructed by cloning the murine 17 cDNA into the
retroviral vector pLXSN (14) and recombinant retroviruses
were prepared from the producer line GP+E-86 (15). 38C13
cells were infected with LXSN or pLppSN retroviruses and
selected in medium containing G418 (1 mg/ml). BW5147 cells
were electroporated with pRSVtkhygR/a4, which contains
the a4mcDNA (12) in the expression vectorpRSVtkhygR, and
hygromycin-resistant clones expressing cell-surface a were
isolated. The 7 cDNA was subcloned into the expression
vector pEF-BOS (16). A BW5147/a4+ clone was cotrans-
fected with pEF-BOS/P7 and pSV2neo DNA and G418-
resistant clones were isolated.

Immunoprecipitation and Western Blot Analysis. For West-
ern blot analysis, cells were lysed in C-IPB buffer as de-
scribed (7), immunoprecipitated with monoclonal antibody
(mAb) R1-2, subjected to SDS/PAGE under reducing con-
ditions, transferred to nitrocellulose, and probed with either
preimmune or anti-p7 rabbit antisera. For immunoprecipita-
tion, cells were cell-surface labeled with 125I using the glucose
oxidase-lactoperoxidase method, lysed, precleared, and pre-
cipitated with either preimmune or anti-c7 antisera as de-
scribed (7).
In Vitro HEVB ag ssay. This assay was performed as

described (7). Relative adherence ratios (RARs) were calcu-

Abbreviations: HEV, high endothelial venule; PP, Peyer's patches;
LPAM, lymphocyte Peyer's patch HEV adhesion molecules; mAb,
monoclonal antibody; MLN, mesenteric lymph node; PLN, periph-
eral lymph node; PMA, phorbol 12-myristate, 13-acetate; RAR,
relative adherence ratio; VCAM-1, vascular cell adhesion molecule 1.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M95632).
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lated as described (7) and are presented as the mean with
standard deviation.

RESULTS
Cloning and Characterization of the cDNA Clone for Pp. To

isolate cDNA clones for 3,p, a AzAp cDNA library prepared
from poly(A)+ RNA isolated from a PP-binding T-cell line
TK1 was screened using anti-LPAM-1 antiserum (8) and
followed by a reverse Northern blot analysis (data not
shown). To examine whether these Pp clones contain cDNA
of the full-length RNA transcript, equal amounts of poly(A)+
RNA from TK1 (a4+f3p+), RAW112 (a4+/3,-), and two con-
trol T-cell lines, TK5 and BW5147 (a4-/4-), were analyzed
on a Northern blot using the Pp cDNA T30 clone as a probe.
As shown in Fig. 1A, a single band of =2.7 kilobases was
evident in the lane containing RNA from TK1 (lane 2) but was
negative in RNAs from RAW112, TK5, and BW5147 (lanes
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FIG. 1. Northern and genomic Southern blot analyses. (A and B)
Poly(A)+ RNAs from cells as indicated were probed with 'p cDNA,
under high-stringency conditions. (C) Similar analysis with a mouse

,1 cDNA probe. (D) Each genomic DNA was digested with the
indicated restriction enzymes, and probed with either a mouse (p
cDNA (m'3p) or a human p7 cDNA (h137) as indicated. Molecular
sizes in kilobases are indicated to the left in A and D.

3-5). Since the length of the T30 clone was -2.7 kilobases,
this result indicated that it contained a cDNA at or near the
full-length RNA transcript of (p. To confirm that 38C13, a
non-PP-homing B-cell line, did not express (p or (31 (see
below), equal amounts of poly(A)+ RNA from 38C13, TK1,
and RAW112 were analyzed on Northern blots using either
the Pp or mouse 81 cDNA as a probe. The results show that
38C13 expressed neither Pp (Fig. 1B) nor P3i (Fig. 1C).
The nucleotide sequence of 2628 base pairs (bp) contains a

32-bp 5' untranslated region followed by a single open reading
frame of 2418 bp encoding a polypeptide of 806 amino acids,
and followed by a 178-bp 3' untranslated region that contains
the polyadenylylation signal at position 2600 (Fig. 2). After
the initiation codon ATG, there is a stretch of 19 hydrophobic
amino acids with the characteristics of a signal peptide (17).
Thus, the predicted mature Pp protein contains an extracel-
lular region of 705 amino acids, a transmembrane domain of
21 amino acids, and a cytoplasmic domain of 61 amino acids.
On the extracellular region, there are eight potential N-linked,
glycosylation sites having the consensus sequence N-X-S/T.
In the cytoplasmic domain, there are three tyrosine residues
at positions 752, 757, and 777.
The deduced amino acid sequences ofmouse Pp and human

37 (18, 19) show 86% identity, suggesting that 3,p is the murine
homologue of 37. However, there is an unusual difference
between these two sequences. Although most of the cyto-
plasmic domain sequences are highly conserved, the C-ter-
minal sequences are quite distinct (data not shown). To test
whether the mouse genome contains sequences that are

P7-like in addition to p4, a genomic Southern blot analysis was
performed. Mouse genomic DNA showed that the pattern of
restriction fragments hybridized to either the mouse Pp probe
(mpp) or the human (7 probe (h(37) was virtually identical
(Fig. ID). Similarly, human genomic DNA showed the same
hybridization pattern of restriction fragments with either the
m(4 or the hP7 probe (Fig. 1D), indicating that 4p is indeed
the murine homologue of 37 (hereafter called murine (7).

Stable Expression of P7 cDNA in 38C13 Cells Confers the
(3-Specific Antigenic Epitopes in These Cells and Mediates the
Organ-Specific Adhesion to PP HEVs. To obtain the B-cell
lymphoma 38C13 that stably expresses (p(17) (hereafter
called 38-13p), 38C13 cells were infected with L(pSN recom-
binant retroviruses. As a control, 38C13 cells were infected
with retroviruses carrying a pLXSN vector that does not
contain the P7 cDNA (hereafter called 38-LXSN). All vectors
conferred G418 resistance to infected cells. Most of the
infected cells expressed high levels of cell surface (37 (Fig. 3D),
whereas the parental cells 38C13 (Fig. 3d) and the control
LXSN retrovirus-infected cells (Fig. 3e) were clearly nega-
tive for P7 surface expression. Infection with these retrovi-
ruses did not change surface expression of other adhesive
receptors, including L-selectin (Fig. 3g-i), lymphocyte func-
tion-associated antigen (Fig. 3j-), and CD44 (Pgp-1) (Fig.
3m-o). To examine whether P7 associated with a4 to form
heterodimers in 38-8p, lysates from these cells were first
immunoprecipitated with mAb R1-2, in the presence of Ca2+
and analyzed with P7-specific antisera on a Western blot. The
immunoblot in Fig. 4A shows that a P7 polypeptide of "130
kDa is present in 38-8p but not in 38C13 or 38-LXSN cells.
The binding capacity of 38-pp for HEVs in PP or PLNs was

examined in an in vitro HEV binding assay (2). The specific
binding of 38-8p to mouse PP HEVs is illustrated in Fig. 5A.
As shown in Fig. 5C, although 38-1p had no significant
alteration in PLN HEV binding ability, they showed a highly
significant increase (at least 20-fold) in PP HEV binding ability
as compared with 38C13 or 38-LXSN. To assess the binding
specificity of 38-p1, mAbs R1-2, M301 (20), MEL-14, and
R7D4 were tested for their blocking ability on cell adhesion to
HEVs in either PP or PLNs. The results showed that prein-
cubation of 38-1p with anti-a4 R1-2 reduced their binding to PP

Immunology: Hu et al.
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FIG. 2. Sequence of the mouse U cDNA. The derived amino acid sequence is indicated below the first nucleotide of each codon and the
termination codon is marked with an asterisk. The predicted signal peptide is underlined, the cysteine residues are circled, the potential
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HEVs by 80-90% but did not affect their binding to PLN
HEVs. Similarly, preincubation of these cells with anti-37
M301 reduced their binding to PP HEVs by =50% but did not
alter their ability to bind PLN HEVs. In contrast, preincuba-
tion of these cells with MEL-14 did not change their ability to
bind PP HEVs but reduced their binding to PLN HEVs by
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FIG. 3. Flow cytometry analyses. Cells were stained with either
an isotype-matched control mAb 30H12 (unshaded histograms) or
one ofthe several mAbs (shaded histograms) directed against the cell
surface adhesion receptors as indicated. Rat mAbs used included
M293 (anti-mouse 7) (20), MEL-14 (anti-L-selectin), IM781 (anti-
Pgp-1), M1/70 (anti-Mac-1 a), M18/20 (anti-lymphocyte function-
associated antigen 1 P), and R7D4 recognizing the idiotype surface
immunoglobulin of 38C13.

90-95%. Adhesion of these cells to PP orPLN HEVs was not
inhibited by the control mAb R7D4.

Stable Coexpressloof a4 and P7 cDNAs In BW5147- Cells
Mediates Low-Levd but Specifc Ade toPP HEVs. Stable
expression of a437 was achieved by the sequential expression
of a4 and 7 cDNAs in BW5147. After transfection with
pRSVtkhygR/a4 and selection with hygromycin B, one clone
that expressed high levels of a4 was selected and transfected
with pEF-BOS/(7, and an a4+p7+ clone was isolated. To
confirm that a4 and 7 associate to form heterodimers in the
double transfectant, they were characterized by cell-surface
iodination and immunoprecipitation with P-specific antisera
(Fig. 4B). In the presence of Ca2+, this antisera immunopre-
cipitates an w133-kDa As and an associated 160-kDa a4 in
both TK-1 and BW-a~pp, but not in BW5147 or BW-a4 cells.
Subsequently, these cells were tested for differences in their
HEV binding ability. Although BW-a443p did not bind to PLN
HEVs, they showed a low level but significant increase
(4-fold) in PPHEV binding ability (data not shown). Note that
it is difficult to quantitate RAR values ofthese cells since they
may form aggregates during HEV binding assay.

Antiart mAb Speifialy BlI Bnding of No l Lymph-
cytes toPPHEVs. To confirm that 0 uniquely contributes to the
homing function of PP, normal lymphocytes isolated from
mouse mesenteric lymph nodes (MLNs) were tested for binding
to HEVs of PP and PLNs. Most normal MLN lymphocytes
express 7, a4, and L-selectin (data not shown) andbind equally
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FIG. 4. Western blot analysis and immunoprecipitation of 37. (A) P7 immunoprecipitated from infected and control 38C13 cells. Lysates from
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1-3j or rabbit anti-p7 antisera (lanes 4-6) followed by the ECL Western detection system (Amersham). (B) Immunoprecipitation of
cell-surface-iodinated p7 from cells as indicated with either preimmune (lanes 1-4) or rabbit anti-P7 antisera (lanes 5-8), under reducing
conditions.

well to PP HEVs and PLN HEVs (Fig. 6). Preincubation of
normal MLN lymphocytes with anti-p7 M301 reduced their
binding to PPHEVs by 70%o but did not alter their ability to bind
to PLN HEVs, whereas MEL-14 specifically blocked their
binding to PLN HEVs. Similarly, preincubation of these cells
with mAb R1-2 reduced their binding to PP HEVs by 80%o, in
accordance with the previous data (7). Thus, anti-37 mAb
specifically blocked binding of normal lymphocytes to PP
HEVs but did not inhibit their binding to PLN HEVs.

All Known PP HEV-Binding Lymphomas Express (7. We
have shown (8) that TK50 was the only PP HEV-binding
lymphoma that was thought to express a4,81 but not a4P7, as
analyzed by coimmunoprecipitation with mAb R1-2 (8). a4,3i
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was, therefore, proposed to be a possible receptor involved
in binding to PP HEVs. However, a4131 is predominantly
expressed on lymphomas that do not bind to PP HEVs,
suggesting that a4,3i alone is not sufficient to mediate this
adhesive event. Flow cytometry analysis with anti-p7 mAb
showed that TK50 also expressed P7 (data not shown),
indicating that all known PP HEV-binding lymphomas ex-
press P7. It is not known, however, why P7 was not detected
in TK50 by immunoprecipitation with mAb R1-2 (8).

DISCUSSION
Our results establish the complete sequence and a major
function of murine integrin (7. The expression data demon-
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FIG. 5. Adhesion of 38-,Bp cells to PP HEVs. Cells were incubated on frozen sections of a mouse PP (7) and cells bound to HEVs were fixed
to the section. (A) 38-jpp cells are the round dark circles lying above the plane of tissue. (x630.) The HEV is delineated by a distinct poorly
stained basement membrane with toluidine blue. (B) No 38C13 cells are bound to PP HEVs. (C) Cells were incubated with the indicated mAbs,
washed, and mixed with an internal standard population of fluorescein isothiocyanate-labeled MLN lymphocytes. Cell suspensions were
incubated on frozen sections of PP or PLNs.
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been addressed with human cells, where it has been shown
very recently that a4P7 does not play a major role in binding
to fibronectin or VCAM-1 when PMA-stimulated cells were
used (24). In contrast, a413i (VLA-4) can bind to fibronectin
and VCAM-1 constitutively without stimulation, and its
binding affinity to fibronectin and VCAM-1 can be rapidly
augmented upon stimulation with PMA (24, 25). Thus, the
binding specificity ofunstimulated a4P7 receptor to PP HEVs
is distinct from the binding of PMA-stimulated a437-positive
cells to fibronectin and VCAM-1.

In this manuscript we have referred to the LPAM-1 p chain
as (p and then as (37 when evidence was provided for (.3-pp
identity. Hereafter, we propose that only the 17 nomencla-
ture be used. The appellation LPAM-1 for a4A7 remains
appropriate, but the designation of LPAM-2 should be
dropped in favor of its original name, VLA-4.

PLN

RAR

FIG. 6. Adhesion of normal lymphocytes to PP HEVs. Normal
lymphocytes isolated from mouse MLNs were incubated with me-
dium alone or the indicated mAbs, washed, mixed with fluorescein
isothiocyanate-labeled MLN lymphocytes, and incubated on frozen
sections of PP or PLNs. mAb 30G12 was a control antibody.

strate that 87 is capable, along with a4, of mediating organ-
specific adhesion to PP HEVs. This (.7-mediated organ-
specific binding can be blocked specifically by anti-P7 mAb.
The TK50 lymphoma also expresses (37, indicating that all PP
HEV-binding lymphoma cells tested express (37. Moreover,
anti-P37 mAb specifically blocks binding of normal lympho-
cytes to PP HEVs but does not inhibit their binding to PLN
HEVs. Thus, P7 is a unique component of a PP-specific
homing receptor.

It has been shown recently that phorbol 12-myristate
13-acetate (PMA)-stimulated TK1 cells can bind to the CS-1
region of fibronectin and vascular cell adhesion molecule 1
(VCAM-1), whereas unstimulated TK1 cells do not bind to
either fibronectin or VCAM-1 (21). We proposed that the
binding of unstimulated a4P7 receptors to PP HEVs is very
different from binding of PMA-stimulated a4P7 to fibronectin
and VCAM-1. First of all, a4p7-positive TK1 cells can bind to
PP HEVs constitutively without stimulation, whereas the
same cells cannot bind to fibronectin and VCAM-1 without
stimulation. Furthermore, PMA stimulation significantly de-
creases binding of normal lymphocytes to PP HEVs (22),
whereas PMA stimulation markedly increases the binding of
TK1 cells to fibronectin and VCAM-1, suggesting that PMA
stimulation may alter the conformation of a4P7 and/or the
expression of other adhesion molecules. For instance, stim-
ulation of T cells with PMA dramatically increased the
expression of CD2 and CD44 (22, 23). More importantly,
evidence against the role of a4(37 in these interactions has
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